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DMXL1 promotes recruitment of V1-ATPase 
to lysosomes upon TRPML1 activation
 

Chan Lee1, Matthew J. G. Eldridge    2, Miguel A. Gonzalez-Lozano    1, 
Thomas Bresnahan3, Zachary Niday3, Donato Del Camino3, Tao Fu    1, 
Joao A. Paulo    1, Magdalene M. Moran3, Sophie Helaine    2 & 
J. Wade Harper    1 

Lysosomes, central hydrolytic organelles, are regulated by ion flow, including 
calcium and protons, via transporters and channels to maintain an acidified 
lumen for hydrolytic activity. TRPML1, a lysosomal ion channel, effluxes 
cations upon activation, promoting rapid conjugation of ATG8 proteins to 
the lysosomal membrane in a process known as conjugation of ATG8 to single 
membranes (CASM). However, our understanding of how TRPML1 activation 
reorganizes the lysosomal proteome is poorly understood. Here, we identify 
DMXL1 as a key regulator of lysosomal homeostasis through quantitative 
proteomics of lysosomes during TRPML1 activation by the agonist MLSA5. 
DMXL1 is recruited to lysosomes and Salmonella-containing vacuoles, both 
in a CASM-dependent manner. As the mammalian ortholog of yeast Rav1, 
DMXL1 assembles with Rav2 ortholog ROGDI and WDR7, and associates with 
V0 and V1 subunits of the lysosomal V-ATPase. TRPML1 activation drives 
V1 subunit recruitment to lysosomes in a DMXL1- and DMXL2-dependent 
manner. DMXL1- and DMXL2-deficient cells display reduced V1-ATPase 
recruitment, increased lysosomal pH and diminished hydrolytic capacity. 
Using AlphaFold modeling supported by cross-linking proteomics, we 
identify interaction interfaces within the DMXL1–ROGDI–WDR7 complex, 
as well as an ATP6V1A binding interface in DMXL1, whose mutation affects 
interaction and function. Our findings suggest CASM-dependent DMXL1 
recruitment, coupled with V-ATPase assembly, is critical for maintaining 
lumenal pH and lysosomal function in response to TRPML1 activation.

Lysosomes are crucial membrane-bound organelles that support pro-
teostasis in eukaryotic cells through degradation of intracellular cargo, 
including damaged organelles and protein aggregates1. Optimal lysoso-
mal hydrolytic activity depends on maintenance of an acidic lumenal pH 
between 4.5 and 5 (ref. 2). Acidification is driven, in part, by functionally 
assembled V-ATPases, which use ATP hydrolysis to translocate protons 
into the lumen2. The assembly of a membrane-embedded V0 complex 
and a cytosolic V1 complex results in a functional V-ATPase2. Alongside 
the V-ATPase, lysosomal transporters and channels have been identified 

to contribute to the stabilization of the lysosomal proton gradient 
through dynamic influx and efflux of metabolites and ions across the 
lysosomal membrane3,4.

Transient receptor potential channel mucolipin (TRPML) proteins 
are endolysosomal cation channels that efflux mono- and divalent 
cations into the cytosol upon activation5–7. TRPML channel activity 
is involved in various cellular processes, from endolysosomal traf-
ficking to transcriptional activation3,8–11. Of the three human TRPML 
genes (MCOLN1–MCOLN3), MCOLN1 (or TRPML1) is the most broadly 
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system from canonical autophagy but circumvents the upstream 
ULK1–FIP200–ATG13 and VPS34 kinase complexes20,21. ATG8ylation 
of lysosomes and other vesicles is implicated in TFEB activation, STING 
signaling and bacterial vacuole formation8,22–28. Evidence indicates 
CASM is triggered, upon proton gradient dissipation, through the 
interaction between the ATP6V1H subunit and the WD40 domain of 
ATG16L1, a core component of the ATG8 conjugation machinery29–36.

Despite these advances, how specific signals, such as cation efflux, 
drive CASM or organelle homeostasis remains unclear20. Here, we 
combined lysosome immunoprecipitation (Lyso-IP)37 with quantitative 

expressed and best studied, and mutations in this gene cause mucolipi-
dosis type IV, a lysosomal storage disease associated with muscular dys-
trophy and neurodegeneration12. TRPML1 forms a functional channel 
as a tetramer13–15 and is predominantly localized on lysosomes where 
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), an endogenous 
activator, is enriched16–19.

Previous studies have shown that activation of TRPML1 by ago-
nists, such as MLSA5, induces conjugation of ATG8 proteins (in the 
LC3 and GABARAP family) to the cytosolic face of the lysosomal mem-
branes—a process termed CASM. CASM employs the ATG8-conjugation 
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Fig. 1 | Quantitative proteomics captures recruitment of proteins to lysosomes 
upon TRPML1 activation. a, Scheme depicting the experimental design 
for identification of proteins recruited to lysosomes in response to TRPML1 
activation. n = 3 for each condition. b, Volcano plot (log2(FC) versus –log10(q)) for 
Lyso-IP from U2OS cells that were treated with MLSA5 for 0.5 h or were untreated. 
ATG8 proteins are indicated by red circles. DMXL1, DMXL2, ROGDI and WDR7 
are indicated by blue circles. Autophagy proteins are indicated by yellow circles. 
c, Schematic outlining experimental conditions, and the number of replicates, 
to determine ATG16L1-dependent lysosomal proteome changes during TRPML1 

activation by MLSA5 (2 h). d, Volcano plot (log2(FC) versus –log10(q)) for Lyso-IP 
from WT or ATG16L1-KO U2OS cells treated with MLSA5 for 2 h compared with 
untreated cells. ATG8 proteins are indicated by red circles, and DMXL1 and 
WDR7 are indicated by blue circles. e, Immunoblotting validation of MLSA5-
dependent recruitment of DMXL1 and LC3B-II to lysosomes isolated by Lyso-IP. 
MLSA5 treatment was 2 h. Whole-cell extracts are included as controls. The blot 
is representative of three independent experiments. Also see Extended Data 
Figures 1 and 2.
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proteomics to identify proteins recruited to lysosomes upon TRPML1 
activation. Among them was DMXL1 (DmX-like protein 1), an ~340-kDa 
protein with three WD40 domains and a helical region, which are 
conserved with its paralog DMXL2. In yeast, its ortholog Rav1 is part of 
the regulator of the H+-ATPase of vacuolar and endosomal membranes 
(RAVE) complex, which regulates assembly of the V-ATPase through 
unclear mechanisms38–41. In mammals, the DMXL1 coprecipitates 
with V-ATPase components42–45, and its depletion by RNA interference 
(RNAi) impairs lysosomal re-acidification following bafilomycin A1 
(BafA1) washout42. However, its role in V-ATPase assembly remains 
poorly defined.

Under basal conditions, we find that DMXL1 localizes to the cytosol 
and Golgi. However, upon TRPML1 activation, DMXL1 rapidly trans-
locates to lysosomes in a CASM-dependent manner. Interaction pro-
teomics revealed DMXL1’s assembly with ROGDI (Rav2 in yeast) and 
WDR7, consistent with previous studies44, and cross-linking proteom-
ics supports structural models of the DMXL1–ROGDI–WDR7 complex 
predicted by AlphaFold 3 (AF3)46. Additionally, we observed interaction 
between DMXL1 and V-ATPase subunits. AF3 predicts DMXL1 binding to 
ATP6V1A through its Rav1-C domain, and substitutions at this interface 
disrupt interaction and lysosomal hydrolase processing. DMXL1 and 
DMXL2 (DMXL1/2) loss impairs recruitment of V1 subunits to lysosomes 
upon TRPML1 activation, leading to defects in lumenal pH, lysosome 
hydrolase processing and cargo degradation. Collectively, these data 
position DMXL1 as a key component of V-ATPase trafficking and assembly 
machinery and reveal that its recruitment of V1 subunits is essential for 
maintaining acidic lysosomal function in response to TRPML1 activation.

Results
TRPML1 activation recruits DMXL1 to lysosomes
To capture changes to the lysosomal proteome upon TRPML1 activa-
tion, we used U2OS cells as our cellular model because TRPML1 is the 
predominantly expressed TRPML channel47. Indeed, TRPML1-deficient 
cells failed to induce LC3B lipidation, a marker for CASM, and to 
express the TFEB-target gene GPNMB22,48 upon treatment with MLSA5 
for 24 h (Extended Data Fig. 1a,b). This suggests that the agonist MLSA5 
is on-target for TRPML1. We generated U2OS cells stably express-
ing the Lyso-IP affinity tag TMEM192-mRFP-3×HA and performed a 
time-course experiment in which cells were either untreated or treated 
with MLSA5 for 0.5, 1, 2 or 4 h, and Lyso-IP samples were analyzed 
by Tandem Mass Tag (TMT)-based proteomics (Fig. 1a,b, Extended 
Data Fig. 1c and Supplementary Table 1). As expected, ATG8 proteins 
(GABARAP, GABARAPL1, GABARAPL2 and MAP1LC3B2, subsequently 
referred to as LC3B), as well as ATG5, a component of the ATG8yla-
tion machinery, were among the most highly enriched proteins on 
lysosomes at all four time points (Fig. 1b and Extended Data Fig. 1c), 
consistent with MLSA5-dependent activation of CASM. DMXL1 was 
also enriched on lysosomes, with consistent levels throughout the time 
course as indicated by the ion intensity of the TMT reporter (Extended 
Data Fig. 1d). DMXL1, and its paralog DMXL2, are thought to represent 

mammalian orthologs of Rav1 in budding yeast40,49,50. Similar enrich-
ment of the ATG8 conjugation machinery and DMXL1 were observed 
in A101D melanoma cells treated with MLSA5 (Extended Data Fig. 1e,f 
and Supplementary Table 2).

CASM-dependent DMXL1 recruitment to lysosomes
We next examined the potential role of CASM in DMXL1 recruitment 
to lysosomes in response to TRPML1 activation20,22. A previous study8 
reported that in cells lacking ATG7, which encodes an essential compo-
nent of the ATG8ylation machinery, treatment with the TRPML1 agonist 
MLSA1 failed to lead to a robust increase in the cytosolic Ca2+ concen-
tration, as measured by Fura-2 calcium imaging. Such a dependence of 
Ca2+ efflux from TRPML1 on ATG7 (and presumably ATG8ylation) would 
confound any analysis of a role for CASM in processes downstream of 
TRPML1 activation. Therefore, to directly examine whether the absence 
of the ATG8ylation machinery affects TRPML1 activation, we generated 
ATG16L1-knockout (ATG16L1-KO) U2OS cells (Extended Data Fig. 2a,b) 
and used organelle electrophysiology to measure current activation 
by the TRPML1 agonist MLSA5 on endolysosomes isolated from both 
wild-type (WT) and ATG16L1-KO cells. Our recordings revealed no sig-
nificant difference in MLSA5-activated currents between both types of 
endolysosomes (Extended Data Fig. 2c,d and Supplementary Table 3), 
consistent with previous findings using a different TRPML1 agonist, C8 
(ref. 21). Thus, mutations in the ATG8ylation machinery can be used to 
examine downstream effects of cation efflux mediated by TRPML1.

We investigated whether ATG16L1 is required for DMXL1 enrich-
ment on lysosomes in response to TRPML1 activation as an initial test of 
CASM involvement. We performed proteomic analysis on Lyso-IP sam-
ples from WT and ATG16L1-KO cells treated with MLSA5 (2 h) (Fig. 1c, 
Extended Data Fig. 2e,f and Supplementary Table 1). Whereas ATG8 and 
DMXL1 were enriched on lysosomes in WT cells, these proteins were not 
enriched on lysosomes from ATG16L1-KO cells (Fig. 1d,e and Extended 
Data Fig. 2e,f). Consistent with the loss of CASM in ATG16L1-KO cells, 
immunoblotting revealed that LC3B-II was not generated upon TRPML1 
activation, and proteomics indicated that ATG8 proteins were not 
enriched (Fig. 1d,e and Extended Data Fig. 2b). Thus, ATG8 and DMXL1 
enrichment on lysosomes in response to TRPML1 activation displayed 
the expected dependencies in a correlation plot of ATG16L1 depend-
ence versus lysosomal enrichment (Extended Data Fig. 2e).

We conducted confocal microscopy to examine the spatial 
parameters associated with DMXL1 recruitment to lysosomes follow-
ing TRPML1 activation. Quantitative proteomics in several cell lines 
indicated that the DMXL1 protein copy number is low (8,600 molecules 
per cell in HeLa cells)51,52. Therefore, to examine the dynamics of DMXL1 
recruitment, we stably expressed DMXL1–mNeonGreen (DMXL1–mNG) 
in either WT, ATG16L1-KO or MCOLN1-KO cells (Fig. 2a–d and Extended 
Data Fig. 3a). Under basal conditions, DMXL1–mNG exhibited a largely 
diffuse distribution in the cytoplasm, with noticeable puncta overlap-
ping with a subset of mScarlet-LAMP1, a marker for endolysosomes 
(Fig. 2a). However, in WT cells, the addition of MLSA5 led to rapid 

Fig. 2 | TRPML1 activation induces rapid CASM-dependent recruitment of 
DMXL1 to lysosomes. a,b, Live-cell imaging of WT (a) or ATG16L1-KO (b) U2OS 
cells expressing DMXL1–mNG and mScarlet–LAMP1 to mark lysosomes upon 
treatment with MLSA5. Images taken at 2-min intervals for 10 min are shown.  
c, As in a, but after pretreatment with BafA1 to block CASM. d, Live-cell imaging 
of WT U2OS cells stably expressing DMXL1–mNG and mScarlet–LAMP1 to mark 
lysosomes, upon treatment with the mTOR inhibitor, Torin1. Images taken 
at 2-min intervals for 10 min are shown. e, Fold change in DMXL1–mNG mean 
fluorescence intensity over 20 min. Quantification was performed on cells 
from three biological replicates: WT, n = 21; ATG16L1 KO, n = 17; pretreatment 
BafA1, n = 12; Torin1, n = 16; pretreatment BFA, n = 11. Data are presented as mean 
values ± s.d. Two-way repeated measures ANOVA with the Geisser–Greenhouse 
correction followed by Dunnett’s multiple comparison test was used to assess 
significance. The indicated statistical significance is for the 20-min timepoint. 

****P ≤ 0.0001; n.s., not significant. Scale bar, 10 µm; inset scale bar, 3 µm.  
f, Immunoblots from ATG16L1-KO U2OS cells reconstituted with either WT 
ATG16L1 or ATG16L1-K490A, with or without MLSA5 (2 h), were probed with 
the indicated antibodies. α-GAPDH was used as a loading control. The blot is 
representative of three independent experiments. g, The indicated cell lines, 
with or without MLSA5 (4 h), were fixed before confocal microscopy to detect 
colocalization of DMXL1–mNG and LAMP1. Scale bar, 10 µm; inset scale bar, 3 µm. 
h, Quantification of colocalization between α-LAMP1 for lysosomes and DMXL1–
mNG using Mander’s colocalization coefficient for data in g. Quantification was 
performed on the number of cells indicated on the plot, from three independent 
experiments. Boxes show the 25th to 75th percentiles, whiskers extend from 
minimum to maximum values and the line represents the median. Statistical 
significance for each cell line was assessed by unpaired two-sided Student’s t-test. 
****P ≤ 0.0001. Also see Extended Data Figures 3 and 4 and Supplementary Video 1.
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accumulation of DMXL1–mNG on mScarlet–LAMP1-positive struc-
tures, as revealed by live-cell imaging, with the mean fluorescence 
intensity of mNG on these structures peaking within 10 min (Fig. 2a,e 
and Supplementary Video 1). This effect reflected the stimulation of 
cation efflux by MLSA5 because cells lacking TRPML1 failed to recruit 
DMXL1–mNG to lysosomes (Extended Data Fig. 3a,b).

Several additional lines of evidence indicate that DMXL1 recruit-
ment to lysosomes requires CASM. First, we found that cells lacking 
ATG16L1 were defective in DMXL1–mNG recruitment to lysosomes in 
live cells (Fig. 2b,e and Supplementary Video 1). Second, pretreatment 
of WT cells with BafA1, which is known to block CASM20, resulted in 
complete loss of DMXL1–mNG recruitment to lysosomes (Fig. 2c,e). 
Third, to directly examine the specificity of CASM in DMXL1 recruit-
ment, we reconstituted ATG16L1-KO cells with WT ATG16L1 or the 
CASM-defective ATG16L1K490A mutant (Fig. 2f). Consistent with a role 
for CASM, expression of WT ATG16L1, but not ATG16L1K490A, significantly 
increased DMXL1–mNG colocalization with lysosomes upon TRPML1 
activation (Fig. 2g,h). As expected, we found that WT ATG16L1, but 
not ATG16L1K490A, rescued MLSA5-dependent LC3B lipidation (Fig. 2f). 
Furthermore, we found that the mTOR inhibitor Torin1, which induces 
canonical autophagy, does not induce rapid DMXL1–mNG transloca-
tion to lysosomes, consistent with the idea that DMXL1 recruitment is 
not a general response to alterations of lysosomal signaling (Fig. 2d,e). 
This result contrasts with the conclusions of a previous study53.

To further validate these results, we assessed the subcellular locali-
zation of endogenous DMXL1; however, commercially available anti-
bodies to endogenous DMXL1 were unreliable for immunofluorescence 
microscopy. Therefore, we gene-edited U2OS cells to add a hemag-
glutinin (HA)-dTAG to the amino terminus of DMXL1 (Extended Data 
Fig. 4a–c). Immunostaining with an antibody to HA showed cytosolic 
staining, and some staining overlapped with LAMP1-positive puncta. 
The overlap was further enhanced upon TRPML1 activation (Extended 
Data Fig. 4d,e). We also observed colocalization of HA-dTAG–DMXL1 
with TGN46- and GM130-postitive structures, indicating Golgi localiza-
tion under basal and MLSA5-treated conditions (Extended Data Fig. 4d). 
Consistent with this result, U2OS cells expressing DMXL1–mNG also 
revealed a Golgi-associated pool of DMXL1–mNG when cells were 
permeabilized (Extended Data Fig. 4f), possibly through the loss of the 
cytosolic pool enhancing the signal from the Golgi-associated pool. 
This further raises the question of which pool(s) of DMXL1 might be 
mobilized for lysosomal recruitment during TRPML1 activation. To 
address the Golgi as a possible source, we disrupted Golgi trafficking 
by pretreatment with brefeldin A (BFA) and found that DMXL1–mNG 
retained the ability to translocate to lysosomes, albeit with a reduced 
mean fluorescence intensity (Fig. 2e and Extended Data Fig. 4g). 
We also found that pretreatment with nocodazole, which inhibits 
microtubule-based vesicular trafficking, did not prevent DMXL1–mNG 
recruitment to lysosomes in response to TRPML1 activation (Extended 
Data Fig. 4h). Immunoblotting of cytosol and membrane fractions from 
U2OS cells and DMXL1–mNG-expressing cells revealed the presence of 
both cytosolic and membrane-bound pools for both endogenous and 
ectopically expressed DMXL1, with levels increased in the membrane 
fraction in response to TRPML1 activation (Extended Data Fig. 4i). 
Taken together, these data indicate that TRPML1 activation results in a 
rapid recruitment of DMXL1 to lysosomes, primarily from a cytoplasmic 
pool, although a contribution of a Golgi pool cannot be fully ruled out.

Mobilization of DMXL1 to Salmonella-containing vacuoles
CASM can occur on diverse types of subcellular compartments, includ-
ing a modified phagosome known as Salmonella-containing vacuoles 
(SCVs), which are formed upon entry of Salmonella into mammalian 
cells20,22,33. We therefore tested whether DMXL1–mNG is recruited to 
SCVs. U2OS cells stably expressing GFP–LC3B or DMXL1–mNG were 
infected with mCherry-expressing Salmonella and then analyzed by 
confocal microscopy (Fig. 3a–f). In WT cells, approximately 60% of SCVs 

colocalized with GFP–LC3B or DMXL1–mNG signals (Fig. 3a,c,d,f). We 
also assessed whether infection with Salmonella lacking the sopF gene 
(ΔsopF) enhanced DMXL1–mNG colocalization with SCVs, as has been 
previously reported for GFP–LC3B36. The sopF gene encodes a type III 
secretion system effector protein with ADP-ribosyltransferase activ-
ity targeting the ATP6V0C subunit. This disrupts ATG16L1-mediated 
ATG8ylation on SCVs36. As expected, the percentage of GFP–
LC3B-positive SCVs increased in the context of ΔsopF Samonella, and 
a similar effect was observed for DMXL1–mNG, although it did not 
reach statistical significance (Fig. 3b,c,e,f). Consistent with a role for 
CASM, the recruitment of both GFP–LC3B and DMXL1–mNG to SCVs 
was largely blocked in cells lacking ATG16L1, but deletion of MCOLN1 
did not alter this recruitment (Fig. 3a–f). In the absence of ATG16L1, the 
few SCVs that exhibited DMXL1 localization (Fig. 3f) could arise from 
ATG8 lipidation mediated by the recently identified TECPR1–ATG5–
ATG12 complex54. Together, these results suggest that DMXL1 can be 
recruited to distinct endocytic compartments involving ATG8ylation.

DMXL1 interaction proteomics
Previous studies have found that DMXL1 coprecipitates with ROGDI and 
WDR7, whereas WDR7 or ROGDI immune complexes contain DMXL1 
and/or DMXL2 (refs. 42,44,55), leading to the conclusion that DMXL1–
ROGDI–WDR7 is analogous to the Rav1–Rav2 V-ATPase chaperone in 
budding yeast40,42,44. Whereas DMXL1 and/or DMXL2 can be detected in 
immune complexes from a small subset of V1-ATPase subunits42,44,55, the 
DMXL1’s repertoire of known interactions is likely incomplete. There-
fore, we initially used U2OS cells stably expressing DMXL1–mNG for 
interaction proteomics through tandem mass tag mass spectrometry 
(TMT-MS), with mNG as an affinity handle for the pull-down (Fig. 4a and 
Supplementary Table 4). In addition to ROGDI and WDR7, as expected, 
this analysis revealed the presence of all eight subunits of the soluble 
V1-ATPase complex, as well as A1–A3, C, D1 and ATP6AP1 subunits of the 
membrane-embedded V0-ATPase complex, which together form the 
V-ATPase assembly (Fig. 4b). Previous studies have demonstrated that 
endogenously tagged DMXL1 complexes contain WDR7 and ROGDI, 
but V-ATPase subunits were not substantially enriched44. Similarly, 
affinity purification of endogenously tagged HA-dTAG–DMXL1, fol-
lowed by proteomic analysis, revealed an enrichment of WDR7 and, to a 
lesser extent, ROGDI (Fig. 4c and Supplementary Table 14). As in earlier 
studies44, the detected V-ATPase subunits displayed a rightward skew in 
the volcano plot, but did not reach statistical significance as enriched 
proteins (Fig. 4c and Supplementary Table 4). Notably, the copy num-
ber of components in the DMXL1/2 complex in U2OS or HeLa cells is 
>15-fold lower than the average V1-ATPase subunit copy number51,52, 
which could complicate the detection of V1-ATPase subunits in associa-
tion with DMXL1 at endogenous levels through immunoprecipitation. 
We suggest that ectopic expression of DMXL1 facilitates detection of 
associated V-ATPase subunits, and moreover that the presence of all 
subunits suggests that DMXL1 can associate with a fully intact V1-ATPase 
complex in the context of detergent extracts (Fig. 4a,b).

Molecular architecture of the DMXL1/2-ROGDI-WDR7 complex
Yeast Rav1 and human DMXL1/2 are characterized by two N-terminal 
WD40 domains followed by a helical domain, with sequences in the 
second WD40 and helical domains conserved between human and yeast 
proteins (referred to as the Rav1-C domain in the Protein Families (PFAM) 
database) (Fig. 4d). Additionally, DMXL1/2 contain a carboxy-terminal 
WD40 domain that is not found in Rav1. Previous deletion-mapping 
studies have identified interacting regions between Rav1 and Rav2, 
including an interaction of Rav2 with the first WD40 domain of Rav1 
(Fig. 4d)41. We generated predictive models of DMXL1–ROGDI-WDR7 
and Rav1–Rav2 using AF3 (ref. 46). Consistent with previous biochemi-
cal results41, Rav2 was predicted to interact with the first WD40 propel-
ler (interface-predicted template modeling score, ipTM = 0.77) (Fig. 4e, 
left) and a very similar structure was predicted for DMXL1–ROGDI  
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Fig. 3 | DMXL1 is recruited to Salmonella-containing vacuoles in an ATG16L1-
dependent manner. a,b, U2OS cells of the indicated genotypes expressing GFP–
LC3B were infected with mCherry-expressing WT (a) or ΔsopF (b) Salmonella 
(1 h) and then subjected to confocal microscopy to detect mCherry, GFP or 
immunofluorescence for LAMP1. Line traces (right side) indicate overlapping 
signals (AU, arbitrary units) for the indicated proteins or Salmonella. Scale 
bars, 10 µm. c, Percentage of SCVs positive for GFP–LC3B from n = 3 biological 
replicates. The total number of SCVs quantified: 157 in WT cells, 160 in ATG16L1-
KO cells, 109 in MCOLN1-KO cells (a); 126 in WT cells, 102 in ATG16L1-KO cells, 103 
in MCOLN1-KO cells (b). Data are presented as mean values ± s.d. For statistical 
comparison within each Salmonella strain, ordinary one-way ANOVA followed 
by Dunnett’s multiple-comparison test was used. For statistical comparison 

between WT and ΔsopF Salmonella, within each U2OS genotype, unpaired two-
sided Student’s t-test was used. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; 
n.s., not significant. d,e, U2OS cells of the indicated genotypes expressing 
DMXL1–mNG were infected with mCherry-expressing WT (d) or ΔsopF (e) 
Salmonella (1 h) and then subjected to confocal microscopy to detect mCherry, 
mNG, or immunofluorescence for LAMP1. Line traces (right side) indicate 
overlapping signals (AU, arbitrary units) for the indicated proteins or Salmonella. 
Scale bars, 10 µm. f, Percentage of SCVs positive for DMXL1–mNG from n = 3 
biological replicates. Total number of SCVs quantified: 100 in WT cells, 91 in 
ATG16L1-KO cells, 98 in MCOLN1-KO cells (d); 106 in WT cells, 155 in ATG16L1-
KO cells, 87 in MCOLN1-KO cells (e). Data are presented as mean values ± s.d. 
Statistical analysis was performed as described in c.
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(ipTM = 0.74) (Fig. 4e, middle). The N-terminal seven-blade WD40 
domain interacts with ROGDI and a partial four-blade WD40 domain 
packs against the N-terminal and extreme C-terminal WD40 domain of 
DMXL1 (Fig. 4e, middle). A recently published Rav1–Rav2 structure56, 
released during the revision of this study, revealed a nearly identical 
interaction interface to the AF3 Rav1–Rav2 prediction. However, the 
N-terminal 20 residues of the Rav2 model that were not seen in the 
cryo-EM structure appear to interact extensively with the WD40 propel-
ler (Extended Data Fig. 5a). The PFAM-defined Rav1-C homology region 

contains the C-terminal half of the second WD40 domain (WD40_2), 
which is shared by both Rav1 and DMXL1/2, as well as a portion of the 
helical domain. AF3 predicts that the structures of the core of the heli-
cal domain are similar in Rav1 and DMXL1/2, although DMXL1 has a 
large insert (residues 1351–1496) that is absent in Rav1 (Extended Data 
Fig. 5b). In the context of a predicted DMXL1/2–ROGDI–WDR7 complex, 
the helical domain is positioned between WD40_2 and WD40_3 from 
DMXL1/2, and the relative orientations of WD40_1 and WD40_3 are sta-
bilized by interactions with WDR7 and ROGDI (Extended Data Fig. 5b,c).
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As an approach to support these predictions, we performed 
cross-link mass spectrometry (XL-MS) on the complex obtained from 
DMXL1–mNG immunoprecipitation (Supplementary Table 4). Using the 
disuccinimidyl sulfoxide (DSSO) cross-linker, this approach can identify 
structural regions at which two lysine residues have Cα carbon atoms 
within approximately 35 Å of each other57. Using stringent cross-link 
search parameters (Methods)58, we identified several interprotein and 
intraprotein cross-links that support core aspects of the AF3 prediction 
(Fig. 4e,f, Supplementary Table 4 and Supplementary Video 2). First, 
interprotein cross-links between ROGDIK38 and DMXL1K215 and between 
ROGDIK137 and WDR7K321 fit distance constraints in the model (Fig. 4e,f 
and Supplementary Table 4). Second, multiple intraprotein cross-links 
are consistent with structural predictions at the interface of the second 
WD40 domain in DMXL1 and a subcomponent of the central helical 
domain (Fig. 4e,f and Supplementary Table 4). Multiple intraprotein 
cross-links are consistent with the predicted Rav1-C domain, although 
several cross-links outside the distance constraint are present in 
unstructured regions (Fig. 4e,f and Supplementary Table 4). To extend 
cross-link analysis to DMXL2, we mined previous cross-linking data from 
mouse synaptic vesicles59, in which Dmxl2 is known to be expressed, for 
XLs between Dmxl2, Rogdi and Wdr7. This analysis revealed analogous 
interprotein cross-links between Dmxl2–Rogdi and Rogdi–Wdr7, similar 
to those observed in the human DMXL1 complex, as well as additional 
intraprotein cross-links in Dmxl2 that support components of the pre-
dicted WD40 and Rav1-C domains (Fig. 4g, Extended Data Fig. 5c and 
Supplementary Table 4). Together, these data support AF3’s overall 
structural predictions, although several regions within human DMXL1 
and mouse Dmxl2 are predicted to be unstructured.

DMXL1/2 support lysosomal acidification upon  
TRPML1 activation
Recruitment of DMXL1 to lysosomes in response to TRPML1 activa-
tion, coupled with the ability of DMXL1 to associate with the V-ATPase, 
led us to examine the control of lysosomal pH. Using CRISPR–Cas9, 
we generated U2OS cells lacking DMXL1 as well as cells that lacked 

DMXL1 and were heterozygous knockout for DMXL2 (Extended Data 
Fig. 6a–c). We could not generate cells lacking all copies of DMXL1 and 
DMXL2, suggesting that DMXL proteins might be essential for viability 
of U2OS cells. In DMXL1−/− and DMXL1−/−DMXL2+/− cells, LC3B lipidation 
induced by TRPML1 activation remained intact, suggesting that CASM 
is upstream or independent of DMXL1/2 function. We also observed that 
TFEB activation in response to TRPML1 activation was maintained in 
DMXL1/2-deficient cells (Extended Data Fig. 6d–f). Given these results, 
we investigated lysosomal pH using a lysosome-targeted pH-sensitive 
dye. Lysosomal pH in DMXL1−/− and DMXL1−/−DMXL2+/− cells was not 
significantly altered compared with that in WT cells under basal con-
ditions (Fig. 5a,b). In WT cells, there was a small increase in lysosomal 
pH from ~5.0 to ~5.2 upon TRPML1 activation (Fig. 5a,b). By contrast, 
lysosomal pH strikingly increased to ~5.7 in DMXL1−/− cells and further 
to ~6.0 in DMXL1−/−DMXL2+/− cells (Fig. 5a,b). By comparison, WT cells 
treated with BafA1 to block V-ATPase function displayed a lysosomal pH 
of ~7.5, indicating that the dynamic range of the pH sensor was sufficient 
to capture changes in lysosomal pH in response to MLSA5 (Fig. 5b and 
Extended Data Fig. 6g). These data support a model wherein recruit-
ment of the DMXL1 complex, together with the V1-ATPase, suppresses 
an increase in lysosomal pH that results from acute TRPML1 activation.

DMXL1/2 support V1-ATPase recruitment upon TRPML1 
activation
To investigate whether DMXL1 mediates recruitment of the V1-ATPase 
to promote V-ATPase assembly, we expressed the Lyso-IP handle in WT, 
DMXL1−/− and DMXL1−/−DMXL2+/− cells and performed TMT-MS analysis 
on Lyso-IP samples prepared from untreated and MLSA5-treated (4 h) 
conditions (Fig. 5c, and Supplementary Table 5). Volcano plots compar-
ing WT MLSA5-treated cells and untreated cells revealed enrichment 
of all subunits of the V1-ATPase, but not V0-ATPase subunits (Fig. 5d). 
By contrast, in both DMXL1−/− and DMXL1−/−DMXL2+/− cells, V1-ATPase 
subunits were not appreciably enriched after MLSA5 treatment (Fig. 5d). 
These results were further validated by immunoblotting of Lyso-IP 
samples with anti-ATP6V1B2 and anti-ATP6V1D antibodies (Fig. 5e). 

Fig. 5 | DMXL1/2 supports V1-ATPase recruitment and lysosome acidification 
in response to TRPML1 activation. a, Confocal images showing the fluorescence 
intensity of the lysosomal pH sensor, pseudo-colored to scale, in the indicated 
U2OS cells after treatment with MLSA5 (2 h). Scale bar, 20 µm. b, Lysosomal pH 
measurements for the indicated U2OS cells, with or without MLSA5, or BafA1 
treatment (2 h). Quantification was performed on the following total number 
of fields of view from three independent experiments: control: WT n  = 23, 
DMXL1−/− n = 19, DMXL1−/−DMXL2+/− n = 23; MLSA5: WT n = 21, DMXL1−/− n = 18, 
DMXL1−/−DMXL2+/− n = 20; BafA1: WT n = 16. Each field of view contained between 
50 and 70 cells. Data are presented as mean values ± s.d. A one-way ANOVA 
followed by Dunnett’s multiple-comparisons test was used for each treatment 
group. An unpaired two-sided Student’s t-test was used for comparison between 

WT control and WT treated with MLSA5. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 
****P ≤ 0.0001. c, Schematic of TMT-MS experimental design for analysis of 
V-ATPase recruitment to lysosomes in response to MLSA5 treatment. d, Volcano 
plot (log2(FC) versus –log10(q)) for Lyso-IP of U2OS cells of the indicated 
genotypes treated with MLSA5 for 4 h or left untreated. V1-ATPase subunits are 
indicated by red points, and V0-ATPase subunits are indicated by blue points. 
MLSA5 treatment leads to enrichment of V1 but not V0-ATPase subunits on 
lysosomes in WT but not in DMXL1−/− or DMXL1−/−DMXL2+/− cells. e, Immunoblot 
analysis of whole-cell lysates or Lyso-IP samples from the indicated U2OS cells, 
with or without MLSA5 treatment (2 h). The data are representative of two 
independent experiments. Also see Extended Data Figure 6.

Fig. 4 | Interaction of DMXL1 with ROGDI–WDR7 and V-ATPase, and the 
relationship between DMXL1–ROGDI and budding yeast Rav1–Rav2. a, 
U2OS cells with or without stable expression of DMXL1–mNG were subjected 
to immunoprecipitation using a nanobody against mNG, followed by TMT-MS 
analysis (3 biological replicates per condition). Volcano plot (log2(FC) versus 
–log10(q)) for DMXL1–mNG complexes relative to cells not expressing DMXL1–
mNG is shown, with V-ATPase subunits shown in red and DMXL1–ROGDI–WDR7 
proteins in blue. b, Summary of V-ATPase and other subunits identified in 
association with DMXL1–mNG. c, Isolation of HA–dTAG–DMXL1 at endogenous 
levels. Cells gene-edited to express an N-terminal HA–dTAG-tagged DMXL1, along 
with untagged cells, were subjected to α-HA immunoprecipitation, followed by 
TMT-MS analysis (3 biological replicates per condition). DMXL1 and WDR7 were 
enriched, and V-ATPase was not significantly enriched. d, Domain organization 
of Rav1 and Rav2 proteins from budding yeast and DMXL1/2, ROGDI and WDR7 in 
humans. The location of the Rav1-C domain identified in PFAM is shown.  
e, AF3 models for budding yeast Rav1–Rav2 (left), DMXL1–ROGDI (middle) and 

DMXL1–ROGDI–WDR7 (right). The locations of Lys–Lys cross-links identified in 
DMXL1–ROGDI–WDR7 complexes immunoprecipitated from U2OS cells stably 
expressing DMXL1–mNG (Supplementary Table 4) are indicated by red lines, for 
cross-links within structured elements, and cyan lines, for cross-links on linear 
segments. The location of cross-links between DMXL1–ROGDI and ROGDI–WDR7 
are indicated by red and black arrows, respectively. ipTM scores for pairwise 
combinations are indicated. Also see Extended Data Figure 5 and Supplementary 
Video 2. f, Summary of inter- and intra-protein cross-links for DMXL1–mNG–
ROGDI–WDR7 complexes isolated from U2OS cells. The legend indicates the 
categories of cross-links identified. Positions of cross-links (XL) and distances 
within AF3 predictions are listed in Supplementary Table 4. g, Summary of inter- 
and intra-protein DSSO cross-links involving Dmxl2, Rogdi or Wdr7 identified 
in mouse synaptic vesicles from a prior study59, mapped on the AF3-predicted 
structure. The legend in f also applies to g. Positions of cross-links and distances 
within AF3 predictions are provided in Supplementary Table 4.
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Together, these data are consistent with a model in which DMXL1/2 
promote recruitment of the V1-ATPase to lysosomes in response to 
TRPML1 activation.

DMXL1/2 support lysosomal hydrolase activity
The increase in lysosomal pH in DMXL1/2-deficient cells led us to exam-
ine whether lysosomal hydrolytic activity was altered. Hydrolytic pro-
cessing of Legumain (LGMN) from a precursor form to the mature 

form was reduced in both DMXL1−/− and DMXL−/−DMXL2+/− cells when 
compared with WT cells upon TRPML1 activation (Fig. 6a,b). Similarly, 
DMXL1/2-deficient cells displayed reduced levels of the mature form of 
Cathepsin B under TRPML1 activation (Fig. 6a,b). We next directly exam-
ined lysosomal hydrolytic activity by measuring the fluorescence inten-
sity of DQ-BSA Red. In intact DQ-BSA, the fluorophores are quenched, 
but upon endocytosis and trafficking to the lysosomal lumen, the 
hydrolysis of DQ-BSA alleviates this quenching, resulting in an increase 
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in fluorescence intensity. Under basal conditions, the DQ-BSA Red sig-
nals in WT, DMXL1−/− and DMXL1−/−DMXL2+/− cells exhibited comparable 
mean fluorescence intensities (Fig. 6c,d and Extended Data Fig. 7b). 
By contrast, cells treated with MLSA5 (4 h) displayed progressively 
less hydrolytic activity in DMXL1−/− and DMXL1−/−DMXL2+/− cells than 
in WT cells (Fig. 6c,d and Extended Data Fig. 7b). As expected, BafA1 
suppressed hydrolytic activity by >90% (Fig. 6d and Extended Data 
Fig. 7a,b). Moreover, expression of DMXL1-mNG in DMXL1−/−DMXL2+/− 
cells rescued the defect in hydrolytic activity observed under MLSA5 
treatment (Extended Data Fig. 7c,d). Taken together, these data are 
consistent with a model in which, upon TRPML1 activation, DMXL1/2 
facilitate the recruitment of V1-ATPase to lysosomes to support lyso-
somal acidification and hydrolytic activity.

Structural basis for DMXL1–V-ATPase complex formation
To investigate the interactions between DMXL1 and the V-ATPase, we 
performed systematic pairwise AF3 predictions of DMXL1 with each 
V1 subunits as well as the major cytosolic-facing V0 subunit ATP6V0A, 
with a particular focus on interactions that occur within the conserved 
Rav1-C helical domain. The highest-scoring pairs were DMXL1–ATP6V1A 

and DMXL1–ATP6V1C (ipTM = 0.76 and 0.73, respectively); similar 
predictions were found with the equivalent pairs in the context of the 
Rav1-C helical domain from DMXL1 (ipTM = 0.75 and 0.67, respectively) 
(Extended Data Fig. 8a). The V1-ATPase A and C subunits are predicted to 
bind to distinct surfaces in the DMXL1 Rav1-C helical domain (Extended 
Data Fig. 8b). Notably, AF3 predicts similar interfaces between the 
Rav1-C domain of Rav1 and the analogous Vma1 and Vma5 subunits of 
the budding yeast proteins (ipTM = 0.64 and 0.42, respectively), includ-
ing conserved candidate interface residues found in DMXL1-ATP6V1A 
(Fig. 7a and Extended Data Fig. 8c). To examine the relevance of this 
predicted interface for the interaction of DMXL1 with the V-ATPase, 
we performed IP-immunoblot analysis of DMXL1WT–mSG2–HA (mSG2 
refers to monomeric StayGold)60 and DMXL17A–mSG2–HA, a mutant 
lacking seven residues predicted to be at the interface (K1679A, L1682A, 
F1686A, L1689A, F1701A, D1709A, K1717A) (Fig. 7a), expressed at equiva-
lent levels in DMXL1−/−DMXL2+/− cells. Whereas ATP6V1A was enriched 
in the DMXL1WT immune complex above background levels, this was 
not seen for the DMXL17A interface mutant, consistent with a loss of 
interaction (Fig. 7b). Unlike DMXL1WT, the DMXL17A interface mutant 
was not recruited to membranes in a crude lysosome preparation, 

a c

C
on

tr
ol

M
LS

A5

WT DMXL1–/–
DMXL1–/–

DMXL2+/–

DQ-BSA Red

Pro-LGMN

Mature-LGMN

– + – + – + MLSA5 (4 h)
WT DMXL1–/–

DMXL1–/–

DMXL2+/–

Mature-
Cathepsin B

Hsp90

b

0

200

400

600

800

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity
 (a

rb
. u

.)

WT WT

+MLSA5 (4 h)Control

DMXL1–/– DMXL1–/–

DMXL2+/–
DMXL1–/–WT

+BafA1
(4 h)

DMXL1–/–

DMXL2+/–

n.s.
P = 0.7524 ****P < 1 × 10–4

****P < 1 × 10–4

**P = 0.0078

***P = 4 × 10–4d

100

kDa

25

50

37

0

0.5

1.0

WT DMXL1–/– DMXL1–/–

DMXL2+/–
WT DMXL1–/–DMXL1–/–

DMXL2+/–

Fo
ld

 c
ha

ng
e 

in
 a

bu
nd

an
ce

 o
f 

m
at

ur
e 

hy
dr

ol
as

e 
(M

LS
A5

/c
on

tr
ol

)

Legumain Cathepsin B

****P < 1 × 10–4

****P < 1 × 10–4

**P = 0.0043
*P = 0.0391

Fig. 6 | Lysosomal hydrolase activity in DMXL1/2-deficient cells. a, U2OS cells 
of the indicated genotypes were untreated or treated with MLSA5 for 4 h, and 
cell lysates were analyzed by immunoblotting with the indicated antibodies to 
detect unprocessed and mature hydrolytic enzymes. Blots were probed with 
α-Hsp90 as loading control. Representative of three independent experiments. 
b, Quantification of three independent experiments, as shown in a. Data are 
presented as mean values ± s.d. An ordinary one-way ANOVA followed by 
Dunnett’s multiple-comparisons test was used for statistical comparison.  
c, Confocal images showing fluorescence intensity of DQ-BSA Red in the 
indicated U2OS cells after treatment with MLSA5 (4 h). Scale bar, 20 µm.  
d, DQ-BSA Red fluorescence intensity in experiments equivalent to that shown 
in c. Quantification was performed on the following total number of cells from 

three biological replicates: control: WT n = 28, DMXL1−/− n = 28, DMXL1−/−DMXL2+/− 
n = 28; MLSA5: WT n = 28, DMXL1−/− n = 28, DMXL1−/−DMXL2+/− n = 30. 
Quantification for BafA1 treatment represents n = 14 cells from one biological 
replicate. Arb. u., arbitrary units. Treatment with BafA1 was used to measure the 
maximum inhibition of lysosomal activity as measured with DQ-BSA Red. Data 
are presented as mean values ± s.d. An ordinary one-way ANOVA followed by 
Dunnett’s multiple comparison test was used to compare genotypes within the 
control group and Brown Forsyth and Welch’s ANOVA followed by Dunnett’s T3 
test was used to compare genotypes within MLSA5 treatment group. Unpaired 
two-sided Student’s t-test was used to compare between WT control and WT 
MLSA5-treated conditions. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; n.s., 
not significant. Also see Extended Data Figure 7.
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a method previously used to examine recruitment of V1-ATPase to 
lysosomes53 (Fig. 7c). To examine the functional consequences of the 
interface mutant, we examined LGMN processing. DMXL1WT rescued 
the LGMN processing defect in DMXL1−/−DMXL2+/− cells, but the DMXL17A 

mutant failed to do so, indicative of a compromised ability to acidify 
lysosomes in response to TRPML1 activation (Fig. 7d).

Previous studies indicate that the Legionella pneumophila effector 
protein SidK binds the same interface on ATP6V1A that is predicted to 
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interact with DMXL1 (refs. 61,62), and the AF3 model for the pairwise 
combinations (Fig. 7e) indicated that SidK might interfere with the 
interaction between DMXL1 and the V-ATPase. Therefore, as an inde-
pendent approach, we examined the effects of SidK overexpression 
on DMXL1–V-ATPase interaction. We performed TMT-MS analysis on 
DMXL1–mNG immunoprecipitates from cells overexpressing either 
mCherry or SidK–mCherry (Methods). The association of the detected 
V-ATPase subunits was decreased in the context of SidK–mCherry over-
expression, with the ATP6V1A and ATP6V1B2 subunits displaying the 
greatest degree of reduction (Fig. 7f and Supplementary Table 6). The 
reduction in ATP6V1A association was validated by immunoblotting 
(Fig. 7g). Consistent with SidK’s established role in maintaining a neu-
tral pH in the phagosomal lumen during the early phase of infection63, 
SidK–mCherry overexpression completely blocked LGMN processing 
(Fig. 7g). Together, these data are consistent with a functional interac-
tion between DMXL1 and the ATP6V1A subunit.

We next assessed the overall orientation of the DMXL1–ROGDI–
WDR7 complex in association with the V-ATPase. Alignment of the 
AF3-predicted DMXL1–ROGDI–WDR7–ATP6V1A complex structure 
with one of the three ATP6V1A subunits in the context of a full V-ATPase 
complex positions WD40_3 from DMXL1 as well as the C-terminal region 
of WDR7 near the outer leaflet of the membrane (Fig. 7h). During manu-
script revision, a cryogenic electron microscopy (cryo-EM) structure 
of Rav1–Rav2–Skp1 bound to a partial assembly of the V1-ATPase from 
budding yeast lacking 5 of 16 subunits was reported56. In this structure, 
the Rav1-C domain of Rav1 directly interacts with the Vma1 subunit 
(corresponding to ATP6V1A) through the same surface identified 
by AF3. This was confirmed by overlaying the AF3 prediction for the 
Rav1-C domain of Rav1 with Vma1 onto the Rav1–Rav2–Skp1-V–ATPase 

cryo-EM structure (Fig. 7i)56. The overall orientation places Rav2 in a 
position expected to be proximal to the membrane during facilitated 
delivery of V1 to V0 (Fig. 7i)56. In this model, DMXL1 is predicted to clash 
with the peripheral stalk helical domains of ATP6V1E and G subunits 
(Fig. 7h, right panel). In this regard, the Rav1–Rav2 complex with a 
partial V-ATPase from yeast also lacks the peripheral stalk adjacent to 
the Vma1 subunit that engages Rav1 (ref. 56), suggesting the potential 
for alternative conformations of DMXL1 or V1-ATPase subunits in the 
context of the preloaded complex (see ‘Discussion’).

Mechanism of CASM-driven recruitment of DMXL1 to 
lysosomes
ATG8 proteins interact with effector proteins through short 
LC3-interacting region (LIR) motifs of the form [W/F/Y]xx[L/I/V], 
sometimes preceded by acidic residues. We employed two parallel 
approaches to search for candidate LIR motifs in DMXL1 that could pro-
mote recruitment to lysosomes in response to TRPML1 activation. First, 
we screened 53 candidate LIR sequences in DMXL1 identified by the iLIR 
algorithm64 as 36-residue peptides for AF3-based structural predictions 
with GABARAP, an approach that has previously been shown to facilitate 
identification of functional LIRs65 (Supplementary Table 4). The major-
ity of LIR sequences either had sub-threshold ipTM scores (<0.4) or were 
localized in highly folded regions of DMXL1, rendering them inacces-
sible for interaction with GABARAP (Fig. 8a). However, one candidate 
LIR—residues 2695–2698 (FLVI)—was found in an unstructured region of 
DMXL1, near the C-terminal WD40 domain. The LIR-containing peptide 
interacted with GABARAP, as evidenced by AF3 analysis (ipTM = 0.55) 
(Supplementary Table 4). This LIR was also preceded by an acidic ED 
dipeptide. As a follow-up, we performed an unbiased AF3 prediction 

Fig. 8 | Mechanistic insights into CASM-dependent recruitment of DMXL1 
to lysosomes. a, Predicted interaction of candidate DMXL1 LIR (residues 
2695–2698, FLVI) and GABARAP. Locations of other candidate LIR motifs are 
shown in magenta. Locations of the Phe and Val residues in the DMXL1 LIR 
overlap with the LIR of TEX264 bound to GABARAP (PDB: 7VEC)66. b,c, Analysis 
of lysosomal localization of DMXL1–mSG2–HA WT, ΔLIR and ΔWD40_3 proteins 
in response to TRPML1 activation. c shows confocal images of cells subjected to 
immunofluorescence with or without MLSA5 treatment (2 h). Scale bar, 10 µm; 
inset scale bar, 3 µm. b shows quantification of colocalization between DMXL1 
and LAMP1. Quantification was based on the number of cells indicated on the 
plot, from three independent experiments. The box represents the 25th to 75th 
percentiles, whiskers extend from the minimum to maximum values and the  
line represents the median. Statistical significance was assessed using  
unpaired two-sided Student’s t-test. ****P ≤ 0.0001; n.s., not significant.  
d, Crude lysosome fractions from the indicated cell lines, with or without MLSA5 
(2 h), were probed with the indicated antibodies. The result is representative of 
three independent experiments. e, Immunoblot analysis of LGMN processing 

in U2OS DMXL1−/−DMXL2+/− cells reconstituted with WT, ΔLIR or ΔWD40_3 
DMXL1–mSG2–HA, with or without MLSA5 (4 h). The result is representative of 
three independent experiments. f, Working model. TRPML1 in the closed form 
is unable to allow passage of cations. Binding of the agonist MLSA5 enables 
cations release, which promotes recruitment of the ATG8ylation machinery to 
pre-existing V-ATPase on lysosomes. The ATG8ylation machinery (composed of 
ATG16L1 (ATG16), the E1 enzyme ATG7 and the ATG12-ATG5 conjugate, referred 
to as 12-5/7) promotes ATG8 conjugation to the lysosomal limiting membrane 
(CASM), which is a prerequisite for the recruitment of DMXL1–V1-ATPase 
complexes to the lysosome where it facilitates assembly of V1-ATPase on pre-
existing V0-ATPase, forming functional proton pumps to maintain lysosomal 
pH. Currently, whether DMXL1 directly binds ATG8 proteins in response to CASM 
is unclear, as indicated by ‘??.’ After V-ATPase assembly, the DMXL1 complex is 
presumably recycled to the cellular pool. The signaling mechanisms underlying 
lysosomal recruitment as well as release of the DMXL1 complex from a fully 
assembled V-ATPase are unclear.

Fig. 7 | Structural prediction and analysis of DMXL1–V-ATPase interactions. a, 
Left, AF3 prediction of Rav1 helical domain (blue) and Vma1 (lime) highlighting 
conserved or similar interface residues. Right, AF3 prediction of the DMXL1 
helical domain (green) together with ATP6V1A (yellow) highlighting interface 
residues, including those that are conserved or similar in Rav1–Vma1. The 
conserved residue A1685 in DMXL1 that is mutated in DMXL2 (A1712V) in DEE81 
is shown in light blue. b, U2OS DMXL1−/−DMXL2+/− cells were reconstituted with 
DMXL1WT–mSG2–HA or DMXL17A–mSG2–HA, and α-HA immune complexes were 
analyzed by immunoblotting with the indicated antibodies. Relative abundance 
was quantified from three independent experiments. Data are presented as 
mean values ± s.d. A paired two-sided Student’s t-test was used for statistical 
comparison; **P ≤ 0.01. c, Crude lysosomal fractions53 using cells from b with or 
without MLSA5 (2 h) were immunoblotted with the indicated antibodies. The 
results are representative of three independent experiments. d, Immunoblot of 
LGMN processing in U2OS DMXL1−/−DMXL2+/− cells expressing DMXL1WT–mSG2–
HA or DMXL17A–mSG2–HA, with or without MLSA5 (4 h). Representative of three 
independent experiments. e, AF3 prediction of SidK (residues 1–278, lavender) 

and ATP6V1A (yellow) interaction overlayed with the analogous DMXL1 helical 
domain AF3 prediction (green). SidK and DMXL1 interact with an overlapping 
region of ATP6V1A, albeit with distinct interfaces. f, Volcano plot (log2(FC) versus 
–log10(q)) for DMXL1–mNG IP from U2OS cells expressing mCherry or SidK–
mCherry. Three biological replicates per condition. V-ATPase subunits (red); 
DMXL1/2, ROGDI and WDR7 (blue). g, Immunoblot of DMXL1–mNG complexes 
or cell extracts from cells expressing either mCherry or SidK–mCherry from f. h, 
Model for DMXL1–ROGDI–WDR7–V-ATPase based on the AF3 prediction of the 
DMXL1 helical domain association with ATP6V1A aligned on bovine V-ATPase 
(PDB: 6XBW). Left, one set of peripheral ATP6V1E1/ATP6V1G and ATP6V1C 
subunits removed to mimic the Rav1–Rav2–partial V-ATPase cryo-EM structure56. 
Red box, location of the DMXL1 helical domain–ATP6V1A interaction interface, 
as shown in a (rotated horizontally by ~180°). Right, same as left but including 
ATP6V1E1, ATP6V1G and ATP6V1C (cyan) subunits. i, Overlay of Rav1–Vma1 AF3 
model (blue/lime subunits, respectively) with the yeast Rav1–Rav2–Skp1–partial 
V1-ATPase complex structure (PDB: 9COP)56. The proposed56 localization relative 
to the membrane is shown.

http://www.nature.com/nsmb
https://doi.org/10.2210/pdb7VEC/pdb
https://doi.org/10.2210/pdb6XBW/pdb
https://doi.org/10.2210/pdb9COP/pdb


Nature Structural & Molecular Biology | Volume 32 | October 2025 | 2060–2075 2072

Article https://doi.org/10.1038/s41594-025-01581-x

SidKf

a
Control
MLSA5 (4 h)

b

c
Control MLSA5

D
M

XL
1–

m
SG

2
LA

M
P1

M
er

ge

Control MLSA5Control MLSA5

a

b

c

a

b

c

a

a

a
a a

b
b

b
b

b

c
c

c
c

c

WT ∆LIR ∆WD40_3 d

TEX264LIR–GABARAP PDB:7VEC 
DMXL1 LIRp-TEX264LIR

GABARAP

DMXL1GABARAP
ipTM = 0.69

GABARAP LIR
DMXL1 LIR

SGSSFEELDLEG
GSEDFLVIHARD

Ca2+

(other cations?)

TRPML1
(closed)

ATG16
12~5/7

ATG16
12~5/7

MLSA5

(Open)

ATG8ylation and CASM

H+

V1

V0

Free V0 Loading complex Active V-ATPase and
maintenance of
hydrolytic activity

DMXL1
ROGDI
WDR7

+

Lumen

V1–DMXL1
recruitment

??

??

Disassembly
??

= ATG8

??

e

M
an

de
rs

’ c
ol

oc
al

iz
at

io
n 

co
e�

ic
ie

nt
D

M
XL

1–
m

SG
2/

LA
M

P1

****
P < 1 × 10–4

n.s.
P = 0.2841

n = 87 n = 100
n = 95 n = 100

n = 99 n = 98

– + – + – + MLSA5 (2 h)

– WT

kDa – +

HA (DMXL1)

ATP6V1A

ATP6V0D1

250

75

37

∆LIR ∆WD40_3 DMXL1–mSG2–HA

DMXL1–/–DMXL2+/–

50 ATP6V1B2

Crude lysosome fraction

0

0.2

0.4

0.6

0.8

DMXL1
WT

DMXL1
∆LIR 

DMXL1
∆WD40_3

MLSA5 (4 h)
HA (DMXL1)

DMXL1–mSG2–HA

Pro-LGMN

Mature-LGMN

Hsp90

– + – + – +

– WT
– +

∆LIR ∆WD40_3

DMXL1–/–DMXL2+/–

kDa

250

37

50

100

WD40_3

n.s.
P = 0.0719

http://www.nature.com/nsmb


Nature Structural & Molecular Biology | Volume 32 | October 2025 | 2060–2075 2073

Article https://doi.org/10.1038/s41594-025-01581-x

using GABARAP and DMXL1. Remarkably, all five models positioned 
GABARAP in association with the FLVI sequence described above, with 
the highest-scoring model achieving an ipTM of 0.69 (Fig. 8a). The 
position of the hydrophobic LIR residues in the LIR-docking site of 
GABARAP was virtually identical to the crystal structure of the LIR 
motif from TEX264 (residues 273–276, FEEL)66. Notably, this LIR motif is 
predicted to be near the lipidated and membrane-associated GABARAP 
protein during CASM, as modeled with DMXL1′s Rav1-C domain bound 
to ATP6V1A (Fig. 7h).

To test whether this sequence in DMXL1 is important for recruit-
ment to lysosomes, we stably expressed DMXL1ΔLIR–mSG2–HA, in which 
the LIR residues are replaced with alanine, or DMXL1ΔWD40_3–mSG2–HA, 
in which the C-terminal WD40 domain, including the preceding candi-
date LIR, is deleted, in WT U2OS cells (Fig. 8b,c). Confocal microscopy 
revealed that DMXL1WT was recruited to lysosomes following TRPML1 
activation, whereas the ΔLIR and ΔWD40_3 mutants did not display sig-
nificant lysosomal recruitment (Fig. 8b,c). As an alternative approach 
to examining recruitment to lysosomes, we analyzed crude lysosome 
fractions from DMXL1−/−DMXL2+/− cells stably expressing WT, ΔLIR or 
ΔWD40_3 DMXL1–mSG2–HA, with or without MLSA5 treatment. WT 
DMXL1, but neither of the mutants, was enriched in the crude lyso-
some preparation, consistent with a requirement of these sequences 
for recruitment upon TRPML1 activation (Fig. 8d). Furthermore, WT, 
but not the ΔLIR or ΔWD40_3 mutants, rescued LGMN processing in 
DMXL1−/−DMXL2+/− cells, supporting a functional role for the candidate 
LIR. (Fig. 8e). Taken together, these results suggest that the C-terminal 
region of DMXL1, including the candidate LIR sequence, functions in 
recruitment to lysosomes in response to TRPML1 activation.

Discussion
TRPML1 is a lysosomal cation channel critical for various aspects of 
endolysosomal function. Substitutions in TRPML1 cause mucolipidosis 
type IV, a recessive lysosomal storage disorder characterized by delayed 
development and vision impairment12,67,68. Altered TRPML1 function 
has been linked to disruptions in key endolysosomal processes, includ-
ing trafficking and hydrolytic activity3,4,10,17. Thus, understanding how 
TRPML1 activation supports endolysosomal homeostasis is essen-
tial for advancing the development of small molecules that leverage 
TRPML1 function20,22,69.

Using the Lyso-IP lysosome enrichment method with quantitative 
proteomics, we found DMXL1 recruitment to lysosomes following 
TRPML1 activation. Our working model is outlined in Figure 8f. In the 
closed state, TRPML1 restricts cation flux. Binding of MLSA5 opens 
the channel, activating efflux of Ca2+ and other ions3,4,6,7,17. Earlier stud-
ies have shown that TRPML1 activation triggers the recruitment of 
ATG8ylation machinery, including ATG16L1, to V-ATPase assemblies, 
promoting ATG8 conjugation to the lysosomal membrane (CASM)20,22. 
Our results confirmed the enrichment of ATG8 protein on lysosomes 
following TRPML1 activation (Fig. 1). DMXL1 recruitment is depend-
ent on CASM, as indicated by loss of recruitment in the context of 
ATG16L1K490A, or BafA1 treatment, both of which inhibit CASM (Figs. 1 
and 2). DMXL1 recruitment is presumably coupled to assembly of V1 
subunits with pre-existing V0 subunits present in the lysosomal mem-
brane, thereby sustaining lysosomal acidification and the activity of 
lumenal hydrolytic enzymes (Fig. 8f). This is supported by Lyso-IP prot-
eomics and measurements of lysosomal pH, degradation and hydrolase 
processing in WT and DMXL1/2-deficient cells (Figs. 5 and 6). Our find-
ings support the emerging understanding that CASM is responsive to 
endolysosomal pH changes31,33,34,36; furthermore, they suggest that the 
role of CASM is not only to recognize proton-gradient dissipation, but 
also to mitigate this dissipation by promoting endolysosomal acidifica-
tion through DMXL1–V1-ATPase recruitment (Fig. 8f). DMXL1 recruit-
ment occurs in parallel with TFEB activation, as DMXL1/2-deficient 
cells still exhibit TFEB nuclear translocation and GPNMB upregulation 
(Extended Data Fig. 6d–f)22,48. We conclude that TRPML1 activation 

drives lysosomal ATG8ylation, triggering independent homeostatic 
programs, including TFEB activation and V1-ATPase recruitment, 
through DMXL1/2 (Fig. 8f). DMXL1 is also present in the Golgi (Extended 
Data Fig. 4), and further studies are required to elucidate any specific 
functions of this DMXL1 population.

AF3 predictions coupled with functional studies support a working 
model for the mechanism of DMXL1 action (Fig. 8f). DMXL1 is predicted 
to bind ATP6V1A and ATP6V1C through distinct surfaces, and substitu-
tions in DMXL1′s Rav1-C domain reduce ATP6V1A interaction (Fig. 7a,b). 
This interface resembles the Rav1–Vma1 interaction in a budding yeast 
V-ATPase structure reported while this manuscript was being revised56. 
A similar ATP6V1A interface also binds SidK, and SidK overexpression 
disrupts DMXL1–ATP6V1A binding and LGMN processing (Fig. 7e–g). 
When bound to ATP6V1A and associated with an assembled V-ATPase, 
the C terminus of DMXL1 and its interaction partners, ROGDI and 
WDR7, would be near the membrane (Figs. 7h and 8f), as is the yeast 
Rav2 protein56 (Fig. 7i). However, this model displays a clash between 
the Rav1-C domain of DMXL1 and the ATP6V1E and ATP6V1G periph-
eral stalk (Fig. 7h). Interestingly, the Rav1–Rav2 structure resembles 
rotational state 3 but lacks one such stalk56, suggesting that DMXL1 
could recognize specific V1-ATPase sub-assemblies. Furthermore, in 
yeast, Vma5 (ATP6V1C ortholog) joins the V-ATPase after Rav1–Rav2 
binding39,56. Our results demonstrate possible interaction between 
DMXL1 and ATP6V1C (Fig. 4c), suggesting that ATP6V1C could be part 
of the DMXL1–V1-ATPase complex; thus, whether this interaction is 
important for V-ATPase assembly in mammals warrants further studies.

DMXL2A1712V has been previously identified as a causative muta-
tion in developmental and epileptic encephalopathy 81 (DEE81)70. 
The corresponding residue in DMXL1 (A1685) is located within the 
ATP6V1A-binding interface (Fig. 7a). Replacement of Ala with Val could 
alter the packing of the helix containing F1701 in DMXL1 (F1728 in 
DMXL2), a residue that is conserved in the Rav1–Vma1 interaction 
interface (Fig. 7a). A recent report indicated that DMXL2–ROGDI–
WDR7 is present in synaptic vesicles71, and therefore it is conceivable 
that p.V1712A in DMXL2 could negatively affect V-ATPase assembly on 
synaptic vesicles, which could contribute to the pathogenesis of DEE81.

The simplest model for CASM-dependent DMXL1 recruitment to 
lysosomes would involve interaction with ATG8 proteins conjugated on 
the membrane. Substituting a candidate LIR motif near the C-terminal 
WD40 domain or deleting this region in DMXL1 disrupts lysosomal 
recruitment (Fig. 8). However, we have yet to detect DMXL1–GABARAP 
or LC3B interaction post-MLSA5 treatment, possibly due to: (1) low affin-
ity, (2) membrane dependence lost during detergent extraction or (3) 
intermediate proteins or modifications. Notably, the DMXL17A mutant, 
with reduced ATP6V1A interaction, is poorly recruited to membranes 
(Fig. 7c), suggesting that V1-ATPase components are needed for efficient 
lysosomal targeting. A similar ‘coincidence detector’ mechanism was 
proposed for LRRK2 recruitment to lysosomes, which also relies on 
CASM and interactions with Rab GTPases30. Although understanding 
the precise signals and interactions that facilitate DMXL1–V1-ATPase 
recruitment to lysosomes will require further study, our results provide 
a framework for the pathway and reveal a mechanism that directly links 
TRPML1-dependent cation efflux with maintenance of lysosomal pH.
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Methods
Materials
Antibodies. The following antibodies were used in this study: rabbit 
polyclonal DMXL1, Bethyl Laboratories, cat. no. A304-685A, RRID: 
AB_2620880 (western blot dilution (WB): 1:500); rabbit monoclonal 
LC3B (D11), Cell Signaling Technology, cat. no. 3836, RRID: AB_2137707 
(WB, 1:1,000); rabbit monoclonal LAMP1 (D2D11), Cell Signaling Tech-
nology, cat. no. 9091, RRID: AB_2687579 (WB, 1:1,000; immunofluores-
cence dilution (IF): 1:200); rabbit polyclonal YIPF4, Proteintech, cat. 
no. 15473-1-AP, RRID: AB_2217206 (WB, 1:1,000); mouse monoclonal 
Golgin-97 (CDF4), Thermo Fisher Scientific, cat. no. A-21270, RRID: 
AB_221447 (WB, 1:1,000); rabbit monoclonal calreticulin (D3E6), Cell 
Signaling Technology, cat. no. 12238, RRID: AB_2688013 (WB, 1:1,000); 
rabbit monoclonal COX IV (3E11), Cell Signaling Technology, cat. no. 
4850, RRID: AB_2085424 (WB, 1:1,000); rabbit monoclonal GPNMB 
(E4D7P), Cell Signaling Technology, cat. no. 38313, RRID: AB_2799131 
(WB, 1:1,000); mouse monoclonal β-actin (AC-15), Santa Cruz, cat. no. 
sc-69879, RRID: AB_1119529 (WB, 1:5,000); mouse monoclonal TRPML1 
(F-10), Santa Cruz, cat. no. sc-398868 (WB, 1:500); rabbit monoclo-
nal ATG16L1 (D6D5), Cell Signaling Technology, cat. no. 8089, RRID: 
AB_10950320 (WB, 1:1,000); mouse monoclonal Hsp90 (4F10), Santa 
Cruz, cat. no. sc-69703, RRID: AB_2121191 (WB, 1:2,000); rabbit mono-
clonal HA-tag (C29F4), Cell Signaling Technology, cat. no. 3724, RRID: 
AB_1549585 (WB, 1:1,000); rabbit monoclonal ATP6V1B2 (D2F9R), 
Cell Signaling Technology, cat. no. 14617, RRID: AB_2798541 (WB, 
1:1,000); rabbit monoclonal ATP6V1D (EPR11326(B)), Abcam, cat. no. 
ab15748, RRID: AB_2732041 (WB, 1:1,000); rabbit monoclonal ATP6V1A 
(EPR19270), Abcam, cat. no. ab199326, RRID: AB_2802119 (WB, 1:1,000); 
rabbit monoclonal ATP6V0D1 (EPR18320), Abcam, cat. no. ab202897, 
RRID: AB_2802121 (WB, 1:1,000); rabbit polyclonal DMXL2, Proteintech, 
cat. no. 24415-1-AP, RRID: AB_2879534 (WB, 1:500); rabbit monoclonal 
Legumain (EPR14718), Abcam, cat. no. ab183028, RRID: AB_3291610 
(WB, 1:1,000); rabbit monoclonal Cathepsin B (D1C7Y), Cell Signaling 
Technology, cat. no. 31718, RRID: AB_2687580 (WB, 1:500); rabbit poly-
clonal TGN46, Proteintech, cat. no. 13573-1-AP, RRID: AB_10597396 (IF: 
1:200); rabbit polyclonal GM130, Proteintech, cat. no. 11308-1-AP, RRID: 
AB_2115327 (IF: 1:200); mouse monoclonal giantin (9B6), Abcam, cat. 
no. ab37266, RRID: AB_880195 (IF: 1:200); mouse monoclonal HA-tag 
(6E2), Cell Signaling Technology, cat. no. 2367, RRID: AB_10691311 (IF: 
1:200); rabbit monoclonal α-tubulin (11H10), Cell Signaling Technol-
ogy, cat. no. 2125, RRID: AB_2619646 (WB, 1:1,000); rabbit monoclo-
nal GAPDH (D16H11), Cell Signaling Technology, cat. no. 5174, RRID: 
AB_10622025 (WB, 1:1,000); mouse monoclonal LAMP1 (H4A3), BD Bio-
sciences, cat. no. 555798, RRID: AB_396132 (IF: 1:400); rabbit polyclonal 
TFEB, Cell Signaling Technology, cat. no. 4240, RRID: AB_11220225 
(WB, 1:1,000); mouse monoclonal mNeonGreen (32F6), ChromoTek, 
cat. no. 32f6, RRID: AB_2827566 (WB, 1:1,000); goat anti-rabbit-IgG 
heavy and light conjugates linked to horseradish peroxidase ((H+L)–
HRP conjugate), Bio-Rad, cat. no. 1706515, RRID: AB_11125142 (WB, 
1:1,000); goat anti-mouse-IgG (H+L)–HRP conjugate, Bio-Rad, cat. 
no. 1706516, RRID: AB_2921252 (WB, 1:1,000); goat anti-rabbit IgG 
(H+L) Alexa-Fluor-488-conjugated highly cross-adsorbed secondary 
antibody Thermo Fisher Scientific, cat. no. A-11034, RRID: AB_2576217 
(IF: 1:200); and goat anti-mouse-IgG (H+L) Alexa-Fluor-647-conjugated 
highly cross-adsorbed secondary antibody Thermo Fisher Scientific, 
cat. no. A-21235, RRID: AB_2535804 (IF: 1:200).

Reagents. Reagents used in the experiments included: MLSA5, Med-
ChemExpress, cat. no. HY-152182; bafilomycin A1, Cayman Chemicals, 
cat. no. 11308; torin1, Sellekchem, cat. no. S2827; brefeldin A, Cayman 
Chemicals, cat. no. 11861; pierce anti-HA magnetic beads, Thermo Fisher 
Scientific, cat. no. 88837; TMTpro 18-plex label reagent set, Thermo 
Fisher Scientific, cat. no. A52045; MS-grade trypsin protease, Thermo 
Fisher Scientific, cat. no. 90305; MS-grade lysyl endopeptidase, Thermo 
Fisher Scientific, cat. no. NC9242798; ChromoTek mNeonGreen-trap 

magnetic agarose, ChromoTek, cat. no. ntma; ChromoTek HA-trap 
magnetic agarose, ChromoTek, cat. no. atma; DSSO, Thermo Fisher 
Scientific, cat. no. A33545; Sep-Pak C8 1 cc vac cartridge, 50 mg Sorb-
ent, Waters, cat. no. WAT054965; pHLys red, Dojindo, cat. no. L265; 
SiR-lysosome, Cytoskeleton, cat. no. CY-SC012; DQ-BSA red, Thermo 
Fisher Scientific, cat. no. D12051; HiFi DNA Assembly Master Mix, NEB, 
cat. no. 2621; Hoechst 33342, trihydrochloride trihydrate, Thermo 
Fisher Scientific, cat. no. H1399; and EM-grade paraformaldehyde 16% 
aqueous solution, Electron Microscopy Sciences, cat. no. 15710.

MLSA5 (MedChemExpress, HY152182) was dissolved in DMSO to 
a stock concentration of 10 mM; all experiments were performed with 
a working concentration of 5 µM. Bafilomycin A1 (Cayman Chemicals, 
cat. no. 11308) was dissolved in DMSO to a stock concentration of 1 mM; 
the working concentration was 1 µM. Torin1 (Selleckchem, cat. no. 
S2827) was dissolved in DMSO to a stock concentration of 1 mM; the 
working concentration was 1 µM. Brefeldin A (Cayman Chemicals, cat. 
no. 11861) was dissolved in DMSO to a stock concentration of 5 mg ml–1; 
the working concentration was 5 µg ml–1. Nocodazole (Sigma, cat. no. 
M1404) was dissolved in DMSO to a stock concentration of 5 mg ml–1; 
the working concentration was 5 µg ml–1. DQ-BSA red (Thermo, cat. no. 
D12051) was dissolved in DPBS to a stock concentration of 2 mg ml–1; 
the working concentration was 20 µg ml–1.

Human cell lines
U2OS (ATCC, cat. no. HTB-96), A101D (ATCC, cat. no. CRL-7898) and 
293T (ATCC, cat. no. CRL-3216) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Thermo, cat. no. 11995065) supple-
mented with 10% fetal bovine serum (FBS) and maintained in an 37 °C 
incubator with 5% CO2. For imaging experiments, cells were grown in 
DMEM medium without phenol red (Thermo, cat. no. 21063029) sup-
plemented with 10% FBS.

CRISPR–Cas9 gene editing
Generation of knockout cell lines. U2OS-KO cells were generated by 
introducing Cas9 and single guide RNA (sgRNA) through lentiviral par-
ticles packaged using lenticrisprv2-opti (Addgene, cat. no. 163126) and 
lenticrisprv2-bsd (Addgene, cat. no. 98293). Stably infected cells were 
selected with 2 µg ml–1 puromycin for 4–5 days, at which uninfected 
control cells were completely killed. Puromycin-selected cells were 
then single-cell sorted into 96-well plates on a SONY SH800S sorter. 
Next-generation sequencing with Illumina MiSeq was used to sequence 
the gene-edited locus for each single cell clone, and OutKnocker analy-
sis72 was utilized to identify clones with out-of-frame indels. Clones 
were further verified by immunoblotting.

The following sgRNA sequences were used to target the indicated 
gene: MCOLN1, 5′-CTTGGCTCGAAACTTGTCGC-3′; ATG16L1, 5′-CAC 
TGGAGGCATGGACCGCA-3′; DMXL1, 5′-GAAAATCCATTTACTGCTCG-3′; 
and DMXL2, 5′-AGTGCCAGTGGCTTAAAACT-3′.

Generation of HA–dTAG–DMXL1 knock-in cell line. The precise 
integration into target chromosome (PITCh) system73 was imple-
mented to N-terminally tag the endogenous DMXL1 locus in U2OS 
cells with an HA epitope fused to dTAG74. The microhomology arms 
of the targeting vector, pCRIS–PITChv2–Puro–dTAG (Addgene, cat. 
no. 91793), were modified for the DMXL1 locus: left microhomology 
sequence, 5′-GCAGGACTAGGGCGCCGACA-3′; right microhomology 
sequence, 5′- TGAACCTGCACCAGGTGCTG-3′. The following sgRNA 
was cloned into px330–BbsI–PITCh (Addgene, cat. no. 127875): 
5′-ACATGAACCTGCACCAGGTG-3′. U2OS cells were transfected simulta-
neously with the targeting vector and the px330-PITCh vector; 72 h after 
transfection, cells were subjected to selection with 2 µg ml–1 puromycin 
until puromycin-resistant colonies formed. Puromycin-resistant cells 
were single-cell sorted into 96-well plates on a SONY SH800S sorter, and 
correct knock-in of the targeting vector was confirmed by PCR using 
the following primers: forward, 5′-ACCCGTGGCATGAGCTGGAT-3′; 
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reverse, 5′-AAGCAGTGGTCGCCAGGGTT-3′. Successful knock-in was 
further confirmed by immunoblotting.

Lysosome immunoprecipitation
Cells were made suitable for affinity-based isolation of lysosomes37 by 
stably expressing TMEM192–mRFP–3×HA (Addgene, cat. no. 134631). 
For experiments comparing multiple genotypes, cell lines were bulk 
sorted using a SONY SH800S sorter with the RFP filter set to achieve 
similar expression levels of TMEM192–mRFP–3×HA. Lyso-IP was con-
ducted on confluent cells in 15-cm plates, and all steps were performed 
on ice or at 4 °C. Cells were rinsed with ice-cold PBS and gently scraped 
into ice-cold PBS. Cells were pelleted by centrifugation at 1,000g for 
5 min at 4 °C. Cells were resuspended in ice-cold KPBS buffer (136 mM 
KCl, 10 mM KH2PO4, pH 7.25, supplemented with protease inhibitors) 
and lysed either by a Potter-Elvehjem homogenizer (30 strokes) or 
passing through a 25-G needle (10 strokes). The lysate was centri-
fuged at 1,500g for 10 min at 4 °C to obtain the postnuclear superna-
tant, which was incubated with prewashed magnetic anti-HA beads 
(Thermo, cat. no. 88837) for 30 min at 4 °C with end-to-end rotation. 
The lysosome-bound beads were washed twice with KPBS with 150 mM 
NaCl and once with KPBS. Lysosomes were eluted from beads at 37 °C 
for 30 min in KPBS with 0.5% NP-40. The eluates were subsequently 
processed for immunoblotting or quantitative proteomics.

Preparing Lyso-IP samples for TMT-proteomics
Lyso-IP samples were reduced with TCEP (final concentration of 5 mM) 
for 30 min at 25 °C with shaking at 1,000 r.p.m., followed by alkylation 
with iodoacetamide (final concentration of 15 mM) for 30 min at 25 °C 
in the dark. DTT (final concentration of 15 mM) was added to quench 
the reaction at 25 °C for 15 min with shaking in the dark. Proteins were 
precipitated by adding trichloroacetic acid (TCA) to a final concen-
tration of 20% and were incubated on ice for 1 h. Precipitates were 
pelleted by centrifugation at 20,000g for 20 min at 4 °C, and pellets 
were washed three times with ice-cold acetone. Pellets were dried in a 
vacuum centrifuge and then reconstituted in 200 mM EPPS pH 8.0 for 
digestion. Samples were digested with LysC at 37 °C for 2 h, followed 
by overnight digestion with trypsin at 37 °C. Digested peptides were 
labeled with TMT reagents in a solution with 28% (vol/vol) acetonitrile 
for 1.5 h at 25 °C. The labelling reaction was quenched with 0.5% (wt/
vol) hydroxylamine for 15 min at room temperature. To ensure equal 
peptide representation in each channel, the labeled samples were 
pooled in a 1:1 ratio and then dried in a vacuum centrifuge. The pooled 
sample was then fractionated into six final fractions using the high-pH 
reverse-phase peptide fractionation kit (Thermo, cat. no. 84868). 
Fractions were desalted by C18 StageTip before being reconstituted 
in a solution of 5% acetonitrile and 5% formic acid for liquid chroma-
tography—tandem MS (LC–MS/MS) processing.

Preparation of crude lysosome fraction
A crude lysosome fraction was prepared using a modified version of 
a previously reported method for analysis of V-ATPase enrichment on 
lysosomes53. In brief, cells were resuspended in ice-cold lysis buffer 
(20 mM HEPES pH 7.5, 250 mM sucrose, 1 mM EDTA, protease inhibi-
tor cocktail) and passed through a 25-G needle for 20 strokes. The cell 
lysate was centrifuged at 2,500g for 10 min at 4 °C, and in a new tube, 
the post-nuclear supernatant was centrifuged at 20,000g for 20 min at 
4 °C to pellet the crude lysosome fraction. This pellet was resuspended 
in buffer containing 2% SDS (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 2% SDS) and analyzed by immunoblotting.

Membrane and cytosol fractionation
Cells were washed once in ice-cold PBS, scraped from the plate into 
ice-cold PBS, and pelleted by centrifugation at 500g for 5 min at 4 °C. 
The cell pellet was resuspended in ice-cold hypotonic lysis buffer 
(20 mM HEPES pH 7.5, 10 mM KCl, 2 mM MgCl2, 1 mM DTT, protease 

inhibitor cocktail), incubated on ice for 10 min, passed through a 25-G 
needle for 20 strokes and then incubated on ice again for 10 min. The 
cell lysate was then centrifuged at 1,000g for 10 min at 4 °C, and the 
postnuclear supernatant was transferred to a prechilled 1.5-ml ultracen-
trifuge tube (Beckman, cat. no. 357448). The postnuclear supernatant 
was centrifuged at 150,000g for 1 h at 4 °C using a TLA-55 fixed-angle 
rotor (Beckman, cat. no. 366725) in the Optima MAX-XP Ultracentri-
fuge. The supernatant was collected as the cytosol fraction and the 
pellet, the membrane fraction, was resuspended in 2% SDS buffer 
(50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 2% SDS).

Stable expression of DMXL1 constructs
DMXL1–mNG. Stable expression of DMXL1 C-terminally tagged with 
mNG was achieved through piggyBac transposon-mediated transgene 
delivery75. DMXL1 complementary DNA (Horizon Discovery, cat. no. 
MHS6278-213246318), followed by a SGLRS linker and mNG, was cloned 
into a piggyBac transposon vector (cDNA expression driven by EF1ɑ  
promoter) using HiFi DNA Assembly (NEB, cat. no. E2621). U2OS cells 
were simultaneously transfected with the transposon vector and 
the piggyBac transposase expression vector (System Biosciences, 
cat. no. PB210PA-1) using PEI MAX (Polysciences, cat. no. 24765); 72 h 
post-transfection, cells were either bulk-sorted or single-cell sorted on 
a SONY SH800S sorter using the GFP filter set. Expression of DMXL1–
mNG was confirmed by confocal microscopy.

DMXL1–mSG2–HA. Constructs used to stably express DMXL1 
C-terminally tagged with mSG2 (monomeric StayGold)60 and 3×HA 
were generated similarly to DMXL1–mNG using HiFi DNA Assem-
bly (NEB, cat. no. E2621). DNA encoding mSG2–3×HA was obtained 
as a gene fragment from Twist Bioscience. To generate the DMXL1 
interface mutant (DMXL17A), a gene fragment with the correspond-
ing mutations (Fig. 7a) was purchased from Twist Bioscience. The 
DMXL1 ΔLIR and ΔWD40_3 mutants were generated through HiFi DNA 
Assembly-based mutagenesis. Open reading frames (ORF) were cloned 
into the PB-CMV-MCS-puro piggyBac transposon vector (Addgene, 
cat. no. 219794). U2OS cells were simultaneously transfected with the 
transposon vector and the piggyBac transposase expression vector 
(System Biosciences, cat. no. PB210PA-1) using PEI MAX (Polysciences, 
cat. no. 24765); 72 h after transfection, cells were either subjected to 
puromycin selection (2 µg ml–1) or single-cell sorted on a SONY SH800S 
sorter using the GFP filter set. Expression was verified by immunoblot 
analysis and confocal microscopy.

Stable expression of mScarlet–LAMP1, Halo–GFP–LC3B and 
TFEB–GFP
Lentiviral particles were used to infect cells and introduce stable expres-
sion of transgenes. Lentiviral particles were generated in 293T cells by 
cotransfecting lentiviral packaging plasmids, VSV-G (Addgene, cat. no. 
8454) and psPAX2 (Addgene, cat. no. 12260), with lentiviral transfer 
plasmids. mScarlet–LAMP1 was cloned from pcDNA3_mScarlet–LAMP1 
(Addgene, cat. no. 185138) into pLX304 (Addgene, cat. no. 25890). 
Halo–GFP–LC3B was cloned from pMRX–No–HaloTag7–mGFP–LC3B 
(Addgene, cat. no. 184901) into plenti–UBC-gate–3×HA–pGK–PUR 
(Addgene, cat. no. 107393). TFEB–GFP was cloned from pEGFP–N1–
TFEB (Addgene, cat. no. 38119) into pLX304 (Addgene, cat. no. 25890). 
All recombinant DNA cloning was done using HiFi DNA Assembly (NEB, 
cat. no. E2621).

Rescue of ATG16L1 in ATG16L1-KO cells
Lentiviral particles were used to infect ATG16L1-KO cells, facilitating sta-
ble expression of the beta-isoform of ATG16L1WT and ATG16L1K490A. Len-
tiviral particles were produced in 293T cells by cotransfecting lentiviral 
packaging plasmids, VSV-G (Addgene, 8454) and psPAX2 (Addgene, 
12260), with lentiviral transfer plasmids. The ORF of ATG16L1 was 
obtained from the ORFeome library43. A Q5 site-directed mutagenesis 
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kit (NEB, cat. no. E0554) was used to generate ATG16L1K490A. ATG16L1WT 
and ATG16L1K490A were subsequently cloned into pLX304 (Addgene, cat. 
no. 25890) using HiFi DNA Assembly (NEB, cat. no. E2621).

Expression and mCherry and mCherry–SidK in U2OS 
 DMXL1–mNG cells
Expression of mCherry and SidK–mCherry was achieved using lentiviral 
delivery of transgenes into U2OS cells stably expressing DMXL1–mNG. 
ORFs encoding mCherry and SidK–mCherry were cloned into pLX304 
(Addgene, cat. no. 25890) using HiFi DNA Assembly (NEB, cat. no. 
E2621). The ORF encoding SidK was obtained from pSAB35 (Addgene, 
cat. no. 175787). Lentiviral particles were generated in 293T cells by 
cotransfecting the lentiviral packaging plasmids, VSV-G (Addgene, cat. 
no. 8454) and psPAX2 (Addgene, cat. no. 12260), with lentiviral transfer 
plasmids. U2OS DMXL1–mNG cells were infected with supernatant con-
taining lentivirus in the presence of 8 µg ml–1 polybrene. The medium 
was changed 24 h after infection and incubated for an additional 24 h 
before samples were collected for immunoprecipitation and proteomic 
analysis. More than 95% of cells expressed mCherry or SidK–mCherry, 
as confirmed using a ZOE fluorescent cell imager (Bio-Rad).

DMXL1 interaction proteomics
DMXL1 interaction proteomics were performed from cells stably over-
expressing DMXL1–mNG and cells endogenously HA-tagged at the 
DMXL1 gene locus; mNeongreen-Trap (Proteintech, cat. no. ntma-20) 
and HA-Trap (Proteintech, cat. no. atma-20) magnetic agarose beads, 
respectively, were used to immunoprecipitate DMXL1, following the 
manufacturer’s protocol with modifications. Cells were rinsed with 
ice-cold PBS and scraped with ice-cold lysis buffer (50 mM EPPS pH 
8.0, 150 mM NaCl, 0.5 mM EDTA, 1% NP-40, protease inhibitors) and 
incubated on ice for 30 min with occasional vortexing. The lysate 
was centrifuged at 21,000g for 20 min at 4 °C, and the supernatant 
was incubated with prewashed magnetic beads for 2 h at 4 °C with 
end-over-end rotation. After binding, beads were washed twice with 
wash buffer (50 mM EPPS pH 8.0, 150 mM NaCl).

Preparing DMXL1-IP samples for TMT-proteomics. Immunopre-
cipitated beads were resuspended in reducing buffer (50 mM EPPS 
pH 8.0, 2 M urea, 5 mM TCEP) and incubated at 25 °C for 30 min with 
shaking at 1,000 r.p.m. on a thermomixer. Iodoacetamide was added 
(final concentration of 15 mM) to alkylate samples at 25 °C for 30 min 
with shaking at 1,000 r.p.m. in the dark. To quench the reaction, DTT 
was added to a final concentration of 15 mM and incubated at 25 °C for 
15 min with shaking in the dark. On-bead digestion was initiated with 
the addition of LysC for 2 h at 37 °C. The samples were then diluted with 
50 mM EPPS pH 8.0 to decrease the urea concentration to 1 M; trypsin 
was then added for further digestion overnight at 37 °C. The digestion 
was quenched by adding formic acid to a final concentration of 1.4%. 
Peptides were separated from magnetic beads and desalted using a C18 
StageTip. Peptides were then labeled with TMT reagents in a solution 
with 28% (vol/vol) acetonitrile for 1.5 h at 25 °C. The labeling reaction 
was quenched with 0.5% (wt/vol) hydroxylamine for 15 min at room tem-
perature. Labeled samples were pooled in a 1:1 ratio to ensure that the 
same amount of peptide was represented in each channel. The pooled 
sample was dried in a vacuum centrifuge, and the resulting pellet was 
resuspended in 5% formic acid solution and the pH was adjusted to 2–3. 
The pooled sample was desalted using a C18 StageTip and dried again 
in a vacuum centrifuge. The dried sample was reconstituted in a solu-
tion of 5% acetonitrile and 5% formic acid for LC–MS/MS processing.

Quantitative proteomics
Mass spectrometry data acquisition. Mass spectrometry data were 
collected using an Orbitrap Lumos, Orbitrap Eclipse or Orbitrap 
Ascend mass spectrometer (Thermo) coupled with an nLC-1200 
or Vanquish Neo liquid chromatograph. Peptides were separated 

on a 100-µm-inner-diameter microcapillary column packed with 
approximately 35 cm of Accucore C18 resin (2.6 µm, 150 Å, Thermo). 
MS data were acquired with parameters summarized in each Sup-
plementary Table.

TMT data analysis. Spectra were converted to mzXML using MScon-
vert76. Database searching included all entries from the human UniProt 
reference Database (downloaded February 2020). The database was 
concatenated with one composed of all protein sequences for that 
database in reversed order. Searches were performed using a 50-ppm 
precursor ion tolerance for total protein level profiling. The product ion 
tolerance was set to 0.03 Da. These wide mass tolerance windows were 
chosen to maximize sensitivity in conjunction with Comet searches and 
linear discriminant analysis77,78. For TMT experiments, TMTpro labels 
on lysine residues and peptide N termini (+304.207 Da), as well as car-
bamidomethylation of cysteine residues (+57.021 Da), were set as static 
modifications, and oxidation of methionine residues (+15.995 Da) was 
set as a variable modification. Peptide-spectrum matches (PSMs) were 
adjusted to a 2% false discovery rate (FDR)79,80. PSM filtering was per-
formed using a linear discriminant analysis, as described previously78, 
culminating in a final protein-level FDR of 2% (ref. 79). PSMs were fil-
tered on the basis of a summed signal-to-noise ratio (SNR) greater than 
200 across the TMT plex and for precursor signals with an isolation 
purity exceeding 0.5 of the MS1 isolation window. Quantification of the 
differential abundance of proteins was done using statistical models 
included in the MSstats package81. To normalize protein input across 
TMT channels, the raw intensities of all PSMs were summed, and the 
total intensity per channel was normalized to the median summed 
intensity across the TMTpro plex. Protein intensities were calculated 
by summing the input-normalized TMT intensities for the constituent 
peptide PSMs82, serving as a weighted average quantification. Statis-
tical significance between experimental conditions was calculated 
using the Student’s t-test on normalized log2-transformed protein 
TMT intensities, and the resulting P values were adjusted for multiple 
hypothesis testing using the Benjamini–Hochberg method.

DMXL1-IP cross-link proteomics
DMXL1-IP cross-link proteomics was performed in cells stably over-
expressing DMXL1–mNG, and DMXL1–mNG IP was performed as 
described above. DMXL1–mNG was immunoprecipitated from 10 
confluent 15-cm plates, and on-bead cross-linking was done using DSSO 
(Thermo, cat. no. A33545) at a final concentration of 1 mM for 40 min 
at room temperature with end-to-end rotation. The cross-linking reac-
tion was quenched by adding 1 M Tris pH 7.5 to a final concentration of 
50 mM and incubating for 30 min at room temperature. The on-bead 
cross-linked sample was subjected to on-bead digestion. Digested 
cross-linked peptides were desalted using a 50 mg C8 Sep-Pak column 
(Waters, cat. no. WAT054965). Desalted peptides were fractionated 
by strong cation exchange (SCX) chromatography using a PolyLC 
PolySulfoethyl A 100-mm column (diameter 2.1 mm, 3 μm particle 
size). A 70-min linear gradient of mobile phase (0.5 M NaCl in 20% 
acetonitrile (ACN), 0.05% formic acid) was used at a flow rate of 0.18 ml 
min–1. Fractions were collected between 30 min and 60 min, dried in 
a SpeedVac and desalted using a C8 StageTip. Unfractionated and 11 
pooled fractionated samples were reconstituted in 5% ACN, 5% formic 
acid and analyzed by LC–MS/MS83.

Samples were analyzed on an Orbitrap Fusion Lumos mass spec-
trometer with FAIMSpro. Chromatography was performed on a Prox-
eon EASY-nLC pump 1000 with a 15-cm-long 100-μm capillary column 
packed with Accucore 150 C18 resin (2.6 μm, 150 Å). A 90-min linear 
gradient was used, varying from 5% to 30% ACN in 0.125% formic acid 
at a flow rate of 0.3 µl min–1. Data were acquired using an HCD-MS2 
strategy84,85 with the FAIMS Pro set to −50, −60 and −75 CV86. MS1 was 
acquired on the Orbitrap (120,000 resolution, 400–1,600 m/z, stand-
ard AGC target). Peptide fragmentation was performed by HCD at 21%, 

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-025-01581-x

27% and 33% normalized collision energy for peptide with 4–8 charge. 
MS2 was acquired on the Orbitrap (60,000 resolution, 1.6 m/z isolation 
window, 200% normalized AGC, maximum injection time 120 ms).

Cross-links in purified DMXL1–mNG pull-downs were identified 
with Scout v.1.4.14 (https://github.com/diogobor/Scout/releases/
tag/1.4.14) at a FDR of 1%, as previously described58, and with the XlinkX 
module in Thermo Proteome Discoverer (version 2.5.0.400) with a 
FDR of 5% (refs. 84,87). A search was performed against the human 
canonical proteome (Uniprot Swiss-Prot 2022-05). The parameters 
were set to 10 ppm precursor mass tolerance, 20 ppm FTMS fragment 
mass tolerance, a maximum of 3 miscleavages and a minimum peptide 
length of 5. Carbamidomethylation and N-terminal acetylation were 
included as fixed and variable modification, respectively.

Immunoblot analysis of DMXL1–mSG2–HA 
immunoprecipitates
Cells from confluent 15-cm plates were rinsed once with ice-cold PBS, 
scraped into ice-cold PBS and centrifuged at 500g for 5 min at 4 °C to 
pellet the cells. The cell pellet was resuspended in ice-cold lysis buffer 
(50 mM EPPS pH 8.0, 10 mM KCl, 0.1% NP-40, protease inhibitor cock-
tail) and incubated on ice for 10 min, then passed through a 25-G nee-
dle for 12 strokes, and then incubated on ice for an additional 10 min. 
Buffer without NP-40 was added to dilute lysate to 0.05% NP-40. The 
cell lysate was then clarified by centrifugation at 8,000g for 10 min at 
4 °C. The supernatant was transferred to a new tube, and the protein 
concentration was measured using BCA assay (Thermo, cat. no. 23225). 
Samples were normalized to a total of 1 mg of protein and incubated 
with anti-HA magnetic beads (Thermo, cat. no. 88836) for 2 h in 4 °C 
with end-over-end rotation. Ten percent of normalized sample was 
taken as input. Before incubation with lysate, anti-HA magnetic beads 
were equilibrated by washing the beads three times with wash buffer 
(50 mM EPPS pH 8.0, 10 mM KCl, 150 mM NaCl, 0.02% Tween-20). After 
incubation, beads were washed three times with wash buffer and sam-
ples were eluted by incubating the beads in elution buffer (50 mM TEAB 
pH 8.5, 5% SDS) at 37 °C for 30 min and then at 98 °C for 4 min. Input 
and immunoprecipitates samples were then analyzed by immunoblot.

Spinning disk confocal microscopy
Live-cell imaging of DMXL1-mNG recruitment to lysosomes. Cells 
stably expressing DMXL1–mNG and mScarlet–LAMP1 were seeded 
in 24-well no. 1.5 high-performance glass-bottom plates (Cellvis, cat. 
no. P24-1.5H-N) and cultured in DMEM without phenol red medium 
supplemented with 10% FBS. The plate was mounted in an Okolab 
stage top incubator warmed to 37 °C with 5% CO2 for live-cell image 
acquisition. Cells were treated directly on the stage with MLSA5 and 
imaged immediately. Images were collected with a Yokogawa CSU-X1 
spinning disk confocal on a Nikon Ti-E motorized inverted micro-
scope equipped with a Nikon Plan Fluor ×40/1.3-NA oil objective, 
and the Perfect Focus System was used to maintain focus over time. 
mScarlet–LAMP1 (561 nm) and DMXL1–mNeongreen (488 nm) were 
excited sequentially with a Nikon LUN-F XL solid state laser combiner 
(405 nm (80 mW), 488 nm (80 mW), 561 nm (65 mW), 640 (60 mW)) 
using a Semrock Di01–T405/488/568/647 dichroic mirror. Fluores-
cence emission spectra were collected through a Chroma ET455/50m 
(for 405 nm), Chroma ET525/36m (for 488 nm), Chroma ET605/52m 
(for 561 nm) and Chroma ET700/75m (for 640 nm) filter set (Chroma 
Technologies). Images were acquired with a Hamamatsu ORCA-Fusion 
BT sCMOS camera (6.5 µm2 photodiode) and NIS-Elements image acqui-
sition software. Images were collected every 1 min using an exposure 
time of 100 ms (for both 561 nm and 488 nm). At each timepoint, 11 
z-series optical sections were collected with a step-size of 0.3 µm, using 
the NIDAQ Piezo Z focus motor. Z-series are displayed as maximum 
z-projections, and intensity measurements were performed using Fiji 
(ImageJ). For intensity measurements, background subtraction was 
processed using the rolling ball background subtraction method for 

each channel. Subsequently, Otsu’s method was used to threshold the 
mScarlet–LAMP1 signal to select regions of interest (ROIs) correspond-
ing to lysosomes. The selected ROI was applied to the mNeongreen 
channel, and the mNeongreen fluorescence intensity was measured 
for each cell for every timepoint.

Fixed-cell immunofluorescence imaging. Fixed-cell immunofluo-
rescence imaging was performed on cells seeded in 24-well no. 1.5 
high-performance glass bottom plates (Cellvis, P24-1.5H-N). Cells were 
rinsed once with PBS and fixed with 4% paraformaldehyde (Electron 
Microscopy Sciences) at room temperature for 15 min. For staining 
endogenously tagged DMXL1, cells were permeabilized with 0.5% Tri-
ton X-100 for 10 min at room temperature, and for staining LAMP1 in 
Salmonella-infected cells, cells were permeabilized with methanol for 
5 min at −20 °C. After permeabilization, cells were rinsed three times 
with PBS for 5 min each, and were then blocked for 1 h at room tem-
perature with a solution of 5% BSA and 100 mM glycine. Samples were 
then incubated overnight at 4 °C with primary antibodies diluted in 
blocking buffer. After this, cells were washed three times with PBS and 
incubated for 1 h at room temperature with secondary antibodies diluted 
in blocking buffer. Nuclei were stained with Hoechst33342, and samples 
were imaged in PBS. Images were acquired at room temperature with 
a Yokogawa CSU-X1 spinning disk confocal on a Nikon Ti-E motorized 
inverted microscope equipped with a Nikon Plan Fluor ×40/1.3-NA oil 
objective and a Nikon Plan Apo λD ×60/1.42-NA oil objective. Signals of 
405/488/561/640 fluorophores were excited sequentially with a Nikon 
LUN-F XL solid state laser combiner (405 nm (80 mW), 488 nm (80 mW), 
561 nm (65 mW), 640 (60 mW)) using a Semrock Di01–T405/488/568/647 
dichroic mirror. Fluorescence emissions were collected through a 
Chroma ET455/50 m (for 405 nm), Chroma ET525/36 m (for 488 nm), 
Chroma ET605/52 m (for 561 nm), and Chroma ET700/75 m (for 640 nm) 
filter set (Chroma Technologies). Images were acquired with a Hama-
matsu ORCA-Fusion BT sCMOS camera (6.5 µm2 photodiode) and 
NIS-Elements image acquisition software. For colocalization analysis, 
30-pixel × 30-pixel regions in the cytosol were drawn, and Otsu’s method 
was used to threshold signal on both channels. Pearson’s coefficient was 
measured using the BIOP JACoP plugin in Fiji (ImageJ).

Live-cell lysosome pH measurements. The day before meas-
urements were taken, 100,000 cells were seeded in 24-well no. 1.5 
high-performance glass-bottom plate (Cellvis, cat. no. P24-1.5H-N). 
On the day that measurements were taken, cells were incubated with 
SiR-Lysosome (1:1,000, Cytoskeleton) and pHLys Red (1:1,000, Dojindo) 
in DMEM and 10% FBS for 1 h. The stains were then washed out and 
chased with phenol-red free DMEM with 10% FBS for 3 h before imag-
ing. For BafA1 treatment, 1 µM BafA1 was treated 2.5 h into the chase for 
30 min before live-cell imaging on a spinning disk confocal microscope 
equipped with a Nikon Plan Apo λD ×20/0.75-NA air objective. To estab-
lish the pH calibration curve, WT cells were bathed in calibration buff-
ers, with the pH adjusted to 3, 4, 5, 6 and 7, supplemented with 10 µM 
monensin88. For both the experimental and pH-calibration conditions, 
five to six fields of view were imaged and analyzed in their entirety. This 
process was repeated for each independent experiment. Image analysis 
was performed using Fiji (ImageJ). For each field of view, background 
subtraction was processed using the rolling ball background subtrac-
tion method for each channel. Subsequently, Otsu’s method was used 
to threshold the SiR-Lysosome signal to select ROIs corresponding to 
lysosomes. The selected ROI was applied to the pHLys Red channel and 
then fluorescence intensity was measured. The fluorescence intensity 
of the pHLys Red channel was then fitted to the calibration curve to 
calculate the pH.

DQ-BSA
DQ-BSA Red (Thermo, cat. no. D12051) was prepared in PBS at a stock 
concentration of 2 mg ml–1 and used at a working concentration of 20 µg 
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ml–1. Cells were seeded in 24-well plates (glass-bottom for imaging) and 
incubated with DQ-BSA Red for 4 h with or without cotreatment before 
analysis by spinning disk confocal microscopy or flow cytometry. For 
microscopy analysis, images were acquired with cells incubated at 
37 °C with 5% CO2 using an Okolab stage top incubator. Images were 
collected with a Yokogawa CSU-X1 spinning disk confocal on a Nikon 
Ti-E motorized inverted microscope, equipped with a Nikon Plan Apo 
λD ×20/0.75-NA air objective. DQ-BSA Red signal (561 nm) was excited 
with a Nikon LUN-F XL solid-state laser combiner (405 nm (80 mW), 
488 nm (80 mW), 561 nm (65 mW), 640 (60 mW)) using a Semrock 
Di01–T405/488/568/647 dichroic mirror. Fluorescence emissions 
were collected through a Chroma ET455/50m (for 405 nm), Chroma 
ET525/36m (for 488 nm), Chroma ET605/52m (for 561 nm) and Chroma 
ET700/75m (for 640 nm) filter set (Chroma Technologies). Images 
were acquired with a Hamamatsu ORCA-Fusion BT sCMOS camera 
(6.5 µm2 photodiode) and NIS-Elements image acquisition software. 
DQ-BSA Red intensity measurements were performed in Fiji (ImageJ). 
Otsu’s method was used to threshold the DQ-BSA Red signal in each 
cell and measure signal intensity. For flow cytometry analysis, cells 
were detached and separated into single cells by passing through a 
cell strainer with a mesh size of 35 µm. The DQ-BSA Red signal intensity 
was measured on a BD LSR II flow cytometer (BD Biosciences), and 
10,000 cells were analyzed for each condition per experiment. Data 
were analyzed using FlowJo.

Immunoblot analysis
Cell lysates for immunoblot analysis were prepared by directly lysing 
cells on plates in a buffer containing 50 mM Tris-Cl pH 7.5, 150 mM 
NaCl, 1 mM EDTA and 2% SDS. Protein concentrations were determined 
by BCA assay (Thermo, cat. no. 23225), and all samples were adjusted 
to ensure equal protein amounts. Protein samples were resolved on 
either 7.5% or 4–20% gradient pre-cast polyacrylamide Tris-Glycine 
gels (Bio-Rad) and transferred to PVDF membranes (Millipore) using 
a wet-transfer system (Bio-Rad). Membranes were blocked with 5% 
skim-milk in TBST (0.05% Tween-20). Membranes were probed with 
primary antibodies overnight at 4 °C and secondary antibodies at 
room temperature for 1 h. Chemiluminescence was visualized using 
the Bio-Rad Chemidoc MP Imaging System. Immunoblot densitometry 
quantification was performed on unsaturated images with ImageStudio 
software (LICOR).

Structural analysis
Structural predictions were performed using AlphaFold 3 (https://
golgi.sandbox.google.com), as described46, and models were visual-
ized using Pymol. LIR searches64 were performed at https://ilir.war-
wick.ac.uk/search.php. Prediction of LIR interactions with GABARAP 
was performed as described65 using the AF3 server46 (https://golgi.
sandbox.google.com). ipTM scores for LIR predictions are provided 
in Supplementary Table 4.

Endolysosomal electrophysiology
Enlarged endolysosomes were generated by treating U2OS cells 
(WT and ATG16L1-KO) overnight with 1 µM vacuolin. A patch pipette 
was used to rupture the plasma membrane and release the enlarged 
endolysosomes into the bath solution, which was used to mimic the 
cytoplasm and contained (in mM): 144 K-Gluconate, 4 NaCl, 10 HEPES, 
1 EGTA, 2 MgCl2 and 0.39 CaCl2, adjusted to pH 7.2 with KOH. Patch–
clamp experiments were performed using EPC-10 amplifiers con-
trolled by Patchmaster software (HEKA). Currents were sampled at 
10 kHz and filtered at 2.9 KHz. Following seal formation and break-in 
to whole-endolysosome mode, 240-ms voltage ramps from −40 mV 
to +100 mV were applied every 4 s. Current amplitudes were assessed 
at +100 mV. Patch pipettes were pulled from borosilicate glass tubing 
(Warner Instruments) and filled with pipette solution containing (in 
mM): 145 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 MES, 10 HEPES and 10 Glucose, 

adjusted to pH 4.6 with NaOH. Resistance of the microelectrodes was 
typically in the range between 4 and 8 MΩ. TRPML1 channels were 
activated by the addition of 5 µM MLSA5 to the preparation until a 
stable current was achieved.

Salmonella infection
Bacterial culture conditions. The Salmonella strains used in this study 
are described in Supplementary Table 7. These strains were grown over-
night at 37 °C without shaking in LB (Invitrogen) containing 300 mM 
NaCl to induce high expression of the SPI-1 secretion system. The fol-
lowing day, overnight cultures were diluted 1:20 in fresh, prewarmed 
LB-salt medium and grown with shaking until an optical density at 600 
nm of 0.9–1.2 was reached. Bacteria were then washed once in sterile 
PBS and resuspended in infection medium before infection.

Infection. Eighty-five thousand cells were seeded in a 24-well no. 1.5 
high-performance glass-bottom plate (Cellvis, P24-1.5H-N) and infected 
with Salmonella at a multiplicity of infection of 50. For infection, plates 
were centrifuged at 750g for 10 min in a 37 °C prewarmed centrifuge. 
Plates were then stored in an incubator at 37 °C with 5% CO2 for an 
additional hour. After incubation, cells were rinsed with PBS three 
times and fixed with pre-warmed 4% paraformaldehyde (Electron 
Microscopy Sciences) at 37 °C for 10 min. Subsequently, samples were 
processed for immunofluorescence as described in ‘Fixed-cell immu-
nofluorescence imaging.’

Quantification. Salmonella-containing vacuoles (SCVs) were defined 
by LAMP1-positive compartments containing mCherry-positive 
Salmonella. GFP–LC3B and DMXL1–mNG-positive SCVs were iden-
tified by colocalization of GFP or mNG signal with LAMP1 (imaged 
using the 640-nm channel). The percentage of GFP–LC3B or DMXL1–
mNG-positive SCVs was calculated by dividing the number of GFP–LC3B 
or DMXL1–mNG-positive SCVs to the total number of SCVs. The calcula-
tion was performed in Microsoft Excel version 16.81.

Statistics and reproducibility
All statistical tests, except proteomics analysis, were performed using 
Prism 9 (GraphPad). Normality and equal variances were tested and 
the statistical conditions and tests used are indicated in each figure 
legend. Quantification plots show the mean, and error bars represent 
the s.d.

No statistical method was used to predetermine sample size, 
but our sample sizes are similar to those reported in previous 
publications33,89,90. Experiments were not randomized, and investiga-
tors were not blinded to allocation during experiments and outcome 
assessment.

In Extended Data Figure 1f, TMT channel 130N, which corresponds 
to a replicate for MLSA5 0 min, was excluded from analysis because of 
poor TMT labelling.

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

Data availability
The MS proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository91 with the following data-
set identifiers: PXD054968, PXD054967, PXD054973 and PXD061791.
The following structural data form the Protein Data Bank (PDB) were 
used as part of our structural modelling efforts: 6XBW, 9COP and 7VEC.
Unprocessed immunoblots and numerical source data are available in 
source data. Microscopy data are available at https://doi.org/10.5281/
zenodo.15270572. All other data supporting the findings of this study 
are available from the corresponding author on reasonable request. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Quantitative proteomics captures recruitment of 
proteins to lysosomes upon TRPML1 activation, related to Fig. 1. a, Gene 
editing of MCOLN1 in U2OS cells was performed using CRISPR-Cas9, generating 
out of frame deletions in exon 2, as based on MiSeq analysis of the locus in B7 and 
C7 clones. Yellow highlighted sequence indicates the position of the gRNA target. 
b, The indicated WT and MCOLN1 KO U2OS cell lines were treated with MLSA5 
(24 h) or left untreated and whole cell extracts were analyzed by immunoblotting 
with the indicated antibodies. Blot is representative of three independent 
experiments. c, Volcano plot [log2FC versus -log10(q-value)] for Lyso-IP from 
U2OS cells treated with MLSA5 for 1, 2 or 4 h compared with untreated cells.  
d, TMT reporter ion intensity for DMXL1 in Lyso-IP samples from cells treated 
with MLSA5 for 0, 0.5, 1, 2, or 4 h. Each point indicates the intensity of  

DMXL1 in one of three biological replicate experiments, with the average shown 
by the bars. e, Validation of Lyso-IP in A101D melanoma cell line. Cell extracts 
from A101D cells stably expressing TMEM192-mRFP-3xHA were used for Lyso-IP 
(α-HA immunoprecipitation). Input and Lyso-IP samples were analyzed by 
immunoblotting with the indicated antibodies. Blot is representative of three 
independent experiments. f, Volcano plot [log2FC versus -log10(p-value)] for Lyso-
IP from A101D cells treated with MLSA5 for 20 min (left) and 4 h (right) compared 
with untreated cells, showing enrichment of DMXL1 and WDR7 (blue points), 
ATG8 proteins (red points) and ATG8ylation machinery (yellow points).  
P values were calculated using a two-sided Student’s t-test and was not adjusted 
for multiple comparisons.
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Extended Data Fig. 2 | Analysis of ATG16L1 KO U2OS cells and the role of 
ATG16L1 in DMXL1 recruitment during TRPML1 activation, related to Fig. 1.  
a, Gene editing to create ATG16L1 KO U2OS cells. MiSeq reads are shown for clone 
1C10, showing single nucleotide insertion or deletion. Location of gRNA target 
is highlighted in yellow. b, Validation of ATG16L1 KO cells for defects in CASM. 
U2OS cells of the indicated genotypes were left untreated or treated with MLSA5 
for 2 h prior to immunoblotting of cell extracts for the indicated proteins. Blot 
is representative of three independent experiments. c, Whole-endolysosome 
patch clamp recordings measured from endolysosomes isolated from U2OS WT 
or ATG16L1 KO cells. The holding potential was 0 mV and the blue line indicates 
0 current level. Ringer represents the basal endolysosomal current prior to 
the addition of 5 µM MLSA5. Perfusion of the TRPML1 agonist resulted in the 

activation of an outward current (from inside of the endolysosome to the bath) 
in both types of endolysosomes. d, Current density (pA/pF at +100 mV) recorded 
from U2OS WT (n=8) and U2OS ATG16L1 KO (n=9) endolysosomes in response to 
5 µM MLSA5. Every individual measurement as well as mean ± SD for each group 
are plotted (Supplementary Table 3). Unpaired two-sided Student’s t-test with 
Welch’s correction was used to determine statistical significance. e, Correlation 
plot displaying the relationship between lysosomal enrichment and ATG16L1-
dependence. f, TMT reporter ion intensity for DMXL1 in Lyso-IP samples from WT 
or ATG16L1 KO cells treated with MLSA5 for 2 h. Each point indicates the intensity 
of DMXL1 in one of three biological replicate experiments, with the average 
shown by the bars.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-025-01581-x

****p-val<1x10-4

0min 4min 6min 8min 10min2min

DMXL1-mNG
SiR-Lyso

W
T 

+M
LS

A
5

0 5 10 15 20
0

1

2

3

4

Time (min)

U2OS WT
U2OS MCOLN1 KO

Fo
ld

 c
ha

ng
e

(m
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity
)

M
C

O
LN

1 
K

O
 

+M
LS

A
5

a

b

Extended Data Fig. 3 | MCOLN1/TRPML1 is required for DMXL1 recruitment 
to lysosomes in response to MLSA5, related to Fig. 2. a, Live-cell imaging of 
WT (top) or MCOLN1 KO (bottom) U2OS cells stably expressing DMXL1-mNG 
upon treatment with MLSA5. Lysosomes were marked using a lysosomal-specific 
dye, SiR-Lyso. Images at 2 min interval, up to 10 min, are shown. Scale bar is 
10 microns; inset scale bar is 3 microns. b, Fold change in mean fluorescence 

intensity over 20 min. Quantification was performed on the following total 
number cells from three biological replicates: WT, n=20; MCOLN1 KO, n=24. Data 
are presented as mean values ± SD. Two-way repeated measures ANOVA with the 
Geisser-Greenhouse correction followed by Dunnett’s multiple comparison test 
was used to assess significance. Indicated statistical significance is for the 20 min 
timepoint. ****, p-value ≤ 0.0001.
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Extended Data Fig. 4 | Analysis of HA-dTAG-DMXL1 knock-in cells and 
characterization of cellular pools of DMXL1, related to Fig. 2. a, Strategy 
for knocking in an HA-dTAG epitope into the N-terminus of DMXL1. b,c, PCR 
validation of knock-in clones (panel b) and by immunoblotting of extracts from 
cells using α-HA or α-DMXL1 antibodies (panel c). PCR and immunoblot was 
performed once. d, Immunofluorescence of HA-dTAG-DMXL1 in edited U2OS 
cells, with and without MLSA5 treatment (2 h). Cells were stained with either 
of two Golgi markers (GM130 or TGN46), LAMP1 to mark endolysosomes, or 
α-HA to detect HA-dTAG-DMXL1. Scale bar is 10 microns. e, Quantification of 
colocalization between LAMP1 and HA-dTAG-DMXL1 by Pearson correlation 
coefficient (PCC). Each point represents the PCC value from individual cells; 
control, n=30 cells; MLSA5, n=30 cells. Data are presented as mean values ± SD. 
Unpaired two-sided Student’s t-test was used for statistical comparison.  
*, p-value ≤ 0.05; **, p-value ≤ 0.01; ***, p-value ≤ 0.001; ****, p-value ≤ 0.0001; 
ns, not significant. f, Confocal images of fixed WT U2OS cells stably expressing 

DMXL1-mNG and immunostained with an α-Giantin antibody. Scale bar is 10 
microns. Micrographs are from a single experiment. g, WT U2OS cells stably 
expressing DMXL1-mNG and mScarlet-LAMP1, to mark lysosomes, were pre-
treated with BFA to disrupt the Golgi and then subjected to live-cell imaging after 
co-treatment with MLSA5. Images at 2 min interval, up to 10 min, are shown. Scale 
bar is 10 microns; inset scale bar is 3 microns. Fold change in mean fluorescence 
intensity over 20 min is shown in Fig. 2e. h, Confocal images of fixed WT U2OS 
cells stably expressing DMXL1-mNG treated with nocodazole (top) or pre-treated 
with nocodazole (5 ug/ml; 1 h) and co-treated with MLSA5 (5 μM, 2 h) (bottom). 
Immunostaining of LAMP1 was used to mark lysosomes (magenta). Scale bar is 10 
microns; inset scale bar is 5 microns. Micrographs are from a single experiment. 
i, Immunoblot of cytosol and membrane fractions prepared from WT U2OS cells 
and U2OS cells stably overexpressing DMXL1-mNG, probed with the indicated 
antibodies. Blot is representative of three independent experiments.
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Extended Data Fig. 5 | Structural predictions of DMXL1/2-ROGDI-WDR7 and 
the relationship between Rav1-C domains in DMXL1 and Rav1, related to Fig. 4. 
a, Overlay of AF3 model of yeast Rav1-Rav2 with Rav1-Rav2 from 9COP56. Residues 
1–21, 60–77, 227–293, and 349–351 are not present in Rav2 from 9COP. b, Overlay 
of the major helical regions of the Rav1-C domain for Rav1 (residues 756-1190) and 

the corresponding region in DMXL1 (residues 1318-1878). Green arrow indicates 
the location of the Rav1-C domain within the larger helical domain of DMXL1. c, 
Dmxl2-Rogdi-Wdr7 prediction by AF3. Lys-Lys crosslinks for Dmxl2-Rogdi-Wdr7 
complex identified by Zhu et al.59 are shown by red lines (see Supplementary 
Table 4).
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Extended Data Fig. 6 | See next page for caption.

http://www.nature.com/nsmb


Nature Structural & Molecular Biology

Article https://doi.org/10.1038/s41594-025-01581-x

Extended Data Fig. 6 | Analysis of DMXL1/2-deficient cells, related to Fig. 5.  
a, DNA sequence analysis of U2OS cells gene edited to create homozygous 
knockout of DMXL1 (clone 2B4). b, DNA sequence analysis of U2OS cells gene 
edited to create homozygous knockout of DMXL1 and heterozygous knockout of 
DMXL2 (clone C2). Locations of gRNA target sequences is shown in yellow.  
c, Immunoblot of the indicated U2OS cells with α-DMXL1 or α-DMXL2 antibodies, 
using α-Actin as a loading control. Blot is representative of three independent 
experiments. d, Immunoblotting of WT, DMXL1−/− and DMXL1−/−;DMXL2+/− cell 
extracts with α-TFEB or α-LC3B after treatment of cells with MLSA5 or Torin1 (2 h).  
Blots were probed with α-Hsp90 as loading control. Blot is representative of 
three independent experiments. e, Live-cell confocal images showing nuclear 
translocation of TFEB-GFP in WT, DMXL1−/− and DMXL1−/−;DMXL2+/− cells after 
treatment with MLSA5 or Torin1 (6 h). Scatter plot shows fold change of nuclear 
to cytoplasmic ratios of TFEB-GFP intensity. Quantification was performed on 

the following total number of cells from three biological replicates: WT: Control 
n=43, MLSA5 n=43, Torin1 n=41; DMXL1−/−: Control n=41, MLSA5 n=45, Torin1 
n=42; DMXL1−/−;DMXL2+/−: Control n=43, MLSA5 n=40; Torin1 n=43. Fold change 
is normalized to the average ratio from control condition for each genotype. 
Each dot represents measurement from an individual cell and the line represents 
the mean. Kruskal-Wallis test followed by Dunn’s multiple comparisons test was 
used for statistical comparison. ***, p-value ≤ 0.001; ****, p-value ≤ 0.0001; ns, 
not significant. f, Immunoblotting of WT, DMXL1−/− and DMXL1−/−;DMXL2+/− cell 
extracts with α-GPNMB after treatment of cells with MLSA5 or Torin1 (24 h). Blots 
were probed with α-Hsp90 as loading control. Blot is representative of three 
independent experiments. g, Confocal images showing fluorescence intensity of 
lysosomal pH sensor, pseudo-colored to scale, in WT U2OS cells after treatment 
with BafA1 (2 h). Quantification shown in Fig. 5b. Scale bar is 20 microns.
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Extended Data Fig. 7 | Analysis of lysosomal hydrolytic activity in U2OS cells 
deficient for DMXL1/2, related to Figs. 6 and 7. a, Confocal images showing 
fluorescence intensity of DQ-BSA Red in WT U2OS cells after treatment with 
BafA1 (4 h). Scale bar is 20 microns. Quantification shown in Fig. 6d. b, Mean 
fluorescence intensity of DQ-BSA Red in the indicated U2OS cells measured by 
flow cytometry (10,000 cells/replicate; experiment was performed in biological 
quadruplicate). Quantification represents n=4 independent experiments. 
Data are presented as mean values ± SD. One-way ANOVA followed by Dunnett’s 
multiple comparison test was used for statistical comparison within  

control group and MLSA5 treated group. Unpaired two-sided Student’s t-test 
was used to assess statistical significance between WT control and WT MLSA5 
treated conditions, **, p-value ≤ 0.01; ***, p-value ≤ 0.001; ****, p-value ≤ 0.0001; 
ns, not significant. c, DQ-BSA Red flow cytometry assays, with or without MLSA5 
treatment (4 h), in WT or DMXL1−/−;DMXL2+/− U2OS cells and in two independent 
clones of DMXL1−/−;DMXL2+/− cells with expression of DMXL1-mNG, which rescue 
the defect in DQ-BSA Red cleavage. d, Fold change in DQ-BSA Red intensity 
(MLSA5/control) from two independent experiments with the indicated  
cell types.
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Extended Data Fig. 8 | Analysis and prediction of DMXL1-V-ATPase interaction 
interfaces. a, Summary of pairwise AF3 scores for full-length DMXL1 or Rav1-C 
helical domain with all V1-ATPase subunits or selected V1-ATPase subunits, 
respectively. The three-way AF3 score for the helical portion the DMXL1  
Rav1-C domain together with both ATP6V1A and ATP6V1C is also included.  
b, AF3 prediction of the DMXL1 helical domain of Rav1-C (green) with ATP6V1C 

(cyan) and ATP6V1A (yellow). Two distinct binding sites are observed. c, AF3 
prediction of the Rav1 helical domain of Rav1-C (blue) with Vma5 (light blue) and 
Vma1 (lime). Predicted binding sites are analogous to that seen with the human 
counterparts. d, AF3 models for interaction of Vma5 (cyan) with Rav1 (blue) 
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Orbitrap Eclipse Tribrid Mass Spectrometer (Cat#FSN04-10000) with FAIMS Pro Interface (#FMS02-10001) - Thermo Fisher Scientific 
Orbitrap Fusion Lumos Tribrid MS (Cat#IQLAAEGAAPFADBMBHQ) with or without FAIMS Pro Interface (#FMS02-10001) - Thermo Fisher 
Scientific 
BioRad ChemiDoc Imaging System 
Yokogawa CSU-X1 spinning disk confocal on a Nikon Ti-E inverted microscope equipped with Nikon Plan Apo λD 20x/0.75 NA air objective or 
Nikon Plan Fluor 40x/1.3NA oil objective or Nikon Plan Apo λD 60x/1.42NA oil objective, with a Nikon LUN-F XL solid state laser combiner 
(405nm (80mW), 488nm (80mW), 561nm (65mW), with Nikon Perfect Focus System and Hamamatsu ORCA-Fusion BT sCMOS (6.45 μm2 
photodiode) 
BD LSR II flow cytometer - BD Biosciences 
Illumina MiSeq 
Sony Biotechnology SH800S Cell Sorter

Data analysis 1. Prism; GraphPad, v9.5.0 https://www.graphpad.com/scientific-software/prism/ (RRID:SCR_002798) 
2. Comet (v2018.01 rev. 2); Eng, J.K. et al. (2013), Proteomics 13, 22-24.  
3. FlowJo V10.5.2 https://www.flowjo.com (RRID:SCR_008520)  
4. lmage Studio Lite V 5.2.5 https://www.licor.com/bio/products/software/image_studio_lite (RRID:SCR_013715) 
5. Fiji ImageJ V.2.0.0 https://imagej.net/Fiji (RRID:SCR_002285) 
6. Adobe Illustrator (CS5(15.0.0)) http://www.adobe.com/products/illustrator.html (RRID:SCR_010279)  
7. MSconvert (Version 3.0) https://bio.tools/msconvert 
8. Microsoft Excel (version 16.81) https://www.microsoft.com/en-gb/ (RRID:SCR_016137) 
9. Alphafold 3 - GoogleDeepMind https://alphafoldserver.com 
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10. PyMOL (Version 2.5.4) - Schrödinger LLC (RRID:SCR_000305) 
11. NIS Elements (Version AR) - Nikon (RRID:SCR_014329) 
12. MSstats (Version 4.0)- Kohler et al. (2023), J. Proteome Res. 22, 1466-1482 
13. Proteome Discoverer (Version 2.5.0.400)- Thermo Fisher Scientific (RRID:SCR_014477) 
14. XlinkX module (Version 2.5) - Thermo Fisher Scientific  
15. Scout module (Version 1.4.14) (https://github.com/diogobor/Scout)  
16. Patchmaster (Version 2x92)- HEKA

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository91 with the following dataset 
identifiers: PXD054968, PXD054967, PXD054973, and PXD061791. 
 
The following structural data form the Protein Data Bank (PDB) were used as part of our structural modelling efforts: 6XBW, 9COP, and 7VEC.  
 
Unprocessed immunoblots and numerical source data are available in source data. Microscopy data are available at https://doi.org/10.5281/zenodo.15270572. All 
other data supporting the findings of this study are available from the corresponding author on reasonable request. 

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or 
other socially relevant 
groupings

N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed. The sample size for each experiment is included in the respective figure legend. For TMT 
proteomics experiments, three biological replicates was used for each condition. The number of replicates for TMT experiments is shown in 
the schematic in the relevant figure. For flow cytometry experiments, >10,000 cells were analyzed with biological quadruplicate experiments, 
with the exception of experiment shown in Extended Data Figure 7C and 7D, which was done in duplicate. Immunoblotting experiments was 
performed in biological triplicate. Confocal imaging experiments were performed in biological triplicate. Sample size was determined based on 
similar studies in this field (e.g. PMID: 35511089, PMID: 22002674, PMID: 39636867). 

Data exclusions In Extended Data Figure 1F, TMT channel 130N, which corresponds to a replicate for MLSA5 0min, was excluded from analysis because of 
poor TMT labeling. 
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Replication All attempts at replication were successful. The number of biological replicates is provided for each experiment in the figure legend.

Randomization No randomization was necessary because the order of data collection, processing, and analysis does not influence the experimental 
outcomes. 

Blinding No blinding was applied in this study because samples had to be presented in a particular order. For microscopy experiments, multiple fields 
of view for each condition in each replicate were collected and analyzed to ensure unbiased analysis. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Rabbit polyclonal DMXL1 Bethyl Laboratories  Cat#A304-685A; RRID:AB_2620880 (WB: 1:500) 

Rabbit monoclonal LC3B (D11) Cell Signaling Technology Cat#3836; RRID:AB_2137707 (WB: 1:1000) 
Rabbit monoclonal LAMP1 (D2D11) Cell Signaling Technology Cat#9091; RRID:AB_2687579 (WB: 1:1000; IF: 1:200) 
Rabbit polyclonal YIPF4  Proteintech Cat#15473-1-AP; RRID:AB_2217206 (WB: 1:1000) 
Mouse monoclonal Golgin-97 (CDF4) Thermo Fisher Scientific Cat#A-21270; RRID:AB_221447 (WB: 1:1000) 
Rabbit monoclonal Calreticulin (D3E6) Cell Signaling Technology Cat#12238; RRID:AB_2688013 (WB 1:1000) 
Rabbit monoclonal COX IV (3E11) Cell Signaling Technology Cat#4850; RRID:AB_2085424 (WB 1:1000) 
Rabbit monoclonal GPNMB (E4D7P) Cell Signaling Technology Cat#38313; RRID:AB_2799131 (WB: 1:1000) 
Mouse monoclonal beta-Actin (AC-15) Santa Cruz Cat#sc-69879; RRID:AB_1119529 (WB: 1:5000) 
Mouse monoclonal TRPML1 (F-10) Santa Cruz Cat#sc-398868 (WB 1:500) 
Rabbit monoclonal ATG16L1 (D6D5) Cell Signaling Technology Cat#8089; RRID:AB_10950320 (WB: 1:1000) 
Mouse monoclonal Hsp90 (4F10) Santa Cruz Cat#sc-69703; RRID:AB_2121191 (WB: 1:2000) 
Rabbit monoclonal HA-tag (C29F4) Cell Signaling Technology Cat#3724; RRID:AB_1549585 (WB: 1:1000) 
Rabbit monoclonal ATP6V1B2 (D2F9R) Cell Signaling Technology Cat#14617; RRID:AB_2798541 (WB: 1:1000) 
Rabbit monoclonal ATP6V1D [EPR11326(B)] Abcam Cat#ab15748; RRID:AB_2732041 (WB: 1:1000) 
Rabbit monoclonal ATP6V1A [EPR19270], Abcam Cat#ab199326; RRID:AB_2802119 (WB: 1:1000) 
Rabbit monoclonal ATP6V0D1 [EPR18320], Abcam Cat#ab202897; RRID:AB_2802121 (WB: 1:1000) 
Rabbit polyclonal DMXL2 Proteintech Cat#24415-1-AP; RRID:AB_2879534 (WB: 1:500) 
Rabbit monoclonal Legumain [EPR14718]  Abcam Cat#ab183028; RRID:AB_3291610 (WB: 1:1000) 
Rabbit monoclonal Cathepsin B (D1C7Y) Cell Signaling Technology  Cat#31718; RRID:AB_2687580 (WB: 1:500) 
Rabbit polyclonal TGN46 Proteintech Cat#13573-1-AP; RRID:AB_10597396 (IF: 1:200) 
Rabbit polyclonal GM130 Proteintech Cat#11308-1-AP; RRID:AB_2115327 (IF: 1:200) 
Mouse monoclonal Giantin [9B6], Abcam Cat#ab37266; RRID:AB_880195 (IF: 1:200) 
Mouse monoclonal HA-tag (6E2) Cell Signaling Technology Cat#2367; RRID:AB_10691311 (IF: 1:200) 
Mouse monoclonal LAMP1 (H4A3) BD Biosciences Cat#555798; RRID:AB_396132 (IF: 1:400) 
Rabbit monoclonal alpha-Tubulin (11H10), Cell Signaling Technology Cat#2125; RRID:AB_2619646 (WB: 1:1000) 
Rabbit monoclonal GAPDH (D16H11), Cell Signaling Technology Cat#5174; RRID:AB_10622025 (WB: 1:1000) 
Rabbit polyclonal TFEB, Cell Signaling Technology Cat#4240; RRID:AB_11220225 (WB: 1:1000) 
Mouse monoclonal mNeonGreen [32F6], ChromoTek, Cat#32f6; RRID:AB_2827566 (WB: 1:1000) 
Goat Anti-Rabbit IgG (H+L)-HRP Conjugate Bio-Rad Cat#1706515; RRID:AB_11125142 (WB: 1:1000) 
Goat Anti-Mouse IgG (H+L)-HRP Conjugate  Bio-Rad Cat#1706516; RRID:AB_2921252 (WB: 1:1000) 
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 Thermo Fisher Scientific Cat#A-11034; 
RRID:AB_2576217 (IF: 1:200) 
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 Thermo Fisher Scientific Cat#A-21235; 
RRID:AB_2535804 (IF: 1:200) 

Validation DMXL1, DMXL2, and ATG16L1 antibody specificity was validated in this study by CRISPR deletion of endogenous gene in human U2OS 
osteosarcoma cells (see Extended Figure Data 2b, Extended Data Figure 6c). For all other antibodies, the supplier website provided 
validation of the antibody for use in western blot and/or immunofluorescence microscopy from human cell samples, either through 
knockout cell lines and/or overexpression of the antibody target. For details and a list of articles citing the use of the antibody, please 
refer to supplier website. 
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human: U2OS (ATCC, HTB-96) 
Human: A101D (ATCC, CRL-7898) 
Human: 293T (ATCC, CRL-3216)

Authentication ATCC preforms quality testing to ensure authentication of cell lines using Short Tandem Repeat (STR) analysis. 

Mycoplasma contamination Cell lines were routinely tested for mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza, #LT07-318) and cells 
used in this study were mycoplasma-free. 

Commonly misidentified lines
(See ICLAC register)

None

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Adherent cells were detached by trypsinization resuspended in media. Cell suspension was separated into single cells by 
passing suspension through 35um cell strainer. 

Instrument BD LSR II

Software FlowJo V10.5.2 https://www.flowjo.com (RRID:SCR_008520)

Cell population abundance 10,000 cells were recorded per replicate

Gating strategy 1. Forward Scatter Area (FSC-A) vs Side Scatter Area (SSC-A) - gate on main cell population 
2. Forward Scatter Height (FSC-H) vs Forward Scatter Area (FSC-A) - gate on single cells 
3. Side Scatter Height (SSC-H) vs Side Scatter Width (SSC-W) - gate on single cells 
4. Plot histogram with x-axis as PE-Texas Red Area (DQ-BSA Red signal)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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