
Structural mechanism for amino
acid-dependent Rag GTPase switching by

SLC38A9
Simon A. Fromm1, Rosalie E. Lawrence1,3, and James H. Hurley1,2,�

1Department of Molecular and Cell Biology, University of California, Berkeley and California Institute for Quantitative Biosciences, University of California, Berkeley, CA
94720, USA

2Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Current address: Howard Hughes Medical Institute and Department of Biochemistry and Biophysics, University of California at San Franscisco, CA, USA

The mechanistic target of rapamycin complex 1 (mTORC1)
couples cell growth to nutrient, energy and growth factor
availability (1–3). mTORC1 is activated at the lysosomal
membrane when amino acids are replete via the Rag guano-
sine triphosphatases (GTPases) (4–6). Rags exist in two sta-
ble states, an inactive (RagA/BGDP:RagC/DGTP) and active
(RagA/BGTP:RagC/DGDP) state, during low and high cellu-
lar amino acid levels (4, 5). The lysosomal folliculin (FLCN)
complex (LFC) consists of the inactive Rag dimer, the pen-
tameric scaffold Ragulator (7, 8), and the FLCN:FNIP (FLCN-
interacting protein) GTPase activating protein (GAP) complex
(9), and prevents activation of the Rag dimer during amino acid
starvation (10, 11). How the LFC is released upon amino acid
refeeding is a major outstanding question in amino-acid depen-
dent Rag activation. Here we show that the cytoplasmic tail of
the lysosomal solute carrier family 38 member 9 (SLC38A9), a
known Rag activator (12–14), destabilizes the LFC. By breaking
up the LFC, SLC38A9 triggers the GAP activity of FLCN:FNIP
toward RagC. We present the cryo electron microscopy (cryo-
EM) structures of Rags in complex with their lysosomal anchor
complex Ragulator and the cytoplasmic tail of SLC38A9 in the
pre and post GTP hydrolysis state of RagC, which explain how
SLC38A9 destabilizes the LFC and so promotes Rag dimer ac-
tivation.
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Introduction
The Rag GTPases (Rags) recruit mTORC1 to the lysoso-
mal membrane in response to amino acids where it is acti-
vated in response to energy and growth factor availability via
Rheb (1). Unlike other small GTPases, Rags exist as obli-
gate heterodimers of functionally redundant RagA or B (A/B)
in complex with functionally redundant RagC or D (C/D).
Whereas inactive Rags fail to recruit mTORC1, active Rags
directly interact with the mTORC1 subunit Raptor recruiting
it to the lysosomal membrane (15, 16). The lysosomal mem-
brane protein SLC38A9 is both an amino acid transporter
and an Arg-dependent Rag activator (12–14, 17, 18). The N-
terminal cytoplasmic tail of SLC38A9 (residues 1-119, here-
after, SLC38A9NT) does not play a role in amino acid trans-
port itself, but it is sufficient to interact with inactive Rags
and stimulate mTORC1 activity (12, 13). The N-terminal tail
is sequestered in the absence of bound Arg but is liberated

and available to bind to Rags in its absence (19, 20), sug-
gesting a mechanism for amino-acid dependent regulation of
Rag GTPases. It has been reported that the SLC38A9 N-
terminal tail regulates the Rags directly by serving as a GEF
for RagA (21). However, we previously found that RagA
spontaneously exchanges GDP for GTP, raising the question
as to whether a GEF is actually needed in this pathway. Spon-
taneous nucleotide exchange by RagA is blocked, however,
when the Rags are bound in the LFC (10). FLCN GAP
activity, which is blocked in the LFC, is essential for the
downregulation of TFE3, a member of the MiT/TFE family
of transcription factors controlling lysosomal biogenesis and
autophagy (10, 22–25). Thus, the LFC both blocks FLCN
GAP activity and prevents spontaneous nucleotide exchange
by RagA. These observations suggested the hypothesis that
disassembly of the LFC and release of FLCN GAP activ-
ity is crucial for Rag activation by amino acids, particularly
in respect to the mTORC1-dependent downregulation of the
MiT/TFE family of transcription factors (26, 27). Here we
show that the cytoplasmic tail of SLC38A9 triggers FLCN
GAP activity toward RagC by destabilization of the LFC. We
solved the cryo-EM structures of Rags in complex with Rag-
ulator and SLC38A9NT in the pre and post GTP hydrolysis
state of RagC and discuss their implications on the current
model of Rag activation.

Results

SLC38A9NT triggers FLCN GAP activity
We reconstituted the complex comprising Ragulator, inactive
Rags and SLC38A9NT from purified components and tested
the effect of SLC38A9NT on the LFC (Fig. 1a, b). To dis-
criminate between the nucleotides bound to RagA and RagC
respectively, xanthosine-specific RagC was used throughout
this study (RagCD181N) (8). FLCN:FNIP2 GAP activity to-
ward RagC was enhanced in the presence of SLC38A9NT,
consistent with a positive role in Rag activation. In the pres-
ence of SLC38A9NT, RagC-bound XTP was undetectable
(Fig. 1c).

Structure of the pre-GAP complex
To unravel the molecular mechanism of FLCN:FNIP2
GAP activation by SLC38A9NT, we determined the struc-
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Fig. 1 SLC38A9NT triggers FLCN GAP activity. a, SEC profile of the reconsti-
tuted SLC38A9NT-RagAGDP:RagCXTPγS-Ragulator complex. b, SDS-PAGE analysis
of the peak fraction indicated in a. c, HPLC-based RagC XTPase assay to measure
FLCN GAP activity. Plotted are the mean ± standard deviation (SD) and individual
data points of technical triplicates (n=3). U. means XTP signal was undetectable;
a.u., arbitrary units.

ture of the "pre-GAP" Ragulator-RagAGDP:RagCXTPγS-
SLC38A9NT complex (Figs. 1a, b and 2a) by single-particle
cryo-EM. The structure of this 170 kDa complex was re-
solved at an overall resolution of 3.2 Å (Fig. 2b and Extended
Data Fig. 1). Atomic models of the Ragulator and Rag sub-
units were readily placed in density on the basis of previ-
ously solved structures (10, 28, 29). The remaining unas-
signed density was located in the cleft between the two Rag
G domains and could be assigned to the central portion of
SLC38A9NT (residues 39-97) (Extended Data Fig. 2). The N
and C-terminal portions of SLC38A9NT were not resolved,
consistent with previous findings that these regions are not
involved in Rag binding (12). The ordered core and sole
secondary structure element of SLC38A9NT is an α-helical
stretch deeply buried in the G domain cleft directly contact-
ing both Rag G and roadblock domains. SLC38A9NT then
folds back on top of the N-core making direct contact with
the GDP bound nucleotide to RagA. The most N-terminal
resolved residue (Pro39) is located directly adjacent to the
RagC switch I helix (α2) (Fig. 2c), whose conformation de-
pends on the nucleotide binding state of RagC. Thus, the
interaction of SLC38A9NT with the Rags is intimately con-
nected to their nucleotide binding state. SLC38A9NT con-
tains within it the so-called N-plug, which is occluded in
the transmembrane domain of SLC38A9 in the absence of
arginine (20). The global architecture of the Ragulator-Rag

Fig. 2 Cryo-EM structure of the pre-GAP complex. a, Domain organization of SLC38A9. The construct with structural annotations is shown (left, SLC38A9NT) in context
of full-length SLC38A9 (right). Domain boundaries and cellular location of N and C-terminus are indicated. Yellow, resolved in the structure; Dashed box, used construct; TM,
transmembrane helix. b, Cryo-EM density of the pre-GAP complex. c, Close-up of the SLC38A9-Rag interaction represented as pipes (α-helices) and planks (β-strands). d,
Overlay of the pre-GAP complex (colored) with the LFC (grey). e, FLCN:FNIP2 (red, green) from the LFC overlaid onto the pre-GAP complex illustrating resulting clashes.
Rags are omitted for clarity (right).
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subcomplex is unchanged compared to the one observed in
the LFC, but binding of SLC38A9NT has two localized ef-
fects. First, it leads to a slight inward rotation of both Rag
G domains and second, it occupies the cleft between the Rag
G domains (Fig. 2d). Together, these effects prevent bind-
ing of FLCN:FNIP2 in the GAP-incompetent conformation
observed in the LFC as multiple loops and α-helix 1 of the
FLCN longin domain (α-L1) would clash with SLC38A9NT

and the RagA G domain, respectively (Fig. 2e). This ex-
plains how SLC38A9NT binding to Rags breaks up the LFC
and drives FLCN:FNIP2 into the GAP-active conformation.
To gain further insight into the dynamics of the SLC38A9NT

interaction with inactive Rags, we measured its hydrogen-
deuterium exchange (HDX) in isolation and bound to inac-
tive Rags. In isolation, SLC38A9NT shows high exchange
rates (>50 %) throughout its entire sequence at the earliest
time point tested, leading us to conclude the entire region is
intrinsically disordered (Extended Data Fig. 3a). Consistent
with the assignment from the cryo-EM structure, residues 37-
97 of SLC38A9NT became partially protected from H-D ex-
change when bound to inactive Rags (Fig. 3a, Extended Data
Dataset 1). Only residues 50-55 located in a solvent exposed
loop were not significantly protected at any of the exchange
times (Fig. 3b and Extended Data Fig. 3b). The α-helical N-
core is strongly protected, with HDX differences >30 % even
after 600 s (Fig. 3a, b and Extended Data Fig. 3b, c). Thus,
the HDX results corroborate the cryo-EM structure and show
that the order observed for SLC38A9NT is induced by forma-
tion of the complex. The SLC38A9NT core harbors multi-
ple residues shown to be crucial for the interaction with and
activation of Rags in vivo (12, 13). Alanine mutations of
residues Ile68, Tyr71 and Leu74, all located in the N-core,
abolished the interaction with Rags (13) (Fig. 3c). Mutation
of residue His60 located at the solvent exposed start of the N-
core had no influence on the interaction with Rags. Mutations
of stretches located in the N-plug and the part interacting with
RagC α2 also abolished the Rag interaction in vivo (12) (Fig.
3c). The high consistency of the cryo-EM and HDX-MS re-
sults with the known biology of SLC38A9 mutants validates
that the observed structure and dynamics correspond to the
state relevant for Rag regulation in cells.

Structure of the post-GAP complex
Having shown that SLC38A9 is capable of disassem-
bling the LFC and activating FLCN to generate the
RagAGDP:RagCGDP intermediate, we considered how this
complex might progress to the active RagAGTP:RagCGDP

dimer. We found that SLC38A9NT, RagAGDP:RagCXDP and
Ragulator form a complex that is stable on size exclusion
chromatography (Extended Data Fig. 4a, b) and will refer
to it as the post-GAP complex. We used cryo-EM to solve
its structure at an overall resolution of 3.9 Å (Fig. 4a and
Extended Data Fig. 5). Aside from the difference in the nu-
cleotide bound to RagC, clearly visible in density, the post-
GAP complex structure is nearly identical to the pre-GAP
complex structure (Cαr.m.s.d = 0.8 Å) (Fig. 4b). The RagC
switch I region of the pre and post-GAP complexes are in
the same conformation (Fig. 4c). In the structure of the

Fig. 3 HDX-MS difference of SLC38A9NT reveals complex dynamics. a, HDX
difference plot of SLC38A9NT in complex with inactive Rags and in isolation at 6 s
exchange time. Plotted are the mean ± SD of technical replicates (n=4). b, Uptake
difference mapped onto SLC38A9NT in the pre-GAP complex structure. Boundaries
of the N-core and the solvent exposed loop are indicated. c, Residues shown to
be crucial for SLC38A9 function in vivo (red) mapped onto the pre-GAP complex
structure.

mTORC1 subunit Raptor in complex with active Rags (15),
containing RagC bound to GDP as in the post-GAP complex,
the RagC switch I region was disordered and could not be
resolved (Fig. 4c). In fact, all other known Rag structures
bound to GDP have at least partially disordered switch I re-
gions compared to the respective GTP bound structure (Ex-
tended Data Fig. 6). The unusual conformation is consis-
tent with intrinsic tryptophan fluorescence data. We could
not detect a FLCN:FNIP2-induced change in RagC Trp flu-
orescence in the presence of SLC38A9NT, even though GAP
activity was observed by the HPLC-based GTPase assay (Fig.
1c and Extended Data Fig. 4c). Trp fluorescence reports on
the conformational change of the switch I region of RagC
upon GTP hydrolysis (10, 30), which the cryo-EM struc-
ture shows does not occur. Thus, the Trp fluorescence ob-
servation corroborates the unexpected finding that the dou-
ble GDP-bound Rag dimer is trapped in the inactive confor-
mation by SLC38A9NT. We conclude that in the post-GAP
complex, RagCGDP is uniquely trapped in the GTP confor-
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Fig. 4 Rag GTPases are trapped in the inactive conformation in the post-GAP complex. a, Cryo-EM density of the post-GAP complex. b, Overlay of the post-GAP
(dark grey, colored) and pre-GAP (light grey) complex structures represented as pipes and planks. The boxed (red) region is show in c. c, RagC nucleotide binding region of
the pre-GAP (left, blue), post-GAP (middle, red) and Raptor-Rag-Ragulator (right, green, PDB: 6U62, EMD-20660) complex structures and respective cryo-EM density (top).
Below, canonical small GTPase elements involved in nucleotide binding are highlighted in the models. d, HPLC-based RagA nucleotide exchange assay. Amount of GppCp
bound to RagA after the assay is illustrated in dark grey, remaining GDP in light grey. Plotted are the mean ± SD and individual data points of technical triplicates (n=3). a.u.,
arbitrary units. e, Model for SLC38A9-mediated Rag GTPase activation and mTORC1 recruitment.

mation through its interaction with SLC38A9. We propose
that the free energy stored by this abnormal strained confor-
mation promotes SLC38A9 dissociation upon the appropriate
trigger.

SLC38A9 blocks RagA nucleotide exchange
Given that RagA spontaneously exchanges its nucleotide,
that this reaction is inhibited by the LFC (10), and that
the cryo-EM structures did not suggest a plausible basis for
RagA GEF activity by SLC38A9NT, we revisited the report
of RagA GEF activity by SLC38A9NT (21). We employed an
HPLC-based nucleotide exchange assay to directly measure
GTP and GDP bound to RagA. In both pre and post-GAP
complexes, spontaneous GDP-GTP exchange is greatly re-
duced compared to the respective Ragulator-Rag complexes
in the absence of SLC38A9NT (Fig. 4d). We confirmed this
finding with a (2’ or 3’)-O-(N-methylanthraniloyl) (mant)
GDP fluorescence-based nucleotide exchange assay (31)
(Extended Data Fig. 7). These observations show that
SLC38A9NT is not a GEF but rather antagonizes nucleotide
exchange. Whereas the HPLC and fluorescence-based as-
says presented here directly detect the nucleotide bound to
RagA in bulk, the cross-linking assay previously interpreted
as evidence for SLC38A9NT GEF activity (21) only detects a
sub-population of radioactively labelled nucleotides after UV

crosslinking. With the structures now available, the previous
cross-linking data (21) can be reinterpreted in a new light.
In the pre-GAP complex, SLC38A9NT directly interacts with
the RagC switch I region (Extended Data Fig. 4d). The struc-
tural interaction of SLC38A9NT with GDP bound to RagA
would almost inevitably impact the crosslinking efficiency of
GDP to RagA. Given the structures and the new biochemi-
cal data presented here, the cross-linking data (21) are best
explained by changes in the accessibility of the nucleotide,
rather than exchange.

Conclusions

The cleft between the G domains of the Rag GTPase het-
erodimer emerges as a regulatory platform with a total of
three different protein (complexes) shown to directly bind in
the cleft, namely FLCN:FNIP2, SLC38A9 and mTORC1 via
the Raptor subunit (10, 11, 15, 16). Due to the overlapping
binding sites, these interactions cannot occur simultaneously
on a Rag heterodimer and accessibility is regulated by amino
acid levels via their nucleotide binding state. We propose a
model where FLCN:FNIP2 binds to inactive Rag GTPases
forming the LFC when amino acid levels are low. During
this phase, the N-plug of the cytoplasmic tail of SLC38A9 is
occluded in the arginine binding site of the SLC38A9 trans-
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membrane domain making it unavailable for the interaction
with inactive Rag GTPases (20). Upon increasing amino
acid levels, arginine outcompetes N-plug binding in the trans-
membrane domain enabling the interaction with inactive Rag
GTPases and activation of FLCN:FNIP2 GAP activity. Dis-
sociation of SLC38A9 is facilitated by the release of confor-
mational strain in RagC. Spontaneous nucleotide exchange
on RagA ensues, generating the active Rag dimer (Fig. 4e)
and switching on the downstream signaling mTORC1 to in-
activate MiT/TFE-dependent transcription.
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Methods

Protein expression and Purification
RagA:RagCD181N GTPases (MBP tag on RagC) and Rag-
ulator (GST tag on Lamtor1, His tag on Lamtor2) were
expressed in Sf9 insect cells via baculovirus infection and
purified as described in Su et al (29). FLCN:FNIP2 and
GATOR1 were expressed in HEK293-GNTI cells and pu-
rified as described in Lawrence et al (10). In brief, Sf9
and HEK293-GNTI cells were resuspended and lysed in
wash buffer (25 mM HEPES, 130 mM NaCl, 2.5 mM MgCl2,
2 mM EGTA, 0.5 mM TCEP, pH 7.4) supplemented with 1 %
Triton X-100 and protease inhibitor (Roche, 1 tablet per 100
ml lysis buffer) by gentle rocking at 4 °C for 20 min. Lysate
was cleared by centrifugation at 30,000 x g and 4 °C for
45 min. For RagA:RagCD181N, the supernatant (SN) was
applied to amylose resin (NEB), washed with wash buffer
(± 200 mM NaCl) and eluted by overnight (o/n) on-column
TEV protease (home-made) cleavage. For Ragulator, the SN
was applied to Ni-NTA resin (Thermo Scientific), washed
with wash buffer (± 200 mM NaCl) and eluted with wash
buffer + 250 mM imidazole. The eluate was applied to glu-
tathione resin (GE Healthcare), washed with wash buffer
(± 200 mM NaCl) and eluted by o/n on-column TEV pro-
tease cleavage. For FLCN:FNIP2 and GATOR1, the SNs
were applied to glutathione resin, washed with wash buffer
(± 200 mM NaCl, ± 0.1 % CHAPS) and eluted by o/n on-
column TEV protease cleavage. All final eluates were con-
centrated using spin filters (Millipore Sigma) and purified to
homogeneity via size exclusion chromatography (SEC) equi-
librated with wash buffer. Codon-optimized DNA coding for
SLC38A9NT was cloned into a pCAG-GST vector for ex-
pression in HEK293-GNTI cells. HEK293-GNTI cells were
transfected with 1 mg DNA and 3 mg PEI (Sigma-Aldrich)
per liter of cells at a density of 1.3-1.8E6 cells/ml. Cells were
harvested after 48-72 h, resuspended and lysed in wash buffer
supplemented with 1 % Triton X-100 and protease inhibitor
as described above. After clarification of the lysate by cen-
trifugation (see above), the SN was applied to glutathione
resin and incubated for 2 h at 4 °C. The resin was washed
consecutively with wash buffer supplemented with 1 % Tri-
ton X-100, 1 % Triton X-100 and 200 mM NaCl and 0.1 %
CHAPS, respectively. Immobilized GST-SLC38A9NT was
eluted from the resin by o/n TEV protease cleavage. The
eluate was concentrated using spin filters and purified to ho-
mogeneity via SEC using a Superdex 75 column (GE Health-
care) equilibrated with wash buffer. Purified proteins were
aliquoted and flash frozen in liquid N2 and stored at -80 °C
until use.

Rag GTPase nucleotide loading
Rags were first loaded with the respective triphosphate (GTP
for RagA, XTP for RagC), non-hydrolyzable triphosphate
analogue (XTPγS for RagC) or mant triphosphate (mantGTP
for RagA) by diluting purified Rags at least 1:10 (v/v) into
calcium and magnesium-free PBS and incubating them for
10 min at room temperature (RT) in the presence of 5 mM
EDTA. Then, a 10x molar excess (over Rags) of the respec-

tive nucleotides were added. After a 30 min incubation at
RT, MgCl2 was added to a final concentration of 20 mM.
Unbound nucleotides were removed by buffer exchange into
wash buffer using a PD-10 gravity flow column (GE Health-
care). Triphosphate loaded Rags were then concentrated us-
ing a spin filter to at least 1 mg/ml. If diphosphate load-
ing (GDP or mantGDP for RagA, XDP for RagC) was de-
sired, the respective triphosphate loaded Rags were treated
with the respective GAP (GATOR1 for RagA, FLCN:FNIP2
for RagC) for 30 min at 37 °C at a ratio of 200:1 (GATOR1)
or 100:1 (FLCN:FNIP2). Correct loading of Rags was
confirmed by high-pressure liquid chromatography (HPLC)
analysis as described below. Loaded Rags were used for ex-
periments performed on the same day as the loading reaction.

Pre and post-GAP complex assembly
Loaded Rags were incubated with a 1.2x molar excess of
Ragulator and SLC38A9NT for 30 min at 4 °C. For cryo-EM
samples, the assembled complex was injected onto a Su-
perdex 200 column (GE Healthcare) equilibrated with wash
buffer. Peak fractions containing all complex components
judged by SDS-PAGE analysis were pooled and concentrated
using spin filters.

Cryo-EM grid preparation and imaging
For pre-GAP complex cryo-EM, 3 µl of sample (0.25 mg/ml)
were applied to freshly glow-discharged (PELCO easiGlow,
45 s in air at 20 mA and 0.4 mbar) UltrAuFoil R1.2/1.3 grids
(Ted Pella). Grids were plunged into liquid ethane using an
FEI Vitrobot Mark IV after 2 s blot time with the relative blot
force set to -3, humidity to 100 % and temperature to 4 °C.
For post-GAP complex cryo-EM, 3 µl of sample (0.5 mg/ml)
were applied to freshly glow-discharged (see above) C-flat
2/1-3C-T grids (Electron Microscopy Sciences) and plunged
into liquid ethane after 2 s blot time with relative blot force
set to 21, humidity to 100 % and temperature to 4 °C. Data ac-
quisition parameters are summarized in Extended Data Table
1. Data for the pre-GAP complex structure was acquired on
a Titan Krios electron microscope (Thermo Fisher Scientific)
operated at 300 kV, equipped with a Gatan K3 direct electron
detector operating in super-resolution mode and a 100 µm ob-
jective aperture inserted. Automated movie acquisition with
a 3x3 image shift pattern (9 movies per target/focus) was per-
formed using SerialEM (32) with a nominal defocus range of
-0.8 to -2.3 µm and a calibrated pixel size of 0.8522 Å. A
total of 8,315 movies (59 frames per movie) were acquired
with a total dose of 59 e-/Å2 over a 2.1 s exposure. Data
for the post-GAP complex structure was acquired on a Ta-
los Arctica electron microscope (Thermo Fisher Scientific)
operated at 200 kV, equipped with a Gatan K3 direct electron
detector operating in super-resolution mode and a 100 µm ob-
jective aperture inserted. Automated movie acquisition with
cross-pattern image shift (5 movies per target/focus) was per-
formed using SerialEM with a nominal defocus range of -1.0
to -2.5 µm and a calibrated pixel size of 1.137 Å. A total of
2,160 movies (55 frames per movie) were acquired with a
total dose of 60.5 e-/Å2 over a 5.7 s exposure.

Fromm et al. | SLC38A9 mediated Rag GTPase activation bioRχiv | 7

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 29, 2020. ; https://doi.org/10.1101/2020.07.28.225524doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.28.225524
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cryo-EM data processing
The cryo-EM data processing work-flow is depicted in Ex-
tended Data Fig. 1d. Super-resolution movies were mo-
tion and gain corrected using the Relion3 (33) MotionCor2
(34) wrapper and binned 2x by Fourier cropping. Empty
micrographs or micrographs with high levels of contamina-
tion or crystalline ice were discarded during visual screening
of all micrographs. Pre-GAP complex particles were picked
using crYOLO (35) with the provided PhosaurusNet model
(JANNI). Post-GAP complex particles were first selected
reference-free from a random subset of micrographs using
gautomatch-v0.53 (http://www.mrc-lmb.cam.ac.uk/kzhang/).
After 2D classification in cryoSPARC v2 (36), 8 selected
classes were used for template-based autopicking in Relion3.
Per-micrograph CTF determination was carried out using
CTFFIND4.1.13 (37). All particle extractions as well as
3D classification, per-particle CTF determination (38) and
Bayesian particle polishing (39) were carried out in Relion3.
All 2D classifications, ab-Initio reconstructions, heteroge-
neous, homogeneous and non-uniform (40) refinements were
carried out in cryoSPARC v2. Throughout the data process-
ing workflow, particles were discarded from further process-
ing based on 2D classification (obvious ‘junk’) and 3D classi-
fication/heterogeneous refinement (incomplete/broken com-
plexes). In a final particle selection step, heterogeneous re-
finement was performed against in silico generated reference
maps of the complex with and without SLC38A9 bound to
the cleft to enrich for particles which had SLC38A9 bound.
For the pre-GAP complex, higher order aberration correction
was performed in the final homogeneous refinement with one
exposure group per image shift position. The final refine-
ment run for the post-GAP structure was a non-uniform re-
finement. CryoSPARC v2 database files were converted into
Relion star files using UCSF pyem (41) and in-house writ-
ten scripts (https://github.com/simonfromm/miscEM). Den-
sity of the pre-GAP complex has been modified using Phenix
ResolveCryoEM (42) followed by autosharpening as imple-
mented in Phenix (43). Density of the post-GAP complex has
been modified and sharpened locally using LocScale (44) as
implemented in the CCP-EM software suite (45). All stated
resolutions are according to the 0.143 cutoff of the respective
gold-standard FSC (46). Density maps used for atomic co-
ordinate refinement and illustration in all figures along with
the respective half maps and masks used during refinement
and FSC calculation have been deposited in the Electron Mi-
croscopy Data Bank (EMDB) with accession codes EMD-
21686 (pre-GAP complex) and EMD-21687 (post-GAP com-
plex).

Atomic model building and refinement
For the pre-GAP complex coordinate model, coordinates of
all five Ragulator subunits as well as RagA and RagC are
based on the LFC structure (pdb 6NZD) and were rigid body
fitted separately into the pre-GAP complex density map us-
ing UCSF Chimera (47). SLC38A9NT was manually build
de novo in Coot (48). Atomic coordinates were refined by it-
eratively performing Phenix real-space refinement and man-
ual inspection and correction of the refined coordinates in

Coot. To avoid overfitting, the map weight was set to 1.0
and secondary structure restraints were enabled during auto-
mated real-space refinement. In regions with low map qual-
ity, mainly located in solvent exposed parts of the Lamtor1
subunit of Ragulator, side-chain atoms were truncated to ala-
nine (Extended Data Fig. 2c). Agreement of the final model
with the experimental density was assessed by calculation of
a model-map FSC (Extended Data Fig. 2a). To assess po-
tential overfitting, a cross-validation test in which the refined
model coordinates were randomly displaced by an average
of 0.5 Å and re-refined against half map 1 of the final 3D
reconstruction using Phenix real-space refinement with the
same parameters used in the coordinate refinement described
above. Model-map FSCs of the coordinates re-refined against
half map 1 were calculated using the same half map (FSC
work) and half map 2 (FSC test). No overfitting could be
detected (Extended Data Fig. 2b). The final model was vali-
dated using Phenix comprehensive validation including Mol-
Probity (49) and EMRinger (50) analysis. The post-GAP
complex coordinate model was based on the previously re-
fined pre-GAP coordinate model. After rigid body fitting us-
ing UCSF Chimera, coordinates were refined following the
protocol described above for the pre-GAP complex with the
map weight set to 0.5 during automated real-space refinement
to reflect the lower resolution of the density. Model assess-
ment and validation was performed as described for the pre-
GAP complex (Extended Data Fig. 5). All model and valida-
tion parameters of the pre and post-GAP coordinate models
are summarized in Extended Data Table 1. Coordinate mod-
els have been deposited in the Protein Data Bank (PDB) with
accession codes 6WJ2 (pre-GAP complex) and 6WJ3 (post-
GAP complex), respectively.

Hydrogen deuterium exchange mass spectrometry
Amide hydrogen exchange was carried out at 30 °C for
6, 60, 600 and 60,000 s, respectively by diluting 5 µl
of 5 µM SLC38A9NT or SLC38A9NT-RagAGDP:RagCXTPγS

with 95 µl deuteration buffer (20 mM HEPES pD 7.4,
130 mM NaCl, 2.5 mM MgCl2, 0.5 mM TCEP, 92.8 % total
D2O content). The reaction was stopped after the respec-
tive exchange time by addition of 100 µl ice cold quench
buffer (0.4 M KH2PO4/H3PO4, pH 2.2) and immediately
flash frozen in liquid N2. All exchange reactions were car-
ried out in triplicate or quadruplicate and stored at -80 °C un-
til HPLC-MS analysis. Undeuterated reference samples were
prepared the same way using wash buffer instead of deutera-
tion buffer. Frozen samples were thawed just prior to injec-
tion onto a chilled HPLC setup with in-line peptic digestion
and eluted from a BioBasic KAPPA 5 µm Capillary HPLC
column (Thermo Fisher Scientific), equilibrated in buffer A
(0.05 % TFA), using a 10-90 % gradient of buffer B (0.05 %
TFA, 90 % acetonitrile) over 24 min. Desalted peptides were
eluted directly onto an Orbitrap Discovery mass spectrome-
ter (Thermo Fisher Scientific) operated with a 3.4 kV spray,
37 V capillary and 120 V tube-lens voltage. The HPLC sys-
tem was extensively cleaned between samples. Initial pep-
tide identification was performed with undeuterated samples
via tandem MS/MS experiments. A Proteome Discoverer 2.1
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(Thermo Fisher Scientific) search was used for peptide identi-
fication and coverage analysis against entire complex compo-
nents, with precursor mass tolerance ± 10 ppm and fragment
mass tolerance of ± 0.6 Da. Mass analysis of the peptide cen-
troids was performed using HDExaminer (Sierra Analytics),
followed by manual verification of each peptide.

HPLC nucleotide analysis
For analysis and quantification of nucleotides bound to Rags,
20 µl of at least 1.0 mg/ml Rags were denatured by incubation
at 95 °C for 5 min and pelleted by centrifugation for 10 min
at 21,000 x g. Released nucleotides in the SN were injected
onto an HPLC system with a ZORBAX Eclipse XDB-C18
column (Agilent Technologies). Nucleotides were eluted
with HPLC buffer (10 mM tetra-n-butylammonium bromide,
100 mM potassium phosphate pH 6.5, 7.5 % acetonitrile) and
detected by absorbance at 260 nm. The area under the peak
for quantification was calculated with the Agilent ChemSta-
tion software operating the HPLC system.

HPLC RagC GTPase assay
The assay was carried out in a final volume of 25 µl with
13.5 µM Rags and a 1.2x molar excess of Ragulator and
SLC38A9NT in triplicates. The GTPase reaction was started
by addition of 10 µl FLCN:FNIP2 to Rags, Ragulator and op-
tionally SLC38A9NT to yield a final FLCN:FNIP2 to Rag ra-
tio of 1:100. Prior to addition of FLCN:FNIP2, the mixed
proteins were incubated for 30 min at 4 °C to ensure complete
complex formation. After addition of FLCN:FNIP2, samples
were incubated for 30 min at 37 °C. Bound nucleotides af-
ter the reaction were analyzed by HPLC as described above.
Plotted are the mean, standard deviation and each individual
data point for each sample.

HPLC RagA nucleotide exchange assay
The assay was carried out in a final volume of 25 µl with
14.6 µM Rags and a 1.2x molar excess of Ragulator and
SLC38A9NT in triplicates. Nucleotide exchange was started
by the addition of 10 µl of non-hydrolyzable GTP analogue
(GppCp) to Rags, Ragulator and optionally SLC38A9NT to
yield a final 1.2x molar excess of GppCp over Rags. Prior
to addition of GppCp, the mixed proteins were incubated for
30 min at 4 °C to ensure complete complex formation. Af-
ter GppCp addition, samples were incubated for 30 min at
RT. Unbound nucleotides were removed after the reaction by
buffer exchange into wash buffer using a Zeba spin desalt-
ing column (Thermo Fisher Scientific). Bound nucleotides
were analyzed by HPLC as described above. Plotted are the
mean, standard deviation and each individual data point for
each sample.

Tryptophan fluorescence RagC GTPase assay
Fluorimetry experiments were performed using a
FluoroMax-4 instrument (Horiba) and a quartz cuvette
compatible with magnetic stirring (Starna Cells) and a 10
mm pathlength. The Trp fluorescence signal was collected
using 297 nm excitation (1.5 nm slit) and 340 nm emission
(20 nm slit). Experiments were performed in wash buffer

at RT with stirring. The final concentration of Rags was
350 nM. 500 µl of wash buffer were added to the cuvette
and after baseline equilibration, 20 µl of a protein mixture
containing Rags, 1.2x molar excess of Ragulator and with
or without 1.2x molar excess of SLC38A9NT were added.
After signal equilibration, the assay was started by addition
of 20 µl FLCN:FNIP2 to a final concentration 35 nM and
the fluorescence signal was recorded in 1 s intervals for
1,800 s. The signal prior to FLCN:FNIP2 addition was used
for baseline subtraction and subsequently normalized to the
signal right after FLCN:FNIP2 addition. This served also as
the t=0 time point.

RagA mantGDP nucleotide exchange assay
The assay was carried out with the same instrument and cu-
vette as the tryptophan fluorescence RagC GTPase assay (see
above). Mant fluorescence was collected using a 360 nm ex-
citation (10 nm slit) and 440 nm emission (10 nm slit). Ex-
periments were performed in wash buffer at RT with stirring.
The final concentration of Rags was 50 nM. 500 µl of wash
buffer were added to the cuvette and after baseline equilibra-
tion, 20 µl of a protein mixture containing Rags, 1.2x molar
excess of Ragulator and with or without 1.2x molar excess
of SLC38A9NT were added. After signal equilibration, the
assay was started by addition of 20 µl of GTP to a final con-
centration of 5 µM (100x molar excess over Rags) and fluo-
rescence was measured in 1 s intervals for 1,000 s. The signal
prior to protein mixture addition was used for baseline sub-
traction and subsequently normalized to the signal right after
GTP addition. This served also as the t=0 time point.
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Extended Data Fig. 1 Pre-GAP complex cryo-EM structure determination. a, Exemplary raw cryo-EM micrograph at -2.2 µm defocus. Scale bar 50 nm. b, Power
spectrum of micrograph shown in a with CTF estimation. c, Exemplary 2D class averages. Scale bar 150 Å. d, Cryo-EM data processing workflow. Used software is indicated
with italic font. e, Particle orientation distribution of the final particle set. f, Fourier shell correlation (FSC) of the final 3D reconstruction. g-h, Overlay of the final density map
with the masks used during refinement (g, blue, transparent), FSC calculation (h, pink, transparent). i, Both masks from g and h overlaid with the final density map.
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Extended Data Fig. 2 Pre-GAP complex atomic coordinate building and refinement. a, Overlay of half-map (green) and map-model (purple) FSC to assess map to
model agreement. b, Overlay of FSC work (blue) and FSC test (yellow) of the cross-validation test to assess overfitting. The refinement target resolution is indicated by a
vertical dashed line. c, Final model composition and chain assignment. Parts not resolved by the cryo-EM density are represented by thin black lines. Red lines indicate
regions where side chains are truncated to alanine. d, Model fit in the cryo-EM density (mesh) of selected regions. The threshold level used to display the density in UCSF
Chimera is given in parentheses.

Fromm et al. | SLC38A9 mediated Rag GTPase activation bioRχiv | 11

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 29, 2020. ; https://doi.org/10.1101/2020.07.28.225524doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.28.225524
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended Data Fig. 3 HDX-MS analysis of SLC38A9NT in isolation and bound Rags. a, Deuterium uptake and peptide coverage (grey lines) of SLC38A9NT in complex
with inactive Rags (left) or in isolation (right) at 6, 60, 600 and 60,000 s exchange time. b, HDX difference plots of SLC38A9NT in complex with inactive Rags and in isolation at
60 (left), 600 (middle) and 60,000 s (right) exchange time. Plotted are the mean +/ SD of technical replicates (n=3). c, Individual SLC38A9NT MS peptide spectra of selected
peptides in isolation (black) and in complex with inactive Rags (red). Undeuterated reference spectra are shown at the top.
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Extended Data Fig. 4 Post-GAP complex formation and Trp-fluorescence GAP assay. a, SEC profile of the reconstituted post-GAP complex. b, SDS-PAGE analysis of
the peak fraction indicated in a. c, Intrinsic tryptophan fluorescence based RagC XTPase assay of Ragulator-RagAGDP:RagCXTP in the absence (blue) and presence (yellow)
of SLC38A9NT. Plotted is the normalized (norm.) Trp fluorescence of one experiment (n=1). d, Top view of the pre-GAP complex structure illustrating the SLC38A9-RagC
interaction. SLC38A9 (yellow) and RagC switch I (blue) are displayes in surface representation.
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Extended Data Fig. 5 Post-GAP complex cryo-EM structure and coordinate model. a, Exemplary raw cryo-EM micrograph at -2.2 µm defocus. Scale bar 50 nm. b, Power
spectrum of micrograph shown in a with CTF estimation. c, Exemplary 2D class averages. Scale bar 150 Å. d, Particle orientation distribution of the final particle set. e, Fourier
shell correlation (FSC) of the final 3D reconstruction. f, Overlay of half-map (green) and map-model (purple) FSC to assess map to model agreement. g, Overlay of FSC work
(blue) and FSC test (yellow) of the cross-validation test to assess overfitting. The refinement target resolution is indicated by a vertical dashed line. h, Model fit in the cryo-EM
density (mesh) of selected regions. The threshold level used to display the density in UCSF Chimera is given in parentheses.
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Extended Data Fig. 6 Overview of Rag GTPase structures in different states. a-g, Top (middle) and side view (right) of published Rag GTPase structures in surface
representation (cyan, RagA G domain; blue, RagC G domain; pink, GTP or GTP analogue; red, GDP or GDP analogue; yellow, RagA or RagC switch I region; grey, RagA
or RagC C-terminal roadblock domain). The dashed line connects the Cα atoms of RagA Trp165 and RagC Tyr221 representing the width of the G domain cleft. The two
vertical solid lines represent the RagA Trp165 and RagC Tyr221 Cα position in a. PDB codes, experimental method, de facto nucleotide state and Rag binding partners (if
any) are summarized on the left.
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Extended Data Fig. 7 MantGDP fluorescence-based RagA nucleotide exchange assay. a, MantGDP fluorescence-based RagA nucleotide exchange assay of Ragulator-
RagAmantGDP:RagC in the absence (dark blue, dark green) and presence of SLC38A9NT (light, blue, light green) and RagC bound to XTPγS (light blue, dark blue) or XDP
(light green, dark green), respectively. Plotted is the normalized (norm.) mantGDP fluorescence of one experiment (n=1).
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Extended Data Table 1: Cryo-EM data collection, refinement and validation statistics

Ragulator-RagAGDP:RagCXTPγS

-SLC38A9NT (pre-GAP complex,
EMD-21686, PDB 6JW2)

Ragulator-RagAGDP:RagCXDP

-SLC38A9NT (post-GAP complex,
EMD-21687, PDB 6JW3)

Data collection and processing
Nominal magnification 29,000 36,000
Voltage (kV) 300 200
Electron exposure (e-/Å2) 59 60.5
Exposure time (s) 2.1 5.7
Number of frames/exposure 59 55
Acquisition scheme (no of movies/target) 3x3 image shift (9) cross-pattern image shift (5)
Defocus range (µm) -0.8 to -2.3 -1.0 to -2.5
Pixel size (Å) 0.8522 1.137
Symmetry imposed C1 C1
Initial particle images (no.) 1,419,155 2,309,565
Final particle images (no.) 129,553 106,659
Map Resolution (Å) 3.2 3.9

FSC threshold 0.143 0.143
Map resolution range (Å) 2.6-11 3.4-11

Refinement
Initial model used (PDB code) 6NZD 6WJ2
Model resolution (Å) 3.5 4.4

FSC threshold 0.5 0.5
Map sharpening B factor (Å2) -32.9 local amplitude scaling
Model composition

Non-hydrogen atoms 8,909 8,912
Protein residues 1,167 1,168
Ligands 1 GDP; 1 XTPγS (L8S); 1 Mg2+ 1 GDP; 1 XDP (U3J)

B factors (Å2, min/max/avg)
Protein 38.89 / 226.58 / 87.85 54.13 / 204.34 / 103.71
Ligands 49.91 / 65.12 / 57.44 96.98 / 113.93 / 105.46

R.m.s. deviations
Bond lengths (Å) 0.002 0.002
Bond angles (°) 0.454 0.484

Validation
MolProbity score 1.91 1.76
Clashscore (Å) 3.83 7.82
EMRinger score 2.21 0.95
Poor rotamers (%) 2.81 0.00
Ramachandran plot

Favored (%) 94.05 95.20
Allowed (%) 5.95 4.71
Disallowed (%) 0.00 0.09
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Extended Data Dataset 1: HDX-MS data summary

Dataset slc slc+rags

# of Peptides SLC38A9-NT: 36 SLC38A9-NT: 36
Sequence coverage SLC38A9-NT: 100 % SLC38A9-NT: 100 %
Redundancy SLC38A9-NT: 4.9 SLC38A9-NT: 4.9
Average standard deviation SLC38A9-NT: 1.09 % SLC38A9-NT: 0.88 %
Deuteration time course analyzed 6/60/600/60,000 s 6/60/600/60,000 s
Replicates Triplicate/Quadruplicate Triplicate/Quadruplicate
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