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The SEA complex (SEAC) is agrowth regulator that acts as a GTPase-activating
protein (GAP) towards Gtrl, a Rag GTPase that relays nutrient status to the Target of
Rapamycin Complex1(TORC1) inyeast’. Functionally, the SEAC has been divided into
two subcomplexes: SEACIT, which has GAP activity and inhibits TORC1, and SEACAT,

which regulates SEACITZ This system is conserved in mammals: the GATOR complex,
consisting of GATOR1 (SEACIT) and GATOR2 (SEACAT), transmits amino acid® and
glucose* signals to mTORCI. Despite itsimportance, the structure of SEAC/GATOR,
and thus molecular understanding of its function, is lacking. Here, we solve the
cryo-EM structure of the native eight-subunit SEAC. The SEAC has amodular
structure in which a COPII-like cage corresponding to SEACAT binds two flexible
wings, which correspond to SEACIT. The wings are tethered to the core via Sea3,
which forms part of both modules. The GAP mechanism of GATOR1 is conserved in
SEACIT, and GAP activity is unaffected by SEACAT in vitro. In vivo, the wings are
essential for recruitment of the SEAC to the vacuole, primarily via the EGO complex.
Ourresults indicate that rather than being a direct inhibitor of SEACIT, SEACAT acts
as ascaffold for the binding of TORC1 regulators.

In the budding yeast Saccharomyces cerevisiae, the Target of Rapa-
mycin Complex 1 (TORCI) resides on the vacuolar membrane and
receives nutrient-derived inputs from the EGO complex (EGOC)’, the
yeast counterpart of the mammalian Ragulator-Rag complex®. Gtrl
and Gtr2, the two Rag-family GTPases found in the EGOC, regulate
TORCl activity depending on their nucleotide-loading status. Gtrland
Gtr2 are regulated by dedicated GAPs, the Sehl-associated complex
(SEAC)'and Lst4/Lst7 (ref.”), respectively. The SEA complex (SEAC)
was initially described as a coatomer-related complex® and was later
reported to be functionally divided into two subcomplexes: SEACIT,
which possesses Gtrl GAP activity and thus inhibits TORCI (ref.?), and
SEACAT, which ostensibly antagonizes SEACIT and thus activates TORC1
(ref.?).Inmammals, the SEAC counterpart (GATOR) is also functionally
dividedintoa GAP subcomplex (GATOR1) andits regulator (GATOR2)>.

The SEACis composed of eight subunits® (GATOR subunitsin paren-
theses®): Seal/Iml1 (DEPDCS5), Npr2 (Nprl2) and Npr3 (Nprl3), which
form the SEACIT (GATOR1) subcomplex, and Sea2 (Wdr24), Sea3
(Wdr59), Sea4 (Mios), Sehl (Seh1L) and Sec13 (Sec13), which form the
SEACAT (GATOR2) subcomplex. In GATOR1, Nprl2 contains the cata-
lytic ‘arginine finger’ (Npri2*'¢’®)°, whereas in yeast, this function was
assigned to anarginine in Seal (Seal*®**), Inaddition, Ragulator-Rag
can bind GATORI in ‘inhibitory” and ‘GAP’ modes'®. Presently, it is
unclear whether the GAP mechanism and binding modes observed in
GATORI1 are conserved in SEACIT.

Despite reports that mammalian nitrogen sensors regulate GATOR1
activity via binding to GATOR2 (refs. *), how GATOR2 regulates
GATOR1is unknown, and the lack of structures has precluded abetter
understanding of this pivotal axis of TOR signalling. Hence, we set out
to solve the structure of the homologous SEAC.

Cryo-EM structure of the SEAC

The endogenous SEAC was purified from yeast cells using a gentle
protocol, yielding an intact and relatively stable complex (Extended
DataFig. 1a). After extensive sample and data collection optimization,
acryogenicelectron microscopy (cryo-EM) reconstruction of the SEAC
atanaverage resolution of 3.0 Awasattained (Fig. 1aand Extended Data
Fig.1b-d). Thestructureis composed of adimeric central core thatserves
as a symmetrical binding platform for two identical flexible wings.
We used aseries of masks and focused refinements toimprove the reso-
lution (Extended Data Figs.1and 2), yielding maps at 2.8 Aand 2.7 A
resolution for the core and wings, respectively (Fig. 1b). Using AlphaFold
structure predictions™ and crystal structures of Sehland Secl3, we built a
model of the octameric SEAC (Supplementary Table1and Extended Data
Fig.3) thatis consistent with previous cross-linking and proteolysis data®,
and which explains previous biochemical observations (see below).
The SEAC forms a hollow, C2-symmetric cage-like structure with
dimensions of approximately 251 A x 302 A x 240 A, containing 22 pro-
tein chains with amass of approximately 2 MDa (Fig.1c). There are two
copies of each subunit, except for Sea4 and Sehl, which are present
in four and six copies, respectively. The central core contains Sehl,
Secl3, Sea2, Sea4 and Sea3“", whereas the wings comprise Sea3"*,
Seal, Npr2 and Npr3 (Fig.1d). Consistent with functional studies, core
subunits have been previously assigned to SEACAT?and wing subunits
to SEACIT', with the exception of Sea3, which contributes to both enti-
ties. Due to their respective positioning in the SEAC, we refer to the
Sea3"®r as the Sea3>" (SEACIT portion) and the Sea3“*" as the Sea3%"
(SEACAT portion). A flexible linker (Sea3 connector) that tethers the
wings to the core butis not visible in the density (Fig. 1c) connects the
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Fig.1|Cryo-EMstructure ofthe SEAC. a, Consensus cryo-EM map shownin front, side and back views. b, Focused map on the wing module. ¢, Model of the
eight-subunit SEAC. d, Domain organization of SEAC subunits. N-term., N-terminal; C-term., C-terminal.

Sea3*"” and Sea3*". This architecture enables the independent move-
ment of the wings relative to the core, and suggests thatin vivo, rather
than two separate subcomplexes, SEACAT and SEACIT represent two
modaules within a single complex. This also explains why the loss of
Sea3results in detachment of SEACIT from SEACAT™*,

The SEACis a coatomer-like complex

The three main core subunits, Sea2, Sea3 and Sea4, share the same
domain architecture (Fig.1d). They consist of an N-terminal B-propeller
domain, followed by a short domain-invasion motif (DIM)Y, an
a-solenoid domain and a C-terminal RING domain (Fig. 2a). This
domainarrangement resembles that of coatomer proteins, arguing that
these subunits evolved from a common proto-coatomer ancestor®'®,
As expected®, AlphaFold predictions for the corresponding GATOR2
subunits show a similar domain organization (Extended DataFig. 4a,b).
Each of these subunits form dimers with one of the two small coatomer
B-propellers presentinthe SEAC; specifically, Sea4 and Sea2 with Sehl,
and Sea3 with Sec13 (Fig. 2a). Dimerization occurs via a mechanism
similar to that observed in the nuclear pore” and COPII* with inser-
tion of a DIM that contributes a seventh blade and closes the open
B-propeller of Sehl and Sec13 (Extended Data Fig. 4c,d). This locks
the orientation of the N-terminal B-propeller domain with respect to
the a-solenoid, fixing the angle of both domains to promote specific
protein-proteininteractions. As such, Sehland Secl3 (and 3-propeller
domainsingeneral—thereare 16 in the SEAC) play key structuralroles,
explaining their importance for SEACAT functionin vivo?.
Sea2-Sehl and Sea3-Secl3 dimers each interact with one copy
of Sea4-Sehl via heterodimerization of their zinc-containing RING
domains, explaining why Sea4 is presentin a 2:1ratio compared to Sea2
and Sea3 (Fig. 2b). The structures of the Sea2 and Sea4 RING domains
are more similar compared to the Sea3 RING (Extended Data Fig. 5a).
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The RING heterodimers end up sandwiched between two coatomer
B-propellers, Seh1-Sehl (Sea2 and Sea4 RINGs) and Seh1-Sec13 (Sea3
and Sea4 RINGs). This architecture explains why removal of the RING
domain of Sea2, Sea3 or Sea4 results in complex dissociation®. RING
domains have been typically associated with E3-ubiquitin ligases®®
and the RWD domain, present in the Sea3%", is structurally related to
E2-conjugating enzymes?. In the SEAC, they clearly play a structural
role—aubiquitin-related function remains to be determined.

The central cage of the coreis formed by a heterotetramer of Sea4-
Sehldimers (ItolV) (Fig. 2c), inan analogous fashion to the COPII cage,
where the minimal cage is formed by a heterotetramer of Sec31-Sec13
dimers? (Extended Data Fig. 5b). The Sea4-Sehl cage forms alemnis-
cateshapeviatwointerfacesinthe Sea4 3-propeller:copylandIVform
one flexible interaction at the front, whereas Il and Ill close the back
ofthe cage and interact with the wings (see below). Adjacent copies of
Sea4 homodimerize via their a-solenoid domain, which folds into an
‘ancestral coatomer element 1’ (ACE1) (Extended DataFig. 5c), aJ-shaped
structural motif observed in proteins from the nuclear pore and vesicle
coats®that has been shown to mediate homo- or heterodimerization®.

The Sea4-Sehl cage is stabilized by interactions between Sea2 and
Sea3, which pack their a-solenoid domains against each other and link
non-interacting Sea4-Sehl copies (I-1lland II-1V) (Fig. 2d). Inaddition,
anextensioninthe Sea3 a-solenoid domain (Sea3 lock) wraps around
Sea2, adding a 3-sheet to Sehl and ‘locking’ the Sea2 DIM into place
(Fig.2e). Altogether, thisintricate set of interactions shows thatall core
subunits are required to form a stable, functional complex.

Structure of the SEAC wing

Most of the mass of the SEAC wing is formed by SEACIT subunits, Seal,
Npr2 and Npr3, which use similar interaction interfaces as GATOR1
(ref.) (Fig. 3aand Extended DataFig. 6a). Npr2 and Npr3 consist of an
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Fig.2|Structure ofthe SEAC core. a, Structures of Sea4-Sehl, Sea2-Sehland
Sea3-Secl13.Both Sea2 (left) and Sea3 (right) interact with Sea4 using the
C-terminal RING domain. b, Zoomed-in view of the RING-RING interactions
betweenSea2and Sea4 (top) or Sea3 and Sea4 (bottom). ¢, Structure of the
Sea4-Sehl core cage, formed by four copies of the Sea4-Seh1dimer. Each
dimerisnumberedlItolV,andinteractions between copies are indicated.

d, Protomer-focused map coloured according to the subunits showing the
interaction between Sea2 and Sea3, which links opposite non-interacting
copies of Sea4-Sehl. e, Model of the SEAC core protomer showing the Sea3
lock, an extensionin the Sea3 a-solenoid that ‘locks’ the Sea2 DIM.

N-terminal lobe (N-lobe) and a C-terminal lobe (C-lobe), which interact
with each otherand are connected viaalinker (Extended Data Fig. 6b).
TheN-lobes contain thelongin domains and are far fromthe SEAC core,
whereas the C-lobe heterodimer faces the Sea4 B-propeller domain
(Il or 11) (Fig. 3b). As detailed below, the Npr2™'°* also contains the
catalytic arginine (Npr2) (Fig. 3a).

Sealis positioned at the edge of the wing and uses its SABA domain
tointeract withNpr2 (Extended DataFig. 6¢), whereas the C-terminal
region (Seal®), comprising the SHEN, the DEP (which is not resolved)
and the CTD, is more flexible and does notinteract with the rest of the
wing (Fig.3b and Extended Data Fig. 6a). We could resolve an extension
inthe Seal**®* that becomes partially ordered and inserts between the
Sea3S" B-propeller and the Npr2©'°®¢, interacting with and wrapping
thelatter (Fig. 3b and Extended Data Fig. 6d). The interaction between
Sealand Npr2appears to be stabilized by the Sea3®", asits B-propeller
is positioned on top of the Seal®*®**-Npr2™'°® junction, forming a tri-
partite Seal-Npr2-Sea3interaction (Fig. 3c,d). Consistent with arole
for the Sea3"" in stabilizing the wing, deletion of the SEA3** caused
cells to become hypersensitive to rapamycin similar to other SEACAT
mutants, whereas deletion of SEA3 caused a phenotype intermedi-
ate between SEACAT and SEACIT mutants (Extended Data Fig. 6e,f).
Moreover, in the absence of the Sea3®", purification of SEACIT failed
toyieldastable complex (datanotshown). Hence, Sea3 hasadualrole
in both SEACIT (via the SIP) and SEACAT (via the SAP). These results
are in agreement with and explain previous observations in Schizos-
accharomyces pombe, where Sea3 forms part of the SEACIT, and in
mammals, where Wdr59 has been shown to have aninhibitory role that
isrequired for proper mTORCl inhibition after nutrient deprivation®.

The Npr3©'°® plays an important role in organizing the wing rela-
tive to the core, as it is sandwiched between the Sea4 3-propeller and

the Sea3 RWD, in addition to contacting the Npr2<'°*¢ (Fig. 3b). The
Npr3©'°®¢ makes the only visible interaction between the wing and the
core by inserting a negatively charged loop into a positively charged
pocket in the Sea4 3-propeller (Fig. 3e and Extended Data Fig. 7a,b).
This interaction also appears to be stabilized by the Sea3*" viaaloop
(N-loop) that connectsits -propeller and RWD, whichinserts ontop of
the Npr3©'*—Npr2¢**¢interface (Fig. 3e and Extended DataFig. 7c,d).
The position andinteractions of Npr3 in the wing explain why deletion
of NPR3 (ref."®) or NPRL3 (ref. ) dissociates SEACIT/GATOR1 from SEA-
CAT/GATOR?2 (Extended Data Fig. 7e).

We note that despite several Sea3 residuesimportant for interactions
with Npr2, Npr3 and Seal being conserved in Wdr59, corresponding
amino acid conservation in the Nprl2, Nprl3 and DEPDCS5 partners is
essentially absent (Fig. 3c-e). This potentially explains the more sta-
ble association between SEACAT and SEACIT in the SEAC, compared
to GATOR1 and GATOR2 in GATOR, as well as the need for KICSTOR
to stabilize GATOR in mammals®*?.

The SEAC has GAP activity

Npr228* the GATOR1-equivalent catalytic residue located in the
Npr2Mebe js solvent accessible and positioned opposite to the core-
winginterface, far fromany element of the core or the Sea3*" (Fig. 3a).
Comparison of GATORI1-Ragulator-Raginits active conformation'® with
the structure of the wing shows that Npr2*#%* is poised for catalysis
(Fig. 4a). An arginine in Seal (Seal*"®**), also conserved, was previ-
ously proposed to be the catalytic residue'. However, this residue is in
ahelix that is buried in the Seal***V, and thus is unlikely to participate
in catalysis (Extended Data Fig. 8a).

Our structure thus predicts that, as in GATOR1, Npr2*'¢% rather
than Seal™®** s the catalytic arginine and that the SEAC isin an active
conformation (thatis, binding of SEACAT to SEACIT is not sufficient
toinhibitits GAP activity). To test these predictions, we established
invitro GAP assays using our native SEAC purifications combined with
recombinantly expressed EGOC. Inagreement with our structure, the
SEAC was able to robustly stimulate GTP hydrolysis by Gtrlsimilarly
to that of isolated wing (containing the Sea3%") (Fig. 4b,c), confirm-
ing that EGOC bindingis accommodated in the context of the SEAC.

To determine which arginine is responsible for catalysis, we puri-
fied native SEAC variants containing an alanine substitution in either
Npr2*e¥ or Seal*®** and tested them in vitro for GAP activity. Unex-
pectedly, both mutants were defective (Fig. 4b,c). We noted that puri-
fied SEACS*®*3A showed a distinct pattern of bands by SDS-PAGE,
where the top band corresponding to Seal was missing (Extended Data
Fig. 8b). Thus, we further characterized these mutant complexes by
negative-stain electron microscopy. Whereas two-dimensional (2D)
class averages of SEACNP2*%** showed anintact SEAC similar to wild type,
2D class averages from SEACSR%3A revealed the presence of abnor-
mal complexes lacking the wing (Extended Data Fig. 8c). As Seal*&*
appears to participate in interactions with neighbouring residues
(Extended Data Fig. 8a), we posit that this mutation destabilizes the
structure of Seal, which in turn destabilizes the structure of the wing,
leading to reduced GAP activity.

Consistent with SEAC GAP activity being important in vivo,
we observed functional defects for the Npr2®** mutation but, surpris-
ingly, not for Seal®**A (Fig. 4d). This suggests that the Seal***** mutation
destabilizes the complex during purification, but it retains sufficient
GAP activity in vivo.

The wings tether the SEAC to the vacuole

In COPII, the Sec31-Secl3 coatis recruited to the membrane viaaninter-
action between a flexible region in Sec31 (ref.*®) and the adaptor com-
plexcomposed of Sec23-Sec24, which itself binds membrane-attached
Sarl-GTP?. Like Npr2,Sec23isalso a GAP that uses an arginine finger®
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Fig.3|Structure ofthe SEACwing. a,b, Structure ofthe SEACwing (a), and
rotated through180° (b). Core elements at the interface are also shown. The
positions of the two functionallyimportantarginine residues are indicated.
c-e¢, Interactions between the Sea3"" and Seal-Npr2 (c), with view rotated by

to stimulate the GTPase activity of Sarl. Given the architectural simi-
larities between the COPIl and SEAC cages, we reasoned that a similar
mechanism might occurinthe SEAC, with the wing recruiting the core
to the vacuolar membrane viamembrane-attached EGOC.

To this end, we used an endogenous GFP tag in SEA4 to track the
localization of the SEAC in vivo. In wild-type cells, we observed strong
vacuolar signal that was lost on removal of Sea3, the Sea3%** or Seal
(Fig. 4e). This suggests that the SEAC is tethered to the vacuole via
the SEACIT wings.

We tested whether the Seal®’, which is more flexible than, and lacks
visibleinteractions with, therest of the wing (Extended Data Fig. 8d) is
specifically involvedin vacuolar recruitment. Deletion of the SEAI“ not
only reduced vacuolar localization (Fig. 4f), but also caused a SEACIT
mutant phenotype comparable to full deletion of SEAI (Fig.4g). Inter-
estingly, deletion of the SEAI“* was epistatic to deletion of the SEA3***,
highlighting that the Seal® plays an important role in vivo (Fig. 4h).

Inthe ‘inhibitory mode’, Ragulator-Rag binds to GATOR1 via the DEP-
DCS5N (ref. ). Albeit with low sequence conservation, the structure
of the Seal*"™ is similar to the DEPDC5"™N (Extended Data Fig. Se).
As the Seals"™ is part of the Seal*, we tested whether the Seal"tN
is responsible for the phenotype observed in the ASeal®™ strain by
removing the so-called ‘critical strip’ (CS; Extended Data Fig. 8f),
which in GATOR1 mediates binding to RagA in the ‘inhibitory mode™.
We observed neither localization nor functional defects for this mutant
(Fig. 4f,g), suggesting that the ‘inhibitory mode’ is not conserved in
yeast, as previously proposed’.

The aboveresultsindicated that the SEACisrecruited to the vacuole
viaaninteractionwith the EGOCin the ‘GAP mode’. To test this hypoth-
esis, we determined whether the deletion of GTRI and GTR2, which
should remove the interaction with the EGOC, affects SEAClocalization.
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80°(d) and Npr2-Npr3 (e). Residuesin Sea3, Sea4, Npr2, Npr3 or Seal that
areconservedintheir GATOR counterparts areindicated with an asterisk,
chemically similar amino acids areindicated with two asterisks and reciprocal
charge reversal with a hashtag (in the case of Npr2£2),

Curiously, deleting GTRI and GTR2did not reduce vacuolar SEAC locali-
zationto the same extent as deleting Seal and Sea3 (Fig. 4i,j), suggest-
ing that an additional EGOC-independent mechanism for vacuolar
recruitment exists.

Model of the SEAC on the vacuole

Tobetter understand the regulation of the SEAC, we used our structural
and functional data to model the SEAC-EGOC supercomplex on the
vacuolar membrane (Fig. 4k and Extended Data Fig. 9a-d). Given that
the complexis active, we modelled EGOC binding to the SEAC wingin
the ‘GAP mode’ on the basis of the GATOR1-Ragulator-Rag structure™®,
and considering the spatial restraint given by the flexible N-terminal
tail of Egol. Gratifyingly, binding of EGOC is well accommodated in
each wing, as the last ordered N-terminal helix of Egol faces towards
the vacuolar membrane. This tail can extend up to approximately 150 A,
which enablessufficient space to prevent the clash of the distal end of
the wing with the membrane. In addition, the flexible Seal®*' is posi-
tioned facing the membrane, whereas the core ends up parallel to the
membrane and faces the cytosol, making it accessible for the binding of
nutrient-dependent regulators. Inthis configuration, the wings could
accommodate different membrane curvatures given their flexibility.

On the basis of our data and current literature, we propose that
the SEAC core (that is, SEACAT) acts as a scaffolding complex that is
required, but is not sufficient, to regulate the activity of the wings.
Indeed, given the results of our in vitro GAP assays, adirect inhibition
by the core seems unlikely. Both Sestrin2 (ref. *°) and CASTOR1 (ref. *)
bind to Wdr24 (Sea2) and SehlL (Seh1), whichinour structure forman
interface next to the wings and have a conserved structure (Fig. 4k and
Extended DataFig.10a,b). As inthe mammalian system, yeast nutrient



a 7 > b EGOC EGOC (Gtr19%5) No GTPase c d
-
SEAC o &‘,v ,g“b{b? o @“‘Y Qg@v o &‘y "\b& 15 Complete media
Noprl2 EA( ) SIS «® g O & 2 Sead-TAP_Seal-TAP
AR b o &S )T IS - ' ©® ®
, ) =
=N R84 . ' 3 10 & Sea1R943A
GDP 8
GATORT 1 Q‘/\"J ' 8 +
H(a(gxgﬂof'ga)g 3 1 (<§ ? Npr2R8éA
mode) ¢ ¥ R78
B: 7738 2 Npr2 2
) AIF,;-GDP kS
. &

L) " RagA

$0000000000000¢

WT

SeatRe43A

Npr2Resa

Sea4-GFP

ASealShP? ——

Wild type

WT

ASeal

ASeaiCt

ASea®s AGtr1AGtr2 ——

-

v

o o
—e—i

—e—i

=)

LE XL N

Mean GFP intensity
(vacuole:cytosol)
s

50 & @ B 05
aseass® [ ) E : é&@@é‘@,ﬁ?@%&n‘;@ &
< a L b3 %be Sl 60'0 (\v
L4 ¥ &

Fig.4|Functional analysis of the SEACwing. a, Structure of the SEAC activesite,
superimposed on the structure of the active GATOR1-Ragulator-Rag structure.
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d, Growth assays on proline wherein GAP-defective mutants presenta

sensors may bind to the core to regulate the GAP activity of the wings
(but probably require additional factorsin this regulation). Collectively,
our results indicate that the SEAC core (SEACAT/GATOR2) acts as a
passive, rather than active, regulator of the wings (SEACIT/GATOR1).

During revision of this manuscript, the cryo-EM structure of the
human GATOR2 complex was published®. GATOR2 has a structure
virtually identical to the SEAC core (SEACAT) (Extended Data Fig.10c)
and the data are consistent with our study, further highlighting that
the molecular mechanism of action of SEAC and GATOR is conserved.
Modelling of a tentative GATOR holocomplex shows that GATOR2
would restrict the position of GATOR1 relative to the membrane, but
would enable the binding of Ragulator-Raginthe ‘inhibitory’ and ‘GAP’
modes, potentially simultaneously (Extended DataFig.10d). Therefore,
GATOR2 may notregulate GATOR1 through conversion between these
two binding modes as previously suggested™®.
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Methods

Yeast strains

Yeast strains were constructed using classical recombination-based
techniques. The ASeal® strain was generated using CRISPR-based
mutagenesis. Strains used in this study are listed in Supplementary
Table 2. Plasmids are listed in Supplementary Table 3. All strains were
verified by PCR and/or sequencing.

SEAC purification

Cells expressing Sea4-TAP were grown to an optical density (ODy,,) of
4-6, collected by centrifugation at 6,000 r.p.m.for 10 min, flash-frozen
in liquid nitrogen and stored at -80 °C until further use. Cells were
lysed and resuspended in 3-5 volumes of lysis buffer (SEAC buffer:
20 mM HEPES-NaOH, pH 7.4,300 mM NaCl, 5 mM CHAPS, 10% glycerol,
2 mMDTT; plus1 mM PMSF and 1x Complete protease inhibitor tablets
(Roche)). All steps were performed at 4 °C. The lysate was cleared by
centrifugation at 16,000 r.p.m. (30,600 g) for 1 h, and the superna-
tantwasincubated with IgG-coupled Dynabeads M270 (ThermoFisher
Scientific) for 2 h. SEAC-bound beads were extensively washed with
lysis and SEAC buffer then incubated overnight with TEV protease
(0.1 mg mlI™) in elution buffer (20 mM HEPES-NaOH, pH 7.4,300 mM
NaCl,2 mMDTT). The eluate was clarified by centrifugationat 13,000 g
for 5 min and used immediately for cryo-EM grid preparation.

EGOC purification

A plasmid containing Gtrl (WT or Q65L) and Gtr2 without any affin-
ity tag were cotransformed in Escherichia coli BL21* with a plasmid
containing codon-optimized sequences for 6xHIS-Egol (A1-37), Ego2
(A1-7) and Ego3. Protein expression was induced by addition of 0.1 mM
isopropyl-B-D-thiogalactopyranoside at 18 °C overnight.

Cells were collected by centrifugation and resuspended in lysis
buffer (50 mM Tris-HCI pH 7.4,300 mM NaCl, 5% glycerol, 20 mM imi-
dazole, 0,15% CHAPS,1 mM MgCl,,1 g ml™ DNase, 1 pg ml lysozyme),
supplemented with 1 mM PMSF and cOmplete EDTA-free Protease
Inhibitor Cocktail (Roche). Cells were lysed using an Emulsiflex system
(Avestin) and cleared by centrifugation at 15,000 r.p.m. for 45 min at
4 °C.Thesoluble fraction was subjected to affinity purification using
a chelating HiTrap FF crude column (GE Healthcare). After washing,
the protein was eluted using 250 mM imidazole. Fractions contain-
ing the complex were pooled and buffer exchanged with a HiPrep
26/10 columnto 25 mMHEPES-NaOH pH 7.4,150 mM NaCl,10% glyc-
erol,2 mM DTT. The sample was then applied to a MonoQ FF column
(GE Healthcare) and eluted with a gradient from 150 mM to 1 M NacCl.
Fractions containing the complex were incubated overnight with
20 mMEDTA at4 °C, concentrated to 10 mg ml™ (usinga100 kDa Ami-
confilter) and loaded on aSuperdex GF200 Increase (GE Healthcare)
equilibrated with 25 mM HEPES pH 7.4, 150 mM NacCl, 10% glycerol,
2mM DTT, 2 mM EDTA. The purest fractions were collected and con-
centrated to 5-10 mg ml™. Aliquots were flash-frozen in liquid nitrogen
and stored at -80 °C until use.

GAP assays

200 nM of EGOC (WT or Gtr1Q65L) was loaded with 40 nM [a—**P]1GTP
inloading buffer (20 mM Tris-HCI pH 8.0,1 mM MgCl,,2 mM DTT) for
30 min at room temperature. The reaction was started by mixing 1 pl
wild-type, variant SEAC or wing, 411l of loaded EGOC, 11l of 10X GAP
buffer (200 mM Tris-HCl pH 8.0,100 mM MgCl,,20 mM DTT, 20 mM
GTP) and 4 pl of SEAC buffer, for a total reaction volume of 10 pl, and
incubated for 30 min atroomtemperature. The reaction was stopped
by addition of 3 pl of STOP buffer (1% SDS, 25 mM EDTA,5 mM GTPand
5 mM GDP) and heating for 4 minutes at 65 °C. The reaction (2-4 pl)
was spotted on PEI Cellulose F plates (Merck) and resolved by thin
layer chromatography in 1M acetic acid and 0.8 M LiCl. After drying,
the plate was exposed to a phosphor screen overnight, and imaged

in a GE Typhoon phosphor imager. Quantification was performed in
ImageJ 1.52p. Data were visualized and plotted in GraphPad Prism 8.

Growth assays

Indicated strains were grown overnightin complete synthetic medium
(CSM; 2% glucose, yeast nitrogen base without amino acids with ammo-
nium sulfate, and drop-out mix). Before experiments, strains were
diluted and then grown to an OD,, of approximately 0.1. Each strain was
spotted onto CSM plates containing 0 or 5 nM rapamycin and incubated
at 30 °C for 2 days before imaging. All spot assays were performed at
least three times for each strain.

We observed only aweak phenotype for SEACIT mutants when grown
on rapamycin (slight increase in rapamycin resistance). Because the
SEAC signals nitrogenin yeast, we probed SEACIT mutants for growth
onproline, a poor nitrogen source. This gave astronger phenotype and
was hence used to characterize SEACIT mutants.

For growth on proline plates, strains were made prototrophic by
transformation with the pJU450 plasmid™ (containing TRPI, HIS3 and
LEU2). Strains were diluted in proline media to an OD, of approxi-
mately 0.1and spotted onto CSM (-Trp, -His, -Leu) plates (plus or minus
proline), and incubated at 30 °C for 1-2 days before imaging. All spot
assays were performed at least three times for each strain.

Fluorescence microscopy

Strains were precultured overnight in CSM. Before imaging, strains
were diluted to OD,, of about 0.2-0.4 and imaged at OD,, of about
0.7-1. Stacks of images (at least three per strain) were collected on a
Zeiss LSM800 confocal laser scanning microscope and processed using
ImageJ 1.52p. For comparison between strains, Z stacks of approxi-
mately 2 um were averaged using maximum projection.

For quantification of the GFP signal on the vacuole, cells were grown
tolate exponential phasein CSM (OD¢,, approximately 0.8-1) and incu-
bated with 5 UM FM 4-64 (ThermoFisher) for 30-40 min at 30 °C. The
ratio of mean GFP signalin the vacuole versus the cytosol was calculated
in Image) 1.52p as follows. First, a maximum projection image for the
FM 4-64 channel was used to delineate the vacuole using theelliptical
tool (vacuole region of interest, vVROI). Then, vROI were overlaid on
the summed stack DIC channel to manually trace a ROl in the cytosol
(cROI) of cells with vROl using the free-hand tool, carefully trying not
toinclude any signal from the vacuole. Only cells with a clearly stained
vacuole and sufficient cytosolic area were included in the analysis
(n=30 cells per strain). The ratio of vacuole to cytosol GFP intensity
was then calculated by measuring the mean intensity in each ROl on
the maximum projection image of the GFP channel, and dividing the
mean GFP intensity in the vROI by the mean GFP intensity in the cROI.
This protocol ensures an unbiased way of quantification as the GFP
channel is not used for any ROl determination. Data were visualized
and plotted in GraphPad Prism 8.

Sample preparation for electron microscopy
A5 plsample of freshly purified SEAC was applied onto QuantiFoil Au
1.2/1.3 grids previously coated with a thin layer of graphene oxide, and
plunge-frozen using a Leica GP2 system at 10 °C and 90% humidity.
Negative-stain grids were prepared by applying 6 pl of sample
directly onto Carbon Square Mesh, Cu, 300 Mesh, UL grids (Electron
Microscopy Sciences) and incubated for 3 min. Excess sample was
removed with filter paper, and grids were stained with1% uranyl acetate,
followed by removal of excess stain with filter paper and drying.

Electron microscopy data acquisition

Cryo-EM data were acquired with EPU v.2.14 in a 300 kV Titan Krios
equipped withaFalcon 4 directelectron detector and Selectris X energy
filter (ThermoFisher) (DCI Lausanne). Movies were recorded in EER
mode, with a total dose of 40 e/A% and target defocus range from -1.6
to —0.6 um, slit width of 10 eV and a pixel size of 0.726 A (x165,000
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magnification). A total 0f 15,922 movies (in two sessions of 11,174 and
4,748 movies) were collected untilted, and 3,182 movies were collected
at 35°tilt using similar microscopy settings.

Negative-stain data were acquired with EPU v.2.14 in a120 kV Talos
L120C equipped with a CETA camera (ThermoFisher) (DCI Geneva).
Images were acquired at a nominal pixel size 0f 1.927 A. A total of 334
images were taken for wild-type SEAC, 333 images for SEACN"2*#A and
301images for SEACSIR¥3A,

Cryo-EM data processing

All processing was performed in CryoSPARC v.3.2.234 (ref. *). Videos
were processed on-the-fly with CryoSPARC Live v.3.2.2, fractionating
the moviesin 40 frames, and using patch motion correction and patch
CTF estimation. Resolution estimates correspond to FSC values at 0.143
using the optimized mask determined automatically after refinements,
which are shown in Extended Data Fig. 2.

The dataprocessing pipelineis detailed in Extended DataFig. 1. Tilted
and untilted datasets were preprocessed individually and merged after
initial particle cleaning was performed through rounds of heterogene-
ousrefinement and 2D classification. Particles were binned 2x (1.452 A
per pixel). A subset of micrographs from the largest untilted dataset
was used to obtain an ab initio model to use as the reference volume
for heterogenous refinement. All heterogenous refinement steps were
performed applying C2 symmetry. The two smaller datasets (tilted and
untilted) were merged, classified using heterogenous refinement and
combined with the particles obtained from the largest untilted dataset.
These combined particles were then refined using non-uniform (NU)
refinement®, followed by symmetry expansion (C2), particle subtrac-
tion and local refinement using amask on the wing. To remove partial
complexes, around of focused heterogenous refinement, using the
wing volume as the reference and without imposing symmetry was
performed using the non-expanded particles. This yielded one class
(208,379 particles) containing intact complexes, which was unbinned
to the nominal pixel size (0.726 A per pixel) and refined using NU refine-
ment, and local and global CTF refinement. This yieldedamapat2.95 A
resolution (consensus map), where the wings were not resolved.
To improve the resolution of the wings, particles were symmetry
expanded (C2), afterwhich particlesubtractionandlocal refinement was
performed. Particles were further classified using three-dimensional
(3D) classification without alignment, and good classes with density for
the wings were merged and refined using NU refinement and local CTF
refinement. This yielded amap at 2.7 A resolution (wing focused map).

3D variability analysis® revealed that the main movement of the
core was due to movement of the wings, which pulled and opened
the front of the cage via Sea3. Hence, we used a mask encompass-
ing Sea2-Sehl, Sea3-Sec13, Sea4-Sehl (defined as protomer) and
performed local refinement in this region, yielding a map at 2.81 A
resolution (protomer focused map). Because the 3-propeller of Sea2
is flexible outwards from the cage, it was still less resolved than the
rest of the protomer. Hence, we used a smaller mask encompass-
ing Sea2-Sehl, Sea3-Secl3, as well as the interacting Sea4 RING
domains. This improved the resolution of the N-terminal region of
Sea2anditsinteracting copy of Sehl, yieldingamap at 2.79 A resolution
(Sea2-Sea3 focused map).

Allmaps were sharpened using DeepEMhancer?.

Negative-stain data processing

Data were processed using RELION v.4.0 (ref. *®). Particle picking was
performed automatically using Laplacian-of-Gaussian blob detection.
Selected particles were subjected to several rounds of 2D classification
until a stable number of particles was obtained in the good classes.

Model building
Structure predictions for Sea2, Sea3, Sea4, Seal, Npr2 and Npr3 were
downloaded from the AlphaFold data base™ (https://alphafold.ebi.

ac.uk/). Regions with averylow pLDDT score (<50) were removed from
the models, and folded domains with a high pLDDT score (>70) were
separated and fitted to the consensus map individually in UCSF Chimera
v.L.15(ref.*). There was a high correlation between the confidence score
and the cryo-EM density, where most parts withaverylow pLDDT score
werenot visible. Whereas folded domains had agood fit to the density,
the major differences between our maps and the predicted models were
inthe orientation between the folded domains, as most of them were
connected by regions with very low or low pLDDT score. Some regions
thatwere predicted disordered were built de novo. Crystal structures
of Seh1 (PDB 3F3F)** and Sec13 (PDB 3MZK)* were individually fitted
to the density.

Model building was performed in Coot v.0.9.8.1 (ref. *!) and
real-space refinement in Phenix v.1.20.1-4487 (ref. *?). First, a model
for the protomer was built using the consensus, protomer-focused and
Sea2-Sea3-focused maps. This model also included the region of the
Npr3¢°® that interacts with Sea4. Iterative rounds of model building
and real-space refinement (against the protomer-focused map) were
performed until noimprovementin the model was obtained. The model
for the protomer was then copied and translated to fit the other copy
inthe consensus map in UCSF Chimerav.1.15. The core dimer was then
real-space-refined against the consensus map. Wings were built indi-
vidually and real-space-refined iteratively using the wing-focused map.

To build the final model, residues 961-975 of Npr3 were used to
anchor the wings to the core. This region forms an a-helical stretch
thatisbetter resolved in the protomer-focused map. Because the wings
are flexible relative to the core, the final model represents a tentative
position based on the orientation of the Npr3¢'°*in the consensus
map. Afinal refinement was performed with the full model against the
consensus map with reference model restraints to account for the lack
of density for most of the wing.

The quality of the model and fit to the density was determined using
MolProbity** and Phenix v.1.20.1-4487 (ref. **).

Figures were made in UCSF ChimeraX v.1.3 (ref. **).

Modelling of the SEAC-EGOC supercomplex

Tomodel the SEAC-EGOC supercomplex on the vacuolar membrane,
the structure of the active GATOR1-Ragulator-Rag (PDB 7T3B) was
used to model EGOCbinding to the wings (Extended Data Fig. 9a). The
Npr3Niebe(1-590) was aligned to the NprI3"'°¢ (1-174) in UCSF Chime-
raX, as this alignment minimized the clash between the equivalent of
the ‘binding’ loop in NprI3 (Npr318-23) and RagA, while maintain-
ing the alignment of the Npr2V'°*¢ and Npr2*'¢%, In GATORI, the Npri3
bindingloopisslightly folded down compared to the Npr3 equivalent
(Extended Data Fig. 9b). Importantly, alarge extension in the Npr3"'o®
isnot positioned towards RagA, and thus canbe accommodatedin the
context of EGOC binding. In addition, the other major clash occurs
between RagC and Seal (residues 1090, 1400 and 1404), including a
loop thatisextendedinourstructure but folds up in GATORI1 (Extended
DataFig.9c).Bothclashes canbe easily relieved by changes in the con-
formation of the mentioned loops/side chains without affecting the
overall structure.

In the GATOR1-Ragulator-Rag structure, the conformation of the
RagA-RagC heterodimer is slightly different from Gtr1°PPN*P—Gr26reNtp
in the EGOC (PDB 6JWP)*¢ (Extended Data Fig. 9d). As such, there are
more clashes with Seal when using this structure to model EGOC bind-
ingtothe SEAC wing, using RagA as an anchor point. This is consistent
with aninduced-fit mechanism where Seal binding to Gtr2 opens the
space between G-domains'’. Likewise, severe clashes are observed
when using the ‘active’ Gtr1°™-Gtr2°°" combination (PDB 4ARZ)".
Considering this, the model shown in Fig. 4 corresponds to the struc-
ture of the EGOC fitted to Ragulator-Rag using RagA and Gtrl for the
alignment. Although this model has more clashes between Seal and
Gtr2 (compared to Seal and RagC), the slight shift in the EGOC would
not change the orientation of the last visible N-terminal helix of Egol,
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which remains facing towards the vacuolar membrane. In the model
with Ragulator-Rag, the equivalent helix in LAMTOR1 also adopts the
same orientation (Extended Data Fig. 9d).

Statistics and reproducibility

No statistical methods were used to predetermine sample size, and
no blinding or randomization was used. Confocal microscopy images
shown in Fig. 4 are representative of at least three images of three
independent experiments performed on different days with biologi-
cal replicates. Confocal microscopy images shown in Extended Data
Fig. 9e are representative of at least three images of two independent
experiments performed on different days with biological replicates.
SDS-PAGE images shown in Extended Data Figs. 1a,b, 7e and 8b are
representative of at least two separate independent purifications for
each. Cryo-EM micrographs shownin Extended DataFig.1b arerepre-
sentative of 15,922 (untilted) and 3,182 (tilted) movies.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The deepEMhancer-sharpened and associated maps have been depos-
itedin the Electron Microscopy DataBank under the following accession
codes: EMD-15364 (consensus, sharpened with atight and wide mask),
EMD-15381 (SEAC wing), EMD-15373 (protomer focused) and EMD-15374
(Sea2-Sea3focused). Themodels for the SEAC and the SEAC wing have
been deposited in the Protein Data Bank with accession codes 8ADL
and 8AE®6, respectively.
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Extended DataFig.4|SEAC core subunits are coatomer-like proteins.
a, Comparisonof structures of Sea4, Sea3 and Sea2 with the AlphaFold

predictions for their homologous GATOR2 subunits (Mios, Wdr59 and Wdr24).

b, pLDDT score for different domainsin GATOR2 subunit AlphaFold
predictions. ¢, Structures of Nup85-Seh1 (PDB: 3f3f), Sec16-Sec13 (PDB: 3mzk)
and Sec31-Sec13 (PDB:2pmé). All of these subunits interact with the coatomer

DIM

B-propeller throughinsertion of aseventhblade. d, Structures of Sea2-Sehl,
Sea4-Sehland Sea3-Secl3. The domaininvasion motif (DIM) of Sea2, Sea4 and
Sea3isshown with the corresponding cryo-EM density (protomer focused and
Sea2-Sea3 focused maps). For Sea3, the N-terminal 3-propeller was omitted for
clarity.
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of Sec31-Sec13. The model for the COPIl cage was made using PDB codes 2pm6
and 6zg6. ¢, Structure of the Sea4 ACE1 domain, and its comparison with ACE1
domainsinthe nuclear pore (Nup85, PDB:3f3f; Nup145C, PDB:3iko) and COPII

(Sec16, PDB:3mzk; Sec31, PDB:2pmé6).
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Deletions of SEACIT subunits cause aslightincrease in rapamycin resistance,
whereas deletions of SEA2 and SEA4 cause hypersensitivity to rapamycin. SEA3
deletion causes anintermediate SEACIT-SEACAT phenotype. e, Removal of the
Sea3***issufficient toinduce a SEACAT-like phenotype.
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Extended DataFig.7|Interactions betweenthe SEACwingand core.

a, Structure of the Npr3¢"°*¢ and the Sea4 B-propeller. b, The Npr3¢"°*¢ has a
negatively charged patch thatsits on top of a positively charged pocketin the
Sea4 B-propeller. Theelectrostatic potential was calculated in ChimeraX.

¢, Structure of the Sea3** and the N-loop. d, The Sea3*” N-loop interacts with
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