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Abstract
The major signaling pathway that regulates cell growth and metabolism is under the control of the target of rapamycin 
complex 1 (TORC1). In Saccharomyces cerevisiae the SEA complex is one of the TORC1 upstream regulators involved 
in amino acid sensing and autophagy. Here, we performed analysis of the expression, interactions and localization of SEA 
complex proteins under different conditions, varying parameters such as sugar source, nitrogen availability and growth phase. 
Our results show that the SEA complex promotes mitochondria degradation either by mitophagy or by general autophagy. 
In addition, the SEACIT subcomplex is involved in the maintenance of the vacuole–mitochondria contact sites. Thus, the 
SEA complex appears to be an important link between the TORC1 pathway and regulation of mitochondria quality control.
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Abbreviations
ROS  Reactive oxygen species
SEACAT   SEA subcomplex activating TORC1
SEACIT  SEA subcomplex inhibiting TORC1
TORC1  Target of rapamycin complex 1
vCLAMPs  Vacuole–mitochondria contact sites

Introduction

The mechanistic target of rapamycin complex 1 (mTORC1) 
is a hallmark of the essential signaling pathway, which con-
trols eukaryotic cell growth, senses oxygen and nutrient 

availability, responds to environmental stresses and regu-
lates lifespan [1–3]. mTORC1 promotes anabolic processes 
when nutrients are abundant, while nutrient limitation or 
treatment with the macrolide drug rapamycin or its deriva-
tives inhibits mTORC1 kinase and initiates autophagy—a 
catabolic process that mediates degradation and recycling 
of cytoplasmic components.

Among many functions exerted by mTORC1, one of the 
most complex involves regulation of mitochondrial homeo-
stasis. Mitochondria play key roles in energy production, 
metabolism and cellular signaling. mTORC1 is essential for 
mitochondrial biogenesis, phosphorylation of mitochondrial 
proteins and regulation of mitophagy, the selective degrada-
tion of mitochondria by autophagy [4]. In addition, mito-
chondrial function feeds back on mTORC1. For example, 
reactive oxygen species (ROS), generated by mitochondrial 
depolarization, can affect mTORC1 signaling in a concen-
tration-dependent manner, i.e., low level of ROS can induce 
mTORC1 activity, while the high level of ROS represses 
mTORC1 [5, 6]. In yeast (where the prefix “m” in the name 
of mTORC1 is dropped), retrograde signaling pathway 
(RTG) leads to TORC1 downregulation due to mitochon-
drial dysfunction caused by mitochondrial genomic effects 
[7, 8]. However, many details of the communication between 
the mTORC1 pathway and mitochondria remain elusive.

We have recently identified a novel upstream regulator 
of the TORC1 pathway in yeast—the multiprotein SEA 
complex [9, 10]. All eight members of the SEA complex 
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are evolutionarily conserved and its mammalian homolog 
called GATOR [11]. The SEA complex consists of two sub-
complexes, named the SEA subcomplex inhibiting TORC1 
(SEACIT) and the SEA subcomplex activating TORC1 
(SEACAT) [12]. In mammals, SEACIT and SEACAT are 
termed GATOR1 and GATOR2, respectively. The SEA-
CAT is composed of five proteins (Sea2, Sea3, Sea4, Seh1, 
Sec13), containing structural elements present in intracellu-
lar trafficking complexes, including coated vesicles and teth-
ers, which facilitate membrane proximity [9, 10]. Three pro-
teins (Sea1/Iml1, Npr2, Npr3) with motifs typically found 
in GAPs (GTPase activating proteins) and GEFs (guanine-
nucleotide-exchange factors) comprise the SEACIT [13]. 
Recent data demonstrate that the SEA/GATOR complex 
appears as a platform that can coordinate both structural and 
enzymatic activities necessary for the effective functioning 
of the TORC1 pathway [13–15].

Remarkably, the SEA complex also seems to be func-
tionally associated with mitochondria: SEA genes exhibit 
synthetic genetic interactions with many mitochondria genes 
[16, 17]; Sea proteins interact with several mitochondria 
membrane proteins [18]; enriched mitochondrial fractions 
contain Sea proteins [19]; and the absence of the SEA2 gene 
leads to impaired respiration capacity [20]. Taken together, 
these data suggest a close functional and even physical con-
nection between TORC1, its upstream regulator the SEA 
complex and mitochondria.

In the present work, we demonstrate that the SEA com-
plex interacts with mitochondria and is involved in the 
maintenance of the vacuole–mitochondria contact sites 
(vCLAMPs). Moreover, the SEA complex promotes mito-
chondria degradation either by mitophagy or by general 
autophagy. The impaired TORC1 signaling and defective 
mitophagy in the cells with deletions of SEA components 
result in the changes in ROS production. To accommodate 
with its role in the mitochondria quality control and TORC1 
regulation, the amount of the SEA components in the cells 
is regulated by metabolic changes. Specifically, the expres-
sion of SEA proteins increases during respiration growth and 
decreases when cells are in stationary phase and upon nitro-
gen starvation on glucose. In parallel, metabolic variations 
influence interactions between the SEA complex, TORC1 
and mitochondria. In summary, the SEA complex appears as 
an important link between the TORC1 pathway and regula-
tion of mitochondria quality control.

Materials and methods

Materials

The following materials were used in this study: Dynabeads 
M-270 Epoxy (LifeTechnologies, 143.02D); rabbit IgG 

(Sigma, 15006); protease inhibitor cocktail, PIC (Sigma, 
P-8340); HRP-mouse IgG (Jackson ImmunoResearch 
Laboratories); anti-GFP antibody (Roche, 11814460001), 
anti-PGK1 antibody (Sigma, 459250); anti-Porin1 anti-
body (Abcam, 16G9E6BC4), anti-Cox2 antibody (Abcam, 
4B12A5), anti-Vma2 antibody (ThermoFisher Scientific, 
A-6427); concanavalin A (Sigma, C7275); glucose (Euro-
medex, UG3050), lactic acid (Sigma, L1250); Bacto-Pep-
tone (BD LifeSciences, 2116770), yeast extract (BD LifeS-
ciences, 212750), yeast nitrogen base without ammonium 
and amino acids (BD LifeSciences, 233520), yeast nitrogen 
base without amino acids and with ammonium sulfate (BD 
LifeSciences, 291940), drop-out mix complete without yeast 
nitrogen base (Euromedex UD9515), CSM-URA (MP Bio-
medicals, 4511-212), CSM-LEU (MP Biomedicals, 4510-
512), CSM-URA, -LEU (MP Biomedicals, 4520-212).

Yeast strains and growth conditions

Yeast strains used in this study are listed in Table S1. To 
get yeast strains overexpressing Vps39-GFP, an integrative 
plasmid pRS406 TEFpr-VPS39-GFP ([21], a kind gift of Dr. 
Ungermann) was digested with StuI prior yeast transforma-
tion and subsequent clone selection.

The conditions for yeast growth are presented in Table 1. 
To test expression of the SEA proteins under different 
growth conditions (Fig.  1), yeast strains carrying SEA 
members genetically tagged with PrA [9] were first grown 
at 30 °C until mid-log phase  (ODA600 = 0.6–0.8) in YPD (2% 
Bacto-Peptone, 1% yeast extract, and 2% glucose). The sam-
ples corresponded to “YPD log” phase were collected at this 
point. Cells were left growing for additional 2 days to collect 
samples corresponded to “YPD 2d” samples. An aliquot of 
the YPD log samples was used to inoculate media contain-
ing lactate (YPL: 2% Bacto-Peptone, 1% yeast extract, and 
2% lactic acid). Lactic acid used for media preparation was 
adjusted with KOH till pH 5.6–5.8. “YPL log” samples were 

Table 1  Growth conditions for yeast strains used in this study

Condition ID Growth media Growth state

YPD log Rich medium, glucose Logarithmic phase
ODA600 = 0.6–0.8

YPD 2d Rich medium, glucose Stationary phase,
2 days of growth

YPL log Rich medium, lactate Logarithmic phase
ODA600 = 0.6–0.8

YPL 2d Rich medium, lactate Stationary phase,
2 days of growth

SD-N 1d No nitrogen, glucose 1 day of starvation
SD-N 7d No nitrogen, glucose 7 days of starvation
SL-N 1d No nitrogen, lactate 1 day of starvation
SL-N 7d No nitrogen, lactate 7 days of starvation
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collected when cells reached  ODA600 = 0.6–0.8, “YPL 2d” 
samples were harvested 2 days later. Starvation experiments 
were conducted in synthetic media lacking nitrogen (SD-N: 
0.17% yeast nitrogen base without ammonium and amino 
acids, 2% glucose; SL-N: 0.17% yeast nitrogen base without 
ammonium and amino acids, 2% lactate). For the starvation 
experiments, yeast grown on YPD or YPL were collected 
during log phase, washed once with water and once with 
the corresponding starvation media, and resuspended in the 
same amount of SD-N or SL-N media accordingly. Samples 
corresponding to “SD-N 1d” and “SL-N 1d” points were 
collected after 1 day from beginning of starvation; samples 
corresponding to “SD-N 7d” and “SL-N 7d” were collected 
7 days later. For yeast cultivated during 2 or 7 days, 100 µg/
mL (c.f.) of ampicillin was added to the media. Whole cell 
extracts prepared from the above samples were analyzed by 
Western blot with anti-Pgk1 antibody. Since IgG-HRP used 
as the secondary antibody can also recognize PrA moiety, 
both the SEA component and loading control (Pgk1) can be 
revealed simultaneously on the same blot. 

For immunoprecipitation experiments, 6 L of yeast cells 
corresponding to each condition were grown, harvested 
and subjected to cryolysis as previously described [22]. To 
screen for optimal extraction conditions, 1 g of cell pow-
der was used in each pull-out experiment with 10 extrac-
tion buffers, which varied in pH, salt and detergent types 
and concentration (Table S2, Figure S1 A). The goal of this 
screen was to optimize conditions of extraction to purify 
a stable complex, minimize post-extraction artifacts and 
maximize chances for capturing transient or weaker inter-
actions. Immunoprecipitation experiments with Sea1-PrA 
and Npr3-PrA, two members of the SEACIT, gave nearly 
identical profiles of co-purified proteins (Figure S1 B and 
C). Once the optimal buffer was identified (buffer N3, Fig-
ure S1, Table S2), 2 g of cell powder was used for immu-
noprecipitations followed by mass-spectrometry analysis 
with extraction buffer composed of 20 mM HEPES, pH 7.4, 
5 mM CHAPS, 150 mM NaCl, 1 mM DTT, 1:100 dilutions 
of solution P (2% PMSF, 0.04% pepstatin A in absolute etha-
nol), 1:200 dilutions of solution PIC. Affinity capturing of 
the SEA complex protein complexes from whole cell lysates 
using magnetic beads was performed as described previously 
[9, 18].

For imaging experiments (Figs. 3, 4, S2, S4, S5), cells 
transformed with a plasmid carrying mitochondria sensor 
mito-dsRED (or mito-mCherry) were grown in dropout 
(DO) media DO-URA (or DO-LEU) (0.17% yeast nitrogen 
base without ammonium and amino acids, 0.5% ammonium 
sulfate, 0.077% CSM-URA (or 0.069% CSM-LEU), 2% glu-
cose (or 2% lactate)). Images were taken on a SP8 confocal 
microscope (Leica) and treated with LasX software. We have 
to emphasize here, however, that very low level of expres-
sion of the SEA components is the major obstacle during 

detection of the signal from endogenous proteins [9, 23]. In 
addition, during growth on glucose upon nitrogen starvation 
or when cells are in stationary phase, the level of the SEA 
proteins decreases (Fig. 1), which makes visualizing their 
localization even more challenging. High exposure times 
need to be applied to observe the signal, which might influ-
ence the signal-to-noise ratio. Therefore, we cannot exclude 
that some details and changes of the Sea1 and Sea4 localiza-
tion were omitted due to technical limitations.

Mass spectrometry analysis 
of immunoprecipitations

The entire elution from the IP was loaded on 4–12% Bis–Tris 
gels (Novex/Thermofisher) and run only 4–6 mm into the 
gel to produce a “gel plug” [24]. This small area of gel, 
containing all proteins present in immunoprecipitate, was 
excised and subjected to in-gel digest with trypsin essentially 
as described earlier [18]. Two technical replicates were per-
formed for each condition.

Mass spectra acquisition: LC/MS analysis was performed 
on EASY-nLC 1000 (Thermo Scientific) paired with Q 
Exactive quadrupole-orbitrap hybrid mass spectrometer 
(Thermo Scientific). The peptide mixture was separated on 
an EASY-Spray 15 cm × 75 µm 3 µm 100A C18 PepMapR 
reverse-phase column (Thermo Scientific) using a 75-min 
three-step water–acetonitrile gradient (0–60 min, 0 → 30% 
LC buffer B (0.1% formic acid in acetonitrile); 60–65 min, 
30 → 90%; hold for 10 min) at 300 nL/min flow rate. The 
intensities of precursor ions were gauged in positive mode at 
scan range 400–2000 m/z, resolution 70,000, automatic gain 
control (AGC) target 1E6, maximum injection time 100 ms, 
followed by forwarding 10 most intense ions of a spectrum 
for MS2 fragmentation and measurement at resolution 
17,500, AGC target 5E4, maximum injection time 100 ms, 
isolation window 2 m/z with 30 s dynamic exclusion.

Discovery analysis: Raw mass spectrometric data were 
analyzed by Proteome Discoverer v.1.4.0.288. MS2 spectra 
were searched against the Saccharomyces cerevisiae Swiss-
Prot database using Mascot engine set for 10 ppm precursor 
mass and 0.02 Da fragment mass tolerances with 2 allowed 
missed cleavage sites. Oxidation on methionine, phospho-
rylation on serine, threonine and tyrosine, deamidated on 
asparagine and glutamine and GlyGly on lysine as dynamic 
modification, cysteine carbamidomethylation on cysteine 
were indicated as static modification. False discovery rate 
(FDR) was calculated using Percolator [25] with 0.01 strict 
and 0.05 relaxed target cutoff values.

To retain high confidence interacting partners of the 
SEA complex at eight different growth conditions, several 
steps of filtering were performed. First, given localization 
of the endogenous SEA complex at limiting membrane 
of the vacuole [9], proteins with a nuclear, nucleoplasm 
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or nucleolus gene ontology terms were excluded. We 
then considered only those proteins whose total peptide 
spectrum match (PSM) across all conditions and replicas 
was higher than 50. This selection would automatically 
exclude proteins, which were identified only at one rep-
lica and proteins with 1-3 PSMs at any given condition. 
At the same time, a protein will be retained if it was iden-
tified with low PSM in one condition, but was detected 
with high PSM in another condition.

Mitophagy and autophagy analysis

To test autophagy or mitophagy, wild type and vari-
ous deletion strains of the SEA complex members were 
transformed with a plasmid coding for GFP-Atg8 (for 
autophagy) or with Idp1-GFP (for mitophagy), grown 
in drop-out media without uracil until mid-log phase 
and shifted to SD-N or SL-N media as described above. 
Samples were taken between 2 and 24 h of starvation 
to check nitrogen starvation-induced autophagy and 
mitophagy. For stationary phase-induced mitophagy, 
yeast were grown on SL media (0.67% yeast nitrogen base 
without amino acids and with ammonium sulfate; 0.2% 
drop-out mix complete without yeast nitrogen base; 0.1% 
 KH2PO4; 2% lactate, pH 5.7) and samples were collected 
24 and 72 h after cells were reached log phase. Whole 
cell lysates were prepared from above samples and used 
for the Western blotting with anti-GFP and anti-Pgk1 
antibodies. Imaging experiments were performed after 
24 h of starvation. To prevent cell movement yeast were 
placed on a slide covered with 1 mg/mL concanavalin A 
and visualized at room temperature. Steady-state images 
for Idp1-GFP and GFP-Atg8 localization were obtained 
on a custom confocal microscope, comprising a Leica 
TCS SpE with a 63X ON 1,3 oil objective, and 491 nm 
solid-state laser. All components were driven by Leica 
software (LAS AF).

Analysis of ROS production

1 mL of cultured cells was pelleted at 4000 rpm for 2 min. 
Cell pellets were resuspended in 1 mL of phosphate-buffered 
saline (pH 7.4) containing 50 µM of dihydroethidium (DHE; 
Molecular Probes) and incubated at 30 °C for 10 min in the 
dark. Cells were pelleted again and resuspended in 1 mL of 
PBS without dye. Flow cytometry was carried out on BD 
LRSFortessa cytometer. The DHE fluorescence indicated 
is the direct output of the PerCP-Cy5-5-A (red fluorescence 
detecting) channel without compensation. A total of 20,000 
cells were analyzed for each curve.

Results

Expression of SEA proteins is induced 
during respiratory growth

In our previous study [18], we reported that inhibition 
of TORC1 either by nitrogen starvation or by rapamycin 
changes the stability of SEA complex members. Given that 
TORC1 controls multiple cellular processes, including vari-
ous types of autophagy and aging, we decided to extend 
our survey and monitored expression of the SEA complex 
proteins during logarithmic growth and in stationary phase 
in a variety of growth conditions: during fermentable growth 
in rich media containing glucose (YPD) or under respira-
tory conditions in the presence of non-fermentable carbon 
source lactate (YPL), and in “starvation” media lacking 
nitrogen (SD-N; SL-N). Growth in starvation media pro-
motes autophagy (SD-N) or autophagy and mitophagy (SL-
N) (Table 1).

In accordance with our previous results [18], we observed 
that the amount of the SEA proteins is significantly 
decreased during nitrogen starvation on glucose 24 h after 
induction of the starvation and is not altered further after 
7 days of starvation. In contrast, when cells were cultured 
under respiratory conditions, in the presence of lactate, we 
detected that the expression of the SEA complex proteins is 
significantly increased, with or without starvation (Fig. 1a, 
b). The expression of SEA proteins is generally reduced 
when cells are in the stationary phase, but this difference is 
less pronounced for cells grown on lactate. The expression 
of Seh1 and Sec13 does not change significantly in all the 
conditions tested, most probably due to the fact that these 
two proteins are also present in other abundant protein com-
plexes (nuclear pore complex and COPII vesicles), where 
their quantity is not altered by these growth conditions. 
Similarly, the expressions of Pgk1 and vacuole membrane 
protein Vma2 were also practically not affected by growth 
conditions. In contrast, mitochondrial outer membrane pro-
tein Por1 and inner membrane protein Cox2 do respond to 

Fig. 1  Stability of the SEA complex components at different growth 
conditions. a Yeast cells carrying an SEA member tagged with PrA 
were grown under different conditions (see Table  1); samples were 
collected, whole cell extracts prepared and analyzed by Western blot-
ting with anti-Pgk1 (primary) and IgG-HRP (secondary) antibodies 
(note, that IgG-HRP recognizes PrA moiety). Immunoblottings with 
anti-Por1, anti-Cox2 and anti-Vma2 were done on Sea1-PrA samples. 
Samples corresponding to SEACIT and SEACAT subcomplexes are 
indicated to the right of the blot panels. b The quantification of the 
SEA proteins’ signals on the Western blots from (a) was done by 
Image J program. The protein level in arbitrary units (AU) was calcu-
lated by normalizing the PrA signal to the corresponding Pgk1 signal 
from blots shown in a. The signal at “YPD log” was set at 1. Error 
bars represent the standard deviation in three independent experi-
ments. c Expression of Por1, Cox2, Vma2 compared to Sea1-PrA. 
Quantification is done as in b 

◂
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the metabolic changes, used in our experiments. Although 
these proteins do not behave exactly in the same way, when 
compared to each other, their amount is significantly ele-
vated in respiratory conditions (especially for Cox2), which 
corresponds to increased mitochondria proliferation. In 
agreement with previous observations, Por1 and Cox2 sig-
nals are reduced during starvation conditions, as a result of 
mitophagy [26].

Taken together we found that cellular amount of the 
SEA proteins is influenced by metabolic changes. Overall 
the level of the SEA components increased during respira-
tory growth (cultivation on lactate) and decreased during 
stationary phase and upon nitrogen starvation on glucose. 
Accordingly, there will be more of the SEA complex in the 
cells under conditions that trigger mitophagy than in cells 
cultivated in the rich media during fermentable growth.

Interactome of the SEA complex varies depending 
on growth conditions

We next decided to investigate how the metabolic changes 
influence the SEA complex proteome. We, therefore, per-
formed immunoprecipitations (IPs) for mass spectrometry 
analysis with the yeast strain expressing Npr3-PrA, because 
this protein (together with Sea3), connects SEACIT to SEA-
CAT [18]. Note, that C-terminal PrA tag does not interfere 
with the ability of the Npr3 to interact with other members 
of the SEA complex [9, 18, 27]. Yeast cells were grown in 
eight different conditions (Table 1) and immunoprecipita-
tions of Npr3-PrA were performed using standard proce-
dures that were applied previously for the SEA complex 
proteome study [9, 18].

The resulting list of proteins in the SEA complex inter-
actome contained 331 proteins (Table S3), which were clas-
sified according to their localization and function (Fig. 2). 
The analysis of the SEA complex proteome across differ-
ent conditions revealed that the strongest interactions are 
detected between the members of the SEA complex itself 
(Table S4). These interactions seem to be enhanced during 
growth on lactate in accordance with the overall increase of 
the SEA complex expression level under respiratory growth. 
Nitrogen starvation on glucose, and even more on lactate, 
significantly increases amount of peptide score matches 
(PSMs) of TORC1 proteins in the SEA complex proteome. 
The highest amount of PSMs corresponding to TORC1 pro-
teins is observed when cells are in stationary phase during 
growth on lactate with and without starvation.

In addition to TORC1, the SEA complex network also 
includes cytoplasmic and vacuole proteins as well as com-
ponents of the mitochondria, ER and plasma membrane 
(Fig. 2a). Vacuole membrane proteins in the SEA complex 
proteome are represented by surprisingly narrow set of pro-
teins, which belong to two large complexes: vacuolar H+ 

translocating ATPase (V-ATPase) and polyphosphate poly-
merase (or vacuolar transporter chaperone, VTC). Cytoplas-
mic components of the SEA complex interactome include 
ribosomes and proteins involved in a variety of metabolic 
processes, including amino acid, fatty acid, sterol synthesis 
together with components of glycolysis, gluconeogenesis 
and glycogen metabolism (Table S3). Accordingly, 70% of 
proteins in the SEA complex interactome are involved in the 
processes of translation and metabolism (Fig. 2b).

We noticed that about 20% of proteins co-purifying with 
the SEA complex belong to mitochondria (Fig. 2a). The 
amount of mitochondria proteins in immunoprecipitates 
increases 20–30%, when cells are grown during 7 days on 
respiratory conditions (Table S4). The majority of the mito-
chondrial proteins identified in immunoprecipitates reside 
on the inner or outer membranes and are the components 
of the electron transport chain (cytochrome c, cytochrome 
bc1,  F1/F0 ATP synthase), prohibitins, translocase of outer 
membrane (Tom40, Tom70), voltage-dependent anion chan-
nel (porin 1, Om45, Om14) and a protein found at the vacu-
ole–mitochondria contact sites (Vps13). Even though the 
mitochondrial mass is increased during respiratory condi-
tions, the amount of mitochondrial PSMs in our proteome 
does not follow exactly the same path. For example, we find 
the maximum of mitochondrial proteins in the conditions 
“SL-N 7d” (nitrogen starvation at lactate during 7 days), yet 
the mitochondrial mass is only slightly increased at these 
conditions in comparison to the wild type cells (Fig. 1, 
Table S4). Alternatively, in the conditions of nitrogen star-
vation on glucose, when the mitochondrial mass is doubled 
in comparison to “YPD log” condition, we detected twice 
as less of mitochondrial proteins in the pullouts. Analysis 
of proteomic data by STRING database revealed a highly 
interconnected network of mitochondria membrane proteins 
with the SEA complex and TORC1 (Fig. 2c).

Taken together, the SEA complex interactome represents 
a network of the proteins related to the metabolic processes 
and the profile of the interactome is changing depending on 
growth conditions.

The SEA complex co‑localizes with mitochondria

To confirm the data of the proteomics, we verified whether 
SEA proteins can be co-localized with mitochondria and 
how the SEA complex localization is affected under various 
growth conditions. To address this, we observed fluores-
cence of one SEACIT member (Sea1) and one SEACAT 
member (Sea4) genomically tagged at the C-terminus with 
GFP in the corresponding strains transformed with a plasmid 
expressing mito-DsRed (Fig. 3, Figures S2–S4).

Both Sea1-GFP and Sea4-GFP are predominantly local-
ized to the limiting membrane of the vacuole in all the con-
ditions tested. For cells subjected to nitrogen starvation and 
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grown on lactate, GFP signal can also be observed inside 
the vacuole in both logarithmic and stationary phases, which 
suggest that a portion of cellular pool of the SEA complex is 
degraded by the vacuole under these conditions.

The partial co-localization between SEA members and 
mito-dsRED was observed in all conditions tested. Starva-
tion under respiratory growth, which corresponds to the 
induction of mitophagy and autophagy (see below), results 
in almost complete accumulation of mitochondria signal in 
the vacuole. SEA components seem to be accompanying 
mitochondria during this process, since fluorescence signal 

from Sea1-GFP and Sea4-GFP is also detected inside the 
vacuole (Fig. 3, Figure S4). At the same time, accumulation 
of the mitochondria in the vacuole after 1 day of nitrogen 
starvation on glucose is not so efficient in comparison with 
the nitrogen starvation under respiratory growth.

Our co-localization data are in agreement with the results 
from recently published survey of yeast proteome dynamics 
[28]. In this study, a high-throughput imaging followed by 
automated analysis allowed quantification of the abundance 
and localization of GFP-tagged yeast ORFeome, including 
the observation of protein dynamics in the yeast subjected 

A

C

B

Fig. 2  Analysis of the SEA complex proteome. Distribution of co-
purified cytoplasmic proteins according to localization (a) and func-
tion (b). c Protein network analysis. Protein network for the SEA 
complex and its interactors from TORC1, vacuole and mitochondria 
was assembled by STRING (left). Each group of proteins is marked 
by color. Mitochondrial proteins found in the proteome are classi-

fied according to their localization on different parts of the organelle 
and indicated in the text boxes along with co-purifying proteins from 
the SEACIT, SEACAT, TORC1 and vacuole (right). Note that in the 
STRING map Sea1 is marked as Iml1, Sea2—as Rtc1 and Sea3—as 
Mtc5



1630 Y. Ma et al.

1 3

to rapamycin treatment. Because in our experiments, we 
used Sea1-GFP strain from the same yeast collection [29] 
(Table S1), we retrieved the information from data published 

in [28] and CYCLoPS database about Sea1-GFP localization 
in wild-type cells and cells subjected to rapamycin treat-
ment for 60 min and 220 min (Figure S3). A computational 
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analysis of Sea1-GFP localization shows that Sea1-GFP is 
located at the vacuole membrane in yeast grown to early 
logarithmic phase. Treatment with rapamycin significantly 
increases the amount of cells with cytoplasmic and mito-
chondrial localizations of Sea1-GFP, yet a fraction of Sea1-
GFP can still be observed at the vacuole ([28], CYCLoPS 
database, Figure S3).

SEA complex is required for the maintenance 
of the vacuole–mitochondria contact sites

Recently, several laboratories identified that yeast vacu-
ole and mitochondria interact at the contact sites called 
vCLAMPs (vacuole and mitochondria patches) [19, 
21, 30–32]. There are at least two functionally distinct 
vCLAMPs. Vps13-containing vCLAMPs include besides 
Vps13 itself a mitochondrial receptor Mcp1 protein 
[30–32]. Vps39-containing vCLAMPs are formed by a 
member of the vacuole tethering HOPS complex Vps39 
protein, the Rab GTPase Ypt7 and protein translocase of 
the outer mitochondria membrane Tom40 [19, 21, 30]. 
Overexpression of Vps39 is used to induce and enlarge 
the contacts between two organelles, which are otherwise 
quite rare in the cells [21, 30, 32]. Remarkably, the prot-
eomic analysis of Vps39 interactome at the contact sites 
revealed enrichment for the SEA complex proteins (Sea4, 
Sea2, Sea1, Npr2, Npr3) [19]. These data together with 
our localization results prompted us to investigate whether 
the SEA complex can be involved in the vCLAMPs organi-
zation. To do so, we compared vCLAMPs formation in 
the cells overexpressing Vps39-GFP in wild type and 
SEACIT deletions strains (Fig. 4a). Deletion of any of 
SEACIT member reduced vCLAMPs number by 30–40% 
(Fig. 4b, c). We further checked whether the reduction of 
the vCLAMPs can be related to the changes in the mito-
chondrial mass in the deletion strains. Our results demon-
strate that when Vps39 is overexpressed the mitochondrial 
mass is decreased by 10–20% in SEACIT deletion strains 
in comparison with the wild type strains (Fig. 4d). There-
fore, the mitochondrial mass reduction cannot be the only 

explanation of the vCLAMPs reduction. Interestingly, in 
the yeast strains without Vps39 overexpression the mito-
chondrial mass decrease in SEACIT strains is more sig-
nificant: 30–50% (Figure S5). We next verified whether 
vCLAMP reduction can be due to an elevated TORC1 
activity in SEACIT deletion strains. Surprisingly, we 
found that in the Vps39 overexpression strains the TORC1 
activity is already increased and deletions of SEACIT 
components practically do not have any further impact 
(Fig. 4e, Figure S6). This is most probably due to the fact 
that Vps39 (also known as Vam6) is also a GEF for yeast 
Rag GTPase homolog Gtr1, which is in its GTP- bound 
form strongly induces TORC1 activity [33]. Treatment 
with rapamycin inhibits TORC1, but does not restore the 
Vps39-containing vCLAMPs in SEACIT deletion strains 
(Fig. 4, Figure S6), meaning that the function of the SEA 
complex components in the maintenance of vCLAMPs is 
probably not due to their role in TORC1 regulation. Thus, 
the SEACIT is important for the vCLAMPs formation.

We further evaluated genetic interactions (GIs) between 
genes of SEA complex components, vCLAMPs and mem-
bers of another complex, ERMES, which is involved in the 
formation of contact sites between endoplasmic reticulum 
(ER) and mitochondria. It has been demonstrated that dele-
tion mutants between Vps39-vCLAMPs and ERMES are 
synthetically lethal, which is related to the impaired trans-
port of mitochondrial phospholipids [19, 21]. We reasoned 
that if the SEACIT is important for the vCLAMPs mainte-
nance it might as well be involved in the genetic interactions 
with ERMES. To follow the profile of GIs between SEA, 
vCLAMPs and ERMES, we took an advantage of recently 
published whole-genome studies of synthetic genetic inter-
actions in yeast [17, 34, 35]. Many of these data are now 
summarized in a web-accessible database TheCellMap.
org [36], from which we retrieved the GI data for SEA, 
vCLAMPs and ERMES (Figure S7A). These data dem-
onstrate that SEACAT genes show positive GIs with both 
vCLAMPs and ERMES, while SEACIT proteins are pref-
erentially involved in significant negative GIs with ERMES. 
This is another remarkable demonstration of the opposite 
roles of two subcomplexes of the same protein complex, 
with SEACAT properties as TORC1 activator and SEACIT 
functions as TORC1 inhibitor [11, 37]. We next created 
double deletion strain mdm34Δnpr3Δ carrying a deletion 
of one ERMES component (mdm34Δ) and one SEACIT 
component (npr3Δ) and compared its fitness with a wild 
type and single deletion strains (Figure S7B). Our results 
show that double deletion strain has reduced fitness both 
at 30 °C at 37 °C in comparison with any single deletion 
strains (note that mdm34 single deletion strain grow much 
slower at 37 °C than at 30 °C). Therefore, these data indicate 
that the SEACIT is probably not a “bona-fide” vCLAMPs 
component (although we cannot completely exclude such a 

Fig. 3  The SEA complex co-localizes with mitochondria. Fluo-
rescence images of yeast cells co-expressing Sea1-GFP and mito-
DsRED at different growth conditions (indicated at the left). Scale 
bar is 5 µm. Yeast cells were grown in the media without uracil (DO-
URA) to maintain the expression of mito-DsRED plasmid either on 
glucose (d) or on lactate (l) and observed either on logarithmic phase 
(log) or after 2  days of cultivation (2d). For the starvation experi-
ments, yeast grown on YPD or YPL were collected during corre-
sponding log phase, washed once with water and once with the cor-
responding starvation media and resuspended in the same amount of 
SD-N or SL-N media accordingly. Samples corresponded to “SD-N 
1d” and “SL-N 1d” points were observed after 1 day since the begin-
ning of starvation; samples corresponded to “SD-N 7d” and “SL-N 
7d” points were observed after 7 days

◂



1632 Y. Ma et al.

1 3



1633The SEACIT complex is involved in the maintenance of vacuole–mitochondria contact sites and…

1 3

possibility at this stage), but rather plays an essential regula-
tory role in the maintenance of these contact sites.

The SEACIT complex regulates mitochondria quality 
control via general autophagy and mitophagy

Our proteomic data demonstrate that a half of the mitochon-
drial proteins found in the SEA complex proteome belongs 
to inner mitochondrial membrane (IMM) or mitochondrial 
matrix (Table S4, Table S5). The amount of these proteins 
increases in the conditions that provoke the appearance of 
damaged mitochondria, especially in chronologically aged 
cells and in the cells grown during prolonged respiratory 
conditions. One of the explanations of this phenomenon 
could be that the SEA complex interacts not only with 
healthy mitochondria but also with damaged organelle. To 
check this, we provoked mitochondrial dysfunction by treat-
ing cells with antimycin A—a respiratory chain inhibitor 
that blocks the reduction of semi-ubiquinone by cytochrome 
b, resulting in the increased production of ROS. Antimy-
cin A does not induce mitophagy, but triggers nonspecific 
autophagy [38]. Treatment with antimycin A failed to trig-
ger autophagy in deletion strains of SEA components, once 
again with more severe effects for the SEACIT deletions 
than for SEACAT deletions (Fig. 5a–d).

Mitochondrial dysfunction is often related to the 
increased production of reactive oxygen species [26, 39]. 
ROS production can also be promoted in the actively grown 
cells with reduced TORC1 signaling [40]. We, therefore, 
checked how deletion of the SEACIT components Npr2 and 

Npr3 influences ROS production. Deletions of NPR2 and 
NPR3 activate TORC1 in actively grown yeast (Fig. 4, [12, 
37]). In such deletion, strains ROS production is induced 
(Fig. 5e, Figure S8). This effect is more pronounced dur-
ing respiratory growth on lactate. Inversely, in the cells 
subjected to nitrogen starvation deletion of SEACIT com-
ponents increased ROS production. Because in such cells 
mitophagy is impaired, the accumulation of damaged mito-
chondria is probably the reason of elevated ROS. Of note, 
deletions of Atg32 and Atg11, two proteins essential for 
mitophagy, also lead to increased ROS production during 
nitrogen starvation [26].

Next we decided to check whether the SEA complex 
is involved in the regulation of mitophagy. We and others 
have already observed that all three members of the SEACIT 
control general autophagy, which is not surprising because 
SEACIT inhibits TORC1, and TORC1 inhibition induces 
autophagy [9, 18, 27, 41–44]. SEACIT is also engaged in 
the regulation of a specific form of autophagy, non-nitro-
gen-starvation (NNS)-induced autophagy, which happens 
in yeast when cells are switched from a rich to a minimal 
media with lactate as a carbon source [27, 42, 45]. However 
the effect of the SEA complex on other forms of selective 
autophagy mitophagy has not yet been intensively explored.

In yeast, mitophagy serves primarily as a mechanism 
for the elimination of excess mitochondria and is triggered 
mainly in two ways [46]. “Starvation induced mitophagy” 
is activated when yeast is cultured under respiratory condi-
tions, in the presence of a non-fermentable carbon source 
(e.g., lactate), which will induce proliferation of mitochon-
dria essential to metabolize this nutrient. Yeast must also be 
subjected to nitrogen starvation because if growth continues, 
excess mitochondria are segregated into daughter cells dur-
ing cell division. This type of mitophagy can be observed 
in SL-N media. The second approach to trigger mitophagy 
consists of culturing of cells under respiratory conditions 
to post-logarithmic phase. Accordingly, “stationary phase 
mitophagy” occurs because cells in a post-logarithmic phase 
have low energy requirements and, therefore, mitochondria 
are in excess. This type of mitophagy might be a part of a 
quality-control process that targets damaged mitochondria 
accumulating in non-dividing cells. Conditions correspond-
ing to stationary phase mitophagy could be achieved in YPL 
or SL-N media with the cells grown to post-logarithmic 
phase.

To follow mitophagy, wild-type yeast and cells with 
deleted SEA components were transformed with Idp1-GFP, 
a mitochondrial matrix protein often used for mitophagy 
monitoring [38, 47]. The fluorescence analysis of these cells 
grown in rich media showed that deletions of the SEA com-
ponents did not significantly alter mitochondrial morphol-
ogy in comparison with wild-type cells, although we noticed 
slightly increased level of mitochondria fragmentation in the 

Fig. 4  The SEACIT is required for vCLAMP maintenance. a Over-
expressed Vps39-GFP and mitochondria marked by mito-mCherry 
were visualized by fluorescence microscopy. W303a cells without 
deletions (“wild type”, WT) and those carrying various deletions of 
SEACIT components were grown overnight in the media without 
uracil and leucine (DO-URA, -LEU) to maintain the expression of 
mito-mCherry plasmid and Vps39-GFP. The yeast cultures were then 
diluted, shifted to DO-URA media and allowed to grow for 3–4 addi-
tional doubling times till mid-logarithmic phase  (ODA600 = 0.6–0.8) 
prior visualization. vCLAMPs are marked with arrows. Scale bar is 
5 µm. (B) Percentage of cells (grown as in a), containing vCLAMPs. 
Yeast were grown as in a, 150 cells in each strain were observed and 
amount of cells containing vCLAMPs was counted. The data are rep-
resented as a percentage of the cells with vCLAMPs. Error bars cor-
respond to data from three independent experiments. ***p < 0.001. 
c Quantification of vCLAMPs number in 100 cells. In wild-type 
strains, two–three vCLAMPs per cell in average can be observed. 
In some of the deletion strains, this amount is lower. An average 
amount of vCLAMPs per 100 cells was calculated. 150 cells of each 
strain were observed. The data are represented as a percentage of 
vCLAMPs per 100 cells. Error bars correspond to data from three 
independent experiments. ***p < 0.001. d Evaluation of mitochon-
dria mass as a ratio of Porin1 to Pgk1 in the wild type and SEACIT 
deletion strains (see also Figure S6). e Estimation of TORC1 activity 
as ratio of p-Sch9-Thr737 to full-length Sch9-T570A-5HA in the wild 
type and SEACIT deletion strains, overexpressing Vps39-GFP (see 
also Figure S6)

◂



1634 Y. Ma et al.

1 3

deletion strains (Fig. 6). Yeast cells were further subjected 
to nitrogen starvation in the presence of lactate to trigger 
starvation-induced mitophagy or were cultured in SL media 
for 2 days to activate stationary phase mitophagy.

Our results indicate that starvation-induced mitophagy 
is decreased in all SEA mutation strains with more severe 
effects for SEACIT deletions than for SEACAT deletions 
(Fig. 6). At the same time, general autophagy, which was 
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monitored by observing the degradation of GFP-Atg8 pro-
tein, was only affected in the SEACIT deletions strains and 
practically was not changed in the strains with SEACAT 
deletions (Fig. 5). Stationary phase mitophagy is strongly 
repressed upon deletion of SEACIT members; however, it is 
not significantly affected in the strains with SEACAT dele-
tions and even slightly enhanced in sea2Δ strain. Interest-
ingly, general autophagy observed during stationary phase 
under respiratory growth was not very efficient in all SEA 
deletion strains.

Taken together our data indicate that the SEA complex 
interacts with mitochondria and is involved in the control of 
mitochondria’s quality. Damaged organelles that appeared 
after antimycin A treatment and excess mitochondria that 
accumulate in the aging cells or cells cultivated under res-
piration conditions can be eliminated either by non-specific 
autophagy or by mitophagy. Thus, the SEA complex controls 
mitophagy and non-specific autophagy induced by damaged 
mitochondria and, therefore, appears as an essential regula-
tor of cellular homeostasis.

Discussion

Mitochondria are implicated in the multiple processes, 
including amino acid and lipid synthesis, energy and hor-
mone production. Mitochondria are also a primary source 
of reactive oxygen species and, consequently, can produce 
deleterious effects for cells. Therefore, it is crucial for cells 
to be able to detect and eliminate damaged mitochondria.

Mitochondria mostly rely on direct transport through 
membrane contacts with other organelles in order to recruit 
the substrates for multiple biochemical reactions and export 
resulting products, although vesicular transport from the 
mitochondria has also been described [48]. Recently, discov-
ered mitochondria–vacuole contact sites (vCLAMPs) play 

an important role in the exchange of lipids between these 
two organelles [19, 21, 30, 32] and also serve as an alterna-
tive transport route for the lipid transport to the endoplas-
mic reticulum. Contacts between vacuole and mitochondria 
during the first hours of nitrogen starvation when grown on 
fermentable sugars have also been reported [49]. So far only 
five proteins have been characterized as bona fide compo-
nents of vCLAMPs—Vps39, Ypt7 and Tom40 for Vps39-
vCLAMP; Vps13 and Mcp1 for Vps13-vCLAMP [19, 21, 
30, 32].

Here, we propose that the SEA complex regulates 
vCLAMPs formation (Fig. 7). Indeed, deletions of any 
SEACIT members drastically reduce the amount of 
vCLAMPs in the cells (Fig. 4). Moreover, pull-downs of 
vCLAMP member Vps39 from cellular fractions enriched 
for mitochondria revealed interactions with SEACAT and 
SEACIT members [19]. In our study, the SEA complex com-
ponent Npr3 pulled down only traces of Vps39 (data not 
shown), most probably because endogenous levels of Vps39 
were too low and overexpression would be required for 
Vps39 detection in the context of vCLAMPs. Interestingly, 
Vps13 protein, which was suggested to be a marker for natu-
rally occurring vCLAMPs [31], was found with very good 
scores in the Npr3 immunoprecipitations, especially when 
cells are in logarithmic growth in rich media (Table S4).

Before this study, vCLAMPs were thought to be involved 
mainly in lipid exchange [19]. Our results suggest a possi-
ble novel function for vCLAMPs—sensing the integrity and 
functionality of mitochondria. Given that the degradation of 
damaged organelles takes place in the vacuole via the pro-
cesses of autophagy and mitophagy, and that the key players 
of this process—TORC1 and a number of its upstream regu-
lators including the SEA complex—reside at the vacuole 
membrane, it would be “spatially beneficial” for the cells to 
attribute this function (at least partially) to vCLAMPs. When 
detected by a vCLAMP, information about a dysfunctional 
organelle can be immediately transferred to the adjacent 
TORC1 network in order to initiate degradation (Fig. 7). In 
addition, it is not impossible that the SEA complex might 
share the “sensing” activity with vCLAMPs or can have a 
potential regulatory function in this process, given that the 
SEA complex interacts with mitochondria membrane pro-
teins and maintains vCLAMPs.

Our proteomics data show that more than a half of mito-
chondrial proteins found in immunoprecipitations belong to 
the mitochondrial inner membrane or mitochondrial matrix 
(Table S4, Table S5). Interactions with these proteins are 
greatly induced in the conditions, which provoke mitochon-
drial damage (e.g., growth till stationary phase). Interest-
ingly, recent data by Levine’s laboratory [50] describe inner 
mitochondrial protein Prohibitin 2 as mitophagy receptor, 
indicating that membrane rupture may represent a common 
feature of specific autophagy. Prohibitins 1 and 2 are also 

Fig. 5  The SEA complex controls general autophagy induced 
by nitrogen starvation at respiratory conditions and non-specific 
autophagy provoked by antimycin A treatment. a Western blots 
showing the analysis of autophagy in the wild type (BY4741) yeast 
and indicated deletion strains of SEA components expressing GFP-
Atg8. Cells were grown in SL media, harvested at indicated time 
points, whole cell extracts prepared and analyzed by Western blots 
with anti-GFP and anti-Pgk1 antibodies. “t0”—exponential (loga-
rithmic) phase; “stat”—stationary phase corresponding to 1 day 
of growth; “-N6  h”—cells grown in the absence of nitrogen during 
6  h; “aa8  h”—antimycin A (2  µg/mL) was added at time “0” and 
cells were grown during additional 8  h. b–d The autophagy flux 
was calculated as a ratio (%) of free GFP to total GFP signal (com-
bined free GFP and GFP-Atg8) in corresponding Western blots from 
a. The quantification of the signals on the Western blots from three 
independent experiments was done with Image J. e ROS levels in the 
indicated wild type (BY4741) and SEACIT deletion strains under dif-
ferent conditions of growth were measured with ROS-sensitive dye 
DHE and FACS (see “Materials and methods” and Figure S6)
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found in the SEA complex immunoprecipitations and once 
again this interaction is greatly induced (3–4 times more 
PSMs) in the conditions, which stimulate mitochondria dam-
age (Table S4, Table S5).

The SEA complex affects both nitrogen starvation-
induced mitophagy and stationary phase mitophagy. 
Moreover, the SEA complex may play additional roles in 
the mitochondria quality control. Our experiments with the 
respiratory chain inhibitor antimycin A demonstrate that the 
SEA complex is also involved in the regulation of non-spe-
cific autophagy that is induced by dysfunctional mitochon-
dria. These effects seem to be ultimately related to the role of 
the SEA complex in TORC1 regulation. The suppression of 
mitophagy is stronger in the deletion strains of the SEACIT 
components compared to the deletions of SEACAT mem-
bers. This observation can be explained because deletions of 
TORC1 inhibitors from SEACIT complex induce hyperac-
tivation of TORC1 and, therefore, inhibit mitophagy. When 
this manuscript was under revision, a study completely in 
agreement with this conclusion demonstrated that TORC1 
regulates mitophagy via SEACIT [51].

So far a search for modulators of mitophagy in yeast has 
been reported in three genome-wide studies. Mitophagy was 
induced either by growth until stationary phase and under 
respiratory conditions [52, 53] or by treatment with the 
rapamycin [54]. Only three proteins were common in these 
studies, probably due to the fact that each screen used differ-
ent setups and growth conditions to induce autophagy. This 
might also explain why the involvement of the SEA complex 
in mitophagy was not discovered until now (see also [51]). 
There are other examples of proteins that were overlooked 
in these surveys and yet appeared important for mitophagy. 
This is the case of MAP kinase Slt2 and its partner Bck1, 
which were shown to be required for the mitophagy in two 
recent independent studies [38, 55]. Yet Bck1 was detected 
in only one genome-wide screen of mitophagy modulators 
[53], while Slt2 was not found in any. Remarkably, five SEA 
complex genes appeared in the genome-wide survey of syn-
thetic genetic arrays exhibit genetic interactions with Bck1 
and Slt2 [16, 56]. At the same time, one of the three proteins 
identified in all three genome-wide mitophagy screens was 

Vps41—a member of the HOPS tethering complex that con-
trols membrane fusion at the vacuole. Another HOPS and 
vCLAMPs member—Ypt7 was found in two screens [52, 
53] and Vps39—in one [53]. Therefore, it will be tempting 
to revisit the role of the HOPS complex in mitophagy.

In humans, a growing body of data illustrates the impact 
of the GATOR–mTORC1 regulatory pathway in diseases, 
especially in cancer [13]. GATOR1 components, notably 
NPRL2, were suggested to be tumor suppressors in various 
types of cancers [11, 57]. The molecular basis of the tumor 
suppression by GATOR1 members is largely unknown, 
although it is reasonable to suggest that they might be asso-
ciated with GATOR1’s function in the regulation of the 
mTORC1 pathway. Our results demonstrate that the GATOR 
homologs in yeast are upregulated during cultivation on lac-
tate. It is well known that tumor cells are characterized by 
elevated glucose uptake and lactic acid release—a process 
known as Warburg effect [58]. It is, therefore, conceivable 
that during cultivation on lactate and in the absence of the 
SEACIT/GATOR1 hyperactivated mTORC1 will promote 
cell mass growth. Future experiments will be needed to con-
firm this hypothesis, as well as the potential role of lyso-
some–mitochondria contact sites in tumor development.

In summary, our data indicate that the SEA complex 
responds to changes in growth conditions, interacts with 
mitochondria and plays an important role in mitophagy 
regulation.
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