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SUMMARY

The target of Rapamycin complex1 (TORC1) senses and integrates several envi-
ronmental signals, including amino acid (AA) availability, to regulate cell growth.
Folliculin (FLCN) is a tumor suppressor (TS) protein in renal cell carcinoma, which
paradoxically activates TORC1 in response to AA supplementation. Few tractable
systems formodeling FLCN as a TS are available. Here, we characterize the FLCN-
containing complex in Schizosaccharomyces pombe (called BFC) and show that
BFC augments TORC1 repression and activation in response to AA starvation
and supplementation, respectively. BFC co-immunoprecipitates V-ATPase, a
TORC1 modulator, and regulates its activity in an AA-dependent manner. BFC
genetic and proteomic networks identify the conserved peptide transmembrane
transporter Ptr2 and the phosphoribosylformylglycinamidine synthase Ade3 as
new AA-dependent regulators of TORC1. Overall, these data ascribe an addi-
tional repressive function to Folliculin in TORC1 regulation and reveal S. pombe
as an excellent system for modeling the AA-dependent, FLCN-mediated repres-
sion of TORC1 in eukaryotes.

INTRODUCTION

Cellular survival requires the continuous and accurate sensing of the environment by signaling networks

through which cells adjust their physiological state based on their environmental and nutritional condi-

tions. In eukaryotes, at the center of one such signaling pathway lies the highly conserved tripartite target

of rapamycin complex 1 (TORC1), whose catalytic core, TOR, is a Ser/Thr protein kinase capable of phos-

phorylating multiple substrates (Liu and Sabatini, 2020). TORC1 integrates a broad set of environmental

signals, including the availability of amino acids, oxygen, energy, growth factors and carbon, nitrogen,

and phosphate sources to regulate cellular or organismal growth (Gonzalez et al., 2020). Upon receiving

growth-promoting inputs, TORC1 antagonistically promotes anabolic processes, such as protein, lipid,

and nucleotide synthesis, while simultaneously repressing catabolic ones, such as autophagy. These are

achieved by TOR-mediated phosphorylation and regulation of several critical downstream targets involved

in multiple biological processes (Liu and Sabatini, 2020; Valvezan and Manning, 2019). Dysregulation of

TORC1 signaling has been linked to several human pathologies including cancers, age-related diseases,

and developmental conditions (Hua et al., 2019; Saxton and Sabatini, 2017), thus presenting an attractive

target for drug development. Consistent with its importance in normal physiology, drugs targeting TOR

kinase or other components of the TORC1 signaling networks have emerged as promising treatment

strategies for an increasing number of medical conditions (Kato et al., 2019; Saxton and Sabatini, 2017;

Sengupta et al., 2019).

Amino acid-dependent regulation of TORC1 (Hara et al., 1998; Wang et al., 1998) is an ancient growth reg-

ulatory signal that ensures the upregulation of protein synthesis is coupled with the availability of amino

acids. Early studies on how amino acids regulate TORC1 activity have revealed that in response to amino

acid stimulation, a complex composed of four Rag family small guanosine triphosphatases (GTPases) binds

and recruits TORC1 to lysosomal surfaces (Kim et al., 2008; Rogala et al., 2019; Sancak et al., 2008), where its

kinase activator, the GTP bound lysosomal Rheb, drives its activation. The Rag GTPase complex is
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composed of heterodimers of highly similar RagA or RagB bound to highly similar RagC or RagD (Hirose

et al., 1998; Schurmann et al., 1995; Sekiguchi et al., 2001), which are anchored to lysosomal surfaces by the

pentameric Ragulator complex (Bar-Peled et al., 2012; Nada et al., 2009; Sancak et al., 2010; Wunderlich

et al., 2001). Under amino acid replete conditions, the Rag complex is converted into its active form where

RagA/B is loaded with GTP and RagC/D is loaded with GDP (RagA/B.GTP-RagC/D.GDP). This is regulated

by distinct guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), including

the Ragulator complex, which in addition to anchoring the Rag complex, functions as a GEF on the RagA/B

subunit (Bar-Peled et al., 2012). Also, the tumor suppressor FLCN-FNIP complex activates RagC/D through

its GAP activity (Petit et al., 2013; Tsun et al., 2013). Together the Ragulator and FLCN/FNIP activities

convert the Rag complex into its active form, which is recognized by the raptor subunit of mammalian

TORC1 (mTORC1) (Rogala et al., 2019), triggering its translocation to the lysosomal surfaces (Jewell

et al., 2013; Sancak et al., 2008).

In addition to these, the vacuolar-type H+ATPase (V-ATPase) complex also plays an important role in amino

acid-dependent activation of mTORC1. This complex, consisting of membrane-embedded Vo and periph-

eral cytosolic V1multi-subunit domains, functions downstream of amino acid stimulation and, in addition to

establishing the pH of the lysosome, transmits the amino acid signal from lysosomal lumen to mTORC1

through the Ragulator-Rag GTPase complex (Bar-Peled et al., 2012; Jewell et al., 2013; Zoncu et al.,

2011). Moreover, recent studies have revealed that three putative amino acid sensors, which operate up-

stream of mTORC1, convey the intracellular cytosolic and lysosomal amino acid levels to mTORC1:

SLC38A9, sequestrin1/2 and CASTOR1 (Liu and Sabatini, 2020). From among these, SLC38A9, a potential

arginine sensor and a positive regulator of mTORC1, has homology to amino acid transporters and has

been identified as a lysosomal transmembrane amino acid sensor which interacts with the Rag GTPases

and the Ragulator complexes and is required for the amino acid-dependent regulation of TORC1 (Jung

et al., 2015; Rebsamen et al., 2015; Wang et al., 2015; Wolfson and Sabatini, 2017).

In humans, germline mutations in FLCN are responsible for causing Birt-Hogg-Dubé syndrome (BHD)

(Khoo et al., 2001; Nickerson et al., 2002; Schmidt et al., 2001), an autosomal dominant hereditary disorder

in which patients develop several types of benign neoplasms, such as fibrofolliculomas and pulmonary

cysts, and are at an increased risk of developing renal cell carcinoma (RCC) (Birt et al., 1977; Toro et al.,

1999; Zbar et al., 2002). Loss-of-function mutations occurring on both FLCN alleles increase RCC risk,

implying a tumor suppressor role for FLCN (Khoo et al., 2003; Vocke et al., 2005; Warren et al., 2004).

FLCN is highly conserved across eukaryotes, possessing an N-terminal Longin and a C-terminal differen-

tially expressed in normal cells and neoplasia (DENN) domain (Nookala et al., 2012). FLCN physically

interacts with two highly similar proteins, FNIP1 and FNIP2 which bind to its C-terminus (Baba et al.,

2006; Hasumi et al., 2008). Several studies indicated that tumors from both BHD patients and FLCN-null

mouse models exhibit activated TORC1 signaling, consistent with a tumor suppressor role for FLCN

(Baba et al., 2008; Chen et al., 2008; Hasumi et al., 2009; Wu et al., 2015). However, FLCN has been shown

to activate TORC1 (Bar-Peled and Sabatini, 2014; van Slegtenhorst et al., 2007) biochemically through its

GAP activity on RagC GTPase (Tsun et al., 2013). To resolve this apparent discrepancy between genetic

and biochemical data, we used the fission yeast FLCN homolog, Bhd1, as a model for TORC1 regulation.

In recent years, the fission yeast has emerged as a great model for studying the conserved aspects of amino

acid-dependent regulation of TORC1. In this organism, the components of the TORC1 pathway are

conserved (Alvarez and Moreno, 2006; Hayashi et al., 2007; Matsuo et al., 2007), including the TSC1-

TSC2-Rheb signaling axis (Mach et al., 2000; Urano et al., 2005; Uritani et al., 2006), which is absent in

Saccharomyces cerevisiae (Tatebe and Shiozaki, 2017; Urano et al., 2000). S. cerevisiae possesses an

FLCN homolog called Lst7 (Péli-Gulli et al., 2015; Peli-Gulli et al., 2017) which physically interacts with a pro-

tein whose structure is orthologous to FNIP, Lst4 (Pacitto et al., 2015) and localizes to vacuoles – the yeast

equivalent of lysosomes – in response to nitrogen starvation. This complex functions as a GAP for Gtr2 to

activate TORC1 following nitrogen replenishment. Because of the absence of the TSC-Rheb signaling axis

in S. cerevisiae and its prevalence in other eukaryotes, we reasoned that S. pombe represents a closer

model for studying the conserved aspect of FLCN-mediated TORC1 regulation to other eukaryotes.

Critically, S. pombe contains structural and functional orthologs of both heterodimeric Rag GTPases and

their associated GEFs and GAPs. Gtr1-Gtr2 GTPase heterodimers are equivalent to the mammalian

RagA/B and RagC/D (Nakashima et al., 1999). This dimer is recruited to themembranes of vacuoles through

interaction with the tetrameric Lam protein complex (Lam1-Lam2-Lam3-Lam4) which is structurally related
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to the mammalian Ragulator complex, and its Lam2 subunit possesses sequence similarity to the human

Ragulator subunit, Lamtor2 (Chia et al., 2017). Moreover, the fission yeast has a GATOR1-like complex,

which akin to its human counterpart (Bar-Peled et al., 2013), acts as a GAP on Gtr1 to regulate TORC1 ac-

tivity in response to amino acid levels (Chia et al., 2017). Vam6, rather than Ragulator, has been identified as

a GEF for Gtr1 with the GTP-bound form of Gtr1 interacting with TORC1 and being required for its amino

acid-responsive activation (Binda et al., 2009; Valbuena et al., 2012a;Wurmser et al., 2000). Finally, Bhd1 has

been identified as the FLCN homolog in fission yeast; however, an FNIP homolog has not been identified in

this organism (van Slegtenhorst et al., 2007).

Here, we characterize the FLCN-FNIP complex in the fission yeast and show that this complex (the Bhd1-

Fnp1 complex, or BFC), similar to its mammalian counterpart, acts as an activator of TORC1 upon amino

acid stimulation. Additionally, we show that BFC augments TORC1 repression when cells are starved for

amino acids. Specifically, we find that BFC mutant cells display slower kinetics of TORC1 repression and

grow faster than wild-type cells after a short pulse of amino acid starvation. Interestingly, BFC physically

associates with the V-ATPase complex and regulates its activity in an amino acid-dependent manner.

Finally, by comparing the proteomic and genetic interaction networks of BFC, we identify Ptr2, a vacuolar

amino acid transporter, and Ade3, a protein required for adenine biosynthesis, as two new proteins that

also repress TORC1 activity in response to amino acid starvation. Taken together, these data ascribe a

repressive function to BFC in TORC1 regulation and establish S. pombe as an excellent model for uncov-

ering the molecular mechanisms by which FLCN represses TORC1 in response to amino acid starvation in

eukaryotes.

RESULTS

Identification of the FNIP homolog in the fission yeast

FNIP1 and FNIP2 are interacting partners of FLCN in human cells (Hasumi et al., 2008; Takagi et al., 2008).

To identify and characterize interacting partners of the fission yeast FLCN homolog Bhd1, we purified the

native Bhd1 complex by constructing a strain in which the endogenous bhd1 gene was fused in-frame with

tandem affinity purification (TAP) at its C terminus, expressing the Bhd1-TAP fusion protein. Previously we

showed that an auxotrophic strain (carrying a deletion of bhd1) display a growth advantage over wild-type

strains on rapamycin-containing plates (Laviolette et al., 2017) (Figure S1A). By plating an equal number of

log phase bhd1-TAP, bhd1D and wild-type cells in a 10-fold concentration gradient on rapamycin-contain-

ing plates, we found that the bhd1-TAP and wild-type strains grow with similar efficiencies in contrast to the

bhd1D cells which displayed a growth advantage over wild-type (Figure S1B). These data suggest that the

fusion protein is functional and behaves similar to the wild-type protein. Next, to define the native Bhd1

complex in S. pombe, we performed two independent Bhd1-TAP two-step affinity purifications along

with parallel untagged control purifications. The purified proteins were analyzed by polyacrylamide gel

electrophoresis and liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 1A). These

data revealed that the purification of Bhd1-TAP co-immunoprecipitated a previously uncharacterized pro-

tein SPAC30C2.07 as the most abundant Bhd1-interacting protein (Figure 1B and Table S1). Similarly, two

independent purifications of the functional (Figure S1B), C-terminally TAP-tagged SPAC30C2.07 protein

(Figure 1A) yielded Bhd1 as its predominant interacting partner (Figure 1B and Table S2). These data

demonstrate that Bhd1 and SPAC30C2.07 interact reciprocally, suggesting that SPAC30C2.07 may be

the fission yeast ortholog of FNIP.

Sequence alignment between the SPAC30C2.07 and the human FNIP2 (hFNIP2) proteins revealed 29%

identity between them (Figure S1C). To evaluate whether the two proteins share any conserved structural

features, we extracted the hFNIP2 structure from the recently described cryo-EM structure of the human

FLCN-FNIP2-Rag-Ragulator complex (PDB ID: 6ULG.N) (Shen et al., 2019). Modeling the SPAC30C2.07

based on the hFNIP2 structure, revealed that the secondary structure elements of the Longin and DENN

domains of hFNIP2 are well conserved in SPAC30C2.07 (Figure S1C), including the split Longin domain

characteristic of the FNIP family of proteins. The Longin domains of hFNIP2 and FLCN heterodimerize

to form a ten-stranded b-sheet, surrounded by six a-helices (Shen et al., 2019). All secondary structure el-

ements required for complex formation with FLCN appear to be conserved in the SPAC30C2.07 Longin

domain. Likewise, the long a-helices at the C terminus of the hFNIP2 primary sequence (aD9 and aD10)

that contribute to the interface for the heterodimerization of the hFNIP2 and FLCN DENN domains are

also well conserved in the predicted SPAC30C2.07 structure (Figures 1C and 1D). Of note, the

SPAC30C2.07 aD10 is disrupted by a short loop toward the C terminus. There are also a few other
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deviations between the structures. The first a-helix of the hFNIP2 Longin domain (aL1) which contacts the

nucleotide binding domain of the RagC GTPase in the FLCN-FNIP2-Rag-Ragulator structure (Shen et al.,

2019) is conserved on SPAC30C2.07. However, R72, which corresponds to R130 on hFNIP2, located just

before aL1 is one amino acid closer to the helix, suggesting a slightly different mode of interaction with

GTPases or other interaction partners (see sequence alignment in Figure S1C). Also, the first a-helix of

the hFNIP2 DENN domain (aD1) is missing from the SPAC30C2.07 sequence and an extended loop be-

tween aD5 and bD1 of SPAC30C2.07 is predicted to accommodate a small b-sheet. We labeled the strands

bD-2 and bD-1 to emphasize that these are hypothetical b-strands that are not present in the hFNIP2 struc-

ture. This sheet substitutes for aD11 in the SPAC30C2.07 structure. Overall, these analyses reveal that

Figure 1. Purification and characterization of the S. pombeBhd-FnpComplex (BFC)

(A) A representative silver-stained SDS-PAGE depicting the result of two-step tandem affinity purifications from bhd1-TAP, SPAC30C2.07-TAP (fnp1-TAP),

and control (no TAP-tagged) strains. Two independent purifications were performed. Putative Fnp1 (*) and Bhd1 (**) proteins are denoted based on their

theoretical mass of 93.38kDa and 40.8kDa, respectively. (***) denotes background protein common to all purifications.

(B) Proteins identified using tandem mass spectrometry sequencing (LC-MS/MS) which were unique to Bhd1-TAP or SPAC30C2.07-TAP (Fnp1-TAP)

purifications after removing background (control purification) proteins. The numbers in parentheses correspond to the total number of peptides and percent

protein coverage based on total number of amino acids, respectively, for one representative purification. See Tables S1 and S2.

(C) Cryo-EM structure of hFNIP2 extracted from the FLCN-FNIP2-Rag-Ragulator complex (PDB ID 6ULG.N). Longin and DENN domains and their respective

secondary structure elements are highlighted.

(D) Structural model of the S. pombe Fnp1 based on the human FNIP2 structure. Domain boundaries and secondary structure elements are labeled using the

human FNIP2 nomenclature.

(E) A representative Western blot depicting Fnp1-TAP immunoprecipitation co-precipitates Bhd1-MYC when cells are grown continuously in minimal media

supplemented with amino acids. Three independent biological replicates were performed.

(F) A representative Western blot showing that Bhd1-FLAG immunoprecipitation co-precipitates Fnp1-MYC when cells are grown continuously in minimal

media supplemented with amino acids (+aa) or are starved for amino acids for 90 min (-aa). Three independent biological replicates were performed. WCE,

whole cell extract.

ll
OPEN ACCESS

4 iScience 24, 103338, November 19, 2021

iScience
Article



SPAC30C2.07 has broad sequence and structural similarities to the members of the FNIP family of proteins,

which together with the purification data demonstrate that SPAC30C2.07 is the ortholog of human FNIP

proteins. We have named SPAC30C2.07 protein folliculin-interacting protein 1, or Fnp1.

Bhd1-Fnp1 complex (BFC) formation occurs independently of amino acid availability

To corroborate Bhd1-Fnp1 interaction, we performed reciprocal co-immunoprecipitation (co-IP) experi-

ments using strains expressing endogenous bhd1 and fnp1 tagged with TAP, FLAG, or MYC epitopes at

their C termini. Cells expressing the tagged proteins did not show any aberrant growth on rapamycin plates

compared to wild-type cells (Figure S1B), suggesting that the tagged proteins are functional. As shown in

Figure 1E, Fnp1-TAP immunoprecipitation co-precipitated Bhd1-MYC and, reciprocally, Bhd1-FLAG pull-

down co-precipitated Fnp1-MYC (Figure 1F), indicating that Bhd1 and Fnp1 form a complex in the fission

yeast. We call this complex the Bhd1-Fnp1 complex (BFC).

Previous studies have shown that interaction of FLCN-FNIP1/2 is insensitive to amino acid availability in

human cells (Meng and Ferguson, 2018). To test whether the S. pombe BFC complex formation is also

insensitive to amino acid levels, co-IP experiments using auxotrophic cells (ade�, ura-, leu-) expressing
Bhd1-FLAG, and Fnp1-MYC were performed with cells continuously grown in Edinburgh minimal media

(EMM) with supplements (0.225 g/L adenine, histidine, leucine, lysine and uracil) (+aa) or starved for amino

acids for 90 min without supplements (-aa). For this paper, the reasons that we used an auxotrophic strain

instead of a prototrophic strain for amino acid regulation of TORC1 are: (1) considering this study focuses

on the amino acid dependent regulation of TORC1, using an auxotroph which we can starve for amino acids

would make our experiments consistent with the goal of our study; (2) extensive transcriptome and growth

analyses of auxotrophic versus prototrophic strains by the David Botstein group in the budding yeast

(S. cerevisiae) have revealed that auxotrophic strains grown on limited nutrient media waste excess sugar

in a phenomenon that is both metabolically and transcriptionally similar to the Warburg Effect in cancer

cells (Bruar, 2008). These suggest that auxotrophic strains are a better model for understanding the amino

acid-dependent regulation of TORC1 within a cancer context; and (3) even though several other studies use

nitrogen starvation as a surrogate for amino acid starvation, nitrogen starvation in the fission yeast not only

induces themating response (Engel, 2004) but its persistence also forces cells into quiescence in a two-step

process which involves the early upregulation of mating genes followed by establishment of the quies-

cence transcriptome (Joh et al., 2016; Marguerat et al., 2012; Shimanuki et al., 2007). To avoid the complex

biology associated with nitrogen starvation and considering our focus is amino acid-dependent regulation

of TORC1 by FLCN, we reasoned that using amino acid starved auxotrophs is justified for this study. Simi-

larly, other papers (for example (Chia et al., 2017; Fukuda et al., 2021; Valbuena et al., 2012a; Valbuena et al.,

2012b)) also employ auxotrophs for studying amino acid-dependent regulation of TORC1 in S. pombe. Us-

ing the above-mentioned strains, we found that FLAG-tagged Bhd1 co-precipitated Fnp1-MYC under both

starved and amino acid replete states (Figure 1F). These data demonstrate that, consistent with the

mammalian FLCN/FNIP complex, the S. pombe BFC formation is amino acid independent.

BFC localizes to vacuoles in response to amino acid starvation

The mammalian FLCN-FNIP complex translocates to the lysosomal surface in response to amino acid star-

vation (Meng and Ferguson, 2018; Tsun et al., 2013). To determine whether the BFC also localizes to vacu-

olar membranes in response to amino acid starvation in the fission yeast, we used the lipophilic styryl dye

FM4-64 as marker for visualizing vacuolar membranes. As a positive control, we tagged the vacuolar-mem-

brane associated small GTPase Ypt7, a homolog of the human late endosome/lysosome small GTPase

Rab7, with GFP (Price et al., 2000). Consistent with previous reports (Brazer et al., 2000; Iwaki et al., 2003,

2004; Vida and Emr, 1995), we found a nearly complete overlap between the FM4-64 and GFP-tagged

Ypt7 fluorescence signals, confirming FM4-64 as a vacuolar membrane-specific dye (Figures S2A and

S2B). Moreover, in contrast to the functionally antagonistic Rab7 homologs Ypt7 and Ypt71, whose dele-

tions result in smaller and larger vacuoles compared to wild-type, respectively (Kashiwazaki et al., 2009),

we found that deletion of bhd1 and fnp1 did not result in any observable vacuolar size alterations

(Figure S2C).

Next, to visualize BFC, we constructed strains expressing C-terminally GFP-tagged Bhd1 and Fnp1 pro-

teins from their endogenous promoters. We found that the expression of the GFP tagged version of these

proteins is not impacted by 90 min of amino acid starvation (Figure S2D). Live-cell fluorescence microscopy

revealed that both Bhd1 and Fnp1 appear diffusely distributed throughout the cytoplasm in amino acid-
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replete conditions, but localize to vacuoles in response to amino acid starvation evidenced by the strong

overlap between Bhd1-/Fnp1-GFP and the FM4-64 dye under amino acid starvation conditions (Figures

2A–2F). Also, to determine whether vacuolar localization of Bhd1 depends on Fnp1 or vice versa, we con-

structed fnp1D bhd1-GFP and bhd1D fnp1-GFP strains. Live-cell fluorescencemicroscopy revealed that the

recruitment of Bhd1 and Fnp1 to vacuoles is only partially dependent on the other protein (Figure S3).

Together these data demonstrate that Bhd1 and Fnp1 localize to vacuoles in response to amino acid star-

vation and that this localization is largely independent of the presence of the other protein.

BFC augments TORC1 activation in response to amino acid stimulation

Previous studies have shown that the mammalian FLCN/FNIP complex activates the mTORC1 signaling

pathway following amino acid stimulation (Nookala et al., 2012; Petit et al., 2013; Tsun et al., 2013). To

determine whether the fission yeast BFC similarly activates TORC1 in response to amino acid stimulation,

wild-type, fnp1D and bhd1D cultures were grown continuously in EMMplus amino acids until log phase and

then starved for amino acids for 140 min. This is a time point at which no Rps6 phosphorylation, a surrogate

for TORC1 activity in eukaryotes (Nakashima et al., 2010), is detected in wild-type or BFC mutant cells (Fig-

ure 2G). For these experiments, Rps6 phosphorylation levels were monitored at regular intervals following

amino acid supplementation. In all Western blots, because we were unable to find a commercial source for

an antibody against total Rps6 protein, we used tubulin or actin as loading controls. These data revealed

that TORC1 reactivation is delayed by 1–1.5 h in fnp1D and bhd1D cultures compared to wild type (Figures

2G and S4), demonstrating that the BFC, similar to the mammalian FLCN/FNIP complex (Petit et al., 2013;

Tsun et al., 2013), is required for efficient activation of TORC1 following amino acid supplementation.

BFC enhances TORC1 repression in response to amino acid starvation

So far, our data demonstrate that amino acid-dependent regulation of BFC mimics its mammalian coun-

terpart, suggesting a suitable model for studying FLCN functions in eukaryotes. Previous work in BHD pa-

tients (Vocke et al., 2005), FLCN-null mice (Baba et al., 2008; Chen et al., 2008; Hasumi et al., 2009; Wu et al.,

2015), and S. pombe bhd1D strain (Laviolette et al., 2017) suggest that FLCN also may repress TORC1 ac-

tivity under certain physiological conditions. To ask whether loss of BFC impacts steady-state growth, we

first measured the growth rate of wild-type and BFC mutant strains grown continuously in EMM supple-

mented with amino acids and found that bhd1D and fnp1D mutant strains grow at a similar rate to wild

type cells (Figures S5A and S5B).

Previously, we showed that loss of Bhd1 in auxotrophic strains (leu-, ade-, ura-) results in increased Rps6

phosphorylation when cells are deprived of amino acids (supplemented with 5-fold lower amino acid con-

centration than standard media) (Laviolette et al., 2017), suggesting that Bhd1 may help repress TORC1.

Consistent with a repressive role for BFC on TORC1 activity, here, we also found that deletion of BFC

(bhd1 or fnp1) results in a significant growth advantage of BFC mutant over wild-type strains when equal

number of log phase cells are grown on rapamycin-containing EMMplates supplemented with amino acids

(Figures S1A and S1B). Moreover, treating cells with 125 or 150 ng/mL of rapamycin for 90 min revealed that

the growth advantage of BFC mutants correlates with an increase in P-Rps6 levels compared to wild-type

cells (Figure S5C). Together, these data support a model in which BFC participates in TORC1 repression.

Despite a potential role for BFC in TORC1 repression (Figures S1A and S1B), as shown in Figure 2G, after

140 min of amino acid starvation, no P-Rps6 could be detected in wild-type and BFC mutant cells, demon-

strating that TORC1 repression can still occur in the absence of BFC. Based on these data, we hypothesized

that BFC, in addition to its role in augmenting TORC1 activation in response to amino acid stimulation, may

be required for the rapid repression of TORC1 in response to amino acid starvation. To test this hypothesis,

we performed a timecourse starvation assay in which Rps6 phosphorylation levels were monitored in log-

phase wild-type, bhd1D and fnp1D strains which were grown in EMM supplemented with amino acids and

then starved for amino acids for 50, 70, or 90 min. Interestingly, we found that cells lacking either Bhd1 or

Fnp1 proteins displayed slower kinetics of TORC1 repression compared to wild-type cells (Figure 3A),

especially at 90 min when no detectable P-Rps6 could be observed in wild-type cells in contrast to

fnp1D and bhd1D strains where a P-Rps6 signal is visible (Figure 3B). Previous work had shown that the

availability of ammonium as a nitrogen source causes nitrogen catabolite repression in yeasts and filamen-

tous fungi (Wiame et al., 1985) and can regulate TORC1 activity in metazoans (Merhi et al., 2017). To ask

whether the BFC-mediated TORC1 repression requires the presence of ammonium, we used Pombe min-

imal glutamate medium (PMG) in which ammonium chloride is replaced by glutamic acid as the sole
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Figure 2. BFC localizes to vacuoles in response to amino acid starvation and augments TORC1 activation in response to amino acid stimulation

Representative fluorescence microscopy images depicting the co-localization of (A) Bhd1-GFP and (B) Fnp1-GFP with vacuoles (FM4-64-Red) for cells grown

continuously in minimal media supplemented with amino acids (+aa) or starved for amino acids for 90 min (-aa). Graphs depicting the fluorescent intensity

signal of Bhd1-GFP (C) and Fnp1-GFP (D) along with FM4-64 after drawing a line from one end of the cell to another. Representative graphs used to calculate

the Pearson correlation coefficient (R) of overlap between Bhd1-GFP (E) and Fnp1-GFP (F) with FM4-64. DIC - differential interference contrast; au.–arbitrary

units; GFP – green fluorescent protein. 15 cells per replicate were analyzed for calculating R using ImageJ software. Three biological replicates were

performed. See also Figures S2 and S3. Scale bar – 10mm.

(G) A representative Western blot depicting the kinetics of Rps6 phosphorylation (P-Rps6) after amino acid supplementation. Log phase wild-type (WT),

bhd1D and fnp1D cells were starved for amino acids (-aa) for 140 min (red text), and then incubated in pre-warmed EMM supplemented with amino acids

(+aa) for the indicated times (in hours). Because we were unable to find a commercial antibody for detecting total Rps6 levels, similar to previous studies

(Chica et al., 2016; Ma et al., 2013; Martin et al., 2017; Matsuda et al., 2020; Nakashima et al., 2010; Nakashima and Tamanoi, 2010; Rodland et al., 2014;

Valbuena et al., 2012a, 2012b), tubulin or actin were used as loading controls for Western blot analyses. Three biological replicates were performed. PS –

pre-starvation.

See also Figure S4 for two other replicates.
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nitrogen source. Consistent with our results in EMM, we found that cells lacking the Bhd1 protein displayed

slower kinetics of TORC1 repression compared to wild-type cells (Figures S5D and S5E). Taken together,

these data demonstrate that Bhd1 and Fnp1 are required for the rapid repression of TORC1 in response

to amino acid starvation.

BFC mutants display a significant growth advantage over wild-type cells after a pulse of

amino acid starvation

To ask whether the delay in TORC1 repression in BFC mutants in response to a short pulse of amino acid

starvation has any functional consequences—for example, providing the mutant cells with a growth advan-

tage over wild type—three independent clones of bhd1D and fnp1D were constructed (Table S8). These

clones along with a wild-type control were grown continuously to log phase in EMM supplemented with

amino acids and then starved for amino acids for 25 min after which amino acids were added to the media.

Growth was then monitored hourly for 8 h after supplementation. Strikingly, we found that all three inde-

pendent bhd1D and fnp1D clones displayedmarkedly faster growth compared to wild type (Figures 3C and

3D). In fact, we found that bhd1D cells starved for amino acids for 55 min display growth kinetics and, thus, a

delay in TORC1 reactivation similar to wild-type cells starved for amino acids for 35 min (Figure 3E).

Figure 3. BFC augments TORC1 repression in response to amino acid starvation

(A) A representative Western blot depicting changes in P-Rps6 levels (P-Rps6 serine 235/236), a TORC1 substrate, using a specific P-Rps6 antibody in cells

starved for amino acids (-aa) in wild-type (WT), bhd1D and fnp1D cells at the indicated time points (minutes) after amino acid starvation (-aa). Tubulin was

used as a loading control. Three biological replicates were performed.

(B) A representative Western blot depicting P-Rps6 levels after 90 min of amino acid starvation. Tubulin was used as a loading control. Three biological

replicates were performed. See also Figures S5D and S5E.

Graphs depicting the growth of WT and three independent bhd1D (C) or fnp1D (D) clones after a 25-min pulse of amino acid starvation. The measurements

were taken starting at an OD600 between 0.25 and 0.3. Relative OD600 values (normalized to OD600 at t = 0) are plotted versus time (hours). Mean and

standard deviation of three biological replicates are depicted.

(E) Graph depicting the growth ofWT and bhd1D cells after different periods of amino acid starvation. The measurements were taken every hour starting at

an OD600 between 0.25 and 0.3. Relative OD600 values (normalized to OD600 at t = 0) are plotted versus time (hours). Mean and standard deviation of three

biological replicates are depicted.
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Collectively, these results demonstrate that BFC mutants are defective in rapid repression of TORC1, and

thus have a growth advantage over wild-type cells following a short pulse of amino acid starvation.

BFC interacts with Vma2 subunit of the V-ATPase complex and regulates its activity in an

amino acid-dependent manner

Two-step TAP purification of Bhd1-TAP helped identifyFnp1 as the predominant Bhd1 interacting protein.

For characterizing this complex, we also performed additional one- and two-step TAP purifications of

Bhd1-TAP and Fnp1-TAP. Unexpectedly, all one-step Bhd1 purifications also yielded the coimmunopreci-

pitation of other components of the V-ATPase complex (Vph1, Vma4, Vma5, Vma6, Vma8, Vma13) consis-

tent with a physical interaction between BFC and V-ATPase complex (Tables S1 and S2). Specifically, Vma2,

a 56kDa protein that functions as the regulatory subunit of the V1 cytoplasmic domain of the vacuolar-type

H + ATPase (V-ATPase), was found as a BFC-interacting protein in all one- and several of the two-step

Bhd1-TAP or Fnp1-TAP purifications (Figure 4A). Together, these data suggest that Vma2 interacts

with BFC.

To confirm the physical interaction between Vma2 and BFC, we immunoprecipitated Bhd1-TAP and found

that it co-precipitated Vma2-MYC in both amino acid replete and starved conditions (Figure 4B). Even

though the co-immunoprecipitation experiments were not performed reciprocally, these data suggest

that Bhd1 interacts with Vma2. To test the evolutionary conservation of the BFC-Vma2 interaction, we per-

formed immunoprecipitation of TAP-tagged Lst7, the FLCN ortholog in S. cerevisiae, and probed its inter-

action with Vma2 in the presence of amino acids or when cells are starved for amino acids for 90 min by

immunoblotting using an anti-Vma2 antibody. Similar to S. pombe, immunoblot results showed that the

S. cerevisiae Lst7 immunoprecipitated Vma2-MYC in the presence or absence of amino acids (Figure 4C).

Also, mass spectrometric analyses of one-step Lst7-TAP purification in addition to Lst4, the S. cerevisiae

ortholog of FNIP, revealed the coimmunoprecipitation of Vma2 and other V-ATPase components (VPH1,

VMA5, VMA6, VMA7, VMA8, VMA13) in S. cerevisiae (Table S3). Together these data suggest that Lst7 in-

teracts with Vma2 in S. cerevisiae.

Vma2 interaction with the BFC prompted us to examine whether BFC regulates V-ATPase activity. A highly

conserved function of the V-ATPase complex is to acidify vacuoles and lysosomes in organisms ranging

from yeast to human. We therefore assayed vacuolar pH as a surrogate for V-ATPase activity, with alkalin-

ization indicating reduced activity. The pH status of the vacuoles in wild-type, bhd1D, and fnp1D strains was

visualized using DND189, a membrane-permeant weakly basic dye that fluoresces in acidic, but not alkaline

compartments (Perzov et al., 2002). As a positive control, we also treated wild-type cells with 10nM bafilo-

mycin, a specific V-ATPase inhibitor. We observed that the fluorescence intensity of DND189 is significantly

reduced in bhd1D and fnp1D strains compared to wild-type cells and similar to wild-type cells treated with

bafilomycin, suggesting that V-ATPase activity is reduced in the BFC mutant cells (Figure 4D). Quantitation

of DND189 and FM4-64 fluorescence intensity confirmed a reduction in DND189, but not FM4-64 intensity

in the deletion mutants (Figure 4E). Also, we found that the BFC-mediated V-ATPase regulation depends

on the presence of amino acids (Figure S6). Previous studies have shown that disruption of V-ATPase activ-

ity affects cell growth on alkaline (pH = 9.0) plates in S. pombe (Iwaki et al., 2004). By plating an equal num-

ber of log phase bhd1D, fnp1D and wild-type cells in a 10-fold concentration gradient on pH 9.0 plates, we

found that the BFC mutant strains grow less efficiently compared to the wild-type strain (Figure 4F). Simi-

larly, we found that bhd1D and fnp1D cells grow less efficiently than wild-type cells when plated in the pres-

ence of bafilomycin, a specific inhibitor of V-ATPase (Figure 4F). Together, these data suggest that BFC

physically interacts with the V-ATPase complex and regulates its activity in an amino acid-dependent

manner.

Ptr2 and Ade3 enhance TORC1 repression in response to amino acid starvation

Asmentioned previously, in addition to two-step Bhd1-TAP and Fnp1-TAP purifications, we also performed

several one-step Bhd1-TAP and Fnp1-TAP purifications followed by mass spectrometric analysis. The one-

step purifications permit the identification of sub-stoichiometric protein interactors and complexes which

often function within the same pathway (Li, 2011). These data (Figure 5A;Tables S1 and S2) along with the

pombe genetic interaction network (Table S7), useful for identifying proteins that operate within the same

pathway (Ryan et al., 2012), revealed several nodes of physical and genetic interactions with BFC compo-

nents, suggesting the involvement of these proteins and associated complexes in amino acid-dependent

repression of TORC1 in S. pombe. Two proteins which interact with BFC both physically and genetically are
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Ptr2 and Ade3 (Tables S1 and S2). Interestingly, in S. cerevisiae, Ptr2 and Ade3 homologs (called Ptr2 and

Ade6) also coimmunoprecipitated with Lst7-TAP (Table S3), suggesting that these interactions are also

conserved in the distantly related budding yeast. Ptr2 is the proton-coupled di- or tri-peptide transporter

family member in S. pombe (also called peptide transporter (PTR) or SLC15 family), required for transport of

dipeptides in this organism (Kitamura et al., 2017). Ade3 is a conserved protein with phosphoribosylformyl-

glycinamidine synthase activity whose only known function is in adenine biosynthesis. In addition to Ade3,

we found several other adenine biosynthetic genes in our Fnp1-and Bhd1-TAP one-step purifications, with

Figure 4. Bhd1 immunoprecipitates Vma2, a component of the V-ATPase complex, in S. pombe and S. cerevisiae and regulate its activity

(A) Tables listing proteins common to one-step Bhd1-TAP (n = 2), two-step Bhd1-TAP (n = 2), one step Fnp1-TAP (n = 5) and two-step Fnp1-TAP (n = 2)

purifications. The numbers in parentheses correspond to the total number peptides and percent protein coverage based on total number of amino acids,

respectively, for representative purifications. See also Tables S1 and S2.

(B) A representative Western blot showing that Bhd1-TAP co-precipitates with Vma2-MYC in presence (+aa) or absence (-aa) of amino acids. The images are

representative of three biological replicates.

(C) A representative Western blot showing that Lst7-TAP (the S. cerevisiae homolog of Bhd1) co-precipitates Vma2 in presence (+aa) or absence (-aa) of

amino acids. The images are representative of two biological replicates. Untagged S. cerevisiae cells were used as a negative control.

(D) Representative fluorescence microscopy images depicting vacuolar pH ofWT, bhd1D and fnp1D cells grown continuously in EMMmedia supplemented

with amino acids. FM4-64 (red) was used to stain vacuoles; DND189 (green) stains acidic organelles, such as vacuoles (pKa �5.2). A culture of WT cells

incubated with 10nM of Bafilomycin (V-ATPase-specific inhibitor) in pH 7.5 was used as positive control. Co-localization of green (acidic pH) and red (vacuole)

pixels is depicted (Merge). DIC - differential interference contrast. Scale bar – 10mm.

(E) Graph representing the quantification of co-localization of red (vacuoles) and green (acidic organelles) pixels. Mean and standard deviation of three

independent experiments are shown. See also Figure S6.

(F) Indicated strains were grown to log phase in complete media (YEA) and then spotted in 10-fold decreasing serial dilutions on YEA, YEA plus 700nM

Bafilomycin and YEA pH = 9.0.
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purine biosynthesis as one of the common gene ontology terms enriched in our datasets (Tables S1 and S2).

Moreover, by examining the previously published purification of FLCN from mammalian cells (Laviolette

et al., 2017), we found that GART, the mammalian homolog of Ade1/Ade5 co-immunoprecipitated with

FLCN (Table S4), suggesting FLCN interaction with adenine biosynthesis proteins spans yeast to human

cells. In fact, we found that 77 proteins which co-immunoprecipitated with Bhd1-TAP and Fnp1-TAP in

the fission yeast have a human homolog which also co-immunoprecipiated with the human FLCN (Lavio-

lette et al., 2017). These data together suggest that the S. pombe BFC can serve as an excellent model

for understanding FLCN-regulated mechanisms in eukaryotes.

To test whether Ptr2 and Ade3 similar to the BFC are also involved in TORC1 regulation, we plated an equal

number of log-phase ade3D, ptr2D, BFC-mutant and wild-type cells in a 10-fold concentration gradient on

rapamycin-containing plates and found that similar to BFC mutants, ade3D and ptr2D strains grow more

efficiently than wild-type (Figure 5B). Next, to ask whether these proteins are required for efficient

Figure 5. Ptr2 and Ade3 participate in amino acid dependent repression of TORC1

(A) Table indicating the total number of Ptr2 and Ade3 peptides identified in tandem mass spectrometry sequencing (LC-MS/MS) of Bhd1-TAP and Fnp1-

TAP purifications. The numbers in parentheses correspond to total number of peptides and percent protein coverage based on total number of amino acids,

respectively, from two representative one-step purifications. *Five independent one-step Fnp1-TAP purifications were performed; the data presented are

representative of two such purifications. **Percent protein coverage was not available for this purification. See Tables S1 and S2.

(B) ade3D and ptr2D display a growth advantage over wild-type (WT) strain when grown on rapamycin-containing plates similar to bhd1D and fnp1D strains.

Indicated strains were grown to log phase in minimal media plus amino acids (EMM + aa) media and then spotted in 10-fold decreasing serial dilutions on

complete (YEA), synthetic minimal media supplemented with amino acids (0.225 g/L adenine, histidine, leucine, lysine and uracil) (EMM+ aa) or on EMM+ aa

with rapamycin (EMM + aa + Rap) plates.[Rapamycin] = 200ng/mL.

(C) A representative Western blot depicting the kinetics of P-Rps6 downregulation in wild-type (WT), ptr2D and ade3D cells at the indicated time points

(minutes) after amino acid starvation. Tubulin was used as a loading control. Three biological replicates were performed.

(D) A representative Western blot depicting the phosphorylation level of Rps6 (P-Rps6 serine 235/236), a TORC1 substrate, using a specific P-Rps6 antibody

in ptr2D and ade3Dmutant cells starved for amino acids (-aa) for 90min.WT used as a control. Tubulin is used as the protein loading control. Three biological

replicates were performed.

(E) A representative silver-stained SDS-PAGE depicting the result of two-step tandem affinity purifications from ade3-TAP, ptr2-TAP, and control (untagged)

strains. Putative Ade3 (*) and Ptr2 (**) proteins are denoted based on their theoretical mass of 144.87 kDa and 68.5kDa, respectively.

See also Tables S5 and S6.
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repression of TORC1 in response to amino acid starvation, we assayed TORC1 activity in response to amino

acid starvation in ptr2D and ade3D strains. Our results revealed that similar to BFC, Ade3, and Ptr2 are

required for efficient repression of TORC1 in response to amino acid starvation (Figures 5C and 5D). We

also created C-terminally TAP tagged Ptr2-TAP and Ade3-TAP fusion proteins and purified these proteins

using a one- and two-step TAP purification schemes (Figure 5E). We found that Ptr2 immunoprecipitation

not only coimmunoprecipitated V-ATPase components (Vph1, Vma6, Vma2), but also several ion (Pho84,

Pmc1, Zrt1, Fip1) and amino acid (Aat1, Cat1, Per1) transporters (Table S5). Ade3 on the other hand primar-

ily co-immunoprecipitated 19S and 20S proteasome components as well as purine and amino acid biosyn-

thetic proteins (Table S6). Together, these data demonstrate that Ptr2 and Ade3 interact with a network of

transporters and biosynthetic proteins, respectively, and participate in the amino acid dependent repres-

sion of TORC1 in the fission yeast.

BFC localizes to vacuoles in response to amino acid starvation. Similarly, we found that Ade3-GFP is diffuse

in amino acid replete conditions and localizes to vacuoles when cells are starved of amino acids for 90 min

(Figure 6A). On the other hand, in contrast to BFC and Ade3, Ptr2-GFP localization clearly overlaps with

vacuoles under both amino acid replete and starved conditions, demonstrating that Ptr2 localization to

vacuoles is amino acid independent (Figure 6B). Interestingly, we also found that in ptr2D cells both

Bhd1 and Fnp1 localize to vacuoles in amino acid replete conditions, which is only modestly augmented

upon amino acid starvation (compare BFC localization in Figure S7 versus Figure 2). Overall, these data

demonstrate that Ptr2 and Ade3 also regulate TORC1 activity in an amino acid-dependent manner.

DISCUSSION

BFC, an amino acid-dependent regulator of TORC1

In this study, the biochemical purification of the S. pombe FLCN homolog, Bhd1, identified SPAC30C2.07

protein (which we called Fnp1) as the FNIP family ortholog in this organism (Figures 1C, 1D, and S1C).

Sequence alignment and homology-based structural modeling revealed that Fnp1 possesses an N-termi-

nal Longin and a C- terminal DENN domain similar to the human FNIP protein. This complex (Bhd1-Fnp1

complex, or BFC), similar to the mammalian FLCN-FNIP, localizes to vacuoles in response to amino acid

starvation and is required for efficient activation of TORC1 in response to amino acid supplementation (Fig-

ures 2,S3, and S4). The functional and structural conservation between BFC and FLCN-FNIP suggested that

BFC could serve as a suitable model for exploring the functional role of this complex in TORC1 regulation.

In support of this, we also found that by comparing our BFC versus FLCN (Laviolette et al., 2017) purifica-

tions, we found 77 BFC-interacting proteins whose homolog also co-immunoprecipitated with FLCN in hu-

man cells (Table S4). These data suggest that FLCN protein interaction network is conserved from yeast to

human cells.

Previous work on BHD patients revealed that FLCN is a tumor suppressor protein (Hudon et al., 2010; Khoo

et al., 2003; Warren et al., 2004) with the second loss-of-function mutation in this gene preceding RCC

development in these patients (Vocke et al., 2005). Moreover, conditional kidney-specific knockout of

FLCN in mice results in larger polycystic kidneys, an increased risk of RCC and higher TORC1 activity

(Baba et al., 2008; Chen et al., 2008; Hasumi et al., 2009; Wu et al., 2015). These results suggest that in mam-

mals FLCN’s tumor suppressor activity may be through TORC1 repression. However, biochemical and cell

culture studies have demonstrated that FLCN is required for activation of TORC1 in mammals (Petit et al.,

2013; Tsun et al., 2013).

Considering the similarity between FLCN-FNIP and BFC complexes, we used S. pombe BFC to ask whether

this complex could also function to repress TORC1 in this organism. Previously, we found that loss of Bhd1

in auxotrophic strains (leu-, ade-, ura-) results in (1) increased TORC1 activity when cells are deprived of

amino acids, and (2) increased cell growth in mutant strains compared to wild type when cells are grown

on rapamycin-containing media (Laviolette et al., 2017), suggesting a repressive role for Bhd1 in TORC1

regulation. Accordingly, here we found that BFC is required for the efficient repression of TORC1 in

response to amino acid starvation (Figures 3 andS5C–S5E) and rapamycin treatment (Figures S1A, S1B,

and S5C). In fact, a short pulse of amino acid starvation provides BFC-mutant cells with a growth advantage

over wild-type cells (Figures 3C–3E). These data together suggest that in S. pombe BFC can act as a switch

or rheostat, toggling TORC1 activity off or on in response to amino acid availability and the physiological

state of the cell. Considering the conservation of BFC and FLCN-FNIP complexes, these data also raise the

possibility that in mammals, loss of FLCN may result in context-dependent defects in mTOR regulation
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such that, depending on the cell type, nutritional or energy status of the cell, FLCN may also act as

a TORC1 repressor (Hudon et al., 2010). Future experiments are required to test this hypothesis in

mammalian cells.

FLCN interaction with the V-ATPase complex

Previous work in mammalian cells has shown that the vacuolar-type H+ATPase (V-ATPase) complex plays an

important role in amino acid-dependent activation of mTORC1. It acts downstream of the amino acid signal

and upstream of Rags, transmitting the amino acid signal from the lysosomal lumen to mTORC1 via Ragu-

lator-Rag complex (Bar-Peled et al., 2012; Zoncu et al., 2011). Here, our data suggest that BFC physically

associated with Vma2 and other subunits of the V-ATPase complex, and regulates its activity in an amino

acid-dependent manner (Figures 4 and S6). Moreover, we found that this interaction appears to be

conserved in S. cerevisiae, highlighting its significance in TORC1 regulation (Figure 4). Based on these,

Figure 6. Localization of GFP-tagged Ade3 and Ptr2 in response to amino acid starvation

Representative fluorescence microscopy images depicting the co-localization of (A) Ade3-GFP and (B) Ptr2-GFP with vacuoles (FM4-64-Red) for cells grown

continuously in minimal media supplemented with amino acids (+aa) or starved for amino acids for 90 min (-aa). Scale bar – 10mm. Graphs depicting the

fluorescence intensity signal of Ade3-GFP (C) and Ptr2-GFP (D) along with FM4-64 after drawing a line from one end of the cell to another. Representative

graphs used to calculate the Pearson correlation coefficient (R) of overlap between Ade-GFP (E) and Ptr2-GFP (F) with FM4-64. DIC - differential interference

contrast; a.u.– arbitrary units; GFP – green fluorescent protein. 15 cells per replicate were analyzed for calculating R using ImageJ software. Three biological

replicates were performed.

See also Figure S7.
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we hypothesize that the suggested interaction between FLCN protein family members and the V-ATPase

complex may be important in amino acid-dependent regulation of TORC1 in eukaryotes. Further experi-

mentation is required to determine whether this interaction is reciprocal in the fission and budding yeast

and how FLCN homologs regulate V-ATPase activity in an amino acid-dependent manner.

Ptr2 and Ade3 are involved in amino acid -dependent regulation of TORC1

The comparison of our proteomic (Tables S1 and S2) and the published genetic (Ryan et al., 2012) interac-

tion networks (Table S7) of BFC suggested that Ptr2 and Ade3 also may function to regulate TORC1 in an

amino acid-dependent manner. Specifically, all Bhd1-TAP, Fnp1-TAP one-step purifications in S. pombe

(Tables S1 and S2) and Lst7-TAP purification in S. cerevisiae (Table S3) coimmunoprecipitated substoichio-

metric amount of Ptr2 and Ade3 (called Ptr2 and Ade6 in S. cerevisiae), suggesting that this interaction may

be conserved in these two distantly related yeast species. Also, ptr2 and ade3 genes display high similarity

scores with the genetic interaction network of bhd1 and fnp1 (Table S7) (Ryan et al., 2012). Here, we found

that both Ptr2 and Ade3, similar to BFC, are resistant to rapamycin and that these proteins are required for

efficient repression of TORC1 in response to amino acid starvation (Figure 5). Furthermore, Ade3-GFP,

whose signal is diffuse when cells are grown on media supplemented with amino acids, localizes to

vacuoles upon amino acid starvation (Figure 6). Ptr2-GFP, on the other hand, is found primarily at vacuoles

under both amino acid replete and starved conditions, and its absence results in the amino acid-

independent recruitment of BFC to vacuoles. Ptr2 is a member of a highly conserved dipeptide transport

family in eukaryotes which in S. pombe has been shown to be required for transport of di- and tripeptides

(Kitamura et al., 2017). Its localization to vacuoles under amino acid replete and starved conditions sug-

gests that this protein may function to regulate TORC1 activity in response to amino acid signal by trans-

mitting the intravacuolar amino acid status to TORC1. Interestingly, recent papers have revealed that the

mammalian homolog of Ptr2, SLC15A4, is lysosomal and interacts with and critically regulates the activity of

mTOR in macrophages (Kobayashi et al., 2014, 2021a, 2021b). These observations suggest that the regu-

lation of TORC1 by Ptr2 family of proteins is an ancient regulatory mechanism which in mammals can be

used to couple and regulate the metabolic and immunological activities of immune cells (Toyama-Sorima-

chi and Kobayashi, 2021).

It was surprising to discover that Ade3, a phosphoribosylformylglycinamidine synthase enzyme whose only

known activity is in adenine biosynthesis, is also required for efficient repression of TORC1 when cells are

starved for amino acids. Interestingly, we found that previous purification of the mammalian FLCN yielded

the co-immunoprecipitation of GART, an Ade1/Ade5 homolog involved in purine synthesis in human cells.

Could a protein involved in purine biosynthesis also function in the amino acid-dependent repression of

TORC1? But how could the two processes be connected? It is well established that TORC1 activation stim-

ulates ribosome biogenesis to meet the increasing demand for protein synthesis (Iadevaia et al., 2014).

TORC1 activation stimulates RNA Pol I and Pol III-mediated transcription of ribosome RNAs (rRNAs), syn-

thesis of ribosomal proteins and other components required for ribosome formation. This depletes the

intracellular pools of both amino acids and nucleotides. To meet the increasing need for nucleotides,

recent work has shown that TORC1 activation also upregulates purine and pyrimidine biosynthesis (Ben-

Sahra et al., 2013, 2016; Robitaille et al., 2013) and that TORC1 signaling network can sense and modulate

TORC1 activity in response to intracellular levels of purines (Hoxhaj et al., 2017). Here, (1) the requirement

for Ade3 in amino acid-dependent repression of TORC1 (Figure 5), (2) the enrichment of purine biosyn-

thesis as one of the main gene ontology pathways enriched in all Fnp1-and Bhd1-TAP one-step purifica-

tions (Tables S1 and S2), (3) the coimmunoprecipitation of several adenine biosynthetic proteins in addition

to Ade6, the budding yeast homolog of S. pombe Ade3, in our Lst7-TAP purification in S. cerevisiae (ADE2,

ADE3, ADE5, ADE12) (Table S3), and (4) coimmunoprecipitation of GART, the Ade1/Ade5 homolog in

FLCN purification (Table S4) (Laviolette et al., 2017) suggest that purine sensing and biosynthesis pathway

may intersect with the amino acid-dependent regulation of TORC1, providing a dual sensing mechanism

which converge on TORC1 in S. pombe. This, we hypothesize, could couple amino acid and nucleotide

biosynthetic and sensing pathways which are essential for increasing the capacity of the cell to synthesize

ribosomes and therefore proteins. Further experiments are required to determine whether this regulatory

intersection is conserved in other eukaryotes.

Overall, in this paper, by characterizing the Bhd1-Fnp1 complex (BFC) in the fission yeast, we show that BFC

not only can act as an activator of TORC1 upon amino acid stimulation but also can augment TORC1 repres-

sion when cells are starved for amino acids, suggesting that its activity is akin to a rheostat, tuning TORC1
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activity in a context-dependent manner. Future experiments are required to determine whether this activity

is conserved in human cells, particularly in RCC where FLCN acts as a tumor suppressor protein. Moreover,

the proteomic and genetic interaction networks of BFC in S. pombe helped identify several highly

conserved proteins which we show are also involved in amino acid dependent regulation of TORC1.

Considering the conservation of amino acid-dependent regulation of TORC1 in S. pombe relative to the

human TORC1 system, our data establish the fission yeast as an excellent model for uncovering the molec-

ular mechanisms by which FLCN and auxiliary proteins repress TORC1 in response to amino acid starvation

in eukaryotes.

Limitation of the study

Our data reveal that immunoprecipitation of FLCN-containing complexes in the fission and budding yeasts

co-immunoprecipitated Vma2 and other components of the V-ATPase complex. We also found that in the

fission yeast BFC regulates the V-ATPase complex activity in an amino acid-dependent manner. Even

though these data suggest that the physical interaction between BFC and the V-ATPase complex is

required for the amino acid-dependent regulation of the V-ATPase complex, reciprocal co-IPs among

BFC and the V-ATPase components are needed to test this hypothesis. Also, all the Western blots in which

the level of phosphor-Rps6 was measured, tubulin was used as our loading control. This is because we were

unable to find a commercial source for an antibody against the total Rps6 protein in pombe.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Affinity-purified Rabbit3 peroxidase anti-peroxidase

soluble complex

Sigma-Aldrich Cat#P1291; RRID: AB_1079562

Mouse monoclonal, anti-c-myc (clone 9 3 1011) Covance Inc. Cat#MMS-150P; RRID:AB_291323

Mouse monoclonal, anti-FLAG M2-peroxidase

antibody (clone M2)

Sigma-Aldrich Cat#A8592; RRID:AB_439702

Mouse monoclonal, anti-GFP (clone GFP-20) Sigma-Aldrich Cat#G6539; RRID:AB_259941

Mouse monoclonal, anti-a-tubulin (clone B-5-1-2) Sigma-Aldrich Cat#T6074; RRID:AB_477582

Rabbit monoclonal, anti-phospho-S6 ribosomal protein

(Ser235/236) (clone D57.2.2E)

Cell Signaling Technology Cat#4858; RRID:AB_916156

Mouse monoclonal, anti-actin, pan Ab-5, (clone ACTN05) Thermo Fisher Scientific Cat#MS1295P; RRID:AB_63316

Mouse monoclonal, anti-c-myc direct-blot HRP (clone 9E10) BioLegend Cat#626803; RRID:AB_626803

HRP-conjugated anti-rabbit IgG GE healthcare Cat#NA934; RRID:AB_772206

HRP-conjugated anti-mouse IgG GE healthcare Cat#NA931; RRID:AB_772210

Mouse monoclonal anti-Vma2 (clone 13D11B2) Abcam Cat#ab113684; RRID:AB_10858975

Chemicals, peptides, and recombinant proteins

FM4–64 dye Thermo Fisher Scientific Cat#T3166

Rapamycin LC Laboratories Cat#R5000

Lysosensor green DND-189 Thermo Fisher Scientific Cat#L7535

Bafilomycin B1 from Streptomyces sp. Sigma-Aldrich Cat#11707

IgG sepharose 6 fast flow Cytiva Cat#17-0969-01

Anti-FLAG M2 affinity gel Millipore-Sigma Cat#F2426

Silver nitrate Fisher chemicals Cat#S-181-25

Simply blue safe stain Thermo Fisher Scientific Cat#LC6065

Trichloroacetic acid Sigma-Aldrich Cat#T6399

SuperSignal�west pico PLUS chemiluminescent substrate Thermo Fisher Scientific Cat#34580

Deposited data

Affinity-based mass spectrometry This study Tables S1–S3, S5and S6

Experimental models: Organisms/strains

Schizosaccharomyces pombe strains This study Table S8

Oligonucleotides

Primers This study Table S9, also see (Cummings et al., 2015)

Recombinant DNA

Plasmids N/A

pFA6a-natMX6 (Hentges et al., 2005; Motamedi

et al., 2004; Sato et al., 2005)

pFA6a-natMX6

pFA6a-hphMX6 (Hentges et al., 2005; Motamedi

et al., 2004; Sato et al., 2005)

pFA6a-hphMX6

pFA6a-GFP(S65T)-kanMX6 (Bahler et al., 1998) pFA6a-GFP(S65T)-kanMX6

pFA6a-TAP-hphMX6 (Motamedi et al., 2004) pFA6a-TAP-hphMX6

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Dr. Mo Motamedi, mmotamedi@hms.harvard.edu.

Materials availability

Requested materials are available from the Lead Contact.

Data and code availability

All relevant data are included in the present article and its supplemental information or are available from

the Lead Contact upon request. The paper does not report original code. Any additional information

required to reanalyze the data reported in this work paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strain construction

The origin and genotype of the strains used in this study are outlined in Table S8. S. cerevisiae and

S. pombe strains were constructed using standard yeast transformation methods (Bahler et al., 1998). To

construct the deletion strains, the entire coding region of the gene is replaced with a drug cassette.

C-terminally tagged proteins were constructed by adding the tag (MYC, TAP, GFP) in-frame to the

C terminus of the gene prior to its stop codon (Cummings et al., 2015). All strains carrying tagged proteins

were tested in phenotypic assays to confirm the protein’s in vivo activity compared to wild-type and dele-

tion strains. Only functional, C-terminally tagged proteins whose expressions are under the control of their

native promoters were used in this paper. List of all primers used for tagging or deleting genes in this paper

can be found in (Cummings et al., 2015).

Yeast growth assays, amino acid starvation and amino acid supplementation

Fission yeast cells were grown at 32�C in Yeast Extract supplemented with Adenine (YEA) or synthetic min-

imal media (EMM) supplemented with 0.225 g/L adenine, histidine, leucine, lysine and uracil (EMM +aa)

(Alfa, 1993). For growth assays, the starting OD600 of all strains was between 0.2 and 0.3. This culture

was prepared by inoculating pre-warmed (32�C) EMM + aa media with log phase cells (OD600 of 1–2).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pFA6a-13Myc-natMX6 (Motamedi et al., 2004) pFA6a-13Myc-natMX6

pFA6a-3FLAG-hphMX6 A gift from the Moazed Lab pFA6a-3FLAG-hphMX6

Software and algorithms

ImageJ (Fiji) with 2D parallel iterative deconvolution plugin NIH RRID:SCR_002285

Graphpad prism 7 software Graphpad RRID:SCR_002798

Microsoft excel Microsoft RRID:SCR_016137

Slide book software version 4.2 Intelligent Imaging

Innovations Inc.

https://microscopy.jhmi.edu/Learn/refman/

3i/SlideBook4.2UsersManual.pdf

In-house mass spectrometry data analysis (Huttlin et al., 2010) (Huttlin et al., 2010)

COMET (Eng et al., 2013) (Eng et al., 2013)

AnGeLi: Analysis of gene lists http://bahlerweb.cs.ucl.ac.uk/

cgi-bin/GLA/GLA_input

http://bahlerweb.cs.ucl.ac.uk/cgi-bin/

GLA/GLA_input

Phyre2 web portal (Kelley et al., 2015) (Kelley et al., 2015)

Other

MagNA lyzer instrument Roche Cat# 03,358,968,001

Olympus iX81 spinning disk deconvolution microscope Olympus https://www.olympus-lifescience.com/data/

olympusmicro/brochures/pdfs/ix81.pdf?rev=EABE

QExactive Mass spectrometer Thermo Fisher Scientific Cat# IQLAAEGAAPFALGMBDK
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Cell growth was then measured by OD600 measurements post-inoculation. Amino acid starvation was

achieved by first growing the cells in EMM + aa to log phase (OD600 roughly 1.0), then washing cell pellets

twice in 32�C EMM lacking the aforementioned supplements (EMM - aa) and resuspending them in the

same volume of pre-warmed (32�C) EMM - aa. Cells were kept at 32�C for indicated times post amino

acid starvation. To assay growth and TORC1 activation after amino acid starvation, cells were first starved

for amino acids for 140 min, then spun and resuspended in the same volume of pre-warmed EMM+ aa me-

dia and incubated at 32�C for indicated time points. For Western blot analyses, 5 mL of each culture was

harvested from which protein extracts were prepared using trichloroacetic acid (TCA) protein extraction

(see below). Also, for determining the Rapamycin effect, EMM + aa cultures containing 0, 125, or

150 ng/mL of Rapamycin were used. After 90 min, 5 mL of Rapamycin treated cells was harvested from

which protein extracts were prepared using trichloroacetic acid (TCA) protein extraction (see below).

METHOD DETAILS

Tandem affinity purification

The tandem affinity purification (TAP) tag used in this study is composed of two protein A repeats and a

calmodulin binding peptide separated by recognition site for the tobacco etch virus (TEV) protease (Rigaut

et al., 1999). Six liters of S. pombe cells was grown at 32�C in EMM + aa to an OD600 between 2 and 2.3,

yielding about 14 g of pellet. Cell pellets were then resuspended in lysis buffer (10 mM Tris–HCl (pH 8),

150 mM NaCl, 20 mM MgCl2, 0.1% NP40, 1 mM DTT, 10 mM PMSF, 1 complete Mini protease inhibitor

tablet (Roche)/50mL lysis buffer and 1 phosphatase inhibitor tablet (Roche)/10mL of lysis buffer) at a ratio

of 0.25 g of cell pellet in 0.4 mL of lysis buffer. Cell suspensions were frozen directly in liquid nitrogen and

the frozen pellets were lysed using a Qiagen TissueLyser II (5 3 2 min at 20 Hertz). The lysis chamber was

dipped in liquid nitrogen for 3–5 min in between each cycle. Two-step Bhd1-TAP and SPAC30C2.07 (Fnp1)-

TAP purifications were performed as described previously (Motamedi et al., 2004). All TEV cleavage steps

were done at 4�C overnight. Roughly 1/3 of the eluate was run on a 10% polyacrylamide gel and stained

with silver; the remaining 2/3 was submitted for mass spectrometric analysis. All one-step TAP purifications

were performed using roughly 7 g of log phase cells collected and lysed as described above. TAP-tagged

proteins were immunoprecipitated with 5 uL IgG beads/g of cells for 4 h at 4�C. Beads were washed five

times with 5 mL lysis buffer. Proteins were eluted by incubating beads in 500 mM NH4OH for 20 min at

37�C. Eluted proteins were either dried for 1hr in vacuum and analyzed byWestern blotting and silver stain-

ing using 8% SDS-PAGE gels, or were run on a gel, stained with colloidal Coomassie and subjected to in-gel

digestion for mass spectrometric analysis.

Liquid chromatography and tandem mass spectrometry

Label-free mass spectrometry analysis was performed using either GeLC-MS/MS or in solution digestion,

as specified in the main text. The GeLC-MS/MS analysis was performed as described previously (Paulo,

2016). In solution digestion was performed on-bead from immunoprecipitations by first adding 20 mL of

8 M urea, 100 mM EPPS pH 8.5 to the immunoprecipitates followed by 5mM TCEP and incubation for

15 min at room temperature. Next, 10 mM of iodoacetamide was added for 15min at room temperature

in the dark, followed by 15 mM DTT to consume any unreacted iodoacetamide. We added 180mL of

100 mM EPPS pH 8.5 were added to reduce the urea concentration to <1 M, followed by adding 1 mg of

trypsin, and incubating the mixture at 37�C for 6 h. Next, the solution was acidified to stop the digestion

reaction with 2% formic acid. All peptides were desalted via StageTip, dried via vacuum centrifugation,

and reconstituted in 5% acetonitrile, 5% formic acid prior to LC-MS/MS processing.

Our mass spectrometry data were collected using a Q Exactive mass spectrometer (Thermo Fisher

Scientific, San Jose, CA) coupled with a Famos Autosampler (LC Packings) and an Accela600 liquid chro-

matography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 mm inner diameter

microcapillary column packed with�25 cm of Accucore C18 resin (2.6 mm, 150 Å, Thermo Fisher Scientific).

For each analysis, we loaded �1 mg of total eluted protein onto the column.

Peptides were separated using a 1 h gradient of 5–25% acetonitrile in 0.125% formic acid with a flow rate of

�300 nL/min. The scan sequence began with anOrbitrapMS1 spectrum with the following parameters: res-

olution 70,000, scan range 300–1500 Th, automatic gain control (AGC) target 1 3 105, maximum injection

time 250 ms, and centroid spectrum data type. We selected the top twenty precursors for MS2 analysis

which consisted of HCD high-energy collision dissociation with the following parameters: resolution

17,500, AGC 1 3 105, maximum injection time 60 ms, isolation window 2 Th, normalized collision energy
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(NCE) 30, and centroid spectrum data type. The underfill ratio was set at 1%, which corresponds to a

1.1 3 104 intensity threshold. In addition, unassigned and singly charged species were excluded from

MS2 analysis and dynamic exclusion was set to automatic.

Proteomic data analysis

Mass spectra were processed using a Sequest-based in-house software pipeline and searched against the

UniProt S. pombe database (Huttlin et al., 2010). Spectra were converted to mzXML using a modified

version of ReAdW.exe. Database searching was performed using a 50-ppmprecursor ion tolerance for total

protein level analysis. The product ion tolerance was set to 0.03 Da. These wide mass tolerance windows

were chosen to maximize sensitivity in conjunction with Sequest searches and linear discriminant analysis

(Beausoleil et al., 2006; Huttlin et al., 2010). Oxidation of methionine residues (+15.995 Da) was set as a var-

iable modification. Peptide-spectrum matches (PSMs) were adjusted to a 1% false discovery rate (FDR)

(Elias and Gygi, 2007, 2010). PSM filtering was performed using a linear discriminant analysis, as described

previously (Huttlin et al., 2010), while considering the following parameters: XCorr, DCn, missed cleavages,

peptide length, charge state, and precursor mass accuracy. PSMs were identified, quantified, and

collapsed to a 1% peptide false discovery rate (FDR) and then collapsed further to a final protein-level

FDR of 1%. Moreover, protein assembly was guided by principles of parsimony to produce the smallest

set of proteins necessary to account for all observed peptides.

Structure-based sequence alignments

A structure-based sequence alignment of the human FNIP2 sequence alignment to S. pombeFnp1 was

generated with the Phyre2 web portal (Kelley et al., 2015). To achieve correct alignment, we extracted

the hFNIP2 structure from the FLCN-FNIP2-Rag-Ragulator complex (Shen et al., 2019) (pdb ID 6ULG.N)

and performed the homology alignment in phyre2’s one-to-one threading mode set to global alignment.

The homology prediction returned 29% sequence identity with 99.80% confidence.

Protein co-immunoprecipitation assays

Four-hundred mL cultures of different S. pombe strains were grown in synthetic minimal media (EMM)

supplemented with 0.225 g/L adenine, histidine, leucine, lysine and uracil (EMM + aa) at 32�C to an optical

density (OD600) of 1.0. 200mL of this culture was starved for amino acids by washing twice and resuspending

the cells in the same volume of pre-warmed (32�C) EMM without amino acids (EMM-aa) and incubating the

cells at 32�C for 90 min before harvesting. Cell pellets were frozen in liquid nitrogen and lysed by glass

beads in immunoprecipitation buffer (50 mM Tris–HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 0.5% NP40,

1 mM PMSF, 1 mM DTT and 1 mM benzamidine (0.25g of cells/0.04mL lysis buffer), 1 complete Mini

protease inhibitor tablet (Roche)/50mL lysis buffer). Lysates were cleared by centrifugation, normalized

for total protein by Bradford and immunoprecipitated with 10ul of IgG or FLAG beads for every 0.25 g

of frozen cells, or 3ul of MYC antibody for 2 h at 4�C. Beads were washed three times with immunoprecip-

itation buffer plus protease inhibitors. Eluted proteins and input extracts were analyzed by standard immu-

noblotting procedures, using horseradish peroxidase-conjugated anti-peroxidase (PAP, Sigma, 1:2000),

FLAG (Sigma, A8592, 1:2000) or MYC (Covance, 9E10, 1:2000), following standard procedures. For the

co-immunoprecipitation experiments of TAP-tagged proteins, TAP was immunoprecipitated first followed

by probing with MYC or anti-Vma2 antibody.

Fluorescence microscopy of GFP-tagged proteins

Cells were grown at 32�C in EMM+ aa to log phase (OD600 = 1). To visualize protein localization after amino

acid starvation, cells were washed twice and resuspended in pre-warmed EMM–aamedia for 90min. Green

fluorescent protein (GFP) tag was used to visualize GFP-tagged Bhd1 and Fnp1 proteins (FITC filter, 100-

1000msec). FM4-64 dye was used to stain the vacuole membrane (RFP filter, 10-100msec) as described

previously (Valbuena et al., 2012a). Cell images were captured using an Olympus IX81 fluorescence micro-

scope, equipped with Hamamatsu EM-CCD digital camera and processed using Slidebook software. FIJI

program was used to measure the intensity of fluorescence. 2D Parallel Iterative Deconvolution plugin for

Fiji program was used to perform the deconvolution of the fluorescence images.

Vacuolar pH determination

LysoSensor Green DND-189 dye (Thermo Fisher Scientific) was used to determine relative vacuolar pH

(FITC filter) in different strains and growth conditions. 1 mL of exponentially growing S. pombe cells
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(OD600 of 0.8–1.0) in EMM + aa were incubated with 1 mM DND-189 and 40 mM HEPES pH 7.9 for

5 min at 25�C and then washed three times in EMM + aa at room temperature. A culture of wild-

type cells incubated with the V-ATPase inhibitor bafilomycin (10 nM for 4–5 min at 32�C) was used as

a control for alkalinized vacuoles. Cell images were taken and processed as describe above (Imaging).

To visualize live cells, differential interference contrast (DIC) was used, for vacuolar pH FITC (DND

189) was used, and for vacuoles, red filter (FM4-64) was used. Exposure times ranged between 200

and 800msec.

Trichloroacetic acid (TCA) protein extracts and immunoblot analysis

Protein extracts were obtained using trichloroacetic acid (TCA) extraction as described previously (Mota-

medi et al., 2008). Briefly, cell pellets, prepared from 5 mL of logarithmically growing cells (32�C in EMM +

aamedium, OD600� 0.7–1) frozen in liquid nitrogen, were resuspended in 0.5 mL of cold TCA buffer (20mM

Tris (pH 8.0); 50 mM ammonium acetate; 2 mM EDTA; 2 mM PMSF; 2 mM Leupeptin; and 2 mM aprotinin),

0.5 mL of cold 30% TCA, and 0.5 mL of cold glass beads. Pellets were lysed in MagNA Lyser (Roche) instru-

ment (3 3 30 s at 6000rpm with a 3 min on ice incubation in between). After lysis, the extracts were centri-

fuged at 20,000 rcf for 5 min and the resulting pellets were washed once in acetone. Acetone was removed

and the protein pellets were resuspended in 40 mL TRIS buffer (0.1 M Tris-HCl pH 8.0.1 mM EDTA, 1%SDS)

and 10 mL 5X loading buffer (containing 1 mM DTT and 1 mM PMSF) and boiled at 100�C for 5 min. Protein

extracts were separated by SDS-PAGE (12%), transferred onto a nitrocellulose filter and analyzed by West-

ern blot using anti-Phospho-S6 Ribosomal protein (Ser235/236) antibody (Cell Signaling, 4858). Tubulin

was used as the protein loading control (Sigma, T6074). Immunoblots were developed using the enhanced

chemiluminescence procedure.

S. cerevisiae growth C = conditions and protein co-immunoprecipitation assay

Fifty ml cultures of WT (BY4741) and Lst7-TAP S. cerevisiae strains were grown in minimal synthetic media

(SD) with amino acids (synthetic complete medium, SC) at 32�C to an OD600 of 1.0. 25mL of this culture

was starved for amino acids by washing twice and resuspending in the same volume of pre-warmed

(30�C) media lacking amino acids (SD) for 90 min before harvesting. Cell pellets were flash-frozen in

liquid nitrogen and lysed by glass beads in immunoprecipitation buffer (50mM Tris–HCl pH 7.5,

200mM NaCl, 5mM EDTA, 0.5% NP40, 1mM PMSF, 1mM DTT and 1mM benzamidine [0.25g cells/

0.04mL lysis buffer]). Lysates were cleared by centrifugation, normalized for total protein by Bradford

and were immunoprecipitated with 10mL of TAP beads for every 0.25 g of cells for 2 h at 4�C. Beads
were washed three times with immunoprecipitation buffer plus protease inhibitors. Eluted proteins

and input extracts were analyzed by standard immunoblotting procedures, using horseradish peroxi-

dase-conjugated anti-peroxidase (PAP, Sigma, 1:2000) and rabbit polyclonal anti-Vma2 antibody

(13D11B2, Abcam Ab113684, 1:2000).

Rapamycin, bafilomycin and alkaline pH plate sensitivity assays by serial dilution

To assay Rapamycin sensitivity, 10mL of S. pombe cells were grown in EMM+ aa or YEA at 32�C to anOD600

0.8–1.2. 10-fold serial dilutions for each culture were then spotted on EMM + aa or YEA plates with or

without 200ng/mL of Rapamycin. Similarly, dilutions were also prepared and spotted on EMM + aa or

YEA plates with or without 700 nM of Bafilomycin and 200 mM CaCl2. To analyze lack of growth on alkaline

plates, S. pombe strains were grown and spotted on YEA media pH 9 by adding sodium phosphate mono-

basic (NaH2PO4). Plates were incubated at 32�C for 2–5 days. Images were captured with GEL DOC XR +

system (white light illuminator).

QUANTIFICATION AND STATISTICAL ANALYSIS

Where applicable, statistical parameters including sample size, precisionmeasures standard deviation (SD)

and statistical significance are reported in the Figures and corresponding Figure Legends. Results are ex-

pressed as means of at least three independent experiments. Error bars represent the standard deviation

of at least three independent biological replicates. Statistical significance was determined by Student’s

t-test (paired-data analysis). p values%0.05 (*) were considered to be statistically significant. For imaging,

FIJI program was used to measure the intensity of fluorescence and the data from three independent

experiments were exported to Excel for analysis. In Figure S5E, Fiji was used for densitometric analysis

of immunoblots. Intensity values were exported to Excel, and P-Rps6 band intensities were normalized

both to t = 0min and the tubulin loading control. An unpaired, two-tailed Student’s t-test was used to
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assess the significance of the difference betweenWT and bhd1Dmean intensities at the 40min timepoint. A

p value of less than 0.05 was deemed as significant. Pombase website https://www.pombase.org/was used

as the comprehensive database for S. pombe analyses. To identify Gene Ontology (GO) biological pro-

cesses (BPs) enriched in our datasets, we used AnGeLi, developed by the Bahler group specifically for

the fission yeast. See http://bahlerweb.cs.ucl.ac.uk/cgi-bin/GLA/GLA_input. For all analyses, we used

the default settings to identify BPs were enriched in our datasets.
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