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The small natural product wortmannin inhibits protein syn-
thesis by modulating several phosphatidylinositol (PI) meta-
bolic pathways. A primary target of wortmannin in yeast is the
plasma membrane-associated PI 4-kinase (PI4K) Stt4p, which is
required for actin cytoskeleton organization. Here we show that
wortmannin treatment or inactivation of Stt4p, but not disorga-
nization of the actin cytoskeleton per se, leads to a rapid atten-
uation of translation initiation. Interestingly, inactivation of
Piklp, a wortmannin-insensitive, functionally distinct PI4K,
implicated in the regulation of Golgi functions and secretion,
also results in severe translation initiation defects with a marked
increase of the phosphorylation of the translation initiation fac-
tor elF2a. Because wortmannin largely phenocopies the effects
of rapamycin (e.g. it triggers nuclear accumulation of GIn3p), it
likely also inhibits the PI kinase-related, target of rapamycin
(TOR) kinases. Importantly, however, neither inactivation of
Sttdp nor Piklp significantly affects TOR-controlled readouts
other than translation initiation, indicating that these P14Ks do
not simply function upstream of TOR. Together, our results
reveal the existence of a novel translation initiation control
mechanism in yeast that is tightly coupled to the synthesis of
distinct PI4P pools.

Under severe environmental conditions, conservation of
energy and cellular resources, which is key to cellular survival, is
achieved in part by inhibition of translation initiation. The
down-regulation of translation initiation depends on multiple
signaling pathways that sense internal stresses and subse-
quently signal downstream effectors that inactivate specific
components of the translation machinery. The elF4E-binding
proteins (4E-BPs)? are specific translation inhibitors that bind
to the translation factor eIF4E and prevent the recruitment of
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the translation machinery to mRNA (1, 2). In mammalian cells,
binding of 4E-BPs to elF4E is reversible: hypophosphorylated
4E-BPs bind to eIF4E, whereas hyperphosphorylated 4E-BPs do
not bind to eIF4E. Growth stimuli including serum, hormones,
growth factors, and mitogens induce hyperphosphorylation of
4E-BPs, followed by their dissociation from elF4E. Conversely,
various stresses including nutrient deprivation cause dephos-
phorylation of 4E-BPs, which results in a rapid association of
4E-BPs with eIF4E and consequent inhibition of translation (1).
In the yeast Saccharomyces cerevisiae, two mammalian 4E-BP
homologs, Caf20p and Eaplp, have been described (3-5).
Although the precise role of these proteins in the regulation
of translation initiation is poorly understood, Eaplp may
inhibit translation initiation following membrane and/or
heat stress (6, 7).

Another mechanism of translation inhibition in response to
various environmental stresses is mediated through the phos-
phorylation of the « subunit of translation initiation factor 2
(elF2a) (8-10). elF2« is part of a trimeric GTPase elF2 com-
plex that, in its GTP-bound form, delivers the charged methio-
nyl initiator tRNA to the small 40 S ribosomal subunit. Phos-
phorylation of elF2« at serine 51 converts elF2 to an inhibitor
of its guanine nucleotide exchange factor eIF2B. As a result of
the inhibition of GDP to GTP exchange, the level of GTP-
bound eIF2 decreases, which leads to a reduction of the overall
rate of translation initiation. Whereas four elF2« kinases were
identified in mammals (PKR, HRI, GCN2, and PERK), yeast
appears to harbor only one elF2a kinase (Gcn2p), which is
mainly activated under amino acid starvation conditions (11,
12). Phosphorylation of elF2« in yeast specifically stimulates
translation of GCN4 mRNA, which encodes a transcriptional
activator of genes involved in amino acid biosynthesis.

The elucidation of signaling pathways that regulate transla-
tion activity has been largely facilitated by the use of natural
cell-permeable compounds, acting as selective enzyme inhibi-
tors. For example, the macrocyclic lactone rapamycin allowed
the identification and characterization of the conserved TOR
kinases, which, when present in the TOR complex I (TORC1)
(13), act as key regulators of eukaryotic cell growth by critically
regulating the phosphorylation state and the activity of Gen2p
(14), among other processes (15).

The fungal metabolite wortmannin represents another nat-
ural cell-permeable product (16) that acts as a potent cell
growth inhibitor, largely by inhibiting the class I phosphatidyl-
inositol (PI) 3-kinase (17). Class I PI 3-kinases are heterodimers
composed of a 110-kDa catalytic subunit and an 85-kDa regu-
latory subunit (reviewed in Ref. 18). In response to insulin and
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other growth factors, the 110-kDa subunit catalyzes the
phosphorylation of PI-4,5-P, to produce phosphoinositide
3,4,5-trisphosphate, which results in recruitment of the ser-
ine/threonine kinases PDK1 and PKB/Akt to the plasma
membrane. Activation of these effectors ultimately results in
the up-regulation of translation initiation through phospho-
rylation-mediated inactivation of 4E-BP and activation of S6
kinase (S6K1) (reviewed in Ref. 19).

Importantly, however, the effects of wortmannin on cell
growth and proliferation should be interpreted with caution,
because this drug may inhibit additional lipid and/or protein
kinases (18, 20). For instance, the class III PI 3-kinase hVPS34,
which is functionally and structurally distinct from the class I PI
3-kinase, may also be targeted by wortmannin (reviewed in Ref.
18). hVPS34 binds to the Ser/Thr kinase hVP15 on the early and
late endosomes and functions in protein transport from the
endosomes to the lysosomes (21-24). In addition, wortmannin
also inhibits the type III PI4Kg, which is recruited onto Golgi
membranes by the small GTPase Arflp and regulates protein
trafficking from the Golgi apparatus to the plasma membranes
(25-28). Finally, at higher concentrations, wortmannin may
also inhibit a number of PI3K kinase-related protein kinases
such as ATM, DNA-PK, ATR, and TOR1 (29 -31), all of which
are able to phosphorylate 4E-BP at least in vitro.

In contrast to mammalian cells, yeast cells may not produce
phosphoinositide 3,4,5-trisphosphate and express only a single
PI 3-kinase, namely Vps34p (32). Like its human counterpart,
Vps34p synthesizes PI 3-phosphate on early endosomes or late-
Golgi and functions in membrane and protein trafficking, but it
is relatively insensitive to wortmannin in vitro (33, 34). Inter-
estingly, the primary target of wortmannin in yeast appears to
be Stt4dp (35), a homolog of the mammalian type III PI4Ka.
Sttdp is essential, localizes at the plasma membrane, and is
required for cell wall integrity and vacuole morphology (36, 37).
At the plasma membrane PI4P is metabolized, via the PI 4,5-
kinase Mss4p, to PI-4,5-P,, which allows recruitment of the
Rhol GTPase, a key regulator of actin organization and of the
cell wall integrity pathway (37). Moreover, Stt4p has a role in
the transport of amino-phospholipid phosphatidylserine (PS)
from the ER to the Golgi apparatus (38). Yeast cells also express
an essential type III PI4KB, namely Piklp, which is insensitive
to wortmannin (18, 35). Pik1p localizes to both the nucleus and
Golgi, regulates Golgi secretory functions, and is required for
the integrity of the vacuole and the organization of the actin
cytoskeleton (36, 39 —41). Finally, the function of a type II PI
4-kinase, Lsb6p, remains unknown at present (42, 43).

In this study, we use wortmannin to modulate PI metabolic
pathways and investigate the effects of this drug on translation
initiation. Our results demonstrate that decrease of function-
ally unrelated pools of PI4P in the st¢4 and pikI mutants leads to
a rapid attenuation of translation initiation, independently of
TORCT1 signaling.

EXPERIMENTAL PROCEDURES

Strains, Reagents, and Growth Conditions—Yeast mutant
strains MFY128 (sst4:HIS3/p415-sst4—4"), MFY63 (pikl::TRP1/
pd15-pikl—85%), EHY304 (vps34:TRPI), MEY30 (vps34:TRPI/
pvps34' [URA3, CEN]), MFY354 (sacl:TRP1/p416-sacl-23%),
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ODY371 (mss4::HIS3/p415-mss4—25%) and MFY129 (pik1: TRP1
sst4::HIS3/p415-pikl— 85" p415-sst4—4) are all in the SEY6210
genetic background (Mata leu2-3,112 ura3-52 his3-A200 trpl-
A901 lys2—801 suc2-A9). The insertion of a mycl3-kanMX6
tag into the chromosomal GLN3 gene locus of the above
strains to create LC49 (SEY6210:GLN3-mycl3-kanMX6), LC51
(MFY128::GLN3-mycl3-kanMX6), LC50 (ODY371::GLN3-
mycl3-kanMX6), and LC52 (MFY63:GLN3-mycl3-kanMX6)
was performed by PCR-based modification as described (44).
Other strains were H1896 (MATa ura3-52 leu2-3 leu2-112
trp1-A63::GCN4-LacZ::TRPI1 sui2A/p[SUI2, LEU2]), H1897
(MATa ura3-52 leu2-3 leu2—112 trp1-A63::GCN4-LacZ:: TRP1
sui2\/plsui2-S51A, LEU2]), H1816 (MATa ura3-52 leu2-3
leu2—112 trp1-A63:GCN4-LacZ::TRPI gen2A sui2A/p[SUI2,
LEU?2]), ODY396 (MATa his4 leu2 lys2 or LYS2 barl ura3),
ODY397 (MATa his4 leu2 lys2 or LYS2 barl ura3 acl-1%),
ODY433 (MATa leu2-3,112 ura3-52 trpl-A901 trpl-
A63:GCN4-LacZ::TRP1 pikl::TRP1/p415-pikl-85" sui2A/
PpRS316-SUI2), and ODY434 (MATa leu2-3,112 ura3-52 trpl-
A901 trpl-A63:GCN4-LacZ:TRPI pikl:TRP1/p415-pikl— 85"
sui2A/pRS316-sui2-S51A).

Strains were grown at the indicated temperatures in standard
rich medium (yeast extract-peptone-dextrose (YPD)) or in syn-
thetic complete medium complemented with the appropriate
amino acids for plasmid maintenance and either 2% glucose
(SD) or 2% galactose and 1% raffinose (SGal/Raf) (45). Wort-
mannin, rapamycin, and latrunculin A were purchased from
Sigma, LC Laboratories, and Calbiochem, respectively, and
were prepared as recommended by the manufacturers.

Polysome Analyses—Sucrose gradient analyses were per-
formed according to de la Cruz et al. (5). The ratio between the
polysome and the 80 S monosome peaks (P/M) was determined
using SigmaScan Pro 5.0 program (Systat Software Inc.).

Northern Blotting—Total RNA was extracted from 100 A,
units of exponentially growing cells and analyzed (5 ung) by
Northern blot as described (46). DNA probes were labeled with
[y->*P]CTP using the PRIME-IT II Random Primer labeling kit
(Stratagene 300385).

Western Blotting—Whole cell extracts were prepared as
described (47). For the analysis of eIlF2a phosphorylation, equal
amounts of protein from the different extracts were resolved on
12% SDS-PAGE and subjected to Western blotting using
monoclonal antibodies specific for phosphorylated Ser®' in
elF2a (BIOSOURCE). The blots were then stripped and rep-
robed with polyclonal antibodies against total e[F2«. Phospho-
rylated forms of GIn3p-myc13 were resolved on 7% SDS-PAGE
and detected using mouse myc tag monoclonal antibody (9B11,
Cell Signaling).

Sucrose Density Gradients—For sucrose density gradient
fractionation, the isogenic SEY6210 (wild-type) and EHY304
(vps34A) strains transformed with pRS316-KEX2-HA (CEN,
URA3) and pTORI-HA (2, LEU2) were grown in 1.5 liters of
SD-URA/LEU medium to an Ag, of 1.2 at 30 °C. Cells were
lysed and sucrose gradients prepared as described (48).

Indirect Immunofluorescence Microscopy—Preparation of
cells for immunofluorescence was essentially as described (49).
Cells were grown to 0.8 A ;o/ml in SD medium at 30 °C. Gln3p-
mycl3 was detected using mouse myc tag antibody (9B11, Cell
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Signaling) at a dilution 1:2000. Cy3 (indocarbocyamine)-conju-
gated goat anti-mouse secondary antibodies (Jackson Immu-
noResearch Laboratories) were used at 1:2000 dilution.

B-Galactosidase Assay—Strains carrying the GCN4-LacZ
construct were grown at 30 °C in SD medium to mid-logarith-
mic phase of growth. Then, rapamycin or wortmannin was
added for 3 h and cells were harvested. The UPR was measured
by a standard B-galactosidase assay and the activity was nor-
malized to the Ay, of cells (Miller Units) used for each assay
(50).

RESULTS

Cells Treated with Wortmannin Display a Translation Initi-
ation Defect That Is Associated with Rapid Phosphorylation of
elF2a—A previous chemical genomic screen using the yeast
gene knock-out mutant library revealed that a group of eight
translation initiation mutants are highly sensitive to wortman-
nin and that cells lacking the translation initiation inhibitors
Gen2p or Eaplp are partially resistant to wortmannin (20).
These findings prompted us to investigate whether wortman-
nin inhibits growth of yeast cells by antagonizing translation
initiation. Wortmannin prevents growth of wild-type cells on syn-
thetic minimal medium with a minimum inhibitory concentration
of 10 pg/ml (Fig. 1A4). To determine whether the corresponding
growth arrest is associated with a translation initiation defect,
we then analyzed polysome profiles of exponentially growing
wild-type cells prior to and following a 30-min wortmannin (10
pg/ml) treatment. Wortmannin treatment resulted in a signif-
icant increase of 80 S monosome and a decrease of polysome
content, both of which are characteristic of translation initia-
tion inhibition (Fig. 1B). This defect is also accompanied by a
drastic transcriptional decrease of ribosomal protein (e.g
RPS12) and ribosome-associated Hsp70 chaperone (SSBI)
genes indicating that wortmannin results in a general reduction
of protein synthesis (Fig. 2D). To determine whether the inhi-
bition of translation initiation in wortmannin-treated cells may
be mediated by increased elF2a phosphorylation, wild-type
cells were grown to logarithmic phase and treated with wort-
mannin for different periods of time. Whole cell extracts were
subsequently subjected to immunoblot analysis with antibodies
specific for the phosphorylated form of elF2«a (elF2a-P). We
found that a short treatment with wortmannin (5 min) already
caused a strong induction of eIF2«-P (Fig. 1C).

Wortmannin Induces the Phosphorylation of eIF2« by Inacti-
vating TORCI—The phosphorylation of elF2a is mainly
induced in response to amino acid starvation and inactivation
of TORC1 (10, 14). Torlp and Tor2p (when present in TORC1)
function as stress sensors that integrate nutrient quality and
abundance to control cell growth (51). Previously, wortmannin
was shown to inhibit the intrinsic protein kinase activity of
Torlp in vitro (31). Because the kinase activity is essential for
Torl1/2p function, we asked whether the reduction of transla-
tion initiation in wortmannin-treated cells results from a direct
inhibition of Tor1/2p. Cherkasova and Hinnebush (14) previ-
ously demonstrated that the activation of Gen2p depends on
Torl/2p by showing that overexpression of wild-type Tor2p
prevents the increase of elF2a phosphorylation observed in
rapamycin-treated cells. In a similar approach, we found that
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FIGURE 1. Inhibition of cell growth is coupled to a reduction of translation
initiation in cells treated with wortmannin. A, wortmannin causes a cell
growth defect. SEY6210 (wild-type) cells were grown overnight in SD
medium at 30 °C. Equivalent numbers of cells were serially diluted and spot-
ted onto SD plates containing 0, 5, and 10 wg/ml wortmannin. Pictures were
taken after 2 days of incubation at 30 °C. B, wortmannin alters the polysome
profile. SEY6210 cells were grown in SD medium at 30 °C to mid-logarithmic
phase, split, and wortmannin (final concentration 10 ug/ml) was added to
one-half for 30 min. Cells were then harvested and polysomes were analyzed.
The positions corresponding to the 40 S and 60 S subunits, the 80 S mono-
somes and polysomal ribosomes are indicated in the profile of wild-type cells.
The ratio between the polysome and the 80 S monosome peaks (P/M) is
indicated in parentheses. C, wortmannin increases the level of phosphoryla-
ted elF2a. SEY6210 cells were grown as in B and wortmannin (10 wg/ml) was
added for the times indicated. Whole cell extracts were prepared and phos-
phorylation of elF2«a (S51) was compared with the total amount of elF2«
protein determined by immunoblot analysis.

overproduction of Tor2p, using an inducible GALI promoter,
leads to a marked delay in wortmannin-induced elF2« phos-
phorylation (Fig. 2A4).

To substantiate the idea that wortmannin may inhibit
Torl/2p in vivo, we next tested whether wortmannin could
phenocopy the effects of the bona fide TORC1 inhibitor rapa-
mycin. For instance, rapamycin treatment (much like nitrogen
depletion) results in inactivation of TORC1 and subsequent
dephosphorylation and cytoplasmic to nuclear transfer of
GIn3p, a transcription activator of nitrogen catabolic genes
(52). To compare the effects of wortmannin and rapamycin on
both phosphorylation and subcellular localization of GIn3p, we
used a wild-type strain containing an integrated myc-tagged
GLNS3 construct and treated cells with wortmannin or rapamy-
cin for 30 min. Wortmannin treatment, like rapamycin treat-
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FIGURE 2. Wortmannin inhibits TORC1-dependent signaling pathways.
A, overexpression of Tor2p partially suppresses the stimulation of elF2« phos-
phorylation by wortmannin. SEY6210 (wild-type) cells transformed with a
plasmid containing TOR2 under the control of an inducible GALT promoter
were grown to mid-logarithmic phase either in SD medium or SC medium
complemented with galactose and raffinose (SGal/Raf). Then, wortmannin
(10 ng/ml) was added to both cultures for the times indicated (0, 15, and 30
min). Phosphorylation of elF2« (S51) was measured as described in the leg-
end to Fig. 1C. Numbers indicate the relative increase of the elF2a-P/elF2a
ratio. B and C, wortmannin induces hypophosphorylation (B) and nuclear
localization of GIn3p (C). Wild-type cells expressing genomically tagged
GIn3p-myc13 (LC49) were grown to mid-logarithmic phase in SD medium at
30°C and treated with rapamycin (Rap; 1 ug/ml) or wortmannin (Wort; 10
rg/ml) for 30 min, or not treated (—). Whole cell extracts were resolved by
SDS-PAGE and the different phosphorylated GIn3p-myc13 forms were
detected by anti-myc antibody (B). GIn3p-myc13 was visualized by immuno-
fluorescence using monoclonal anti-myc antibody, DNA was stained with
4',6-diamidino-2-phenylindole (DAPI) (C). D, wortmannin derepresses GLN1
gene transcription. SEY6210 cells were grown as in B and C and rapamycin
(R, 200 ng/ml) or wortmannin (W, 10 wg/ml) were added for the times indi-
cated. Cells were harvested and 5 pg of total RNA from each sample was
subjected to Northern analysis.
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ment, caused both dephosphorylation of GIn3p (as judged by its
higher electrophoretic mobility; Fig. 2B) and accumulation of
GIn3p in the nucleus (Fig. 2C). Finally, the expression of the
GlIn3p target gene GLN1 was induced in wild-type cells treated
with rapamycin or wortmannin for 30 min (Fig. 2D). Taken
together, our results suggest that the attenuation of translation
initiation and phosphorylation of elF2a following 10 ug/ml
wortmannin treatment likely results from a direct inhibition of
TORCL.

Wortmannin Inhibits Translation Initiation via an Addi-
tional TORC1-independent Mechanism(s)—Because wortman-
nin may not only inhibit Tor1/2p, but also additional protein or
lipid kinases, it is formally possible that wortmannin inhibits
translation also via TORC1-independent mechanisms. In line
with this reasoning, we observed that wortmannin reproduc-
ibly caused a much stronger decrease in the P/M ratio than
rapamycin (Fig. 34). In other words, wortmannin inhibits
translation initiation more strongly than rapamycin (even when
rapamycin used in significant excess; data not shown). The
inhibitory effects of rapamycin on translation initiation are
mainly due to enhanced Gen2p-dependent phosphorylation of
elF2« following inactivation of TORC1 (14). To address the
relative contribution to the inhibition of translation initiation
of phosphorylated elF2« in cells treated with wortmannin and
rapamycin, we then analyzed the effects of both drugs in the
absence of Gen2p or in the presence of elF2a*>'4, which cannot
be phosphorylated by Gen2p. As expected, the rapamycin-in-
duced redistribution of the polysomes into the 80 S peak was
significantly reduced in the absence of Gen2p (in a gen2A
mutant) or in the presence of eIlF2a°'* (in a sui2-S51A
mutant). Importantly, however, rapamycin treatment still
caused a significant decrease in the P/M ratio even in the
absence of Gen2p. Thus, whereas these data substantiate the
role of phosphorylated elF2« in the attenuation of translation
initiation, they also suggest that TORC1 may control transla-
tion initiation via additional Gen2p-independent mechanisms
(see “Discussion”). In comparison to rapamycin treatment,
wortmannin treatment consistently caused a much more dra-
matic inhibition of translation initiation, notably even in gcn2A
and sui2-S51A mutant cells (Fig. 3A). Our observation that
wortmannin inhibits protein synthesis much more potently
than rapamycin is also underlined by the fact that wortmannin
inhibited growth of wild-type cells much more rapidly and effi-
ciently than rapamycin (Fig. 3B).

We next investigated the effect of wortmannin on the
translational regulation of GCN4 mRNA, which is selectively
derepressed due to activation of Gen2p-mediated elF2a
phosphorylation following either nutrient starvation or rapa-
mycin-mediated TORCI inhibition (12, 53, 54). In line with
previous work (14, 55), we found that rapamycin treatment
strongly induced GCN4 translation (as assayed using a reporter
mRNA, which expresses B-galactosidase under the control of
the GCN4 mRNA 5'-leader region with the four upstream open
reading frames required for translational control; Fig. 3C). Sur-
prisingly, however, even though wortmannin treatment, like
rapamycin treatment, caused phosphorylation of elF2a on
Ser®! (see Fig. 1C), and hence was expected to induce GCN4
expression, itactually blocked the GCN4 translation under con-
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FIGURE 3. Wortmannin inhibits translation initiation more seriously than
rapamycin. A, the H1816 (gcn2A), H1897 (sui2-S51A) mutants, and their iso-
genic wild-type parental strain H1896 (wild-type) were grown in SD medium
at 30 °C to mid-logarithmic phase. Wortmannin (Wort; 10 ug/ml) and rapamy-
cin (Rap; 1 ng/ml) were added for 45 min and polysomes were analyzed. The
ratio between the polysome and the 80 S monosome peaks (P/M) is indicated
in parentheses. B, wortmannin inhibits cell growth more efficiently than rapa-
mycin. H1896 (Wild-type) cells were diluted to an Agy, of 0.2 in SD medium at
30 °C. After 3 h of growth, wortmannin (circle, no drug; diamond, 10 pg/ml;
square, 2 pg/ml; and triangle, 0.4 wg/ml) or rapamycin (closed circled, 1 p.g/ml)
were added and cultures incubated for 6 additional hours. Absorbance was
measured at 600 nm. C, wortmannin does not derepress Gcndp expression.
H1896 cells harboring the GCN4-lacZ reporter were grown for 3 h with the
indicated concentration of wortmannin and/or rapamycin (Rap; 1 pg/ml).
Then the levels of B-galactosidase activity were measured as described under
“Experimental Procedures.” As a control, H1897 (sui2-S51A) was used without
drug treatment. To exclude an effect of wortmannin on the level of GCN4
mRNA, 5 g of total RNA from samples of identical growth cultures was sub-
jected to Northern analysis (n.d., not determined).

ditions where wortmannin slightly increases the level of GCN4
mRNA (Fig. 3C). Moreover, wortmannin even prevented the
translational derepression of GCN4 induced by rapamycin.
From these results, we infer that wortmannin targets compo-
nents of the translational machinery that remain unaffected by
rapamycin. Consistent with this idea, wortmannin treatment
(10 ug/ml) caused a significantly (4-fold) stronger reduction in
translation of GCN4 (as assayed with a reporter construct

DECEMBER 15, 2006+ VOLUME 281+NUMBER 50

PI4P Is Required for Translation Initiation

exhibiting high constitutive expression of Gendp due to dele-
tion of the four GCN4 upstream open reading frames) when
compared with rapamycin treatment (data not shown).

Loss of Vps34p Does Not Significantly Affect TORCI Activity—
Although wortmannin appears to directly inhibit Tor1/2p, it is
possible that it additionally inhibits lipid kinases that act
upstream of TORCI. In this context, two recent studies
reported that hVPS34 is required for mTOR and S6 kinase
activities (56, 57). Whereas a similar role of Vps34p has not yet
been described in yeast, it is intriguing that both Vps34p and at
least part of the TORCI1 pool were found associated with inter-
nal and/or endocytic membraneous structures (58, 59). We
therefore tried to assess whether Vps34p may affect TORC1
activity. To this end, we first reexamined Tor1p localization on
sucrose density gradients. A whole cell extract from wild-type
cells expressing a functional Torlp-HA was first subjected to
differential centrifugation to yield a low-speed pellet fraction
(P13; 13,000 X g for 15 min), and a high-speed pellet fraction
(P100; 100,000 X g for 60 min). Similar amounts of Torlp-HA
were detected in both pellets (data not shown), which is con-
sistent with previous findings that Torl/2 proteins associate
with different membrane fractions (58, 60, 61). Because Golgi
and endocytic elements predominantly sediment in the high-
speed pellet (P100), we then loaded the P100 fraction onto a
sucrose gradient and centrifuged at 100,000 X g for 18 h. Frac-
tions were collected and analyzed by immunoblotting.
Torlp-HA was detected as a single peak in denser fractions
than Mnnlp and Pep12p markers of the medial Golgi and late
endosomal compartments, respectively (Fig. 44). In addition,
Torlp-HA distribution was very similar to those of Kex2p and
Mon2p-HA (data not shown), both markers of the late-Golgi/
early endosomes. Thus, Torlp distribution could in principle
depend on the PI3P that is synthesized on the late-Golgi by
Vps34p. To test this idea, we performed the same sucrose gra-
dient with cells lacking Vps34p and found Torlp-HA distribu-
tion to be unchanged, indicating that Vps34p is not needed for
the association of Tor1p-HA with the late-Golgi compartment.
Because these data still do not rule out the possibility that
Vps34p is required for Torlp activation, we also determined
whether inactivation (in a vps34" mutant) and/or loss of
Vps34p (in a vps34A mutant) affect TORC1-controlled read-
outs. Inhibition of TORCI1 results in a rapid transcriptional
repression of ribosomal genes (e.g. RPS12) and induction of
stress-responsive genes (e.g. HSP26 and GLNI; Fig. 2D and data
not shown), and in synthesis of glycogen (62, 63). Interestingly,
inactivation (incubation of the vps34" mutant for 4 h at 37 °C;
Fig. 4B) or loss of Vps34p (Fig. 4C; and data not shown) did not
change significantly any of these readouts when compared with
wild-type cells. From these data we conclude that in yeast,
unlike in mammalian cells, Vps34p is not required for normal
regulation of TORCI1 activity.

The PI 4-Kinase Sttdp Is Required for Normal Translation
Initiation—Whereas mTOR is inhibited in vitro by submicro-
molar concentrations of wortmannin (64), both in vitro and in
vivo studies in yeast have identified the PI4K Stt4p as a primary
target of wortmannin (IC;, = 1 nm (35)). To test whether inac-
tivation of Sttdp, like wortmannin treatment, causes a rapid
drop in translation initiation activity, we used a temperature-
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FIGURE 4. The localization and the activity of Tor1p are not affected in the
vps34 mutant. A, Tor1p-HA colocalizes with Kex2p, a marker of late Golgi/
early endosomes on a sucrose density gradient. SEY6210 (wild-type) and iso-
genic EHY304 (vps34A) strains harboring pTORT-HA and pRS316-KEX2-HA
were grown to mid-logarithmic phase at 30 °C and subsequently lysed. The
P100 fraction was prepared and subjected to equilibrium sedimentation
through a sucrose gradient. Fractions were collected from the top, subjected
to SDS-PAGE, and analyzed by immunoblotting using anti-HA, anti-Pep12p,
and anti-Mnn1p antibodies. B, Northern analysis of the indicated genes. The
isogenic SEY6210 (wild-type) and MFY30 (vps34") were grown to mid-loga-
rithmic phase at 22 °C and temperature shifted to 37 °C. At the indicated
times after heat shock, cells were harvested and Northern analysis was per-
formed as described in the legend to Fig. 2D. C, glycogen accumulation was
visualized after exposure for 1 min to iodine vapor (80) of exponentially grow-
ing SEY6210 (WT) and EHY304 (vps34A) cells, treated or not as indicated with
rapamycin (Rap, 200 ng/ml) for 4 h.

sensitive (ts) stz4 mutant that is unable to grow at 37 °C. When
compared with wild-type, the stt4® mutant shows a normal
polysome profile at permissive temperature (24 °C; Fig. 5B).
Interestingly, however, following a period of 45 min at the
restrictive temperature (37 °C), an ~3.8-fold decrease in the
P/M ratio was observed in the st4" mutant (as compared with
wild-type cells at 37 °C; Fig. 5B), indicating that Sttdp is
required for maintaining normal levels of translation initiation.

Notably, the Stt4dp product PI4P is further metabolized by
Mssdp to PI-4,5-P,, which is a key signaling molecule that reg-
ulates actin polarization in yeast (Fig. 54) (65). To exclude the
possibility that the observed effects of Stt4p inactivation on
translation initiation are due to an indirect effect on the levels of
PI-4,5-P,, we also analyzed the effect of a mss4" mutation on
translation initiation. As shown in Fig. 5B, incubation of mss4*
mutant cells at the non-permissive temperature (for 45 min)
only mildly affected the P/M ratio indicating that an actin orga-
nization defect per se does not represent a primary signal for

38144 JOURNAL OF BIOLOGICAL CHEMISTRY

A Functions

Mssdp
Plasma Pl4-p —@» Pl4.5-P2

membrane  Stdp

Actin cytoskeleton

TSy S
Golgi Pm‘ Pl4-P Golgi function { Secretion
B 24°C 3rc 24°C 37°c
(251) 291) | (1.96) | (041
Wild-type | (| . stapikt | |!
1l . |
[ |':I ' ( il |
| 1L ‘| it I (il i \
I I,.llh | I -'.'UN
[ (198 0.77) | (1.80) (1.58)
stt4 mss4 I
[ (1
I . (| |I
[ 1 "
i (2.98) (0.58)
piki

FIGURE 5. Decrease of PI4P levels in stt4* and pik 1* mutant cells leads to
an attenuation of translation initiation. A, schematic representation of the
pathways for biosynthesis of PI4P and PI-4,5-P,. Stt4p and Pik1p produce
distinct pools of PI4P, which are required for the organization of the actin
cytoskeleton and secretion, respectively. B, redistribution of polysome pro-
files upon inactivation of Stt4p or Pik1p. The isogenic SEY6210 (wild-type),
MFY128 (stt4-4"), ODY371 (mss4-25%), MFY63 (pik1-85%), and MFY129
(stt4—4" pik1-85%) strains were grown in YPD at 24 °C to mid-logarithmic
phase of growth and cultures were shifted to 37 °C for 45 min. Cells were
harvested and polysomes were analyzed. The ratio between the polysome
and the 80 S monosome peaks (P/M) is indicated in parentheses.

inhibition of translation initiation. Our analyses of actl-1*
mutant cells further substantiate this conclusion. Accordingly,
even though actI-1* mutant cells grow slower and have intrin-
sically lower polysome levels than wild-type cells (at the per-
missive temperature of 24 °C), their polysome profiles remain
largely unchanged even after a 45-min incubation at the restric-
tive temperature (37 °C; Fig. 6A), which is otherwise sufficient
to cause complete disorganization of actin filaments (data not
shown). Despite the slow growth of the act1- 1 mutant at 24 °C,
basal elF2« phosphorylation levels are low and, as in wild-type
cells, increase only transiently following a heat shock at 37 °C
(Fig. 6B). Moreover, treatment of wild-type cells with latruncu-
lin A, which blocks actin polymerization, does not induce any
significant changes in elF2a phosphorylation levels (Fig. 6C).
Finally, we also found that inactivation of Rholp, a downstream
effector of PI-4,5-P, required for actin polarization, does not
significantly affect translation initiation (data not shown). From
these data we infer that the inhibition of translation initiation
following Stt4p inactivation (and hence the decrease in PI4P
levels) does not result from an actin organization defect.

The PI 4-Kinase Piklp Is Also Required for Normal Transla-
tion Initiation—As mentioned above, Piklp synthesizes a dis-
tinct pool of PI4P that is essential for Golgi function and secre-
tion (Fig. 5A). In this context, we previously showed that a
secretory block results in a rapid attenuation of translation ini-
tiation (6). Based on these observations, we expected Piklp
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FIGURE 6. Actin defects do not affect translation initiation. The isogenic
ODY396 (ACTT) and ODY398 (act1-1%) strains were grown in YPD at 24 °C to
mid-logarithmic phase and cultures were shifted to 37 °C for 45 min. Poly-
somes were analyzed (A) and the phosphorylation of elF2a was detected by
immunoblot analysis at the indicated time after the temperature shift to 37 °C
(B). The ratio between the polysome and the 80 S monosome peaks (P/M) is
indicated in parentheses. C, SEY6210 (wild-type) cells were grown in SD
medium at 30 °C to mid-logarithmic phase and latrunculin A (Lat.A, final con-
centration 40 um) or wortmannin (10 ng/ml) was added. At the times indi-
cated, the whole cell extracts were prepared and phosphorylation of elF2«a
(Ser®') was compared with the total amount of elF2« protein determined by
Western analysis.

function to be also required for normal translation initiation.
Indeed, we observed in pik1* cells, which exhibited nearly wild-
type P/M ratio at 24 °C, a dramatic, 6-fold decrease in the P/M
ratio following incubation at the non-permissive temperature
(Fig. 5B). This observed polysome redistribution was slightly
more pronounced in stt4* pik1* double mutant cells (Fig. 5B).
Together, these data indicate that the function of distinct PI
4-kinases are required for normal translation initiation.

To confirm the role of PI4P in protein synthesis, we also
analyzed the effects of the stt4" and pikl" mutations with
respect to ribosome biosynthesis. To this end, cells were grown
in rich medium to mid-logarithmic phase at 22 °C and then
shifted to 37 °C. Aliquots were taken at the indicated times, and
mRNA levels were quantified by Northern blot analysis. As pre-
viously noted, the mRNA levels of RPS12 and RPL42 genes
transiently decrease following heat shock in wild-type cells. In
the stt4 and pikI® mutants, however, the corresponding
mRNA levels did not resume to wild-type levels (Fig. 8B), indi-
cating that proper ribosome biosynthesis requires the function
of both Sttdp and Piklp. In control experiments, we found that
in mss4" mutant cells, like in wild-type cells, RPS12 and RPL42
mRNA levels decreased only transiently (Fig. 8B).

In further support of a role for PI4P in the control of protein
synthesis, we found that inactivation of Piklp or (to a lesser
extent) Stt4p is associated with an increase of Ser®' phospho-
rylation in elF2« (Fig. 7A). Interestingly, both the temperature-
sensitive sac1*® mutant, defective in phosphoinositol 4-phos-
phatase activity (66), and the vps34* mutant exhibited very low
elF2a Ser®' phosphorylation levels at the permissive tempera-
ture of 22 °C (Fig. 7A). These results suggest that subtle changes
in the intracellular levels of PI4P and PI3P affect the phospho-
rylation state of elF2a. To determine whether the observed
increase in elF2a phosphorylation following inactivation of
Piklp is also paralleled by a reduction in translation initiation,
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FIGURE 7. Effect of a decrease of the intracellular PI4P level on elF2«
(Ser®") phosphorylation. A, the isogenic SEY6210 (WT, wild-type), MFY30
(vps34"), MFY354 (sac1-23"), MFY128 (stt4-4"), MFY63 (pik1-85%), ODY371
(mss4-25%), and MFY129 (stt4-4" pik1-85%) strains were grown in SD
medium supplemented with the appropriate amino acids at 22 °C to mid-
logarithmic phase. Cells were harvested before and after a 30-min tempera-
ture shift to 37 °C. Phosphorylation of Ser®' in elF2a was compared with the
total amount of elF2a protein determined by immunoblot analysis. Numbers
indicate the relative increase/decrease of the elF2a-P/elF2a ratio. B, ODY433
(pik1-85% SUI2) and ODY434 (pik1- 85" sui2-S51A) strains were grown in YPD
at 24 °Cto mid-logarithmic phase of growth and cultures were shifted to 37 °C
for 45 min. Cells were harvested and polysomes were analyzed. The ratio
between the polysome and the 80 S monosome peaks (P/M) is indicated in
parentheses.

we then studied the polysome profiles in pik1* and pik1* sui2-
S51A double mutant cells. Surprisingly, both the pikI* single
and pik1* sui2-S51A double mutant cells exhibited a strong
reduction in the P/M ratio following their transfer to the
restrictive temperature (Fig. 7B). Therefore, e[F2a-P appears to
contribute only marginally to the inhibition of translation ini-
tiation that results from Piklp inactivation. Consistent with
this notion, we also observed that stt4* pik1** double mutant
cells, even though dramatically compromised with respect to
translation initiation (Fig. 5B), exhibited only a moderate (1.4-
fold) increase in elF2a phosphorylation following their expo-
sure to the restrictive temperature (Fig. 7A). Taken together,
even though PI4P levels affect the phosphorylation status of
elF2q, they appear to control translation initiation mainly via
an elF2a-independent mechanism(s).

Piklp and Stt4p Are Not Required for Normal Regulation of
TORCI-controlled Readouts—The results shown above indi-
cated that the protein synthesis defect in the stt4" mutant is
likely not related to a decrease of the PI-4,5-P, levels or an actin
organization anomaly. We therefore next asked whether the
Sttdp-dependent regulation of protein synthesis is linked to its
function in amino-phospholipid PS transport from the ER to
the Golgi (38). We reasoned that a decrease of the PS level on
the Golgi apparatus in the st#4" mutant, similar to a block of the
secretory pathway in the pikI* mutant, might cause a mem-
brane stress on the late-Golgi that could reduce protein synthesis
indirectly by inhibition of TORCI. To address this possibility, we
determined the cellular localization of GIn3p (a TORC1-con-
trolled process) as described above. Wild-type, st#4", mss4*®, and
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FIGURE 8. TORC1-dependent readouts are not affected in the stt4* and
pik1* mutants. A, the isogenic LC49 (wild-type), LC51 (stt4-4%), LC50 (mss4 -
25%), and LC52 (pik1-85%) strains expressing genomically tagged GIn3p-
myc13 were grown in YPD at 22 °C to mid-logarithmic phase of growth and
cultures were shifted to 37 °C for 60 min. Rapamycin (Rap) was added for an
additional 30 minin the LC51 (stt4-4") strain. GIn3p-myc13 was visualized by
immunofluorescence as described in the legend to Fig. 2C. B, the isogenic
SEY6210 (wild-type), MFY128 (stt4—-4%), ODY371 (mss4-25%), and MFY63
(pik1-85%) were grown as in A. At the indicated times, cells were harvested
and Northern analysis of the indicated genes was performed as described in
the legend to Fig. 2D.

pik1® cell strains bearing a genomically tagged version of GLN3
(GLN3-myc) were grown exponentially and temperature
shifted to 37 °C for 60 min. In contrast to rapamycin-treated
cells (Fig. 2C), none of the mutants showed nuclear accumula-
tion of GIn3p after 30 (data not shown) or 60 min incubation at
37 °C (Fig. 8A). In control experiments, all mutants showed
nuclear accumulation of GIn3p following an additional 30-min
treatment with rapamycin (200 ng/ml; data only shown for the
stt4" mutant). We also measured the mRNA levels of HSP26
and GLNI (Fig. 8B), which are normally derepressed following
TORCI inactivation (data not shown). The transient induction
of HSP26 mRNAs (a normal response to the imposed heat
shock), and the expression levels of GLNI were largely unaf-
fected by the stt4", mss4®, and pikl* mutations (Fig. 8B).
Finally, GLNI expression remained also unaffected by sec7*
and secI4” mutations, both of which block secretion at the
Golgi stage at the restrictive temperature (data not shown).
Together, these results indicate (i) that the attenuation of trans-
lation initiation in both s¢t4® and pik1® mutants does not result
from TORC1 inhibition and (ii) that a defective transport
through the Golgi network does not perturb the activity of
TORCI.

DISCUSSION

The yeast TOR kinases regulate protein synthesis in response
to cellular nutrient availability in part by controlling the activity
of the Gen2p kinase, which directly phosphorylates elF2c (14).
The data presented here support the idea that wortmannin
directly inhibits the PIK-related TOR kinases. Accordingly,
treatment with wortmannin, like treatment with rapamycin
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FIGURE 9. Model for the regulation of translation initiation by TORC1 and
PI4P kinases. Arrows and bars denote positive and negative interactions,
respectively. Solid arrows and bars refer to direct and/or confirmed interac-
tions, dashed arrows and bars refer to indirect and/or potential interactions.
Black circles containing the letter P denote phosphorylated amino acid resi-
dues. Additional biological processes inhibited by wortmannin such as
nuclear transport, chromatin modification, and DNA replication and repair
(20), which may indirectly impinge on translational control are not repre-
sented. TORCT, TOR complex 1; AA, amino acids; PPase, phosphatase. See text
for further details.

(52), results in nuclear accumulation of GIn3p and expression
of GIn3p-dependent genes. In addition, wortmannin treatment
rapidly reduces translation initiation and increases the level of
elF2a-P, an effect that can be significantly reduced/delayed by
overproduction of Tor2p. A previous work reported that phos-
phorylation of elF2a by Gcn2p accounts for 50% of the
observed translation initiation inhibition in rapamycin-treated
cells (14). Surprisingly, in our strain background (S288c), phos-
phorylation of elF2a by Gen2p accounts for less than 25% of the
inhibition of translation initiation in rapamycin-treated cells
(Fig. 3; notably both sui2-S51A and gen2A mutants were simi-
larly rapamycin-sensitive as their isogenic wild-type parent;
data not shown). In yet another strain background (>1278b)
translation initiation was previously found to remain largely
unaffected by rapamycin treatment, despite the fact that elF2«
phosphorylation and GCN4 translation both increased signifi-
cantly following application of the drug (67). Collectively, these
findings not only show that the contribution of eI[F2« phospho-
rylation to the inhibition of translation initiation varies among
different strain backgrounds, but also suggest the presence of
additional elF2a-independent regulatory mechanisms that
inhibit general mRNA translation initiation following inactiva-
tion of TORCI. These mechanisms may include (among oth-
ers) the previously reported control of the stability of e[F4G,
a component of the eIF4F complex that is needed to recruit
the 40 S ribosome to capped mRNAs, by TORC1 (68) (see
also Fig. 9).

We noted that wortmannin treatment affects the polysome
profiles much stronger than rapamycin treatment (both drugs
were used at saturating concentrations), and that wortmannin,
in contrast to rapamycin, prevents the activation of GCN4
translation. A possible explanation for these findings could be
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that wortmannin blocks the activity of PI kinases, which may be
indirectly involved in control of translation. In support of this
model, we found that the PI4K Sttdp, a known wortmannin
target, is indeed required for normal translation initiation (Fig.
9). Notably, Sttdp generates a pool of PI4P required for the
production of PI-4,5-P, which regulates cell wall integrity and
actin polarization at the cell surface (37). An actin organization
defect per se, however, did not affect translation initiation, indi-
cating that Stt4p controls translation initiation by another yet
unidentified mechanism(s). An interesting possibility is that
this mechanism(s) is related to the function of Stt4p in the
transport of PS from the ER to the Golgi (38). Accordingly, PS is
normally enriched in the Golgi membrane leaflet facing the
cytoplasm where it recruits specific proteins involved in the
formation of transport vesicles and/or in maintenance of Golgi
functions. The asymmetric localization of PS is generated and
maintained by ATP-driven lipid transporters or translocases
such as, for instance, Drs2p, which functions with clathrin mol-
ecules to form a specific class of secretory vesicles from the
late-Golgi (69, 70). Interestingly, we found that drs2 (for defi-
cient ribosome subunit) mutants, initially identified in a genetic
screen for cells defective in ribosome synthesis (71), exhibit a
drastically decreased P/M ratio as assayed in the temperature-
sensitive drs2—31% mutant (data not shown). Future studies
that focus on the possible functional relationship between the
Golgi network and protein synthesis are therefore likely to pro-
vide further insight into the role of Stt4p in translation control.

Yeast cells possess two eIF4E-BPs, namely Caf20p and
Eaplp, that inhibit translation initiation of mRNAs (3-5). The
activity of Eap1p may be regulated by TORC]1, as inferred from
the observation that loss of Eap1p causes resistance to low con-
centrations of rapamycin (20 ng/ml) (4). We found that in
response to rapamycin treatment, isogenic wild-type and
eaplA cells both displayed a similar decrease in the P/M ratio
(data not shown), which argues in fact against a major role of
TORCI1 in regulating translation initiation via Eap1p. Interest-
ingly, however, Eaplp is predominantly associated with mem-
branes and interacts genetically and biochemically with the ER-
associated polyribosomal protein Scp160p (72). Moreover, it is
known that Eaplp inhibits translation initiation following a
membrane stress imposed by either application of the
amphiphilic drug chlorpromazine or a block (in sec mutant
cells) of the membrane transport to the plasma membrane (4,
6). Finally, the essential lipid sphingoid base, which is involved
in many cellular functions including membrane trafficking, also
regulates mRNA translation via Eaplp in response to a heat
shock (7). Together, these data may be explained by a currently
speculative model in which a membrane trafficking defect
induced by a decrease of the intracellular PI4P levels in stt4 and
pikl mutant cells (see below) causes activation of Eaplp and
subsequent (TORC1-independent) inhibition of translation
initiation (Fig. 9).

Interestingly, the PI4K Pik1p, which is functionally unrelated
to Stt4p and which regulates the formation of secretory vesicles
at the late-Golgi, is also required for normal translation initia-
tion. Because a part of TORC]1 resides on the endosomal/Golgi
compartment in a complex with Lst8p (1, 51), a protein that
regulates the transport of amino acid permeases from the late-
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Golgi to the plasma membrane (13, 58,59, 73), we envisaged the
possibility that a decrease of PI4P levels in the Golgi and the
associated transport defect to the cell surface may cause a
reduction in TORC1 activity and therefore indirectly inhibit
translation initiation. Our finding that pikI® mutant cells (as
well as sec14* and sec7" mutants cells; data not shown) were
not significantly affected in the control of known TORCI read-
outs, however, argues against this possibility. Thus, our present
results not only support our previous finding that translation
initiation requires a functional secretory pathway (6), but also
newly implicate the function of Piklp in this process (Fig. 9).
Remarkably, whereas a block of the secretory pathway in the
pik1" mutant results in a 4-fold increase of the e[F2« phospho-
rylation, a membrane transport defect to the vacuole in the
vps34* mutant leads to a hypophosphorylation of e[F2«. These
results suggest that PIs on late-Golgi and endosomal compart-
ments regulate the phosphorylation status of elF2c. It is possi-
ble for instance that PI4P-dependent membrane transport pro-
cesses are sensed by an elF2a-P-targeting phosphatase(s). The
type I phosphatase Glc7p, for instance, which plays a critical
function in several cellular trafficking events, including homo-
typic vacuole fusion, ER to Golgi transport, and endocytic
transport (74), has previously been reported to (directly or indi-
rectly) affect el[F2a phosphorylation levels (75). A secretory
transport defect may also more indirectly affect eIF2a phos-
phorylation presumably via an effect on amino acid metabo-
lism. Accordingly, inactivation of Piklp may result in missort-
ing of amino acid transporters thereby causing a drop in
intracellular amino acid levels, activation of Gen2p, and conse-
quent hyperphosphorylation of elF2« (Fig. 9).

Finally, it is interesting to note that loss of Piklp function,
like any other secretory block, leads to the activation of the
transcription factor Haclp, which requires the function of both
Gcen2p and Gendp to control the expression of UPR genes (data
not shown) (76, 77). Thus, elF2a phosphorylation following
inactivation of Piklp may also serve to activate a specific tran-
scriptional program, whose gene products are necessary to alle-
viate ER stress and facilitate protein trafficking (76). Notably, in
mammalian cells the UPR involves activation of a PKR-like ER
kinase (PERK, which is absent in yeast) that directly phospho-
rylates eIF2« and thereby inhibits translation initiation (78). In
view of our results, it will therefore be interesting to determine
whether a secretory stress may, via activation of the UPR path-
way and subsequent PERK-dependent phosphorylation of
elF2q, also cause a reduction in mammalian translation initia-
tion. Because the role of PI4P in the regulation of protein secre-
tion appears to be conserved (28, 79), it will, furthermore, be
interesting to test whether the control over protein translation
initiation is also intimately linked to the PI4P-dependent secre-
tory pathway in higher eukaryotes.
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