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The ROGDI protein mutated in Kohlschutter–Tonz syndrome
is a novel subunit of the Rabconnectin-3 complex implicated
in V-ATPase assembly
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V-ATPases are highly conserved ATP-driven rotary proton
pumps found widely among eukaryotes that are composed of
two subcomplexes: V1 and V0. V-ATPase activity is regulated in
part through reversible disassembly, during which V1 physically
separates from V0 and both subcomplexes become inactive.
Reassociation of V1 to V0 reactivates the complex for ATP-
driven proton pumping and organelle acidification. V-ATPase
reassembly in Saccharomyces cerevisiae requires the RAVE
complex (Rav1, Rav2, and Skp1), and higher eukaryotes,
including humans, utilize the Rabconnectin-3 complex.
Mammalian Rabconnectin-3 has two subunits: Rabconnectin-
3a and Rabconnectin-3b. Rabconnectin-3a isoforms are ho-
mologous to Rav1, but there is no known Rav2 homolog, and
the molecular basis of the interaction between the Rabcon-
nectin-3a and b subunits is unknown. We identified ROGDI as
a Rav2 homolog and novel Rabconnectin-3 subunit. ROGDI
mutations cause Kohlschutter–Tonz syndrome, an epileptic
encephalopathy with amelogenesis imperfecta that has paral-
lels to V-ATPase–related disease. ROGDI shares extensive
structural homology with yeast Rav2 and can functionally
replace Rav2 in yeast. ROGDI binds to the N-terminal domains
of both Rabconnectin-3 a and b, similar to Rav2 binding to
Rav1. Molecular modeling suggests that ROGDI may bridge the
two Rabconnectin-3 subunits. ROGDI coimmunoprecipitates
with Rabconnectin-3 subunits from detergent-solubilized ly-
sates and is present with them in immunopurified lysosomes of
mammalian cells. In immunofluorescence microscopy, ROGDI
partially localizes with Rabconnectin-3a in acidic perinuclear
lysosomes. The discovery of ROGDI as a novel Rabconnectin-3
interactor sheds new light on both Kohlschutter–Tonz syn-
drome and the mechanisms behind mammalian V-ATPase
regulation.

V-ATPases are rotary motors that couple the hydrolysis of
ATP to the movement of protons across biological mem-
branes. V-ATPases are composed of two subcomplexes, V1

and V0. V0 resides in a membrane and is responsible for the
translation of the rotational force from V1 into proton trans-
location across the membrane. V1, which is oriented toward
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the cytosol and peripheral to the V0 subcomplex, hydrolyzes
ATP, creating rotation of a central stalk that is transmitted to
V0. V-ATPase activity is essential in higher eukaryotes and
conditionally lethal in yeast (1, 2). V-ATPases are highly
conserved among eukaryotes, including mammals. This broad
conservation allows Saccharomyces cerevisiae to be used as a
model system for studying the V-ATPase. V-ATPase activity
has been shown to be important for viral entry into cells, ve-
sicular loading and trafficking, lysosomal/vacuolar degrada-
tion, and the progression of some cancers (3). Given the
important roles that V-ATPases play, proper regulation of
V-ATPase activity is essential. Several different regulatory
mechanisms have been identified, including membrane phos-
phoinositide lipid content, subunit isoform composition, and
reversible disassembly (4–6).

In cells, V-ATPases are present as both fully assembled
active complexes and disassembled inactive V1 and V0 sub-
complexes. Conversion between these states can depend on
multiple signals and is termed reversible disassembly. In
S. cerevisiae, glucose deprivation triggers V-ATPase disas-
sembly, whereas the presence of glucose triggers rapid reas-
sembly (6, 7). When the proper conditions are met, V1

reassembles with V0 and catalytic activity resumes. The as-
sembly state of mammalian V-ATPases has been found to
respond to glucose, amino acids, and luminal pH (8–11).

In yeast, the RAVE complex (composed of Rav1, Rav2, and
Skp1) catalyzes V-ATPase assembly (12, 13). Rav1 is the
backbone of the RAVE complex and binds to Rav2, Skp1, V1

subunits (V1E and G, V1C), and Vph1 (V0a) (14). Compara-
tively less is known about Rav2; it binds to the N-terminal
(NT) end of Rav1 (2–240) and has been shown to also bind to
Vma5 (14, 15). The current model of RAVE-catalyzed reas-
sembly suggests that RAVE binds to cytosolic V1, creating a
RAVE–V1 complex. The RAVE–V1 complex then binds to
cytosolic V1C and ultimately reunites V1 and V1C with V0 on
the vacuolar membrane (16). Upon reassembly on the vacuolar
membrane, the catalytic activity of both domains resume.

The process of reversible disassembly, like V-ATPase
structure, is well conserved among eukaryotes (17, 18). The
RAVE complex homolog in higher eukaryotes is
Rabconnectin-3. RAVE and Rabconnectin-3 are both required
for efficient V-ATPase reassembly but respond to different
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ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
signals for assembly and disassembly (19–22). Rabconnectin-3
is a heterodimer composed of two subunits: Rabconnectin-3a
and Rabconnectin-3b (23, 24). Each Rabconnectin-3 subunit
has two isoforms in mammals. Rabconnectin-3a includes
DMXL1 and DMXL2, and Rabconnectin-3b includes WDR7
and possibly WDR72. Based on published expression data, the
isoforms for each subunit appear to be expressed differently
based on tissue type (25). Both Rabconnectin-3a and Rab-
connectin-3b share some structural similarity to Rav1 (26)
although Rabconnectin-3a shares additional sequence
homology.

We show here that the relatively poorly characterized pro-
tein ROGDI is the higher eukaryotic homolog of yeast Rav2.
ROGDI mutations cause Kohlschutter–Tonz syndrome (KTS),
a homozygous recessive condition characterized by amelo-
genesis imperfecta, epilepsy, and psychomotor regression (27).
We found that ROGDI interacts with the NT region of
Rabconnectin-3 subunits and coimmunoprecipitates with
DMXL1, WDR7, and the V1A subunit. ROGDI strongly
colocalizes with V1A and partially colocalizes DMXL1 and
lysosomes. We speculate that KTS is a disease resulting from
impaired V-ATPase activity; ROGDI mutations impair the
activity of the Rabconnectin-3 complex, which in turn results
in decreased V-ATPase assembly and activity.
Figure 1. Human ROGDI and yeast Rav2 display structural and func-
tional homology. A, superposition of AlphaFold3 models of human ROGDI
(tan, UniProt ID: Q03956) and yeast Rav2 (blue, UniProt ID: Q9GZN7). Models
were superimposed with UCSF ChimeraX. Models were retrieved from the
AlphaFold Protein Structure Database, identifiable by UniProt ID. B, phe-
notyping of rav2D and rav2D::ROGDI containing strains. rav2D::huROGDI
encodes for human ROGDI in place of the RAV2 open reading frame under
control of the native RAV2 promoter; rav2D::RecHuROGDI contains human
ROGDI recoded for yeast expression in place of the RAV2 open reading
frame; pTEF-rav2D::RecHuROGDI replaces the native RAV2 promoter for the
strong TEF promoter; the rav1D::KanMX pTEF-rav2D::RecHuROGDI strain
carries a deletion in the RAVE subunit Rav1. YEPD pH 5 at 30 �C (top) is
permissive for growth of rav mutants, YEPD + 4 mM ZnCl2 at 37 �C (bottom)
inhibits growth of rav mutants. YEPD, yeast extract–peptone–dextrose.
Results

Mammalian ROGDI shares structural and functional
homology with yeast Rav2

Although Rav2 is essential for RAVE function in yeast (12),
Rabconnectin-3 has long been characterized as a heterodimer
with no subunit equivalent to yeast Rav2. Mutations in the
ROGDI protein are associated with KTS, but its molecular
function was unknown (28). However, the Phyre2 homology
server (29) modeled most of the Rav2 sequence onto a crystal
structure of ROGDI (30) with high confidence. In addition,
ROGDI has been identified in coprecipitates with the
V-ATPase and Rabconnectin-3 subunits by mass spectrometry
(31, 32). A recent ROGDI knockout mouse both recapitulates
the symptoms of KTS and exhibits evidence of altered pH
homeostasis (33).

ROGDI and Rav2 are of similar sizes; ROGDI is 287 amino
acids (32 kDa) and Rav2 is 351 amino acids (40 kDa). The two
sequences are only 20.5% similar (11% direct identity) based on
comparison by EMBOSS (34), but a superposition of the
AlphaFold (35) models for Rav2 and ROGDI shown in
Figure 1A highlights striking structural similarities between
the proteins. A recent structure of yeast RAVE (15) further
supports the strong structural similarity between Rav2 and
ROGDI. Both proteins contain two main domains: an
a-domain that folds into an atypical leucine zipper and a
b-domain that folds into a b-sandwich. Surface loops within
these regions contain the most structural diversity. The addi-
tional size of Rav2 derives from a domain peripheral to the
b-domain (residues 225–300). The functional consequence of
these differences is not yet known. However, the substantial
2 J. Biol. Chem. (2025) 301(4) 108381
structural similarity between the two proteins strongly sug-
gests a common function.

Yeast rav1D and rav2D deletion mutants exhibit a char-
acteristically weaker version of the Vma- phenotype arising



ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
from loss of V-ATPase activity (13). The vma mutants can
grow at pH 5 but grow poorly at elevated pH or in the
presence of multiple ions including Zn2+. vph1D mutants,
which lack a vacuole-specific V-ATPase subunit isoform,
show some growth at elevated pH but fail to grow in plates
containing 4 mM ZnCl2. RAVE is an isoform-specific as-
sembly factor, only catalyzing assembly of Vph1 containing
V-ATPases, and rav mutants also fail to grow in elevated zinc
concentrations (36).

Replacement of the RAV2 open reading frame with the
human ROGDI complementary DNA (cDNA) partially rescues
the Rav- phenotype of a rav2D mutant as shown in Figure 1B.
We also expressed a yeast codon–optimized ROGDI from the
RAV2 promoter (RecHu ROGDI). This further rescued the
Rav- phenotype compared with human ROGDI cDNA.
Replacement of the native RAV2 promoter, which is relatively
weak, with the strong TEF promoter slightly improved growth.
To confirm that ROGDI was acting as part of the yeast RAVE
complex rather than as a bypass suppressor, we deleted RAV1
in the TEF-RecHu ROGDI strain. In this strain, any rescue by
ROGDI is abolished, indicating that ROGDI may function as
part of the RAVE complex in a Rav2-like manner.
Figure 2. ROGDI interacts with conserved b-propeller region of Rav1
and Rabconnecin-3. A, secondary structure comparison of Rabconnectin-3a,
Rabconnectin-3b, and Rav1. Regions that are modeled to form b-propellers
and a-solenoid are indicated with corresponding amino acid positions. B,
fusion proteins of ROGDI, DMXL2 1–625, WDR7 1–596, WDR72 1–589, and
Rav1 2–720 were generated in pAS2 and pACT2 plasmids as described in the
Experimental procedures section. All pACT2 plasmids were transformed into
the PJ69-4a two-hybrid strain, and pAS2 plasmids were transformed into
PJ69-4a yeast two-hybrid strain. Diploids were selected on SD media lacking
leucine and tryptophan (SD- Trp, Leu). Growth on test media lacking tryp-
tophan, leucine, histidine, and adenine (SD- Trp, Leu, Ade, His) is shown and
indicates protein–protein interactions between the fusion proteins. pACT2
vector only and pAS1-lamin were used as negative controls.
ROGDI interacts with structurally conserved NT b-propeller in
yeast two-hybrid assay

We hypothesized that ROGDI might bind to Rav1, based on
the complementation of the rav2D phenotype, and possibly to
one or more of the Rabconnectin-3 subunits. There are no
experimental structures of Rabconnectin-3 subunits available.
Secondary structure comparisons of the Rabconnectin-3 sub-
units to Rav1 are shown in Figure 2A. The NT region of Rav1
forms two b-propellers (37), and both Rabconnectin-3 sub-
units are predicted to be rich in b-sheets and to contain WD-
40 repeats that form b-propellers. In addition, in all three
proteins, following the b-propellers is an a-solenoid domain.
The a-solenoid of Rav1 is responsible for binding to the V1E
and V1G subunits (14). This region has the highest homology
between Rav1 and Rabconnectin-3a. There are additional re-
gions of homology within the b-propeller region and a 6 amino
acid sequence necessary for Rav1 to bind to Vph1 (26). Spe-
cifically, it appears that Rav1 residues 2–240 are indispensable
for Rav2 binding (14) and are conserved in Rabconnectin-3a.
In the cryo-EM structure of RAVE–V1, residues 2–240 localize
to the first b-propeller and Rav2 binds in this region (37).
Considering the overall structural conservation of ROGDI to
Rav2 and Rav1 to Rabconnectin-3, we hypothesize that
ROGDI interacts with the similar regions of Rabconnectin-3.

We generated yeast two-hybrid constructs containing the
NT b-propeller regions of DMXL2, WDR7, WDR72, and Rav1.
With this yeast two-hybrid system (38), fusion proteins with
the Gal4-activating and -binding domains drive expression of
genes under control of the GAL1 and GAL2 promoters when
they interact. Growth on medium lacking adenine and histi-
dine (supplemented minimal medium [SD]-Trp, Leu, Ade,
His) can then be used as a readout for protein–protein in-
teractions. Figure 2B shows growth for strains containing
ROGDI and DMXL2 NT, WDR7 NT, WDR72 NT, and Rav1
NT, but there is no growth when ROGDI is combined with
control vectors pACT2 and pAS1-lamin. These data indicate
that ROGDI binds to the indicated NT regions of DMXL2,
WDR7, WDR72, and Rav1. ROGDI binding to Rav1 is
consistent with the ability for ROGDI to partially rescue
growth under Rav- conditions in a rav2D mutant shown in
Figure 1B. Furthermore, these results suggest that ROGDI
binds to both DMXL2, which has direct sequence homology
with Rav1, and WDR7 and WDR72, which do not.
J. Biol. Chem. (2025) 301(4) 108381 3
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ROGDI is modeled to interact with both Rabconnectin-3
subunits

The molecular nature of the interaction between the
Rabconnectin-3 subunits is not understood. A stable complex
between Rabconnectin-3a and Rabconnectin-3b was identified
by Kawabe et al. in 2003 (23). However, it is not known
whether there are additional members of the complex. Since
one of the major differences between human Rabconnectin-3
and yeast RAVE is the apparent duplication of the Rav1-like
subunit, we are not able to look to yeast as a model system.
ROGDI displays yeast two-hybrid interactions between the NT
domain of both Rabconnectin-3a and b subunits (Fig. 2B). We
speculate that ROGDI may serve a bridging function, con-
necting the two Rabconnectin-3 subunits. To begin investi-
gating the interaction between ROGDI, DMXL1 NT, and
WDR7 NT, we used AlphaFold Multimer (39) to model the
three proteins together. WDR7 and DMXL1 were chosen as
they are the more ubiquitously expressed isoforms (25). The
top result is a model that includes ROGDI interacting with
b-propellers from both DMXL1 NT and WDR7 NT (Fig. 3).
WDR7 is modeled to include 1.5 NT propellers in the NT
region, whereas DMXL1 is modeled to include two full pro-
pellers, like Rav1. ROGDI is positioned between the face of the
full propeller of WDR7 with the half propeller contracting the
ROGDI a-domain. DMXL1 is modeled to contact the ROGDI
a-domain opposing WDR7, with ROGDI making contacts
with first DMXL1 ß-propeller. The DMXL1–ROGDI interac-
tion is similar to the interaction between Rav1 and Rav2 (37).
There are few contacts modeled between DMXL1 and WDR7;
consistent with this, we have not observed interactions
between Rabconnectin-3a and b subunit isoforms in yeast
two-hybrid experiments. Further investigation is needed to
experimentally confirm the details of this modeled interaction,
but we sought support for a trimeric complex by immuno-
precipitating DMXL1 from a mammalian cell system and
probing for its partner proteins.
DMXL1 coimmunoprecipitates WDR7, ROGDI, and V1
subunit A

Both ROGDI and the Rabconnectin-3 subunits are highly
conserved among mammals. We immunoprecipitated DMXL1
from a mouse breast cancer cell line previously used to study
the V-ATPase (40). DMXL1 is a large protein (predicted
molecular mass of 337 kDa). Only a �200 kDa fragment was
Figure 3. AlphaFold3 model of ROGDI binding to N-terminal (NT) domains
1–630), WDR7 NT (1–600), and full-length ROGDI. The ipTM for this model is
These reflect a high confidence model. ipTM, interface predicted template m
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detectable in the input in Figure 4, but the full-length protein
was detected in postnuclear supernatants in later experiments,
and the specificity of this anti-DMXL1 polyclonal antibody was
previously validated in experiments with a kidney DMXL1
knockdown strain (41). The anti-DMXL1 antibody immuno-
precipitated both the �200 kDa fragment and full-length
DMXL1. In addition, WDR7, ROGDI, and V1A coimmuno-
precipitated with DMXL1 (Fig. 4). None of these proteins was
immunoprecipitated with a nonspecific isotype control. These
data suggest that ROGDI is present in complexes with
DMXL1, WDR7, and the V-ATPase.
Cellular localization of ROGDI and DMXL1

In S. cerevisiae, RAVE binds to V1 in the cytosol and Rav1
and Rav2 are reversibly recruited to vacuolar membrane as a
complex under assembly conditions (14, 42). We investigated
the intracellular localization of ROGDI and the V-ATPase V1A
subunit using direct immunofluorescence microscopy
(Fig. 5A). Both ROGDI and V1A exhibit diffuse cytosolic
staining and puncta, with an enrichment in puncta adjacent to
the nucleus. Merging the ROGDI and V1A channels shows
substantial overlap between ROGDI and V1A in the peri-
nuclear region and further toward the cell periphery. Coloc-
alization of the two proteins is supported by line scan profiles
from the ROGDI and V1A channels in which there is an in-
crease in pixel intensity at similar locations along lines drawn
adjacent to the cell nucleus and more peripherally. There data
suggest that, ROGDI, like Rav2, partially colocalizes with V1

subunits on intracellular compartments. As shown in
Figure 5B, the lysosomal membrane marker lysosome-
associated membrane protein 2 (LAMP2) labels puncta
throughout the cell (peripheral lysosomes) and is concentrated
adjacent to the nucleus (perinuclear lysosomes). A similar
distribution of peripheral and perinuclear lysosomes has been
seen in other cell types (43, 44). Staining the same cells with
the fixable LysoTracker Red DND-99 pH indicator, which
accumulates in acidified lysosomes (45), reveals prominent
labeling of the perinuclear LAMP2-containing lysosomes,
indicating that they are strongly acidic. However, there is also
labeling of peripheral lysosomes.

Confocal immunofluorescence images in Figure 6A
demonstrate that ROGDI extensively colocalizes with LAMP2,
particularly in the perinuclear region, with a Pearson’s R value
of 0.78 for the boxed area. ROGDI–LAMP2 puncta are present
of Rabconnectin-3a and b. AlphaFold3 model of DMXL1 NT (amino acids
0.82 and pTM is 0.81, as described in the Experimental procedures section.
odeling; pTM, predicted template modeling.



Figure 4. DMXL1 coimmunoprecipitates ROGDI, WDR7, and V1 subunit A. DMXL1 immunoprecipitation from mouse 4T1 cells was performed as
described in the Experimental procedures section. Anti-DMXL1 antibody (+) or an equal amount of nonspecific rabbit IgG (−) were separately bound to
equal volumes of protein-A Dynabeads. 4T1 cells were lysed and subjected to crosslinking as described in the Experimental procedures section. The total
lysate (0.5%) was run on the gel as indicated. The IgG–Dynabead complexes were incubated with equal volumes of 4T1 lysate at 4 �C with agitation.
Samples were eluted from beads by heating at 98 �C in the presence of cracking buffer and then analyzed by SDS-PAGE and Western blotting with the
indicated antibodies. The top three images were cut from the same blot, then probed with antibodies. The * on the V1A blot indicates the antibody heavy
chain. The bottom image is from a separate blot. Molecular mass standards are shown at the left.

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
peripherally but are less numerous. ROGDI also displays some
diffuse cytosolic staining in Figure 6A, suggesting that not all
ROGDIs are associated with membranes, consistent with
wide-field fluorescence images in Figure 5A. We also assessed
the colocalization of DMXL1 and ROGDI directly (Fig. 6B)
and see strong colocalization in the perinuclear region. The
Pearson’s R value of 0.64 between ROGDI and DMXL1 is
consistent with colocalization in this region although it is
slightly lower than the R value for ROGDI and LAMP2
(Fig. 6A). Overall, DMXL1 localizes to puncta in the cytosol,
along with some nuclear signal, which is unlikely to be asso-
ciated with endolysosomal or V-ATPase function and may be
artifactual. DMXL1 and LAMP2 immunofluorescence images
are directly compared in Fig. S1A and show a level of overlap
similar to ROGDI and DMXL1. Taken together, the data
suggest that both ROGDI and DMXL1 localize strongly to
perinuclear lysosomes, but ROGDI also appears to have a
diffuse cytosolic population that may not be bound to any
membrane.

To investigate the subcellular distribution of ROGDI,
WDR7, DMXL1, and V1 subunit A further, we first used
subcellular fractionation. Cells were lysed in the absence of
detergent, and the supernatant from a low-speed centrifuga-
tion was separated into membrane and soluble fractions by
high-speed centrifugation. Figure 7A demonstrates that
Rabconnectin-3 subunits, WDR7 and DMXL1, are almost
entirely in the membrane fraction with relatively little free in
the cytosol (Fig. 7A). In contrast, ROGDI is largely in the su-
pernatant, whereas a minor population is membrane
associated.
We also isolated a lysosomal fraction by LysoIP (lysosomal
immunoprecipitation), using the hemagglutinin (HA)-tagged
lysosomal protein TMEM192 to affinity purify lysosomes from
a cell lysate (46) (Fig. S1B shows that TMEM192 localizes to
the lysosomal membrane in these cells.). Figure 7B compares
the distribution of Rabconnectin-3 subunits, V-ATPase sub-
units, the lysosomal protein LAMP1, and endosomal protein
EEA1, as well as the FLAG-TMEM192 used for immunopre-
cipitation, in the input sample, two washes, and the final
LysoIP sample. The ratio of the LysoIP to lysate signal is
shown for each protein. The ratios for FLAG-TMEM192 and
the lysosomal marker LAMP1 are similar. The V0 membrane
subunit d1 is strongly enriched in the LysoIP. Two V1 subunits
(V1A and V1E1) are present but less enriched, consistent with
their peripheral membrane localization; these subunits are
likely to be part of assembled V-ATPase complexes. DMXL1
coisolates to a similar extent as LAMP1 in the LysoIP sample,
suggesting it is coprecipitated with the lysosomal membranes.
ROGDI is also present in the LysoIP samples but at somewhat
lower proportion of the total than the V1 subunits. Although
WDR7 is present in both the membrane fraction in Figure 7A
and the LysoIP, the antibody is weak, making quantitative
assessment difficult. The apparent very strong enrichment of
endosomal protein EEA1 was unexpected, but given the nature
of endolysosomal compartments, it is possible either that
TMEM192 is also present in endosomes or that EEA1 can
escape to lysosomes. Overall, these results are consistent with
localizations observed in Figures 5 and 6 and suggest that
although ROGDI can associate with Rabconnectin-3 subunits,
DMXL1 and WDR7, it may not always associate with them in
J. Biol. Chem. (2025) 301(4) 108381 5



Figure 5. ROGDI partially localizes with V1A on perinuclear lysosomes. A, wide-field immunofluorescence micrographs of 4T1 cells costained with
directly labeled anti-V1 A subunit (magenta) and anti-ROGDI (cyan) antibodies as described in the Experimental procedures section. Two lines were drawn
through ROGDI puncta both in the peripheral (1) and perinuclear (2) regions. Fluorescence intensity along each line is plotted; ROGDI is orange and V1A is
blue. Graph 1 corresponds to peripheral puncta, and graph 2 corresponds to perinuclear puncta. A merged image combining the ROGDI and V1A channels is
at the right of the line scan plots. B, immunofluorescence micrograph of 4T1 cells costained with anti-LAMP2 (cyan) antibody and fixable LysoTracker DND-
99 (magenta), an indicator of lysosomal acidification. Cells were stained with LysoTracker DND-99 immediately prior to fixation and permeabilization.
Permeabilization and fixation were performed as in Figure 5A. Both images are from a wide-field microscope. LAMP2, lysosome-associated membrane
protein 2.

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
the cell. Like the V-ATPase V1 subcomplex, ROGDI can be
present both in the cytosol and on the lysosomal membrane.

Discussion
The work described here shows that the structural similarity

between mammalian ROGDI and yeast Rav2 (37) extends to
function, as indicated by the ability of human ROGDI to
complement a rav2D mutant in yeast. In parallel with the
interaction of Rav2 with the NT b-propeller of Rav1, ROGDI
6 J. Biol. Chem. (2025) 301(4) 108381
exhibits two-hybrid interactions with the b-propeller domains
of both Rav1 and Rabconnectin-3a subunit DMXL2, which
share sequence homology. Previous work indicated that amino
acids 1 to 240 of Rav1 were required for Rav2 binding (14) and
the recent cryo-EM structure of RAVE places Rav2 on the
third and fourth blades of the first propeller in Rav1 (15). The
AlphaFold3 model (47) of Rabconnectin-3 (Fig. 3) indepen-
dently indicates an interaction with ROGDI with a similar
region in first NT propeller in DMXL1, suggesting that this



Figure 6. DMXL1 and ROGDI partially colocalize on perinuclear lysosomes. A, immunofluorescence micrograph of a 4T1 cell costained with indirectly
labeled anti-LAMP2 (magenta) and directly labeled anti-ROGDI (green) antibodies. LAMP2 serves as a lysosomal marker. Images are from a single slice of a
confocal stack. The composite image with DAPI (blue) shown to the right illustrates extensive overlap between the anti-LAMP2 and anti-ROGDI channels on
perinuclear lysosomes. The dotted line indicates the region of interest used for determination of Pearson’s value. B, immunofluorescence micrograph of a
4T1 cell costained with indirectly labeled anti-LAMP2 (magenta) and directly labeled anti-DMXL1 (green) antibodies. The composite image to the right
shows overlap between the anti-LAMP2 and anti-DMXL1 channels. For both A and B, the Pearson’s R value was calculated as described in the Experimental
procedures section. DAPI, 40 ,6-diamidino-2-phenylindole; LAMP2, lysosome-associated membrane protein 2.

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
interface is similar between RAVE and Rabconnectin-3. There
is no homolog of either Rabconnectin-3b isoform in the yeast
genome, and although Rabconnectin-3a and b isoforms are
isolated together, the details of their molecular interaction are
not known. As noted previously (26), Rabconnectin-3a and b
have similar secondary structures, characterized by predicted
b-propellers in the NT half and an a-solenoid region in the
C-terminal half but no direct sequence homology. The two-
hybrid assay in Figure 2 indicates that the first NT b-propel-
ler of WDR7 interacts with ROGDI, and this interaction is also
seen in the AlphaFold3 model, along with interactions of a
second NT "half-propeller." The model in Figure 3 contains
only the NT domains of DMXL1 and WDR7, but Fig. S2 shows
a model of the complete DMXL1, WDR7, and ROGDI com-
plex. Importantly, both models suggest that ROGDI bridges
the NT regions of Rabconnectin-3a and 3b subunits. Removal
of ROGDI from the model in Fig. S2 reveals relatively few
direct interactions between the two Rabconnectin-3 subunits.
Further validation of this model is required, but as described
later, the phenotypes accompanying loss of ROGDI in vivo
would be compatible with functionally significant interactions
with both Rabconnectin-3 subunits.

Through immunofluorescence microscopy and subcellular
fractionation of mouse 4T1 cells, we found that DMXL1 ap-
pears to be primarily membrane bound and enriched in lyso-
somes. WDR7 also appears to be membrane bound. ROGDI
coimmunoprecipitates with DMXL1, is present in lysosomal
membrane fractions, and shows strong colocalization with
lysosomal marker LAMP2 in immunofluorescence micro-
scopy, but a substantial proportion of ROGDI is soluble and
cytosolic. Significantly, none of these proteins has apparent
transmembrane domains. Rabconnectin-3 complexes con-
taining DMXL2 and WDR7 are highly expressed in brain and
enriched at the presynaptic region of neurons (48, 49) and in
the dense core vesicles of neuroendocrine cells (50). In the
latter, both DMXL2 and WDR7 appear to be membrane
bound, but WDR7 is implicated in recruitment of DMXL2 to
the membrane (50). Subcellular localization of DMXL1 has not
J. Biol. Chem. (2025) 301(4) 108381 7



Figure 7. Subcellular distribution of ROGDI and Rabconnectin-3. A, subcellular fractionation of 4T1 cell lysate. Cells were lysed mechanically by passing
through a 27-gauge needle and centrifuged at 10,000g to pellet nuclei and mitochondria. A portion of the resulting postmitochondrial supernatant was
reserved as input as described in the Experimental procedures section. The postmitochondrial supernatant was then centrifuged to pellet membranes and
supernatant (cytosol). Both the membrane pellet and cytosolic samples were denatured and analyzed by SDS-PAGE and Western blotting with antibodies
against the indicated proteins. Molecular mass markers are shown on left. All samples were run on a single SDS-PAGE gel, and immunoblots probed anti-
ROGDI and anti-DMXL1 blots were cut at the 50 kDa molecular mass marker. B, a lysosomal fraction was isolated by affinity purification using FLAG-tagged
TMEM192 from mechanically lysed 4T1 cells as described in the Experimental procedures section. Cells were transiently transfected with pCDNA3-
TMEM192-FLAG-HA, and a postmitochondrial supernatant was generated as in A. A portion of this sample was set aside as input. Lysosomes were iso-
lated by binding to anti-HA nanobody magnetic beads. Input (0.75% of total), sequential washes of the beads (washes 1 and 2), and the final eluted sample
(LysoIP) were separated by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. Samples separated by dotted lines were from the
same gel, cut at the position of the line. Intensities of the lysate and LysoIP samples for each sample were determined using FIJI, and the ratio of LysoIP/
lysate intensity is shown below the protein label. The data shown are representative of three independent experiments. HA, hemagglutinin; LysoIP,
lysosomal immunoprecipitation.

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
been explored previously, but the data presented here are
consistent with lysosomal association in 4T1 cells. We cannot
compare the cellular levels of DMXL1 and ROGDI from these
data, so it is possible that ROGDI is nearly stoichiometric with
DMXL1 at the membrane and "excess" ROGDI is soluble and
cytosolic. However, it is also possible that ROGDI is not always
associated with the other Rabconnectin-3 subunits. This would
be a significant difference from the yeast RAVE complex,
where Rav2 and Rav1 form a stable complex that associates
with cytosolic V1 and both subunits are required for glucose-
dependent recruitment to the vacuolar membrane and
V-ATPase assembly (16, 51). A substantial proportion of the
V1 subunit A (likely present as part of V1 subcomplexes) is
8 J. Biol. Chem. (2025) 301(4) 108381
cytosolic in the 4T1 cells, as in many mammalian cell lines
(8, 52). Further experiments will be needed to determine
whether ROGDI reversibly associates with Rabconnectin-3a
and b at lysosomal membranes, possibly in combination with
V1, and the effect of these associations on V-ATPase assembly
and function.

We made four separate attempts to knock out ROGDI with
CRISPR–Cas9 and two different guide RNAs but were unable
to generate a ROGDI knockout in the mouse 4T1 breast
cancer cells. However, other existing evidence associates
ROGDI, as well as Rabconnectin-3a and b, with the V-
ATPase function in acidification. DMXL1 and WDR7 coim-
munoprecipitated with the V1B1 subunit from kidney, and



Table 1
Yeast strains and genotypes

Strain Genotype

SF838-5Aa MATa leu2-3, 112; ura3-52; ade6
rav2D SF838-5Aa rav2D::URA3
rav2D::huRogdi SF838-5Aa rav2D::huRogdi
rav2D::RecHu Rogdi SF838-5Aa rav2D::RecHu Rogdi
TEF-rav2D::RecHu Rogdi SF838-5Aa natNT2-TEF-rav2D::RecHu

Rogdi
rav1D TEF-rav2D::RecHu

Rogdi
SF838-5Aa rav1D::kanMX4

natNT2-TEF-rav2D::RecHu Rogdi

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
RNAi of DMXL1 affected organelle acidification (31). ROGDI
was also coimmunoprecipitated with V1B1 at lower levels.
Similarly, ROGDI, along with DMXL2 and WDR7, was iso-
lated with the V-ATPase from a synaptic vesicle fraction (32),
where assembly of V-ATPases drives vesicle acidification and
neurotransmitter loading (11). The localization of ROGDI
and DMXL1 to perinuclear lysosomes in 4T1 cells shown
here is consistent with enrichment of ROGDI and
Rabconnectin-3 in areas of V-ATPase assembly. Perinuclear
lysosomes are highly acidic in the 4T1 cells, as indicated by
LysoTracker staining (Fig. 5B). This population of lysosomes
has been demonstrated to be a site of V-ATPase reassembly
in other cells (44, 53). We propose that complexes containing
ROGDI, DMXL1, and WDR7 promote association of V1

subcomplexes with Vo subcomplexes at sites of ongoing
acidification, including perinuclear lysosomes as well as
synaptic vesicles.

Human disease phenotypes and mouse models also indicate
that ROGDI could affect V-ATPase–driven acidification in
combination with Rabconnectin-3a and b isoforms. Complete
loss-of-function mutations in human ROGDI cause KTS, char-
acterized by severe epilepsy, developmental delay, amelogenesis
imperfecta (defects in tooth enamel formation), and in some
cases, kidney disease (28, 54). Many of these phenotypes are
recapitulated in a recent ROGDI knockout mouse model, which
exhibited susceptibility to seizures, defective enamel formation,
digestive problems, and in most cases, death before 12 weeks of
age (33). Importantly, these authors associate these phenotypes
with defects in pH homeostasis likely to involve V-ATPase ac-
tivity. DMXL2 knockout mice develop normally but die shortly
after birth of neurological defects that prevent feeding (55). A
DMXL1 knockout appears to be lethal in mice (56). Taken
together, these data suggest that complete loss of ROGDImay be
somewhat better tolerated than complete loss of either of the
Rabconnectin-3a isoforms. A mouse kidney–specific DMXL1
knockdown exhibited an incomplete distal renal tubule acidosis
(DRTA) (56). Mutations in several kidney-enriched V-ATPase
subunit isoforms also result in DRTA (57), whereas mutations in
Rabconnectin-3b isoform WDR72 are associated with both
DRTA and amelogenesis imperfecta (58–60). It is intriguing that
patients withKTS exhibit neurological symptoms associatedwith
defects in Rabconnectin-3a (DMXL2) and kidney and tooth
phenotypes characteristic of Rabconnectin-3b (WDR72). This
combination of phenotypes could be consistent with ROGDI
structurally bridging Rabconnectin-3a and b. Loss of ROGDI
may destabilize the Rabconnectin-3 complex and compromise its
V-ATPase assembly function. The compromised Rabconnectin-
3 complex may still catalyze V-ATPase reassembly but less effi-
ciently than the fully functional complex. This could explain why
complete loss of Rabconnectin-3a is more severe than the loss of
ROGDI in mice.
PJ69-4a MATa trp1-901 leu2-3112
ura3-52 his3-200 gal4 gal80
LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ

PJ69-4a MATa trp1-901 leu2-3112
ura3-52 his3-200 gal4 gal80
LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ
Experimental procedures

Materials and media

Oligonucleotides were purchased from Eurofins Genomics.
Anti-ROGDI (catalog no.: ab184954, rabbit) antibody and
anti-ATP6V1A antibody (catalog no.: ab199326, rabbit) were
purchased from Abcam. DMXL1 polyclonal antibody (catalog
no.: 24413-1-AP, rabbit) for use in immunoblotting, WDR7
polyclonal antibody (catalog no.: 24413-1-AP, rabbit),
ATP6V0d1 polyclonal antibody (catalog no.: 18274-1-AP,
rabbit), ATP6 V1E1 (catalog no.: 5280-1-AP, rabbit), LAMP1
(catalog no.: 21997-1-AP, mouse), EEA1 (catalog no.: 68065-1-
Ig, mouse), and horseradish peroxidase (HRP)–conjugated
DYKDDDDK (FLAG tag) monoclonal antibody (catalog no.:
HRP-66008, mouse) were purchased from Proteintech. Anti-
DMXL1 polyclonal antibody (catalog no.: NBP1-90998, rab-
bit) was purchased from Novus Biologicals and used in
immunofluorescence microscopy. Anti-LAMP2 (ABL-93) was
purchased from the Developmental Studies Hybridoma Bank.
Anti-HA nanobody M-270 magnetic beads were purchased
from Proteintech (atd). Q5 Hot Start polymerase was pur-
chased from New England Biolabs (catalog no.: M0493S).
Phire Plant Direct PCR master mix was purchased from
ThermoFisher Scientific (F130WH). Human ROGDI cDNA
(clone ID: 3861570), DMXL2 (clone ID: 9053066), and
WDR72 (clone ID: 8069120) were purchased from Horizon
Discovery. WDR7 cDNA was purchased from Genscript (clone
ID: OHu06923). Yeast codon-optimized ROGDI was synthe-
sized by Genscript. Yeast and cell culture media were pur-
chased from Fisher Scientific. Other reagents were purchased
from MilliporeSigma.
Yeast strains

Yeast strains that were used in this work are listed in
Table 1. All yeast strains (other than those used for two-
hybrid assay) were constructed in the SF838-5A wildtype
background. Yeast genomic integrations were done using
PCR constructs with at least 50 bp of flanking homologous
sequence to target the construct into the genome. Oligonu-
cleotides used in this study are listed in Table 2. Q5 Hot Start
polymerase from New England Biolabs was used to amplify
constructs for yeast transformation. Yeast cells were trans-
formed using a lithium acetate protocol (61). Genotyping was
done using Phire Plant Direct PCR Master Mix (as described
in by the manufacturer).
J. Biol. Chem. (2025) 301(4) 108381 9



Table 2
Oligonucleotides used

Name Sequence (50-30)

RAV2URA3F GTG AAT TAC AAA ATT ATA GTA TCT GAT CAA GCA CAC AGT GGA AGT
GCT CGA AAA GCA ATC TGA GAG TGC ACC ACG CTT TTC

RAV2URA3R CTC TTT ATC CAG TTT GTA TTA TAA ATT ATT GTT AAT GTT ATC GCT
AGT AGA TTA TTA GTT TTG CTG GCC GCA TCT TCT

URA-int CCTTAGCATCCCTTCCCTTTG
RAV2-RogdiFnew GTG AAT TAC AAA ATT ATA GTA TCT GAT CAA GCA CAC AGT GGA AGT

GCT CGA AAA GCA ATA TGG CCA CCG TGA TGG CAG CGA C
Rav2-Rogdi Rev CTC TTT ATC CAG TTT GTA TTA TAA ATT ATT GTT AAT GTT ATC GCT

AGT AGA TCA GAA GGG TCT GTA GCT CCA
HuRogdi IntR GCA TGC AGC TGG TAC ACC GT
Rav2RogdirecodeF GTG AAT TAC AAA ATT ATA GTA TCT GAT CAA GCA CAC AGT GGA AGT

GCT CGA AAA GCA ATA TGG CCA CCG TTA TGG CTG CT
Rav2RogdirecodeR CTC TTT ATC CAG TTT GTA TTA TAA ATT ATT GTT AAT GTT ATC GCT

AGT AGA TCA GAA TGG TCT GTA AGA CCA
Rogdirecode intR ACC ACC TGC TGG TCT AAA GTT CTT
YDR1-1 (rav2) GTTGTACCGAGGTTCCATTG
rav2-c4 GGGTCAAGAATACGAAGGCAG
Rogdirecode intR ACC ACC TGC TGG TCT AAA GTT CTT
YJR1-7 CCATCTCCTCCCTCGGATCAAACTTTC
YJR6-12 CGTTCCTAACAGAGATCAAGC
NatR forward ACATGGAGGCCCAGAATACCC
NatR reverse CAGTATAGCGACCAGCATTCAC
RogdipAS2F GGT CAT ATG GAG GCC CCG GGA ATG GCC ACC GTG ATG GCA GCG AC
RogdipAS2R GCT TGG CTG CAG GTC GAC GGA TCC GAT CAG AAG GGT CTG

TAG CTC CA
RogdipACT2R GAT CTC TCG AGC TCG AAT TCG GAT GAT CAG AAG GGT CTG

TAG CTC CA
WDR721-589pACT2rev GCT TGG CTG CAG GTC GAC GGA TCC GCC TGT TTC AAT TTC CCA GAT
WDR721-589pACT2R GAT CTC TCG AGC TCG AAT TCG GAT GCC TGT TTC AAT TTC CCA
WDR7 1F CATATGGCCATGGAGGCCCCGGGAATGGCAGGAAACAGCCTTGTTCTACC
WDR7 pAS2 596R GCTTGGCTGCAGGTCGACGGATCCACGATCCAATGCACCAGTATCCAT
Rbcn3a 1-625F CATATGGCCATGGAGGC

CCCGGGAACAGAGGGAAACGGCTCTCGCAGC
Rbcn3a 1-625R GCTTGGCTGCAGGTCGACGGATCCTGTGGCTGTGATCCGTGAGGACTG
MuTMEMF ACTATAGGGAGACCCATGGCGGCGGCCGGCCGG
MuTMEMR GTCCATGGTAAGCTTAGTCCTGGCTGGCTGAGTTGC
PcDNAF AAGCTTACCATGGACTACAAGGACG
PcDNAR GGGTCTCCCTATAGTGAGTCG

ROGDI interactions with Rabconnectin-3 and V-ATPase subunits
The PCR product used generated rav2D was amplified with
oligonucleotides RAV2URA3F and RAV2URA3R using
pRS316 as a template; the PCR product was designed to give a
clean deletion of the RAV2 ORF. Cells were transformed, and
colonies were selected on SD-URA media. The oligonucleo-
tides YDR1-1 and URA-int were used to confirm rav2 deletion.
ROGDI was integrated at the RAV2 locus by transformation of
the rav2D::URA3 strain with a PCR product amplified from
pCMV-SPORT6-ROGDI (Horizon Discovery) using oligonu-
cleotides Rav2-RogdiFnew and Rav2-Rogdi Rev. Colonies were
selected on supplemented minimal medium containing
5-fluoro-orotic acid to select against the colonies retaining the
URA3 gene (62). Yeast codon-optimized ROGDI (RecHu
ROGDI) was PCR amplified from pUC57-containing codon-
optimized ROGDI (Genscript) using oligonucleotides Rav2-
RogdirecodeF and RogdirecodeR. The product was then
transformed into rav2D::URA3 cells, and transformants were
selected on medium containing 5-fluoro-orotic acid as
described previously. Integration was confirmed by PCR with
oligonucleotides YDR1-1 and rav2c4.

The strong yeast TEF promoter placed upstream of ROGDI
in TEF-rav2D::RecHuROGDI strain was constructed by
amplification of a rav2-Rogdi-TEF construct using Rav2-S1,
S4-Rogdi-V3, and pYM-N19 as a template (63). The TEF
construct was transformed into rav2D::yeROGDI and trans-
formants selected on YEPD (yeast extract–peptone–dextrose)
10 J. Biol. Chem. (2025) 301(4) 108381
medium containing 100 mg/ml clonNAT. Genotype was
confirmed using RogdirecodeintR and YDR1-1. The rav1-
D::KanMX allele was amplified from genomic DNA of the
BY4741 rav1D::KanMX strain (64) using oligonucleotides
YJR1-7 and YJR6-12. The product was then transformed into
the strain created previously, and colonies were selected on
YEPD medium containing 200 mg/ml G418. Genotype was
confirmed by PCR as described previously.

Rav- phenotyping

Cells were grown until log phase, and a volume equivalent
to 1 absorbance unit at 600 nm/ml was pelleted. Cells were
washed and resuspended in 1 ml of YEPD. Serial fivefold di-
lutions of the cell suspensions were made in a 96-well plate,
and cells were pinned, using a 48 spoke inoculating manifold,
to YEPD buffered to pH 5 and YEPD containing 4 mM ZnCl2.
Plates were placed in a 37 �C incubator and imaged daily
following 2 days of growth.

Yeast two-hybrid assay

Two-hybrid assays were performed as described by James
et al. (38). In this system, the Gal4 DNA-binding domain is
encoded in pAS2 and activating domain is encoded in pACT2
(65). The genes HIS3 and ADE2 in yeast strains PJ69-4a and
PJ69-4a (Table 2) are under the control of the GAL1 and
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GAL2 promoters, respectively. Genes for proteins of interest
are subcloned into the plasmid so that they result in a fusion
protein with the corresponding GAL4 component. ROGDI
was cloned into pAS2 with RogdipAS2F and RogdipAS2R and
into pACT2 with RogdipAS2 and RogdipACT2R using a
megaprimer cloning method (66). WDR7 (1–596) was cloned
into pACT2 with WDR7 1F and WDR7pAS2 596R. DMXL2
1-625 was cloned into pAS2 with Rbcn3a 1-625F and Rbcn3a
1-625R. Both primers were constructed using megaprimer-
based cloning. WDR72 was cloned into pACT2 using
WDR721-589pACT2rev and WDR721-589pACT2R using In-
Fusion Snap Assembly cloning (Takara). pACT2 plasmids
were transformed into PJ69-4a and selected on SD lacking
tryptophan. pAS2 plasmids were transformed into PJ69-4a and
selected on SD medium lacking leucine. Empty pACT2 vector
was used as a negative control for pACT2 plasmids, and pAS1-
Lamin was used for pAS2 plasmids. Transformed cells were
mated in YEPD, then transferred to SD medium lacking
tryptophan and leucine media to select for diploids with both
plasmids. Cells were resuspended in SD-Trp, Leu at 1 absor-
bance/ml, and one-fifth serial dilutions were performed. Cells
were inoculated onto SD-Trp, Leu, Ade, His and SD-Trp, Leu,
and Ade plates as described previously using an inoculation
manifold. They were placed in a 30 �C incubator, and growth
was imaged at 6 days postinoculation.
Crosslinking and immunoprecipitation

Mouse 4T1 breast cancer cells (American Type Culture
Collection, CRL-2539) were grown in T75 flasks using Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine
serum. For each immunoprecipitation (including the specific
antibody and negative control of isotype-specific antibody),
two T75 flasks grown to greater than 80% confluency were
lysed in PBS lysis buffer (PBS, 0.5% NP-40, and protease in-
hibitors [PMSF, leupeptin, aprotinin, pepstatin, shymostatin])
and lysates were pooled. Lysate was rocked at 4 �C for 20 min
to complete lysis, then insoluble material was pelleted by
centrifugation at 6000g for 10 min. The supernatant was
brought to 1.2 ml total volume using PBS lysis buffer. Cross-
linking was done by adding dithiobis(succinimidylpropionate)
to a final concentration of 0.5 mM and rocking the mixture at
4 �C for 30 min. After 30 min, the remaining dithiobis(succi-
nimidylpropionate) was quenched by the addition of 1 M Tris–
HCl (pH 7.4) to a final concentration of 50 mM and incubation
at 4 �C for 15 min. Following quenching, 10% of the total lysate
was set aside as an input sample. Prior to incubation with
lysate, antibody was bound to protein-A Dynabeads (Ther-
moFisher Scientific; 10001D) according to the manufacturer’s
instructions. For the anti-DMXL1 antibody, 4 mg of total
antibody was added. An equivalent amount of nonspecific
rabbit immunoglobulin G (IgG) was used as a control. Lysate
and antibody-bound beads were incubated on a rocker at 4 �C
for 4 h. Beads were then removed from lysate using a magnetic
stand and washed with PBS lysis buffer with protease in-
hibitors according to the manufacturer’s instructions. Protein
was eluted from beads by denaturing at 98 �C with cracking
buffer (8 M urea, 5% SDS, 50 mM Tris–HCl [pH 6.8], and 5%
b-mercaptoethanol). Samples were run on a 4 to 15% gradient
SDS-PAGE gel (Bio-Rad) and transferred onto a poly-
vinylidene difluoride membrane using a Bio-Rad Transblot
Turbo. Blots were blocked in 5% milk in Tris-buffered saline
containing 0.1% Tween-20. Primary antibody was diluted in
blocking buffer for 1.5 h at room temperature or overnight on
a rocker. Blots were washed three times for 5 min each with
Tris-buffered saline containing 0.1% Tween-20. Clean-blot IP
Detection Reagent (HRP conjugate; 21230, ThermoFisher
Scientific) was used (in place of an IgG secondary antibody) at
a concentration of 1:500 in blocking buffer and incubated at
room temperature for 1 h. Bio-Rad Clarity Max ECL (1705062)
substrate and an Azure Sapphire Biomolecular Imager were
used to visualize the blots. The data shown are representative
of three biological replicates.
Immunofluorescence microscopy

Coverslips were washed with ethanol and water and coated
with human collagen 4 at a concentration of 50 mg/ml for
30 min and then UV sterilized. Coverslips were placed in a 24-
well plate, and 30,000 4T1 cells were seeded and allowed to
grow overnight. The following day cells were washed with PBS
and fixed with 4% formaldehyde in PBS for 10 min followed by
permeabilization with 0.1% Triton X-100 for 10 min. Cells
were labeled with LysoTracker Red DND-99 by incubating
cells in fresh media containing 50 mM LysoTracker Red DND-
99 for 30 min immediately prior to fixation.

For immunofluorescence, coverslips were incubated in
blocking buffer (1% bovine serum albumin, 22.5 mg/ml
glycine, and 0.1% Tween-20 in PBS) for 1 h. For indirect
immunofluorescence detection of LAMP2, blocked coverslips
were incubated in primary antibody (Anti-LAMP2 diluted to
1:100 in blocking buffer) for 1 h. Secondary antibody, anti-Rat-
AlexaFluor 647 (Cell Signaling; catalog no.: 4418) was added at
a concentration of 1:1000 and incubated for 1 h. Coverslips
were washed three times for 5 min following secondary anti-
body incubation. For other immunofluorescence experiments,
primary antibodies against DMXL1, ROGDI, and V1A
(Abcam; ab199326) antibodies were directly labeled with
FlexAble IgG labeling kits from Proteintech (CoraLite Plus 488
[KFA001] or CoraLite Plus 647 [KFA003] as indicated) using
the manufacturer’s instructions. The labeled antibodies were
combined in a total volume of 100 ml of blocking buffer before
adding to the coverslip. Anti-ROGDI (Abcam; ab184954) was
diluted to 1:100. Anti-DMXL1 (Novus; NBP1-90998) was
diluted to 1:50; this antibody was recently validated for
immunofluorescence in a mouse DMXL1 knockdown (41).
Coverslips were washed three times for 5 min each after
labeled primary antibody incubation. Slides were mounted
onto the glass coverslips using ProLong Glass with NucBlue
(Invitrogen; P36983) and then cured for 24 h before imaging.

Imaging of ROGDI and V1A was done on a Zeiss AxioIm-
ager Z1 widefield fluorescence microscope equipped with a
Hamamatsu ORCA-ER CCD camera using a 100×, 1.4 nu-
merical aperture objective and GFP and Texas Red filter sets.
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ROGDI/DMXL1, ROGDI/LAMP2, and DMXL1/LAMP2 im-
ages were captured with a Nikon Ti2-E SoRa spinning disk
confocal microscope with a 60×, 1.4 numerical aperture oil
immersion objective and the microscope operating in 2.8×
SoRa mode. CoraLite 488- and 647-labeled antibodies were
visualized with the corresponding filter sets; 40,6-diamidino-2-
phenylindole was visualized with 405 nm filter set. Stacks of
images were captured with a step size of 0.3 mm; single slice
images were chosen from near the middle of each stack. The
images shown are representative of images from three separate
biological replicates.

Images were analyzed using FIJI (67). For wide-field images,
images from doubly labeled samples were synchronized, lines
were drawn at the same position in each micrograph, and
fluorescence intensities along each line were determined. For
confocal images, colocalization was determined on grayscale
images using the Coloc2 plugin, applied to either for the
indicated region of interest (Fig. 6A) or the entire image shown
(Figs. 6B and S1A). Pearson’s R values with no threshold are
shown. In all cases, the ratio of the randomized Pearson’s/
actual Pearson’s value was 0.0.

LysoIP

In order to collect a lysosomal fraction from cells, we
employed an adapted LysoIP protocol (46). Mouse lysosomal
protein TMEM192 (Horizon Discovery; catalog no.: 3708193)
was subcloned into pcDNA3 FLAG-HA (Addgene; #10792)
using muTMEMF, muTEMEMR, pCDNAF, and pcDNAR to
create a TMEM192-FLAG-HA fusion protein. This plasmid
was transfected into 4T1 cells using Lipofectamine 3000
(catalog no.: L3000150; Thermo Fisher Scientific) at a cell
density of 70%. Cells were grown for 24 h and then scraped in
lysis buffer (150 mM NaCl, 50 mM Tris–HCl [pH 7.4], 5 mM
EDTA, and 6% Optiprep) with protease inhibitors (PMSF,
leupeptin, aprotinin, pepstatin, and chymostatin). Cells were
lysed by passing through a 27-gauge needle five times. Cell
debris and nuclei were pelleted by spinning at 1000g for 5 min
at 4 �C. HA-Trap magnetic particles (25 ml; atd; Chromotek)
for each immunoprecipitation were equilibrated in lysis buffer
by washing twice using a magnet stand collect beads and allow
removal of supernatant. The postnuclear supernatant was
added to the HA-Trap magnetic particles and incubated on a
rocker at 4 �C for 15 min. Magnetic particles were then
separated using a magnet stand, supernatant was removed and
set aside, and the magnetic particles were washed 2× with
200 ml lysis buffer. Protein bound to the magnetic particles was
denatured in cracking buffer (8 M urea, 5% SDS, 50 mM Tris–
HCl [pH 6], 1 mM EDTA, 5% b-mercaptoethanol, and 0.3%
bromophenol blue) and analyzed by SDS-PAGE and immu-
noblotting. The experiment was repeated three times, and the
blots shown are representative.

Subcellular fractionation

4T1 cells were grown in T75 flasks until they were at 70 to
80% confluency. Cells were washed in PBS and then scraped
from dish in TBSE + protease inhibitors (150 mM NaCl,
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50 mM Tris–HCl [pH 7.4], 5 mM EDTA with PMSF, leu-
peptin, aprotinin, pepstatin, and chymostatin). Cells were ho-
mogenized by passing thorough a 26-gauge needle 10 times.
Cell debris and nuclei were pelleted by centrifugation at 700g
for 5 min at 4 �C. Supernatant was transferred to a new 1.5 ml
tube and centrifuged at 10,000g for 5 min to pellet mito-
chondria. Supernatant was then spun at 100,000g for 1 h in a
Beckman-Coulter Optima XP ultracentrifuge to pellet the
membrane fraction. Supernatant containing the cytosolic
fraction was removed, and protein was precipitated with 10%
trichloroacetic acid. The precipitated protein was solubilized
in cracking buffer. The membrane pellet was also solubilized in
cracking buffer. Samples were analyzed by SDS-PAGE fol-
lowed by Western blotting as described previously. Blots
shown are representative of three biological replicates.
Computational modeling

Predictive protein models were generated by AlphaFold2
and AlphaFold3 (47, 68). Analysis of the protein structures
was done with USCF ChimeraX (69). AlphaFold3 models of
individual proteins are assigned a pTM (predicted template
modeling) score, and multiprotein complexes are assigned
an ipTM (interface predicted template modeling) score (47).
A pTM score >0.5 reflects a confident model likely to be
similar to the true structure of the protein. An ipTM score
between 0.6 and 0.8 represents low confidence in the relative
position of proteins within a complex, whereas a score >0.8
reflect high confidence in the modeling of a complex. Both
pTM and ipTM reflect more confident models as scores
approach 1.
Data availability

Source data are available at 10.58120/upstate.26799115.
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