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Molecular Architecture and Function of the
SEA Complex, a Modulator of the TORC1

Pathway*s

Romain Algrett, Javier Fernandez-Martinez§, Yi Shif], Seung Joong Kim||,
Riccardo Pellarin|, Peter Cimermancic|, Emilie Cochet}, Andrej Sali|, Brian T. Chait],
Michael P. Rout§, and Svetlana Dokudovskayat**

The TORC1 signaling pathway plays a major role in the
control of cell growth and response to stress. Here we
demonstrate that the SEA complex physically interacts
with TORC1 and is an important regulator of its activity.
During nitrogen starvation, deletions of SEA complex
components lead to Tor1 kinase delocalization, defects in
autophagy, and vacuolar fragmentation. TORC1 inactiva-
tion, via nitrogen deprivation or rapamycin treatment,
changes cellular levels of SEA complex members. We
used affinity purification and chemical cross-linking to
generate the data for an integrative structure modeling
approach, which produced a well-defined molecular ar-
chitecture of the SEA complex and showed that the SEA
complex comprises two regions that are structurally and
functionally distinct. The SEA complex emerges as a plat-
form that can coordinate both structural and enzymatic
activities necessary for the effective functioning of the
TORC1 pathway. Molecular & Cellular Proteomics 13:
10.1074/mcp.M114.039388, 2855-2870, 2014.

The highly conserved Target of Rapamycin Complex 1
(TORCH1)" controls eukaryotic cell growth and cellular re-
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sponses to a variety of signals, including nutrients, hormones,
and stresses (1, 2). In a nutrient-rich environment, TORC1
promotes anabolic processes including ribosome biogenesis
and translation. Nutrient limitation or treatment with rapamy-
cin inhibits the Tor1 kinase and initiates autophagy, a cata-
bolic process that mediates the degradation and recycling of
cytoplasmic components. However, the nutrient-sensing
function of TORC1 is not fully understood, and the mecha-
nisms of TORC1 modulation by amino acid and nitrogen
availability are not yet clear.

In the yeast Saccharomyces cerevisiae, the TOR1 complex
is composed of four subunits (Tor1, Kog1, Tco89, and Lst8)
and is localized to the vacuole membrane. Amino acid levels
are signaled to TORC1 (at least partially) via the EGO complex
(Ragulator-Rag in mammals), which consists of Ego1, Ego3,
Gtr1 (RagA/RagB), and Gtr2 (RagC/RagD) (3-6). The small
GTPases Gtr1 and Gtr2 function as heterodimers and in their
active form exist as the Gtr1-GTP/Gtr2-GDP complex. Amino
acid sensing via the EGO complex involves the conserved
vacuolar membrane protein Vam6, a member of the HOPS
tethering complex. Vamé6 is a GDP exchange factor that reg-
ulates the nucleotide-binding status of Gtr1 (6). At the same
time, the GTP-bound state of Gtr1 is controlled by a leucyl
t-RNA synthetase (7). In mammals, amino acids promote in-
teraction of Ragulator-Rag with mTORC1 and its transloca-
tion to the lysosomal membrane (3, 4). Ragulator interacts
with the v-ATPase complex at the lysosomal membrane (8),
and leucyl t-RNA synthetase binds to RagD to activate
mTORC1 (9).

A genome-wide screen for TORC1 regulators in yeast iden-
tified two proteins, Npr2 and Npr3, as proteins that mediate
amino acid starvation signal to TORC1 (10). Npr2 and Npr3
are both members of the SEA complex that we discovered
recently (11-13). Besides Npr2 and Npr3, the SEA complex
also contains four previously uncharacterized proteins (Seal-
Sead) and two proteins also found in the nuclear pore com-
plex, Seh1 and Sec13, the latter of which is additionally a

SEA, Seh1 associated complex; SEACAT, SEA subcomplex activating
TORC1; SEACIT, SEA subcomplex inhibiting TORC1.
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component of the endoplasmic-reticulum-associated COPII
coated vesicle. However, the SEA complex localizes to the
vacuole membrane, and not to the nuclear pore complex or
endoplasmic reticulum.

The Sea proteins contain numerous structural elements
present in intracellular structural trafficking complexes (11).
For example, proteins Sea2-Sea4 are predicted to possess
B-propeller/a-solenoid folds and contain RING domains, ar-
chitectural combinations characteristic to protein complexes
that form coats around membranes (e.g. coated vesicles,
nuclear pore complexes) or participate in membrane tethering
(e.g. HOPS, CORVET complexes). Npr2 and Npr3 possess a
longin domain, found in many guanine nucleotide exchange
factors (GEFs) (14-16), and Seal/Iml1 is a GTPase activating
protein (GAP) for Gtr1 (17). These structural characteristics,
taken together with functional data, indicate a role for the SEA
complex in intracellular trafficking, amino acid biogenesis,
regulation of the TORC1 pathway, and autophagy (11-13,
17-20). A mammalian analog of the SEA complex, termed
GATOR1/GATOR2, has recently been identified (21). GATORS
are localized at the lysosome membrane and serve as up-
stream regulators of mammalian TORC1 via GATOR1 GAP
activity toward RagA and RagB (21).

In this study, we characterized the structural and functional
organization of the yeast SEA complex. We present here a
well-defined molecular architecture of the SEA complex ob-
tained via an integrative modeling approach based on a vari-
ety of biochemical data. The structure reveals the relative
positions and orientations of two SEA subcomplexes, Seal/
Npr2/Npr3 (or SEACIT (19)) and Sea2/Sea3/Sead/Sec13/Seh1
(or SEACAT (19)), and identifies the Sea3/Sec13 dimer as a
major interacting hub within the complex. We describe how
the SEA complex interacts physically with TORC1 and the
vacuole and is required for the relocalization of Tor1, and how
every member of the Seal/Npr2/Npr3 subcomplex is required
for general autophagy.

EXPERIMENTAL PROCEDURES

Materials—The following materials were used in this study: Dyna-
beads M-270 Epoxy (Invitrogen/LifeTechnologies, 143.02D), rabbit
IgG (Sigma, 15006), protease inhibitor mixture (Sigma, P-8340), dis-
uccinimidyl suberate (Creative Molecules, 001S), HRP-mouse IgG
(Jackson ImmunoResearch Laboratories West Grove, PA), anti-GFP
antibody (Roche, 11814460001), anti-PGK1 antibody (Sigma, 459250),
and concanavalin A (Sigma, C7275).

Yeast Strains and Growth Conditions—Yeast strains used in this
study are listed in supplemental Table S1. Yeast were grown to
mid-log phase in Wickerham media for immunoprecipitation experi-
ments (0.3% Bacto malt extract, 0.3% yeast extract, 0.5% Bacto
Peptone, and 1% glucose), in yeast synthetic complete media for
imaging (0.67% yeast nitrogen base without amino acids and carbo-
hydrates, 0.2% complete drop-out mix, and 2% glucose), and in YPD
(2% Bacto-Peptone, 1% yeast extract, and 2% glucose) or an ap-
propriate drop-out media for all other purposes. Starvation experi-
ments were conducted in synthetic media lacking nitrogen (0,17%
yeast nitrogen base without ammonium and amino acids, 2%
glucose).

Immunoprecipitation of the SEA Complex Components—Three
types of SEA members were used for immunopurifications: (i) PrA
tagged proteins expressed in the wild-type background; (i) PrA
tagged proteins expressed in cells where a gene of another compo-
nent of the SEA complex was deleted; and (jii) PrA tagged C-terminal
truncations. Points of C-terminal truncations for SEA proteins were
selected based on the secondary structure prediction and PAL data
(11). The C-terminal deletions carried a human rhinovirus 3C protease
site (GLEVLFQGPS) between a SEA protein and PrA tag and were
constructed essentially as described in Ref. 22. Affinity purifications
of SEA complex protein complexes from whole cell lysates using
magnetic beads were performed as described previously (11). The
extraction and washing buffers used for immunoprecipitations are
listed in supplemental Table S2.

Mass Spectrometry Analysis of Immunoprecipitations—Protein
bands appearing after Coomassie staining were cut from the gel. Gel
bands were washed first with 100 pl of 25 mm ammonium bicarbonate
(Sigma, 11204)/acetonitrile (Sigma, 34967) 50/50 v/v over 10 min at
room temperature and then with 100 ul of 100% acetonitrile for 10
min at room temperature. These washes were repeated twice. Sam-
ples were dried in a SpeedVac for 2 min; then 20 ul of 11.55 ng/pul
trypsin (Calbiochem, 650279) was added to each gel piece, and gels
were incubated at room temperature for 15 min. Samples were further
incubated overnight at 37 °C with 20 wul of 50 mm ammonium bicar-
bonate. Supernatants were separated from gel pieces and transferred
to analysis vials. 20 ul of 5% formic acid (Sigma, 33015)/acetonitrile
30/70 v/v was added to each piece of a gel to extract remaining
peptides. Supernatants were combined together and dried in a
SpeedVac. 10 ul of 3% acetonitrile, 0.1% formic acid solution in
water was added to solubilize peptides. The peptide mixture obtained
from tryptic digestion of gel bands was analyzed via nano-HPLC
(Agilent Technologies 1200, Santa Clara, CA) directly coupled to an
ion trap mass spectrometer (Bruker 6300) equipped with a nano-
electrospray source. 4 ul of peptide mixture were separated on a
ProtID-Chip-43 Il 300A C18 43-mm column (Agilent Technologies,
G4240-62005) with a 3% to 97% acetonitrile gradient over 30 min.
The acquisition was performed as follows: one full MS scan over the
range of 200-2200 m/z, followed by three data-dependent MS/MS
scans on the three most abundant ions in the full scan. The data were
analyzed using Spectrum Mill MS Proteomics Workbench Rev
A.03.03.084 SR4, with the following settings: Data Extractor, MH+
200 to 4400 Da; scan range, 0 to 30 min; MS/MS search, Swiss-Prot
database; S. cerevisiae; trypsin; two missed cleavages; oxidized me-
thionine (M), phosphorylated S, T, Y: monoisotopic masses; cutoff
score/expectation value for accepting individual MS/MS spectra, 17;
precursor mass tolerance, =2 Da; and product mass tolerance, £0.8
Da. The lists of putative proteins were obtained by searching against
the Swiss-Prot protein database (updated weekly; last version used
for the analysis was from October 15, 2013), and the number of
protein entries was 526,969.

Purification of Native SEA Complex and Analysis of Its Relative
Stoichiometry—5 to 20 g of cryo-grindate obtained from ySD227
strain (Seal1-ppx-PrA, supplemental Table S1) were used for immu-
nopurification of native SEA complex. 20 mm K/HEPES, pH 7.4, 110
mM KOAc, 300 mm NaCl, 0.1% CHAPS, 2 mm MgCl,, 1 mm DTT,
1/500 protease inhibitors was used as extraction and washing buffer.
The complex was released from magnetic beads by protease diges-
tion through incubation with 1 ug of protease per 1 ug of complex in
extraction buffer (without protease inhibitors) for 1 h at 4 °C. The
recovered sample was centrifuged at 20,000g for 10 min. 100 to 150
ul of supernatant was loaded on top of a 5%-20% sucrose gradient
in a buffer containing 20 mm K/HEPES, pH 7.4, 110 mm KOAc, 150
mm NaCl, 0.01% CHAPS, 0.2 mm MgCl,, 0.1 mm DTT, 1/1000 prote-
ase inhibitors. Gradients were centrifuged on an SW 55 Ti rotor
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(Beckman Coulter) at 35,000 rpm and 5 °C for 6 h. Gradients were
manually unloaded from the top in 12 fractions of 410 wl. Fractions
were precipitated using 90% methanol. Pellets were resuspended in
protein loading buffer, and the proteins were separated in 4-12%
Bis-Tris gels (Novex/LifeTechnologies, Grand Island, NY ) and visu-
alized with Coomassie stain. For stoichiometry, quantification gels
were stained with SYPRO Ruby (Molecular Probes/Life Technologies,
Grand Island, NY) and visualized on an LAS-3000 system (linear
detection range; Fuijifilm). The SEA complex protein band intensities
were measured using ImagedJ software (National Institutes of Health),
with values normalized for protein molecular weight. The copy num-
ber of SEA members was calculated as relative to Seal (the handle
used for the affinity purification). As a control, the same procedure
was applied to affinity-purified Nup84 complex samples showing the
expected 1:1 stoichiometry for all Nup84 complex members (22).

Chemical Cross-linking of the Purified SEA Complex—~10 to 20
ng of the SEA complex purified from ySD227 strain were cleaved off
from the affinity beads via protease treatment (see above) and eluted
in 250 ul of elution buffer. The complex was cross-linked by incuba-
tion with 0.1 mm disuccinimidyl suberate at room temperature for 30
min with constant agitation at 750 rpm and quenched by the addition
of ammonium bicarbonate at a final concentration of 50 mm. The
cross-linked complex was subsequently reduced with 5 mm tris(2-
carboxyethyl)phosphine and alkylated in the dark with 20 mm iodo-
acetamide for 20 min.

Mass Spectrometric Analysis of Cross-linked Peptides— After
cross-linking with disuccinimidyl suberate, the SEA complex was
digested either in-solution or in-gel with trypsin to identify the cross-
linked peptides. For in-solution digestion, ~20 ug of purified complex
was digested with 1 ug of trypsin (Promega) in 1 m urea and ~2%
acetonitrile at 37 °C. After 12 to 16 h of incubation, an additional 0.5
ng of trypsin was added to the digest, which was then incubated for
an additional 4 h. The resulting proteolytic peptide mixture was puri-
fied using a C18 cartridge (Sep-Pak, Waters, Milford, MA), lyophilized,
and fractionated via peptide size exclusion chromatography (23). For
in-gel digestion, ~10 g of purified complex was precipitated by
methanol, resuspended, and heated at 95 °C in 1X SDS loading
buffer. The sample was cooled to room temperature for cysteine
alkylation and separated via electrophoresis in a 4-12% SDS-PAGE
gel. The gel region above ~160 kDa was sliced, crushed into small
pieces, and digested in-gel by trypsin. After extraction and purifica-
tion, the resulting proteolytic peptide mixture was dissolved in 20 ul of
a solution containing 30% acetonitrile and 0.2% formic acid and
fractionated via peptide size exclusion chromatography (Superdex
Peptide PC 3.2/30, GE Healthcare) using off-line HPLC separation
with an autosampler (Agilent Technologies). Three size exclusion
chromatography fractions in the molecular mass range of ~2.5 kDa to
8 kDa were collected and analyzed via LC/MS.

Purified peptides were dissolved in the sample loading buffer (5%
MeOH, 0.2% formic acid) and loaded onto a self-packed PicoFrit®
column with an integrated electrospray ionization emitter tip (360
outer diameter, 75 inner diameter, 15-um tip; New Obijective,
Woburn, MA). The column was packed with 5 cm of reverse-phase
C18 material (3-um porous silica, 200-A pore size, Dr. Maisch GmbH,
Ammerbuch-Entrigen, Germany). Mobile phase A consisted of 0.5%
acetic acid, and mobile phase B of 70% acetonitrile with 0.5% acetic
acid. The peptides were eluted in a 150-min LC gradient (8% B to
46% B, 0-118 min; 46% B to 100% B, 118-139 min; equilibrated with
100% A until 150 min) using an HPLC system (Agilent Technologies)
and analyzed with an LTQ Velos Orbitrap Pro mass spectrometer
(Thermo Fisher). The flow rate was ~200 nl/min. The electron-spray
voltage was set at 1.7-2.2 kV. The capillary temperature was 275 °C,
and ion transmission on Velos S lenses was set at 35%. The instru-
ment was operated in the data-dependent mode, where the top eight

most abundant ions were fragmented by means of higher energy
collisional dissociation (24) (dissociation energy 27-33, 0.1-ms acti-
vation time) and analyzed in the Orbitrap mass analyzer. The target
resolution for MS1 was 60,000, and that for MS2 was 7500. lons
(870-1700 m/z) with charge states of =3 were selected for fragmen-
tation. A dynamic exclusion of 15/2/55 s was used. Other instrumental
parameters included the following: lock mass at 371.1012 Da,
monoisotopic mass selection off, minimal threshold of 5000 to trigger
an MS/MS event, and ion trap accumulation limits of 10° and 109,
respectively, for the linear ion trap and Orbitrap. The maximum ion
injection times for the LTQ and Orbitrap were, respectively, 100 ms
and 500 ms.

The raw data were transformed to Mascot generic format and
searched by pLink software (25) with a database containing se-
quences of the eight protein subunits of SEA complex together with
BSA. Other search parameters included mass accuracy of MS1 = 10
ppm and MS2 = 20 ppm for the initial database search, cysteine
carboxymethylation as a fixed modification, methionine oxidation as a
variable modification, and a maximum of two trypsin miscleavages
allowed. The results were filtered at a 5% false discovery rate, which
led to a total of 295 unique cross-linked peptides. We noticed that
false discovery rate estimation of cross-linking might not have been
accurate (even with a high mass accuracy measurement), presumably
because of the greatly expanded database search space and the fact
that many cross-linked peptides are of low abundance, leading their
identification to be complicated by other low-abundant peptide spe-
cies resulting from, for example, trypsin miscleavages, nonspecific
cleavages, chemically modified peptides, or combinations of these.
We treated the 5% false discovery rate (a default parameter of the
pLink software) as a rough initial filter of the raw data (albeit quite
permissive). Next, we applied additional stringent filters (including
high mass accuracy, large enough individual chain lengths, and ex-
tensive fragmentation information) to remove potential false positive
identifications from our dataset. We applied the following criteria for
verification of cross-linked peptides: (i) only identifications with mass
accuracy = 5 ppm for MS1 and = 10 ppm at MS/MS were consid-
ered, as 94% of the identifications have an MS1 mass accuracy
of =+2 ppm; and (i) for positive identifications, both peptide chains
had to contain at least four amino acids (in 97 % of the identifications,
each peptide chain contained at least five amino acids). For both
peptide chains, the major MS/MS fragmentation peaks had to be
assigned and follow a pattern that contained a continuous stretch of
fragmentations. The appearance of dominant fragment ions N-termi-
nal to proline and C-terminal to aspartic acid and glutamic acid for
arginine-containing peptides was generally expected (26, 27). 188 of
the high-confidence cross-linked peptides (selected from 295 of 5%
false discovery rate—filtered cross-links) passed these criteria and
were used as restraints for determination of the SEA complex archi-
tecture. Thus, we did not allow uncertainty of the cross-linking data
for our integrative modeling approach.

Determination of the SEA Complex Architecture through Integrative
Modeling— Our integrative approach to determining the SEA complex
structure proceeds through four stages (22, 28-31) (Figs. 2 and 3): (i)
gathering of data, (ii) representation of subunits and translation of the
data into spatial restraints, (iii) configurational sampling to produce an
ensemble of models that satisfies the restraints, and (iv) analysis of
the ensemble. The modeling protocol (i.e. Stages 2, 3, and 4) was
scripted using the Python Modeling Interface (https://github.com/
salilab/pmi), version 47dafcc, a library to model macromolecular com-
plexes based on our open source Integrative Modeling Platform pack-
age (http://salilab.org/imp/), version 65734ec (32).

Stage 1: Gathering of Data— The stoichiometry was determined via
biochemical quantitation of the density-gradient purified SEA com-
plex (supplemental Fig. S1). 45 intermolecular and 143 intramolecular
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cross-links were identified via mass spectrometry (Fig. 1C, supple-
mental Table S4). Six composites with wild-type proteins, one com-
posite with a mutant, and 16 composites with domain deletion con-
structs were determined via affinity purification (Figs. 1A and 1B,
supplemental Fig. S2, supplemental Tables S2 and S3). A composite
is a single subcomplex of physically interacting proteins or a mixture
of such complexes overlapping at least at the tagged protein (28). The
atomic structures of Seh1, Sec13, and a homolog of the longin
domains in Npr2 and Npr3 have been previously determined via x-ray
crystallography (PDB codes 3F3F, 2PM7, and 3TW8, respectively)
(14, 15, 33, 34). In addition, putative homologs of known structures
were detected for domains in other SEA components using HHpred
(35) (supplemental Table S5). Domain boundaries, secondary struc-
tures, and disordered regions were predicted by DomPRED (36),
PSIPRED (37), and DISOPRED (38), respectively. A single unit of a
7-blade B-propeller was predicted by SMURF (39) for each N-terminal
domain of Sea2, Sea3, and Sea4.

Stage 2: Representation of Subunits and Translation of the Data
into Spatial Restraints—The domains of the SEA complex compo-
nents were represented by beads of varying sizes, arranged into
either a rigid body or a flexible string of beads, based on the available
crystallographic structures and comparative models (supplemental
Fig. S3, supplemental Table S5). The bead radii were determined
using the statistical relationship between the volume and the number
of residues (28, 40).

To balance computational efficiency with scoring precision in light
of varying data precision, we represented the structures in a multi-
scale fashion. For the cross-link, excluded volume, and composite
restraints, the crystallographic structures of Seh1 and Sec13 were
coarse-grained by representing each consecutive segment of 1, 5,
and 100 residues with a single bead, centered on the center of mass,
respectively. Sequence fragments missing in the crystal structures
were substituted by a single bead or multiple beads of the corre-
sponding size.

For predicted non-disordered domains of the remaining se-
quences, comparative models were built with MODELLER 9.12 (41)
based on the closest known structure detected by HHPred, SMURF
(for the B-propellers), and the literature (for the longin domains in Npr2
and Npr3) (supplemental Fig. S3, supplemental Table S5). 35% of the
residues in the SEA complex were in at least one model. Similarly to
the x-ray structures, the modeled regions were represented in a
multi-scale fashion. To reflect the uncertainties in comparative mod-
eling, including those in the target-template alignment, 5 residues per
bead were used for the cross-link and excluded volume restraints,
and 100 residues per bead were used for the composite restraints.

For each protein, the beads representing a structured region were
kept rigid with respect to each other during configurational sampling.

Regions without a crystallographic structure or a comparative
model (i.e. regions predicted to be disordered or structured without a
known putative homolog) were represented by a flexible string of
large beads corresponding to 100 residues each (supplemental Fig.
S3 and supplemental Table S5), applied to the cross-link, excluded
volume, and composite restraints.

With this representation in hand, we next encoded the spatial
restraints based on the information gathered in Stage 1. First, for each
cross-link, we applied an upper-bound harmonic restraint of 17 A on
the distance between the surfaces of the beads containing the cross-
linked residues. Second, for the cross-links involving Sea4 and Seh1,
which occur in three copies each, we used a conditional restraint (28)
that required that at least one copy of the restrained subunit satisfy
the observed cross-link. Third, for each composite, we applied a
conditional connectivity restraint that ensured the proximity between
the protein types defined by the composite (22). Fourth, the sequence
connectivity restraints enforced proximity between beads represent-

ing consecutive sequence segments; we used a harmonic upper-
bound restraint between consecutive beads to enforce sequence
connectivity. The upper-bound distance D = [\/(5/3)]Rg was determined
using the average radius of gyration, R, = 1.93n%®, of a random coil
polypeptide with n = (n, + n,)/2 residues (42), where n, and n, are the
numbers of residues in the two beads, respectively. Fifth, we applied the
excluded volume restraints to all pairs of beads. Finally, the three-fold
C3 symmetry constraint was imposed separately on the three copies of
Seh1 and Sea4 (see Stage 4). The scoring function is defined as the sum
of all spatial restraints enumerated above.

Stage 3: Sampling the Good Scoring Configurations—Models of
the SEA complex that satisfied all the spatial restraints were obtained
through independent applications of two consecutive stochastic op-
timization runs (initial sampling and refinement), with each application
starting from a different random initial configuration. Metropolis
Monte Carlo enhanced by simulated annealing was used to sample
configurations in both runs. Each Monte Carlo step consisted of
sequential random rotations and random translations of all rigid bod-
ies and all beads. During the initial optimization run, 50,000 models
were produced by saving a configuration every 100 Monte Carlo
steps (supplemental Movie S1); no computationally expensive com-
posite restraints were used in the scoring function. The best-scoring
model from the initial sampling was then refined with the complete
scoring function (including all composite restraints) using the same
sampling algorithm. A final refined model was chosen as the best-
scoring model among the 20,000 refined snapshot models. The entire
two-run procedure was repeated to obtain an ensemble of 885 re-
fined models.

Stage 4: Analysis of the Ensemble—The ensemble of 885 refined
models was analyzed to find a cluster of 340 models that best
satisfied the restraints in terms of subunit configurations, contacts,
and positions.

The ensemble of 885 refined models was first superposed on a
randomly selected model using a rigid body least-squares superposi-
tion. Hierarchical clustering based on the root-mean-square deviation
distance matrix (43) identified a single dominant cluster containing 340
models (supplemental Fig. S4). The average root-mean-square devia-
tions of cluster models from the center of the cluster and all pairs of
models were 61.7 and 67.9 A, respectively. Random subsets of 10% of
the 885 refined models also form a single dominant cluster with the
average root-mean-square deviations from the center of the cluster of
60 to 67 A. Thus, the precision of the ensemble did not significantly
change even if only a small fraction of the good-scoring solutions was
used, demonstrating that our optimization procedure is likely to have
exhaustively sampled the set of possible solutions, given the data. The
variability in the ensemble of good-scoring structures reflects the het-
erogeneity (e.g. flexibility) of the sample, as well as the lack of informa-
tion from which to determine a highly precise structure.

Next, the proximities of any two residues in the structure were
measured based on their relative contact frequency, which was defined
by how often the two residues contacted each other in the cluster of the
340 models (28, 29). A contact between a pair of residues was defined
as an instance when their corresponding bead surfaces were less than
30A apart (Fig. 3B). The biochemical data, including the cross-links (red
dots in Fig. 3B) and protein and domain interactions, were well satisfied
by the 340 models, as demonstrated by the match of these datasets
and the contact frequency map in Fig. 3B.

The superposed structures in the cluster of the 340 models were
then converted into the probability of any volume element being
occupied by a given protein (that is, the “localization probability”) (22,
28, 29) (Fig. 3A). The spread around the maximum localization prob-
ability of each protein describes how precisely its position was de-
fined by the input data. The positions that have a single narrow
maximum in their probability distribution in the ensemble were deter-
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mined most precisely. When multiple maxima are present in the
distribution at the precision of interest, the input restraints are insuf-
ficient to define the single native state of that protein (or there are
multiple native states) (28, 29). The localization of each SEA complex
protein is defined by a density map, contoured at the threshold that
results in 1.5 times its volume estimated from sequence (supplemen-
tal Table S6).

The stoichiometry used in the construction of the molecular archi-
tecture is further supported by our inability to find structures that
satisfy all the data assuming the other stoichiometries, including a
single copy of Sea4 and Seh1 (supplemental Fig. S5). For example,
three (off-diagonal intramolecular) cross-link pairs of Sea4 (441)-Sea4
(859), Sea4 (606)-Sea4 (864), and Sea4 (606)-Sea4 (922) could only be
satisfied when assigned to different copies of Sea4, resulting in
proximities between Sea4.1 and Sea4.2, Sea4.1 and Sea4.3, and
Sea4.2 and Sea4.3 (Fig. 3B and supplemental Fig. S5). We did not
computationally explore either 1:2 or 2:3 stoichiometries for Sea3.
The molecular weights of the SEA complex calculated by assuming
these stoichiometries (supplemental Table S7) were not in agreement
with the molecular weight of ~1 MDa estimated experimentally (11).

The C3 symmetry constraints on the three copies of Sea4 and
Seh1 each were supported by their approximate C3 symmetries in
a molecular architecture computed without any symmetry con-
straints (data not shown). As a result, we imposed symmetry con-
straints in an effort to increase the precision of the final molecular
architecture. We note that similar proteins in evolutionarily related
COPI and COPIl complexes are also arranged in various symmetric
configurations (44, 45).

Autophagy Analysis—To test autophagy, wild-type and various de-
letion strains of the SEA complex members were transformed with a
plasmid coding for GFP-ATGS8, grown in drop-out media without uracil
until mid-log phase and shifted to synthetic media lacking nitrogen.
Samples were taken at between 45 min and 20 h of starvation, and
whole cell lysates were prepared and used for Western blotting with
anti-GFP and anti-PGK1 antibodies. Microscope observations were
performed after 20 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 were obtained on
a custom confocal microscope comprising a Leica TCS SpE with a X63
ON 1,3 oil objective and a 491-nm solid-state laser. All components
were driven by Leica software (LAS AF).

RESULTS

Structural Analyses and Molecular Architecture of the SEA
Complex—To further test our initial observation that the oc-
tameric SEA complex exists as a discrete assembly (11), we
performed sucrose gradient fractionation of the affinity-puri-
fied complex. Our results demonstrate that all the proteins of
the SEA complex migrated primarily as a single entity of ~1
MDa (Fig. 1, lane 2; supplemental Fig. S1). We also analyzed
the relative stoichiometry of the isolated complex through
quantification of SDS-PAGE separated protein bands. Our
results were consistent with the complex being formed by one
copy of each component except for Sea4 and Seh1, which
were each present in approximately three copies per complex
(supplemental Fig. S1).

Next, we used several approaches to obtain detailed infor-
mation about the organization of the SEA complex (Fig. 1,
supplemental Figs. S1 and S2, supplemental Tables S1-S4):
(a) fractionation of affinity-purified complexes by sucrose ve-
locity gradients (Fig. 1A (lane 2), supplemental Fig. S1); (b)

isolation of components from strains in which another protein
of the SEA complex was deleted (Fig. 1A, lanes 3, 4, 12, 13,
and 18-20); (c) purification of C-terminal truncated versions of
a given SEA component (Fig. 1A, lanes 5, 7, 10, 14-16, 21,
and 22); (d) application of extraction buffers of increasing
stringency to purify only the most tightly connected proteins
(Fig. 1A; compare lanes 14 and 15, 18 and 19); and (e) chem-
ical cross-linking in combination with mass spectrometry to
identify adjacent lysine residues from different components
(Fig. 1C, supplemental Table S4) (23, 46-48). For Seal, Sea2,
Sea3, and Sea4, we also performed affinity purifications from
diploid (in addition to haploid) strains to detect an untagged
copy, which can indicate a potential homotypic interaction.
For both Seal and Sea4, an untagged copy was indeed
identified (supplemental Fig. S2, lanes 1 and 6).

We then computed the molecular architecture of the SEA
complex (Figs. 2 and 3, supplemental Movie S1) by fitting a
structural representation of the SEA complex to the various
biochemical and proteomic data described above (Fig. 1,
supplemental Fig. S1, supplemental Tables S3 and S4). The
resulting configuration of SEA proteins is shown as a density
map that is sufficiently precise to pinpoint the locations, but
generally not orientations, of the component proteins (Fig. 3A
and supplemental Movie S2). This configuration satisfies the
data used to compute it, including stoichiometry, chemical
cross-links (red dots in Fig. 3B and supplemental Fig. S6)
within a distance of 30 A (supplemental Table S8), and protein
and domain interactions from affinity purification (see the
contact frequency pattern in Fig. 3B). No alternative solutions
satisfying all the data were found.

The model reveals that the SEA complex consists of two
structurally distinct and physically connected subcomplexes.
The first subcomplex is composed of Seal, Npr3, and Npr2
and corresponds to SEACIT (Figs. 1A (lane 14), 3A, and 3B).
Npr2 is proximal to Sea1, and both Npr3 and Sea1l are prox-
imal to the N-terminal domain of Sea3 (Figs. 1A (lanes 4,
14-16), 1C, 3A, and 3B). The position of Npr2 within the SEA
complex was determined at relatively low precision, mainly
because of the lack of proximity and contact data for Npr2.
Indeed, Npr2 was restrained by a single intermolecular cross-
link of Seal (562)-Npr2 (562) (supplemental Table S4) and a
domain interaction of Npr3—Npr2 (1-496) (Fig. 1A, lane 7). The
uncertainty in Npr2, however, does not affect the uncertainty
in the remaining parts of the structure.

The second subcomplex is composed of Sea2, Sea3, Sead,
Seh1, and Sec13 and corresponds to SEACAT. Immunopre-
cipitations, cross-linking analysis, and the molecular architec-
ture all confirm that Sec13, Sea3, Seh1, Sea4, and Sea2 are in
close proximity to one another (Figs. 1A (lanes 13 and 20), 1C,
and 3A). Sec13 requires the presence of Sead to interact with
the rest of the complex, suggesting that these two proteins
can form a dimer (Figs. 1A, 3A, and 3B), similar to the Sea4/
Seh1 dimer (11). Moreover, the Sea3/Sec13 and Sea4/Seh1
dimers interact with each other (Figs. 1A (lane 12), 3A, and

Molecular & Cellular Proteomics 13.11

2859


http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1

SEA Complex Architecture and Function in the TORC1 Pathway

A B

Y pms Py
SEE3SEYS
SEA1 NPR2 NPR3  SEA2 SEA3 SEA4 . 537 [V
SEA1WT(#1) 5 o
v g g a g 4 < < 4 H
- = E P E I g = = § - < E § § § - 2 2 E E § SEA1G (#2) H T P D RARIRIRS
W e 8 2 82 EI B B I B Hs I X2 Eouwouysg Il s : ¢==eacac
"R I . SEAT, SEA4A (#4) H PPN
A ™ . . . . .. R H
==t =t : : el = L HISH SEA1(1-537) (#5 : Beocooooo
= | =B q =Ty B e N E (1-537) (#9) :
e
|e (8
| B « B : BB . . NPR2,WT (#6) 1 .01 5o olodenn
! NPR2(1-496) (#7) : 5o BBD oD
Pl ] - e < § —y e e e
w [, B, 3 . < .. N H-R=f . : s
“ { | NPR3, WT (#8) RN
” - - . .
M #2 #3 #4 #5  #6  #T #8#9 #10 #11 #12 #13 #14 #15 #16 #1T  #18 #19 #20 #21 #22 SEAZWT (49) 1 1099 1341 o o -
s1 s1 s S2 SEA2 (1-1099) (#10) P L +
s1 s1 st N3,S1 S1 s1 s1 81 s1 st
s2  s2 s2 s2  S3S2 S3  S3S2 s2  s2 s2
N3 N3 N3 N3 N3 N3 N3 N3 N3 N3  N3,54S4 S4 S4 S4 S4 1 400 509 1148
s3  s3 s3 s3 s3 s3  s3 3 s3 s3 SEA3WT (#11) H At
s4 sS4 s4 sS4 s4  s4 sS4 s4  s4 SEA3, SEA2A (#12) i T T
st NPRZ o SEA3, NPR3A (#13) : S a4t
NPR2 NPR2 NPR2 NPR2 NPR2 NPR2 _ NPR2 NPR2 SEAS(1-400) (#14) H 5
IgG 1gG  IgG 19G 19G 196 1g6 3 5% 196 1gG 1gG I1gG IgG IgG IgG SEAB(1-400) (#15) ] e o
SEH1 SEH1 SEH1 SEH1 SEH1 SEH1 SEH1 SEH1 SEH1 SEH1 SEHISEHISEHT  SEH1  gra;gog) (#16) . H o ol .
SEC13SEC13  SEC13 SEC13SEC13 SEC13 SEC13 SEC13 SEC13 SEC13 SEC13 SEC13 SEC13
SEALW (#17) 489380 930 1058 O
SEA4, SEA3A (#18) i e 44
SEA4, SEA3A (#19) HH A
c NPR2 SEA4, NPR3A (#20) i s
9] SEAA4(1-498) (#21) ¢ H S
SEA4(1-589) (#SF2) : H e e e
SEA4(1-930) (#22) ¢ S o oo oo
SEA1
("] ] D
107:
SEA2 K?Sj P(YfNjG V(L[T(H(W ﬁEIN (NE(F(G EfE(K
= 006 __@g] Le 20 9] ‘
ql|y|ijajc|aN|c K[QN(I(N(T(P(R  SEA3(1072)-SEA4(885
NPR3 Yv)iejejalije KRIMTR(R - seasorsseniees)
75088
SEA3 100 v2 y19% rosei]”
Ams2=3ppm 3 ’i"f“
\ SEA4 ¥
yire miz
3 y122+ 192
~ c
S g Am=12.076 Da
~<__ 2
3
< z=5 =5
g / .d.l MLAﬂ
K
& ol L ‘ Mu
963 95 Mz
SEH1 SEC13 y1o
1 400 800 1200 1600 2000 2400 2800 3200 3600 4000
bbbl bbb ddeeedeee bbb b leggbageo b dee b,

Amino acid “ruler”

m/z

Fic. 1. Identification of SEA complex interconnectivity and domain interaction by immunoprecipitation and chemical cross-linking.
A, immunoprecipitation of Protein A (PrA) tagged proteins (indicated and underlined on the top of the gel lanes) was performed as described
under “Experimental Procedures.” SEA complex proteins and their partners were resolved via SDS-PAGE and visualized with Coomassie Blue
staining. Proteins identified via mass spectrometry are marked by solid circles at the right of the gel lane and are listed in order below (S1 =
Seal, S2 = Sea2, S3 = Sea3, S4 = Sea4, N3 = Npr3). PrA tagged proteins are indicated in red, co-purifying proteins in black, and IgG
contaminant in gray. Shown are only members of the SEA complex. For the complete set of co-purifying proteins in lanes 6, 8, 12, 18, and 20,
see supplemental Fig. S2 and supplemental Table S3. The identity of a truncated protein (in amino acid residues) or deleted SEA member is
indicated on the top of the gel lane. WT, wild type; Sea1G (lane 2) is a fraction from the sucrose gradient gel (supplemental Fig. S1). Each
individual gel image was differentially scaled along its length so that its molecular mass standards aligned to a single reference set of molecular
mass standards. Contrast was adjusted to improve visibility. All original gel figures are available upon request. B, co-purification profile of
different SEA deletion and truncation strains. Horizontal gray lines represent the number of amino acid residues in each protein; amino acid
residue positions are shown on top of the lines. Co-purifying SEA complex proteins are indicated by “+,” and missing proteins by “—.” The
Seal, Npr2, and Npr3 proteins are colored in blue; others are in yellow. C, summary of identified interprotein cross-links of the SEA complex,
generated using AUTOCAD (Autodesk INC., educational version). A representative high-resolution MS/MS spectrum of a cross-linked peptide
connecting two different proteins (inter-cross-link) of the SEA complex is shown on the right. An example MS spectra is shown in which the
cross-linking site Sea3(1072)-Sea4(885) is unambiguously identified.

3B). The interactions among Sea2, Sea3/Sec13, and Sead4/ other (Figs. 1A (lanes 10, 16, and 22) and 3B). Sea3 can be
Seh1 strongly depend on the C-terminal RING domains of Sea2,  cross-linked with all other members of the SEA complex except
Sea3, and Sead (Figs. 3D and 3E), because RING domain Npr2 and appears to be an interacting hub within the complex
deletion constructs of these proteins do not interact with each  (Figs. 1C and 3A). Npr2 and Sea2 can easily dissociate from the
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Fic. 2. The four-stage scheme for integrative structure determination of the SEA complex. Our integrative approach proceeds through
four stages (22, 28-31): (i) gathering of data, (i) representation of subunits and translation of data into spatial restraints, (i) configurational
sampling to produce an ensemble of models that satisfy the restraints, and (iv) analysis and assessment of the ensemble. The modeling
protocol (i.e. Stages 2, 3, and 4) was scripted using the Python Modeling Interface, version 47dafcc, a library to model macromolecular
complexes based on our open source Integrative Modeling Platform package, version 65734ec (32).

complex, especially under stringent extraction conditions (Figs.
1A (lanes 15 and 19) and supplemental Fig. S1), consistent with
a more peripheral localization in the complex. Seh1, Sec13, and
the N termini of Sea4 and Sea2 seem to form a large cluster of
B-propeller domains in the molecular architecture (Figs. 3C-3E).
Similar arrangements of B-propeller domains have been de-
scribed at the vertex of the evolutionarily related complexes
COPI and CORPII (44).

In summary, we have described here the molecular archi-
tecture of the yeast SEA complex. The structure was deter-
mined via an integrative approach based on interactions be-
tween proteins and domains obtained via affinity purification
and residue-specific cross-links from chemical cross-linking
and mass spectrometry. Most of the affinity purification data
are consistent with the cross-linking data. However, these
data are not redundant but, rather, complementary: first, a
composite of multiple subunits implies a longer-range spatial
restraint than a cross-link, which always restrains only two

subunits; second, a cross-link may be observed when a co-
purification is not, and vice versa—for example, although
Npr2 and Npr3 co-purified, we could not obtain any high-
confidence cross-links between these two subunits. The avail-
able data were sufficient to determine the molecular architec-
ture of SEA, even in the absence of electron microscopy and/or
small-angle X-ray scattering (SAXS) data for the entire complex
or its individual components. However, if this additional infor-
mation were available, it would undoubtedly further improve the
precision and accuracy of our structure. Finally, our integrative
modeling approach could be used to study any conformational
or compositional changes larger than the precision of the solu-
tion ensemble; importantly, however, chemical cross-linking ex-
periments need to be feasible under the conditions that trigger
the change.

The SEA Complex Interacts with Mitochondria, the v-
ATPase, and TORC1—We also explored a wide variety of
affinity capture conditions to survey the interactome of the
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Fic. 3. Molecular architecture and contact frequency of the SEA complex. A, the molecular architecture of the SEA complex was
obtained through integrative modeling based on various biochemical data (Fig. 2). The localization of each SEA complex protein is defined by
a density map, contoured here at the threshold that results in 1.5 times its volume estimated from sequence (supplemental Table S6). Three
copies of Seh1 and Sea4 were included in the complex, based on the stoichiometry data, with a symmetry constraint applied to increase the
model ensemble precision. Npr2 was localized with relatively low precision, indicated by a mesh. The approximate dimensions of the SEA
complex are 200 A x 200 A x 275 A. B, the proximities of any two residues in the molecular architecture were measured by their relative
contact frequency. A contact between a pair of residues was defined as an instance when their corresponding bead surfaces were less than
30 A from each other. Cross-links are plotted as red dots, and the residue contact frequency is indicated by a color ranging from white (0) to
dark blue (1). Each box contains the contact frequency between the corresponding pair of SEA complex proteins. C-F, Although the x-ray
structures of Seh1 and Sec13 (C) and comparative models of Sea2 and Sea3 (D), Sea4 and Npr3 (E), and Seal and Npr2 (F) are placed inside

the density map, their orientations are arbitrary; for contrast, other SEA complex proteins are shown as faint meshes.

SEA complex beyond its immediate core components (Fig.
4A, supplemental Fig. S2, supplemental Tables S2 and S83).
We noticed that a number of mitochondrial proteins co-puri-
fied with the SEA complex (Fig. 4A and supplemental Fig. S2).
This was especially evident for Sea1-PrA when purified with a
new variant of our standard extraction buffer (supplemental
Fig. S2, lane 2). In this case, mitochondrial membrane com-
ponents represented the majority of precipitated proteins,
including members of the inner membrane of F,F, ATPase
(Atp1, Atp2), the 1.2-MDa prohibitin ring (Phb1, Phb2), the
cytochrome bc1 complex (Cor1, Qcr2, Cyt1, Rip1, Qcr7), and
the cytochrome c oxidase complex (Cox4, Cox5a), Pet9 and a
major protein of the mitochondrial outer membrane, Por1. In
other affinity purifications we also found mitochondrial pro-
teins Mss116, Mgm1, Mir1, Rim1, and Gpm1 (supplemental

Fig. S2). Mitochondrial proteins are often considered as con-
taminants during immunoprecipitation experiments. Over the
years we have performed a large number of affinity purifica-
tions with all necessary controls, which has allowed us (as
well as other groups doing similar studies) to establish a
common list of contaminants typical for such experiments (28,
49-52). Many mitochondrial proteins mentioned above do not
belong to the list of common contaminants (e.g. prohibitins).,
and porin1, which is indeed often considered as a contami-
nant, can be seen in only a few immunoprecipitations (see, for
example, supplemental Fig. S2, lane 2).

Among co-purifying proteins, we found proteins belonging
to two complexes associated with the vacuole membrane.
The first were members of the V-ATPase complex: Vmai,
Vma2, Vma6, and Vph1 (Fig. 4A, supplemental Fig. S2, sup-
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Fic. 4. SEA complex is involved in the regulation of the TORC1 pathway. A, the yeast SEA complex physically interacts with the TORC1
complex. Sea2-PrA was immunoprecipitated as described under “Experimental Procedures.” Co-precipitating proteins were resolved via
SDS-PAGE, visualized with Coomassie Blue stain, and identified via mass spectrometry (supplemental Tables S2 and S3). SEA complex
members are marked in blue, TORC1 members in orange, mitochondria proteins in green, proteins involved in ribosome biogenesis and
translation in blue, contaminants in gray, and others in pink. B, deletions of Sea1, Npr2, and Npr3 provoked Tor1 relocalization to the cytoplasm
during nitrogen starvation. The localization of Tor1-GFP was followed by light fluorescence microscopy in wild-type and deletion strains of
indicated SEA complex members, either in synthetic complete (SC) medium or in synthetic media lacking nitrogen SD-N, (nitrogen starvation).
Observations were made for the strains grown in YPD or subjected to nitrogen starvation. C, the “vacuole-to-cytoplasm” GFP signal ratio was

calculated for 25 cells in each strain shown in B.

plemental Table S3). Interestingly, under certain conditions,
the amount of Vph1 appeared to be almost stoichiometric
with amounts of other members of the SEA complex (Fig. 4A,
supplemental Fig. S2, supplemental Table S3). We also found
the dynamin-like GTPase Vps1, involved in trafficking from the
late endosome to the vacuole and required for vacuole frag-
mentation (53, 54). The components of the second complex
were members of the TORC1: Tor1, Kog1, and Lst8 (Fig. 4A,
supplemental Fig. S2, supplemental Table S3). Interestingly,
TORC1 was not present when the purifications were per-
formed with Npr2-PrA or Npr3-PrA (supplemental Fig. S2,
supplemental Table S3). In contrast, TORC1 was almost al-

ways detected when Sea2 was present in the purifications
(Fig. 4A, supplemental Fig. S2, supplemental Table S3).

The SEA Complex Functionally Interacts with TORC1—To
confirm the physiological relevance of the detected interac-
tions, we next examined whether the localization and activity
of Tor1 kinase were affected in deletion mutants of the SEA
complex (Figs. 4B and 4C). We followed the localization of
Tor1-GFP in wild-type cells and in deletion mutants of SEAT,
NPR2, and NPR3. In agreement with previous observations (6,
55, 56), Tor1-GFP was localized to the vacuole membrane in
wild-type cells, in both rich (YPD) and nitrogen-free media.
Although Tor1-GFP also localized to the vacuole in the dele-

Molecular & Cellular Proteomics 13.11

2863


http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1
http://www.mcponline.org/cgi/content/full/M114.039388/DC1

SEA Complex Architecture and Function in the TORC1 Pathway

A

SEA1A SEA1ASEA2A SEA1ASEA3A SEA1ASEA4A SEA1ANPR3A NPR2ANPR3A
GFP-ATG8
DIC
B ) S © S S o 6 0. S0 o S
Tmin) o ¥ &P AW PP P o 2 PR PRV Q¥ N
GFP-ATGS S —_ - ————
GFP R e e —— e oo - - e R -
PGK1 S ————— e s e . — -
C D
100 7.0 1
< 6.0 1 —WT
= )
B3 80 =——WT E V ===SEA1A
vt ===SEA1A ~:' 5.0 1 SEA1A/SEA2A
|.T=. &0 —=SEA1AISEA2A S 40 ==—SEA1A/SEA3A
o ——SEA1A/SEA3A ‘g’ : ——SEA1A/SEA4A
> ——SEA1A/SEA4A S 30 A / SEA1A/NPR3A
S 40 SEA1A/INPR3A £ y NPR2ANPR3/A
) NPR2A/NPR3A O 207 Y
=3 = — s— .
: , < w0~
0 r v - i ! » Time (h) 0.0 r r - i ! » Time (h)
0 1 2 3 20 0 1 2 3 20

Fic. 5. Sea1 is involved in the regulation of general autophagy.

A, wild-type and indicated deletion strains transformed with a plasmid

expressing GFP-ATG8 were subjected to nitrogen starvation as described under “Experimental Procedures” and examined under a fluorescent
microscope after 20 h of starvation. Scale bar = 5 um. B, strains were grown as in A. Samples were taken at the indicated time points and
analyzed via Western blotting with anti-GFP or anti-PGK1 antibodies. C, autophagic flux was calculated as a ratio (percentage) of free GFP to
total GFP signal (combined free GFP and GFP-ATGS) in the corresponding Western blots from B. D, to estimate autophagic induction, the total
GFP signal was normalized to the PGK1 signal. Normalized values at time point 0 were set as 1.

tion strains when grown in YPD (Figs. 4B and 4C), in all three
mutant strains, after 20 h of nitrogen starvation, Tor1-GFP
was no longer found at the vacuole membrane; instead it was
dispersed in the cytoplasm, where it concentrated in distinct
foci (this was especially obvious upon NPR2 deletion).

Seat Is Required for General Autophagy and Maintenance
of Vacuole Integrity during Nitrogen Deprivation—One of the
consequences of TORC1 inhibition is the induction of au-
tophagy (1). We and others have previously shown that dele-
tions of Npr2 and Npr3 cause defects in both general and
specific forms of autophagy, whereas deletions of Sea2-Sea4
do not have significant effects (11, 18, 20). However, the role
of Seal in autophagy was not explored in detail. To determine
whether Sea1 is required for general autophagy, we followed
maturation and localization of the autophagy marker GFP-
ATGS in various SEA1 deletion strains (57), with GFP local-
ization monitored via fluorescence microscopy (Fig. 5A). Au-

tophagic induction (indicated by an increase of total GFP
signal over time) and flux (indicated by a change in the ratio of
free GFP to total GFP signal over time) were monitored with
Western blots (Figs. 5B and 5C). As has been previously
observed in Npr2 and Npr3 mutants (11, 18), both induction
and flux were decreased in all strains carrying deletions of the
SEAT1 gene (Fig. 5). However, the SEAT deletions appeared to
have consequences beyond defects in autophagic induction
and flux, because we also observed significant vacuolar frag-
mentation (Fig. 5A) in SEAT mutants subjected to nitrogen
starvation. Vacuole fission in these strains is specifically stim-
ulated by nitrogen deprivation, as deletion mutants grown in
YPD have non-fragmented vacuoles (11).

Yeast vacuoles adjust their morphology in response to en-
vironmental stresses through fusion and fission. When TORC1
is inactivated by rapamycin or during nutrition restriction,
vacuoles fuse into a single organelle to facilitate the degrada-
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tion of materials delivered via autophagy (58). Because Seal,
Npr2, and Npr3 are involved in TORC1 inhibition upon nitro-
gen starvation (10, 11, 17), one might expect that their dele-
tion would inhibit vacuolar fusion. Indeed, in sea’A and
npr2A/npr3A cells, vacuolar fusion was strongly inhibited
upon nitrogen starvation (Fig. 5A). Interestingly, in sealA/
sea3A and sealA/sea4A strains, we observed two cell popu-
lations: one showing fragmented vacuoles with GFP signal
concentrated in the vacuoles, and a second one showing
single-lobed vacuoles with GFP signal concentrated in the
cytoplasm. Nevertheless, taken together these data remain
consistent with the idea that Seal, Npr2, and Npr3 work in
synergy to maintain effective autophagy and vacuole integrity.

TORCT1 Inhibition Changes the Stability of SEA Complex
Members—Because the SEA complex regulates TORC1 ac-
tivity and localization, it is necessary to follow the behavior of
the SEA complex when cells are subjected to nitrogen star-
vation or treated with rapamycin, two conditions that inhibit
Tor1 kinase and induce autophagy (Fig. 6). The stability of
SEA components is altered upon TORC1 inactivation, in a
manner dependent upon the mode of TORC1 inhibition. In
general, after 20 h of incubation the majority of SEA complex
members were still detectable in the cells subjected to nitro-
gen starvation, whereas their amount was largely decreased
in the rapamycin-treated cells (Figs. 6A and 6B). For example,
Sea?2 and Npr2 were completely degraded after 20 h of rapa-
mycin treatment, whereas the amounts of these proteins were
stable or marginally increased after 20 h of nitrogen depriva-
tion. Likewise, Sea4 and Seh1 levels were constant during the
whole period of nitrogen starvation but were significantly de-
creased after 20 h of rapamycin treatment.

The level of Npr3 was already significantly decreased after
1 h of either treatment. The degradation of Npr3 during nitro-
gen starvation is probably induced by some posttranslational
modifications, because after 1 h of starvation we could detect
a higher migrating band on a Western blot that disappeared
after prolonged starvation. Importantly, deletions of SEAT,
SEA2, SEA3, or SEA4 increased Npr3 stability (Fig. 6C), indi-
cating that these SEA members might participate in Npr3
degradation.

DISCUSSION

Molecular Architecture of the SEA Complex—It has been
suggested that the SEA proteins are divided between two
distinct complexes (termed GATOR1 and GATOR?2 in verte-
brates and SEACIT and SEACAT in yeast) (17, 19, 21). We
show here that the yeast SEA proteins form a single complex,
the SEA complex, albeit composed of two structurally and
functionally distinct subcomplexes that are intimately con-
nected to each other and perform complementary functions
(Figs. 1, 3, and 7). Thus, one end of the SEA complex is made
of the Seal1/Npr2/Npr3 trimer (SEACIT), involved in TORC1
inhibition, and the other end, composed of Sea2/Sea3/Sea4/
Seh1/Sec13 (SEACAT), is involved in TORC1 activation.

The members of the first subcomplex contain motifs found
in GAPs and GEFs, which regulate GTPases. Seal has been
shown to be a GAP for Gtr1 (17), and both Npr2 and Npr3
possess longin domains, found in various GEFs, though GEF
activity has not yet been demonstrated for these two proteins
(14-16). In mammals the homolog of SEACIT exhibits GAP
activity toward RagA (21), though in this case an enzymatic
activity for individual proteins was not determined. In addition,
it is also unclear whether yeast SEACIT can have GEF or GAP
activity, or both (17). The GAP (Seal) and the GEF (Vam6) for
Gtr1 have been identified (6, 17), but there is no information
about equivalent factors for Gtr2. Intriguingly, the Vam6 pro-
tein, also called Vps39, is a member of the HOPS tethering
complex and is structurally very similar to Sea4. It remains to
be determined whether Sea4 has GEF activity.

The members of the second subcomplex (Seh1, Sec13, and
the N termini of Sea4 and Sea2) form a large B-propeller
cluster (13) that may serve as a structural platform for the
multiple functions of the SEA complex. At the same time the
N-terminal B-propeller domain of Sea3 connects the SEACAT
to the Seal/Npr2/Npr3 subcomplex. The C-terminal part of
Sea3, which contains a RING domain, interacts with the C-
terminal RING domains of Sea2 and Sea4. This RING domain
interaction seems to be crucial to maintain the contacts
among Sea?2, Sea3, and Sea4 and the rest of the SEA com-
plex, because in the absence of these domains, Sea2 is no
longer connected to the complex and Sea4 interacts only with
Seh1. In contrast, in the absence of the Sea3 RING domain,
the N-terminal part of the protein still interacts with Sea1/
Npr2/Npr3. Given the overall conservation of components of
the complex in humans (11, 21), we expect that the structure
of the human SEA complex will closely resemble that of the
yeast SEA complex.

The structural organization of the TORC1 pathway compo-
nents indicates that the TORC1 network is another example of
an evolutionary connection among the different complexes
involved in the control of intracellular membrane trafficking
systems (59). The TORC1 interactome at the yeast vacuolar
membrane (Fig. 7) includes EGO, HOPS, and SEA complexes.
All these assemblies are enriched in proteins containing
B-propellers and a-solenoid-like folds, characteristic folds of
membrane-coating systems such as clathrin, COPI, COPII,
and the nuclear pore complex (11, 60-63). In addition, RING,
DEP, and longin domains appear as novel structural elements
essential for TORC1 signaling. In this context the SEA com-
plex emerges as a platform that can coordinate both struc-
tural and enzymatic activities necessary for the effective func-
tioning of the TORC1. We suggest, based on its structural
composition (similar to those of known membrane coating
complexes), molecular architecture, dynamic localization, and
functional associations, that the SEACAT subcomplex forms a
membrane-associated scaffold for TORC1 activation. In con-
trast, SEACIT apparently represents a regulatory subcomplex
that participates in TORC1 inhibition. GAP activity was dem-
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Fic. 6. Stability of SEA complex components during nitrogen starvation and rapamycin treatment. A, yeast cells carrying a SEA
member tagged with GFP were subjected to nitrogen starvation or rapamycin treatment (20 nm final concentration). Samples were collected
at indicated time points, and whole cell extracts were prepared and analyzed via Western blotting with anti-GFP or anti-PGK1 antibodies. Error
bars represent the standard deviation in three independent experiments. B, the protein level in arbitrary units (AU) was calculated by
normalizing the GFP signal to the corresponding PGK1 signal from blots shown in A. The signal at time 0 was set at 1. C, the protein level of
Npr3-GFP in indicated deletion strains subjected to rapamycin treatment at different time points was calculated as in B and is represented as
a graph. Error bars represent the standard deviation in three independent experiments.
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@ @ SEACAT

V-ATPase

Fic. 7. An overview of the proposed SEA complex activities and interactions. The SEA complex is situated at the vacuole membrane and
interacts with V-ATPase, mitochondria, and TORC1 (straight blue arrows). The SEA complex possesses GAP activity (curved blue arrow)
toward another TORC1 regulator, the EGO complex. Both SEA and EGO act upstream of the TORC1 (curved red arrows).

onstrated for the SEACIT component Seal (17), and a puta-
tive GEF activity was suggested for Npr2 and Npr3 (16). Thus,
remarkably, the two connected subcomplexes of the SEA
complex have opposite activities: one activates TORC1,
whereas the other one suppresses it (17, 19, 21). The physical
interaction between these subcomplexes might provide an
opportunity for additional regulation of this major cellular sig-
naling pathway.

The SEA Complex Is a Major Regulator of the TORC1 Path-
way—The role of the SEA complex in TORC1 regulation
seems to be quite elaborate; it is possible that it assesses
various cellular and metabolic states and integrates them into
concerted signals regulating TORC1 (Fig. 7). We show here
that the SEA complex physically interacts with TORC1 (Fig. 4).
Deletions of SEA1, NPR2, or NPR3 during nitrogen starvation
caused dramatic relocalization of the Tor1 kinase to the
cytoplasm, where it accumulated in distinct foci. Recently,
TORC1 sequestration in cytoplasmic stress granules was
demonstrated for yeast cells exposed to heat stress (64).
Therefore, TORC1 response to stresses involves not only
changes in its enzymatic activity, but also alterations in its
location. Given the structural and evolutionary relationships of
the SEA complex with the coating and tethering assemblies
(11), it is conceivable that the SEA complex helps maintain
TORCH1 at the vacuole membrane during nitrogen starvation.
In turn, the SEA complex also seems to be subjected to
regulation by the TORC1 signaling pathway, as both nitrogen

starvation and rapamycin treatment influenced the stability of
particular SEA complex components (Fig. 6).

TORC1 signaling regulates a variety of cellular processes,
including autophagy. Because SEACIT inhibits TORC1 signal-
ing, deletion of SEACIT components results in hyperactive
TORCH1, and therefore suppresses autophagy (Fig. 5) (11, 12,
18, 20). Deletion of SEAT or double deletion of NPR2 and
NPR3 also results in inhibition of vacuolar fusion upon nitro-
gen starvation. Autophagic defects are not commonly asso-
ciated with such inhibition; however, a recent study reported
that inactivation of TORC1 during nitrogen deprivation, and
therefore induction of autophagy, promotes vacuolar coales-
cence (58). These data are in agreement with our results
showing that deletions of Sea1/Npr2/Npr3 maintained TORC1
activity during starvation and in turn led to increased vacuolar
fragmentation and defects in autophagy. Thus, we have dem-
onstrated that upstream TORC1 signaling controls vacuolar
fusion and fission events. Apart from TORC1, vacuolar fission
requires the activity of various factors, including the dynamin-
like GTPase Vps1 (563) and the vacuole protein pump V-
ATPase (65). Remarkably, our proteomic survey revealed that
the SEA complex interacted not only with TORC1, but also
with Vps1 and V-ATPase (supplemental Fig. S2). Thus, our
results identify the SEA complex as a new component in-
volved in the maintenance of vacuole integrity.

The characterization of the SEA complex as a novel major
regulator of the TORC1 pathway might open new avenues in
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the study of the role of TORC1 signaling in disease and
development. Various mutations of Nprl2 have been detected
in different tumors, including lung cancer (66) and hepatocel-
lular carcinoma (67). Nprl2 and Depdc5 (the human homolog
of Seal) are also deregulated in ovarian cancers and glioblas-
tomas (21, 68). In addition, loss-of-function mutation in
DEPDCS5 has been detected in individuals with familial local
epilepsy (69, 70). Mice in which a promoter of the NPRL3 gene
has been deleted die in late gestation, often with severe
cardiac defects (71). Finally, Drosophila homologs of Seh1
and Sea4 (Mio) are required for fly oogenesis (72), and Nprl2
and Nprl3 are essential for female fertility during nitrogen
starvation (73). We anticipate that our structural and functional
characterization of the SEA complex will offer a valuable
framework for understanding the defects leading to these
various diseases.
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