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Brol stimulates Vps4 to promote intralumenal
vesicle formation during multivesicular body

biogenesis

Chun-Che Tseng?*®, Shirley Dean?*, Brian A. Davies!, Ishara F. Azmi?, Natalya Pashkova®®, Johanna A. Payne, Jennifer Staffenhagen’, Matt West*,

Robert C. Piper’®, Greg Odorizzi%, and David |. Katzmann?@®

Endosomal sorting complexes required for transport (ESCRT-0, -I, -II, -11l) execute cargo sorting and intralumenal vesicle (ILV)
formation during conversion of endosomes to multivesicular bodies (MVBs). The AAA-ATPase Vps4 regulates the ESCRT-III
polymer to facilitate membrane remodeling and ILV scission during MVB biogenesis. Here, we show that the conserved V
domain of ESCRT-associated protein Brol (the yeast homologue of mammalian proteins ALIX and HD-PTP) directly stimulates
Vps4. This activity is required for MVB cargo sorting. Furthermore, the Brol V domain alone supports Vps4/ESCRT-driven ILV
formation in vivo without efficient MVB cargo sorting. These results reveal a novel activity of the V domains of Brol
homologues in licensing ESCRT-1lI-dependent ILV formation and suggest a role in coordinating cargo sorting with membrane
remodeling during MVB sorting. Moreover, ubiquitin binding enhances V domain stimulation of Vps4 to promote ILV formation
via the Brol-Vps4-ESCRT-IIl axis, uncovering a novel role for ubiquitin during MVB biogenesis in addition to facilitating cargo

recognition.

Introduction

The endosomal sorting complexes required for transport
(ESCRTs) have been implicated in a number of cellular mem-
brane remodeling processes, including intralumenal vesicle
(ILV) generation during the conversion of endosomes into
multivesicular bodies (MVBs; relevant to both lysosomal deg-
radation and exosome biogenesis), abscission during cytokine-
sis, viral budding, nuclear pore surveillance, autophagy, and
membrane repair (Baietti et al., 2012; Lee et al., 2007a; Webster
etal,, 2014; Skowyra et al., 2018; Takahashi et al., 2018; reviewed
by Hanson and Cashikar, 2012; Vietri et al., 2020; Votteler and
Sundquist, 2013). These studies have highlighted a conserved
role for ESCRT-III and associated factors in membrane defor-
mation. ESCRT-III-dependent membrane remodeling is coordi-
nated with upstream events, such as cargo recognition during
MVB sorting (reviewed by Piper and Lehner, 2011; Williams and
Urbé, 2007). Ubiquitylated cargos destined for lysosomal de-
struction are actively recognized by a host of ubiquitin (Ub)-
binding domains within ESCRT-O, -1, and -II, as well as in the

Brol domain family proteins, and sequestration of these ubig-
uitylated cargos forms microdomains at which ESCRT-II activates
ESCRT-III polymerization to drive ILV formation (reviewed by
Schmidt and Teis, 2012; Williams and Urbé, 2007). Depletion of Ub
from the site of MVB sorting precludes cargo sorting as well as ILV
formation itself, indicating a level of coordination between cargo
recognition and ESCRT-III-mediated ILV generation (MacDonald
et al,, 2012a; Stringer and Piper, 2011). ESCRT-III assembly, re-
modeling, and disassembly drive ILV formation in vivo, although
how this cycle is regulated to ensure cargo transfer into ILVs re-
mains unresolved.

ESCRT-III subunits are monomeric in the cytosol and un-
dergo an ordered polymerization on membranes into filamen-
tous spirals responsible for membrane remodeling (reviewed by
Schmidt and Teis, 2012). ESCRT-III function is intimately con-
nected to the AAA-ATPase Vps4, which supports both dynamic
exchange of subunits during ESCRT-III polymerization and
ESCRT-III disassembly at the completion of the reaction (Adell
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and Teis, 2011; Adell et al., 2017; Babst et al., 1997; Babst et al.,
1998; Davies et al., 2010; Mierzwa et al., 2017; Pfitzner et al.,
2020). A cohort of regulators, including ESCRT-III itself, the
Vps4 cofactor Vtal/LIP5, and Brol, serve to coordinate the ac-
tivities of ESCRT-III and Vps4 to optimize ESCRT function
during MVB sorting (Azmi et al., 2006; Azmi et al., 2008; Merrill
and Hanson, 2010; Shim et al., 2008; Wemmer et al., 2011).
These studies have highlighted the importance of Vps4 regula-
tion during MVB sorting but have not resolved how these factors
act in concert to enable MVB biogenesis.

The Brol domain family members, including the aforemen-
tioned yeast Brol as well as mammalian ALIX/PDCD6IP and HD-
PTP/PTPN23, make multiple contributions to ESCRT-mediated
events through a conserved three-domain architecture: the
N-terminal Brol domain (BOD) binds the ESCRT-III subunit
CHMP4/Snf7; the V domain, a V-shaped structure formed by
two helix bundle arms, interacts with both Ub and YPX, L motifs
found within Gag, Syntenin, and Rful; and the C-terminal
proline-rich region (PRR) facilitates associations with ESCRT-I
and other factors (e.g., Ub isopeptidase Doa4; Baietti et al., 2012;
Buysse et al., 2020; Carlton et al., 2008; Johnson et al., 2017;
Kimura et al., 2014; Lee et al., 2016; Luhtala and Odorizzi, 2004;
McCullough et al., 2008; Nikko and André, 2007; Richter et al.,
2013; Wemmer et al., 2011; Zhai et al., 2011). Brol domain family
members contribute to (1) Ub-dependent and Ub-independent
cargo recognition in concert with or in parallel to the early
ESCRTs and (2) regulating ESCRT-III dynamics by facilitating
CHMP4/Snf7 activation and inhibiting Vps4 disassembly of
ESCRT-III. These diverse contributions suggest Brol domain
family members may serve roles coordinating cargo entry into
budding ILVs during MVB sorting.

Here, we find that Brol V domain supports ESCRT-dependent
MVB biogenesis in vivo by facilitating ILV formation. The V
domain interacts with Vps4’s MIT domain and stimulates Vps4
ATPase activity, and this stimulation is further enhanced by the
V domain binding to Ub. This mode of Vps4 stimulation is
critical for Brol function, since V domain mutations that pre-
serve Vps4 and Ub binding but specifically perturb the ability to
stimulate Vps4 ATPase activity showed defects in MVB cargo
sorting and ILV formation in vivo. These results indicate that
ESCRT-driven ILV formation is separable from cargo sorting and
suggest that Brol domain family members coordinate ubiquity-
lated cargo sorting into ILVs while promoting ILV formation via
the Vps4-ESCRT-III axis.

Results

Brol V domain promotes ESCRT-dependent ILV formation

The Brol BOD interacts with the ESCRT-III subunit Snf7 (Kim
et al., 2005) to promote ESCRT-III polymerization through both
facilitating Snf7 activation (Tang et al., 2016) and inhibiting
Vps4-mediated disassembly of ESCRT-III (Wemmer et al., 2011).
Disruption of Brol-Snf7 association abrogates MVB cargo sort-
ing, but some degree of ILV formation is retained (Wemmer
et al., 2011). To better understand this unexpected phenome-
non, we examined the phenotype of cells expressing Brol lacking
its N-terminal BOD (brol2B9D, aa 370-844) as the sole allele of
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BROL. Cells expressing Brol*BOP displayed spherical endosomal
structures containing ILVs (Fig. 1 A and Video 1). In contrast,
cells lacking Brol altogether (brolA) were deficient in ILVs and
displayed multilamellar endosomal stacks characteristic of “class
E vps” endosomal compartments (Luhtala and Odorizzi, 2004;
Fig. 1A and Video 2; a rare brolA cell with ILVs is shown in Fig. S1
A). Compared with WT cells, bro1*2OP cells showed reductions in
ILVs per MVB, budding profile (BP) frequency and BP surface
area (Fig. 1, B and C; and Video 3), however the sizes of ILVs
were equivalent to those in WT cells (Fig. 1 C). While aspects
of the brol?B%P MVBs differed from those in WT cells, the
striking result was their presence in brol#8°P cells in contrast
to their absence in brolA cells (Fig. 1 B). This result indicates
that Brol BOD is not required to support ILV formation,
consistent with the previous analysis of Snf7 defective for
Brol binding (Wemmer et al., 2011).

To determine whether Brol*B°P could mediate MVB cargo
sorting in addition to ILV formation, we examined the locali-
zation of MVB cargos delivered from endocytic (Ste2 and Mupl)
and biosynthetic pathways (Cpsl, Ub-Cpsl, Cos5, and Sna3) as
well as a vacuolar limiting membrane protein (DPAP-B/Dap2)
typically excluded from MVB sorting. Though brol2B°P cells
made MVBs, MVB cargo proteins failed to efficiently sort into
MVBs and instead were localized to the limiting membrane
of the vacuole and perivacuolar endosomal compartments (Fig. 2
A). To complement this microscopy analysis, immunoblot
analyses of four GFP-tagged MVB cargos (Sna3, Cos5, Mupl,
and Mupl-Ub) were performed (Fig. 2, B and C; and Fig. S2, A
and B). Delivery to the vacuolar lumen results in liberation of
an ~24-kD fragment of GFP, permitting assessment of MVB
sorting through quantifying GFP liberation. While both brolA
and brol#BOP cells exhibited reduced GFP liberation compared
with WT for all MVB cargos examined, brol*E°P cells permitted
more MVB sorting than brolA cells. GFP liberation was depen-
dent on Vps4 and Snf?7, validating the analysis. These sorting
defects in brol*BOP cells did not appear to be related to per-
turbed cargo ubiquitylation, since (1) immunoblotting showed
substantial Ub modification (Fig. 2, B and C), (2) fusion of Ub to
MVB cargo did not impact sorting (Ub-Cpsl in Fig. 2 A; Mupl-
GFP-Ub in Fig. S2 A), and (3) loss of Ub isopeptidase Doa4 did
not compromise GFP liberation from Mupl-GFP or Mupl-GFP-
Ub in bro1#BOP cells (Fig. S2 A). The increase in MVB sorting
in brol#BOP cells compared with brolA cells does not appear to
be related to nonspecific entry of endosomal cargos in ILVs, as
GFP liberation from Dap2 is not increased in brol*2P cells (Fig.
S2 C) and GFP-Dap2 sorting is not apparent in the microscopy
analysis (Fig. 2 A). The small increase in MVB cargo GFP lib-
eration in brol*BOP cells compared with brolA cells is consistent
with the increased presence of MVBs in brol*BP cells; however,
the more striking result is the reduced MVB sorting in brolAB0P
and brolA cells compared with WT evident in both immunoblot
and microscopy analyses. Together, these results indicate that
Bro12BOP cannot support efficient MVB cargo sorting despite its
ability to facilitate MVB biogenesis.

To investigate whether Brol*B°P-mediated ILV formation
was dependent upon other ESCRTs, we analyzed MVB sorting of
NBD-phosphatidylcholine (NBD-PC), a fluorescent lipid that
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Figure 1. Bro1280D supports ILV formation. (A) Three-dimensional models reconstructed from 200-nm thick-section electron tomograms of brolA (GOY65)
and brol4B9P (brolA::TEF1p-broI289P; CTY2) cells. The brolA cells have class E compartments, which are flattened stacks of endosomal membranes that
generally lack internal vesicles; these stacks are shown in different colors to differentiate individual membranes. For bro1289P, the limiting membrane of MVBs
are labeled yellow, the ILVs are highlighted in red, and the vacuole limiting membrane is labeled as red mesh. Scale bar = 100 nm. (B) WT (SEY6210), brolA
(GOY®5), and broI289P (CTY2) were analyzed by ET and quantified for number of ILV per MVB. Asterisk indicates statistically significant differences compared
with WT and brolA (P < 0.0001). (C) WT (SEY6210) and bro1489P (CTY2) were analyzed by ET and quantified to assess ILV size (diameter), individual BP size
(surface area), and the frequency of incomplete ILV budding events (BPs per MVB); 12 MVBs from WT cells (SEY6210) containing 337 ILVs and 11 budding
intermediates (BPs), 64 MVBs from broI28% cells (CTY2) containing 831 ILVs and 17 budding intermediates, and 32 class E endosomal compartments from
broIA cells (GOY65) were quantified. Data are represented as mean + SEM. Asterisks indicate statistically significant differences compared with WT (BP per

MVB, P = 0.0016; BP size, P = 0.0048).

partitions into ILVs in an ESCRT-dependent manner (Bilodeau
et al., 2002; Hanson et al., 2002; Shields et al., 2009; Fig. 3, A-C;
and Fig. S1). 98% of WT cells displayed lumenal NBD-PC sorting,
and overexpression of full-length Brol from the TEFI promoter
had a slight dominant negative effect (85%). Deletion of VPS4 or
BROI eliminated or dramatically reduced the percentage of cells
with lumenal NBD-PC signal, consistent with ESCRT depen-
dence (Figs. 3 C and S3 A). Expression of Brol®2°P enhanced
NBD-PC MVB sorting (77% of brol®2°P cells displayed lumenal
NBD-PC signal), and this sorting was dependent upon ESCRT-0,
ESCRT-1, ESCRT-II, ESCRT-III, and Vps4 (Figs. 3 C and S3 B).
These data reveal that Brol®®°P uses the canonical ESCRT-
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dependent pathway for ILV formation. Brol#BOP expressed
from the BROI promoter also enhanced NBD-PC MVB sorting
compared with brolA cells (Fig. S3, C and D), albeit to a lesser
extent than Brol*BOP expressed from the TEFI promoter. These
results indicate that overexpression is not required for
Brol#B°P_mediated ILV formation as well as a dose-response
relationship for this activity.

Brol2BOP contains both the V domain as well as a C-terminal
PRR that mediates interaction with the Ub isopeptidase Doa4
(Luhtala and Odorizzi, 2004). We found that Bro128°P-mediated
NBD-PC sorting was not dependent on Doa4 and that the Brol V
domain alone (brol") supports NBD-PC sorting into the vacuole
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Figure 2. Brol2BOP does not support efficient MVB cargo sorting. (A) WT (SEY6210), brolA (GOY65), or bro1489P (brolA::TEF1p-bro128°P; CTY2) cells were
transformed with the indicated GFP-tagged cargo plasmid to assess MVB sorting using live-cell fluorescence microscopy. Percentage of cells with WT sorting
signal was quantified and calculated from at least 183 cells from four independent experiments performed on four different days from three different
transformations. White dashed lines indicate cell boundaries. Scale bars = 5 um. (B and C) Representative immunoblots showing processing of Sna3-GFP (B) or
Mup1-GFP (C), including liberated GFP and ubiquitylated species in WT (SEY6210), vps4A (MBY3), brolA (GOY65), brol4B9P (brolA:TEF1p- brol4BOP ; CTY2),
broI2890 snf7A (CTY12), or bro1289P ypsdA (CTY5) cells. Pgkl served as loading control. Data were quantified from four independent experiments performed on
four separate days from two transformations. Data are represented as mean + SD. Asterisks indicate a statistically significant difference (P < 0.05; B: BROIA
vs. VPS4A P = 0.04, BROIA vs. bro128% P = 0.008; C: BROIA vs. VPS4A P = 0.0006, BROIA vs. broI*8° P = 0,0255), and number signs indicate a statistically
significant difference compared with WT (P < 0.0001).
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Figure 3. Brol2BOP sorting of NBD-PC into the vacuolar lumen is dependent on the Vps4-ESCRT machinery. (A) Domain cartoon of Brol (aa 1-844) with
interacting factors annotated. (B) Sample micrographs of WT (SEY6210), bro1A (GOY65), and bro1289P (brolA::TEF1p- bro14B9P; CTY2) cells costained with NBD-
PC and FM4-64, revealing endpoints of the observed phenotypes. Scale bars = 5 pm. (C) NBD-PC- and FM4-64-stained WT (SEY6210), TEF1p-BRO1 (CTY1),
vps4A (MBY3), brolA (GOY65), TEFIp- brol4B9P (CTY2), TEF1p-brol" (CTY4), brol#B9P ypsdA (CTY5), brol4BOP vps27A (CTY29), bro148OP vps37A (CTY21), bro14BOD
vps22A (CTY24), broI2B snf7A (CTY12), brol4BOP vpsdA(CTYS), and brol?B° doadA(CTY13) cells were analyzed by live-cell fluorescence microscopy and
quantified for the frequency of cells able to support NBD-PC trafficking to the vacuolar lumen. Data are represented as mean + SEM. Asterisks indicate
statistically significant differences (P < 0.006), and number signs indicate statistically significant difference compared with brolA (P < 0.0001). Percentage of
cells with WT sorting signal was quantified and calculated from at least 94 cells from four independent experiments performed on four different days. (D and
E) bro1" (CTY4) were analyzed by ET. 3D reconstructions of the tomogram are shown in D, and ILVs per MVB are quantified in E. 20 MVBs from WT (SEY6210),
32 MVBs from brolA (GOY65), 64 MVBs from brol489° (CTY2) and 72 MVBs from brol" (CTY4) were quantified. Data are represented as mean + SEM. The
limiting membrane of normal-like MVBs are labeled yellow, while the limiting membrane of tubular/aberrant MVBs are shown in different colors. ILVs are
highlighted in red. A minimum of 13 MVBs from at least 10 cells were quantified. Scale bar = 100 nm. Asterisks indicate statistically significant differences
comapred to brol (P < 0.0001). (F) WT (SEY6210), brolA (GOY65), or brolV (brolA::TEF1p-brol'; CTY4) cells were transformed with the GFP-CPS plasmid to
assess MVB sorting using live-cell fluorescence microscopy. The percentage of cells with WT sorting signal was quantified and calculated from at least 156 cells
from three independent experiments performed on three different days from two different transformations. White dashed lines indicate cell boundaries. Scale
bars = 5 um.

lumen (Fig. 3 C), demonstrating that PRR and its associations are  bro122°P cells (Fig. 3 E). However, the sizes of the ILVs in brolV
not required for this activity. This finding was supported by EM  cells were indistinguishable from those in WT or brol#B°P cells
tomography analysis wherein brolV was able to support ILV  (Fig. S3 E). While brol” cells exhibited ILV formation, Brol V
formation (Fig. 3 D and Video 4), albeit at levels less than WT or ~ domain was unable to support MVB cargo sorting (Figs. 3 F and
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Figure 4. V domain stimulates Vps4 ATPase activity in vitro. (A) GST-Brol fragments and GST-bound beads were incubated with Hisg-Vps4. Bound
material was visualized by both EZBiolab Instant-Band protein stain and immunoblotting with penta-His antibody. (B) Hisg-Vps4, Hise-MIT (WT, 118D or L64D),
and Ni-NTA beads were incubated with BrolV. Bound material was visualized by both EZBiolab Instant-Band protein stain and immunoblotting with anti-Brol
antiserum. (C) Vps4-specific activity with titration of BrolV (10 nM to 8 uM). Vps4 (0.5 uM) ATPase assays were conducted using the indicated conditions and
resolved by thin-layer chromatography for quantitation and calculation of hydrolysis rates. Dashed lines indicate Vps4-specific activity for 0.5 pM or 1.5 uM
Vps4 alone, as indicated. BrolV alone did not exhibit measurable ATP hydrolysis. (D) Vps4 titrations were performed with or without 4 uM BrolV. Vps4-
specific activity is presented. The vertical dotted line indicates the Vps4 apparent Ky, +Bro1V. (E) V domains of S. cerevisiae Brol, S. castellii Brol, and H. sapiens
HD-PTP (0.5-4 uM) were titrated against 0.5 uM S. cerevisiae Vps4. Specific activity of Vps4 is expressed as ADP generated per Vps4 molecule per minute. Data

are represented as mean + SEM.

S3 F), as observed with brol2B°P cells. In total, these results im-
plicate the V domain in promoting Brol-Vps4-ESCRT-III-driven
ILV formation.

Brol V domain stimulates Vps4 in vitro

The ability of the Brol V domain to support Vps4-ESCRT-
IlI-driven ILV formation along with the reported interaction
between Brol and Vps4 (Vajjhala et al., 2007) suggested that
the V domain might activate Vps4. Binding studies using a series
of recombinant GST-tagged Brol protein fragments and Hise-
tagged Vps4 protein fragments showed that the Brol V domain
binds the N-terminal Vps4 MIT domain (Fig. 4, A and B). Two
distinct surfaces of the MIT domain mediate interactions with
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MIMI1 and MIM2 elements in ESCRT-III subunits (Kieffer et al.,
2008; Obita et al., 2007; Stuchell-Brereton et al., 2007); how-
ever, mutations (118D, MIM2; L64D, MIMI1) disrupting these
modes of association did not impair MIT-V domain association.
These results suggest that the Brol V domain binds the Vps4 MIT
domain in a manner distinct from MIMI1 and MIM2.

The possibility that the Brol V domain modulates Vps4 ac-
tivity was assessed using ATPase assays with purified recom-
binant proteins (Azmi et al., 2006; Babst et al., 1997). Vps4
exhibits concentration-dependent increases in specific activity
due to Vps4 oligomer formation, with maximal activity observed
at 1.5 uM Vps4 (Azmi et al., 2006; Babst et al., 1998; Davies et al.,
2010). Titration of the Brol V domain (BrolV) into ATPase assays
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with a submaximal concentration of Vps4 (0.5 uM) showed a
concentration-dependent stimulation of activity, with a maxi-
mum of 2.6-fold over basal activity (Fig. 4 C).

Stimulation of Vps4 did not surpass the inherent maximal
Vps4-specific activity, suggesting BrolV stimulates Vps4 oligo-
merization without further enhancing activity of the Vps4 oli-
gomer. To examine this directly, Vps4 titration was performed
in the presence of 4 uM BrolV. BrolV addition reduced the Vps4
apparent Michaelis constant (K,) but did not enhance maximal
specific activity (Fig. 4 D), supporting enhanced oligomerization
as the mechanism by which BrolV stimulates Vps4. Further-
more, V domains from Saccharomyces castellii Brol (residues
370-709) and human HD-PTP (residues 364-695) stimulated
Saccharomyces cerevisiae Vps4 ATPase activity similarly in a
dose-dependent manner (Fig. 4 E). Together, these results reveal
that the Brol V domain enhances Vps4 ATPase activity directly
and suggest this stimulatory activity is conserved among
homologues.

Generation of Brol V domain mutants defective for

Vps4 stimulation

Mutagenesis of the V domain was undertaken with the goals of
dissecting the mode of stimulation (i.e., whether binding was
sufficient or additional biochemical processes were at play) as
well as determining its biological significance. Residues con-
served between yeast Brol and HD-PTP were targeted, with the
goal of generating Brol mutants specifically altered in in their
ability to stimulate Vps4 activity while retaining their ability to
bind Vps4 (Figs. 5 and S4 A). Vps4 stimulation was measured
using ATPase reactions containing WT or mutant forms of
BrolV. Six of the BrolV mutants tested stimulated Vps4 activity
like WT BrolV, whereas four mutants—BrolVM4: V5054,
H508A, I512A; BrolVM8: E686A, L691D; BrolVM?: T587D; and
BrolVMI0; K481D—did not stimulate Vps4 ATPase activity (Fig. 5
B) but retained their ability to bind Vps4 (Figs. 5 C and S4 A).
The ability of these mutants to associate with Vps4 (in some
cases better than WT) led us to perform titration experiments to
assess the impact on Vps4 ATPase activity. BrolV mutants were
unable to stimulate Vps4 at higher concentrations (>1 pM), yet
these mutants could stimulate Vps4 ATPase activity at lower
concentrations (<1 pM; Fig. 5 D). This profile contrasted with the
behavior of WT BrolV that continued to stimulate Vps4 ATPase
activity even at the highest concentrations tested. Together,
these analyses suggest that BrolV stimulation of Vps4 relies on
determinants beyond mere binding and provided tools to de-
termine whether BrolV-stimulated Vps4 activity was important
in vivo for MVB sorting and biogenesis.

Altered regulation of Vps4 activity by BrolV perturbs ILV
formation in vivo

MVB sorting was examined in brolA cells expressing full-length
alleles of BROI containing mutations in the V domain that altered
Vps4 stimulation (Fig. 6 A). Three distinct model MVB cargos
were used for this analysis: GFP-Cpsl for its dependence upon
Ub modification for proper sorting, the chimera Ub-GFP-Cpsl
for its lack of dependence upon exogenous Ub modification, and
Sna3-GFP as a cargo that has been shown to access the MVB
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pathway both directly and via association with other ubiquity-
lated cargos (Katzmann et al., 2001; Katzmann et al., 2004;
MacDonald et al., 2012b; Odorizzi et al., 1998; Oestreich et al.,
2007; Reggiori and Pelham, 2001). Although all Brol mutants
were expressed at levels similar to WT Brol, none of the mutant
strains (brol™#, brol8, bro™®, or bro™®©) mediated MVB sorting
of any cargo (Figs. 6 and S4 B). In contrast, BRO™! and BROI™”
displayed WT sorting of GFP-Cpsl (Fig. S4 C), correlating with
Vps4 stimulation equivalent to WT (Fig. 5 B). The correlation
between MVB cargo sorting in vivo and Vps4 stimulation ob-
served with these mutants in vitro support the conclusion that
Brol V domain stimulation of Vps4 is required for ESCRT-driven
MVB cargo sorting in vivo.

The impact of V domain stimulation on ILV formation was
addressed in cells expressing brol® (Fig. 7 A). ILVs in mutant
brol™é cells were the same size as those in WT cells. However,
bro® cells had roughly twice as many ILV budding inter-
mediates per MVB compared with WT cells, as well as reduction
in the surface area of the BPs (Fig. 7 B and Video 5). These ob-
servations suggest that proper stimulation of Vps4 by Brol V
domain contributes to ILV formation at the level of bud
expansion.

Previous studies have documented the accumulation of
ESCRT-III on endosomal membranes when Vps4 activation is
defective (Babst et al., 2002; Wemmer et al., 2011). Whether
Brol stimulation of Vps4 affected the steady-state membrane
association of ESCRT-III was addressed using subcellular
fractionation of brolM* and brolM® cells. This analysis re-
vealed indistinguishable levels of the ESCRT-III subunit Snf7
on membranes in WT, brol™¢, and brol™® cells (Fig. 8). In
contrast, brolA cells showed more soluble Snf7, while vps4A
cells displayed near-complete Snf7 membrane association.
These findings suggest that ESCRT-III polymerization and
disassembly/recycling were normal in bro™* and broi™®
cells, implying that Brol V domain-mediated Vps4 stimula-
tion exerts its function at a biochemical step distinct from
Vps4-mediated ESCRT-III disassembly.

Ub binding enhances Brol V domain stimulation of Vps4
activity in vitro

Brol binds Ub via a conserved motif at the N-terminal portion of
the V domain (Pashkova et al., 2013; Fig. S5, A and B). Therefore,
the impact of Ub on V domain stimulation of Vps4 was addressed
(Fig. 9 A). While Ub does not directly stimulate Vps4 in vitro,
addition of Ub increased BrolV stimulation of Vps4 activity us-
ing BrolV from both S. cerevisiae and the related yeast S. castellii,
for which the crystal structure is known (Pashkova et al., 2013).
In contrast, addition of Ub to mutant BrolVAUBP (1377R) in which
Ub binding was ablated (Pashkova et al., 2013; Fig. S5 C) had no
effect on Vps4 stimulation. These results indicate a conserved
mode of Ub-dependent regulation of the V domain’s impact
on Vps4.

How Ub impacts the stimulation of Vps4 by BrolV was as-
sessed using titration experiments in the presence or absence of
Ub (Fig. 9 B). Ub increased the potency of BrolV, wherein the
BrolV concentration yielding half-maximal stimulation of Vps4
was reduced from 1.0 uM to 0.4 pM. We also examined the
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Figure 5. Brol V domain mutations disrupt Vps4 stimulation in vitro without disrupting binding. (A) Model of the V domain based on the S. castellii
BrolV domain crystal structure (Protein Data Bank accession no. 4J10, chain A) with amino acid substitution mutations impacting V domain stimulation of Vps4
indicated in red. Conserved residues that when mutated did not impact Vps4 stimulation in vitro are indicated in blue. See Table S4 for individual mutations.
(B) Stimulation of Vps4 ATPase activity (0.5 uM) by 4 uM Bro1V(370-709) and BrolV mutants represented as normalized Vps4 ATPase activity of at least three
experiments done in duplicate. Error bars indicate SD, and asterisks indicate a statistically significant difference compared with WT (P < 0.05). (C) Immobilized
Hise-Vps4 or Ni-NTA beads alone were incubated with BrolV, BrolVM4, BrolVM&, BrolVM?, and BrolVM°, Bound material was visualized by immunoblotting
with anti-Brol antiserum. (D) Vps4 (0.5 uM) ATPase activities with titration of Bro1V, BrolVM4, BrolVM8, BrolVM9, and BrolVM0 (0.25-5 uM). Vps4-specific

activity is expressed as ADP generated per Vps4 molecule per minute. Data are represented as mean + SEM.

impact of Ub-bound BrolV on Vps4 oligomer assembly and/or
activity of the assembled Vps4 oligomer. Whereas both WT
BrolV and BrolVAUBD (L.386R) similarly reduced the apparent K,
of Vps4, addition of Ub to WT BrolV further reduced the Vps4
apparent K, (Fig. 9, C and D; and Fig. S5 D); however, a similar
reduction was not observed with BrolVAUBD, These results sug-
gest that Ub binding alters V domain conformation to enhance
its association with Vps4 and promote Vps4 oligomerization
without impacting activity of the assembled Vps4 oligomer.
Lastly, we explored whether the Ub enhancement of V do-
main Vps4 stimulation was dependent on the mutants identified
through mutagenesis studies. BrolV mutants impacting Vps4
stimulation are not confined to a single surface nor do they
disrupt association with Vps4, suggesting that these mutations
alter the conformation or dynamics of the V domain to impact
Vps4 stimulation. While mutants M4, M8, and MI10 are not lo-
cated on the V domain arm that binds Ub (Fig. S5 B), binding
studies were performed to examine whether these mutants in-
directly impact Ub binding. Whereas BrolVAUBP (I1377R) failed to
bind Ub, BrolV™#, BrolVM8, and BrolVM!° retained Ub-binding
activity (Fig. S5 C), indicating these mutants were suitable for
examining Ub-modulated Vps4 stimulation. However, Ub did
not impact BrolVM4, BrolVM8, or BrolVM!© regulation of Vps4 in
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contrast to Ub enhancement of WT BrolV stimulation (Fig. 9 E).
Together, these results demonstrate that the mechanism by
which the V domain stimulates Vps4 transduces the additional
stimulation observed when the V domain binds Ub.

Ub promotes ILV formation via the Brol-Vps4-ESCRT-IIl axis

Brol has been proposed to work early in the MVB sorting process
as a receptor for Ub cargo (Pashkova et al., 2013). Because this
function is upstream of the Vps4-ESCRT-III ILV formation axis,
it was not clear whether Ub binding to Brol V domain might play
a role in downstream events as well. Ub contribution to ILV
formation was assessed using Brol*B°P and NBD-PC sorting,
since Brol2BOP drives ILV formation disconnected from efficient
cargo sorting. Cells expressing Brol2B°P defective for Ub binding
(AUBD: 1377R, L386R) showed reduced levels of NBD-PC sorting
in comparison with WT, supporting the interpretation that
Ub plays a role in ILV formation itself (Fig. 9 F); similar results
were observed with truncation of the Ub-binding residues (aa
388-844; Fig. S2 B). In addition, mutant Brol*BOPM8 which
contains a V domain unable to properly stimulate Vps4, showed
a further reduction in NBD-PC sorting comparable to sorting
observed in brolA cells. These degrees of NBD-PC sorting with
Brol4BOD.AUBD and BrolABOD-M8 correlate with BrolVAUBD
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Figure 6. Brol V domain mutations disrupting Vps4 stimulation in vitro disrupt MVB sorting in vivo. (A) brolA (GOY65) cells were transformed with
empty plasmid (pRS414) or plasmids with the BRO1 promoter and BROI, broI™¢, bro1"8, broI™®, or brol™1°. Localizations of model MVB cargo GFP-Cpsl, Ub-
GFP-Cpsl, or Sna3-GFP were determined using live-cell fluorescence microscopy to assess MVB sorting in these mutant contexts. White dashed lines indicate
cell boundaries. Scale bars = 5 um. (B) The percentage of cells with WT sorting signal was quantified and calculated from at least 100 cells from three in-
dependent experiments performed on three different days from three different transformations. (C) Representative immunoblots showing mutant protein
expression levels, probing against Brol and Pgkl as a loading control, using lysates of GOY65 transformed with empty plasmid (pRS414) or plasmids with the

BRO1 promoter and BRO1, bro1"4, broI™8, bro19, or broIM10,

exhibiting basal, but not Ub-enhanced, stimulation of Vps4
in vitro (Fig. 9 A). These results indicate that (1) V domain
stimulation of Vps4 contributes to Brol2BOP ILV formation, and (2)
Brol Ub binding enhances ILV formation via the Brol-Vps4-ESCRT-
1II axis.

Discussion

Here, we reveal a new function of Brol in MVB biogenesis that is
mediated by its V domain binding to and stimulating Vps4. This
stimulation is further enhanced by Ub binding, suggesting that
Brol interaction with Ub-cargo enhances Vps4 activity during
ILV formation. Moreover, this mode of Vps4 regulation is im-
portant for the coordination of cargo sorting into ILVs. These
data suggest Brol plays a role in “licensing” ESCRT-III and Vps4
to drive membrane remodeling in concert with cargo transfer
into the ILV. The idea that Brol couples cargo sorting with
ILV formation is underscored by the observations here and
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elsewhere that disconnecting Brol from some of its interactions
separates the process of ILV formation with the process of ef-
ficiently sorting cargos into those ILVs. We propose that the
central Brol activity of the V domain stimulating Vps4/ESCRT-III-
driven ILV formation is coordinated with BOD and PRR activities to
properly time ILV budding to enable normal MVB biogenesis.
Brol is one of several proteins that regulate Vps4 activity.
ESCRT-III subunits and Vtal also stimulate Vps4 activity (Azmi
et al., 2006; Azmi et al., 2008; Merrill and Hanson, 2010; Shim
etal., 2008). We found that the Brol V domain binds to the Vps4
MIT domain and increases Vps4 specific activity by facilitating
Vps4 oligomerization. The Vps4 MIT domain also binds ESCRT-
III subunits along two distinct surfaces that mediate association
with MIMI and MIM2 motifs found in Vps2 or Vps24 and Vps20
or Snf7, respectively (Kieffer et al., 2008; Obita et al., 2007;
Stuchell-Brereton et al., 2007). Our data indicate that Brol V
domain binds by a distinct mode, but it remains to be deter-
mined if V domain binding diminishes or enhances the ability of
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Figure 7. brol™8 perturbs ILV formation in vivo. (A) Three-dimensional models reconstructed from 200-nm thick-section electron tomograms of brolA
(GOY®65) with BROI or broI™8 plasmids. The limiting membrane of the MVB is labeled yellow, the ILVs are highlighted in red, and the budding intermediates are
colored in green. Scale bars = 100 nm. (B) Quantification of electron tomograms of GOY65 with either BRO1 or broI™8 plotting ILV size, BP size, and BPs per
MVB; 8 MVBs from brolA (GOY65) with BRO1 plasmid containing 6 BPs and 141 ILVs and 10 MVBs from brolA with broI"® plasmids containing 23 BPs and 204
ILVs were quantified. Data are represented as mean + SEM. Asterisks indicate statistically significant differences compared with WT (P < 0.006).

Vps4 to bind to MIMI1- or MIM2-containing ESCRT-III subunits.
Vps4 recruitment to the site of MVB sorting occurs in two
phases: an early, minimal recruitment of Vps4 associated with
stable ESCRT-III membrane association followed by a later re-
cruitment of additional Vps4 implicated in ILV formation and
eventual ESCRT-III disassembly (Adell et al., 2017). Our in vitro
activity analyses indicate that Brol facilitates Vps4 oligomeri-
zation, yet exactly how V domain regulation of Vps4 activity
impacts the dynamics and function of ESCRT-III remains to be
determined. Overall, the level of polymerized membrane-
associated ESCRT-III remains unperturbed in cells where Brol
is unable to properly stimulate Vps4 ATPase activity. Moreover,
the size of the ILVs themselves, an indicator of the fidelity of
ESCRT-III-mediated scission, is unaltered as well. Together,
these data suggest this role of Brol regulating Vps4 is transient,
precise, and distinct from Vtal-ESCRT-III stimulation of Vps4
implicated in ILV scission and ESCRT-III disassembly. Brol
mutant with altered Vps4 regulation exhibited reduced BP size,
suggesting Brol stimulation of Vps4 contributes to ILV bud ex-
pansion. Bud expansion controlled by Vps4 should be coordi-
nated with entry of cargo as well as deubiquitination of cargo
just before its entry into ILVs, and the biochemical activities
now described for Brol position it well for such a role. While
future studies are required to expand our understanding of
Brol’s role in the Vps4-ESCRT-III ILV formation axis, this study
unequivocally demonstrates Brol stimulation of Vps4 makes
unique contributions to MVB biogenesis.

Analyses in vitro and in vivo indicate that V domain muta-
tions (M4, M8, M9, and MI10) retain partial Vps4 stimulation
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activity. These mutants retain interaction with Vps4 and Ub and
stimulation of Vps4 ATPase activity at lower concentrations;
however, these mutants are defective for MVB cargo sorting
in vivo and stimulation of Vps4 ATPase activity at higher con-
centrations in vitro. We conclude BrolV stimulation of Vps4
observed in vitro under high concentrations is the activity rel-
evant for Brol function in MVB sorting in vivo. These mutations
map to both arms of the V domain, suggesting they impart subtle
conformational changes in the V domain that maintain associ-
ation with Vps4 but disrupt stimulation. Further structural
studies are needed to elucidate this mechanism.

Our results indicate that Vps4 responds to Ub through Brol.
Previous studies demonstrated a role for Ub in MVB sorting at
the level of cargo recognition (Bilodeau et al., 2002; Katzmann
et al., 2001; Reggiori and Pelham, 2001) as well as the depen-
dence of ILV formation on the presence of ubiquitylated cargo
(MacDonald et al., 2012a; Stringer and Piper, 2011). However,
upstream effects on cargo recognition and early ESCRT mem-
brane recruitment precluded examination of the role of Ub in
ILV formation itself. The present studies indicate that Ub
binding also contributes to ILV formation, as disruption of Ub
binding through point mutation (Fig. 9 F) or deletion (Fig. S2 B)
reduced Brol*B°P NBD-PC MVB sorting, consistent with Ub-
enhanced BrolV stimulation of Vps4 in vitro. The source of Ub
in vivo remains to be determined, but likely candidates would be
Ub cargo, Ub-Cos proteins or tetraspanins, or ubiquitylated
ESCRT machinery (Hicke et al., 2005; MacDonald et al., 2015;
Piper and Katzmann, 2007). Another possibility is free Ub
generated by Brol recruiting Ub isopeptidase Doa4; however,
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Figure 8. brolM* and brolM& display WT steady-state membrane-
associated ESCRT-IIl in vivo. Subcellular fractionation was performed in
brolA (GOY65) cells transformed with an empty vector or BROI, brol"4, or
broIM8 plasmids. vps4A (MBY3) cells were used as a control highlighting the
distribution upon complete loss of Vps4 function. Representative immuno-
blots indicating fractionation of Snf7, Brol, and Vps4 are shown. Pep12 and
Pgkl were used as membrane and soluble markers, respectively. Quantifi-
cation represents six experiments; data are represented as mean + SEM.
Asterisks indicate a statistically significant difference compared with brolA
(P < 0.05).

neither brol*B°P MVB cargo sorting nor NBD-PC sorting was
compromised by loss of Doa4, arguing against this possibility
(Figs. 3 C and S2 A). Irrespective of the source of Ub, our results
implicate a role for Brol Ub binding in modulating Vps4 activity
during ILV formation in addition to Ub’s previously appreciated
role as a cargo sorting determinant.

We suggest that Brol serves to “license” ILV formation
(Fig. 10), typically coordinated with cargo entry, to enable effi-
cient MVB sorting. This licensing concept is supported by our
observation that highly expressed Brol*B°P promoted more ILV
formation, as assessed by NBD-PC sorting, than BrolBOP ex-
pressed at lower levels. Human HD-PTP V domain also stim-
ulates Vps4 activity, indicating evolutionary conservation of this
newly discovered biochemical activity. Brol domain family
members have important yet unclear roles in myriad ESCRT-
mediated processes. ALIX binds viral structural proteins, such as
Gag, to facilitate retroviral budding as well as other factors (e.g.,
Syntenin and CEP55) to facilitate ESCRT-driven exosome bio-
genesis and cytokinesis (Baietti et al., 2012; Carlton and Martin-
Serrano, 2007; Fisher et al., 2007; Larios et al., 2020; Lee et al.,
2007b). Increased ALIX activity through overexpression or ac-
tivating truncation enhances the release of human immunode-
ficiency virus particles as well as small extracellular vesicles
(Fisher et al., 2007; Larios et al., 2020), consistent with ALIX
serving as a licensing factor for these ESCRT-mediated events as
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well. Mutations in HD-PTP are linked to a congenital neuro-
development disorder characterized by seizures and spasticity
(Bend et al., 2020; Sowada et al., 2017). Moreover, HD-PTP ho-
mozygous mouse knockouts are embryonic lethal, and HD-PTP
heterozygosity is linked to increased tumorigenesis (Gingras
et al., 2009; Manteghi et al., 2016). In yeast, loss of Brol
disrupts MVB sorting and ILV formation, leading to dis-
rupted endosomal morphology (i.e., class E vps phenotype).
Thus, understanding the biochemical mechanism that Brol
uses to control Vps4 has wide-ranging ramifications and is
likely to describe a shared function for other Brol domain
family proteins.

Methods

Plasmids and strains

For a complete list of plasmids used in this study, see Table
SL. All restriction enzymes were obtained from New England
Biolabs. All PCR reactions were performed using Platinum Su-
perFi II PCR Master Mix (Thermo Fisher Scientific). S. cerevisiae
Vps4 MIT domain was amplified from SEY6210 genomic DNA
and subsequently cloned into Ndel and Sall sites of pET28a
to generate pET28-MIT. Similarly, MIT domain was amplified
from pVPS4(118D) and pVSP4(L64D) and subsequently cloned
into pET28a to generate pET28b-MIT 118D and pET28b-MIT
L64D. The sequence encoding the V domain of Brol (BrolV; aa
370-709) was amplified from pGO216 (Wemmer et al., 2011) and
cloned into the BamH]1 and Sall sites of pGST-parallell (Sheffield
et al., 1999) to generate pSDL. BRO1 was amplified from pGO187
(Odorizzi et al., 2003) and cloned into the Spel and Sall site of
pRS414 (Simons et al., 1987) to generate pSD12. Mutagenesis of
BrolV or BROI encoding constructs (pSD2—9, pSD13-14, pCT2,
pCT4-8, pCT10, pCT13-16, pCT18, pCT20-24, pCT26, and pCT29-
33 was performed using the GeneTailor Site-Direct Mutagenesis
System (Life Technologies). The veracity of plasmids was con-
firmed by sequencing. The sequence encoding BrolAPRR (aa
1-709) was amplified from pG0216 and cloned into BamHI and
Sall sites of pET28b (Novagen) and pGST-parallell for use gen-
erating and purifying the anti-Brol sera, respectively (see “An-
tibody generation”).

Two silent mutations (D133D and D153D) were introduced
into the HIS3 cassette of pRS413 to remove undesired BglII sites
by site-directed mutagenesis; the resulting plasmid was named
pCT34. The sequence encoding the HIS3 cassette was amplified
from pCT34 by PCR to introduce BamHI and Pacl sites and
cloned into the BglII and Pacl sites of pFA6a-HisMX6; the re-
sulting plasmid was named pCT35. The sequence encoding
BrolV (aa 370-709) was amplified from SEY6210 genomic DNA
and cloned into Ncol and EcoRI sites of pCT35; the resulting
plasmid was named pCT36. Subsequently, 500 bp BROI 3’ UTR
was amplified from SEY6210 genomic DNA and cloned into the
EcoRI and Sacl sites of pCT35; the resulting plasmid was named
pCT37. BROI promoter was amplified from genomic DNA of
SEY6210 and cloned into the Sall and EcoRI sites of pRS414; the
resulting plasmid was named pCT38. pCT38 generated by de-
leting BOD (aa 1-369) in pSDI2 using GeneTailor Site-Direct
Mutagenesis System. Subsequently, AUBD mutations (I377R
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Figure 9. Ub potentiates V domain stimulation of Vps4 ATPase activity. (A) Vps4 (0.5 uM) ATPase specific activity in the presence of 1 uM S. cerevisiae
BrolV, S. cerevisiae BrolVAUBP (1377R), S. castellii BrolV (370-708), and S. castellii BrolVAYBP (1377R) + 50 pM mono-Ub. Data are represented as mean + SEM.
Asterisks indicate a statistically significant difference compared with Vps4 alone (P < 0.05), and number signs indicate a statistically significant difference
compared with Vps4 + BrolV - Ub (P < 0.05). (B) Bro1V titration performed in the presence of 0.5 uM Vps4 with or without 50 uM Ub. The vertical dotted line
indicates the BrolV concentration generating half-maximal stimulation within each context. (C) Vps4 titration (0.05-1.0 uM) in the presence of 4 uM BrolV
WT or Ub-binding mutant (L386R) and 50 pM Ub. Vps4-specific activity (ADP generated per Vps4 molecule per minute) is presented. Data are represented as
mean + SEM. Vertical dotted lines indicate the Vps4 apparent K, in each context. (D) The Vps4 apparent K., of Vps4 alone, Vps4 + 4 uM BrolV, Vps4 + 4 uM
BrolV + 50 uM Ub, Vps4 + 4 uM BrolVAUBD (L386R), and Vps4 + 4 uM BrolVAUBP + 50 uM Ub was determined from Vps4 titration experiments in Figs. 4 D, 9 C,
and S4 C. Asterisks indicate a statistically significant difference (P < 0.02). (E) Vps4 ATPase activity (0.5 uM) in the presence of 4 UM S. cerevisiae BrolV,
BrolVM4, BrolVM8, or BrolVM10 without or with 50 uM Ub. Vps4-specific activity with Ub addition is normalized to activity without Ub. Data are represented as
mean + SEM. Asterisk indicates a statistically significant difference with or without Ub addition (P = 0.0012). (F) NBD-PC- and FM4-64-stained WT (SEY6210),
brolA (GOY®65), and GOY65 reexpressing Brol or overexpressing Brol2BOP, BrolABOPAUBD (1377R | 386R), and Brol2BOPM8 were analyzed by live-cell fluo-
rescence microscopy and quantified for the frequency of cells with NBD-PC in the vacuolar lumen. Data are represented as mean + SEM. Asterisks indicate a
statistically significant difference (P < 0.01), and number signs indicate a statistically significant difference compared with brolA (P < 0.005).
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Figure 10. Model of Brol “licensing” ESCRT-IIl membrane remodeling. (A) Brol interacts with ESCRTs via interactions between PRR and early ESCRTs, as
well as Brol domain (BOD) and ESCRT-IIl. Depicted are two activities of the BrolV domain, binding to the Vps4 MIT domain in a manner distinct from ESCRT-III
MIM1 and MIM2 elements (curved black arrow), and stimulation of Vps4 ATPase activity (curved green arrow); Ub binding to the V domain potentiates Vps4
stimulation and promotes ILV formation (curved green arrow). These activities contribute to MVB biogenesis and efficient cargo sorting (straight black arrow).
(B) When the BOD is deleted, Bro12B9P (via the V domain) improperly activates Vps4 and facilitates ILV formation without efficient cargo sorting. (C) Brol
without the ability to stimulate the Vps4 (Brol*, e.g., mutants M4, M8, M9, M10) disrupts MVB cargo sorting and perturbs ILV formation. (D) The absence of
BRO1 (brolA) abrogates V domain stimulation of Vps4 as well as Brol interactions with early ESCRTs and ESCRT-III; thus, brolA exhibits severe defects in both

cargo sorting and ILV formation.

and L386R) were introduced by site-directed mutagenesis; the
resulting plasmid was named pCT39. The fragment containing
M8 mutation was cloned into the Clal and Ndel sites of pCT38
from pSD14; the resulting plasmid was named pCT40. TEFIp--
BrolABOD (aa 370-844) was amplified from CTY2 and cloned
into the Sall and BamHI sites in pRS414; the resulting plasmid
was named pCT4l. Mutations (AUBD and M8) were amplified
from pCT39 and pCT40 and cloned into Ncol-BamHI-digested
pCT41 by NEBuilder HiFi DNA Assembly (New England Biolabs).
DPAP-B-GFP was cloned from pGO89 (Odorizzi et al., 1998) into
the NotI and Sall sites of pRS425; the resulting plasmid was
DPAP-B-GFP. For a list of primers used to generate pCT34-43,
please see Table S2.

For a complete list of strains used in this study, see Table S3.
CTY1, CTY2, and CTY3 were generated by transforming PCR
product from pCT34 into SEY6210.1, while CTY4 was generated
by transforming PCR product from pCT36; for a list of primers
used, please see Table S2. Transformants were plated on histi-
dine drop-out synthetic plates and screened by immunoblotting.
The altered brol allele was amplified and sequenced. CTY5,
CTY11-13, CTY518, CTY21-22, CTY24, CTY27, CTY29-30, and
JPY403 were generated using standard yeast genetics.

Protein expression and purification

Protein expression was performed in the BL21-DE3 bacterial
strain using 0.5 mM IPTG at 16°C for 18-22 h. GST-BrolV fusion
protein and mutants thereof were purified using Glutathione
Sepharose 4B (GE Healthcare), treated with AcTEV protease
(Thermo Fisher Scientific) overnight at room temperature to
remove the GST tag, incubated with ATP to dissociate chaper-
ones, and subjected to size-exclusion chromatography (Super-
dex200 HiLoad 16/60) in 25 mM Hepes and 150 mM KCL.
Purified proteins were tested for purity using SDS-PAGE and
Coomassie staining and were analyzed to exclude contaminating
ATPase activity. All BrolV mutants examined in this study ex-
hibited equivalent expression levels in bacteria, and mutants
expressed in yeast were at levels similar to WT (Fig. 6 B). GST-
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Vps4 was expressed and purified as previously described for use
in the ATPase assays (Babst et al., 1997). Hise-Vps4 was purified
as previously described (Davies et al., 2014), except the His,
fusion tag was not cleaved in order to use Hise-Vps4 in the
in vitro binding assays. His-BrolAPRR was purified from BL21-
DE3 using Ni**-affinity chromatography (5 ml HiTrap Chelating
FF column; GE Healthcare). GST-BrolV(370-709) was purified
using Glutathione Sepharose 4B (GE Healthcare) and eluted with
reduced Glutathione (Thermo Fisher Scientific). V domains of S.
castellii Brol and human HD-PTP were produced in Escherichia
coli BL21 (DE3) were purified by TALON-Co?* and size-exclusion
chromatography and cleaved from their 6xHis tag with AcTEV
protease (Pashkova et al., 2013). Mono-Ub was expressed in
E. coli BL21 (DE3) from pPL5293. The protein was purified from
bacterial cell lysate by precipitation with 5% perchloric acid and
carboxymethyl cellulose cation exchange chromatography in
0.05 M ammonium acetate buffer, pH 4.5, followed by elution
with 0.1 M ammonium acetate buffer, pH 5.5 (Sundd et al.,
2002).

Antibody generation

Anti-Snf7 antiserum was generated against GST-Snf7. Antise-
rum was generated in a New Zealand rabbit (Covance). Bleeds
were evaluated for detection of Snf7 (SEY6210 and snf7A). The
Snf7 antibody was used at 1:5,000. Anti-Brol antiserum was
generated against Hiss-BrolAPRR. Antiserum was generated in a
New Zealand rabbit (Covance). Antibodies were purified using
GST-BrolAPRR immobilized on an AminoLink column (Thermo
Fisher Scientific) and verified for sensitivity and specificity
using yeast extracts (SEY6210 and brolA) and recombinant
BrolV. The purified Brol antisera was used at 1:1,000.

In vitro binding assays

Ni-NTA agarose beads (Qiagen) with or without Hiss-Vps4 (10
ug) were incubated for 1 h at 4°C in NiA buffer (25 mM NaH,PO,
and 300 mM NaCl, pH 7.5), washed with NiA buffer, and
equilibrated with ATPase buffer (see “ATPase assays”). Binding
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reactions were performed in Handee Spin Columns (Pierce)
with 6 ug BrolV or mutants in ATPase buffer plus 0.02%
Tween20 incubated for 1 h at 30°C. Reactions were washed four
times with NiA buffer with 10 mM imidazole (Sigma-Aldrich), and
the bound material was eluted with NiA buffer with 200 mM
imidazole. Instant-Bands protein stain (EZBiolab) was used to
visualize input and eluted material on a Typhoon FLA 7000 (GE
Healthcare). Samples were resolved via SDS-PAGE and detected
using immunoblotting against Brol. BrolV input and Hise-Vps4
were detected via SDS-PAGE followed by Coomassie staining.

Glutathione Sepharose 4B GST-tagged protein purification
resin (Cytiva Life Sciences) with or without lysate from E. coli
BL21 (DE3) expressing GST-tagged Brol fragments were incu-
bated for 1 hr at 4°C in PBS, washed with PBS and equilibrated
with ATPase buffer. Binding reactions were performed in
Handee Spin Columns with Hise-Vps4 in ATPase buffer plus
0.02% Tween20 incubated for 1 h at 30°C. Reactions were
washed six times with PBS plus 0.02% Tween20, and the bound
material was eluted with GST elution buffer (10 mM reduced
glutathione and 50 mM Tris-HCl, pH 8.0). Instant-Bands protein
stain was used to visualize input and eluted material on a Ty-
phoon FLA 7000. Samples were resolved via SDS-PAGE, and
Hise-Vps4 was detected using penta-His antibody (Qiagen) per
the manufacturer’s instruction.

Three or more independent experiments were performed,
with each experiment performed in replicates within the ex-
periment, and representatives are shown. Signal was visualized
with goat anti-rabbit IgG 680LT (product number [P/N]:
925-68021; Li-Cor Biosciences) or goat anti-mouse IgG 800CW
(P/N: 925-32210; Li-Cor Biosciences) and detected using the
Odyssey Infrared Imager with ImageStudio software (Li-Cor
Biosciences). Signal was analyzed using ImageQuantTL (GE
Healthcare) and Prism 9 (GraphPad).

ATPase assays

Measurement of Vps4 ATPase activity was performed in ATPase
buffer (20 mM Hepes, 100 mM KOAc, and 5 mM MgOAc, pH 7.5)
as previously described (Azmi et al., 2008; Babst et al., 1998;
Davies et al., 2010; Davies et al., 2014; Norgan et al., 2013; Tan
et al., 2015). All reactions were incubated at 30°C for 30 min
before initiation by ATP addition (4 mM final concentration).
Images were captured using a Typhoon FLA 7000 (GE Health-
care). Vps4 titration data represent ATPase activities from a
minimum of three independent experiments, with each exper-
iment performed in duplicate. Data represent ATPase activities
from a minimum of three independent experiments, with each
experiment performed in replicates within the experiment. Data
were graphed, and statistical significance was assessed by t tests
using Prism 9 (GraphPad). The Vps4 concentration used was 0.5
MM, because this concentration of Vps4 exhibits submaximal
specific activity. ATPase assays in the presence of Ub were
performed with the minimal concentration (50 pM) yielding
maximal enhancement.

Fluorescence microscopy
For live-cell imaging, cells expressing GFP-tagged cargos were
grown in minimal media at 30°C to mid-log phase (0.5 ODg0o0)
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for live-cell fluorescence microscopy. Mupl-GFP induction was
accomplished by adding 50 uM copper sulfate/chloride, as
previously described (MacDonald et al., 2015). Colabeling with
FM4-64 and C6-NBD-PC (1-palmitoyl-2-(6-((7-nitro-2-1,3-ben-
zoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-phosphocholine;
Avanti Polar Lipids) was performed by growing cells in YPD or
Synthetic Media containing 1 uM C6-NBD-PC and 250 nM FM4-
64 for 30 min at 30°C. Cells were then harvested at mid-log
phase and imaged in YPD or Synthetic Media. Images were
captured at room temperature (25°C) using an Olympus IX70-
S1F2 fluorescence microscope equipped with an Olympus UP-
IanApo 100x numerical aperture 1.35 oil objective with the
complementing immersion oil (n = 1.516; Applied Precision),
Standard DeltaVision filters, FITC and rhodamine, and a Pho-
tometrics CoolSNAP HQ charge-coupled device monochrome
camera (Teledyne Photometrics). Image was acquired using
Delta Vision softWoRx (version 3.5.1; Applied Precision) and
subsequently processed by Fiji (version: 2.1.0/1.53c, National
Institutes of Health; Schindelin et al., 2012). Captured images
were exported under the standard DeltaVision file format and
converted into 16-bit TIFF images using Bio-Formats Importer
(available within Fiji). The contrast and brightness of images
were subsequently adjusted within Fiji as well. Images were
captured on three different days using two different sets of
transformations. Verification of Brol and mutant Brol expres-
sion in these cells was confirmed by immunoblotting. Cells with
WT cargo sorting signal (as indicated by predominant lumenal
fluorescence and an absence of appreciable limiting membrane
accumulation; see Fig. S1 B for an NBD-PC example) were scored
manually. Data represent quantification from a minimum of
three independent labeling experiments, with each experiment
quantifying at least 100 cells. Statistical significance was as-
sessed by t tests using Prism 9 (GraphPad).

Cargo GFP liberation analysis

Cells expressing GFP-tagged cargos grown in minimal media at
30°C to mid-log phase (0.5 ODgoo) were harvested and treated
with 0.2 M sodium hydroxide for 5 min. Mupl-GFP and Mupl-
GFP-Ub induction was accomplished by adding 50 pM copper
sulfate/chloride, as previously described (MacDonald et al.,
2015). Subsequently, cells were resuspended in urea buffer
(40 mM Tris-HCI, pH 6.8, 8 M urea, 15% SDS wt/vol, 0.1 mM
EDTA, 1% B-mercaptoethanol vol/vol, and 0.01% bromophenol
blue wt/vol) and lysed with glass beads for 5 min (Katzmann
et al., 1999). Sample were resolved via SDS-PAGE and im-
munoblotted for GFP (1:1,000; Roche) and Pgkl (1:10,000; Life
Technologies). Signal was visualized with goat anti-mouse IgG
800CW (P/N: 925-32210; Li-Cor Biosciences) and detected us-
ing the Odyssey Infrared Imager with ImageStudio software
(Li-Cor Biosciences). Signal was analyzed using ImageQuantTL
(GE Healthcare) and Prism 9 (GraphPad).

Subcellular fractionations

Subcellular fractionations were performed by osmotic lysis as
previously described (Dimaano et al., 2008), except the cell
extracts were centrifuged at 13,000 xg for 10 min at 4°C to
separate the soluble and pellet fractions (Tan et al.,, 2015).

Journal of Cell Biology
https://doi.org/10.1083/jcb.202102070

220z AInF 01 uo Jesn Jepinog opeJojoD AnsieAlun Aq jpd'020z0120Z 9ol/0£68111/020201.2028/8/02Z/4Pd-8l0nie/qol/Bio°ssaidny//:dny woy papeojumoq

14 of 18


https://doi.org/10.1083/jcb.202102070

Samples (0.1 or 0.2 ODgoo equivalents) were resolved via SDS-
PAGE and immunoblotted for Snf7 (this study; 1:5,000), Vps4
(Babst et al., 1997; 1:1,000), and Brol (this study, 1:1,000). Pgkl
(1:10,000; Life Technologies) and Pepl2 (1:1,000; Life Technol-
ogies). Immunoblots were developed using HRP-conjugated
Goat anti-Rabbit (1:30,000; Life Technologies) or Goat anti-
Mouse (1:1,000; Life Technologies), SuperSignal West Pico
and SuperSignal West Femto substrates (Thermo Fisher Sci-
entific), and the UVP Autochemi System. Signal was quantified
using ImageQuant software (GE Healthcare). Signal linearity
was confirmed via image histograms. Data represent three or
more independent experiments (representative immunoblots
are shown) and are graphed as mean with SEM. Statistical
significance was assessed by t tests using Prism 9 (GraphPad).

Statistical analysis
Statistical significance was assessed by parametric unpaired
two-tailed Student’s t tests using Prism 9 (GraphPad).

Molecular modeling

Molecular graphics and analyses of the S. castellii Brol V domain
(Protein Data Bank accession no. 4JI0, chain A) were performed
with the UCSF Chimera package and PyMOL (Pettersen et al.,
2004; The PyMOL Molecular Graphics System). Chimera was
developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco (sup-
ported by National Institute of General Medical Sciences [NIGMS]
grant P41-GM103311).

Dual-axis ET
Yeast cells were high-pressure frozen and freeze substituted as
previously described (Buysse et al., 2020; Johnson et al., 2017).
Liquid cultures were harvested during log phase and filtered
with 4.5-um Millipore paper, collected into 0.5-mm aluminum
hats, high-pressure frozen with a Wohlwend high-pressure
freezer, and transferred to freeze-substituted media kept at
liquid-nitrogen temperature until cryofixation. Cells were then
freeze substituted in an automated freeze-substitution machine
(Leica) at -90°C in cryomedia made from 0.1% uranyl acetate
and 0.25% glutaraldehyde in anhydrous acetone, washed in pure
acetone, and embedded at -60°C in Lowicryl HM20 (Poly-
sciences). Samples were polymerized at -60°C and warmed
slowly over 4 d. Plastic blocks were trimmed, and sections were
cut in 80-nm thin sections and 250-nm thick sections with a
Leica UC6 ultramicrotome and placed on rhodium-plated copper
slot grids (Electron Microscopy Sciences) for thin-section
transmission EM (TEM) and thick-section electron tomogra-
phy (ET). TEM of hundreds of cells per strain is used to quality
control freezing, embedding, and staining for tomography
(Richter et al., 2013). Tomographic samples are en bloc stained
with 0.1% uranyl acetate and 0.25% glutaraldehyde only, with
no additional post-staining as before (Giddings, 2003). 100 cells
were surveyed before at least 10 representative cells were se-
lected to gather the tomography.

Thick sections were labeled with 15-nm fiducial gold on both
sides and mapped on a Phillips CM10 (TEM) at 80 kV and tilt
imaged with a Tecnai 30 (300 kV; FEI) with dual-tilt series
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images collected from +60° to -60° with 1° increments using a
Gatan US4000 4k x 4k charge-coupled device camera. Tilt series
were shot at 19,000x magnification with a 0.6534-nm working
pixel (binning 2) and repeated at a 90° rotation for dual-axis
tomography. Tomograms and models were constructed using
IMOD software package (Kremer et al., 1996).

MVB membrane models from dual-axis electron tomograms
are manually assigned from the inner leaflet every 4 nm and
calculated using Imodmesh (3DMOD). We designated BPs by
their negative curvature, since the majority of endosome limit-
ing membrane curvature is positive or spherical in shape. BP
models are drawn from the 0° rim at the outer leaflet, measured,
and sorted by surface area using only BPs that have more than
750 nm? or approximately half of the mean ILV surface
(Wemmer et al., 2011). ILVs are spherical and measured using
sphere-fitting models from the vesicle’s outer leaflet (the inner
leaflet of the MVB limiting membrane) and ILV diameters are
measured using these sphere models. Videos were made using
IMOD and QuickTime (Apple). Data were analyzed and graphed
using Prism 9 (GraphPad).

Online supplemental material

Fig. S1 shows endosomes reconstructed from an EM tomogram
of brolA yeast, an NBD-PC scoring guide, and representative
images of brol*B°P and bro}*BOP vps4A yeast labeled with NBD-PC
and FM4-64. Fig. S2 shows that free GFPs liberated from bro1*B°P
and brol2BOP Adoa4 expressing Mupl-GFP or Mupl-GFP-Ub are
equivalent; GFP liberation from Cos5-GFP and GFP-Dap2 are also
presented. Fig. S3 expands characterization of Brol1*B°° NBD-PC
sorting ESCRT dependence; brolV does not support MVB cargo
sorting. Fig. S4 shows that BrolV mutations do not disrupt its
interaction between Hises-Vps4 as well as levels of protein ex-
pression when introduced into BROI; mutants M1 and M7 sup-
port GFP-Cpsl sorting when expressed in brolA cells. Fig. S5
shows BrolV mutants retain their ability to bind Ub. Video
1 shows the EM tomogram of brol*B°P and computer recon-
struction used in Fig. 1 A. Video 2 shows the EM tomogram of
brolA and computer reconstruction used in Fig. 1 A. Video 3
shows the EM tomogram of WT yeast and computer recon-
struction used in Fig. 7 A. Video 4 shows the EM tomogram of
brolV and computer reconstruction used in Fig. 3 D. Video 5
shows the EM tomogram of bro® and computer reconstruc-
tion used in Fig. 7 A. Table Sl lists plasmids used in this study.
Table S2 lists primers used in this study. Table S3 lists yeast
strains used in this study. Table S4 lists mutations analyzed in
this study.
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Figure S1. Representative images of cells stained with NBD-PC and FM4-64. This figure complements Fig. 3. (A) Three-dimensional models reconstructed
from 200-nm thick-section electron tomograms of brolA (GOY65) cells. This image depicts rare MVBs that contains an ILV. Normal-like endosomes are
highlighted by yellow limiting membrane, while other colors depict flattened or tubular endosomes devoid of vesicles. The ILVs are highlighted in red. Scale
bar = 100 nm. (B) Selection criteria for scoring positive NBD-PC cells. A usable cell is defined by having (1) readily identifiable FM4-64 labeling of vacuole
membrane, (2) readily identifiable NBD-PC signal, and (3) defined vacuoles. An unusable cell is defined by having (1) a fragmented vacuole and (2) out of focus. A
positive cell is defined by a diffuse NBD-PC signal within the lumen while lacking a distinct ring on the limiting membrane of the vacuole (defined by FM4-64),
while a negative cell is defined by the colocalization of NBD-PC and FM4-64 on the limiting membrane of the vacuole. Scale bars = 5 um. (C) Representative
micrographs of bro1489P (brolA:: TEF1p-broI?89P; CTY2) and bro148°P yps4A (CTYS) cells stained with NBD-PC to assess lipid MVB sorting and FM4-64 to label
vacuoles. Scale bars = 5 um.
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Figure S2. Bro128°P does not support efficient MVB cargo sorting of Mupl, Mupl-Ub, and Cos5. This figure complements Fig. 2. (A) Representative
immunoblots showing processing of Mup1-GFP or Mup1-GFP-Ub, including liberated GFP in WT (SEY6210), vps44 (MBY3), brolA (GOY65), bro1289P (brolA::
TEFIp- brol4890 ; CTY2), bro14B90 snf7A (CTY12), bro1289P vpsdA (CTYS), or brolB% doadA (CTY13) cells. Pgkl serves as loading control. (B) Representative
immunoblots processing of Cos5-GFP, including liberated GFP in WT (SEY6210), vps4A (MBY3), brolA (GOY65), brol4BOP (brolA::TEFIp- brol*89P ; CTY2),
broI#890 snf7A (CTY12), or brol2B9P vpsdA (CTY5) cells. Pgkl serves as loading control. Data were quantified from three independent experiments performed on
three separate days from two transformations. Data are represented as mean + SD, Asterisks indicate a statistically significant difference (P < 0.05), and
number signs indicate statistically significant difference compared with WT (P < 0.0001). (C) Lysates generated from brolA (GOY65), WT (SEY6210), and TEF1p-
bro14890 (CTY2) cells expressing GFP-Dap2 were analyzed by immunoblotting using antibodies against GFP and Pgkl (loading control).
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Figure S3. bro14B9.supported ILV formation requires the Vps4-ESCRT machinery. This figure complements Fig. 3. (A) Lysates generated from WT
(SEY6210), vps4A (MBY3), brolA (GOY65), TEFIp-BROI (CTY1), brol28°P (370-844; brolA:TEF1p-brol4BOP; CTY2), brolABOPAUBD (388_844; brolA:TEFIp-
bro14BODAUBD; CTY3), TEF1p-brolV (CTY4), and brol289P vps4A (CTY5) cells were analyzed by immunoblotting using antibodies against Brol, Vps4, and Pgkl.
Numbers below the Brol blot indicate expression levels normalized to BROI expression. (B) WT (SEY6210), bro1489P (370-844; CTY2), bro1ABOPAUBD (388_844;
CTY3), broI2B hselA (CTY30), broI2BOP vps27A (CTY29), bro1289P yps37A (CTY21), brol2B9P mub12A (CTY22), brolBOP vps22A (CTY24), bro1489P snf7A (CTY12),
broI2890 yps24A (CTY18), brolBOP yps2A (CTY26), brol4BOP vtalA (CTY27), brol4BOP vpsdA (CTYS), and brol2B°P doadA (CTY13) cells were analyzed by live-cell
fluorescence microscopy and quantified for the frequency of cells able to support NBD-PC trafficking to the vacuolar lumen. Data are represented as mean +
SEM. (C) WT (SEY6210), GOY65, and GOY65 cells transformed with BROI and BROIp-brol2B°° were analyzed by live-cell fluorescence microscopy and
quantified for the frequency of cells able to support NBD-PC trafficking to the vacuolar lumen. Error bars indicate SEM. Asterisk indicates statistically sig-
nificant differences compared with WT (P = 0.0002). (D) Lysates generated from brolA (GOY65) transformed with empty vector, BRO1, and BRO1p-bro148P
were analyzed by immunoblotting using antibodies against Brol and Pgkl. Numbers below the Brol blot indicate expression levels normalized to BROI1
expression. (E) WT (SEY6210), bro128°P (CTY2), and bro1¥ (CTY4) were analyzed by ET and quantified to assess ILV diameter. 337 [LVs from WT (SEY6210), 831
ILVs from bro148°0 (CTY2), and 225 ILVs from bro1¥ (CTY4) were quantified. Data are represented as mean + SEM. Data are represented as mean + SEM. (F) WT
(SEY6210), brolA (GOY65), or brol” (brolA:TEF1p-brolV; CTY4) cells were transformed with the indicated GFP-tagged cargo plasmid to assess MVB sorting
using live-cell fluorescence microscopy. White dashed lines indicate cell boundaries. Scale bars = 5 um.
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Figure S4. BrolV mutants bind Vps4. This figure complements Figs. 5 and 6. (A) Immobilized Hisg-Vps4 or Ni-NTA beads alone were incubated with BrolV
WT or BrolV mutants, and bound material was analyzed by immunoblotting with anti-Brol antiserum. M, mutant. (B) Mutant protein expression levels
normalized to WT. Brol expression levels were normalized to Pgkl and subsequently normalized to WT/Pgkl ratios. Quantified from three independent
experiments performed on three different days from two sets of transformations. Data are represented as mean + SEM. Immunoblots were probed against
Brol and PGK1 using lysates of GOY65 transformed with empty plasmid (pRS414) or BROI, broI"4, broI"8, broI™°, or broI"1 plasmids. Statistical analyses did
not reveal differences between WT and mutant forms of Brol. (C) brolA (GOY65) cells were transformed with GFP-Cps1 and vector, BRO1, BROIM., or BROIM?
plasmids to assess the impact of these mutations on GFP-Cpsl sorting. White dashed lines indicate cell boundaries. Scale bar = 5 um.
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Figure S5. BrolV mutants bind Ub. This figure complements Fig. 9. (A) Sequence alignment of V domain aa 370-388 from S. castellii and S. cerevisige.
Conserved amino acids are indicated by black circles, and isoleucine 377 and leucine 386, critical for Ub binding, are highlighted in red. (B) Brol V domain
mutations M4, M8, and M10 (red) that disrupt V domain stimulation of Vps4 ATPase activity are spatially separated from its Ub-binding site using S. castellii
BrolV crystal structure (Protein Data Bank accession no. 4JI0, chain A). (C) Immobilized GST-fused Bro1V, BrolvM4, BrolVM8, BrolVM?, BrolVM10, BrolVvAUBD
(1377R) and GST alone were incubated with V5 epitope-tagged linear penta-Ub. Bound material was visualized by both Ponceau S protein stain and immu-
noblotting for the V5 epitope. (D) Vps4 titrations were performed with 4 uM BrolV WT or BrolVAUBD (1.386R). Vps4-specific activity is presented as mean +
SEM. (E) Lysates generated from brolA (GOY65) transformed with empty vector, BRO1, TEF1p-broI280P, TEF1p-bro12BODAUED (AUBD:I377R,L386R) and TEF1p-
bro14890M8 plasmids were analyzed by immunoblotting using antibodies against Brol and Pgkl. Numbers below the Brol blot indicate expression levels
normalized to BRO1 expression.

Video 1. Tomogram of MVB in a bro128% cell. MVBs in a bro1489P cell exhibit WT-like MVB morphology. This video shows nine MVBs that are adjacent
to the vacuole (red mesh), while the limiting membrane of the MVB is colored yellow and the ILVs are in red. Intermediate BPs are highlighted in green. Scale
bar = 100 nm. Frame rate, 50 frames/s.

Video 2. Tomogram of MVB in a brolA cell. brolA cell has class E compartments, which are flattened stacks of endosomal membranes that generally lack
internal vesicles. Cisternal class E compartment stacks are shown in different colors to differentiate individual membranes. The vacuolar limiting membrane is
labeled red. Scale bar = 100 nm. Frame rate, 50 frames/s.
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Video 3. Tomogram of MVB in a WT cell. MVBs in WT yeast are roughly spherical membrane structures that contain smaller membrane-bound vesicles. This
video shows two WT MVBs that are adjacent to the vacuole (red mesh). The limiting endosomal membrane is shown in yellow, and ILVs are in red. Scale bar =
100 nm. Frame rate, 50 frames/s.

Video 4. Tomogram of MVB in a bro1Y cell. This tomogram depicts 14 MVBs in a bro1” cell. The majority of these MVBs exhibit normal-like MVB morphology
(yellow), with relatively large BPs (green). One tubular MVB is visible (cyan). ILVs are in red. Scale bar = 100 nm. Frame rate, 50 frames/s.

Video 5. Tomogram of MVB in a bro1A cell expressing Brol8, This tomogram depicts one MVBs in a brolA cell expressing Brol"8. This MVB contains
several budding intermediates (green), while its limiting membrane is shown in yellow and ILVs are labeled red. Scale bar = 100 nm. Frame rate, 50 frames/s.

Four tables are provided online. Table S1 lists plasmids and Table S2 primers used in this study. The yeast strains used are listed in
Table S3, and the mutations analyzed in this study are listed in Table S4.
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