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ABSTRACT The family of Bro1 proteins coordinates the activity of the Endosomal Sorting
Complexes Required for Transport (ESCRTs) to mediate a number of membrane remodeling
events. These events culminate in membrane scission catalyzed by ESCRT-ll, whose polymer-
ization and disassembly is controlled by the AAA-ATPase, Vps4. Bro1-family members Alix
and HD-PTP as well as yeast Bro1 have central “V" domains that noncovalently bind Ub and
connect ubiquitinated proteins to ESCRT-driven functions such as the incorporation of ubig-
uitinated membrane proteins into intralumenal vesicles of multivesicular bodies. Recently, it
was discovered that the V domain of yeast Bro1 binds the MIT domain of Vps4 to stimulate
its ATPase activity. Here we determine the structural basis for how the V domain of human
HD-PTP binds ubiquitin. The HD-PTP V domain also binds the MIT domain of Vps4, and ubig-
uitin binding to the HD-PTP V domain enhances its ability to stimulate Vps4 ATPase activity.
Additionally, we found that V domains of both HD-PTP and Bro1 bind CHMP5 and Vps60,
respectively, providing another potential molecular mechanism to alter Vps4 activity. These
data support a model whereby contacts between ubiquitin, ESCRT-Il, and Vps4 by V domains
of the Bro1 family may coordinate late events in ESCRT-driven membrane remodeling events.
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INTRODUCTION

The Endosomal Sorting Complexes Required for Transport (ESCRTs),
particularly ESCRT-III, and the Vps4 AAA-ATPase mediate a variety
of membrane remodeling processes typically characterized by
bending and scission of membranes away from the cytosol (Vietri
et al., 2020). Members of the Bro1 family of proteins work upstream

of this process to correctly recruit and initiate polymerization of
ESCRT-II and convey target proteins into forming the membrane
structure. For instance, yeast Bro1 serves as a ubiquitin (Ub) recep-
tor, helping sort ubiquitinated membrane proteins into intralumenal
vesicles (ILVs) that bud into the endosome for later delivery and
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degradation in lysosomes/vacuoles (Pashkova et al., 2013; Tang
et al., 2016). Bro1 accomplishes this task by binding ESCRT-II sub-
units, Ub, and clathrin, allowing it to operate in parallel with the
ESCRT-0,1,II proteins that have similar protein:protein connectivity.
The mammalian Alix protein plays a role in viral budding by con-
necting viral gag proteins to the ESCRT-Ill membrane severing ap-
paratus (Votteler and Sundquist, 2013). Moreover, Alix mediates a
number of other ESCRT-driven processes including exosome pro-
duction (Baietti et al., 2012), abscission during cytokinesis, mem-
brane repair, and multivesicular body (MVB) sorting of select car-
goes (Carlton et al., 2008; Dores et al., 2012; Skowyra et al., 2018;
Larios et al., 2020). HD-PTP, Brox, and rhophillin-1 and -2 are
additional members of the Bro1 family of proteins in humans
(Toyooka et al., 2000; Ichioka et al., 2008).

Both Alix and HD-PTP have a role in sorting proteins into MVBs
(Bissig and Gruenberg, 2014; Tabernero and Woodman, 2018).
However, Alix plays a more prominent role in the generation of tet-
raspanin-enriched exosomes, whereas HD-PTP plays a role in sort-
ing ubiquitinated membrane proteins into ILVs for eventual lyso-
somal degradation (Matsuo et al., 2004; Schmidt et al., 2004,
Cabezas et al., 2005; Bowers et al., 2006; Doyotte et al., 2008;
Kharitidi et al., 2015; Parkinson et al., 2015; Sun et al., 2015; Wenzel
et al., 2018; Larios et al., 2020). These functions are important for
both development and tumor suppression (Gingras et al., 2009,
2017). The function of HD-PTP closely parallels that of Bro1 in yeast.
Loss of Bro1 blocks ESCRT-lll-dependent formation of endosomal
ILVs and causes a “class E” phenotype in which ubiquitinated pro-
teins accumulate on the limiting membrane of aberrant endosomal
compartments (Odorizzi et al., 2003). Overall, the process of form-
ing ILVs and sorting cargo into them involves the recognition of Ub-
cargo by a cohort of Ub-binding ESCRT components such as ES-
CRT-0, ESCRT-l, and ESCRT-l, which cluster Ub-cargo in
clathrin-enriched microdomains and initiate membrane deformation
(Williams and Urbe, 2007; Vietri et al., 2020). These components
then nucleate the formation of a polymeric ESCRT-IIl, producing fila-
ments that drive invagination and scission of the ILVs themselves.
Proper editing and disassembly of ESCRT-III is catalyzed by the
AAA-ATPase Vps4, which uses its N-terminal MIT domain to interact
with substrate ESCRT-II proteins containing a C-terminal MIT-inter-
acting motif (McCullough et al., 2018). Bro1 appears to act in part as
a receptor for Ub-cargo that functions in parallel with ESCRT-0 (Hrs/
Stam). This role is clearly revealed when ESCRT-0 and ESCRT-I are
compromised for their ability to bind Ub or clathrin or if the connec-
tion between ESCRT-I and ESCRT-II is broken (Pashkova et al., 2013;
Tang et al., 2016). How well Bro1 and HD-PTP represent distinct
cargo-sorting pathways that are separate from ESCRT-O,lIl or
whether they function within a network of obligatory and redundant
connections to ESCRT-0 and ESCRT-l is not yet clear.

Bro1 and HD-PTP share a common architecture that helps them
achieve their common function in sorting Ub-cargo into ILVs. Both
components accomplish this function by binding Ub and clathrin
and connecting—either directly or indirectly—with ESCRT-IIl. Their
N-terminal BODs (Bro1 homology domains), which form a crescent
structure, bind the ESCRT-IlIl component Snf7 and CHMP4, respec-
tively (Kim et al., 2005; Gahloth et al., 2017b). The V domains, com-
posed of two 3-helical coiled-coil arms, bind Ub (Pashkova et al.,
2013). Both proteins also associate with deubiquitinating enzymes,
Doa4 and UBPY (albeit via different modes), that can deubiquitinate
cargo late in the sorting reaction (Ali et al., 2013; Richter et al.,
2013). HD-PTP has additional interactions that may help it perform
its endosomal functions. These include interactions with the ES-
CRT-0 component STAM2 via its BOD, the ESCRT-I component
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UBAP1 via its V domain, and TSG101 via its proline-rich region do-
main C-terminal to the V domain (Ichioka et al., 2008; Stefani et al.,
2011; Kimura et al.,, 2014; Gahloth et al., 2016; Lee et al., 2016).
HD-PTP also has a low-activity protein tyrosine phosphatase (PTP)
domain with a noncanonical active site (Zhang et al., 2017). How-
ever, this feature is not required to support MVB sorting of Ub-cargo
(Doyotte et al., 2008).

The ability of Bro1 and HD-PTP to both bind Ub-cargo and inter-
face with ESCRT-Il provides a rationale for how these proteins could
coordinate cargo sorting with the final stages in ILV formation. Such
a regulatory device would be important because it could ensure that
ILVs are loaded specifically with Ub-cargo. Previous studies have
shown that the presence of Ub-cargo is required for ESCRTs to as-
semble efficiently onto endosomal membranes, providing a way to
ensure that ILVs are made in response to cargo (MacDonald et al.,
2012). Recently, studies in yeast have discovered that uncoupling
the ability of Bro1 to bridge its full cohort of protein interactions
leads to formation of ILVs that lack Ub-cargo (Tseng et al., 2021).
Moreover, the V domain alone can stimulate the activity of Vps4 in
vitro through contact with the Vps4 MIT domain. This stimulation of
Vps4 can be further enhanced when the Bro1 V domain (VE?) binds
Ub (Tseng et al., 2021). Bro1 mutants that fail to stimulate Vps4 are
defective in MVB sorting, suggesting that this mode of regulation is
critical for correctly orchestrating cargo sorting with the latter stages
of ILV formation. To better understand the emerging roles of HD-
PTP, we investigated the structural basis of how its V domain binds
Ub. Our studies reveal two tandem Ub-binding sites on the N-termi-
nal 3-helical bundle of the HD-PTP V domain. Modeling experi-
ments based on nuclear magnetic resonance (NMR) paramagnetic
relaxation enhancement (PRE) experiments as well as mutational
studies suggest that this tandem array accommodates K63-linked
Ub, which operates as a strong signal for MVB sorting (Piper and
Lehner, 2011). We show that like the VB!, the V domains of Rim20
(VRm20) and HD-PTP (VHPPTP) bind the MIT domain of Vps4. In addi-
tion, the Ub-binding domains of VPP mediate Ub-enhanced stim-
ulation of Vps4 ATPase activity in vitro, emphasizing the conserved
nature of this requlatory mode. Finally, our analysis revealed that the
VHPPTP and VB! bind CHMPS and Vps60, respectively, which may
constitute a specific ESCRT-IIl regulatory mechanism dedicated to
the HD-PTP/Bro1 cargo-sorting pathway that operates in parallel
with the canonical ESCRT-0,1,Il MVB-sorting pathway.

RESULTS

PRE experiments locate Ub binding on the N-terminal arm
of the HD-PTP V domain

We sought to determine the basis for how the VIPPTP binds Ub. The
V domain is a coiled-coil region between the N-terminal Bro1
domain and the histidine/proline-rich domain and phosphatase
domains (Figure 1A). Recently, the crystal structure of the HD-PTP
domain was solved, revealing a two-armed structure, each com-
posed of a 3-helical bundle (Figure 1B). This structure is similar to the
crystal structures of Bro1 and Alix, except that the HD-PTP domain
adopts an extended conformation lacking the closed, “V"-shaped
axis seen in Alix (Gahloth et al., 2016, 2017b). SAXS experiments
have confirmed that HD-PTP adopts this extended shape in solution
(Gahloth et al., 2017a). To guide our experiments in determining
where Ub binds onto the HD-PTP domain, we produced a recombi-
nant V domain (residues 361-711). We performed SAXS analysis to
confirm its behavior in solution and to verify that our data matched
the characteristics of previous studies (Figure 1, D and E). The ab ini-
tio modeling from our SAXS data produced an envelope that closely
matched the known HD-PTP crystal structure. Chi-squared values
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effect that induces peak broadening is ob-
served in HSQC experiments when ">N-Ub
is bound within ~10-20 A of the MTSL.
These effects are highly localized as they di-
minish with distance to the 6th power. Titra-
tion experiments with unlabeled HD-PTP
showed dramatic HSQC peak broadening
for most of the amides of ">N-Ub without
altering peak positions. This indicated that
HD-PTP binds Ub in an intermediate to slow
exchange, causing the peaks to broaden
(Supplemental Figure 1). Therefore, we
chose a concentration of HD-PTP that would
partially bind the pool of >N-Ub, leading to
some peak broadening while still allowing
additional peak broadening from PRE ef-
fects to be observed. Specific PRE effects
were measured by difference in peak height
in the absence and presence of ascorbate,
which quenches the paramagnetic spin la-
bel. To ensure that differences in PRE effects
were due to different positions of spin label
rather than different levels of binding, we
verified that the overall average peak broad-
ening observed (e.g., the extent of binding)
for each spin-labeled HD-PTP variant in the
presence of ascorbate was comparable to
the no-Cys HD-PTP (Figure 2B). All variants

Log Intensity /(q)

produced the comparable levels of Ub bind-
ing except the A377C mutant, which was

x2 C1 C2
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251 1.05 1.30
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FIGURE 1: SAXS analysis of HD-PTP V domain. (A) Domain organization of HD-PTP including
N-terminal Bro1 domain (residues 8-361), V domain (residues 366-704), histidine/PRR domain
(residues 705-1128), phosphatase domain (residues 1192-1452), and C-terminal PEST domain
(residues 1509-1636). Proteins known to interact with those domains are indicated. (B) Structure
cartoon of the crystal structures of the HD-PTP V domain (PDB: 5LM1 [green], 5LM2 [wheat]).
(C) Solution model for the HD-PTP V domain based on chimera of crystal structures and
computational modeling missing loops colored from N- to C-termini using blue-red spectrum.
(D) Ab initio envelope of the HD-PTP V domain in solution from SAXS data. (E) Guinier region
of SAXS data of VHPPTP (4 mg/ml) as well as residuals to confirm little to no aggregation. At the
bottom is the experimental and simulated pair distance distribution function P(r). Ry and Dyax
determination from P(r) curves and %? values comparing experimental data with predicted P(r)

curves of crystal structures and the solution model in C.

determined with Crysol comparing our data with crystal structures of
HD-PTP showed good agreement, especially for PDB:5Im2. We also
built a model of HD-PTP that filled in missing loops from the crystal
structure (Figure 1C) and, when compared with the experimental
SAXS data, yielded a slight improvement to the Chi-squared values
(Figure 1E). This model was then used throughout our studies.

We next used recombinant V domains in a series of PRE experi-
ments to find the region where Ub binds. This utilized a series of
variant VHPPTP proteins, each containing a cysteine at distinct
positions throughout the protein that could be covalently linked to
a nitroxide spin label, MTSL (Figure 2A). This series of cysteine
substitution mutants were made in the context of an VHPPTP in which
the three native cysteine residues were changed to alanine. The PRE
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defective in Ub-binding, possibly indicating
that it was at or near the site of Ub
interaction.

Plotting the magnitude of PRE effects on
detectable amide peaks as a function of
amino acid position of Ub showed that
large effects were derived from spin labels
at residues 400 and 368 (Figure 2C). And
plotting the largest PRE effects from the
spin labels at position 368, 385, and 400
(Figure 2D) onto the structure of Ub (Figure
2E) indicated the same surface of Ub was
near these positions. These PRE studies in-
dicate that the major Ub-binding site(s) are
located on the N-terminal arm but not on
the C-terminal arm of the V domain. How-
ever, it was difficult to interpret the data as
indicating a single Ub-binding site because
PRE effects from a spin label placed at resi-
due 385 were lower than those from spin labels placed on either
side at residues 368 or 400. Because residues 368 and 400 are on
opposite ends of the same arm, we hypothesized that there may be
two Ub-binding sites in the VIPPTP domain clustered on its N-termi-
nal proximal arm.
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Ub binding at Site1

Aligning sequences and structures of VB! and VHPPTP revealed a
conserved sequence motif at the interface were Ub binds Bro1Ve™!
(Figure 3A). This binding site is close to residue A368, a position that
gave large PRE effects, and residue A377, whose substitution to an
MTSL-labeled cysteine compromised Ub binding (Figure 2, B and
C). This region of the VHPPTP crystal structure also adopts the same

Interactions of HD-PTP V domain | 3



’ AB88C
A680C zC‘f’zga
s672c . ¢ I £ "
£
0
> G [o)
AJ77C  A561C ., S660C ok
- 3 3
™ ‘,7 &
. A279C 0.0
A368C & FLEEE PSS
asgsc ©2%° sa00c EERRTELELT
' Ubiquitin Residue # ’
BEEXEEXEL
A385C
cesol B 11 B 01 A o A308C
cesol 1B I | 1 0l 111
C672] 11 1 LI I'l «>1sbD.
cess] | |1 N MI | ety
cool B 11 EEI g
csssl 1 11 1 0l 11 :
o B B 1 L1 Il
csesl N 11 1 ‘Nl i
PRE: 70uM:30uM V:'5N_Ub

V: A368C V: S400C

V:A385C

FIGURE 2: Locating the binding regions of ">N-Ub on the HD-PTP V domain by PRE
experiments. (A) Position of single-amino-acid replacement mutations comprising a set of single
cysteine—containing VHPPTP variants. (B) Relative average HSQC peak heights (+SD) of all residues
of 30 pM "®N-Ub HSQC spectra alone or in the presence of MTSL-labeled 70 uM HD-PTP variant
proteins in the presence of 2 mM ascorbate. Binding of VHPPT? broadens ">N-Ub amide peaks,
resulting in lower relative peak heights. (C) The indicated single cysteine—containing V domain
variants were spin labeled with MTSL and incubated with "*N-Ub at a ratio of 70 uM:30 pM
(V:Ub) in the absence and presence of reduction by ascorbate. PRE effects, measured by the
ratio of peak intensities before and after reduction, are plotted by an increase in color intensity
indicating those that were 2-4 SDs from the mean change. (D) Position of three cysteine
substitutions on the N-terminal helix of HD-PTP that had the largest PRE effects on ">N-Ub
labeled in magenta, green, and cyan, respectively. (E) Backbone amides of Ub undergoing
largest PRE effects (>2 SD above the mean) when bound to HD-PTP spin labeled at residue 368,
385, or 400. These PRE effects were mapped onto Ub backbone (PDB:1UBQ) in magenta, green,
and cyan, respectively.

conformation observed in the VB! crystal structure. Therefore, we
tested a series of mutants within this region (Figure 3A, bottom) that
altered conserved residues that mediate Ub binding in VB! includ-
ing L371, E374, and E375 (Figure 3B). Pull-down experiments of
recombinant V5 epitope-tagged V domains with GST-Ub beads
showed that mutations in this conserved region dramatically dimin-
ished binding from that observed using wild-type (WT) VI'PPTP or the
VHPPTP Jacking cysteine residues (C425A, C628A, C697A) that was
used for PRE experiments. In addition, NMR titration experiments
that measured overall peak broadening showed that the binding
affinity (Ky) of VHPPTP for Ub was ~31 uM, whereas mutants that ab-
late the conserved Ub-binding site (Site1) in HD-PTP had Kys of
0.6-1 mM (Figure 3C). Given that this site for Ub binding is con-
served in sequence and structure with that of V&', we modeled the
mode of binding of Ub to Site1 by overlaying the Ub-bound V&'
structure onto VHPPTP (see below). This model agrees with the major
PRE effects that we observed on the backbone of Ub when bound
to VHPPTP spin label at position 368.

arm:
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Ub binding at Site2

Eliminating the conserved Ub-binding Site1
from VHPPTP resulted in diminished binding
of Ub but not complete loss, indicating the
presence of at least one additional Ub-bind-
ing site. Moreover, the large PRE effects on
>N-Ub when bound to HD-PTP spin labeled
at residue 400 indicated that this second
binding site would be near that position,
fairly close to Site1 (Figures 2 and 3). To find
Site2, we performed additional PRE experi-
ments with a set of spin-labeled VPP pro-
teins in which the binding activity of Site1
was ablated with a combination triple mu-
tant: L371A, Y372A, E374A (Figure 4A). PRE
effects when the V domains were present at
a ratio of 1.6:1 with >N-Ub were weak but
clearly observed for spin-labeled residues at
385 and more weakly at 400 and 628,
whereas the overall levels of binding as-
sessed by average peak broadening were
comparable (Figure 4, B and C). Increasing
the VHPPTP: 15N-Ub ratio to 5:1 in these ex-
periments greatly increased Ub binding and
PRE effects (Figure 4, B and C). These effects
were localized to the hydrophobic surface of
Ub, which engages virtually all Ub-binding
proteins (Piper et al., 2014) (Figure 4, D and
E). Additional PRE experiments at a higher
ratio of VHPPTP to Ub clearly showed stronger
PRE effects from spin label at position 385
than at 400 (Figure 4C, bottom), even with
slightly less binding overall to the S400C V+
PPTP protein (Figure 4B). The weaker Ub
binding by VHPPTP Jacking Site1 allowed us to
observe HSQC chemical shift perturbations
within N-Ub as the complex was in inter-
mediate-to-fast exchange. Plotting the larg-
est chemical shift perturbations onto the
surface of Ub indicated that Site2 contains
residues L8, R42, 144, and V70 (Figure 4F).
This confirmed the PRE experiments indicat-
ing that Ub uses its well-characterized hy-
drophobic surface to bind VI'PFTP at Site2.

We investigated Ub-binding to Site2 using a set of mutations in
VHDPPTP that also contained mutations ablating Site1 binding (L371A,
Y372A, E374A) (Figure 5). These mutations were distributed over
each of the three helices within the coiled-coil that comprises the
N-terminal arm (Figure 5, A and B). NMR experiments with ">N-Ub
in the presence of a fivefold excess of V'PPTP mutants allowed us to
assess the relative effects of binding by the degree of peak broaden-
ing, reflected by the decrease in relative peak height. A low level of
binding was observed for VHPFTP carrying mutations in Site1 (L371A,
Y372A, E374A) alone, and binding within this context was further
diminished by combination mutations to 1387A, E388A, D389A, and
K390A as well as N391A, E392A, V393A, and L3%94A. In contrast, no
significant decrease in binding was observed when the Site1A mu-
tant (L371A, Y372A, E374A) was combined with mutations farther
along the first alpha helix or within the other two helices of the first
(D395A, Q396A, F397A, M398A);
L627A); and (E565A, M366A, R367, D368A). Interestingly, the latter
alanine substitution mutant resulted in far better binding of VHPPTP

(D624A, 625A, V626A,
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FIGURE 3: An N-terminal binding site for Ub. (A) Top, Amino acid alignment of the V domains
of Bro1 and HD-PTP from the indicated species with conserved residues (blue) within the
Ub-binding site of Saccharomyces cerevisiae Bro1. Residues in Bro1 that when mutated result in
loss of Ub binding are indicated (*). Bottom, Alignment of residues within a set of human
HD-PTP V domain mutants showing the conserved Ub-binding residues of Bro1 (blue) and amino
acid substitutions within that region (red). (B) Pull-down experiments measuring binding of the
indicated V5 epitope-tagged HD-PTP V domain mutant proteins to GST alone () or GST-Ub
preloaded onto glutathione beads. Bound fractions together with a 10% equivalent of input
were immunoblotted with anti-V5 antibodies. (C) Binding curves of >N-Ub to either WT or the
mutant VHPPTP containing the indicated mutations in Ub-binding Site1.

carrying the Site1A mutant, suggesting that the additional Ub-bind-
ing site(s) were sensitive to their immediate context that might allow

for better rotation of helices to engage Ub with tighter binding. To- ~ mutated.

gether, these results prompted us to examine the area along the first
helix that encompassed acidic residues E388, D389, E392, D395
using VHPPTP mutants at a ratio of 10:1 with "*N-Ub in HSQC experi-
ments. Whereas Site1A mutants containing either the (L371A,
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Y372A, E374A) triple substitution or the
(L371A, E374A, E375A) mutations had the
same level of reduced Ub binding, addi-
tional alteration of all four acidic residues
(E388, D389, E392, D395) or just E388 and
D389 to alanine caused significantly dimin-
ished binding further. These data suggested
that Site2 is centered on residues 387-392,
and modeling Ub over this site rationalized
the PRE data (Figure 4, C and E) that we ob-
tained for "®N-Ub interacting with a Site1
mutant with a spin label attached at residue
385 (Figure 5D). To examine the impact
when both Site1 and Site2 were altered, we
performed binding experiments using bio-
layer interferometry. Sensors were coated
with avidin and then bound with Ub tagged
at the C-terminus with a biotinylated BirA
site. Immobilized biotinylated Ub was then
allowed to associate and dissociate with in-
creasing concentrations of WT VHPPTP to
yield both on- and off-rates as well as a Ky of
4.3 uM (Figure 5E). This value was similar to
the Ky obtained by NMR (which was about
sevenfold lower), and differences were likely
due to the different environments and con-
straints of the two interacting proteins.
Whereas the Ky of WT VAPPTP measuring by
biolayer interferometry was somewhat
tighter, no binding to biotinylated Ub could
be observed by a mutant VIPPTP |acking its
Ub-binding activity at both Site1 (L371A,
E374A, E375A) and Site2 (E388A, D389%A)
(Figure 5F). We also measured Ky using
titrations and monitoring changes in
the HSQC spectra. Whereas Site1 mutation
(L371A, E374A, E385A) alone gave a Ky of
0.9 mM, combining that with mutation of
Site2 (E388A, D389A) diminished binding
further to an estimated Ky of 1.7 mM (Figure
5G).

Model for Ub binding

NMR experiments with a Site1 mutant al-
lowed us to use chemical shift perturbations
detected in HSQC spectra to map the resi-
dues of Ub that line the interaction site with
VHDPTP (Figure 4F). This was because loss of
Site1 changes the association of the V do-
main to one that is weaker and in fast ex-
change. Mutation of only Site2 resulted in an
VHPPTP that still bound Ub in intermediate/
slow exchange, preventing peak shifts from
being observed. This indicates that Site1 is
the higher-affinity binding site, which is con-

sistent with the large decrease in binding affinity observed with Site
mutated, whereas a lower fold change was observed when Site2 was

Identification of Site2 allowed us to refine our PRE analysis. Our
initial set of single-cysteine substitution mutants showed PRE effects
when spin labels were placed at 368, 385, and 400 (Figure 2C),
which is likely from binding Ub at two distinct sites along that helix.
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FIGURE 4: Mapping a second Ub-binding site. (A) Position of single-amino-acid replacement mutations comprising a
set of single cysteine—containing V"™ variants in the context of inactivated Ub-binding Site1. (B) Relative average
HSQC peak heights (+SD) of all residues of 30 pM SN-Ub HSQC spectra alone or in the presence of 50 or 150 uM
HD-PTP variant proteins. (C) Spin-labeled single cysteine—containing V domain variants lacking Site1 Ub binding were
incubated with 1®N-Ub at the indicated ratios in the absence and presence of reduction by ascorbate. PRE effects,
measured by change in ratio of peak intensity before and after reduction, are plotted by an increase in color intensity
indicating those that were 2-4 SDs from the mean change. (D) Highlighted in green, cyan, and orange are positions
giving maximal PRE on ">N-Ubin the absence of Site1. (E) Backbone amides of Ub undergoing largest PRE effects (>2 SD
above the mean) when bound to HD-PTP spin labeled at residues indicated in D. (F) Left, HSQC data of ">N-Ub (30 mM)
in the presence of (150 uM) the HD-PTP V domain lacking the Site1 Ub-binding site. The magnitudes of chemical shift
perturbations ([0.2AN? + AH?]'"?) are plotted for each assignable backbone amide of Ub. Dashed line indicates level
chemical shift perturbation 1 SD above the mean. Right, Residues undergoing significant chemical shift perturbations in
F are plotted onto Ub structure (PDB: 1UBQ).

Therefore we spin labeled those positions but in a Site2 mutant with ~ binding, spin-label variants at positions 368 and 385 were bound to
the expectation that the PRE effects would be biased to just those ~ '>N-Ub at a ratio of 1.6:1, whereas the variant labeled at S400 was
positions near Site1 (Figure 6). To ensure the same level of overall bound to Ub ata ratio of 1:1 (Figure éB). These experiments showed
binding to the spin-labeled variants, we monitored average peak  that major PRE effects of Site2 mutants were obtained with spin
broadening of N-Ub in HSQC spectra. To obtain comparable label at residue 368 (Figure 6A), consistent with the structural model
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if Ub bound at Site1 derived from homology modeling of the Bro1-
Ub complex (Figure 6C). This allowed us to build a synthetic model
where Ub occupies both Site1 and Site2 (Figure 6E and Supplemen-
tal Data). Here, both Ubs lie in tandem across the N-terminal helix in
the coiled-coil arm. The orientation of Ub in the model accommo-
dates di-Ub linked via a K63 linkage. Previous experiments have
shown that VMPPTP binds avidly to Ké3-linked polyubiquitin, although
unlike some proteins specific for K63-linked Ub polymers, the HD-
PTP V domain also binds strongly to monoubiquitin (Pashkova et al.,
2013).

Loss of Site1/Site2 Ub binding does not affect interaction
with partner proteins

Determining the function of Ub binding by V"'PPTP relies on testing
mutants that are specifically defective in Ub binding but still retain
interaction with other partners and maintain overall structural integ-
rity. Size exclusion chromatography and "H NMR experiments of WT
and AUb (Site1,2) VMPPTP proteins indicated that both were well
folded and without aggregation. UBAP1, another Ub-binding pro-
tein, binds the distal C-terminal 3-helical bundle arm of V"PPTP 5t a
site conserved in Alix that in turn binds LYPxL motifs found in viral
gag and other proteins (Gahloth et al., 2016). As expected, both the
WT and AUb mutant V domains bound the LYPxL-containing inter-
acting region of UBAP1 (Figure 6D). To explore whether other po-
tential binding partners might be hampered by the AUb mutations,
we performed a comprehensive yeast 2-hybrid screen to compare
interactomes of WT and AUb VHPPTP domains using a batch method
that we previously developed called DEEPN (dynamic enrichment
for evaluation of protein networks). This approach uses deep se-
quencing of a population of “prey” plasmids to determine which
are specifically enriched upon selection for a positive yeast 2-hybrid
interaction. Because the prey library is verifiably delivered to cells
that contain different “bait” proteins, one can compare the enrich-
ment of genes upon selection between baits to determine whether
there are differential interactions. For our analysis, we used a mouse
cDNA library derived from multiple organs as previous described
(Pashkova et al., 2016). Sequencing across library plasmid inserts
showed that all the yeast populations with different prey plasmids
contained comparable distributions of “preys” (Supplemental
Figure 2). Positive yeast 2-hybrid interactions were then selected for
by growing populations in the absence of histidine. We filtered for
only genes that were enriched on either WT or AUb V domains but
not vector alone, met a probability threshold for enrichment by sta-
tistical modeling, and were in the proper reading frame and orienta-
tion with respect the Gal4-activation domain onto which their cod-
ing region was fused (Figure 7A). Very few interacting gene
fragments showed differential interactions on WT VHPPTP versus AUb
VHPPTP showing that at least some yeast 2-hybrid interactions could
distinguish subtle differences on the surface of the VAPPT" domains
due to the AUb mutations (Figure 7A; Supplemental Figure 2). Yet,
while these differential interactions were evident, their biological
relevance has yet to be determined, and these interactions may
suggest only a biochemical difference rather than a functional one.
The majority of interacting proteins, however, interacted with both
WT and AUb VHPPTP proteins, supporting the idea that they had very
similar conformations and surfaces.

ChmpS5 binds the HD-PTP V domain

One of the genes that enriched on both WT and AUb VHPPTP was
CHMPS5, an ESCRT-llI subunit whose yeast analogue is Vpsé0 (Figure
7A). The CHMP5 sequences enriched upon selection showed that
the entire CHMP5-coding region was encapsulated in the interact-
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ing “prey” plasmid with a fusion point just upstream of the ATG start
codon. To verify the yeast 2-hybrid interaction, we built a new
CHMPS “prey” plasmid in which the entire ORF was fused in frame
to the Gal4-activiation domain (Gal4AD). This and the Gal4AD vec-
tor alone or fused to two tandem copies of Ub were tested for inter-
action with the Bro1 domain, V domain, PTP domain, and His/PRR
domain. CHMP5 showed a strong interaction with V"PPTP, and
growth was markedly stronger than that supported by the interac-
tion of the VAPPTP with di-Ub. A far weaker interaction was observed
between CHMP5 and the Bro1 domain of HD-PTP, possibly indicat-
ing indirect association via endogenous ESCRT-II subunits or direct
binding through a motif similar in HD-PTP and Brox that allows the
Bro1 domain of Brox to bind Chmp5 (Lee et al., 2016). Glutathione
S-transferase pull-down experiments using recombinant V5 epit-
ope-tagged WT and AUb HD-PTP V domains showed that both
bound GST-Chmp5 (Figure 7D), consistent with yeast 2-hybrid
DEEPN analysis where the same fragment CHMP5 was enriched
upon selection for interaction across both WT and AUb V"*PPTP do-
mains (Figure 7B).

We next mapped what regions of Chmp5 mediated the interac-
tion with VHPPTP. Modeling of the CHMP5 primary sequence using
the Phyre2 server (Kelley et al., 2015) on the known closed confor-
mation of CHMP3 (PDB:2GD5) predicted a helical “core” region
from residues 23-157 following an unstructured N-terminal region
(Figure 7, E and F). This is followed by flexible regions that bind the
double MIT-domain region of Lip5 and a beta turn motif at the very
distal end of Chmp5 that binds the Bro1 domain of Brox. GST pull-
down experiments on fragments of Chmp5 indicated that both the
“core” alpha-helical region and the Lip5-binding region combined
were sufficient for interaction, while each of these regions was nec-
essary for interaction. GST pull-down experiments further showed
that yeast VB! bound the Chmp5 orthologue Vpsé0 (Figure 71). Dy-
namic light scattering of the GST fusion proteins containing the al-
pha-helical core domain showed polydispersity, indicating some
aggregation or polymerization. This did not account for differences
in binding VHPPTP because full-length CHMP5 and a version lacking
the C-terminal Brox domain that bound V"PPTP and the further trun-
cated form lacking the Lip5-binding region that did not bind VHPPTP
had similar levels of polydispersity (18.6%, 57.1%, and 36.6%, re-
spectively). Together, these results identify a new interaction be-
tween the VHPPTP and CHMPé that is conserved across phyla.

The Ub-binding sites of HD-PTP V domain are important for
Vps4 stimulation

Previous experiments show that V&' stimulates the specific activity
of the Vps4 AAA ATPase, which remodels and depolymerizes ES-
CRT-IIl subunit assemblies on membranes (Tseng et al., 2021). This
is mediated by VB®' binding the N-terminal MIT domain of Vps4. In
addition, stimulation of Vps4 activity by V&' is further enhanced by
the addition of Ub, which mediated its effects through the known
Ub-interaction surface on the N-terminal helix of the VB! Those
studies also showed that V"PPTP stimulated Vps4 activity, indicating
a conserved regulatory feature (Tseng et al., 2021). NMR experi-
ments confirmed binding of VHPPTP and VB! to the Vps4 MIT do-
main (Figure 8A; Supplemental Figure 3). Here 30 pM ®N-labeled
Vps4 MIT domain was titrated, with increasing concentrations of
VBl and VAPPTP yielding a binding curve that determined the Kgs of
20 and 50 pM, respectively. We also found binding of the MIT do-
main by the VRM20 which associates with ESCRT components to
mediate protease cleavage of the transcription factor RIM101
(Figure 8A). We next surveyed the ability of these V domains to bind
to MITs from other proteins. Recombinant GST proteins fused to the
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MIT domains of VPS4A, VPS4B, Spastin, SNX15, and Rps6KC1 were
used in pull-down assays using the V domains of Bro1, Rim20, and
HD-PTP (Figure 8B). Both VE°! and VHPPTP bound yeast Vps4 as well
as human Vps4A and Vps4B MIT domains, whereas VR™20 showed
strong but sole binding to yeast Vps4.

To evaluate the contribution of the Ub-binding sites in VHPPTP to
modify the regulation of Vps4 by the V domain, we performed in
vitro experiments that monitored the stimulation of Vps4 ATPase
activity by VAPPTP in the presence and absence of Ub (Figure 8C). At
a constant concentration of Vps4 MIT domain (500 nM), the addition
of VHDPTP (4 M) showed an approximately twofold increase in
ATPase activity, which was enhanced with the addition of Ub (50 uM).
The AUb mutant of VPPTP Jacking both Ub-binding Site1 and Site2
also caused an approximately twofold stimulation of Vps4 ATPase
activity. However, addition of Ub had no further effect, indicating
that Ub stimulation was mediated through the Ub-binding sites that
we identified and providing a biochemical role for the Ub-binding
activity of VHDPTP,

A Bro1 pathway utilizes Vps60

The conserved association between HD-PTP and CHMP5 and their
yeast counterparts Bro1 and Vps10/Mos10 was further investigated
in genetic experiments. Although Vpps60/CHMPS s structurally simi-
lar to other ESCRT-III subunits, it is not regarded as part of the core
ESCRT-IIl but rather serves as an auxiliary ESCRT-lll protein that may
initiate a distinct functional step in the process of ILV biogenesis (Mc-
Cullough et al., 2018). Vpsé0 interacts with Vta1, a regulatory protein
of the Vps4 AAA-ATPase (Shiflett et al., 2004; Azmi et al., 2006).
However, depending on the genetic background, their loss has a
more moderate phenotype in comparison with the loss of any of the
“core” components of ESCRT-0, |, I, or Il (Babst et al., 2002; Shiflett
et al.,, 2004; Azmi et al., 2006, 2008; Rue et al., 2008; Nickerson
et al., 2010). The association of Vpsé0 with Bro1 suggested that this
complex may serve as a dedicated parallel pathway for conveying
Ub-cargo into an ESCRT-ll-dependent ILV sorting pathway. Previous
experiments suggested that ubiquitinated proteins might be pro-
cessed by two distinct parallel pathways (Pashkova et al., 2013; Par-
kinson et al., 2015; Tang et al., 2016). One of these pathways is
driven by ESCRT-0, which binds Ub-cargo and conveys it to polymer-
izing ESCRT-IIl via interactions via ESCRT-l and ESCRT-Il. Another
pathway uses Bro1 to bind Ub-cargo that in turn conveys it to ES-
CRT-lII via interactions between the N-terminal Bro1 domain of Bro1
with Snf7 (Figure 9). These parallel pathways can be revealed when
selective functions and connectivity of the ESCRTs are compromised
(Pashkova et al., 2013; Tang et al., 2016), thereby shunting cargo so
that it is more reliant on proper function of the alternate pathway

(Figure 9C). For example, loss of the Ub-binding activity within Bro1
has little effect on MVB sorting; however, additional disruption of the
association of ESCRT-0 with endosomal clathrin has a strong syn-
thetic phenotype that demonstrated the role of Ub binding by Bro
(Pashkova et al., 2013). We reasoned that if the major function of
Vpsé0 is in a dedicated complex with Bro1, shifting cargo sorting
into the Bro1 pathway would lead to an increased need for Vps60.
As expected, we found that mutating the C-terminal clathrin-binding
site of the ESCRT-0 component Vps27 (vps272¢HC) had no effect on
sorting of Ste3-GFP to the vacuole and that loss of Vpsé0 had a
moderate defect for sorting Ste3-GFP into the vacuole (Figure 9B).
However, major sorting defects were observed in vpsé0A vps272cHC
double mutants. This synthetic defect was also appreciated when
immunoblotting whole cell extracts for those transformants with
anti-GFP antibodies to reveal the extent to which cells were able to
cleave GFP from Ste3-GFP once it is delivered to the vacuole lumen
(Figure 9B). These data support the idea that Vpsé0 functions along
the Bro1-mediated MVB-sorting pathway, which is a specialized task
in concert with the common function of “core” ESCRT-III subunits
whose loss fully incapacitates all MVB sorting (Figure 9C). Because
Vpsé0 also interacts with Vtal (Figure 9E), we also assessed whether
there were similar synthetic defects in MVB sorting when vtaTA mu-
tants were combined with mutations predicted to shunt Ub-cargo
into the Bro1-dependent pathway. Here we followed GFP-Cpsf,
which sorts largely normally in vtaTA mutants in the parental strain
used here (Azmi et al., 2006). Yet, combining vtalA mutants with
vps27-¢HC mutants resulted in clear defects in the delivery of GFP-
Cps1 to the vacuole interior, whereas the single vps272°HC mutants
were no different from wild-type cells (Figure 9A).

DISCUSSION

HD-PTP plays a pivotal role in sorting ubiquitinated proteins into
endosomal ILVs that are targeted for degradation in lysosomes.
Similar structure, interactions, and function make HD-PTP the clos-
est human homologue of Bro1, the founding member of the Bro1
family of proteins. All of the central coiled-coil “V” domains among
members of the Bro1 family noncovalently bind Ub, positioning
them to associate with ubiquitinated targets to effect a variety of
functions. While repeated attempts to cocrystalize Ub with VHPPTP
were unsuccessful, we were able to use mutagenesis and PRE NMR
approaches to define two Ub-interacting regions within VHPPTF, with
the strongest site occupying the same position and similar sequence
composition as the Ub-binding site in Bro1. Combined loss of Site1
and Site2 resulted in a V domain with exceptionally weak Ub-bind-
ing, with a Ky of ~1.7 mM, supporting the concept that the main
Ub-binding sites are encompassed in the two sites defined here.

FIGURE 5: Mutagenesis of a second Ub-binding site. (A) Amino acid alignment of the WT HD-PTP V domain and
various mutants (red) in the N-terminal helix or other helices (pink, green). Residues in blue highlight the region of
homology with the Bro1 Ub-binding site. (B) Position of residues altered in the various mutant HD-PTP mutants shown in
A (red: 387-390; pink: 565-568; green: 624-627). (C) Relative average peak heights (+SD) of 30 uM *N-Ub HSQC
spectra alone or in the presence of the purified V domain at the indicated ratio. Better binding results in lower peak
height. Peak broadening was measured for all visible peaks in the ">N-Ub spectra to calculate the SD. One-way analysis
of variance tests of groups that showed p > 0.1 between samples are designated () vs. all samples within groups that
each showed a difference from samples of the other groups with p < 0.0001 (****). (D) Position of Ub modeled on
Ub-binding Site2 (red) near residue 385 (green) that when spin labeled produced the PRE effects mapped onto Ub in
green. Residues in black indicate Site1. (E) Ub-biotin was loaded onto avidin-coated sensors and dipped into solutions
containing the WT HD-PTP V domain. Octet Red96 sensorgrams are shown together with the calculated Kp, K, and Ky
of binding. (F) Octet Red96 sensorgrams for WT or AUb mutant (Site1A: L371, E374, EE75A,; Site2A: E388A, D38%9A) V
domains. (G) Binding curves of the mutant V domain with mutations in Site1 (L371A, E374A, E374A) and Site2 (E388A,
D389A). Binding was measured by the decrease in HSQC signal from ">N-Ub (30 pM) in the presence of increasing

amounts of V domain.
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Modeling the tandem orientation of these binding sites with Ub
(Figure 6D) implied that both might be occupied simultaneously in
an orientation whereby the Ub moieties could be linked through
K63. This possibility is rationalized by the fact that K63-linked polyu-
biquitin chains are used to modify cargo sorted into MVBs. Impor-
tantly, while HD-PTP may better accommodate a Ké3-linked di-Ub
chain, it does not specifically require Ké3-linked Ubs to bind Ub
because it binds mono-Ub with high good affinity (Figures 3C and
5F). This is in contrast to K63-specific interactions that are exempli-
fied by proteins such as AMSH or TAB2, which use two very low
affinity Ub-binding sites that must simultaneously bind two Ub
moieties properly spaced by the K63 linage (Piper et al., 2014). The
ability to accommodate Ké3 chains might serve other purposes
such as protection from deubiquitination or inducing a conforma-
tional change in VHPPTP ysed for downstream functions.

Bro1 and HD-PTP have been proposed as an alternate Ub-sort-
ing receptor that works in parallel with ESCRT-0 (Pashkova et al.,
2013; Parkinson et al., 2015; Tang et al., 2016; Tabernero and
Woodman, 2018). Preliminary experiments replacing endogenous
HD-PTP with a version lacking both Ub-binding sites did not reveal
major defects in EGFR sorting, a phenotype similar to that of yeast
cells carrying a Bro1 mutant lacking its Ub-binding site. In yeast, the
importance of the Ub-binding by Bro1 site was best revealed when
alternative routes of Ub-cargo though the canonical ESCRT-0>I>lI
route was altered. Such parallel pathways have been proposed in
mammalian cells as well, potentially explaining why loss of ESCRT-II
in some circumstances does not alter MVB sorting of particular car-
goes (Bowers et al., 2006; Parkinson et al., 2015). Thus, if HD-PTP
also works as a parallel Ub-sorting receptor with ESCRT-0, specific
loss of its Ub-binding capacity might apply only to a subset of MVB
cargo or be fully revealed experimentally only when the canonical
ESCRT-0, 1,1l pathway is partially compromised. Still, besides the Ub-
binding sites defined here, HD-PTP might still associate with Ub via
its binding to UBAP1, a Ub-binding ESCRT-I subunit that can also
occupy a binding site on the distal 3-helical bundle arm of HD-PTP
(Stefani et al., 2011; Gahloth et al., 2016). Mutating the UBAP1-
binding site severely compromises the MVB-sorting function HD-
PTP, suggesting that the additional Ub-recognition capacity or as-
sociation with ESCRT-I, which are both afforded by associating with
UBAP1, is important. How these interactions are integrated with
those of CHMP5 and the MIT domain remain future goals of study
and will help define the respective functions of these interactions.

Ub-binding also modulates the regulation of Vps4 activity by
VHPPTP Experiments in vitro have shown that VB! can stimulate Vps4
ATPase activity though association with its MIT domain that in turn
likely promotes Vps4 oligomerization. This stimulation is increased
when the V domain binds Ub. Similarly, HD-PTP binds the MIT do-

mains of yeast and mammalian Vps4 isoforms (Figure 8, A and B)
and has been shown to also stimulate Vps4 activity in vitro (Tseng
et al., 2021). Our structural studies that defined Ub-binding sites on
the VHPPTP allow us to show that Ub binding via HD-PTP enhances its
ability stimulate Vps4 ATPase activity. This supports the idea that we
have identified the major binding sites for Ub and highlights a con-
served feature in the function of the V domains in general. Previous
work defined mutations in VB! that still bound the MIT domain of
Vps4 but lacked the ability to stimulate Vps4 activity by Ub, and
these alleles in vivo had major defects in cargo sorting (Tseng et al.,
2021). Thus, the phenotypes associated with loss of Ub binding by
Bro1 could be due to either the inability to serve as a receptor to
bind and sort Ub-cargo or the inability to have that Ub-cargo—or
some other ubiquitinated component (Watanabe and Hatakeyama,
2017; Crespo-Yanez et al., 2018)—control Vps4 activity.

Seven structurally similar proteins comprise the ESCRT-IIl appara-
tus that mediates MVB biogenesis through crafting the final mem-
brane remodeling events that lead to scission of ILVs. The functional
steps they undergo are nucleation, polymerization, and an addi-
tional remodeling/elaboration step that may alter flat spherical ar-
rays into assemblies that can promote membrane deformation and
scission (Remec Pavlin and Hurley, 2020). These remodeling steps
coincide with the arrival of Vps4, which may edit the composition of
the polymer as well as disassemble it entirely (Adell et al., 2017;
Schoneberg et al., 2018; Pfitzner et al., 2020). Components from the
ESCRT-lIl polymer as well as ESCRT-IlIl components have been di-
vided into those that form the “core” complex that is critical for MVB
biogenesis and accessory/auxiliary subunits that may modify the
function of the main ESCRT-lIl polymer (Babst et al., 2002). These
auxiliary subunits include Did2/CHMP1, Ist1/IST1, and Vps60/
CHMP5, the latter of which we find associates with the V8! and VH-
DPTP respectively. Only moderate defects in MVB formation are ob-
served with the loss of any of these auxiliary components in yeast
and mammalian cells and all regulate the activity of Vps4 (Shiflett
et al., 2004; Shim et al., 2006; Azmi et al., 2008; Dimaano et al.,
2008; Rue et al., 2008; Nickerson et al., 2010; Tan et al., 2015; Vild
etal., 2015; Crespo-Yanez et al., 2018). A key role for some of these
subunits has emerged from observations that Vps4 can edit the core
ESCRT-lIl polymer with Did2/CHMP1, which is then stabilized by the
addition of Ist1 to cause the shape change required for the final
stages of scission (McCullough et al., 2018; Nguyen et al., 2020;
Pfitzner et al., 2020). A similar molecular role for CHMP5 may exist
given previous genetic analysis of double mutants that shows
synthetic defects between the Did2-Ist1 (CHMP1-IST1) complex
and the Vps60-Vtal (CHMP5-Lip5) complex, suggesting that they
work in parallel on a common process (Dimaano et al., 2008;
Rue et al., 2008; Nickerson et al., 2010; Brune et al., 2019). Our

FIGURE 6: PRE mapping of Site1 Ub binding. (A) Paramagnetic relaxation effects on backbone amides of >N-Ub using
HD-PTP V domains containing single spin labels at the indicated positions (residues 368, 385, or 400) also containing
mutations disrupting the Site2 Ub-binding site (E388A, D389A). The ratio of the V domain to >N-Ub is shown. The
largest paramagnetic enhancement effects, measured by the change in the ratio of peak intensity before and after
reduction, are plotted by color indicating those that were 2-3 SDs from the mean change. (B) Relative average peak
heights (+SD) of 30 uM ®N-Ub HSQC spectra alone or in the presence of 50 or 30 pM HD-PTP MTSL-labeled variant
proteins in the presence of 2 mM ascorbate as described for A. (C) Positioning of Ub over Site1. Shown are positions of
MTSL labeling used in A. The largest PRE effects on SN Ub when bound to the V domain spin labeled at residue 368
were mapped onto the structure of Ub in magenta. Right, The fit of the HD-PTP:Ub model into the electron density map
for the VB°":Ub crystal structure (4JIO). (D) Pull-down experiments with WT or AUb mutant HD-PTP V (Site1A: L371A,
Y372A, E374A; Site2A: E388A, D389A, E392A) to assess binding to GST alone or GST fused to residues
SNIKSLSFPKLDSDDSNQKT of UBAP1 that mediate binding to the distal C-terminal arm of the HD-PTP V domain.

(E) Model of Ub bound to Site1 (black) and Site2 (black). Positions for PRE experiments at residue 368 (magenta) and

385 (green) of VIPPTP or position of K63 of Ub at Site1 (blue) are shown.
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FIGURE 7: CHMP5 binding to WT and AUb HD-PTP V domain. (A) Batch yeast 2-hybrid
(DEEPN) screen using the WT and AUb HD-PTP domain against mouse cDNA whole body
library. Diploid yeast containing the same cDNA library were placed under selection for positive
yeast 2-hybrid interactions. Plotted are genes in the correct translational frame that were
enriched upon selection for interaction with the HD-PTP V domain but not enriched for
interaction with vector alone. Most genes were enriched on both the WT (open black circles)
and AUb HD-PTP V domain (blue dots), Site1A: L371A, Y372A, E374A, Site2A: E388A, D389A,
E392A), some passed statistical probability for only WT or the AUb V domain (open circles or
solid circle, respectively). (B) Fusion point of Chmp5 fragment to Gal4-activation domain in the
prey plasmid (blue line, right Y-axis) and the read-depth of sequences for Chmp5 (gray lines, left
Y-axis) describing the fragment of Chmp5 enriched when selected for Y2H interaction on the
WT or mutant HD-PTP V domain. (C) Binary yeast 2-hybrid assay with diploid cells containing the
indicated “bait” fragments of HD-PTP fused to the Gal4-DNA-binding domain and the indicated
“prey” fragments fused to the Gal4-activation domain wherein a positive Y2H interaction drives
production of the His3 and His+ phenotype. Cells were serially diluted and plated onto media
with histidine or without histidine also containing 1 mM 3-aminotriazole (3AT). (D) Pull-down

12 | N. Pashkova et al.

genetic studies reveal a critical role for Vpsé0
as well as Vtal when cargo sorting is dimin-
ished through the canonical ESCRT-O,l,lI
pathway and shunted more through the Bro'
pathway (Figure 9). Our findings that physi-
cally connect Vps60 with Bro1 and CHMP5
with HD-PTP (Figure 7) support a satisfying
hypothesis that the ESCRT-III auxiliary com-
ponents Did2~Ist1 and CHMP5~Vta1 divide
their function along the parallel Ub-cargo
sorting pathways headed by ESCRT-0 and
Bro1/HD-PTP, respectively. Stimulatory and
inhibitory effects on Vps4 ATPase activity
have been observed in vitro through Vps60/
CHMP5~Vtal1/Lip5 interactions  (Skalicky
et al., 2012; Yang et al., 2012). In addition,
the V domains from HD-PTP and Bro1 also
mediate Ub-enhanced Vps4 stimulation as
shown in this study (Figure 8) and previous
studies (Tseng et al., 2021). These interac-
tions provide a number of potential mole-
cular mechanisms that could specify targets
and timing of Vps4 activity to not only ensure
proper ILV scission but also that cargo is re-
tained in these ILVs and can undergo a
proper degree of deubiquitination and allow
HD-PTP/Bro1 to escape incorporation into
ILVs. How these molecular interactions of the
V domains, including the association with
UBAP1, are orchestrated should provide in-
sight into what and how these events unfold
in MVB biogenesis.

experiments measuring binding of the
indicated V5 epitope-tagged HD-PTP V
domain proteins (WT or AUb [Site1A: L371A,
E374A, E375A,; Site2A: E392A, D395A]) to
GST alone () or GST-Chmp5 preloaded onto
glutathione beads. Bound fractions together
with a 10% equivalent of input were
immunoblotted with o-V5 antibodies.

(E) Homology model of CHMP5 using PDB:
2GD5 as the template with unstructured
regions (cyan) and binding regions for Brox
(green) and Lip5 (magenta) and a core
alpha-helical domain (orange). (F) Schematic
of Chmp5 fragments used in binding
experiments in G. (G) Pull-down experiments
measuring binding of the indicated V5
epitope-tagged HD-PTP V domain to equal
levels of GST alone (@) or GST fused to the
indicated fragments of Chmp5 described in F
preloaded onto glutathione beads. Bound
fractions together with a 10% equivalent of
input were immunoblotted with o-V5
antibodies. (H) Coomassie gel of purified
GST-Chmp5 fusion proteins. (I) Pull-down
experiments showing binding of V5 epitope—
tagged VB! on GST alone (@) or GST-Vps60
preloaded onto glutathione beads. Bound
fractions together with a 10% equivalent of
input were immunoblotted with o-V5
antibodies.
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Protein expression and purification

Recombinant proteins were expressed in
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FIGURE 8: Occupancy of HD-PTP Ub-binding sites stimulates Vps4 ATPase activity. (A) Binding
curves of the indicated V domains from Bro1, HD-PTP, and RIM20 with yeast Vps4 MIT domain.
Binding was measured by the decrease in HSQC signal from ">N-MIT (35 pM) in the presence of
increasing amounts of the V domain. (B) Pull-down experiments showing binding of V5 epitope-
tagged VB!, VHDPTP and VRm20 \/ on GST alone () or GST fused to MIT domains from the
indicated proteins. Bound fractions together with a 10% equivalent of input were
immunoblotted with 0-V5 antibodies. (C) Vps4 (0.5 uM) ATPase specific activity in the presence
of 1 pM WT or AUb (L371A, E374A, E375A, E388A, D389A) VHPPTP in the absence of presence of
50 uM mono-Ub. Error bars indicate SEM, (*) indicates p < 0.005 statistical significance
compared with Vps4 alone, (#) indicates p < 0.005 statistical significance compared with HD-PTP

V in the absence of Ub.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids and strains

Plasmids, strains, and antibodies utilized in this study are described in
Supplemental Table 1. DNA of human HDPTP V-domain protein en-
coding residues 361-711 was created by gene synthesis (Genscript),
amplified by PCR, and cloned into the pET151/D-TOPOQ vector (Ther-
mofFisher), which encodes 6xHis tag at the N-terminus of VHPPTP or
into the pTEF-GBD vector, which encodes the Gal4 DNA-binding
domain at the N-terminus of VMPPTP as a bait for the yeast 2-hybrid
DEEPN screen. CHMP5-encoding fragments were amplified from the
mouse cDNA yeast 2-hybrid library obtained from Clontech (Moun-
tain View, CA). Vps60-endocoding fragments were amplified from
yeast genomic DNA. Amino acid mutations were generated by
quick-change PCR-based mutagenesis (Xia et al., 2015).
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Co? affinity resin (Clontech, Mountain
View, CA). Proteins were eluted in the lysis
buffer containing 150 mM imidazole (pH
7.7) (Talon-elution buffer) and dialyzed
against 40 mM NaPOy4, 50 mM NaCl (pH
6.95) buffer for NMR or phosphate-buff-
ered saline (PBS) (pH 7.4) for GST pull
down. For Octet binding, V domains were
purified by size exclusion chromatography
on a HiLoad 16/60 Superdex 200 column
(GE Healthcare Biosciences, Pittsburgh, PA)
equilibrated with PBS, 10 mM dithiothreitol
buffer (pH 7.4). GST-fusion proteins were
purified from bacterial lysate using GSH af-
finity resin (GE Healthcare) in PBS buffer
containing protease inhibitors and 1 mM
EDTA and then eluted with 25 mM glutathi-
one in PBS (pH 7.4) followed by dialysis
against PBS. Ub ('*N-labeled) was pro-
duced in cells grown in M9 media supple-
mented with N components. For biotinyl-
ated Ub-avitagged protein expression,
biotin (Sigma) was added in the Luria Broth
media (100 mg/l) upon addition of T mM
IPTG (Li and Sousa, 2012). »N-Ub and
Ub-biotin proteins were purified from cell
lysates by precipitation with 3.5% perchlo-
ric acid and CMC cation exchange chroma-
tography followed by dialysis into 40 mM
NaPOy4, 50 mM NaCl (pH 6.95) buffer for
NMR or PBS (pH 7.4) for biolayer interfer-
ometry binding experiments.

+

+

-+ -

\/HDPTP

Yeast 2-hybrid studies

Protein interaction screening using the DEEPN method with WT
and the AUb mutant VHPPT" was performed with a pan-tissue
mouse cDNA library as previously described (Pashkova et al.,
2016) using modified low-copy “bait” plasmids and a dedicated
software package described previously to evaluate gene enrich-
ments as well as to computationally reconstruct plasmids encod-
ing Y2H-interacting proteins (Krishnamani et al., 2018; Peterson
et al., 2018). Briefly, yeast MAT A (strain Y3581) expressing Gal4-
BD HD-PTP fusion proteins from p6649 (WT) or p6650 (Ub mutant)
was grown in SD-Trp liquid media. Y187 yeast expressing mouse
PAN-+brain library from the pGAD vector were grown in SD-Leu
liquid media. After mating on YPDA media, diploids were
collected and grown in SD-Leu-Trp media at 30°C until saturation.
Cells were pelleted to extract genomic DNA, PCR amplified across
cDNA library inserts, and prepared for 150 base pair paired-end
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FIGURE 9: Synthetic effects of CHMP5 and ESCRT-0. (A) Fluorescence and paired differential
interference contrast (DIC) images demonstrating the extent of GFP-Cps1 sorting to the vacuole
lumen in yeast strains carrying the indicated mutations. (B) Fluorescence and paired DIC images
demonstrating the extent of Ste3-GFP sorting to the vacuole lumen in yeast strains carrying the
indicated mutations. (C) Immunoblot of whole cell lysates from strains in B expressing Ste3-GFP
using a-GFP antibodies to reveal the Pep4-dependent cleaved GFP fragment of ~28 kDa or
0-PGK as a load control. (D) Model showing different cargo sorting pathways. One uses
ESCRT-0, which binds ubiquitinated cargo and associates with ESCRT-I, which in turn associates
with ESCRT-II, which instigates ESCRT-IIl polymer nucleation through binding of the ESCRT-IlI
component, Vps20. Alternatively, cargo can be routed through Bro1 or HD-PTP, which nucleate
ESCRT-Il by directly binding Snf7. (E) Cartoon of HD-PTP/Bro1 interactions depicting
hypothesized connection between the V domain, Ub, and CHMP5, which in turn can associate
with the tandem MIT domains (tMIT) of Vtal. The V domains can also bind the MIT domain of
Vps4, shown unbound but in close proximity to the V domain in this cartoon. VHPPTP also binds
UBAP1, depicted as unbound but near the V domain as well. Because Ub can cause
hyperstimulation of Vps4 via the V domain through MIT binding, simultaneous occupancy of the
V domain by binding Ub and MIT is likely. However, which sets of these interactions are
complementary or competitive is not explicitly proposed in this model.

lllumina sequencing. Binary Y2H interactions were performed in
diploid yeast as described previously (Pashkova et al., 2006) using
plasmids reconstructed in low-copy “bait” and “prey” plasmids

ATPase assays
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as previously described (Peterson et al.,
2018).

Protein-binding assays

For GST pull-down experiments, 0.15 mg
GST or Ub-GST was immobilized on 50 pl
GSH resin and incubated with cell lysates
expressing recombinant V5-tagged HDPTP
V-domain proteins as described previously
(Pashkova et al., 2013). Monoclonal anti-V5
antibodies were used for Western blotting
(Life Technology, Carlsbad, CA).

NMR analysis

For NMR binding experiments, 'SN/'H
HSQC spectra of ®N-Ub at 30 uM in the
presence or absence of VHPPTP were col-
lected at 25°C on a Bruker Avance I 800 or
500 MHz spectrometer. Measurements of
chemical shift perturbations and PRE ef-
fects were previously described (Pashkova
et al,, 2013). For PRE experiments, single
cysteine mutations were introduced in the
HDPTP V-domain. The mutant proteins
were labeled with spin label MTSL over-
night at 4°C in Talon elution buffer and then
dialyzed against NMR buffer (50 mM
NaPQy, pH 7.0). For each protein sample of
mutant HDPTP V mixed with ®N-Ub, two
HSQC spectra were collected. In one sam-
ple the spin label was in oxidized form, and
in the second sample MTSL was reduced by
addition of 2 mM ascorbic acid. Data were
analyzed with SPARKY (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of Cali-
fornia, San Francisco) and NMR View (One
Moon Scientific, Westfield, NJ). The PRE ef-
fects were calculated as 1 - (peak height in
oxidized conditions/peak height in reduced
conditions) and displayed as increments of
SD of the mean PRE for all peaks.

Biolayer interferometry

Steptavidin  Biosensors (Pall ForteBio)
were used with an Octet RED%6 Biolayer
Interferometry (BLI) System (Pall ForteBio,
Menlo Park, CA). Experiments were per-
formed at 37°C in black 96-well plates
(Greiner Bio-One, Monroe, NC) with shak-
ing at 1000 rpm. Serial dilutions of VH-
DPTP as the analyte were used to ensure
that the assay was responsive in the pM
range for Ky. Data were analyzed using
Octet Analysis software. Curves were fit-
ted to obtain the Ky value using a simple
single-site binding equation as binding
strength was too low to ascertain stoichi-
ometry accurately.

Measurement of Vps4 ATPase activity was performed in ATPase
buffer (20 mM HEPES, 100 mM KOAc, 5 mM MgOAc, pH 7.5) as

Molecular Biology of the Cell



previously described (Babst et al., 1998; Azmi et al., 2006, 2008;
Norgan etal., 2013; Davies et al., 2014; Tan et al., 2015). All reactions
were incubated at 30°C for 30 min before initiation by the addition
of ATP (4 mM final concentration). Images were captured using a
Typhoon FLA 7000 (GE Healthcare, United Kingdom). Vps4 titration
data represent ATPase activities from a minimum of three indepen-
dent experiments, with each experiment performed in duplicate.
Data represent ATPase activities from a minimum of three indepen-
dent experiments, with each experiment performed in replicate
within the experiment. Data were graphed, and the statistical signifi-
cance was assessed by T tests using Prism 5 (GraphPad, San Diego,
CA). The Vps4 concentration used was 0.5 pM because this concen-
tration of Vps4 exhibits submaximal specific activity. ATPase assays
in the presence of Ub were performed with the minimal concentra-
tion (50 pM) yielding maximal enhancement.

SAXS and molecular modeling

SAXS data were collected at the 12-ID-B beamline at the Advanced
Photon Source, Argonne National Laboratory, Argonne, IL, using
solutions of VHPPTP ranging from 2 to 8 mg/ml. Data were processed
with PRIMUS. The radius of gyration (R;) estimated from Guinier
plots was 40.4 + 0.5 A for VHDPT®. The maximum diameter (D)
determined with GNOM was 148 A. The ab initio models were gen-
erated with GASBOR (Svergun et al., 2001). FoXS, along with its
Minimal Ensemble Search algorithm, was used to calculate the
weighted fit of SAXS data to PDB:5LM1, 5LM2, and a synthetic
model of VHPPTP (Schneidman-Duhovny et al., 2010). The synthetic
model of VAPPTP was computed using YASARA to model in missing
loops. Where possible, ordered regions in either 5SLM1 or 5LM2
were used to make a complete chain. Modeling of Ub occupying
Site1 of VHPPTP was done by superimposing the N-terminal helix of
VHDPTP onto the crystal structure of the N-terminal helix of VB©! in a
complex with Ub. Modeling Site2 was accomplished with HAD-
DOCK (Dominguez et al., 2003) using the VHPPTP model bound to
di-Ub bound at Site1. The di-Ub was a translational fusion with three
flexible residues between G76 and M1 to allow for multiple confor-
mations including those that can assume K63-linked di-Ub bound to
Ké63-specific Ub-binding proteins. Chemical shift perturbations for
residues on the Ub surface when bound to VHDPTP lacking Site1 as
well as large PRE effects from spin labels at position 385 were used
as constraints. The model for CHMP5 was recreated from the alpha-
fold2 server (https://alphafold.ebi.ac.uk/entry/Q9NZZ3).
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