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Lgd regulates ESCRT-lIl complex accumulation at
multivesicular endosomes to control intralumenal

vesicle formation
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ABSTRACT Membrane remodeling mediated by heteropolymeric filaments composed of
ESCRT-II subunits is an essential process that occurs at a variety of organelles to maintain
cellular homeostasis. Members of the evolutionarily conserved Lgd/CC2D1 protein family
have been suggested to regulate ESCRT-lIl polymer assembly, although their specific roles,
particularly in vivo, remain unclear. Using the Caenorhabditis elegans early embryo as a mod-
el system, we show that Lgd/CC2D1 localizes to endosomal membranes, and its loss impairs
endolysosomal cargo sorting and degradation. At the ultrastructural level, the absence of
Lgd/CC2D1 results in the accumulation of enlarged endosomal compartments that contain a
reduced number of intralumenal vesicles (ILVs). However, unlike aberrant endosome mor-
phology caused by depletion of other ESCRT components, ILV size is only modestly altered
in embryos lacking Lgd/CC2D1. Instead, loss of Lgd/CC2D1 impairs normal accumulation of
ESCRT-Il on endosomal membranes, likely slowing the kinetics of ILV formation. Together,
our findings suggest a role for Lgd/CC2D1 in the recruitment and/or stable assembly of
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ESCRT-lIl subunits on endosomal membranes to facilitate efficient ILV biogenesis.

INTRODUCTION

The endosomal sorting complex required for transport (ESCRT) ma-
chinery has been implicated in membrane remodeling events at
numerous intracellular sites, including endosomes, lysosomes, au-
tophagosomes, plasma membrane, endoplasmic reticulum, and the
nuclear envelope (Gatta and Carlton, 2019; Vietri et al., 2020;
Olmos, 2022). In particular, ESCRT-lIl complexes facilitate both
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membrane bending and scission, likely through their ability to form
dynamic filaments that are capable of binding to lipid bilayers with
high affinity, while simultaneously undergoing constriction (Pfitzner
et al., 2021; Migliano et al., 2022). Unlike other molecular machines
that promote membrane severing reactions, ESCRT-IIl has been
suggested to act in two distinct orientations. At multivesicular endo-
somes (MVEs), ESCRT-IIl functions within the necks of nascent intra-
lumenal vesicles (ILVs) to mediate their narrowing, eventually result-
ing in the deposition of ILVs into the endosome lumen for
degradation (Frankel and Audhya, 2018). In a similar manner, re-
cruitment of ESCRT-IIl to small holes in the plasma membrane cre-
ated by extracellular damage enables lipid bilayer resealing and
synchronized shedding of wounded membrane away from the cyto-
plasm (Jimenez et al., 2014; Zhen et al., 2021). Acting in an opposite
orientation, ESCRT-Ill has also been implicated in the fission of
membrane tubules, both on endosomes and the inner nuclear
membrane, which are released into the cytoplasm and nucleoplasm,
respectively (Allison et al., 2013; McCullough et al., 2015; Shankar
et al., 2022). How the recruitment and dynamics of ESCRT-IIl com-
plexes are regulated at these different sites remains poorly under-
stood, but likely relies upon upstream components of the ESCRT
machinery, as well as accessory factors that have been shown to in-
teract with ESCRT-IIl subunits (Olmos, 2022).
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In mammals, 12 ESCRT-Ill subunits (CHMP1A-CHMP7 and lIst1)
have been identified, some of which possess overlapping roles at
membrane remodeling sites. All exhibit structural similarities to one
another, including the presence of multiple alpha helices, which
have been shown to mediate homo- and heteropolymerization be-
tween individual subunits. In some cases, regulation of this assem-
bly process has been suggested to rely on conformational changes
that expose binding interfaces (Olmos, 2022; Migliano et al., 2022).
As an example, inactive CHMP3 appears to exist in a closed state,
where five of its alpha helices are packed against one another to
prevent polymerization (Muziol et al., 2006; Lata et al., 2008). Transi-
tion to an open conformation relieves autoinhibition, enabling inter-
action with CHMP2 family members (Bajorek et al., 2009). Repeat-
ing units of CHMP2-CHMP3 heterodimers coassemble to form
helical filaments on lipid bilayers, which can additionally interact
with other ESCRT-lIl polymers, as well as the Vps4 ATPase, to ulti-
mately drive membrane remodeling (Mierzwa et al., 2017; Bertin
et al., 2020; Algabandi et al., 2021; Azad et al., 2022). However, it
remains unknown how conformational changes in individual ESCRT-
Il subunits are triggered to promote this cascade of events, nor is it
well understood how their local concentrations are maintained at
membrane surfaces to sustain progressive bilayer bending.

An alternative model suggests that ESCRT-IIl subunits exist in a
dynamic equilibrium between open and closed states and leverage
membrane binding and/or interactions with other factors to stimu-
late polymerization, while precocious filament assembly at inappro-
priate sites including the cytoplasm is prevented by a distinct set of
regulators (Schuh et al., 2015; Tang et al., 2016; McMillan et al.,
2017, Pfitzner et al., 2021). In particular, members of the conserved
Lgd/CC2D1 (Lgd) family have been demonstrated to bind directly
to CHMP4 isoforms, occluding the interface used normally to form
homopolymers, without impacting their conformational states (Mar-
tinelli et al., 2012; McMillan et al., 2017; Baeumers et al., 2020). All
Lgd proteins exhibit a similar architecture, with a series of DM14
(Drosophila melanogaster-14) motifs in their amino termini, which
bind to a subset of ESCRT-III subunits, followed by a C2 domain that
directs localization and stability (Gallagher and Knoblich, 2006;
Drusenheimer et al., 2015; McMillan et al., 2017; Baeumers et al.,
2022). Loss of function mutations in Lgd cause defects in endosomal
cargo sorting, leading to lethality at the early pupal stage in
Drosophila, which has been attributed, at least in part, to excessive
activation of the Notch signaling pathway (Childress et al., 2006;
Gallagher and Knoblich, 2006; Jaekel and Klein, 2006). Notably,
overexpression of CHMP4 could partially rescue this phenotype, en-
abling animals to reach adulthood, although the mechanism under-
lying this suppression remains unclear (Baeumers et al., 2020). In
mammals, simultaneous deletion of both genes encoding Lgd iso-
forms (CC2D1A and CC2D1B) causes early embryo lethality, and
depletion studies indicate that they possess partially overlapping
roles in regulating degradative cargo sorting within the endolyso-
somal system (Zhao et al., 2011; Drusenheimer et al., 2015; Deshar
et al., 2016; Zamarbide et al., 2018). Additionally, CC2D1B has also
been shown to regulate the timing of ESCRT-lIl assembly at the nu-
clear envelope as it reforms following mitosis. Specifically, loss of
CC2D1B results in the premature polymerization of CHMP4 pro-
tomers at gaps in the nuclear envelope, leading to defects in its
morphology and function (Ventimiglia et al., 2018). Together, these
findings suggest that Lgd isoforms serve as molecular timers for
ESCRT-III filament formation, helping to ensure the proper spatio-
temporal activity of ESCRT-mediated membrane remodeling, al-
though our mechanistic understanding of this regulatory role re-
mains incomplete.
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Here, we take advantage of the newly fertilized Caenorhabditis
elegans zygote as a model system to further define the roles of Lgd
in regulating ESCRT-IIl assembly and function. We demonstrate that
Lgd localizes to early endosomes that harbor components of the
ESCRT machinery rapidly after the oocyte-to-embryo transition,
when de novo MVE biogenesis is initiated (Frankel et al., 2017). Ad-
ditionally, similar to prior findings (Baeumers et al., 2020), we find
that loss of Lgd slows the rate of degradative cargo sorting and re-
duces the kinetics of ILV biogenesis, resulting in the dilation of en-
dosomes. Surprisingly, the few ILVs that form in the absence of Lgd
are morphologically similar to those found in control animals, exhib-
iting only a modest increase in diameter, suggesting that ESCRT-III
function remains largely intact under these conditions. However, we
find that loss of Lgd reduces the concentration of CHMP4 on endo-
somes, providing a potential explanation for the kinetic delay in
cargo degradation. Our data support a model in which Lgd acts to
stabilize levels of CHMP4 at endosomal microdomains from which
ILV formation occurs.

RESULTS

Lgd localizes to endosomes following the oocyte-to-embryo
transition

Based on sequence analysis, the nematode C. elegans expresses a
single member of the Lgd/CC2D1 protein family that is encoded by
Y37H9A.3, which we refer to as Lgd. To determine its distribution
during early development, we used CRISPR/Cas9-mediated ge-
nome editing to append a GFP tag onto the amino terminus of the
endogenous protein. Live imaging of the resulting strain (PHX1889)
using confocal microscopy revealed a mainly cytoplasmic localiza-
tion of GFP-Lgd, although soon after fertilization, we found that it
accumulated at numerous punctate structures that were highly dy-
namic near the periphery of zygotes, which was reminiscent of the
distribution of early endosomes (Figure 1A and Supplemental Video
1; Wang and Audhya, 2014). To investigate this idea further, we ex-
amined the relative localizations of Lgd and the Rab5 GTPase, which
marks early endosomes (Chavrier et al., 1990), and found that on
average, more than 50% of Lgd-positive structures also harbored
Rab5 (Figure 1, B and C). These data indicate that Lgd is at least in
part an endosomal protein.

Early-acting components of the ESCRT machinery, including the
ESCRT-I subunit Tsg101, that function upstream of ESCRT-IlI in the
formation of MVEs similarly associate with Rab5-positive endosomes
(Supplemental Figure S1, A and B; Audhya et al., 2007a). To examine
the degree of overlap between Lgd and the ESCRT machinery, we
generated animals coexpressing GFP-Lgd and mCherry-STAM,
components of the ESCRT-0 complex. On average, we found that
Lgd colocalizes with STAM more than 60% of the time, consistent
with a role for Lgd in regulating ESCRT activity on endosomes (Figure
1, D and E). These findings raised the question of whether the ESCRT
machinery itself may be involved in recruiting Lgd to membranes. To
test this possibility, we conducted a series of RNA interference
(RNAi}-mediated depletion studies targeting key components of the
ESCRT-0, -I, -Il, and -lll complexes, as well as the Vps4 ATPase. While
reduced levels of late-acting ESCRT components (ESCRT-Il, ESCRT-
l1l, and Vps4) failed to disrupt targeting of Lgd to endosomes harbor-
ing the ESCRT-0 subunit STAM, depletion of ESCRT-0 (Hrs) or ESCRT-
I (Tsg101) significantly reduced the ability of Lgd to accumulate on
endosomal membranes (Figure 2, A-D). Because depletion of Hrs
prevents recruitment of STAM onto endosomes (Bache et al., 2003),
we used a mCherry fusion to Rab5 to mark them under this particular
condition (Figure 2, C and D). Overall, our data suggest that Lgd
partially depends upon the early-acting ESCRT complexes for its
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FIGURE 1: Lgd localizes to endosomes during early C. elegans
embryogenesis. (A) Representative images taken in utero of animals
natively expressing a GFP fusion to Lgd using confocal microscopy
are shown at 30-s intervals (n = 6 animals). Bar, 10 pm.

(B, D) Representative images of zygotes coexpressing a GFP fusion to
Lgd and a mCherry fusion to Rab5 (B) or STAM (D) were acquired live
using confocal microscopy (n = 6 animals each). Bars, 10 pm.

(C, E) Quantification showing the percentage of Lgd-labeled
structures that also harbor Rab5 (C) or STAM (E), calculated using
Imaris.

localization, but it retains an ability to associate with endosomes
even in their absence, arguing that additional factors, such as phos-
pholipids that have been suggested to associate with its C2 domain
(Gallagher and Knoblich, 2006), are also involved in directing Lgd to
these compartments (Figure 2, A-D). Consistent with this idea, we
found that recombinant Lgd, which forms elongated monomers in
solution (Figure 2E), binds directly to liposomes in vitro, in a manner
that is dependent on the presence of acidic phospholipids, which are
abundant in early endosomes (Figure 2F; Arumugam and Kaur,
2017).

Lgd associates with the nuclear envelope during mitosis

Notably, following penetrant depletion of the ESCRT-III subunit
CHMP4, we found that Lgd hyperaccumulates on the nuclear enve-
lopes of daughter cells (Figure 3A). Additionally, upon closer inspec-
tion of control embryos, we found that Lgd associates weakly with
the periphery of the nucleus as the nuclear envelope begins to dis-
assemble ahead of each mitotic division (Figure 3, B and C). We
speculated that exposure to CHMP7, which we demonstrated previ-
ously to localize to the inner nuclear membrane during interphase in
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FIGURE 2: Lgd localization to endosomes is dependent on multiple
factors. (A, C) Representative images of zygotes coexpressing a GFP
fusion to Lgd and a mCherry fusion to STAM (A) or Rab5 (C) were
acquired live using confocal microscopy (n = more than five animals
each; zoomed portions of embryos are shown), in the presence and
absence of various ESCRT proteins. Bar, 2 um. (B, D) Quantification
showing the relative level of overlap between Lgd and STAM (B) or
Rab5 (D) under various depletion conditions as compared with control
animals. **, p <0.01 and *, p < 0.05, based on a t test (D) or an
ANOVA followed by a Tukey post hoc test (B). (E) Purified
recombinant Lgd was separated over a Wyatt gel filtration column
coupled to a multiangle light-scattering system and fractions were
separated by SDS-PAGE, followed by silver staining, to calculate its
Stokes radius (top). UV absorbance (red) and light-scattering (green)
profiles are also shown (bottom), which were used to calculate the
molecular mass of Lgd (n = 3). (F) Recombinant Lgd (4 pM) was
resuspended in a buffer containing Accudenz in the presence or
absence of liposomes with two distinct lipid compositions and
subjected to centrifugation. Protein-lipid complexes that floated to
the surface were recovered by hand and subjected to SDS-PAGE,
followed by silver staining (n = 3).

C. elegans embryos (Shankar et al., 2022), enables transient recruit-
ment of Lgd during nuclear envelope breakdown. Consistent with
this idea, in the absence of CHMP7, Lgd accumulation at the nuclear
periphery before mitosis was dramatically reduced (Figure 3, B and
C). In addition, during nuclear envelope reformation following ana-
phase onset, Lgd was again found to associate transiently with the
nuclear periphery in a manner dependent on CHMP7 (Figure 3D).
To determine whether a direct interaction exists between Lgd and
CHMP7, we conducted a series of GST pull-down assays, which re-
vealed that Lgd binds CHMP7 specifically through its carboxyl-ter-
minal ESCRT-Ill-like region (Figure 3E), similar to their mammalian
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homologues (Ventimiglia et al., 2018). We additionally found that
Lgd binds directly to the C. elegans CHMP4 isoform (Supplemental
Figure S1C), also consistent with previous studies (Martinelli et al.,
2012; McMillan et al., 2017). However, we failed to detect interac-
tions between Lgd and any other ESCRT-lII subunit (Supplemental
Figure S1D). Taken together, our findings suggest that binding to
CHMP4 facilitates retention of Lgd within the cytoplasm. Moreover,
in the absence of CHMP4, an interaction with CHMP7 drives redis-
tribution of Lgd to the inner nuclear membrane. Strikingly, deletion
of CHMP7 prevents targeting of Lgd to the nuclear envelope, even
when CHMPA4 levels are reduced via RNAI. Instead, under these
conditions, Lgd accumulates at the plasma membrane, suggesting
that additional binding partners for Lgd likely exist there (Supple-
mental Figure STE).

Lgd is required for rapid ESCRT-mediated cargo
degradation

To further investigate the role of Lgd in embryonic development, we
used CRISPR/Cas?-mediated editing to create a deletion allele
(hz24), which lacks coding regions for all four of its DM14 motifs, as
well as a significant portion of its C2 domain (Supplemental Figure
S1F). Animals heterozygous for this mutation were allowed to prop-
agate under normal feeding conditions, which revealed that ~25%
of all progeny failed to mature beyond the L1 larval stage. Sequenc-
ing results indicated that these developmentally arrested animals
were homozygous for the deletion allele. We also examined growth
under a second feeding condition, using bacterial strain HT115 as
opposed to OP50 as a food source. To our surprise, this relatively
modest change enabled homozygous mutant animals to reach
adulthood, which was confirmed using immunoblot analysis (Figure
4A). However, homozygous mutant hermaphrodites were all sterile,
exhibiting a defect in spermatogenesis, similar to a phenotype ob-
served previously in animals lacking the ESCRT-0 subunit STAM
(Govindan et al., 2006). By mating these mutant hermaphrodites
with control males, we were able to study the first zygotic divisions
in the absence of Lgd, as expression of the male-derived genome
does not initiate for several embryonic cell cycles (Seydoux and
Dunn, 1997).

Previous studies have identified numerous ubiquitin-modified,
membrane-associated cargoes that are substrates for ESCRT-de-
pendent sorting into MVEs (Raiborg et al., 2003). In C. elegans em-
bryos, a GFP fusion to caveolin-1 (Cav1) serves as an ideal model
cargo, with inactivation of GFP fluorescence serving as a proxy for
the timing of ESCRT-mediated internalization into the lumen of acid-
ified endosomes (Sato et al., 2006; Audhya et al., 2007a; Frankel
et al., 2017). To determine how loss of Lgd affects endosomal cargo
sorting, we examined the rate at which Cav1 fluorescence was ter-
minated during early embryogenesis in control and mutant animals.
Our findings consistently showed that the absence of Lgd dramati-
cally slowed the kinetics of Cav1 degradation relative to control
(Figure 4B; 10/10 animals lacking Lgd exhibited Cav1 fluorescence
at the four-cell stage, while 0/10 control animals exhibited this phe-
notype). Instead, Cav1 localized to enlarged membrane compart-
ments in mutant animals, similar to those seen in animals depleted
of CHMP4 (Frankel et al., 2017).

To confirm the identity of the sites where Cav1 accumulated in
embryos lacking Lgd, we conducted a series of immunofluores-
cence studies. Consistent with the idea that the loss of Lgd impairs
endosomal protein sorting, we found that Cav1 colocalized with
components of the ESCRT-0 and ESCRT-I complexes on abnor-
mally large endosomes in mutant animals (Figure 4, C and D). In
contrast, we failed to identify CHMP4 at the majority of these sites

4 | A L Clarke et al.

GFP-Lgd GFP-Lgd / mCherry-H2B

Control

W chmp4 RNAI

Control

Cs
< NE NE Reformation
-~ 1.0 l — Control -
2 —chmp7 GFP-Lgd Merge
2 5
2 E
£05 S
g ($)
N N
® Q
E oo E
S 00 10 20 S

Distance (um)

Input Pull-down

S —e-Lgd

= *-GST-CHMP7
— & -GST-CHMP7C
- = &  -GST-CHMP7N

= -

-

FIGURE 3: Lgd binds to CHMP7 at the inner nuclear membrane.

(A) Representative images of four-cell stage embryos coexpressing a
GFP fusion to Lgd and an mCherry fusion to histone H2B were
imaged live using confocal microscopy in the presence and absence of
CHMP4 (n =5 animals each). Zoomed regions of nuclei are also
shown. Bar, 10 pm; inset bar, 2 um. (B, D) Representative images of
embryos (zoomed to visualize nuclei) coexpressing a GFP fusion to
Lgd and an mCherry fusion to histone H2B during nuclear envelope
breakdown (B) and nuclear envelope reformation (D), in the presence
(top) and absence (bottom) of CHMP7. Bars, 2 um. (C) Linescan
analysis showing the fluorescence intensity of GFP-Lgd along the
dashed lines shown in panel B in the presence and absence of
CHMP?7. (E) GST and GST fusions to CHMP?7 (full-length or fragments)
bound to glutathione agarose were incubated with full-length
recombinant Lgd, and after extensive washing, proteins were eluted
and separated by SDS-PAGE followed by staining using Coomassie
(n=3). Note that Lgd associates with the CHMP7 carboxyl-terminal
domain (CHMP7C), but not its amino-terminal domain (CHMP7N).
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control animals. *, p < 0.05, based on an ANOVA followed by a Tukey post hoc test. (G)
Representative images of control and Igd mutant zygotes expressing a GFP fusion to Cav1 and
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(Figure 4, E and F), suggesting a defect in
its recruitment to endosomal microdomains
in the absence of Lgd. Even under condi-
tions where we codepleted Vps4, which
blocks recycling of ESCRT-lI subunits from
membranes (McCullough et al., 2018), we
did not find that CHMP4 hyperaccumulated
at the abnormally swollen endosomes that
form in embryos lacking Lgd (Figure 4G).
Instead, CHMP4 remained largely cytoplas-
mic under these conditions. Our findings
suggest that Lgd functions in the stable re-
cruitment of CHMP4 to endosomes, as op-
posed to acting only as an inhibitor of
CHMP4 polymerization.

Lgd regulates the formation of ILVs
To better define the impact of removing Lgd
on the formation of MVEs, we conducted
high-pressure freezing of intact control and
mutant animals, and following freeze substi-
tution and embedding in plastic, negatively
stained thin sections of early one-cell stage
embryos were analyzed by electron micros-
copy. These studies revealed significant dif-
ferences in the sizes of endosomes and ILVs
that form in the presence and absence of
Lgd (Figure 5, A-D). Specifically, we found
that the average diameter of endosomes in-
creased by more than 30% when Lgd was
eliminated, with a concomitant decrease in
the number of ILVs that were identified within
them (Figure 5, B and C). The vast majority of
endosomes in embryos lacking Lgd har-
bored no internal vesicles (more than 75%),
with the remainder containing fewer than five
ILVs in any individual section (Figure 5E). In
contrast, analysis of control embryos showed
most MVEs contained at least one ILV (more
than 75%), and greater than 30% possessed
more than six ILVs, a population that was en-
tirely absent in mutant embryos (Figure 5E).
Rigorous analysis of ILVs demonstrated
that loss of Lgd causes an ~20% increase in
their diameter (Figure 5B). Our previous
studies similarly showed that partial deple-
tion of CHMP4 also results in the formation
of larger ILVs (Frankel et al., 2017), consis-
tent with a model in which Lgd facilitates its
stable recruitment to the endosomal limit-
ing membrane (Figure 6). Together, our find-
ings suggest that Lgd-mediated regulation
of CHMP4 accumulation promotes efficient
ILV formation at MVEs to sort and ultimately
degrade cargoes.

immunostained using antibodies directed
against CHMP4 are shown following
depletion of Vps4 (n=5 animals each;
zoomed portions of embryos are shown).
Bar, 2 ym.
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FIGURE 5: Loss of Lgd impairs ILV formation within MVEs.

(A) Representative images of MVEs in control and Igd mutant zygotes
following negative staining electron microscopy (n = more than

60 MVEs, each). Bar, 100 nm. (B-D) Quantification of MVE (C) and ILV
(D) diameter in control and Igd mutant zygotes, including a table with
averages (B). *, p < 0.05, based on a t test. (E) Histogram showing the
relative number of ILVs identified in thin sections from control and Igd
mutant zygotes.

DISCUSSION

Because the first descriptions of the ESCRT machinery were pub-
lished more than two decades ago (Katzmann et al., 2001; Babst
et al., 2002a,b), substantial efforts have been invested to define
the structure and function of individual subunits and complexes to
understand how its ability to manipulate membranes is achieved.
We now have a comprehensive list of the key players involved,
including broad consensus in the field that the ESCRT-IIl complex
promotes membrane bending and scission (Olmos, 2022). How-
ever, at a mechanistic level, how ESCRT-lll assembly on mem-
branes is orchestrated and properly tuned remains unclear. Given
the large number of membrane remodeling processes in which
ESCRT-IIl has been implicated, there likely exist numerous forms
of regulation to ensure its timely action at each site. Our studies
highlight the importance of ESCRT-lll regulation at endosomes,
which involves the CHMP4-binding protein Lgd. Despite the abil-
ity of Lgd to obscure the key interface necessary for CHMP4
homopolymerization, we find that it is surprisingly required for
promoting CHMP4 association with the endosomal limiting mem-
brane, potentially by maintaining a local pool of subunits for rapid
assembly necessary to scaffold the membrane bending process to
create ILVs.
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Although several studies have attempted to specify the distribu-
tion of Lgd in cells, most have depended upon the use of overex-
pression, making it difficult to resolve Lgd association with cellular
membranes above its presence in the cytoplasm (Reiff et al., 2021).
Recently, by driving overexpression under its native promoter in
Drosophila, a small fraction of Lgd was found to associate with en-
dosomes (Baeumers et al., 2020). In contrast, by leveraging CRISPR/
Cas9-mediated genome editing, we have found that a substantial
fraction of Lgd localizes with the early endosome markers Rab5 and
STAM in one-cell stage C. elegans embryos. At this stage of devel-
opment, a large number of MVEs are generated de novo, as mem-
brane proteins associated with the oocyte plasma membrane must
be rapidly down-regulated and replaced (Wang and Audhya, 2014).
Elevated flux through the ESCRT pathway during this period likely
enhanced our ability to resolve Lgd with other components of the
ESCRT machinery at endosomes. Similarly, Lgd association with the
nuclear envelope has been challenging to resolve under normal
conditions, due to its transient accumulation there during mitosis
(Ventimiglia et al., 2018). Strikingly, by depleting CHMP4, we found
that Lgd accumulated in a CHMP7-dependent manner at the inner
nuclear envelope during interphase. This was surprising, because
several lines of evidence suggest that Lgd can associate with both
CHMP7 and CHMP4 simultaneously (McMillan et al., 2017; Ventimi-
glia et al., 2018). The necessity to deplete CHMP4 to visualize stable
localization of Lgd to the nuclear envelope in C. elegans embryos
suggests that in vivo, there exists competition between ESCRT-III
subunits for binding to Lgd, at least during mitosis, when CHMP7
enters the cytoplasm and localizes throughout the endoplasmic re-
ticulum (Vietri et al., 2015; Olmos et al., 2016). Further studies will
be necessary to understand how Lgd binding to different ESCRT-III
factors is regulated, although our biochemical studies suggest that
only CHMP4 and CHMP?7 are substrates of Lgd.

An additional localization determinant for Lgd lies within its car-
boxyl-terminal C2 domain. Several studies have shown that the C2
domain of Lgd is necessary for its function and ability to bind mem-
branes, both at endosomes and the nuclear envelope (Gallagher
and Knoblich, 2006; Troost et al., 2012; Ventimiglia et al., 2018).
Consistent with these studies, we found that C. elegans Lgd mini-
mally requires the presence of acidic phospholipids to bind lipo-
somes in vitro, indicative that the role of the C2 domain in mem-
brane binding is likely conserved. Additionally, our depletion studies
suggest that Lgd remains capable, albeit weakly, of binding to en-
dosomes, even when upstream components of the ESCRT machin-
ery are absent. These studies suggest that coincident detection of
protein- and lipid-binding partners, a common theme in phos-
phoinositide signaling pathways (Carlton and Cullen, 2005), are nec-
essary to specify the membranes on which Lgd acts. By leveraging
coincident detection, Lgd may achieve highly restricted localization
patterns in cells, preventing its action at other sites, which could in-
terfere with ESCRT function as opposed to facilitating it. Notably,
when both CHMP4 and CHMP7 are absent, Lgd is redistributed in
part to the plasma membrane. These studies suggest that addi-
tional, potentially lower affinity binding partners for Lgd exist, which
await discovery.

Based on previous studies, in concert with our current findings, a
role for Lgd at MVEs to regulate degradative cargo sorting via stim-
ulation of ILV biogenesis is clear (Baeumers et al., 2020). Our data
show that normal CHMP4 accumulation at the limiting membrane
requires Lgd, suggesting that targeting of ESCRT-III subunits likely
relies on additional factors beyond canonical upstream components
of the ESCRT machinery. Although several mechanisms exist to pro-
mote CHMP4 accumulation on membranes, including key roles for
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FIGURE 6: Model highlighting a role for Lgd during ILV formation. Based on our findings, we
propose that Lgd functions to stabilize CHMP4 at the limiting membrane of endosomes to
facilitate ILV formation (left). In the absence of Lgd, CHMP4 recruitment to MVEs is diminished,
slowing the biogenesis of ILVs and decreasing the rate of cargo degradation (right).

CHMPé6 at MVEs, CHMP7 at the nuclear envelope, and ALIX at sites
of HIV budding, the efficiencies of these processes may be further
enhanced by molecules like Lgd (Vietri et al., 2020). One possibility
is that a low concentration of Lgd present on cellular membranes
serves to maintain a local pool of CHMP4 subunits, which can rap-
idly coassemble into spiral filaments upon demand. In light of our
prior work demonstrating that nearly 800 subunits of CHMP4 can
homopolymerize into flat spiral filaments (Shen et al., 2014), it is
perhaps unsurprising that additional regulatory mechanisms act in
cells to retain individual CHMP4 protomers at sites of filament as-
sembly. In the absence of Lgd, recruitment of CHMP4 to MVEs is
reduced, but not eliminated, compromising the rate of ILV forma-
tion. Under conditions where rapid down-regulation of membrane-
bound receptors is necessary, including embryonic and larval devel-
opment, the loss of Lgd is lethal, as has been observed in mice,
Drosophila, and now in C. elegans (Reiff et al., 2021). Future studies
aimed at testing the idea of Lgd serving as a “concentrator” for
CHMP4 on membranes will be important to fully understand the
mechanisms underlying regulation of ESCRT-mediated membrane
remodeling.

MATERIALS AND METHODS

CRISPR/Cas9-mediated genome editing and RNAi

Genome editing to create a deletion within C. elegans Lgd (hz24)
was carried out in the Bristol strain N2 (or a derivative) as described
previously (Paix et al., 2015). The following pair of guide RNAs was
used to generate the deletion allele, which created breakpoints
between exons 1 and 2 and between exons 8 and 9, followed by
nonhomologous end joining: 5-ACAAUUUACCCCUAUUGAGC-3’
and 5-AUUUUUUAAAUAUCGACCUU-3". Generation of an allele
encoding an amino-terminal GFP fusion to endogenous Lgd
(syb1889) was outsourced (SunyBiotech). Specifically, the se-
quence of a codon-optimized version of GFP (S65C) for expression
in C. elegans (including introns) was inserted immediately down-
stream from the start codon of Lgd, leveraging the following guide
RNA: 5-GAUAUUGAUAAUCAAAUGUA-3'. All other strains used
have been characterized previously (McNally et al., 2006; Sato
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etal., 2017). Standard genetic crosses were
A performed to combine alleles, and all
strains were maintained at either 20°C or
15°C. Templates for generating double-
stranded RNAs used in RNAi experiments
were synthesized by PCR using N2 ge-
nomic DNA or cDNA. Depletion studies
were conducted as described previously
(Frankel et al., 2017).

Fluorescence and electron microscopy
imaging studies

Confocal imaging was conducted either us-
ing a swept-field confocal scanhead (distrib-
uted by Bruker) mounted onto a Nikon
Eclipse Ti-E microscope stand, equipped
with a 60x Planapo oil immersion objective
and a CoolSNAP HQ2 CCD camera or a
Yokogawa W1 confocal scanhead mounted
onto a Nikon Ti2 microscope with a Hama-
matsu Orca Flash 4 camera. For immuno-
fluorescence studies, embryos were fixed
using cold methanol and stained as de-
scribed previously (Crittenden and Kimble,
2009; Frankel et al., 2017). For live imaging, animals were mounted
onto 10% agarose pads and imaged under minimal compression in
polystyrene beads (Polysciences; 2.5% by volume, 0.1 um diame-
ter). Fluorescence intensity measurements and colocalization analy-
ses were performed using Imaris.

For electron microscopy, worms were loaded into 100-pym deep
sample holders (Technotrade, Manchester, NH) coated with 1-hexa-
decene, and a suspension of bacteria was used as a cryoprotectant.
High-pressure freezing was carried out using a Leica EM ICE system.
After freezing, samples were substituted into a solution of 1% OsO4
and 1% H,O in acetone, as described previously (Shankar et al.,
2022), followed by centrifugation into increasing concentrations of
epoxy EMbed 812 resin (Electron Microscopy Sciences, Hatfield,
PA). Animals were mounted and sectioned longitudinally (~80 nm).
Samples were poststained as described previously and imaged us-
ing a Philips CM120 TEM operated at 80 kV and equipped with an
AMT Biosprint 12 series digital camera.

Antibody production and recombinant protein purification
and analysis

Production of rabbit polyclonal antiserum directed against Lgd was
outsourced (Pacific Immunology, Ramona, CA). Rabbits were immu-
nized with a fragment of Lgd (residues 345-792), and serum was
affinity purified as described previously (Audhya et al., 2007a). Anti-
bodies directed against other C. elegans ESCRT proteins have been
described elsewhere (Mayers et al., 2013; Shen et al., 2014; Frankel
et al., 2017). All antibodies were used at a final concentration of
1 pg/ml, with the exception of Lgd antibodies (used at 10 pg/ml)
and CHMP4 antibodies (used at 5 pg/ml). Antibodies directed
against B-actin were obtained commercially (Sigma).

Recombinant proteins were expressed using BL21-T1R (DE3)
bacteria, as described previously (Schuh et al., 2015). Full-length
Lgd, as well as truncation mutants, were cloned into the pET-28a
vector, which encodes a cleavable 6xHis-SUMO tag at the amino
terminus. Initial purifications from bacterial lysates were performed
using Ni-nitrilotriacetic acid agarose, and eluted proteins were ap-
plied onto a MonoS 5/50 GL cation exchange column (Cytiva) to
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increase purity. ESCRT-IIl subunits were expressed as GST fusion
proteins and purified on glutathione agarose beads. In cases where
the GST tag was cleaved, eluted proteins were applied onto an
SRT-C SEC-300 size exclusion column (Sepax Technologies, Neward,
DE) for further purification.

For GST pull-down assays, 100 pg of purified GST or a GST fu-
sion protein was bound to 8 pl of glutathione agarose beads and
washed extensively. A potential binding partner of 80 ug was then
incubated with the beads for 1 h, followed by washing. Bound pro-
teins were recovered by boiling in sample buffer and separated by
SDS-PAGE, followed by Coomassie or silver staining. For multian-
gle light-scattering studies, purified protein was applied onto a size
exclusion chromatography column (WTC-030S5; Wyatt Technology
Corporation, Santa Barbara, CA), coupled to a three-angle light-
scattering detector (miniDAWN TREOS; Wyatt Technology Corpo-
ration). Data were collected at a flow rate of 0.5 ml/min and ana-
lyzed using ASTRA software (Wyatt Technology Corporation). The
Stokes radius of each protein or protein complex was calculated
from its elution volume, based on the elution profiles of character-
ized globular standards on the Wyatt column, as described previ-
ously (Schuh et al., 2015).

Liposome generation and cofloatation assays

Liposomes were generated as described previously (Schuh et al.,
2015; Hanna et al., 2016), composed of either 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), 99% and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-n-(lissamine rhodamine B sulfonyl)
(@ammonium salt) (Rho-PE), 1%, or DOPC, 70%; 1,2-dioleoyl-sn-
glycero-3-phosphoserine, 29%; Rho-PE, 1%. Lipid mixtures were
dried, resuspended in buffer to a final concentration of 15 mM, and
subjected to extrusion through a nitrocellulose filter (Whatman) with
0.03-pum pores.

For liposome cofloatation assays, 4 uM of purified Lgd was incu-
bated with 2 mM charged or neutral liposomes at room temperature
for 30 min, then mixed with an equal volume of 80% Accudenz
(Accurate Chemical and Scientific Corporation, Carle Place, NY)
to form a 40% Accudenz-liposome—-protein solution. 35%, 30%,
and 0% Accudenz layers were added on top and centrifuged at
50,000 rpm for 2.5 h. The top 40 pl were collected and analyzed by
SDS-PAGE followed by silver staining.
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