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Abstract

The GATOR2-GATOR1 signaling axis is essential for amino acid-dependent mTORC1 activation. 

However, the molecular function of the GATOR2 complex remains unknown. Here we report 

that disruption of the Ring domains of Mios, WDR24 or WDR59 completely impedes amino 

acid-mediated mTORC1 activation. Mechanistically, via interacting with Ring domains of WDR59 

and WDR24, the Ring domain of Mios acts as a hub to maintain GATOR2 integrity, disruption 
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of which leads to self-ubiquitination of WDR24. Physiologically, leucine stimulation dissociates 

Sestrin2 from the Ring domain of WDR24 and confers its availability to UBE2D3 and subsequent 

ubiquitination of NPRL2, contributing to GATOR2-mediated GATOR1 inactivation. As such, 

WDR24 ablation or Ring deletion prevents mTORC1 activation, leading to severe growth defects 

and embryonic lethality at E10.5 in mice. Hence, our findings demonstrate that Ring domains 

are essential for GATOR2 to transmit amino acid availability to mTORC1 and further reveal the 

essentiality of nutrient-sensing during embryonic development.

In Brief

Ring domain of Mios acts as a hub to maintain GATOR2 integrity, disruption of which leads 

to self-ubiquitination of WDR24, while leucine stimulation potentiates the E3 ligase activity of 

WDR24 via impeding Sestrin2 binding to the Ring domain of WDR24 to confer its availability 

to the E2 enzyme UBE2D3 and subsequent ubiquitination of NPRL2, a process that is likely 

essential for leucine-dependent activation of mTORC1.

Graphical Abstract
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INTRODUCTION

mTORC1 is a central regulator that integrates diverse environmental cues to potentiate the 

anabolic process including protein synthesis and attenuate the catabolic process such as 

autophagy, through which dictates a plethora of cellular processes including cell growth 

and homeostasis1,2. Aberrant activation of the mTORC1 signaling pathway contributes to 

many human diseases, including cancer, diabetes and neurological disorder1,3,4. mTORC1 

is activated only when both the nutrients and growth factors signal are present1. Amino 

acids promote the translocation of mTORC1 to the lysosome surface via the Rag guanosine 

triphosphatases (Rag GTPases), which is a prerequisite step in the activation of mTORC15,6. 

The lysosomal resided GTPase, Rheb, subsequently stimulates the kinase activity of 

mTORC1 and eventually leads to the activation of mTORC1 signaling7. Growth factors 

dictate the activation of Rheb via dissociating its GAP TSC (TSC1-TSC2- TBC1D7) 

complex from the lysosomal surface8.

Multiple protein complexes have been identified to regulate the amino acid sensing of 

mTORC1. Ragulator anchors Rag GTPase heterodimer to the lysosomal surface and 

coordinates with SLC38A9 to regulate its nucleotide state9–14. GATOR1 complex functions 

as a GTPase-activating protein (GAP) for RagA/B, while the FLCN-FNIP complex is a 

GAP for Rag C/D15,16. KICSTOR complex is required for GATOR2 complex to interact 

and antagonize GATOR1 GAP activity15,17–19. Furthermore, Sestrin2, SARB1, and Castor1 

could sense and bind to cytosolic leucine and arginine, respectively, which subsequently 

causes their dissociation with GATOR2, relieving their inhibitory impact on GATOR220–22.

Despite the establishment of the GATOR2-GATOR1-Rag axis as the major signaling 

components to regulate the activation of mTORC1 by amino acids, the mechanistic basis for 

this regulation remains poorly defined. Within the GATOR1 complex, NPRL2 links NPRL3 

and DEPDC5 and acts as a GAP for RagA23. Two interaction modes are likely involved 

in the regulation of Rag GTPase by GATOR1 complex: 1) DEPDC5 directly interacts with 

RagA and antagonizes GATOR1-mediated stimulation of the GTP hydrolysis by RagA; 2) 

the NPRL2-NPRL3 heterodimer interacts with RagA with a weaker affinity and execute 

its GAP activity23,24. GATOR2 complex comprises five subunits, WDR24, WDR59, Mios, 

SEC13 and SEH1L, functioning as a key node of the amino acid sensing pathway which 

links the upstream amino acid sensing to the timely activation of mTORC1 at the lysosome. 

However, the molecular function of GATOR2 remains enigmatic to date (Figure 1A).

Here, we report that Ring domains of Mios, WDR24 or WDR59 (GATOR2 Ring contained 

subunits) are essential for amino acid-mediated mTORC1 activation. Ring domain of Mios 

acts as a hub for the integrity of the GATOR2 holo-complex and functions as a brake to 

prevent the self-ubiquitination of WDR24; whereas the Ring domain of WDR59 or WDR24, 

by engaging with Mios Ring domain, mediates the intra-molecular interaction within the 

complex. Furthermore, we found that leucine stimulation disassociates Sestrin2 with the 

Ring domain of WDR24 and the induced conformational changes in Ring domain interface 

of Mios and WDR24, facilitating the E2 (UBE2D3) loading of WDR24 for its activation and 

subsequently ubiquitination of NPRL2. Wdr24 Ring deletion phenocopied Wdr24 deficiency 
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accompanied with decreased mTORC1 activity in vivo, revealing the critical role of amino 

acids sensing in embryonic development.

RESULTS

Ring domains of GATOR2 complex are critical for amino acid-mediated mTORC1 activation

To interrogate the molecular function of GATOR2, we utilized the CRISPR-Cas9 system 

to insert an in-frame Flag-tag at the endogenous WDR24 gene locus in HEK 293 cells 

to ensure physiological immunoprecipitation of the GATOR2 complex (Figures S1A–1B). 

Consistent with previous studies15,17,18, we found that amino acid availability displays no 

detectable impact on the integrity of the GATOR2 complex as well as its interaction with 

the GATOR1 complex evidenced by the co-immunoprecipitation assay (Figure S1C) and the 

size-exclusion chromatography (SEC) analysis (Figure S1D).

GATOR2 is an evolutionarily conserved protein complex composed of five subunits, 

WDR24, WDR59, Mios, Sec13 and Seh1L (Figure 1B)15. Protein sequence alignment 

revealed that all five known GATOR2 components contain multiple tandem WD40 domains 

at the N-terminus, which are arranged into β-propeller structure. Notably, WDR24, WDR59 

and Mios contain a putative C-terminal Ring domain proceeded by the β-propeller and 

α-solenoid stretch and share similar fold arrangements with the HOPS complex and the 

CORVET complex (Figure1B and Figures S1E–1F) 25,26. RING domain is a key protein-

protein interaction module that has been shown to engage in the interaction mode of 

various regulatory proteins or associate with E3 ubiquitin ligase activity via recruiting 

the ubiquitin-conjugating E2 enzyme27–30. WD40-repeat units (beta-propeller) likely also 

serve as a rigid scaffold for protein interaction and are critical for coordinating the 

assemblies of a multi-protein complex, which have already been observed in E3 ubiquitin 

complexes such as the Cullin-Rbx1-SCF complex31,32. We thus investigated whether the 

beta-propeller or Ring domain of Mios, WDR24 and WDR59 is required for mTORC1 

activation. Notably, we found that either ablating the beta-propeller domain or Ring domain 

of Mios, WDR24, and WDR59 blunted amino acid sensing of mTORC1 signaling as 

evidenced by the phosphorylation of S6K (Figures S1G–1I). Given that the beta-propeller 

domain is composed of multiple WD40 units (300 aa), which is much bigger than the 

Ring domain (50 aa), it is likely very complicated to elucidate its exact functions without 

detailed structural insights. Moreover, Ring containing proteins Vps11 and Vps8 have been 

shown to play important roles in mediating the biological functions of the HOPS/CORVET 

complexes33,34, which prompted us to firstly consider a possible role of Ring domains in 

mediating GATOR2’s molecular function.

To identify the putative functional residues in the Ring domain of Mios, WDR24 and 

WDR59, we aligned the sequence with the well-defined Ring-H2 E3 ubiquitin ligase Rbx1 

(Figure 1B and Figures S1J–1L)35, and mutated the first two conserved critical cysteine 

residues to alanine, generating MiosC785A/C788A, WDR24C743A/C746A and WDR59C924A/

C927A mutants (referred to as CA hereafter), respectively. We then reconstituted Mios−/−, 

WDR24−/− and WDR59−/− cells with the respective wild-type, RING domain deletion 

(ΔRing) or CA mutation transgenes and assessed whether the Ring domains were required 

for GATOR2 function in amino acid-mediated mTORC1 activation. Notably, Mios-deficient 
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cells stably expressing the Mios Ring deletion or Mios CA mutant failed to restore mTORC1 

sensitivity to amino acids as evidenced by the phosphorylation status of S6K (Figure 1C). 

Furthermore, lysosome recruitment of mTORC1 was abolished in these mutant cells (Figure 

1D and Figure S1M), which was a critical step for mTORC1 activation upon amino acid 

stimulation6,36. In addition, in keeping with previous results17,18, we found that depletion of 

Mios leads to destabilization of WDR24, but not WDR59, and the Ring-defective mutants 

of Mios were incapable of stabilizing WDR24 levels (Figure 1C), which possibly explains 

its deficiency in amino acid-induced mTORC1 activation (Figures 1C–D and Figure S1M). 

Similarly, in comparison with the wild-type reconstituted WDR24−/− or WDR59−/− cells, 

Ring deletion or CA mutation form of WDR24 or WDR59 was unable to correct the 

insensitivity of mTORC1 to amino acids as indicated by the phosphorylation of S6K (Figure 

1E and 1G) and the mTORC1 lysosome translocation (Figure 1F and 1H and Figures 

S1N–1O). However, WDR24 or WDR59 Ring mutants did not affect the protein levels of 

other subunits (Figures 1E–1G), which differs from that of Mios. The observation that all 

the Ring domain defective mutants of Mios, WDR24 and WDR59 failed to transmit the 

positive signal from amino acids to mTORC1 indicated a pivotal role for the Ring domains 

in GATOR2-mediated amino acid sensing of mTORC1.

Genetic mutation of core residues in WDR24 or WDR59 Ring domain impairs amino acid-
mediated mTORC1 activation

Given that Ring domain of Mios behaves differently from that of WDR24 and WDR59, 

which presumably regulates mTORC1 activation via modulating the protein levels of 

WDR24, we further dissected the physiological role of the Ring domain via introducing 

cysteine to alanine mutations into WDR59 and WDR24 gene locus at the endogenous 

level by CRISPR/Cas9 system (Figures S2A–2D). In comparison with parental cells, 

WDR24C743A/C746A or WDR59C924A/C927A knock-in cells showed detectable deficiency 

in amino acid-mediated mTORC1 activation as assessed by the phosphorylation of S6K, 

S6 and 4EBP1 (Figures 2A–2B). GATOR2 is essential for transmitting the leucine or 

arginine signal to mTORC1 via disassociating with the cognate sensor, Sestrin2 and 

Castor120,21. In keeping with this notion, Ring mutation of WDR24 and WDR59 prevented 

leucine or arginine-stimulated mTORC1 activation as revealed by the phosphorylation 

of its downstream substrate S6K (Figures S2E–2F). On the other hand, Rag GTPase-

mediated mTORC1 lysosome recruitment is a critical step for amino acid-induced 

activation5,6,36. Accordingly, disruption of the Ring domain of WDR24 or WDR59 also led 

to defective mTORC1 localization to lysosome surface in response to amino acid stimulation 

(Figures 2C–2D and Figures S2G–2H). Consequently, compared with WT-parental cells, 

WDR24C743A/C746A or WDR59C924A/C927A showed a noticeable reduction in cell size 

(Figures S2I–2J) and activated autophagy as evidenced by the increased LC3B (Figures 

S2K–2L). Moreover, impaired mTORC1 activation in WDR24C743A/C746A or WDR59C924A/

C927A cells was largely prevented either by NPRL2 deficiency or expressing a constitutively 

active form of Rag GTPases (RagAQ66L/RagCS75N) (Figures 2E–2F)6, suggesting that 

these defects likely stem from the inactivation of Rag GTPase and subsequent impaired 

recruitment of mTORC1 to lysosome surface. Thus, these results further confirmed the 

requirement of WDR24 or WDR59 Ring domains for the GATOR2 complex to transmit the 

amino acid availability signal to mTORC1.
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Ring domains of GATOR2 complex are critical for GATOR2 integrity

We next explored the underlying molecular mechanism by which the Ring domains of Mios, 

WDR24 and WDR59 are critical for the GATOR2-dependent mTORC1 activation. Since 

Ring domain is an essential module that is best known for implicating in protein-protein 

interaction27, we went on to explore whether the Ring domain was involved in modulating 

the interaction of different subunits within GATOR2 complex via an in vitro reconstituted 

system. To this end, we recombinantly expressed and purified GST-fusion protein encoding 

the full-length wild-type Mios, the Ring domain only (Mios Ring), Mios-ΔRing, and 

Mios with the C785A/C788A mutant, and incubated these mutants with other GATOR2 

subunits (WDR24, WDR59, Sec13 and Seh1l) that were purified from 293T cells. Notably, 

full-length Mios and Mios Ring were able to pull down WDR24 and WDR59, whereas 

Mios-ΔRing and CA mutants failed to bind the corresponding subunits in vitro (Figure 3A). 

Subsequently, the interaction mode of the WDR24 and WDR59 Ring domain were similarly 

explored. Notably, full-length WDR24 was able to pull down Mios, while mutating the 

Ring domain blunted its interaction with Mios (Figure 3B). Similarly, the Ring domain of 

WDR59 was also necessary and sufficient for the binding with Mios (Figure 3C).

Given the potential role of Ring domain in mediating protein-protein interactions, we 

proceeded to directly assess the interaction between Mios Ring domain with the Ring 

domain of WDR24 or WDR59. In support of this notion, the GST-Mios Ring domain was 

able to pull down WDR24 or WDR59 Ring domain as assessed by in vitro pull-down 

assay (Figures 3D–3E). We further implemented the NanoBit-based interaction assay to 

monitor the Ring-Ring domain interaction in cells 37. Our results showed that Mios Ring 

domain interacted with WDR24 and WDR59 Ring domain in cells (Figure S3C–S3F), while 

mutating the conserved critical residues (CA mutation) dramatically reduced their binding 

affinity (Figures 3F–3G and Figures S3G–3H). Overexpression of WDR59 Ring domain 

exerts no effect on the interaction between WDR24 and Mios Ring domain (Figure S3I), 

indicating that WDR24 and WDR59 simultaneously engage with Mios Ring domain. Taken 

together, these results demonstrated the requirements of the Ring domain in mediating the 

intra-molecular interaction of Mios, WDR24 and WDR59, to maintain the integrity of the 

GATOR2 complex.

WDR24 has intrinsic E3 ubiquitin ligase activity

Interestingly, in keeping with the previous observations17,18, we found that the WDR24 

protein level was dramatically reduced in Mios knockdown cells (Figure 1C). Proteasome 

inhibition via treating cells with MG132, Bortezomib, or TAK-243, but not with 

the autophagy inhibitor chloroquine (CQ), elevated WDR24 protein levels in Mios 
knockdown cells (Figures S3J–S3K). These results suggest that ubiquitination-mediated 

post-translational modification is likely involved in modulating the protein abundance of 

WDR24 in this experimental setting. In support of this notion, enhanced ubiquitination 

of WDR24 was observed in Mios-knockdown cells (Figure S3L). Notably, Ring domain 

could also recruit a ubiquitin-conjugating E2 enzyme to mediate self-ubiquitination or attach 

ubiquitin chains to other substrates30,38. In keeping with this notion, WDR24 was able 

to generate ubiquitin chains in vitro, whereas mutating the Ring domains (Ring deletion 

or CA mutation) abolished this capability (Figures S3M–3N), indicating that WDR24 
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likely possesses the intrinsic E3 ubiquitin ligase activity in vitro. Furthermore, we found 

that WDR24 self-ubiquitination and WDR24 disappearance required its E3 activity as 

depletion of Mios led to WDR24 destabilization in WT, but not in WDR24C743A/C746A 

cells, in the absence of Mios (Figure 3H). To further determine whether the reduction 

of WDR24 protein abundance in Mios-deficient cells is responsible for the observed loss 

of mTORC1 activation, we reconstituted Mios-deficient cells with WDR24 or Mios (as a 

control). Reconstitution with WDR24 failed to restore mTORC1 sensitivity to amino acids 

(Figure S3O). Furthermore, in the absence of Mios, WDR24 was unable to bind to the 

other subunits of GATOR2 despite being reconstituted comparable to endogenous levels 

(Figure S3P). This result implies that except for regulating WDR24 protein abundance, Mios 

has other functions in the regulation of mTORC1 activity. In addition, in Mios-deficient 

cells, ectopically expressed Mios Ring deletion or CA mutants were unable to bind to other 

GATOR2 components, correlating with increased ubiquitination and reduction in protein 

abundance of WDR24 (Figure 3I). In keeping with this finding, Mios Ring domain, but 

not the CA mutant, could strongly block the self-ubiquitination of WDR24 in vitro (Figure 

S3Q). Therefore, the Ring domain of Mios is likely required for GATOR2 assembly and 

functions as a brake to prevent WDR24 from engaging the potential E2 enzyme via its 

Ring domain to meditate its self-degradation (Figure 3J), acts as a self-quality checkpoint 

to ensure that the GATOR2 complex is well-integrated to exert its biological function in 

mTORC1 regulation that is also observed in LUBAC E3 ubiquitin ligase complex39,40.

WDR24 ubiquitinates NPRL2 upon amino acid stimulation

Notably, we found that the ubiquitination levels of NPRL2, the catalytic subunit of 

GATOR1, but not NPRL3 or DEPDC5, were physiologically regulated in an amino acid-

sensitive manner in our experimental setting (Figures S4A–S4F). Amino acid stimulation 

induced the ubiquitination of NPRL2 in the intact GATOR1 complex without affecting the 

protein stability or the integrity of GATOR1 complex (Figure S4G). Depletion of WDR24 
blunted the increased ubiquitination levels of NPRL2 upon amino acid stimulation (Figure 

4A). On the other hand, ectopic overexpression of WDR24 promoted ubiquitination of 

NPRL2 in a Ring domain-dependent manner (Figure S4H). In keeping with this finding, 

defective NPRL2 ubiquitination in WDR24−/− cells was largely restored by re-expressing 

wild-type WDR24, but not by the Ring mutation (CA mutant) form of WDR24 (Figure 

4B). In further support of the critical role of WDR24 in mediating NPRL2 ubiquitination, 

deletion of Mios or Mios Ring domain blunted amino acid-induced NPRL2 ubiquitination 

(Figures S4I–4J). This is probably caused by the fact that complete deletion of Mios 
or the Mios-Ring domain leads to the destabilization of WDR24, thereby conferring 

NPRL2’s unavailability to WDR24 and other GATOR2 subunits, which eventually leads 

to the deficient NPRL2 ubiquitination in these cells (Figure S4K). Mutation of the Ring 

domain of WDR59 inhibits GATOR2-mediated ubiquitination of NPRL2 in cells (Figure 

S4L), indicating the integrity of GATOR2 is critical for amino-acids induced NPRL2 

ubiquitination.

We next sought to determine the type of ubiquitin chain that was generated on NPRL2 in 

NPRL2HA knock-in HEK293 cells. We found that WDR24 generated K6, K11, K48 and 

K63 chains in vitro via using self-ubiquitination as a readout (Figure S4M). Furthermore, 
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NPRL2 could be labeled only with wild-type or K6 ubiquitin (ubiquitin mutant contains 

only one lysine) via over-expressing GATOR2 in cells (Figure S4N). Moreover, K6R 

(Lys6→Arg6) ubiquitin inhibited amino acid stimulation-induced NPRL2 ubiquitination 

(Figure 4C), indicating that GATOR2 likely promotes K6-linked ubiquitination of NPRL2. 

To further demonstrate the requirement of K6-linked ubiquitination for amino acid sensing, 

we used a previously developed inducible ubiquitin replacement system in which the 

endogenous ubiquitin was replaced with different K-R mutation variants controlled by 

doxycycline. Reintroduced K6R, but not the wide-type ubiquitin, impaired mTORC1 

activation (Figure 4D). We next sought to identify the critical lysine residue for the 

NPRL2 ubiquitination. There are 25 lysine residues in NPRL2 (Figures S4O–S4P), Several 

lysine residues have been previously identified to be ubiquitinated41–43, and conservation 

alignment indicated that the K158 is highly conserved from mammals to yeast, while the 

K328 and K357 are well conserved except for yeast (Figure S4Q). We utilized a mutagenesis 

approach to inactivate individual lysine residues on NPRL2 identified by mass spectrometry. 

Notably, mutation of K158 or K357 (but not other lysine residues) to arginine, either alone 

or in combination, decreased GATOR2-mediated ubiquitination of NPRL2 (Figure S4R), 

whereas the protein turnover rates of the K158/357 mutants were similar to that of wild-type 

NPRL2 (Figure S4S). More importantly, mutating these two conserved lysine residues, 

K158 and K357 at NPRL2, impaired amino acid-mediated ubiquitination of NPRL2 (Figure 

4E) and mTORC1 activation as indicated by the phosphorylation of S6K, 4EBP1 and TFEB 

(Figure 4F) and the lysosome recruitment of mTORC1 (Figure 4G).

In keeping with the reduced mTORC1 kinase activity, cells expressing the ubiquitination-

deficient NPRL2 mutant displayed activated autophagy and reduced cell size (Figures 4H–

4I). Furthermore, genetic ablation of WDR24 prevented the reduced GATOR1-binding 

RagA under amino acid stimulated condition (Figure 4J). In support of this finding, 

amino acid addition failed to disrupt NPRL2 interaction with RagA in cells expressing the 

ubiquitination deficient NPRL2 (K158/357R) mutant and consequently inhibited the GAP 

activity of GATOR1 as evidenced by the reduction in GTP-form of RagA (Figure 4K). 

Thus, our data provide multiple lines of evidence corroborating the formation of a K6-linked 

polyubiquitin chain on NPRL2 at the K158 and K357 residues, which is mediated by the 

WDR24 subunit of GATOR2 complex.

Ring domain of WDR24 is essential for its interaction with Sestrin2

Under physiological conditions, GATOR2 is inhibited by its interaction with Sestrin2, 

Castor120,21. Hence, we continued to ask whether these proteins could interact with the 

ring domains of GATOR2 subunits. Notably, we found that Sestrin2 directly bound to 

the GATOR2 complex via WDR24 and WDR59 subunits (Figure 5A), whereas Castor1 

interacted with all the four subunits, except for Sec13, which appears to be in a more 

complicated manner (Figure S5A). We thus focused on the leucine sensor Sestrin2 for 

the remainder of the study. We observed that genetic ablation of WDR24 prevented the 

interaction between WDR59 and Sestrin2, while loss of WDR59 did not obviously change 

the binding of WDR24 with Sestrin2 (Figure 5B and Figure S5B). Thus, WDR24 is likely 

the key subunit to bridge the association of the GATOR2 complex and Sestrin2. Further 

analysis showed that the WDR24 Ring domain is essential but not sufficient to interact 
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with Sestrin2 (Figure 5C and Figures S5C–S5D). WDR59 Ring domain behaved the same 

as the WDR24 Ring domain in mediating the integrity of GATOR2 complex19. However, 

unlike the Ring deletion mutant of WDR24, WDR59 Ring deletion mutant still interacts 

with Sestrin2 (Figure S5E), excluding the possibility that WDR24 Ring deletion induced 

disassemble of GATOR2 complex, which subsequently prevented Sestrin2 from binding to 

GATOR2 complex. More importantly, deletion of Sestrin1, Sestrin2, and Sestrin3 in cells 

led to constitutive ubiquitination of NPRL2 in cells (Figure 5D), indicating that Sestrin2 

could potentially antagonize GATOR2-mediated NPRL2 ubiquitination in this experimental 

setting.

To identify the E2 enzyme(s) that is critically involved in WDR24 E3 ligase activity, we 

performed an siRNA screen to determine the E2 enzyme required for amino acid-mediated 

mTORC1 activation (Figure S5F). Genetic ablation of seven E2 enzymes (UBE2D3, 
UBE2G1, UBE2J2, UBC13, UBE2Q2, UBE2QL1, and UBE2W) impaired amino acid-

mediated mTORC1 activation (Figure S5G). We next used NPRL2 ubiquitination as another 

readout and found that depletion of UBE2J2 and UBE2D3 impaired NPRL2 ubiquitination 

and mTORC1 activation in cells, which suggests that UBE2J2 and UBE2D3 coordinately 

regulate the ubiquitination of NPRL2 (Figure S5H). Moreover, in vitro reconstituted 

GATOR1 and immunopurified GATOR2 prepared from amino acid stimulation conditions 

poly-ubiquitinates NPRL2 in cooperation with UBE2D3 and with UBE2J2 in vitro (Figure 

5E and Figures S5I–S5K). Importantly, we found that the E3 ligase activity of purified 

GATOR2 was found to be relatively weak compared to the positive control UBE4B (Figure 

S5J), which may likely be caused by the fact that WDR24 lacks the linchpin arginine 

that is essential for coordinating with UBE2D family E2s to prime the donor ubiquitin 

transfer 44–46, or other mechanisms such as post-translational modification may be involved 

in governing GATOR2 E3 ligase activity in cells. Furthermore, we found that WDR24 

specifically bound to UBE2D3 in vitro (Figure 5F), and wild-type Sestrin2 interrupted 

the interaction of WDR24 with UBE2D3 and inhibited the self-ubiquitination of WDR24 

in vitro (Figures S5L–5M). The addition of leucine, which can block the interaction of 

WDR24 with Sestrin2, restored its interaction with UBE2D3 in vitro, whereas L261A-

Sestrin2 (leucine insensitive) mutant constantly blunted the interaction between UBE2D3 

and WDR24 in vitro (Figure 5G). In keeping with this notion, reintroducing the wildtype, 

but not the GATOR2 binding deficient mutant S190W-Sestrin2, rescued this defect, while 

the L261A-Sestrin2 mutant strongly inhibited the ubiquitination of NPRL2 in a leucine-

insensitive manner (Figure 5H). Moreover, the non-ubiquitinable NPRL2 (K158/357R) 

impaired leucine-mediated mTORC1 activation as indicated by the phosphorylation of S6K 

(Figure S5N).

Ring domains interact with the ubiquitin-charged E2 via the conserved surface at the L1 

and L2 zinc-coordinating loops and the central a-helix31,38. We next designed a Ring mutant 

via substitution of conserved hydrophobic E2 binding residue, W772 (a-helix) or V745 

(L1 loop) to Alanine or Aspartate to disrupt its interaction with E2 19,30, but maintain the 

folding of the Ring domain (Figures S5O–5P) mutation of V745 or W772 to Alanine (A) 

or Aspartate (D) alone or in combination reduced its interaction with UBE2D3 in vitro 
(Figure S5Q). WDR24 dimerized with Mios via the Ring-Ring interface and Ring-solenoid 

interactions to maintain the integrity of GATOR2 complex (Figures S5R–5S) 19 .To exclude 

Jiang et al. Page 9

Mol Cell. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the interference of the endogenous GATOR219 , we analyzed whether these mutants could 

potentially perturb its association with Mios in WDR59 knock-out cells. Unlike the WDR24 

Ring deletion mutant, these single or double mutants of WDR24 did not obviously affect 

their binding affinity with Mios (Figure S5T). Moreover, our results showed that mutation 

of V745 or W772 to Alanine (A) or Aspartate (D) alone reduced amino acid-mediated 

mTORC1 activation. Notably, we found that these double mutants exhibited a stronger 

mTORC1 activation defect than either the V745 or W772 single mutant, which behaved 

comparably to the WDR24 Ring deletion mutant (Figure 5I and Figure S5U). In keeping 

with these findings, our results showed that disruption of the E2 binding decreased amino 

acids-induced NPRL2 ubiquitination, but to a lesser extent than the Ring deletion mutant, 

indicating that except for WDR24, other E3 ligases might also contribute to NPRL2 

ubiquitination via engaging with the GATOR2 complex (Figure 5I). However, knocking 

down of NEDD4, a E3 ubiqutin ligase that interacts with UBE2D347,48, did not affect amino 

acid induced NPRL2 ubiquitination and mTORC1 activation (Figure S5V), excluding the 

possibility that NEDD4 is required for the NPRL2 ubiquitination. Taken together, these 

results implicate that leucine prevents Sestrin2 from binding to the Ring domain of WDR24, 

leaving the Ring domain to recruit UBE2D3 and subsequently ubiquitinates NPRL2(Figure 

5J).

WDR24 Ring domain deletion mice are embryonic lethal with reduced mTORC1 kinase 
activity

Since the Ring domain of Mios, WDR59 and WDR24 functions equivalent in the cellular 

levels, and Mios ring mutations likely inactivate mTORC1 via WDR24 destabilization, 

we next used a genetic approach to untangle the physiological role of Ring domain 

of GATOR2 in vivo by generating Wdr24 deficient mice (Wdr24−/−) targeting exon 1 

and the Ring deletion in mice (Wdr24ΔRing/ΔRing) via deleting the Ring domain at exon 

7 (Figures S6A–S6B). While Wdr24+/− and Wdr24+/ΔRing mice were viable, deficiency 

or Ring deletion of Wdr24 both led to embryonic lethality around E10.5 (Figures S6C–

S6D) and resulted in severely decreased body size (Figures 6A–6B and Figures S6E–

S6H), was evocative of the phenotypes of that were observed in RagA-deficient mice49. 

Consistent with the key role of Wdr24 Ring domain in cells, mTORC1 activity was severely 

reduced in the total protein extracts derived from Wdr24−/− or Wdr24ΔRing/ΔRing mice, as 

represented by the phosphorylation levels of S6K, S6 as well as 4EBP1 without affecting 

the protein abundance of NPRL2, NPRL3 and DEPDC5 (Figures 6C–6D and Figures 

S6I–6J). NPRL2 ubiquitination levels were decreased in Wdr24−/− or Wdr24ΔRing/ΔRing 

tissues (Figure S6K), further demonstrating that WDR24 regulates the ubiquitination of 

NPRL2 at the physiological levels. Compared with the wild-type littermates, Wdr24−/− or 
Wdr24ΔRing/ΔRing mice showed severe defects in the development of fetal liver and heart 

(Figure S6L). Furthermore, immunohistochemical detection of phospho-S6 in liver and heart 

sections revealed decreases in mTORC1 activity and increases in apoptosis as assessed by 

cleaved caspase-3 staining (Figures 6E–6F and Figures S6M–6P).

We then established mouse embryonic fibroblasts (MEF) cells from Wdr24−/− or 
Wdr24ΔRing/ΔRing mice to further explore the role of Wdr24 Ring domain in amino acid 

sensing. In comparison with the parental cells, amino acid-mediated mTORC1 activation 
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was impaired in Wdr24−/− or Wdr24ΔRing/ΔRing MEF cells (Figure S6Q). In keeping with the 

phenotypes observed from WDR24C743A/C746A or WDR59C924A/C927A expressing HEK293 

cells (Figures S2E–S2F), leucine or arginine stimulated mTORC1 activation was strongly 

blunted in Wdr24 Ring deletion MEF cells (Figure S6R). In cells lacking Wdr24 or 

expressing the Ring deletion mutant, mTOR diffused in the cytoplasm regardless of the 

presence or absence of amino acids (Figures S6S–6T). To position the WDR24 Ring 

function in mTORC1 pathway, we performed epistasis analysis. Notably, deletion of the 

endogenous Nprl2 or expressing the constitutively active mutant heterodimer of Rag GTPase 

(RagAQ66L/ RagCS75N) corrects the mTORC1 inactivation in WDR24 Ring cells (Figure 

6G). Taken together, Wdr24 Ring deletion phenocopied Wdr24 deficiency in vivo, with 

decreased mTORC1 activity in multiple tissues, revealing the critical role of amino acids 

sensing in embryonic development (Figure 6H).

DISCUSSION

GATOR2 is a positive regulator of the nutrient-sensing of mTORC1 signaling, transmitting 

the amino acid signal from the leucine sensor Sestrin2 or arginine sensor Castor1 to 

the GATOR1-Rag GTPase axis. One unsolved question in the amino acid sensing field 

revolves around how Sestrin2 and Castor1 inhibit GATOR2, which awaits elucidation of the 

molecular function of GATOR2. Here we report that the Ring domains of Mios, WDR24 

and WDR59 are essential parts of GATOR2-mediated amino acid sensing. Ring domain 

of Mios is necessary and sufficient for the interaction with WDR24 and WDR59 Ring 

domains to maintain the integrity of the GATOR2 complex and likely functions as a brake 

for preventing the self-ubiquitination of WDR24. On the other hand, Ring domains of 

WDR24 and WDR59 are largely involved in mediating the intra-molecular interaction with 

Mios Ring domain. More importantly, genetic deletion of WDR24 Ring domain impairs 

the nutrient-sensing of mTORC1, leading to embryonic lethality and severe growth defects 

in vivo. These observations are largely in line with the independent study from Max L. 

Valenstein and colleagues’ report, which reported the structure of the GATOR2 complex19.

In addition, we found that WDR24 has intrinsic E3 ubiquitin activity, whose enzymatic 

activity is largely antagonized via engaging with Mios Ring domain. Disruption of the Ring-

Ring interaction of WDR24 and Mios, either by genetic deletion of Mios or mutation of 

Mios Ring domain, will release this inhibitory effect and be fully exposed to the E2 enzyme, 

which will subsequently lead to the self-degradation of WDR24 (Figure S6U–I). Moreover, 

we found that WDR24 can promote the ubiquitination of NPRL2 in the overexpression 

system and in vitro. The Ring domain of WDR24 is also required for its interaction with 

the cytosolic leucine sensor Sestrin2; leucine stimulation dissociates Sestrin2 from the 

Ring domain of WDR24 and confers its availability to UBE2D3 in vitro. Consistently, 

manipulating the interaction of WDR24 and Sestrin2 affects the ubiquitination levels of 

NPRL2 in cells. Thus, Mios and Sestrin2 can separately or synergistically bind to distinct 

sites of WDR24 Ring as the brake to inhibit E2 loading of WDR24 for its activation (Figure 

S6U–II). Upon leucine stimulation, Sestrin2 disassociates with the Ring domain of WDR24 

and the induced conformational changes in Ring domain interface of Mios and WDR24, 

facilitating the E2 loading of WDR24 for its activation and subsequently ubiquitination of 

NPRL2 (Figure S6U–III). However, our results demonstrated that NPRL2 ubiquitination 
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deficient mutants (K158/357R) did not completely impair mTORC1 activation (Figure 4F) 

as observed in WDR24 knockout or Ring mutation cells (Figure 1E and Figure 2A) and 

the immunoprecipitated GATOR2 complex have a much lower activity to generate ubiquitin 

chains in vitro (Figure S5J). Thus, whether WDR24-mediated NPRL2 ubiquitination is a 

prominent mechanism for GATOR2-mediated GATOR1 inhibition is still elusive. Moreover, 

our results demonstrated that the beta-propeller domain of Mios, WDR24, and WDR59 are 

also required for amino acid-induced mTORC1 activation (Figures S1G–1I), indicating that 

other mechanisms, such as conformational changes, may also play a role in the regulation 

of GATOR1 by GATOR2. As Castor1 binds to many subunits of GATOR2 (Figure S5A), a 

more complicated regulatory mechanism is likely involved in the arginine sensing process of 

the GATOR2 complex.

mTORC1 pathway is hyperactivation in many diseases, and inhibitors of mTORC1 signaling 

have valuable therapeutic values to target the aberrant mTORC1 signaling1,4. Given that 

Ring domains are critical for GATOR2-mediated mTORC1 activation, it may be possible 

to develop small molecules or peptides that antagonize the Ring-Ring interaction of Mois-

WDR24 or Mios-WDR59 that specifically target the cytosolic amino acids sensing arm of 

the mTORC1 pathway.

Limitations of the Study

Our data provide experimental evidence to support the notion that WDR24-mediated 

ubiquitination of NPRL2 is likely involved in GATOR2-mediated GATOR1 inhibition. 

However, the significance of the observed mechanism in physiological contexts remains 

to be further determined. Notably, our results showed that, unlike the WDR24 Ring 

deletion mutant, the mutation in the E2 binding sites of WDR24 did not fully inhibit 

amino-acids mediated NPRL2 ubiquitination. This implies that other E3 ligases might also 

contribute to the ubiquitination of NPRL2 via engaging with the GATOR2 complex, which 

warrants further investigation. Moreover, the study of Max L. Valenstein et al showed that 

expression of the NPRL2 mutant lacking all the lysine residues restored amino acid-sensitive 

mTORC1 signalling19. Given that lysine residue is the receptor of multiple post-translational 

modifications besides ubiquitination, such as sumoylation, acetylation, methylation, et 
al50–52. It is worthy to further investigate whether other types of modifications might 

occur on the other lysine residues of NPRL2, which potentially activates GATOR1 and 

subsequently neutralizes the effect of ubiquitination-mediated regulation of GATOR1 

activity. Furthermore, whether other substrates besides NPRL2 contribute to GATOR2-

mediated mTORC1 activation remains elusive. In addition, we observed that WDR59 exerts 

E3 ubiquitin ligase activity in vitro (Figure S3L). Hence, whether WDR59 contributes to 

the ubiquitination of NPRL2 and how the E3 ligase activities of WDR24 and WDR59 are 

coordinated and whether an additional regulatory factor is involved remains to be further 

investigated.

It is worth noting that the study of Max L. Valenstein et al. suggests that α-solenoid 

of Mios occludes the putative E2-interacting surface of WDR24, thereby precluding 

any E2 from associating with WDR24 and subsequently ubiquitinates any substrates19. 

However, our results showed that mutation of the E2 binding sites of WDR24 without 
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affecting the integrity of GATOR2 impaired amino acid-mediated activation (Figure 5I 

and Figure S5U), indicating that WDR24 might exert E3 ligase activity, independent 

of its reported role in maintaining GATOR2 integrity, to govern GATOR2-mediated 

mTORC1 activation under certain conditions. To this end, GATOR2 acts as a hub via 

intermediating the upstream sensors, Sestrin2 and Castor1, with KICSTOR and GATOR1 

at the lysosomal surface17,18,20,21. Hence, GATOR2 may exist in multiple intermediate 

conformations structures via engaging with sensors or GATOR1-KICSTOR complex (switch 

from the “OFF” to “ON” state), and there might be rearrangement or conformational 

change in the Ring-α-solenoid interface, which will enable WDR24 to interact with E2 

while disassociating with sensors and engaging with GATOR1/KICSTOR. Atomic structure 

analysis of the dynamic change of GATOR2 complex from the nutrient-deficient (inactive 

form, associated with sensors such as Sesrin2) to nutrient-sufficient status (active form, 

disassociated with sensors such as Sesrin2) as well as the co-structure of the GATOR2-

KICSTOR-GATOR1 complex are warranted to gain deeper insights into the possible 

conformational dynamics of GATOR2, which will further reveal the critical role of the 

WDR24-RING motif in the dynamic regulation of the GATOR2 to dictate timely mTORC1 

activation following physiological upstream cues such as amino acid stimulation.

STAR ★ METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Wenyi Wei 

(wwei2@bidmc.harvard.edu).

Materials availability—All unique reagents generated in this study are available from the 

lead contact with a completed Materials Transfer Agreement.

Data and code availability

• All data is available in the main text or the supplemental information.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK293, HEK293T, primary MEF and HeLa cells were cultured in DMEM 

supplemented with 10% FBS, 100 U ml−1 penicillin/streptomycin. HEK293, HEK293T 

and HeLa cells were maintained at 37 °C and 5% CO2. NPRL2Flag HEK293T cells and 

Sestrin1/2/3 triple knockout were a gift from the lab of Dr. David M. Sabatini. WDR24−/−, 

WDR59−/−, and Mios−/− HEK293T cells were a gift from Dr. Ming Li (Memorial Sloan 

Kettering Cancer Center, New York, NY). All the cell lines were authenticated and validated 

for mycoplasma negative.
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Animals—To generate the Wdr24−/− mice, guide RNA targeting the Wdr24 locus on 

exon1 was designed using the online website (http://crispr.Mit.edu/). gRNA (listed in the 

Oligonucleotides) and in vitro translated Cas9 mRNA were co-microinjected into C57BL/6 

mice-derived zygotes. We initially wanted to generate the Wdr24C743A/C746A knock-in mice. 

The guide RNA targeting the Wdr24 locus on exon7 and oligo was designed in the same 

way as Wdr24−/− mice. gRNA and oligos were listed in the Oligonucleotides. Unfortunately, 

we failed to get the desired knock-in mice after 10 times of injections, and we coincidentally 

obtained the Ring deletion mice (Wdr24 ΔRing/ΔRing) mice. Founders were screened by 

PCR and validated by DNA sequencing. The PCR primers used for Wdr24−/− and Wdr24 
ΔRing/ΔRing mice were listed in the Oligonucleotides part. Details of the mice deletion 

information are included in Figure S6A–6D. All the mice were maintained under appropriate 

conditions and subject to ethical review at East China Normal University.

METHOD DETAILS

Amino acids starvation and re-stimulation—HEK293, HeLa and primary cells were 

cultured in DMEM supplemented with 10% FBS. One day before the experiments, cells 

were plated in 6-cm cultured dishes. On the next day, cells were rinsed twice with ice-

cold PBS. Then, cells were incubated in complete amino acids, leucine or arginine-free 

RPMI1640 supplemented with 10% dialyzed FBS for 60 min, and then restimulated with 

the corresponding amino acids at the indicated time. The final concentration of amino acids, 

leucine or arginine, was the same as in RPMI 1640 medium.

Generation of the knockout and knock-in cell lines—To generate the knockout 

cell lines, guide RNA targeting the indicated gene was cloned into lentiCripsr-V2-Puro 

(Addgene 52961). HEK293 or HeLa cells were transfected with the indicated sgRNA and 

selected with puromycin for 3 days. The survival cells were plated in a 96-wells plate 

with approximately one cell per well. After two weeks, the single clone was expanded and 

verified via immunoblotting using the respective antibody. The sgRNA targeting sequence 

for WDR24, WDR59, Mios, Seh1L, Sec13, and NPRL2 were described before(Peng et al., 

2017; Wolfson et al., 2017). To generate the knock-in cell lines, the guide RNA targeting 

specific exons were cloned into LentiCrispr-V2-GFP (Addgene 82416). 500 ng of single-

strand DNA and 1000 ng of indicated sgRNA were co-transfected into the HEK293 cells. 

Twenty-four hours post-transfection, GFP-positive cells were sorted via flow cytometry and 

plated into 96-well plates. Two weeks later, the clones were expanded and verified using 

genomic sequencing. The primers and single-strand DNA used to generate the knock-in cells 

are listed in Oligonucleotides.

Generation of the primary MEF cells—Primary MEF cells were isolated from E10.5 

embryos by excluding the head and liver and prepared by digestion with trypsin for 30 

min. Cells were maintained in DMEM medium supplemented with 10% fetal bovine 

serum and followed by serial passage when the cells became confluence. MEFs were 

infected with pLVX-Flag lentivirus encoding Metap2 (control protein), Flag-RagAQ66L, 

Flag-RagCS75N, LentiCrispr-V2-sgVector, LentiCrispr-V2-sgNprl2 and selected for stable 

expression.
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Immunoblots and immunoprecipitation—For immunoblots, cells were lysed directly 

in lysis buffer (50 mM Tris pH 7.5, 120 mM NaCl, 10% glycerol, 0.5% NP-40, 0.1% SDS) 

supplemented with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors 

(phosphatase inhibitor cocktail set I and II, Calbiochem). For immunoprecipitation, cells 

were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) supplemented 

with protease inhibitor (Complete Mini, Roche). The soluble fractions were clarified via 

centrifugation; 20 μl of the anti-Flag or anti-HA beads were added to cell lysis and incubated 

for 2–4 hours at 4 °C. The beads were washed 3 times with the NETN buffer (20 mM Tris, 

pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40). The immunoprecipitated proteins 

were denatured by adding 50 μl 2 Χ SDS loading buffer and boiling at 100°C for 10 min, 

resolved by 8–15% SDS-PAGE and analyzed by immunoblotting.

Cell transfection, RNAi, virus infection and stable cell line generation—For 

transient transfection, the encoding plasmids were transfected into HEK293 and HeLa cells 

with Lipofectamine (Invitrogen) or PEI (Polysciences) separately. All siRNAs targeting 32 

E2 enzymes were purchased from Shanghai Genechem. siRNA (20nM) was transfected 

into 293T cells using Lipofectamine RNAiMAX (ThermoFisher Scientific, 13778). To 

generate the lentivirus, HEK293T cells were transfected with the sgRNA or pLenti-encoding 

plasmids along with psPAX2 and PMD2G packing plasmids using PEI. Twenty-four hours 

post-transfection, the fresh medium was replaced. Thirty-six hours later, the supernatants 

were collected and infected the corresponding cell lines. Cells were selected with puromycin 

(1μg/ml), and survival cells were expanded and validated via immunoblotting.

Immunofluorescence assays and cell size analysis—HeLa or HEK293T cells 

were plated on gelatin-coated coverslips in a 24-well plate. Twenty-four hours later, the 

coverslips were rinsed twice with ice-cold PBS and fixed with 4% paraformaldehyde at 

room temperature. Then, the coverslips were washed with PBS three times and incubated 

with 0.05% Triton X-100 for 15 min. After washing with PBS three times, cells were 

blocked in 1% BSA for 1 hour at room temperature. The coverslips were incubated with 

the indicated primary antibodies overnight at 4 °C. After being rinsed three times with PBS, 

coverslips were subsequently incubated with the secondary antibodies for 1 hour. Images 

were acquired on a Zeiss LSM 510 Meta confocal system. For quantitative analyses, images 

were opened with Fiji software, and approximately 50 cells were quantified via Pearson’s 

correlation. To determine the cell size, HEK293 or HeLa cells were seeded on 10 cm dishes 

at a 40% confluence. After twenty-four hours, cells were harvested and subjected to FACS 

analysis. The X-axis indicated the relative cell size.

Size-exclusion chromatography (SEC)—Cells were rinsed twice with ice-cold PBS 

and lysed in lysis buffer (1% Triton X-100, 50 mM HEPES (pH 7.4), 150 mM NaCl, 2.5 

mM MgCl2, 10% glycerol supplemented with protease inhibitor cocktail), soluble fractions 

were obtained via centrifugation at 12,000g for 20 min. 3 mg supernatant were loaded 

on Superose 6 Increase 10/300 GL Column (GE Healthcare, 29–0915-96) connected to an 

AKTA purifier (GE Healthcare). The flow rate was 0.5 ml/min, and 0.3 ml fractions were 

collected and denatured in 3 Χ SDS loading buffer and subjected to immunoblot analysis.
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Protein expression and purification—His-MBP and GST-tagged GATOR2 subunits 

and the indicated mutation were induced in E. coli BL21 (DE3) strain and were purified 

using Ni-NTA agarose resin (Qiagen) or Glutathione Sepharose 4B (GE Healthcare Life 

Sciences). Briefly, cells were grown in LB medium containing 30 μg/mL kanamycin (His-

MBP-tag protein), 100 μg/ml ampicillin (GST-tag protein), and 0.5 mM IPTG was added 

to induce the expression of indicated protein at 16°C for 14 hours when the OD600 reached 

0.8. Cells were collected by centrifugation and resuspended in lysis buffer (20 mM Tris-HCl 

(pH 7.4), 300 mM NaCl supplemented with protease inhibitor cocktail) and disrupted by a 

homogenizer. His-MBP protein was eluted with elution buffer (20 mM Tris-HCl, 250 mM 

imidazole, 0.15 M NaCl, pH8.0), and GST-tagged protein was eluted with GSH elution 

buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0). His-MBP-WDR24 Ring, 

His-MBP-WDR59 Ring, and GST-Mios Ring proteins were further purified by Hitrap Q 

HP ion-exchange chromatography and gel filtration chromatography (GE Healthcare Life 

Sciences) and concentrated in a buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl 

and 5% glycerol. For the purification of GATOR2 subunits, pRK5-Flag-WDR24, pRK5-

Flag-WDR59, pRK5-Flag-Mios, pRK5-Flag-Sec13 and pRK5-Flag-Seh1L were transfected 

into HEK293T cells. Twenty-four hours post-transfection, cells were lysed in EBC buffer, 

and the supernatant was spun in a table-top centrifuge (12000 rpm/4°C/30 min). The 

supernatant was subsequently incubated with anti-Flag beads for 4 hours. The beads were 

washed 6 times in NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA 

and 0.5% NP-40) and then washed with PBS 3 times. Each subunit was eluted with PBS 

containing 0.5 mg/mL FLAG peptide, and the elute was further concentrated to 100 μl with a 

centrifugal filter with a 30 KDa cut-off (Millipore, UFC9100).

In cell ubiquitination assay—For the in cells ubiquitination assays, cells were lysed 

in denatured buffer (50 mM Tris pH 7.5, 120 mM NaCl, 10% glycerol, 0.5% NP-40, 1% 

SDS). After sonication, the supernatant was collected and incubated at 100°C for 5 min. 

Cell lysates were subsequently diluted 10 times with lysis buffer (50 mM Tris pH 7.5, 

120 mM NaCl, 10% glycerol, 0.5% NP-40) supplement with protease inhibitors and 10 nm 

N-ethylmaleimide (NEM, sigma). The diluted lysis was subjected to immunoprecipitation 

with HA or Flag beads at 4°C for 4 hours. The beads were washed three times with 

NETN buffer, denatured via adding 2 ΧSDS loading buffer and subjected to western blotting 

analysis.

In vitro ubiquitination assay—For the in vitro autoubiquitination assay, purified 

WDR24 and the indicated mutations proteins were incubated with ubiquitin, E1, ATP and 

UBE2D3 in ubiquitin reaction buffer according to the manufacturer’s instruction (Boston 

BioChem). To assay ubiquitination of NPRL2 in vitro, purified NPRL2 in the intact 

GATOR1 complex, E1, ubiquitin, and E2 were incubated with purified GATOR2 complex 

at 37°C for 2 hours in the ubiquitin reaction buffer using the Thermomixer R (Eppendorf), 

terminated by adding 1% SDS and boiled at 100°C for 5 mins. The reaction was diluted 10 

times using EBC buffer and subjected to anti-Flag immunoprecipitation for two hours. The 

ubiquitination of NPRL2 was analyzed via probing with NPRL2 or ubiquitin antibody. The 

samples were subjected to immunoblot analysis using a ubiquitin antibody.
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For the in vitro autoubiquitination assay, purified WDR24 and the indicated mutations 

proteins were incubated with ubiquitin, E1, ATP and UBE2D3 in ubiquitin reaction buffer 

according to the manufacturer’s instruction (Boston BioChem). To assay ubiquitination of 

NPRL2 in vitro, purified NPRL2 in the intact GATOR1 complex, E1, ubiquitin, and E2 

were incubated with purified GATOR2 complex at 37°C for 2 hours in the ubiquitin reaction 

buffer using the Thermomixer R (Eppendorf), terminated by adding 1% SDS and boiled at 

100°C for 5 mins. The reaction was diluted 10 times using EBC buffer and subjected to 

anti-Flag immunoprecipitation for two hours. The ubiquitination of NPRL2 was analyzed 

via probing with NPRL2 or ubiquitin antibody. The samples were subjected to immunoblot 

analysis using a ubiquitin antibody.

GATOR1 and GATOR2 complex purification—For the purification of the GATOR1 

complex, pRK5-HA-NPRL3, pRK5-HA-DEPDC5 and pRK5-Flag-NPRL2 were co-

transfected into HEK293T cells. Twenty-four hours post-transfection, cells were lysed in 

EBC buffer, and the supernatant was spun in a table-top centrifuge (12000 rpm/4°C/30 

mins). The supernatant was subsequently incubated with anti-Flag beads for 4 hours. The 

beads were washed 6 times in NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM 

EDTA and 0.5% NP-40) and then washed with PBS 3 times. GATOR1 complex was eluted 

with PBS containing 0.5 mg/ml FLAG peptide, and the elute was further concentrated 

to 100 μl with a centrifugal filter with a 100 KDa cut-off (Millipore, UFC9100). To 

obtain the GATOR2 complex, pRK5-Flag-WDR24, pRK5-Flag-WDR59, pRK5-Flag-Mios, 

pRK5-Flag-Seh1L and pRK5-Flag-Sec13 were co-transfection into HEK293T cells and 

were purified in the same way as for GATOR1 complex. Endogenous GATOR2 complex 

was precipitated from amino acid stimulated WDR24Flag HEK293 cells with Flag-beads.

Pull-down assay—1μg GST-Mios Ring protein was incubated with 30 μl Glutathione 

Sepharose 4B resin in the EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) 

supplemented with protease inhibitor (Complete Mini, Roche) for 3 hours at 4°C. Beads 

were washed and incubated with 1 μg His-MBP-WDR24 Ring or His-MBP-WDR59 Ring 

for 1 hour at 4°C. After extensively washing with low salt NETN buffer (20 mM Tris, 

pH 8.0, 300 mM NaCl, 1 mM EDTA and 0.5% NP-40), the immunoprecipitated proteins 

were analyzed after SDS/PAGE by Coomassie staining or western blotting as indicated. 

His-UBE2J2, His-UBE2Q2, and His-UBE2D3 were incubated with 15 μl Ni-NTA agarose 

resin in the EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) supplemented 

with protease inhibitor (Complete Mini, Roche) for 3 hours at 4°C. Beads were washed and 

incubated with 3 μg HEK293T cells purified WDR24, WDR59 or Mios protein for 1 hour 

at 4°C. After extensively washing with low salt NETN buffer (20 mM Tris, pH 8.0, 10 mM 

NaCl, 1 mM EDTA and 0.5% NP-40), the immunoprecipitated proteins were analyzed after 

SDS/PAGE by Coomassie staining or western blotting as indicated.

In vitro Sestrin2-WDR24-UBE2D3 competition assay—GST or GST-WDR24 were 

incubated with Glutathione Sepharose 4B in EBC buffer for 3 hours at 4°C, and beads were 

washed and preloaded with the HEK-293T-purified Sestrin2 protein. After being incubated 

for 2 hours, the beads were extensively washed and incubated with 1 μg UBE2D3. The 

immunoprecipitated UBE2D3 and Sestrin2 were analyzed via immunoblotting with the 
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indicated antibodies. HA-WDR24 and Flag-Sestrin2 wild-type or L261A mutant were stably 

expressed in Sestrin13 triple null HEK293T cells, and the indicated cells were starved for 

all amino acids for 60 mins, lysed and subjected to anti-Flag immunoprecipitation. The 

immunoprecipitated GATOR2-Sestrin2 complex immobilized on HA beads was washed 3 

times and then incubated with 100 μM leucine for 20 mins in the cytosolic buffer (0.1% 

Triton, 40 mM HEPES pH 7.4, 10 mM NaCl, 150 mM KCl, 2.5 mM MgCl2). Beads were 

washed and incubated with 1 μg UBE2D3 for 1 hour. After washing with low salt NETN 

buffer (20 mM Tris, pH 8.0, 10 mM NaCl, 1 mM EDTA and 0.5% NP-40), the amount 

of GATOR2, Sestrin2 and UBE2D3 were analyzed via immunoblotting with the indicated 

antibody.

NanoBit protein-protein (PPI) assay—100ng N-Myc-LgBit-Mios Ring (Lg-Mios 

Ring) were co-transfected with 100ng c-SmBit-HA fused construct (WDR24 Ring-SM or 

WDR59 Ring-SM), c-SmBit-HA-pcDNA3.1 was used as a negative control according to the 

manufacturer’s protocol (Promega). Twenty-four hours post-transfection, cells were plated 

into 96 wells (5×103) per well. Sixteen hours after passage, medium was removed and 

replaced with 100 μl Opti-MEM medium and incubated for 1 h at 37 °C. The Nano-Glo 

reagent was added to each well immediately according to the manufacturer’s instruction and 

subjected to luminescence reading. The luminescence was read every 1 min, and for the 

quantitative comparison of LgBit-SmBit interactions, the peak at 4 min was used.

Embryo images and histological analysis—Embryos at different days of embryonic 

development were collected and images with an Olympus SZ61 microscope. Embryos were 

subsequently fixed in 4% paraformaldehyde; 4 μm sections were stained with hematoxylin 

and eosin, pS6S235/236 (CST#2211 1:100) and cleaved caspase 3 (Asp175) (CST#9661, 

1:100) according to the standard procedure. Images were acquired on a Nikon Eclipse E100 

microscope. Quantification was performed on ten different fields per embryo by using Image 

J software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the quantification analysis was performed using GraphPad Prism 8. Details on the 

statistical test are presented in the figure legends. All the graphs show mean ±SD, and two-

tailed unpaired Student t-tests are presented as an indication of at least three independent 

experiments or biological replications. P < 0.05 are considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ring disruption in Mios, WDR24 and WDR59 impedes AA-mediated 

mTORC1 activation

• Mios functions as a brake to prevent the self-ubiquitination of WDR24

• Leucine dissociates Sestrin2 from WDR24 Ring, leading to NPRL2 

ubiquitination

• Wdr24 deficiency prevents mTORC1 activation, leading to embryonic 

lethality in mice
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Figure 1. The Ring domains are critical for GATOR2 to transmit amino acid availability to 
mTORC1.
A. Model depicting how GATOR2 acts as a hub to timely sense the cytosolic amino acids.

B. A schematic illustration of the annotated domains of GATOR2 components.

C. Wild-type or Mios knockout HEK 293 cells were infected with indicated constructs. The 

resulting cells were deprived of amino acids for 60 min and restimulated with amino acids 

for 10 min. Whole cell lysates were analyzed via immunoblotting by probing with indicated 

antibodies. Metap2 was used as a negative control.
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D. Cells were treated as in (C), and the co-localization of mTORC1 and LAMP1 was 

analyzed via immuno-staining. The imaging data were quantified with 50 cells under each 

condition. Data are mean ± SD, two-tailed t-test. ns, no significance, ***P < 0.001. See 

Figure S1M for imaging data.

E. Wild-type or WDR24 knockout HEK 293 cells were infected with indicated constructs. 

The resulting cells were deprived of amino acids for 60 min and restimulated with amino 

acids for 10 min. Whole cell lysates were analyzed via immunoblotting by probing with 

indicated antibodies.

F. Cells were treated as in (E). The co-localization of mTORC1 and LAMP1 was analyzed 

via immuno-staining. The imaging data were quantified with 50 cells under each condition. 

Data are mean ± SD, two-tailed t-test. ns, no significance, ***P < 0.001. See Figure S1N for 

imaging data.

G. Wild-type or WDR59 knockout HEK 293 cells were infected with indicated constructs. 

The resulting cells were deprived of amino acids for 60 min and restimulated with amino 

acids for 10 min. Whole cell lysates were analyzed via immunoblotting by probing with 

indicated antibodies.

H. Cells were treated as in (G). The co-localization of mTORC1 and LAMP1 was analyzed 

via immuno-staining. The imaging data were quantified with 50 cells under each condition. 

Data are mean ± SD, two-tailed t-test. ns, no significance, ***P < 0.001. See Figure S1O for 

imaging data.

See also Figure S1

Jiang et al. Page 24

Mol Cell. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Genetic mutation of the core residues in WDR24 or WDR59 Ring domain impairs 
amino acid-mediated mTORC1 activation.
A. Wild-type or WDR24 C743A/746A knock-in HEK 293 cells were deprived of amino acids 

for 60 min and stimulated with amino acids for 10 min. Cells were lysed and analyzed by 

immunoblotting with indicated antibodies.

B. Wild-type or WDR59 C924A/927A knock-in HEK 293 cells were deprived of amino acids 

for 60 min and stimulated with amino acids for 10 min. Cells were lysed and analyzed by 

immunoblotting with indicated antibodies.
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C. Cells were treated as in (A), and the co-localization of mTORC1 and LAMP1 was 

analyzed via immuno-staining . Scale bar, 10 μm. The imaging data were quantified with 50 

cells under each condition. Data are mean ± SD, two-tailed t-test. ns, no significance, ***P < 

0.001. See Figure S2G for imaging data.

D. Cells were treated as in (B), and the co-localization of mTORC1 and LAMP1 was 

analyzed via immuno-staining. Scale bar, 10 μm. The imaging data were quantified with 50 

cells under each condition. Data are mean ± SD, two-tailed t-test. ns, no significance, ***P < 

0.001. See Figure S2H for imaging data.

E-F. Indicated cells were infected with sgNPRL2 or lentivirus expressing the RagAQ66L 

(E) or RagCS75N transgenes (F). Cells were deprived of amino acids for 60 min and 

stimulated with amino acids for 10 min. Cells were lysed and analyzed by immunoblotting 

with indicated antibodies. Metap2 was used as a negative control.

See also Figure S2
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Figure 3. Ring domains are critical for intra-molecular interaction of Mios, WDR24 and WDR59 
within the GATOR2 complex.
A. Immunoblot analysis from the pull-down assay using GST-Mios wild-type, ΔRing, CA, 

Ring deletion fragments immobilized on GST affinity beads and incubated with other 

purified subunits from HEK293T cells.

B. Immunoblot analysis from the pull-down assay using GST-WDR24 wild-type, ΔRing, 

CA, Ring deletion fragments immobilized on GST affinity beads and incubated with other 

purified subunits from HEK293T cells.
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C. Immunoblot analysis from the pull-down assay using GST-Mios wild-type, ΔRing, CA, 

Ring deletion fragments immobilized on GST affinity beads and incubated with other 

purified subunits from HEK293T cells.

D-E. Immunoblot analysis from pull-down assay using tandem GST, GST-Mios Ring 

domain with the recombinant His-MBP-WDR24 Ring (D) and His-MBP-WDR59 Ring (E).

F-G. Mutation of conserved cysteine residues in the Ring domains of Mios, WDR24, and 

WDR59 dramatically reduced the interaction of the intra-molecular binding affinity of Mios 

Ring-WDR24 Ring (F) and Mios Ring-WDR59 Ring domain (G). Quantitative comparison 

of LgBit-SmBit interactions. The peak at 4 min was used. Data are mean ± SD (n=3), 

two-tailed t-test. ns, no significance, ***P < 0.001.

H. TUBE (tandem ubiquitin-binding entity) pulled down the ubiquitinated WDR24 from the 

indicated cells.

I. The interaction of Mios wild type, ΔRing, and CA mutants with other subunits was 

analyzed using an immunoprecipitated assay. The ubiquitination level of WDR24 was 

analyzed via TUBE-pull down assay.

J. A schematic illustration of the Ring domains of GATOR2 in mediating intramolecular 

interaction to govern its function in amino acid-dependent activation of mTORC1.

See also Figure S3.

Jiang et al. Page 28

Mol Cell. Author manuscript; available in PMC 2024 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. WDR24 has intrinsic E3 ubiquitin ligase activity.
A. Depletion of WDR24 abolishes amino acid-induced ubiquitination of NPLR2.NPRL2HA 

HEK293 cells with or without CRISPR-Cas9-mediated WDR24 knockout were deprived 

of amino acids for 60 min or starved and restimulated with amino acids for 10 min. Cells 

lysis were immunoprecipitated with HA beads under denatured condition and probed with 

indicated antibodies.

B. WDR24−/− in NPRL2HA background were reconstituted with WDR24 wild-type or 

WDR24 C743A/746A mutants. The ubiquitination level of NPRL2 was analyzed as in (A).
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C. K6R Ub mutant was transfected into NPRL2Flag knock-in cells, and the ubiquitination of 

NPRL2 was analyzed via immunoblotting.

D. The indicated cells were treated with doxycycline (100 ng/ml) for 12 hours. The 

doxycycline-induced cells were starved with amino acids for 60 mins and restimulated 

with amino acids for 10 mins. Cells were lysed and analyzed via immunoblotting with the 

indicated antibody.

E. The K157/358R mutation prevents NPRL2 ubiquitination.

F. Immunoblotting analysis of WCL derived from NPRL2 knockout HeLa cells infected 

with wild-type and K158/357R mutant. Cells were deprived of amino acids for 60 mins 

and restimulated with amino acids for 10 or 20 min before harvesting immunoblotting with 

indicated antibodies. The quantification with phosphorylation status of mTORC1 substrates 

were analyzed via Image J.

G. Cells were starved as in (F) and then restimulated with amino acid for 20 mins, and the 

co-localization of mTORC1 and LAMP1 was analyzed via immuno-staining.

H. Wild-type or NPRL2 K158/357R reconstituted NPRL2−/− HeLa cells were starved with 

amino acids for 2 hours and restimulated with amino acids at the indicated time. The levels 

of p-S6KT389 and LCB were analyzed via immunoblotting.

I. Cell size analysis from wild-type or NPRL2 K158/357R reconstituted NPRL2−/− HeLa cells 

by FACS.

J. NPRL2HA HEK293 cells with or without CRISPR-Cas9-mediated WDR24 knockout 

were deprived of amino acids for 60 mins or starved and restimulated with amino acids 

for 10 mins. Cell lysis was immunoprecipitated with anti-HA beads; the immunocomplexes 

were analyzed by western blotting via probing with the indicated antibody.

K. Immunoblotting analysis of whole-cell lysis and anti-HA-immunoprecipitated derived 

from NPRL2−/− HeLa cells reconstituted with different constructs. Cells were deprived of 

amino acids for 60 mins and restimulated with amino acids for 10 mins before harvesting for 

immunoprecipitation and immunoblotting analyses.

See also Figure S4.
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Figure 5. Ring domain of WDR24 is essential for its interaction with Sestrin2.
A. Flag-Sestrin2 was co-transfected with HA-WDR24, HA-WDR59, HA-Mios, HA-Seh1L, 

and HA-Sec13 in HEK293T cells. Cells were lysed and immunoprecipitated with HA beads, 

and the immunocomplexes were analyzed by immunoblotting as indicated.

B. Wild-type, WDR24−/− and WDR59−/− cells were infected with HA-WDR59 constructs. 

The resulting cells were lysed and immunoprecipitated with HA beads, and the 

immunocomplexes were analyzed by immunoblotting with indicated antibodies.
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C. WDR24−/− cells were infected with HA-WDR24 wild-type and ΔRing constructs. Cells 

were lysed and immunoprecipitated with HA beads, and the immunocomplexes were 

analyzed by immunoblotting with indicated antibodies.

D. The NPRL2HA knock-in HEK 293 cells were first infected with lentiviral constructs 

expressing Cas9-sgSESN1/2/3. Infected cells were selected with 1 μg/ml puromycin for 72 

hours to eliminate the non-infected cells. The resulting cells were deprived of leucine for 60 

mins or starved and restimulated with leucine for 10 mins before harvesting for IP and IB 

analyses.

E. In vitro poly-ubiquitination of NPRL2 by in vitro reconstituted GATOR2 (from 

recombinant proteins).

F. Binding assay among different E2 enzymes with WDR24. 5 μg His6-tag E2 enzymes 

were immobilized on Ni-NTA beads and were incubated with 293T purified Flag-WDR24. 

The interaction was analyzed by immunoblotting with the Flag-antibody.

G. Leucine restored the interaction of WDR24 with UBE2D3. HA-WDR24 and Flag-

Sestrin2 or Flag-Sestrin2 L261A mutant were co-transfected into Sestrin1–3 triple-null HEK 

293T cells. Cells were deprived of full amino acids for 60 min, and leucine (100 μM) 

was added directly to the immunoprecipitants. After re-washing, the immunocomplex was 

incubated with UBE2D3, and the interaction was analyzed by immunoblotting with the 

indicated antibody.

H. Sestrin1–3 triple-null cells expressing Sestrin2 wild-type, L261A (do not bind to 

leucine), S190W (do not bind to WDR24) were infected with HA-NPRL2 expressing virus 

and selected with puromycin (1 μg/mL). Cells were then transfected with Myc-Ub, and 

resulting cells were deprived of leucine for 60 min or starved and restimulated with leucine 

for 10 min. The ubiquitination of NPRL2 was analyzed as in (D).

I. WDR24−/− in NPRL2HA background were reconstituted with indicated constructs. The 

mTORC1 activation and ubiquitination level of NPRL2 was analyzed.

J. A schematic depicting Sestin2 and Mios/WDR24 Ring interaction mode in response to 

leucine availability. Upon leucine stimulation, Sestrin2 dissociates from the Ring domain 

of WDR24 accompanied by WDR24-Mios Ring conformational changes, leading to a Ring-

Ring semi-open status, WDR24 ubiquitinates NPRL2. In the status of leucine starvation, 

Sestin2 and Mios bind to the Ring domain of WDR24, leading to a closed Ring-Ring 

interaction mode, in which the E3 activity of WDR24 is blocked. Other E3 ligase might 

interacts with GATOR2 to dictate amino-acids mediated NPRL2 ubiquitiantion.

See also Figure S5.
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Figure 6. Wdr24 Ring domain deletion phenocopies Wdr24 deficiency in mouse, leading to 
reduced mTORC1 signaling and embryonic lethality.
A. Representative images of embryos from E10.5 of Wdr24+/+, Wdr24+/− and Wdr24−/− 

mouse embryos.

B. Representative images of embryos from E10.5 of Wdr24+/+, Wdr24ΔRing/+and 

Wdr24ΔRing/ΔRing embryo.

C. Whole embryo protein exacts from Wdr24+/+, Wdr24+/− and Wdr24−/− littermates were 

analyzed via immunoblotting with the indicated antibody.
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D. Whole embryo protein extracts from Wdr24+/+, Wdr24ΔRing/+and Wdr24ΔRing/ΔRing 

littermates were analyzed via immunoblotting with the indicated antibody.

E. Representative images of hematoxylin and eosin (H&E), p-S6(S235/236), CC3(cleaved-

Caspase 3) staining of the liver section (n=3) of Wdr24+/+and Wdr24−/− littermates.

F. Representative images of hematoxylin and eosin (H&E), p-S6(S235/236), CC3(cleaved-

Caspase 3) staining of the liver section (n=3) of Wdr24+/+and Wdr24ΔRing/ΔRing littermates.

G. Wdr24+/+and Wdr24ΔRing/ΔRing MEF cells were infected with sgNprl2 and lentivirus 

expressing the RagAQ66L or RagCS75N transgenes. Cells were deprived of amino acids for 

60 min and stimulated with amino acids for 10 min. Cells were lysed and analyzed by 

immunoblotting with indicated antibodies.

H. A schematic illustration of the proposed role of the Ring domains of GATOR2 in amino 

acid-mediated mTORC1 activation during embryonic development.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-WDR59 Cell Signaling Technology Cat#: 53385

Rabbit anti-Mios Cell Signaling Technology Cat#: 13557

Rabbit anti-RagA Cell Signaling Technology Cat#: 4357

Rabbit anti-pS6K T389 Cell Signaling Technology Cat#: 9234

Rabbit anti-S6K Cell Signaling Technology Cat#: 2708

Rabbit anti-S6 Cell Signaling Technology Cat#: 2317

Rabbit anti-pS6 S235/236 Cell Signaling Technology Cat#: 4858

Rabbit anti-pTFEB S211 Cell Signaling Technology Cat#: 37681

Rabbit anti-p4EBP1 S65 Cell Signaling Technology Cat#: 9451

Rabbit anti-4EBP1 Cell Signaling Technology Cat#: 9644

Rabbit anti-NPRL2 Cell Signaling Technology Cat#: 37344

Rabbit anti-Flag Cell Signaling Technology Cat#: 14793

Rabbit anti-HA Cell Signaling Technology Cat#: 3724

Rabbit anti-LC3B Cell Signaling Technology Cat#: 3968

Rabbit anti-mTOR Cell Signaling Technology Cat#: 2983

Rabbit anti-NEDD4 Cell Signaling Technology Cat#: 2740

Rabbit anti-Rheb Cell Signaling Technology Cat#: 13879

Rabbit anti-WDR24 Proteintech Cat#: 20778

Rabbit anti-SEC13 Proteintech Cat#: 15397

Rabbit anti-TFEB Proteintech Cat#: 13372

Rabbit anti-Sestrin2 Proteintech Cat#: 10795

Rabbit anti-Ubiquitin Proteintech Cat#: 10201

Rabbit anti-β-Actin Proteintech Cat#: 20536

Rabbit anti-Sestrin1 Proteintech Cat#: 21668

Rabbit anti-Sestrin3 Proteintech Cat#: 24532

Rabbit anti-UBE2D3 Proteintech Cat#: 11677

Rabbit anti-UBE2J2 Proteintech Cat#: 17713

Rabbit anti-NPRL3 Abcam Cat#: ab121346

Rabbit anti-SEH1L Abcam Cat#: ab218531

Mouse anti-LAMP1 Abcam Cat#: ab25630

Rabbit anti-DEPDC5 My-BioSource Cat#: MBS6011892

HRP-conjugated anti-mouse secondary antibody Sigma-Aldrich Cat#: A-4416

HRP-conjugated anti-rabbit secondary antibody Sigma-Aldrich Cat#: A-4914

Anti-mouse Alexa Fluor 488 Life Technologies/
Molecular 
Probes

Cat#: A11001
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Rabbit Alexa Fluor 594 Life Technologies/
Molecular 
Probes

Cat#: A32740

Bacterial and Virus Strains

XL10 Gold Escherichia coli Agilent Cat #200314

BL21(DE3) Escherichia coli Dr. William G. Kaelin, Jr., 
Dana-Farber Cancer Institute

N/A

E.coli: One Shot Stbl3 Chemically competent cells Thermo Fisher Scientific Cat#C737303

Chemicals, Peptides, and Recombinant Proteins

Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat#: A-2220

Anti-HA M2 Affinity Gel Sigma-Aldrich Cat#: A-2095

TUBE-beads Life Sensors Cat#: UM502T

Flag peptide Sigma-Aldrich Cat#: F4799

Full Amino-acids-Deficient Medium USBiological Life Sciences Cat#: R8999–04A

Leucine-Deficient Medium USBiological Life Sciences Cat#: R8998–02

Arginine-Deficient Medium USBiological Life Sciences Cat#: R8998–01

Dialyzed FBS Gibico Cat#: 26400044

Chloroquine Sigma Cat#: C6628

MG-132 Enzo Life Sciences Cat#: BML-PI102

Experimental Models: Cell Lines

HEK293 Dr. William G. Kaelin, Jr., 
Dana-Farber Cancer Institute

N/A

HEK293T Dr. William G. Kaelin, Jr., 
Dana-Farber Cancer Institute

N/A

NPRL2Flag HEK293T cells Dr. David M. Sabatini 
Whitehead Institue

N/A

Sestrin1/2/3 triple knockout HEK293T cells Dr. David M. Sabatini 
Whitehead Institue

Rachel et al., 2016

shUb-UbK6R-Reconstituted U2OS cells Dr. Zhijian James Chen 
UT Southwestern

Ming et al., 2009

shUb-Ubwild-typeReconstitutedd U2OS cells Dr. Zhijian James Chen 
UT Southwestern

Ming et al., 2009

Experimental Models: Organisms/Strains

C57BL/6 Shanghai Laboratory 
Animal 
Center

N/A

Recombinant DNA

PGEX-GST-6p-2-Mios Wild-type This paper N/A

PGEX-GST-6p-2-Mios ΔRing (1–784) This paper N/A

PGEX-GST-6p-2-Mios C785A/C788A This paper N/A

PGEX-GST-6p-2-Mios Ring (785–875) This paper N/A

PGEX-GST-WDR59 Wild-type This paper N/A

PGEX-GST-WDR59 ΔRing (1–923) This paper N/A

PGEX-GST-WDR59 C924A/C927A This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

His-MBP-WDR59 Ring (924–974) This paper N/A

PGEX-GST-6p-2-WDR24 Wild-type This paper N/A

PGEX-GST-6p-2-WDR24 ΔRing 
(1–742)

This paper N/A

PGEX-GST-6p-2- WDR24C743A/C746A This paper N/A

His-MBP-WDR24 Ring (743–790) This paper N/A

Flag-WDR59-pRK5 This paper N/A

Flag-Sec13-pRK5 This paper N/A

Flag-Seh1L-pRK5 This paper N/A

Flag-WDR24-pRK5 Bar-Peled et al. 2013 Addgene 46334

C terminal-Flag-Mios-pRK5 Bar-Peled et al. 2013 Addgene 46326

C terminal-HA-Mios pRK5 Bar-Peled et al. 2013 Addgene 46329

HA-WDR24-pRK5 Bar-Peled et al. 2013 Addgene 46335

C terminal-HA-WDR59-pRK5 Bar-Peled et al. 2013 Addgene 46328

HA-Sec13-pRK5 Bar-Peled et al. 2013 Addgene 46332

HA-Seh1L-pRK5 Bar-Peled et al. 2013 Addgene 46331

pLVX-CMV-HA-Mios Wild-type This paper N/A

pLVX-CMV-HA-Mios ΔRing (1–784) This paper N/A

pLVX-CMV-HA-Mios C785A/C788A This paper N/A

pLVX-CMV-HA-Mios ΔWD40 
(438–875)

This paper N/A

pLVX-CMV-HA-WDR59 Wild-type This paper N/A

pLVX-CMV-HA-WDR59 ΔRing (1–923) This paper N/A

pLVX-CMV-HA-WDR59 C924A/C927A This paper N/A

pLVX-CMV-HA-WDR59 ΔWD40–1(363–974) This paper N/A

pLVX-CMV-HA-WDR59 ΔWD40–2(707–974) This paper N/A

pLVX-CMV-HA-WDR24 Wild-type This paper N/A

pLVX-CMV-HA-WDR24 ΔRing 
(1–742)

This paper N/A

pLVX-CMV-HA-WDR24 C743A/C746A This paper N/A

pLVX-CMV-HA-WDR24 ΔWD40(339–790) This paper N/A

Flag-NPRL2-pRK5 Bar-Peled et al. 2013 Addgene 46333

HA-NPRL3-pRK5 Bar-Peled et al. 2013 Addgene 46330

HA-DEPDC5-pRK5 Bar-Peled et al. 2013 Addgene 46327

pLVX-CMV-HA-NPRL2 K158/357R This paper N/A

pLVX-CMV-HA-NPRL2 This paper N/A

pRK5 CASTOR1-Flag Cterm Chantranupong et al.2016 Addgene 84488

pRK5-FLAG-Sestrin2 Chantranupong et al.2014 Addgene 72595

pRK5-FLAG-Sestrin2 S190W Wolfson et al. 2016 Addgene 73670

pRK5-FLAG-Sestrin2 L261A Wolfson et al. 2016 Addgene 73671
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REAGENT or RESOURCE SOURCE IDENTIFIER

N-Myc-LgBiT-pcDNA3.1-Mios Ring(785–875) This paper N/A

c-SmBit-HA-pcDNA3.1-WDR24 Ring(743–790) This paper N/A

c-SmBit-HA-pcDNA3.1-WDR59 Ring(924–974) This paper N/A

N-Myc-LgBiT-pcDNA3.1-Mios 
RingC785A/C788A

This paper N/A

c-SmBit-HA-pcDNA3.1-WDR24 Ring 
C743A/C746A

This paper N/A

c-SmBit-HA-pcDNA3.1-WDR59 Ring 
C924A/C927A

This paper N/A

pLVX-CMV-HA-WDR24V745A This paper N/A

pLVX-CMV-HA-WDR24 V745D This paper N/A

pLVX-CMV-HA-WDR24 W772A This paper N/A

pLVX-CMV-HA-WDR24 W772D This paper N/A

pLVX-CMV-HA-WDR24 V745A/W772A This paper N/A

pLVX-CMV-HA-WDR24 V745D/W772D This paper N/A

CMV-GST-WDR24 Ring-1(601–790) This paper N/A

CMV-GST-WDR24 Ring-2(701–790) This paper N/A

Oligonucleotides

NPRL2HA knock-in 
cell line

sgNPRL2-
F:caccgGATGCGGCAGCC
GCTGCCCA sgNPRL2-
R:aaacTGGGCAGCGGCT
GCCGCATCc

N/A

NPRL2HA knock-in 
cell line

SSODN: 
CGAGGAACGAGGAGCT
ACGGGCCTGGGCC
CGGTTATTGCCATGTACC
CATACGATGTTC
CAGATTACGCTGGCTAT
CCCTATGACGTCC
CGGACTATGCAGGATAT
CCATATGACGTTC
CAGATTACGCTGGTGGC
GGAGGATCCGGGT
CCGGGTGTAGGATAGAA
TGCATATTCTTCA
GCGAGTTCCACCCCACG
CTGGGAC

N/A

NPRL2HA knock-in
cell line validation

NPRL2-1F: 
AGCCACGCCTCTGAGTC
NPRL2-1R: CTCTAGCCTC 
ACAGTTGTC

N/A

NPRL3Flag knock-in cell line sgNPRL3-
F:caccgTGTTGTCCCGCAT
CCCGCCG sgNPRL3-
R:aaacCGGCGGGATGCG
GGACAACAc

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

NPRL3Flag knock-in cell line SSODN: 
GTCCTCCTCTGGCCCCC
TCCGCCCCCGGCC
CCGGCCCCACGGCGGG
ATGGACTACAAAG
ACCATGACGGTGATTAT
AAAGATCATGACA
TTGATTACAAGGATGAC
GATGACAAGGCG
GCCGCAGGCAGGGATAA
TACTAGCCCCATC
AGCGTGATTCTGGTGAG
CTCGGGGAGCAG
GGGCAATAAG

N/A

NPRL3Flag knock-in cell line validation NPRL3-F: 
CCTGCCCTCCTCAGGC 
NPRL3-R: 
GGTACCTGAACAGCAGC

N/A

DEPDC5Flag

knock-in cell line
sgDEPDC5-
F:caccgTGCAAGATGAGA
ACAACAA
sgDEPDC5-R:
aaacTTGTTGTTCTCATCT
TGCAc

N/A

DEPDC5Flag

knock-in cell line
SSODN: 
GGAGGCAAGATGACTTC
TCTGCCCCAAGCT
TGGAACAGCTAAAGGG
AAAAACAGTGCAA
GATGGACTACAAAGACC
ATGACGGTGATT
ATAAAGATCATGACATT
GATTACAAGGATG 
ACGATGACAAGGCGGCC
GCAGGCCGTACG
ACGAAAGTCTACAAACT
CGTCATCCACAAG
AAGGGCTTTGGGGGCA
GTGGTCA

N/A

DEPDC5Flag

knock-in cell line
validation

DEPDC5-F: 
TTCCGAGAGTCACTTGG
CAC
DEPDC5-R: 
AGTCGCCTGTTTA 
GCCTCAAT

N/A

WDR24Flag

knock-in cell line
sgWDR24-F: 
caccgCACACGGGACATCT
TCTCCA 
sgWDR24-R: 
aaacTGGAGAAGATGTCC
CGTGTGc

N/A

WDR24Flag

knock-in cell line
SSODN:
CTGACCAGGCCAGCCCA
CCTCACTGACCTC
CTGACCCCTGACCTCAT
CACCTGTGCAGCC
ATGGACTACAAAGACCA
TGACGGTGATTAT
AAAGATCATGACATTGA
TTACAAGGATGAC
GATGACAAGGCGGCCG
CAGGCGAAAAAAT
GAGCCGAGTCACCACAG
CCCTGGGTGGCA
GCGTGCTGACAGG

N/A

WDR24Flag

knock-in cell line validation
WDR24-1F: 
AGGTCTGAACTGATGAC 

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

WDR24-1R: 
GGAGCATCCAAGGTGGC
AG

WDR24 C743A/C746A 

knock-in cell line
sgWDR24-F:
caccgGTCTGCCACCACGT
AGTCAA
sgWDR24-R:
aaacTTGACTACGTGGTG
GCAGACc

N/A

WDR24C743A/C746Aknock-in cell line SSODN: 
TCGGGAGGTGGGGCAG
GGGCCTGCAGGCA
GCGCAGCAGCCCCCGCT
GAGGCACCCTCCC
TCCCGCCCGCCCCCAGG
TGCCACCGCTGCG
CCAGCATGGCCGCCGTC
GCCCACCATGTAG
TCAAGGGTCTCTTCGTG
TGGTGCCAGGGCT
GCAGCCACGGCGGCCA
CCTGCAGCACATC
ATGAAGTGGCTGGAAG
GCAGCT

N/A

WDR24C743A/C746A

knock-in cell line
validation

WDR24CA-F: 
CTGCACGTCAACTGCAG
C
WDR24CA-R: 
GGAGTACTCGCA 
GAGGTG

N/A

WDR59C924A/C927A knock-in cell line sgWDR59-F: 
caccgCCAGTGTGCCATCT
GTCACG 
sgWDR59-R: 
aaacCGTGACAGATGGCA
CACTGGc

N/A

WDR59C924A/C927A knock-in cell line SSODN: 
AGTTCGGCGTGTACTGC
AGCCACTGCCGGA 
GTGAGGTCCGTGGCACG
CAGTGTGCCATCT
GCAAAGGCTTCACGTTC
CAGGCCGCCATCG
CCCACGTGGCTGTGCGG
GGATCGTCCAATT
TCTGCCTGACCTGTGGG
CACGGTGGCCACA
CCAGCCACATGATGGAG
TGGTTTCGGACCC
AGGAGGTGTGTCCCACC
GGG

N/A

WDR59C924A/C927A knock-in cell line validation WDR59CA-F: 
GAGTCTTGAGAGGAAG
ACTTC 
WDR59CA-R: GCT 
TGTCACCGGCACTTATG
G

N/A

WDR24−/− mice gRNA1:- 5’-
GTGCTTTGACCTCCGAA
GGAAGG-3’gRNA2–5’-
GACTCTGTCAGCACCTT
CTCTGG-3’

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Wdr24C743A/C746A knock-in mice gRNA1:- 5’-
ATGGCAGACAGCACACA
TGCTGG-3’ gRNA2–5’-
GTGTGCTHTCTHCCAAT
CATGTGG-3’

N/A

Wdr24C743A/C746A knock-in mice oligo GCTCCCCAGCTGAACAG
CCCTCCCATTCCC
AGGTGCCACCGCTGTGC
CAGCATGGCCGCT
GTCGCCCATCATGTGGT
TAAAGGCCTGTTC
GTGTGGTGTCAGGGTTG
CAGTCATGGTGGC

N/A

PCR primers used for 
Wdr24−/− mice

F-5’AAGATTTATGCCATT
GAGGA-3’ R-5’-
ACTCTTTCTGGGCTGTT
CC-3’

N/A

PCR primers used for 
Wdr24ΔRing/ ΔRing mice

F-5’-
CTTCTGCCTCTGGAATG
TG-3’ 
R-5’-
TAAGGGGCTGTGAGCCT
AG-3’

N/A

UBE2A-siRNA siRNA1: 
ACCTCCCTACTCCTGTC
ATTA 
siRNA2: 
GTCTATGCAGATGGTAG
TATA

N/A

UBE2B-siRNA siRNA1: 
GCAGTTATATTTGGACC
AGAA 
siRNA2: 
CGGGATTTCAAGCGGTT
ACAA

N/A

UBE2C-siRNA siRNA1: 
CCCTTACAATGCGCCCA
CAGT 
siRNA2: 
GCCTGTCCTTGTGTCGT
CTTT

N/A

UBE2D1-siRNA siRNA1: 
CTTCTTTCTCACTGTACA
TTT 
siRNA2: 
GCGATCCACCTGCTCAC
TGTT

N/A

UBE2D2-siRNA siRNA1: 
TGTCCATCTGTTCTCTGT
TGT 
siRNA2: 
GTTCTCTGTTGTGTGAT
CCCA

N/A

UBE2D3-siRNA siRNA1: 
CCAGAGATTGCACGGAT
CTAT 
siRNA2: 
GCCTGCTTTAACAATTT
CTAA

N/A

UBE2D4-siRNA siRNA1: 
CTAGAGATTTGGGTCAT
GTTA 
siRNA2: 

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

CACCCTAATATCAACAG
CAAT

UBE2E1-siRNA siRNA1: 
GCAAACCGAGAAAGAA
ACAAA 
siRNA2: 
GTCCAGCACTAACCATT
TCTA

N/A

UBE2E2-siRNA siRNA1: 
CCGATGGAGATCAACGT
GAAA 
siRNA2: 
CCGCTGCTAAATTGTCA
ACTA

N/A

UBE2E3-siRNA siRNA1: 
CGGACTTCTGTGTATATG
TTA 
siRNA2: 
CCACTGCTAAGTTATCC
ACTA

N/A

UBE2G1-siRNA siRNA1: 
GCTAATGTTGATGCTGC
GAAA 
siRNA2: 
CGATGGGAAGTCCTTAT
TATT

N/A

UBE2G2-siRNA siRNA1: 
GAGATTTACCTGTGAGA
TGTT 
siRNA2: 
GATGAGATTTACCTGTG
AGAT

N/A

UBE2H-siRNA siRNA1: 
CTTCATGTTCTGGTTTG
GTTT 
siRNA2: 
TACGATCCTGGGAGGAC
TTAA

N/A

UBE2J1-siRNA siRNA1: 
GATGATATACCTACAACA
TTC 
siRNA2: 
ACATTCTGCATTGGGTAT
AAT

N/A

UBE2J2-siRNA siRNA1: 
GAAGTCGTGGAGGAGAT
TAAA 
siRNA2: 
GTGTCTTTCTATCACGG
ATTT

N/A

UBE2K-siRNA siRNA1: 
TGACTCTCCGCACGGTA
TTAT 
siRNA2: 
TACCAGAAACATACCCA
TTTA

N/A

UBE2L3-siRNA siRNA1: 
CCACCGAAGATCACATT
TAAA 
siRNA2: 
CCAGCAGAGTACCCATT
CAAA

N/A

UBE2N-siRNA siRNA1: 
AGACAAGTTGGGAAGA

N/A
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ATATG 
siRNA2: 
CCATAGAAACAGCTAGA
GCAT

UBE2O-siRNA siRNA1: 
TCGTCATCCGCATCGGC
AATA 
siRNA2: 
ATGTGAGTGTTTACGAC
ATTG

N/A

UBE2Q1-siRNA siRNA1: 
CACTATGAAATGAAAGA
GGAA 
siRNA2: 
GCCAACAAATCTCAATA
CAGT

N/A

UBE2Q2-siRNA siRNA1: 
CCATTTGTTCGAGTGGT
GTTA 
siRNA2: 
GAGCCCAACAATCCTAT
AATT

N/A

UBE2QL1-siRNA siRNA1: 
GTTTGGTGAAGACGCAT
GAAA 
siRNA2: 
CCTGTTCGACTGGAACG
TGAA

N/A

UBE2R1-siRNA siRNA1: 
GAGTGTGATCTCCCTCC
TGAA 
siRNA2: 
GGTGGACGAGGGCGAT
CTATA

N/A

UBE2R2-siRNA siRNA1: 
CCAATGTCGATGCTTCA
GTTA 
siRNA2: 
GCCGACTGTTATGATGA
TGAT

N/A

UBE2S-siRNA siRNA1: 
GGGCTCTCTTCCTCCTT
CCAC 
siRNA2: 
TGGGCTCTCTTCCTCCT
TCCA

N/A

UBE2T-siRNA siRNA1: 
TGAGGAAGAGATGCTTG
ATAA 
siRNA2: 
TTTGTCTGGATGTTCTC
AAAT

N/A

UBE2U-siRNA siRNA1: 
CCTCCAGTTGTGAAATT
TATA 
siRNA2: 
GCATCAGAAAGAATGGA
ATTT

N/A

UBE2V1-siRNA siRNA1: 
CCAAGAGCCATATCAGT
GCTA
siRNA2: 
AGGACAGTGTTACAGCA
ATTA

N/A
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UBE2V2-siRNA siRNA1: 
GTCTTAAATCAACAACC
TTCT 
siRNA2: 
CAAGGTGGACAGGCATG
ATTA

N/A

UBE2W-siRNA siRNA1: 
CGCTCTCAGTCCAATCA
GTTT 
siRNA2: 
GCATGAATTAACATGCG
TCTT

N/A

UBE2L6-siRNA siRNA1: 
GCTGGTGAATAGACCGA
ATAT 
siRNA2: 
GATCAAATTCACAACCA
AGAT

N/A

UBE2Z-siRNA siRNA1: 
GCGGGATATCATGTCCA
TTTA 
siRNA2: 
GTTTCTTCCTGTTCGTG
TTTC

N/A

NEDD4-shRNA-1 CCGGAGAATTATGGGTG
TCAA

N/A

NEDD4-shRNA-2 CCGTCAAGTAACTTGGA
TGTT

N/A
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