A Rab escort protein integrates the
secretion system with TOR signaling
and ribosome biogenesis
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The coupling of environmental conditions to cell growth and division is integral to cell fitness. In Saccharomyces
cerevisiae, the transcription factor Sfpl couples nutrient status to cell growth rate by controlling the expression of
ribosome biogenesis (Ribi) and ribosomal protein (RP) genes. Sfp1 is localized to the nucleus in rich nutrients, but
upon nutrient limitation or target of rapamycin (TOR) pathway inhibition by rapamycin, Sfp1 rapidly exits the
nucleus, leading to repression of the Ribi/RP regulons. Through systematic cell-based screens we found that many
components of the secretory system influence Sfp1 localization. Notably, the essential Rab escort protein Mrs6
exhibited a nutrient-sensitive interaction with Sfpl. Overexpression of Mrs6 prevented nuclear localization of Sfp1
in rich nutrients, whereas loss of Mrs6 resulted in nuclear Sfp1 localization in poor nutrients. These effects were
specific to Sfpl and independent of the protein kinase C (PKC) pathway, suggesting that Mrs6 lies in a distinct
branch of TOR and ribosome biogenesis regulation. Rapamycin-resistant alleles of MRS6 were defective in the
cytoplasmic retention of Sfp1, the control of cell size, and in the repression of the Ribi/RP regulons. The Sfp1-
Mrs6 interaction is a nexus for growth regulation that links the secretory system and TOR-dependent nutrient

signaling to ribosome biogenesis.
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Nutrient availability and environmental stress condi-
tions dictate cellular growth rate, which in turn governs
the onset of cell division (Jorgensen and Tyers 2004). The
most significant draw on macromolecular synthesis is the
biogenesis of new ribosomes. In yeast, the vast majority of
total cellular transcriptional activity by RNA polymerase
I(Pol 1), PolII, and Pol III is oriented toward production of
ribosomal RNA (rRNA), ribosomal protein (RP), and
tRNA (Warner 1999). An elaborate nutrient- and stress-
sensing network allows cells to adapt rapidly to the ever-
changing environment: In particular, two main nutrient-
sensing conduits—the target of rapamycin (TOR) and
protein kinase A (PKA) pathways—Ilink nutrient status
to critical cellular processes, including ribosome biogen-
esis, autophagy, and entry into GO (Rohde et al. 2008;
Zaman et al. 2008). TOR and PKA sense partially non-
overlapping nutrients and often converge on common
targets (Jorgensen and Tyers 2004; Dechant and Peter
2008; Zaman et al. 2008).
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The conserved TOR network relays amino acid con-
centrations, glucose, and perhaps other nutrient signals
to the cellular machinery (De Virgilio and Loewith 2006;
Wullschleger et al. 2006; Dechant and Peter 2008). The
Tor kinases are most closely related to the phosphatidyl-
inosital-3 kinase (PI3K) family of lipid kinases and exert
their effects through two distinct complexes: TOR Com-
plex 1 (TORC1) and TORC2, which control growth rate
and cell polarization, respectively. In yeast, TORCI is
comprised of Kogl, Lst8, Tco89, and either the Torl or
Tor2 kinase, whereas TORC?2 is composed of Tor2 exclu-
sively in association with Lst8, Avol, Avo2, Avo3, Bit2,
and Bit61 (Loewith et al. 2002; Wedaman et al. 2003). The
TORCI1 and TORC2 complexes are structurally and func-
tionally conserved from yeast to humans (Wullschleger
et al. 2006). Inhibition of TORCI by the macrolide
rapamycin mimics nutrient starvation and causes Gl
arrest, inhibition of protein synthesis, glycogen accumu-
lation, induction of autophagy, and entry into quiescence
(Wullschleger et al. 2006). TORC is also intimately linked
to various aspects of vesicular trafficking (Dechant and
Peter 2008; Rohde et al. 2008).

TOR is a nexus for nutrient signaling. In metazoans,
TOR is activated in response to growth factor signals via
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class I PI3K-mediated activation of the prosurvival kinase
Akt/PKB, which inhibits the GTPase-activating proteing
(GAP) complex Tscl/2, leading to activation of the Rheb
GTPases and stimulation of TOR (Wullschleger et al.
2006). Other signals also impinge on Tscl/2, including
hypoxia, ATP sufficiency through the LKB and AMP-
activated kinase couple, and MAPK activity (Wullschleger
et al. 2006). The Rag family of membrane-associated
GTPases relays amino acid availability directly to mTORC1
by recruitment of TORC1 into close proximity with Rheb
(Kim et al. 2008; Sancak et al. 2008). In both yeast and
mammals, the class C Vps and EGO/GSE complexes also
appear to activate TORC1 (Dubouloz et al. 2005; Nobukuni
et al. 2005; Gao and Kaiser 2006; Zurita-Martinez et al.
2007). TOR, its activators, and effectors often localize to
intracellular membranes, which may thus serve as plat-
forms for TOR signaling complexes (Wullschleger et al.
2006; Yan et al. 2006; Aronova et al. 2007; Dechant and
Peter 2008; Rohde et al. 2008).

TOR governs metabolism and growth through a host of
downstream effectors. In yeast, TOR exerts control
primarily at the level of gene expression, often through
the cytoplasmic retention of stress- and nutrient-respon-
sive transcription factors (Duvel et al. 2003; De Virgilio
and Loewith 2006). In mammalian cells, TOR stimulates
protein synthesis by phosphorylation of two critical
targets: the translational activator S6 kinase (S6K) and
the translational inhibitor 4E-BP1 (Wullschleger et al.
2006). Similarly, the yeast equivalent of S6K, the AGC
kinase Sch9, directly mediates TORC1-dependent regu-
lation of translation initiation, RP gene expression, and
entry into GO (Urban et al. 2007). TOR controls other
aspects of ribosome biogenesis including the Pol I- and
Pol III-dependent transcription of the rDNA and tRNA
genes through phosphorylation of dedicated transcription
factors (Mayer and Grummt 2006). In yeast, Torl itself
may activate tDNA transcription in rich nutrient con-
ditions by translocating to the nucleus and binding di-
rectly to promoter DNA (Li et al. 2006); however, in other
studies, Torl has been localized to internal membrane
structures but not the nucleus (Wedaman et al. 2003;
Aronova et al. 2007; Sturgill et al. 2008).

Previously, to identify pathways that couple growth
and division, we carried out a systematic screen for yeast
deletion mutations that alter cell size (Jorgensen et al.
2002). Defects in ribosome biogenesis, as opposed to
defects in protein translation per se, cause a pronounced
small size, suggesting that a high rate of ribosome
synthesis delays commitment to cell division (Jorgensen
et al. 2002). Disruption of either Sch9 or the zinc finger
transcription factor Sfpl causes extremely small size and
dramatic repression of genes required for the biogenesis of
new ribosomes (Jorgensen et al. 2004a). Sch9 is specifi-
cally required for maximal expression of the RP regulon
and is regulated in a nutrient-sensitive fashion by both
phosphorylation and localization to the vacuolar mem-
brane (Jorgensen et al. 2004a). Sfp1 controls a large cohort
of >200 genes implicated in the complex pathways that
assemble mature ribosomes, termed the ribosome bio-
genesis (Ribi) regulon; Sfpl also directly or indirectly
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activates the RP regulon (Jorgensen et al. 2002). Sfpl
localization is highly responsive to nutrient conditions:
In glucose medium, Sfpl is located in the nucleus, but
upon nutrient limitation or exposure to various stresses,
Sfp1 relocalizes to the cytoplasm within minutes (Jorgensen
et al. 2004a; Marion et al. 2004). In addition to Sch9 and
Sfpl, RP gene expression depends on several other tran-
scription factors and chromatin modifiers (Jorgensen et al.
2004b). Nutrient-responsive localization of Sfpl depends
on TOR and PKA signaling (Jorgensen et al. 2004a;
Marion et al. 2004); however, the critical mechanism(s)
that link Sfpl localization to TOR and PKA activity are
unknown.

To delineate how nutrients are linked to ribosome
biogenesis and cell size, we undertook systematic screens
for factors that alter Sfp1 localization in different nutrient
conditions; these screens uncovered many components of
the secretory system. We identify the Rab escort protein
Mrs6 as the primary cytoplasmic retention factor for Sfpl
and demonstrate that the Sfpl-Mrs6 interaction links
TOR signaling, the secretory network, and ribosome
biogenesis in the control of cell growth.

Results

The endomembrane system influences
nutrient-responsive localization of Sfpl

The subcellular localization of Sfpl responds rapidly to
nutrient status: Sfpl partitions to the nucleus under
optimal growth conditions and to a cytoplasmic com-
partment upon nutrient limitation or a variety of stresses
(Jorgensen et al. 2004a; Marion et al. 2004). To identify the
nutrient-dependent pathways that relay signals to Sfpl,
we assayed the localization of Sfpl in genome-wide loss-
and gain-of-function screens. A collection of 800 tet-
regulated essential genes was assayed for Sfp1<tF locali-
zation defects upon promoter repression (Mnaimneh
et al. 2004). In a complementary approach, a set of 5280
galactose-regulated yeast ORFs was assayed for defects in
Sfp1 ST localization upon promoter induction (Sopko
et al. 2006). Each collection of strains was examined on
an Evotec Opera automated high-resolution confocal
microscopy platform in glucose medium, when Sfp1<*®
is normally nuclear, and in glycerol medium, when
Sfp1S? is normally cytoplasmic (Fig. 1A). The distribu-
tion of SfplS™ between the nuclear and cytoplasmic
compartments was quantified using a custom algorithm
to determine nuclear and cytoplasmic areas of Sfp1StP
signal. The highest-ranking hits from each of the two
screens are shown in Table 1; complete quantitative data
for both screens is provided in Supplemental Table 1.
The screening approach was validated by the isolation
of components of the Ras/PKA signaling pathway, which
we and others have shown previously to regulate Sfpl
localization (Jorgensen et al. 2004a; Marion et al. 2004).
The catalytic subunits of PKA are encoded by partially
redundant genes TPK1, TPK2, and TPK3 (Zaman et al.
2008), and deregulation of a single TPK gene suffices to
reduce rapamycin-induced Sfpl nuclear depletion (Marion
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Figure 1. Genome-wide screens for regu-
lators of Sfpl localization converge on the
secretory system. (A) Schematic of cell-
based screen for aberrant Sfpl localization
in strains depleted for one of 800 essential
genes expressed from the tet promoter or
overexpression of 5280 genes from the B

GAL1 promoter. (B) Elevated PKA activity sfp1%FP
alters Sfpl distribution. An sfp1::SEP1¢TF
strain bearing a GAL1-TPK1 plasmid was
grown in galactose medium for 2 h prior to
shift to glycerol medium for 40 min and
visualization of Sfpl1SFF. (C) Increased nu-
clear export alters Sfpl distribution. An
sfp1::SFP1ST" strain bearing a GALI-
MSN5 plasmid was grown in galactose
medium for 2 h prior to shift to glycerol
medium for 40 min and visualization of
Stp1SFP. (D) Perturbation of secretory path- D
way function causes aberrant Sfp1 localiza-
tion in rich medium. An sfp1::SFP1F tet-
YPT1 strain was grown in 10 pg/mL doxy-
cycline in glucose medium for 16 h and
shifted to glycerol medium for 40 min prior
to visualization of Sfpl“™. (E) Rapid in-
hibition of secretory pathway flux with
Brefeldin A (BFA) causes cytoplasmic reloc-
alization of Sfpl. An sfp1::SFP1"" erg6A
strain was treated with 100 ng/mL BFA for
the indicated times prior to visualization of
SFP1Y¥F. (F) Strains defective in ER/Golgi
trafficking exhibit aberrant Sfpl localiza-
tion. Subcellular distribution of SfplY™?
was visualized in sfp1::SFP1YF" sly1-1 or
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strain was visualized at a permissive tem-

perature of 30°C.

et al. 2004). Aberrant nuclear retention of Sfp1 occurred in
poor nutrient conditions in strains that overexpressed
TPK1, TPK2, or TPK3 (Fig. 1B; Table 1). In contrast,
another factor identified in the overexpression screen,
the karyopherin MSN5/KAP142, caused the inappropriate
nuclear export of Sfpl in glucose medium (Fig. 1C). An
msn5A strain did not exhibit constitutive Sfpl nuclear
localization (data not shown), implying functional com-
pensation by other exportins. SFP1 itself also scored in the
overexpression screen, presumably because competition
for endogenous receptors lead to mislocalization of the
Sfp1SEP reporter in all compartments.

Strikingly, the majority of genes that caused anomalous
Sfpl localization when depleted or overexpressed
encoded constituents of the secretory pathway (Zerial
and McBride 2001). The largest class of factors to affect
Sfpl localization participate in endoplasmic reticu-
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lum(ER)-to-Golgi vesicle transport and included the es-
sential Rab GTPase Yptl, the SNARE components Secl7
and Sed5, and the COPII vesicle-associated proteins
Erv29 and Sec23 (Fig. 1D; Table 1). A second large class
of secretory components recovered in the screens have
roles in different aspects of Golgi vesicle trafficking,
including the Rab GTPase Sec4; its cognate GAP Msb4
and its effector Sro7, which mediate transport from the
Golgi to the plasma membrane; the SNAREs Sec20 and
Usel, which mediate retrograde transport from the Golgi
to the ER; and a variety of other essential and non-
essential Golgi-associated factors such as Tlgl and Avl9,
which mediate endocytic and exocytic vesicle fusion
events, respectively. A third class of factors recovered affect
secretion through structural or metabolic mechanisms,
including the glycosylphosphatidylinositol (GPI) anchor
transamidase subunits Gpil6 and Gabl, the dolichol
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Table 1. List of genes recovered in Sfp1 localization screens
Deletion Overexpression Glucose  Glycerol Function/ Arearatio N %

ORF Gene Allele phenotype  phenotype  phenotype phenotype compartment® glucose® glycerol®
YPR183W  DPM1 tet Inviable None C C Dolichol phosphate mannose

synthase, ER 1.5 14
YLR459W  GABI1 tet Inviable None C C GPI anchor transamidase

subunit, ER 1.4 16
YHR188C  GPI16 tet Inviable Growth defect C C GPI anchor transamidase

subunit, ER 1.4 14
YMR200W ROT1 tet Inviable Growth defect C C Chaperone, suppresses tor2

defects, ER 1.5 9
YGR284C  ERV29 GALI1 Viable Growth defect C C Cargo incorporation factor for

COPII vesicles, ER/Golgi 1.6 4
YDL226C  GCS1 GAL1 Viable Growth defect C C Arfl GTPase-activating protein,

ER/Golgi 1.6 34
YBRO02C  RER2 tet Inviable None C C Cis-prenyltransferase required for

dolichol synthesis, ER/Golgi 1.6 31
YBLO50W  SEC17 tet Inviable Growth defect C C Component of cis-SNARE

complex, ER/Golgi 1.5 41
YDR498C  SEC20 tet Inviable None C C v-SNARE in retrograde transport,

interacts with Tip20, ER/Golgi 1.8 38
YPR181C  SEC23 GAL1 Inviable Growth defect C C GTPase-activating protein

component of COPII vesicles,

ER/Golgi 1.6 5
YLR026C  SED5 tet Inviable None C C Syntaxin in cis-Golgi t-SNARE

complex, ER/Golgi 1.2 26
YOR307C SLY41 GAL1 Viable Growth defect C C High copy suppressor of loss of

YPT1, ER/Golgi 1.5 5
YGL145W  TIP20 tet Inviable None C C COPI vesicle fusion, interacts

with Sec20, ER/Golgi 1.3 13
YGLO68W  USE1 tet Inviable None C C v-SNARE in retrograde transport,

interacts with Sec20, ER/Golgi 2.8 8
YFLO38C  YPT1 tet Inviable Growth defect C C Rab GTPase for delivery of ER

vesicles to Golgi, ER/Golgi 1.6 13
YLR114C  AVL9 GALI1 Viable Growth defect C C Exocytic transport, Golgi 1.5 2
YKL179C  COY1 GAL1 Viable Growth defect C C Membrane protein, Golgi 1.6 4
YJL123C MTC1 GAL1 Viable Growth defect C C Localizes to COPI vesicles, Golgi 1.5 10
YBL102W  SFT2 GAL1 Viable Inviable C C Syntaxin 5-like membrane protein,

Golgi 1.5 2
YDR468C TLG1 GAL1 Inviable Inviable C C t-SNARE in fusion of endosome-

derived vesicles, Golgi 1.5 14
YOL112W MSB4 GAL1 Viable Growth defect C C GTPase-activating protein for Sec4,

Golgi/PM 1.5 3
YPR032W  SRO7 GAL1 Viable Growth defect C C Effector of Sec4, Golgi/PM 1.6 11
YFLOOSW  SEC4  tet Inviable Growth defect C C Rab GTPase for delivery of post-

Golgi vesicles to PM, Golgi/PM 1.9
YLR403W  SFP1  GAL1 Viable Inviable C C Controls expression of Ribi and

RP regulons, C/N 2.2 2
YJL164C TPK1 GAL1 Viable Inviable N N Protein kinase (PKA) catalytic

subunit, C/N 0.8 59
YPL203W  TPK2 GAL1 Viable Inviable N N Protein kinase (PKA) catalytic

subunit, C/N 1.5 26
YKL166C  TPK3 GAL1 Viable Inviable N N Protein kinase (PKA) catalytic

subunit, C/N 1.0 42
YDR335W MSN5 GAL1 Viable None C C Karyopherin, mediates N export, N 2.0 2
YFLO18W-A SMX2 tet Inviable None C C Sm protein component of U1, U2,

U4, and U5 snRNPs, N 1.3 32
YML114C  TAF8 tet Inviable Filamentous C C TFIID subunit in RNA polymerase

growth II initiation, N 1.5 21

YMLO15C  TAF11 tet Inviable None C C TFIID subunit in RNA polymerase

II initiation, N 1.5 23
YMLO98W  TAF13 tet Inviable Filamentous C C TFIID subunit in RNA polymerase

growth II initiation, N 1.4 22
Wild type - - - N C 1.0 8
(C) Cytoplasm; (ER) endoplasmic reticulum; (N) nucleus; (PM) plasma membrane
#From Saccharomyces Genome Database http://www.yeastgenome.org.
PRatio of Sfp1S*T signal area in given strain versus wild type.
“Fraction of N signal detected as a function of total cell number.
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phosphate mannose synthase Dpm1, the ER chaperonin
Rotl, the palmitoyl transferase Akrl, and the ergosterol
saturase Erg5. These genetic results were supported by
the observation that the early secretory pathway in-
hibitor Brefeldin A, which blocks ARF GTPase activities
(Peyroche et al. 1999), also caused localization of Sfp1<F?
to the cytoplasm (Fig. 1E).

Strains defective in the essential gene SLY1, which
encodes a component of the ER-Golgi vesicle trafficking
system, and YPT6, which encodes a Rab GTPase required
for Golgi vesicle fusion, have been shown previously to be
defective in rRNA and RP mRNA transcription (Mizuta
and Warner 1994; Li and Warner 1996); however, these
genes were not represented in our filtered tet screen data.
To extend our results, we tested the effects of sly1-1 and
ypt61¢% alleles on Sfpl localization. Sfpl¥FF redistrib-
uted to the cytoplasm upon shift of a sly1-1 strain to the
nonpermissive temperature, but not upon shift of
a ypt61°%* strain (Fig. 1F). Finally, we further examined
the role of the Rab GTPase Yptl, which is required for
ER-Golgi trafficking and was isolated in our tet repres-
sion screen. Sfp1¥*" localization was perturbed in a cold-
sensitive ypt1-1 strain even at the permissive tempera-
ture (Fig. 1G). Notably, the SLY1-20 allele is a dominant
suppressor of yptl-1 (Dascher et al. 1991); moreover,
many of the secretion genes recovered in our screen
may either directly or indirectly affect the activity of
Yptl. Taken together, these results demonstrate that
activity of the secretory system is intimately linked to
Sfp1 localization.

Nutrients and stress alter association of Sfp1 and the
Rab escort protein Mrsé

Given the pronounced effect of secretory pathway per-
turbation on Sfpl localization, we sought to identify
direct physical connections between Sfpl and secretory
proteins. SFP171%¢ was transiently expressed from the
GALI1 promoter, after which cultures were shifted briefly
to either glucose or glycerol medium, Sfp1™28 complexes
immunopurified, and associated proteins identified by
mass spectrometry. An ~66-kDa species that was prefer-
entially bound to Sfp1 isolated from glycerol-treated cells
was identified as Mrs6; this interaction has also been
reported in two high-throughput studies, and recently
verified (Ho et al. 2002; Tarassov et al. 2008; Lampiainen
et al. 2009). The high-peptide sequence coverage of Sfpl
(48%) and Mrs6 (54%) and an estimation of total ion
current for each protein species suggested that the Sfpl-
Mrs6 complex was near stoichiometric in glycerol me-
dium and that the interaction was reduced severalfold in
glucose medium (Fig. 2A). Mrs6 is an essential escort
protein that is required for the prenylation and mem-
brane delivery of the Rab GTPases, including Yptl, Sec4,
Ypt6, Vps21, and other family members that control vesicle
trafficking at different stages in the secretory system
(Fujimura et al. 1994; Bialek-Wyrzykowska et al. 2000;
Zerial and McBride 2001). Notably, depletion of Yptl and
Sec4 markedly influenced Sfpl localization (Fig. 1D;
Table 1); we did not, however, recover MRS6 in our screen
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because the tet-MRS6 and GALI-MRS6 strains in our
collections were defective. Intriguingly, MRS6 is a multi-
copy suppressor of the iraA1 defect that results in hyper-
activation of the Ras/PKA pathway (Fujimura et al. 1994).

To confirm nutrient regulation of the Mrs6-Sfpl in-
teraction, endogenous levels of Sfpl and Mrs6 were tested
for association under a variety of nutrient and stress
conditions that inhibit ribosome biogenesis: carbon
source limitation, rapamycin, nitrogen source limitation,
and H,0O,. The Sfpl-Mrs6 interaction was increased
under each of the nutrient and stress conditions tested
(Fig. 2B,C). We note that rapid harvest of cell cultures was
needed to avoid transient starvation and artifactual
association of Sfpl and Mrs6 in glucose medium. As the
Sfpl-Mrs6 interaction was sensitive to rapamycin, we
determined whether Sfpl and Mrs6 might interact with
components of TORC1 by coimmunoprecipitation from
yeast lysates. We detected specific interactions between
Sfpl, Mrs6, and the TORC1 components Tco89, Lst8, and
Torl; association of the TORC1 complex with Sfpl
exhibited partial sensitivity to rapamycin (Fig. 2D; Sup-
plemental Fig. 1).

As Mrs6 is associated peripherally with ER/Golgi
membranes (Miaczynska et al. 1997), we examined the
distribution of Sfpl in crude cytosolic and membrane
fractions isolated from rapamycin-treated cells (Fig. 2E).
Approximately 10% of Sfpl was detected in a 100,000g
membrane pellet (Pjgo) fraction, which is comparable
with the membrane partitioning reported for the TOR
effectors GIn3 and Tap42 (Yan et al. 2006; Puria et al.
2008). Treatment with NaCl and/or detergent released
both Sfpl and Mrs6 from the Py fraction to approxi-
mately the same extent. The physical interactions of
Mrs6 with TORCI subunits and the similar membrane
association of both Sfpl and Mrs6 suggest that TOR
signaling impinges on the Sfpl-Mrs6 complex at an
endomembrane compartment. We were unable to discern
regulated colocalization of Sfp1 and Mrs6 by fluorescence
microscopy because Mrs6 was diffusely localized across
the cytoplasm and nucleoplasm; intriguingly, however,
a fraction of Mrs6 appeared to transiently partition into
the nucleus upon shift from glucose to glycerol medium
(data not shown).

Mrsé is necessary and sufficient to control Sfpl
Iocalization and cell size

We next tested whether the Sfpl-Mrs6 interaction
might dictate the localization of Sfpl by examining the
distribution of Sfp1¥*F upon artificial alteration of Mrs6
levels. Overexpression of MRS6 from the GALI promoter
not only increased the cytoplasmic fraction of Sfpl under
all conditions, but also completely prevented nuclear
accumulation of Sfpl in glucose medium (Fig. 3A). This
effect was evident within the time frame required to
induce galactose gene expression (Jorgensen et al. 2002),
consistent with a direct effect of Mrs6 on Sfpl (Supple-
mental Fig. 2). Conversely, depletion of MRS6 prevented
the relocalization of Sfpl to the cytoplasm in glycerol
medium (Fig. 3B). Because modulating the levels of
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Figure 2. Nutrient-sensitive interaction between Sfpl and the Rab escort protein Mrs6. (A) Identification of an Mrs6-Sfpl complex.
Sfpl1THAS complexes were immunoprecipitated from glucose or glycerol medium and resolved by SDS-PAGE, and differentially
recovered species were identified by mass spectrometry. All peptides identified under each condition are indicated in red. (B) The Sfpl-
Mis6 complex is responsive to carbon source. An sfp1::SFP1MY!8 mrs6::MRS6®H4 strain was grown to log phase in glucose medium

and incubated for 30 min in the indicated medium. Sfp

lMYC 13 63HA

was immunoprecipitated and the presence of Mrs was assessed by

immunoblot. (C) The Sfp1-Mrs6é complex is responsive to stress conditions. An sfp1::SFPIMYC13 mrs6::MRS63H4 strain was grown to
log phase in glucose medium, exposed to the indicated stresses, and processed as in B. (D) Interactions between Sfpl, Mrs6, and the
TORCI complex. sfpl::SFPI1MYC13 [5t8::LST8™F or mrs6::MRS6>"* Ist8::LST8™" strains were grown in rich glucose medium and
treated for 30 min with 200 ng/mL rapamycin, and Lst8TA” immune complexes were analyzed for either Sfp1™MY<!3 (top panel) or

Mrs6*4 (bottom panel) by immunoblot. (E) Sfp

1 and Mrs6 associate with an insoluble membrane fraction. (Left panel) A 100,000g P1qo

fraction was resuspended in lysis buffer and either untreated or incubated with 1 M NaCl and/or 1% Triton X-100, then repelleted at
100,000g and the presence of SFP1MYC13 and MRS6°H4 in the supernatant (S;q0) and the pellet (Pyoo) was assessed by immunoblot.

Mrs6 was able to override the nutrient-dependent control
of Sfpl localization, the nutrient signaling pathways that
govern the Sfpl-Mrs6 interaction may be limiting in vivo.

Importantly, from the perspective of size homeostasis,
the alterations in Sfpl distribution caused by manipula-
tion of Mrs6 were accompanied by corresponding effects

on cell size. Overexpression of MRS6 caused a decrease in
cell size compared with wild type (Fig. 3C), whereas
MRS6 depletion caused an increase in cell size on glycerol
medium (Fig. 3D). These MRS6 effects are specific: Sim-
ple perturbation of secretory function would normally
cause a delay in cell cycle progression and concomitant
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Figure 3. Mrs6 controls Sfpl localization.
(A) MRS6 overexpression prevents nuclear
accumulation of Sfpl in glucose medium.
An sfp1::SFP1¥™" strain expressing control Vector
vector or GALI-MRS6% was grown in
synthetic raffinose medium, prior to induc-
tion with galactose for 120 min. Sfpl1¥™"
was visualized prior to (left) and after (right)
shift into glucose medium. (B) Increased nu-
clear accumulation of Sfpl upon Mrs6 deple-
tion in glycerol medium. An sfp1::SEP1YF?
mrs6::tet-MRS6 strain was grown in syn- C
thetic glucose medium that contained ei-
ther 0 or 10 wg/mL doxycycline and shifted
into glycerol medium prior to visualization

of Sfp1YF, (C) Mrs6 overexpression causes

a reduction in cell size. Size distributions
were acquired for log-phase cultures expres-
sing either control vector (black) or GALI-
MRS6 (red) that had been induced for 6 h
with galactose. (D) Mrs6 depletion causes D
an increase in cell size. Size distributions
were acquired for log-phase cultures of an
mrs6::tet-MRS6 strain grown in glycerol
medium, in the absence (black) or presence
(red) of 10 pg/mL doxycycline. As a reference,

a wild-type culture was grown in glucose
medium without doxycycline (blue). (E) An i
sfp1A mutation bypasses the G2/M delay e
caused by MRS6 depletion. DNA content

was determined for mrs6::tet-MRS6 (left ©

panel) or sfplA mrsé6::tet-MRS6 (right panel)
strains grown in glucose medium in the
presence or absence of 10 ug/mL doxycy-
cline. (F) Deletion of SFP1 is epistatic to
depletion of MRS6 for cell size. Cell size
distributions were acquired for mrs6::tet-
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indicated Flag-tagged proteins by immunoblot.

increase in cell size (Jorgensen et al. 2002); i.e., the oppo-
site phenotype to that observed for overexpression of
MRS6. Repression of the tet-MRS6 allele severely com-
promised cell growth and caused a G2/M cell cycle delay
(Fig. 3E); this G2/M delay is reminiscent of that caused by
overexpression of SFP1 (Jorgensen et al. 2004a). To de-
termine if the tet-MRS6 depletion phenotype was due to
Sfpl hyperactivity, we analyzed the phenotype of a tet-
MRS6 mrs6A sfplA strain. As expected, an sfplA muta-
tion caused cells to accumulate in G1 phase (Jorgensen
et al. 2002). The G2/M delay was suppressed by deletion
of SFP1 (Fig. 3E). Depletion of MRS6 did not alter the
mode size of a wild-type strain grown on glucose me-
dium, but did cause a partial bimodal size distribution,
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immune complexes were analyzed for the presence of Mrs6*™* and the

perhaps indicative of misregulation in nutrient signaling
(Fig. 3F, left panel). Unlike in a glycerol culture of a wild-
type strain, depletion of MRS6 caused only a modest
increase in the size of an sfpI1A strain grown in glucose
medium (Fig. 3, cf. D and F, right panel). These results
suggest that Mrs6 acts upstream of Sfpl in cell size
control. The essential function of MRS6 was not bypassed
by sfp1A because MRS6 is required for the prenylation of
essential Rab GTPases (data not shown).

Given that Mrs6 is a necessary and sufficient factor
for retention of Sfpl in the cytoplasm, we sought to deter-
mine if other Mrs6 interaction partners might compete
with Sfpl in vivo. We monitored Sfpl and Mrs6 interac-
tions using a sensitive in vivo protein complementation



assay (PCA) used previously to detect the Sfpl-Mrs6
interaction in a high-throughput study (Tarassov et al.
2008). As indicated by the ability of a PCA reporter strain
to grow on methotrexate-containing medium, an SFPI1-
F[3] DHER fusion protein interacted with an MRS6-F[1,2]
fusion protein (Fig. 3G). Overexpression of the YPTI Rab
GTPase from the GAL1 promoter interfered with the
interaction of a MRS6-F/[3] fusion with a fusion to another
of its cognate GTPases, SEC4-F[1,2]. Notably, overexpres-
sion of YPT1 also interfered with the growth of the SFP1-
F[3]-MRS6-F[1,2] strain, suggesting that Sfpl shares the
same binding site on Mrs6 as the Rab GTPases. We
validated the PCA competition studies by coimmunopre-
cipitation of Sfpl and Mrs6 from strains that overex-
pressed various GTPases. The interaction between Sfpl
and Mrs6 was significantly compromised upon overex-
pression of Yptl but not Sec4 or Rhol (Fig. 3H). All told,
these results suggest that Mrs6 is the primary cytoplas-
mic anchor protein for Sfpl in poor nutrient and stress
conditions and that some Rab GTPases may compete
with Sfpl for binding to Mrsé6.

Mrs6 specifically regulates Sfpl in parallel to the PKA
and PKC pathways

The negative regulation of Sfpl by Mrs6 is consistent
with the ability of MRS6 overexpression to partially
bypass the growth defects caused by hyperactivation of
the PKA pathway (Fujimura et al. 1994). Although Sfpl
can be phosphorylated by PKA in vitro (Budovskaya et al.
2005) and driven into the nucleus by TPK overexpression
(Fig. 1B; Table 1), overexpression of MRS6 was sufficient
to inhibit the nuclear accumulation of Sfpl in a RAS2"4!*?
strain in which the PKA pathway is hyperactive (Fig. 4A).
Mutation of the two PKA consensus sites in Mrs6 (S9A
and S16A) did not prevent nuclear retention of Sfpl upon
TPK1 overexpression in poor nutrient conditions (data
not shown). These findings, in conjunction with the
original isolation of MRS6 as a multicopy suppressor of
high PKA activity, argue that MRS6 regulates Sfpl in
a pathway that is either downstream from or parallel to
Ras/PKA, most likely through TOR signaling.

It has been demonstrated previously that the repression
of RP, tRNA, and rDNA transcription in response to
secretory pathway mutations or stress depends on PKC1,
which encodes the yeast ortholog of protein kinase C
(Nierras and Warner 1999; Li et al. 2000). This response is
a consequence of the cell wall stress caused by secretory
defects, and likely impinges on the Rapl transcription
factor, which is a primary determinant of RP gene
expression (Li et al. 2000). To determine if secretory
pathway defects might indirectly affect Sfpl localization
through a PKC-dependent signal arising from cell wall
stress, we examined Sfpl localization under different
conditions in a pkclA strain. Disruption of the PKC
pathway did not affect the cytoplasmic relocalization of
Sfpl caused by a shift to a poor carbon source, inhibition
of TOR signaling by rapamycin, or inhibition of glyco-
protein synthesis by tunicamycin (Fig. 4B). The PKC-
selective inhibitor staurosporine also did not affect Sfpl
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Figure 4. Specificity of Sfpl regulation by Mrs6. (A) Hyper-
activation of the Ras/PKA pathway does not block MRS6-
induced Sfp1 relocalization. S$fp1<t* localization was visualized
in wild-type and RAS2VAL? cells carrying either GALI-MRSG6 or
an empty vector. Cells were grown to log phase in synthetic
raffinose medium, induced for 120 min with galactose, and
imaged prior to and following glucose addition. (B) The PKC
pathway is not required for nutrient- and stress-induced Sfpl
relocalization. Sfp1 " localization was visualized in a sfp1 ::SEP1Y™"
pkclA strain under the indicated conditions. (C) MRS6 does not
influence TOR effectors that mediate the NCR response. Local-
ization of Sfp1SFY GaplSff and GIn3™ was determined in
strains carrying either GALI-MRS6 or an empty vector grown in
raffinose medium following galactose induction for 120 min. (D)
MRS6 does not influence the TOR and stress-responsive tran-
scription factor Msn2. Localization of Msn2S% and Sfp1 St was
determined in strains carrying either GALI-MRS6 or an empty
vector grown in galactose medium.

relocalization in response to overexpression of Mrs6
(Supplemental Fig. 3); in addition, disruption of the actin
cytoskeleton by latrunculin B did not affect Sfp1 relocal-
ization (data not shown). These results indicate that the
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localization of Sfpl, and consequently the downstream
Ribi regulon, is coupled to secretory function by a differ-
ent mechanism than that which affects RP, tRNA, and
rDNA transcription.

To discern whether Mrs6 is a specific regulator for Sfpl,
we tested the influence of Mrs6 on other downstream
effectors of TOR. In the nitrogen catabolite repression
(NCR|) response, the general amino acid permease Gapl is
sorted to the plasma membrane in a TOR-dependent
manner (De Virgilio and Loewith 2006; Gao and Kaiser
2006). In addition, TOR regulates GAPI expression by
maintaining the transcriptional activator GIn3 in a cyto-
plasmic complex with its repressor Ure2 (Beck and Hall
1999; Cardenas et al. 1999). Overexpression of MRS6 had
no effect on Gapl localization (Fig. 4C, left panel) or GIn3
nuclear localization (Fig. 4C, right panel). TORCI1 also
promotes the phosphorylation and nuclear exclusion of
Msn2/Msn4 (Beck and Hall 1999). The localization of
Msn2/Msn4 was also unaffected by overexpression of
MRS6 (Fig. 4D), nor was the localization of Rtgl/Rtg3
affected in the mitochondrial retrograde signaling re-
sponse (data not shown). These results indicate that
Mrs6 specifically regulates Sfpl via TOR and that Mrs6
operates in parallel to the PKC pathway that controls
other aspects of ribosome biogenesis.

Rapamycin-resistant alleles of MRS6 are defective
for Sfp1 relocalization

Given that the essential function of MRS6 is independent
of SFP1 and that Mrs6 negatively regulates Sfpl, we
reasoned that it might be possible to isolate alleles of
MRS6 that confer resistance to rapamycin without com-
promising cell viability. A collection of MRS6 alleles was
generated by PCR mutagenesis followed by selection in
the presence of a high concentration of rapamycin. Three
such alleles, designated MRS6-R1, MRS6-R2, and MRS6-
R3, were defective in the ability to relocalize Sfpl to the
cytoplasm in response to rapamycin (Fig. 5A; data not
shown). The response of MRS6-R strains to nutrient
limitation was more complex as Sfp1 partially relocalized
to punctate cytoplasmic structures in glycerol medium
(Fig. 5A). Sequence analysis indicated that the R1, R2, and
R3 alleles encoded the amino acid alterations Ser335Pro,
Trp67Arg/Ser125Phe, and Gly122Ser, respectively (Fig.
5B). Interestingly, the temperature-sensitive allele mrs6-2
encodes the identical Ser335Pro substitution, as well as
a Gly227Val substitution in Domain II, which mediates
essential interactions with the geranylgeranyltransferase
I (GGTase II) that catalyzes Rab prenylation (Bialek-
Wyrzykowska et al. 2000; Alory and Balch 2003). The
Mrs6-2 protein is defective in prenylation activity and
vesicle polarization/vacuole morphology, and accumu-
lates in G2/M phase (Bialek-Wyrzykowska et al. 2000). In
contrast, the MRS6-R strains had no obvious growth
defect (Fig. 5C) and had a normal cell cycle distribution
(data not shown). Moreover, the MRS6-R1 allele partly
abrogated the reduction in cell size caused by acute
rapamycin treatment (Fig. 5D); this observation buttresses
the notion that Mrs6 is a principle conduit for size
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Figure. 5 Isolation and characterization of rapamycin-resistant
alleles of MRS6. (A) Nuclear retention of Sfpl upon rapamycin
treatment in the presence of rapamycin-resistant MRS6-R
alleles. Localization of Sfpl1€tF in synthetic glucose medium,
either untreated or treated with rapamycin (200 ng/mL), and
synthetic glycerol medium was assessed in the indicated strains.
(B) Location of amino acid substitutions in MRS6-R alleles.
Conserved structural Domain I and Domain II of Rab escort
proteins and Rab GDI proteins are indicated in green; conserved
regions of Rab escort proteins are indicated in purple (Alory and
Balch 2003). (C) Growth of wild-type and mutant alleles of
MRS6. The indicated strains and, as a control, a rapamycin-
resistant TOR1-1 strain were streaked onto glucose medium
containing 20 ng/mL rapamycin and imaged after 4 d. (D)
Rapamycin-resistant alleles of MRS6 fail to adjust cell size in
response to rapamycin. Cell size profiles of indicated strains
grown in synthetic glucose medium either with or without
rapamycin (200 ng/mL) and, as a control, synthetic glycerol
medium.



regulation by the TOR pathway. Significantly, the MRS6-R
missense mutations all lie within or adjacent to the
Domain I region of Mrs6, which corresponds to the Rab-
binding platform (Alory and Balch 2003); this result
suggests that Sfpl engages the same interface on Mrs6
as the Rab GTPases. To further explore this interface, we
created additional site-directed MRS6 mutations. Sub-
stitution of an Ala residue at position 335 resulted in
a similar but milder phenotype than the MRS6-R1 allele,
whereas substitution of a Glu residue caused a severe G2/M
delay, heterogeneous colony growth on glucose medium,
and irreversible sensitivity to rapamycin exposure (Sup-
plemental Fig. 4). The inability of the Ser335Glu mutant
to recover from rapamycin-induced arrest was accompa-
nied by persistent macroautophagy (Supplemental Fig. 5),
similar to the rapamycin recovery defect caused by
defects in the EGO complex (Dubouloz et al. 2005). The
above findings demonstrate that the Sfpl anchor function
of Mrs6 mediates TORCI1-dependent growth and size
control, and that this function is separable from the
essential role of Mrs6 in secretion.

Mrs6 is specifically required for regulation
of the Ribi regulon by TORC1

Rapamycin treatment results in a robust transcriptional
signature caused by loss of TORC1 activity (Cardenas et al.
1999; Hardwick et al. 1999; Komeili et al. 2000; Shamji
et al. 2000). To determine the specific role of Mrs6 in
TORC1-dependent gene expression, we examined the
transcriptional profiles of wild-type, MRS6-R1, and
MRS6-R2 strains in the absence and presence of rapamy-
cin. Untreated wild-type and the MRS6-R1/2 strains dis-
played no difference in transcriptional profile. As expected,
rapamycin caused a massive transcriptional signature in
wild-type cells (Fig. 6A; Supplemental Table 2). Gy-specific
Pol II genes, Msn2/4-dependent stress response genes,
autophagy genes, NCR genes, tricarboxylic acid cycle
genes, and Rtgl/3 and Hap2/3/4/5 target genes were all
induced, while the glycolytic, RP, and Ribi regulons were
repressed (Cardenas et al. 1999; Hardwick et al. 1999;
Komeili et al. 2000; Shamji et al. 2000). The global
expression profiles of rapamycin-treated MRS6-R1 and
MRS6-R2 strains were similar to wild type, with the
striking exception that repression of the Ribi regulon was
markedly attenuated (Fig. 6A). Notably, repression of the
RP regulon by rapamycin was only marginally affected
in the MRS6-R strains; the residual repression may be
a downstream consequence of repression of activators of
RP genes that form part of the Ribi regulon (Jorgensen et al.
2002). The MRS6-R alleles also a caused delay in the
repression of glycolysis genes (Fig. 6A); this may also be
a downstream consequence of Ribi repression (Jorgensen
et al. 2002), or may reflect a more direct role for Sfpl, Mrs6,
and/or TORCI in glycolytic gene regulation (Hardwick
et al. 1999; Cipollina et al. 2008). The MRS6-R alleles
had only a minor effect on activation of the NCR regulon
by rapamycin (Fig. 6A). To validate the effects of the
MRS6-R alleles on TOR-regulated gene expression, we
also determined the effects of MRS6 overexpression on
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TOR-associated transcriptional profiles. Overexpression of
MRS6 from the GAL1 promoter caused rapid repression of
the Ribi regulon and delayed repression of the RP and
glycolytic regulons (Fig. 6B). A transient induction of stress
response genes was also observed, perhaps as a conse-
quence of secretory system perturbation caused by excess
Mrs6 (Fig. 6B). In summary, the transcriptional phenotypes
conferred by MRS6-R alleles and by MRS6 overexpression
demonstrate that Mrs6 serves to control Sfpl transcrip-
tional functions, consistent with the observed effects on
Sfpl localization and cell size.

Discussion

Our systematic genetic screens recovered many critical
secretory factors as determinants of Sfpl localization.
The identification of Mrs6 as a cytoplasmic tether for
Sfpl under poor nutrient conditions establishes a new
mechanism that links the secretory system and ribosome
biogenesis. Importantly, the effects of Mrs6 on Sfpl are
completely independent from the known PKC-dependent
mechanism that indirectly monitors and transmits secre-
tory defects to RP, tRNA, and rDNA transcription (Nierras
and Warner 1999; Li et al. 2000). Mrs6 is a powerful
cytoplasmic anchor that is both necessary and sufficient
for retention of Sfpl in the cytoplasm, regardless of
nutrient status or signaling. Moreover, Mrsé6 specifically
controls Sfpl and does not affect the localization of other
known TOR effectors or the gene expression programs
that are regulated by these effectors. The properties of
rapamycin-resistant MRS6-R alleles demonstrate that the
Sfpl anchor function is separable from essential Mrs6
roles and that the Sfpl-Mrs6 interaction is dictated
primarily by TOR activity. These findings elaborate the
TOR paradigm in yeast and have potential ramifications
for TOR signaling in metazoans.

Mrsé6 integrates secretory flux, TOR signaling, and
ribosome biogenesis

The regulation of the Sfp1-Mrs6 interaction by nutrient
and stress conditions parallels known effects of these
conditions on Ribi gene expression (Jorgensen et al.
2004a). Given that MRS6 overexpression is dominant
over nutrient signaling pathways, it seems likely that
Mrs6 itself is a limiting target for such signals and that
the interaction equilibrium with Sfpl may be readily
shifted by changes in Mrs6 pools. This model is consis-
tent with the rapid dynamics of Sfpl relocalization in
response to changes in nutrient status (Jorgensen et al.
2004a). Although the total cellular abundance of Mrs6
appears to greatly exceed that of Sfpl (Ghaemmaghami
et al. 2003; Lempiainen et al. 2009), the affinity of the
interaction has undoubtedly been tuned by evolution
to allow the nuclear distribution of Sfp1 to be controlled
by both TORCI signaling and direct competition with
Rab GTPases. The location of the MRS6-R amino acid
substitutions in the Rab-binding domain suggests that
the Rab GTPases and Sfpl compete for closely juxtaposed
binding sites on Mrs6.
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Figure 6. MRS6 specifically controls the Ribi regulon. (A) MRS6 is required for rapamycin-induced repression of the Ribi regulon.
Expression profiles were determined by microarray analysis for mrséA strains bearing MRS6, MRS6-R1, and MRS6-R2 alleles on a low-
copy plasmid treated for 30 and 60 min with 100 ng/mL rapamycin. Values represent the average expression change relative to
untreated cells of duplicate samples. Genes exhibiting at least a twofold change in expression are displayed in the clustergram. Genes
were classified into the RP and Ribi regulons as described previously (Jorgensen et al. 2004a). Effects on NCR and glycolytic gene
clusters are shown to the right. (B) Overexpression of MRS6 causes repression of the Ribi, RP, and glycolytic regulons. A strain bearing
a GAL1-MRS6 plasmid was induced in galactose medium for 30, 60, and 120 min and processed as in A. Duplicate experiments are
shown. (C) TORCI1 regulation of the Sfpl-Mrs6 interaction. Competition between Sfpl and Rab GTPases for Mrs6 may couple activity
of the secretory system to ribosome biogenesis. TORCI1 localizes to various elements of the endomembrane system. Membranous
structures are shown in light blue, Rab GTPases are shown in orange, TORCI activators and effectors are shown in steel blue. Not all
Rab GTPases are shown; other membrane-associated small GTPases that activate TOR are also not shown. (ER) Endoplasmic
reticulum; (PM) plasma membrane; (Endo) endosome; (Rap) rapamycin.
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Because the Rab GTPases are critical mediators of vesicle
compartment identity and directional flow in the secretory
system (Novick et al. 1981; Grosshans et al. 2006), compe-
tition with Sfpl for Mrs6 could serve to directly couple
secretory flux to the rate of ribosome biogenesis. Mrs6 is
ideally positioned to sense vesicle flux by virtue of its
essential interactions with the Rab GTPases. Indeed, many
of the secretory system genes isolated in our screens for
altered Sfpl localization directly or indirectly affect Rab
GTPase activity, including GAPs, ER/Golgi trafficking
complexes, GPI anchor/glycoprotein synthesis factors,
and various SNARE components (Table 1). Perturbation of
Rab GTPase recycling by secretory defects or stress would
liberate Mrs6 to sequester Sfpl and thereby attenuate
ribosome biogenesis. Mrs6 may thus link the output of
one form of growth—namely, secretion—to the input of
another, ribosome biogenesis (Fig. 6C).

In addition to its potential role as a sensor of secretory
system flux, the Mrs6-Sfpl complex is a direct target of
TORCI activity, as demonstrated by both the physical
interactions between Mrs6, Sfpl, and TORCI1 compo-
nents and the specific effects of MRS6-R alleles on Sfpl
localization and the response to rapamycin. Recently, it
has been shown that Sfp1 is phosphorylated in vivo and in
vitro by Torl; Sfpl phosphorylation in vivo depends in
part on Mrs6 and is necessary for efficient nuclear
localization of Sfpl in glucose medium (Lempiainen
et al. 2009). In contrast to our results, however, Lempiainen
et al. (2009) suggest that the Sfpl1-Mrs6 interaction is not
regulated by nutrients and that Mrsé6 is a positive regu-
lator of Sfpl nuclear import. These discrepancies may
arise from extraction conditions (Supplemental Fig. 6)
and/or the different nature of the mrs6 and sfp1 alleles
used in each study. Whether or not phosphorylation of
Mrs6 and/or other associated factors by TORCI influen-
ces Sfpl interactions remains to be determined. Similarly,
the mechanism whereby PKA activity controls the Sfpl-
Mrs6 interaction and/or Sfpl localization also remains to
be resolved (Jorgensen et al. 2004a). Regardless of these
details, because alterations in Mrs6 levels can override
nutrient signals, Mrs6 represents a gatekeeper for Sfpl-
dependent regulation of ribosome biogenesis.

GTPases and endomembrane platforms for TOR
signaling

Substantial evidence indicates that TORCI signaling
complexes are assembled on internal membrane plat-
forms, such that regulation occurs at the level of locali-
zation rather than kinase activation (Dechant and Peter
2008; Rohde et al. 2008). Internal membrane dynamics
are governed by a cohort of small GTPases that direct
myriad vesicle fusion events. In metazoans, the Rheb
class of GTPases plays a dedicated proximal role in TOR
activation and the Tsc1/Tsc2 GAP proteins that inhibit
Rheb activity are subject to a host of positive and negative
signals from upstream kinases (Wang and Proud 2009). In
parallel, critical amino acid inputs into TOR are trans-
duced by the Rag class of GTPases, which recruit TORC1
to a Rab7 GTPase-positive perinuclear compartment
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where the Rheb GTPases reside (Kim et al. 2008; Sancak
et al. 2008). In yeast, there is no evidence that the Rheb
equivalent activates TORCI1 and there is no apparent
Tscl/2 ortholog; importantly, however, the Rag orthologs
Gtrl and Gtr2 are linked to amino acid sensing through
sorting of the Gapl amino acid permease, which is
a TORC1-dependent process (Gao and Kaiser 2006). The
identification of the Rab escort protein Mrs6 as a cofactor
for TORCI1-mediated control of Sfpl provides a further
connection between membrane-associated GTPases and
TOR signaling.

Many other connections between membrane processes
and TOR have been established recently. Synthetic lethal
screens have revealed functional interactions between
Torl and a number of vacuolar sorting steps, including
the EGO/GSE and class C Vps complexes (Zurita-Martinez
et al. 2007). Physical and functional connections between
the vesicle trafficking system, the actin cytoskeleton, and
TORC1/2 also have been reported (Aronova et al. 2007).
Other TOR-membrane interactions in yeast include a role
for vesicle trafficking in GIn3 relocalization (Puria et al.
2008), the requirement for the Golgi Ca>*/Mn** ATPase
Pmrl in TOR signaling (Devasahayam et al. 2006), the
membrane association of inactive Tap42 complexes (Yan
et al. 2006), and the association of Sch9 with the vacuole
in rich nutrient conditions (Jorgensen et al. 2004a;
Urban et al. 2007). In addition, a glucose-dependent
interaction between the ER-resident dolichol mannose
synthase Dpml and the phosphatidylinositol-4-phos-
phate phosphatase Sacl appears to coordinate secretory
capacity with nutrient conditions (Faulhammer et al.
2005).These observations all support the general notion
that nutrient sensing occurs at the membrane-cytosol
interface (De Virgilio and Loewith 2006; Rohde et al.
2008). The new functional and physical links between
Sfpl, Mrs6, the TORCI1 complex, and the secretory
system elaborate the concept that TOR-dependent
growth signals are coordinated across many different
endomembrane platforms. How the activity of these
spatially diverse TOR signaling complexes is coordinated
to achieve balanced growth remains an outstanding
systems-level problem.

Specificity of TOR effectors and coordination of growth
control

In yeast, TORCI1 coordinates cellular responses through
two main effector trunks (Rohde et al. 2008). In one trunk,
the transcriptional subprograms that enable nutrient and
stress adaptation are governed by the Tap42-dependent
localization of various transcription factors (Duvel et al.
2003). In a parallel trunk, ribosome production and protein
translation are regulated by Sch9, Sfp1, and TOR-dependent
phosphorylation of RNA Pol I-, Pol II-, and Pol IlT-associated
factors (Jorgensen et al. 2004a; Li et al. 2006; Mayer and
Grummt 2006; Urban et al. 2007). Sfpl and Sch9 appear to
specify at least partly nonoverlapping aspects of ribosome
biogenesis, as indicated by the synthetic lethality of the
sfplA sch9A double mutant (Jorgensen et al. 2004a). Al-
though the transcriptional programs controlled by each are
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clearly interdependent, Sfpl preferentially activates the
Ribi regulon, whereas Sch9 has a stronger effect on the RP
regulon (Jorgensen et al. 2004a). Sfp1 and Sch9 also associate
with distinct membrane environments—the secretory
compartment in the case of Sfpl, and the vacuole in the
case of Sch9. Finally, as we showed here, the different
branches rely on different feedback mechanisms—the Sfpl
branch on Mrs6, and the secretory system and Sch9/RP
gene branch on the PKC/cell wall stress pathway. These
branches are not completely insulated, as shown by the
suppression of mrs6 growth defects by increased dosage
of the upstream PKC activator SLG1/WSC1 (Bialek-
Wyrzykowska et al. 2000) and by potential feedback effects
of Mrs6 on Sch9 phosphorylation (Lempiainen et al. 2009).
The spatial and regulatory segregation of different aspects
of ribosome biogenesis may enable more efficient anticipa-
tion of and/or adaptation to changing environmental con-
ditions (Levy et al. 2007).

Conservation of growth control architecture

The overall conservation of the TOR system from yeast
to humans attests to both its centrality and adaptability.
The necessary coordination of membrane growth with
macromolecular synthesis was undoubtedly a prime evo-
lutionary impetus for the TOR signaling system. The
TORCI1 and TORC2 complexes themselves, coactivators
such as the class C Vps complex and the Gtrl/Gtr2 Rag
family GTPases, and effectors such as S6K and Sch9 all
appear well conserved. Sfpl itself shares a number of
general attributes with the Myc transcription factor,
including the regulation of ribosome biogenesis genes
and overt effects on cell size and cell growth (Jorgensen
et al. 2004a; Cook and Tyers 2007); however, only
tentative connections have been made between Myc
and TOR in metazoans (Ravitz et al. 2007; Teleman
et al. 2008). Significantly, the trans-Golgi network com-
ponent GOLPH3 has been identified recently as an
oncogene in many human cancers, and as an activator
of TOR signaling and a regulator of cell size (Scott et al.
2009). Finally, the human Rab escort proteins REP1/
CHM and REP2/CHML share ~50% sequence identity
with Mrs6 (Alory and Balch 2003). Notably, REP1/CHM
is the causative hereditary mutation in choroideremia,
a disease of retinal degeneration and vision loss (Seabra
et al. 1993). The identification of Mrs6 as a key regulator
of Sfpl in yeast raises the possibility that REP1/REP2 may
link TOR signaling to the secretory system in higher
organisms, with implications for human disease.

Materials and methods

Yeast strains, plasmids, and reagents

Yeast strains and plasmids used in this study are listed in
Supplemental Tables 3 and 4. All strains are derivative of
$288c. Standard molecular genetic techniques, growth condi-
tions, and inhibitor concentrations were used (Jorgensen et al.
2004a). To avoid confounding nutrient depletion during cell
harvest, all cultures were rapidly concentrated by low-speed
centrifugation. Carbon starvation was in 0.02% glucose; for
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various other stresses, log-phase cultures were treated with 200
ng/mL rapamycin, 0.30 mM H,0O,, or 2 pg/mL tunicamycin. Size
distributions were acquired with a Beckman-Coulter Z2 Chan-
nelizer (Jorgensen et al. 2002). Protein fluorescence was visual-
ized on a Nikon Eclipse E6G00FN microscope equipped with an
Hamamatsu Orca II CCD camera. Random PCR mutagenesis
was used to generate a collection of MRS6 alleles, which were
selected for growth on 1 pg/mL rapamycin and then examined
for failure to localize Sfpl1©tF to the cytoplasm in 200 ng/mL
rapamycin. Microarray analysis was performed on total RNA by
the University Health Network Micorarray Center as described
previously (Jorgensen et al. 2002). Average values of normalized
log, ratios of duplicate samples were calculated. All raw micro-
array data is provided in Supplemental Table 2.

Microscopic screen for regulators of SEP1 localization

The SGA technique (Tong et al. 2001) was used to mate an
sfp1::SFP1°FT reporter into a GALI-ORF fusion strain collection
(Sopko et al. 2006) and into a tet-controlled essential strain
collection (Mnaimneh et al. 2004). Saturated liquid cultures were
used to inoculate 100 pL of SC-glucose medium in Evotec 384-
well flat-bottom pClear plates. After overnight growth to log
phase, cells were imaged on an Evotec Opera automated spin-
ning-disc confocal microplate imaging microscope (Perkin
Elmer). Immediately following the first imaging pass, the plates
were quickly centrifuged at low speed, and cells were washed
once and resuspended in SC-glycerol medium, and then incu-
bated for 40 min prior to reimaging. For tetracycline-repressible
promoter strains, cells were grown for 16-18 h in the presence of
10 pg/mL doxycycline. Fluorescence signal upon excitation by
a 488-nm laser light source was detected through a 525 + 50-nm
filter. Three fields of view were collected per well using a 12-bit
Peltier-cooled CCD camera with a 60X water-immersible objec-
tive. Images were processed with the Acapella language, using
the nuclei detection procedure script to quantitate signal area
and intensity. Putative hits were identified on the basis of signal
area and cell count, visually inspected, and individually con-
firmed by direct fluorescence microscopy. Cytoplasmic localiza-
tion of Sfpl in glucose medium was determined by calculating
the total fluorescence signal over the entire area of the cyto-
plasm; this parameter was denoted as cell area. The area ratio in
glucose was defined as the ratio between the cell area signal of
the designated allele with respect to the wild-type cell area
signal. Nuclear retention of Sfpl in glycerol was determined by
calculating the number of cells that had an area of fluorescence
equivalent to the average nuclear area of fluorescence in a wild-
type cell grown on glucose medium. The percent nuclear signal
in glycerol was defined as the ratio between the number of
distinct nuclear areas detected in the total cell population versus
total cell count. False positives scored as mislocalized in glycerol
arose from either residual glucose present in the microtiter plate
well or misrecognition of punctuate cytoplasmic staining as
nuclei. False positive small (whi) and large (Ige) mutants were
eliminated by concurrently small or large cell and nuclear area
signals, respectively. Quantitative values for all genes in each
screen are provided in Supplemental Table 1.

Protein analysis

Cell cultures were rapidly harvested, disrupted in lysis buffer (10
mM HEPES-KOH at pH 7.9, 50 mM KCl, 1.5 mM MgCl,, 1 mm
EDTA, 0.5 mM DTT, protease inhibitor cocktail) and cleared by
centrifugation at 15,000g. Immunoprecipitation and immuno-
blot analysis were carried out as described previously (Jorgensen



et al. 2004a); some TORC1 coimmunoprecipitation experiments
were carried out at a salt concentration of 600 mM. For sub-
cellular fractionation, total cell lysate was fractionated at
100,000g for 45 min into soluble (S;gp) and membrane pellet
(P100) fractions. The Pyq fraction was resuspended in lysis buffer
with or without 1 M NaCl and/or 1% Triton-X100, incubated for
30 min on ice, refractionated into soluble and insoluble fractions,
and analyzed by immunoblot. For mass spectrometric analysis,
a wild-type strain bearing a GAL1-SFP1FL4% plasmid was grown
to early log phase in rich medium containing 2% w/v raffinose,
induced with 2% w/v galactose for 2 h, and then resuspended and
incubated for an additional 40 min in rich medium containing
either 2% w/v glucose or 2% w/v glycerol prior to harvest. After
lysis, protein complexes were captured on mouse anti-Flag M2
agarose affinity resin (Sigma), washed, and eluted with Flag
peptide. Eluted proteins were precipitated with TCA, washed
with acetone, and resolved by SDS-PAGE. Protein species were
visualized by colloidal blue stain, excised, digested with trypsin,
and analyzed by LC-MS/MS on a Thermo-Finnigan LTQ mass
spectrometer essentially as described (Ho et al. 2002). In vivo
protein interactions were detected using a PCA assay as de-
scribed (Tarassov et al. 2008).
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