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Regulation of yeast ESCRT-1Il membrane scission

activity by the Doa4 ubiquitin hydrolase

Natalie Johnson, Matt West, and Greg Odorizzi*
Molecular, Cellular, and Developmental Biology, University of Colorado, Boulder, CO 80309

ABSTRACT ESCRT-lIl executes membrane scission during the budding of intralumenal vesi-
cles (ILVs) at endosomes. The scission mechanism is unknown but appears to be linked to the
cycle of assembly and disassembly of ESCRT-lll complexes at membranes. Regulating this
cycle is therefore expected to be important for determining the timing of ESCRT-lll-mediated
membrane scission. We show that in Saccharomyces cerevisiae, ESCRT-lll complexes are sta-
bilized and ILV membrane scission is delayed by Doa4, which is the ubiquitin hydrolase that
deubiquitinates transmembrane proteins sorted as cargoes into ILVs. These results suggest a
mechanism to delay ILV budding while cargoes undergo deubiquitination. We further show
that deubiquitination of ILV cargoes is inhibited via Doa4 binding to Vps20, which is the sub-
unit of ESCRT-Il that initiates assembly of the complex. Current models suggest that ESCRT-lII
complexes surround ubiquitinated cargoes to trap them at the site of ILV budding while the
cargoes undergo deubiquitination. Thus our results also propose a mechanism to prevent the
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onset of ILV cargo deubiquitination at the initiation of ESCRT-Ill complex assembly.

INTRODUCTION

Endosomal sorting complexes required for transport (ESCRTs) exe-
cute membrane remodeling and scission (reviewed in Hurley, 2015).
ESCRTs were originally characterized on the basis of their activities
at endosomes in Saccharomyces cerevisiae, where they function in
the formation of intralumenal vesicles (ILVs) that are degraded in the
hydrolytic interior of vacuolar lysosomes upon endolysosomal fusion
(Katzmann et al., 2001; Babst et al., 2002a,b). The role ESCRTs have
in the ILV budding pathway is conserved throughout eukaryotes
(Hanson and Cashikar, 2012). Studies in vitro support a model in
which ESCRT-I and -lI initiate ILV budding by inducing membrane
invagination, and ESCRT-IIl completes the process by constricting
the membrane and catalyzing the scission reaction that detaches
nascent ILV buds (Wollert et al., 2009; Wollert and Hurley, 2010).
Ubiquitinated transmembrane proteins targeted for lysosomal deg-
radation are sorted into ILVs by ESCRT-0, -I, and -, each of which
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has one or more ubiquitin-binding domains (Katzmann et al., 2001;
Bilodeau et al., 2002; Alam et al., 2004).

Among ESCRTs, the most deeply conserved are subunits of the
ESCRT-lIl complex and its regulatory ATPase, Vps4. Orthologues of
ESCRT-lll and Vps4 are in Archaea, where they function in cell division
(Samson et al., 2008). In eukaryotes, the ESCRT-II/Vps4 machinery
similarly functions during cytokinesis to constrict and sever mem-
brane necks connecting daughter cells (Carlton and Martin-Serrano,
2007). This activity is exploited by HIV-1 and other retroviruses, which
recruit ESCRT-IIl and Vps4 to bud from the plasma membrane of in-
fected cells (Garrus et al., 2001). Membrane scission by ESCRT-III
might also be involved in other processes in which this machinery has
more recently been found to be required, including plasma mem-
brane wound repair (Jimenez et al., 2014), nuclear pore complex
quality control (Webster et al., 2014), and postmitotic nuclear enve-
lope reformation (Olmos et al., 2015; Vietri et al., 2015).

The biophysical mechanism of membrane scission executed by
ESCRT-IIl is unknown (Hurley, 2015), but insights have come from
understanding the assembly and disassembly of ESCRT-IIl com-
plexes. ESCRT-IIl subunits are homologous to one another, and each
subunit cycles between two conformational states in which the
closed/inactive form is a soluble monomer in the cytosol and the
open/active form oligomerizes with other subunits of the complex
at the cytosolic surface of the membrane (Babst et al., 2002b; Shim
et al., 2007). Genetic and biochemical studies in yeast indicate that
the four core subunits of ESCRT-lIl undergo ordered assembly:
Vps20 nucleates homopolymerization of Snf7, and growth of the
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Snf7 polymer is capped upon its association with the Vps2 and
Vps24 subunits of the complex (Teis et al., 2008; Saksena et al.,
2009). ESCRT-lIl complex assembly proceeds in a spiral pattern on
the membrane that surrounds the site at which scission will occur
(Hanson et al., 2008), and studies in vitro indicate that the capping
step of assembly converts ESCRT-III from flat spirals into a spring-
like conformation, which might facilitate membrane constriction
and/or scission (Henne et al., 2012; Chiaruttini et al., 2015).

ESCRT-lIl assembly at endosomes is required to trap the ubiqui-
tinated transmembrane protein cargoes sorted by ESCRT-0, -I, and
Il, suggesting that ESCRT-IIl complexes encircle cargoes to prevent
their diffusion away from the site of ILV budding while the cargoes
undergo deubiquitination (Teis et al., 2010). Doa4 is the ubiquitin
hydrolase that deubiquitinates ILV cargoes in yeast (Dupre and
Haguenauer-Tsapis, 2001; Katzmann et al., 2001; Losko et al., 2001),
and its function prevents the ILV budding pathway from depleting
the cellular supply of free, nonconjugated ubiquitin (Swaminathan
et al., 1999). The function of Doa4 at the site of ESCRT-lIl assembly
is regulated by an ESCRT-lll-associated protein, Bro1, which facili-
tates the recruitment of Doa4 to endosomes (Luhtala and Odorizzi,
2004). Bro1 also directly binds the Doa4 catalytic domain to stimu-
late its ubiquitin hydrolase activity (Richter et al., 2007).

ESCRT-IIl complex disassembly is catalyzed by Vps4 (Babst et
al., 1998), which is a member of the AAA+ family of ATPases that
unfold proteins and/or disassemble protein complexes. The amino
terminus of Vps4 consists of a microtubule-interacting and -traffick-
ing (MIT) domain that binds two distinct MIT-interacting motifs
(MIMs; MIM1 and MIM2) located at or near the carboxyl termini of
ESCRT-III subunits (Obita et al., 2007; Stuchell-Brereton et al., 2007;
Kieffer et al., 2008). In the case of Snf7, MIM2 binds the Vps4 MIT
domain, but MIM1 of Snf7 binds the “Bro1 domain,” which is
located at the amino terminus of Bro1 and is structurally dissimilar
to the MIT domain of Vps4 (Kim et al., 2005). Binding of the Bro
domain to Snf7 mediates Bro1 recruitment to ESCRT-lIl and is
therefore essential for Bro1 to promote ILV cargo deubiquitination
by Doa4 (Wemmer et al., 2011). However, Bro1l domain binding
also protects Snf7 from disassembly by Vps4, and overexpression
of Bro1 or the Bro1 domain in yeast delays ILV membrane scission
(Wemmer et al., 2011). Thus another function of Bro1 is the control
of ESCRT-Il membrane scission activity through its regulation of
ESCRT-IIl complex stability, but the way in which Bro1 achieves this
regulation is unknown.

We previously reported that MIM1 in the Vps20 subunit of ES-
CRT-IIl binds an MIT-like domain at the amino terminus of Doa4 and
that this interaction inhibits a noncatalytic function of Doa4 that pro-
motes the ILV budding pathway through an unknown mechanism
(Richter et al., 2013). Here we show that Doa4 functions noncatalyti-
cally to regulate ILV membrane scission by stabilizing ESCRT-IIl com-
plexes. We further show that both the catalytic and noncatalytic
functions of Doa4 are inhibited through its binding to Vps20, which
is the subunit of ESCRT-III that initiates complex assembly. Overex-
pression of the BROT gene inhibits Doa4 binding to Vps20, reveal-
ing another mechanism by which Bro1 promotes Doa4 function.
Collectively our results suggest a model for bidirectional regulation
between ESCRT-IIl and the deubiquitination machinery of the ILV
budding pathway.

RESULTS

Doa4 cooperates with Bro1 to stabilize ESCRT-IIl complexes
The stability of ESCRT-1Il complexes is defined by their steady-
state abundance, which is determined by the rate of complex
assembly offset by the rate of complex disassembly (Figure 1A).
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FIGURE 1: Doa4 cooperates with Bro1 to stabilize ESCRT-III
complexes. (A) Cycle of ESCRT-lIl assembly and disassembly.

(B) Western blot analysis of the distribution of Snf7 in fractions
resolved by rate-zonal density gradient centrifugation. Indicated at
the top are migrations of molecular weight standards: aldolase

(156 kDa), catalase (232 kDa), and ferritin (440 kDa). (C) Quantitations
from triplicate experiments of the percentage of Snf7 in all gradient
fractions represented by polymeric Snf7/ESCRT-III in fractions 4-9;
this size range was previously established to correspond to
assembled ESCRT-IIl complexes (Teis et al., 2008). Error bars
represent SDs.
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ESCRT-IIl complex stability can therefore be assayed in yeast
based on sedimentation of the most abundant subunit of the
complex, Snf7, after rate-zonal centrifugation of detergent-solu-
bilized membranes (Teis et al., 2008). Using this approach, we
found that deletion of the BRO1 gene caused a 50% decrease in
the amount of polymeric Snf7 (Figure 1, B and C) without notice-
ably affecting the overall cellular abundance of Snf7 protein
(Supplemental Figure S1) or the amount of membrane-associ-
ated Snf7 (Supplemental Figure S2). This observation agrees
with our previous finding that Bro1 functions to stabilize ESCRT-
Il complexes by inhibiting their disassembly (Wemmer et al.,
2011).

In addition to its role in promoting ESCRT-IlIl complex stability,
Bro1 stimulates the ubiquitin hydrolase activity of Doa4. We origi-
nally identified a role for Bro1 in regulating Doa4 by finding that
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FIGURE 2: DOA4 overexpression causes accumulation of high-molecular weight ESCRT-III
complexes. Western blot analysis (A, D) and quantitation (B, E) of polymeric Snf7/ESCRT-III as
described in Figure 1. Wild-type results in A and D are identical. (C) Line-graph representation of
the mean percentage of membrane-associated Snf7 in each gradient fraction from the indicated
strains examined in triplicate experiments; SD values are omitted for clarity.
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DOA4 overexpression rescued ILV cargo sorting in cells lacking
Bro1 function (Luhtala and Odorizzi, 2004). Figure 1, B and C,
shows that overexpression of DOA4 also fully rescued ESCRT-III
complex abundance in bro1A cells and that partial rescue was pro-
vided by overexpression of the catalytically inactive doa4-C571S
allele. These observations suggested that Doa4 functions to coop-
erate with Bro1 in promoting ESCRT-IIl complex stability. This
hypothesis was supported by our observation that deletion of the
DOA4 gene (doa4A) caused a strong reduction in ESCRT-IIl com-
plexes, much like what we saw in bro1A cells (Figure 1, B and C,
and Supplemental Figures S1 and S2). Furthermore, the abundance
of ESCRT-IIl complexes in doadA cells was restored to wild-type
levels when BRO1T was overexpressed, similar to the replenishment
of ESCRT-lll abundance in bro1A cells overexpressing DOA4 (Figure
1, B and C). Excess levels of either Doa4 or Bro1 can therefore
maintain normal ESCRT-IIl complex stability
when the other protein is absent.

polymeric Snf7/ESCRT-III

DOAA4 overexpression causes
accumulation of high-molecular
weight ESCRT-lIl complexes

We previously saw a moderate increase in
ESCRT-lIl complex stability in wild-type cells
when BROT was overexpressed, consistent
with Bro1 functioning to inhibit disassembly
of the complex (Wemmer et al., 2011; Figure
2, A and B). DOA4 overexpression in wild-
type cells had a similar effect (Figure 2, A
and B), which was not surprising, given that
high-copy DOA4 rescued ESCRT-IIl complex
stability in cells lacking Bro1 (Figure 1). The
abundance of ESCRT-IIl complexes also
increased when doa4-C571S was overex-
pressed in wild-type cells (Figure 2, A and B),
echoing the result in Figure 1, which indi-
cated that the ubiquitin hydrolase activity of
Doa4 is not essential for it to promote
ESCRT-IIl complex stability.
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OVP‘ o,& OVP( A notable difference upon overexpres-
N oJ{\" N sion of wild-type DOA4 was the accumula-
i @9% 0\{3‘1’ tion of higher-molecular weight ESCRT-III
6’/\\6 complexes, the size range of which was simi-

@& lar to that seen in cells lacking the Vps4

ATPase that disassembles ESCRT-III (vps4A;
Figure 2, A and C). This observation sug-
gested that DOA4 overexpression boosts
the abundance of ESCRT-IIl complexes by
inhibiting their disassembly, although an al-
ternative possibility is that Doa4 stimulates
complex assembly. However, DOA4 overex-
pression did not rescue ESCRT-lIl complex
abundance in either vps20A or vps25-T150K
cells (Figure 2, E and F), the latter of which
express a mutant version of the ESCRT-II
complex that is unable to bind and activate
Vps20 (Im et al., 2009; Teis et al., 2010).
Therefore Doa4 cannot augment the canoni-
cal pathway for ESCRT-lIl complex assembly
(Saksena et al., 2009; Teis et al., 2010), sug-
gesting that Doa4 stabilizes ESCRT-IIl com-
plexes by inhibiting their disassembly rather
than by stimulating complex assembly.
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DOA4 overexpression delays ILV membrane scission

We previously showed by electron tomography and three-dimen-
sional (3D) modeling of yeast endosomes that BROT overexpres-
sion in wild-type cells delays ILV membrane scission (Wemmer
et al., 2011). This corroborated other studies suggesting that the
membrane scission activity of ESCRT-IIl is linked to Vps4-mediated
disassembly of the complex (Sachse et al., 2004; Hanson et al.,

2008). On the basis of our finding that Doa4 could function similar
to Bro1 toward stabilizing ESCRT-lIl complexes, we examined en-
dosomes by tomography in wild-type yeast with or without DOA4
overexpression.

As in our previous study (Wemmer et al., 2011), we measured an
average of 1.2 ILV budding profiles per endosome in wild-type cells,
and this frequency was nearly doubled by BROT overexpression
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DOA4 overexpression delays ILV membrane scission. (A-C) Two-dimensional
cross-sectional tomographic slices and 3D models from 250-nm-thick section electron
tomographs. In each model, spherical endosomal limiting membranes are traced in yellow, freely
detached ILVs are traced in red, and ILV budding profiles are traced in green. In some cases, the
continuity of ILV budding profiles with the limiting endosomal membrane is out of plane in the
tomographic slice but evident in the 3D reconstruction. Bars, 100 nm. ILV budding profiles were
identified by negative curvature and a net surface area greater than one-half of the mean ILV
surface (>750 nm?). (D) Quantitation of ILV budding profiles per endosome from tomographs
and models of wild-type cells alone (WT; N = 12) vs. wild-type cells transformed with a high-
copy number plasmid (2u) encoding BRO1 (N = 17), DOA4 (N =7), or doa4-C571S (N = 14); error
bars represent SDs. (E) Quantitation of the lumenal vs. limiting membrane surface areas in
modeled endosomes. Quantitative data for 2u BRO1 transformants are derived from
experiments in Wemmer et al. (2011).
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(Figure 3, A and D). DOA4 overexpression
had a much stronger effect. Endosomes had
an average of 5.0 ILV budding profiles in
wild-type cells overexpressing DOA4, which
is >4.5-fold the amount normally seen and
>2.5-fold the amount observed upon BRO1
overexpression (Figure 3, B and D). DOA4
overexpression also caused a sharper reduc-
tion in ILV budding than did BRO1 overex-
pression, indicating that Doa4 more strongly
inhibited ILV membrane scission. Measure-
ments of lumenal versus limiting endosomal
membrane surface areas showed that ILVs
account for ~55% of the total membrane at
each endosome in wild-type yeast; DOA4
overexpression caused a 40% reduction in
this amount, whereas BRO1 overexpression
reduced the ILV membrane content by only
20% (Figure 3E). Overexpression of the mu-
tant doa4-C571S allele also increased the
frequency of ILV budding profiles, although
only to the extent seen upon BRO1 overex-
pression (Figure 3, C and D). Although this
observation is consistent with its ubiquitin
hydrolase function being dispensable for
ESCRT-IIl regulation (Figures 1 and 2), a
potential role for Doa4 catalytic activity in
ESCRT-IIl regulation cannot be ruled out be-
cause doa4-C571S overexpression did not
decrease the ILV content of endosomes
(Figure 3E).

The Vps20 subunit of ESCRT-II inhibits
complex stabilization by Doa4

The foregoing observations indicated that
Doa4 regulates ESCRT-lIl complex stability
and ILV membrane scission, and it appears
to do so in a manner that does not depend
upon its ubiquitin hydrolase activity. We
had previously reported a noncatalytic role
for Doa4d that rescues ILV budding when
Bro1 is absent and showed that this func-
tion of Doa4 is inhibited through Doa4
binding to the MIM1 site in Vps20; thus the
ILV-budding pathway was rescued in bro1A
cells upon point mutation of the Vps20
MIM1 sequence (Richter et al, 2013).
Figure 4, A and B, shows that the vps20-
AMIM1T mutation also rescued ESCRT-III
complex stability in broTA cells, whereas
the vps20-AMIM1 mutation on its own had
no apparent effect toward ESCRT-lIl. Of
importance, the rescue of ESCRT-lIIl com-
plex stability seen in broTA vps20-AMIM1
cells required Doa4 but not its ubiquitin
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FIGURE 4: The Vps20 subunit of ESCRT-IIl inhibits complex
stabilization by Doa4. Western blot analysis (A) and quantitation from
triplicate experiments (B) of polymeric Snf7/ESCRT-IIl as described in
Figure 1.

hydrolase activity because rescue still occurred upon replacing
wild-type DOA4 with the doa4-C571S allele, whereas deletion of
the DOA4 gene prevented rescue (Figure 4, A and B). Therefore
the noncatalytic function Doa4 has toward stabilizing ESCRT-III
complexes is inhibited through its interaction with the MIM1 se-
quence in the Vps20 subunit of ESCRT-IIl. Moreover, expression of
BROT1 in doad4A vps20-AMIM1 cells sustained wild-type levels of
polymeric Snf7 (Figure 4, A and B), which was not surprising, given
the data in Figure 1 showing that either Bro1 and Doa4 can main-
tain Snf7 complex stability.
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Bro1 relieves Vps20 inhibitory binding to Doa4

Inhibitory binding exerted by Vps20 toward Doa4 is presumably dy-
namic in yeast to ensure that Doa4 regulation of ESCRT-IIl is spatio-
temporally controlled. Transient binding between Vps20 and Doa4
would explain why their coimmunoprecipitation from yeast could
not be detected without disabling the Vps4 ATPase that disassem-
bles ESCRT-III (Richter et al., 2013). Further evidence that Vps20
transiently binds Doa4 in vivo was provided through bimolecular
fluorescence complementation (BiFC) studies in which we expressed
in yeast either the amino- or carboxyl-terminal fragments of the Ve-
nus fluorescent protein (VN and VC, respectively) fused to the car-
boxyl terminus of Doa4 versus Vps20. Binding between Doa4 and
Vps20 would bring the VN and VC fragments within close proximity,
allowing the Venus reporter to assemble into its native 3D structure
and emit a fluorescence signal (Kerppola, 2006). Of importance, as-
sembly of the Venus protein in this experimental system is irrevers-
ible, which means that the normal association/dissociation cycle of
proteins interacting dynamically with one another is disrupted;
therefore the interaction between Doa4-VN and Vps20-VC would
be stabilized through assembly of the Venus reporter protein.

Previous studies individually examining the localizations of Vps20
and Doa4 showed that each protein associates with endosomal
puncta (Amerik et al., 2000; Babst et al., 2002b; Luhtala and Odor-
izzi, 2004). Thus we expected cells coexpressing Doa4-VN and
Vps20-VC to exhibit BiFC fluorescence at endosomes. Instead, fluo-
rescence was seen within the vacuole lumen, which depended upon
Doa4 binding to the Vps20 MIM1 sequence because fluorescence
was absent from cells coexpressing Doa4-VN and Vps20-AMIM1-VC
(Figure 5A).

BiFC fluorescence in the vacuole lumen suggested that the irre-
versibly assembled Doa4-VN/Vps20-VC complexes were aberrantly
sorted as “cargoes” into ILVs that were subsequently delivered into
the vacuole lumen upon endolysosomal fusion. A similar case of
mistaken identity had been reported previously for a mutant ESCRT-
| complex lacking one of its subunits (Curtiss et al., 2007). The irre-
versible assembly of Doa4-VN/Vps20-VC complexes did not block
the ILV-budding pathway because BiFC fluorescence within vacu-
oles expressing Doa4-VN and Vps20-VC colocalized with Cps1, a
canonical transmembrane protein cargo of ILVs (Supplemental
Figure S3; Odorizzi et al., 1998). The functionality of the ILV budding
pathway indicated by Cps1 sorting also confirmed that the VN and
VC fusions did not disrupt the activities and Doa4 or Vps20, respec-
tively, although it also possible that sufficient quantities of Doa4-VN
not bound to Vps20-VC are present at steady state. Of note, the
vacuolar lumen localization of Doad-VN/Vps20-VC complexes was
not an obligate outcome of split-Venus assemblies involving either
Doad-VN or Vps20-VC, nor was it unique to the Doad-VN-Vps20-
VC combination, because Doad-VN coexpressed with Snf7-VC lo-
calized to puncta, whereas Doa4-VN coexpressed with Bro1-VC was
localized within the vacuole lumen (Supplemental Figure S4).

To confirm that the Doa4-VN/Vps20-VC complexes required LV
sorting to be delivered into the vacuole lumen, we coexpressed the
dominant-negative vps4-E233Q allele, which encodes a mutant ver-
sion of Vps4 unable to hydrolyze ATP (Babst et al., 1997). The con-
sequence of vps4-E233Q expression is a block in IV budding,
which causes mislocalization of cargoes to aberrant endosomal
puncta located adjacent to vacuoles. Figure 5A shows that vps4-
E233Q expression caused a similar shift in BiFC fluorescence from
vacuoles to endosomal puncta, where the BiFC fluorescence also
colocalized with the ILV cargo, Cps1 (Supplemental Figure S3).

The results from BiFC studies shown in Figure 5A indicated that
Doa4 and Vps20 must dissociate from one another to avoid their
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Bro1 relieves Vps20-inhibitory binding to Doa4. (A) Venus
fluorescence derived from BiFC in yeast expressing Doad4-VN
together with either wild-type Vps20-VC or mutant Vps20-AMIM1-VC.
Endosome and vacuole membranes are stained with FM 4-64. Bottom
row, cells transformed with a plasmid encoding the dominant-
negative vps4-E233Q allele, which blocks the ILV budding pathway.
The arrowhead indicates localization of BiFC fluorescence at
endosomes stained with FM 4-64. (B) Venus fluorescence derived
from BiFC between Doa4-VN and Vps20-VC in FM 4-64-stained
wild-type yeast transformed with a high-copy number plasmid (2p)
encoding wild-type Bro1 vs. the amino-terminal Bro1 domain of
Bro1 (bro1[1-387]) or the carboxyl-terminal V-Pro region of Bro1
(bro1[388-844]). Bar, 2 pm.

erroneous inclusion within ILVs. A mechanism must exist, therefore,
that disrupts this interaction. We reasoned that the overproduction
of a protein normally responsible for relieving Doa4 binding to
Vps20 would block BiFC fluorescence between Doa4-VN and
Vps20-VC, and a strong candidate for this role was Bro1, given that

666 |

N. Johnson et al.

the inhibitory effect Vps20 has toward Doa4 is most evident in
bro1A cells (Richter et al., 2013; Figure 4). Supporting this hypothe-
sis, we found that BiFC fluorescence in the vacuole lumen of cells
expressing Doa4-VN and Vps20-VC was absent when the BRO1
gene was overexpressed in this strain (Figure 5B).

We further queried which region of Bro1 blocks the Doa4-VN/
Vps20-VC interaction by assaying BiFC fluorescence in cells overex-
pressing different functional domains of Bro1. The carboxyl-terminal
proline-rich region of Bro1 binds directly to the Doa4 catalytic do-
main to stimulate its ubiquitin hydrolase activity (Richter et al., 2007).
However, overexpression of this region (Bro1[388-844]) had no
apparent effect on BiFC fluorescence (Figure 5B). In contrast, BiFC
fluorescence was abrogated upon overexpression of the amino-
terminal Bro1 domain (Bro1[1-387]; Figure 5B), which is the region
of Bro1 that binds the Snf7 subunit of ESCRT-IIl (Kim et al., 2005).
The ability of Bro1-domain overexpression to interfere with Vps20
binding by Doa4 might explain our previous finding that Bro1-
domain overexpression caused a mild defect in ILV cargo sorting
(Wemmer et al., 2011). The timing with which Doa4 is released from
its interaction with Vps20 may therefore be important for maintain-
ing efficient function of the ILV-budding pathway.

Doa4 binds the open/active conformation of Vps20
Biochemical studies showed that the yeast Vps20 protein has a
closed/inactive conformation that transitions to an open/active state
in order to nucleate Snf7 polymerization (Saksena et al., 2009; Teis
et al., 2010). Each of these conformational states for Vps20 can be
stabilized by intragenic mutation (Figure 6A; Saksena et al., 2009),
which we exploited in order to test whether Doa4 preferentially
binds Vps20 in its open/active versus closed/inactive conformation.
A fusion protein consisting of glutathione S-transferase (GST) fused
to Doa4 amino acids 2-80 (the region of Doa4 that binds the Vps20
MIM1 sequence; Richter et al., 2013) was coexpressed in bacteria
with wild-type Vps20, the constitutively closed/inactive Vps20-PW
protein (containing the P183W, P189W, and P192W substitutions),
or the constitutively open/active Vps20-Aloop protein (in which
amino acids 48-59 had been deleted). Pull downs from bacterial
lysates using glutathione-Sepharose showed that GST-Doa4[2-80]
interacted with wild-type Vps20 and with the mutant Vps20-Aloop
protein, whereas the mutant Vps20-PW protein failed to bind
(Figure 6B). Thus Doa4 preferentially binds the open/active confor-
mation of Vps20, which nucleates Snf7 polymerization.

The open/active conformation of Vps20 inhibits Doa4
function in the ILV budding pathway

To test whether Doa4 function in the ILV-budding pathway is af-
fected by constitutive expression of Vps20 locked in either its open/
active or closed/inactive conformation, we first examined the local-
ization of GFP fused to the ILV cargo, Cps1. Figure 7A shows GFP-
Cps1 localization to the vacuole lumen in wild-type yeast and in cells
expressing the closed/inactive vps20-PW allele in place of wild-type
VPS20. Electron tomography confirmed that vps20-PW cells have
ILVs, albeit fewer than in wild-type cells (Figure 7, B and E). Thus
the mutant Vps20-PW protein largely retains functionality under na-
tive conditions at endosomal membranes, even though purified
Vps20-PW protein cannot nucleate Snf7 polymerization in vitro
(Saksena et al., 2009).

As shown previously (Teis et al., 2010), cells expressing the open/
active mutant vps20-Aloop allele were defective in ILV cargo sorting,
resulting in the mislocalization of GFP-Cps1 to the vacuole membrane
and to endosomal puncta adjacent to the vacuole (Figure 7A). Elec-
tron tomography showed that vps20-Aloop expression also caused
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FIGURE 6: Doa4 binds the open/active conformation of Vps20.

(A) Closed/inactive vs. open/active conformations of Vps20, each of
which is stabilized by mutations (Vps20-PW and Vps20-Aloop,
respectively). (B) Glutathione-Sepharose pull downs from lysates of
bacteria expressing wild-type or mutant Vps20 protein; coexpression
of GST-Doa4[2-80] is indicated at the top. Each of the Vps20 proteins
exhibited spurious proteolysis when isolated from bacteria, resulting
in lower-molecular weight fragments in addition to full-length
proteins. For reasons that are unclear, GST-Doa4[2-80] binds only the
fragmented form of wild-type Vps20, but binds both the full-length
and fragmented form of Vps20-Aloop. Data are from a representative
experiment performed in triplicate.

formation of class E compartments that contained very few ILVs
(Figure 7, C and E). Class E compartments are diagnostic of ESCRT
dysfunction in yeast and consist of aberrant stacks of flattened endo-
somal “cisternae” that correspond to the fluorescent puncta at which
missorted Cps1 and other cargoes accumulate (Raymond et al.,
1992; Rieder et al., 1996; Figure 7A). Of importance, mutation of the
Doa4-binding MIM1 sequence in the loop-mutant form of Vps20
(vps20-Aloop;AMIM1) resulted in the recovery of GFP-Cps1 localiza-
tion within the vacuole lumen (Figure 7A) and suppressed class E
compartment formation, resulting in the rescue of normal endo-
somal morphology and improved ILV budding efficiency (Figure 7, D
and E). These observations signify that the ILV cargo-sorting and
budding defects caused by the open/active mutant Vps20-Aloop
protein are due to its inhibitory binding to Doa4.

We also tested whether constitutive expression of the open/ac-
tive vps20-Aloop allele affected the deubiquitination of ILV cargoes
by Doa4. In principle, we expected vps20-Aloop would have no
effect on deubiquitination because our data obtained thus far indi-
cated that Vps20-binding inhibits the ability of Doa4 to function
noncatalytically toward stabilizing ESCRT-IIl. However, we found
that the Cps1 cargo protein accumulated in its ubiquitinated state in
vps20-Aloop cells as strongly as it did in cells expressing the catalyti-
cally inactive doa4-C571S allele (Figure 7F). Mutation of the Doa4-
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binding MIM1 site (vps20-Aloop;,AMIM1) restored Cps1 deubiquiti-
nation, confirming that the constitutively open/active form of Vps20
inhibits Doad-mediated deubiquitination of cargoes in the ILV-bud-
ding pathway (Figure 7F). Conversely, Cps1 deubiquitination was
unaffected in cells expressing the vps20-PW allele (Figure 7F). These
results therefore indicate that deubiquitination of ILV cargoes is in-
hibited by Doa4 binding to the open/active conformation of Vps20
that initiates ESCRT-IIl complex assembly.

DISCUSSION

ESCRT-II is an ancient and versatile membrane scission machine
that functions in a growing list of membrane-remodeling pathways
(Hurley, 2015). Although the biophysical mechanism of membrane
scission by ESCRT-IIl is unknown, in vitro and in vivo studies support
a model in which scission is dictated by the cycle of ESCRT-IIl as-
sembly and disassembly (Sachse et al., 2004; Hanson et al., 2008;
Wollert et al., 2009; Wemmer et al., 2011; Adell et al., 2014; Ca-
shikar et al., 2014; Shen et al., 2014). Our data suggest a role for
Doa4 in stabilizing ESCRT-IIl complexes to slow the rate of ILV mem-
brane scission. Assigning this new regulatory role endows Doa4 with
the ability to coordinate the timing of ILV budding with cargo deu-
biquitination, thereby guarding against premature enclosure of
ubiquitinated cargoes within ILVs severed from the limiting endo-
somal membrane by ESCRT-II (Figure 8). The importance this coor-
dination has in cellular physiology is suggested by studies of doa4A
mutant yeast, which are sensitive to a variety of stresses as a conse-
quence of free, nonconjugated ubiquitin being severely depleted
(Swaminathan et al., 1999). That this sensitivity stems from ubiquitin
depletion via the ILV-budding pathway is indicated by the recovery
of stress resistance in doa4A cells having extragenic mutations that
disable ESCRT-III function (Amerik et al., 2000).

The ability of Doa4 to stabilize ESCRT-IIl complexes is inhibited
through its interaction with Vps20, which nucleates Snf7 polymeriza-
tion to initiate ESCRT-Il assembly (Saksena et al., 2009). This finding
seems paradoxical because it suggests that Vps20 simultaneously
promotes and inhibits ESCRT-Il complex stability. However, we
found that Vps20-binding also inhibits ILV cargo deubiquitination by
Doa4. Based on the proposal that spiral assemblies of ESCRT-IIl com-
plexes encircle cargoes to prevent their diffusion away from the site
of ILV budding as the cargoes undergo deubiquitination (Teis et al.,
2010), our results indicate that Vps20 binding might primarily serve
to limit Doa4 activity at the onset of ESCRT-IIl complex assembly to
prevent the premature deubiquitination of ILV cargoes (Figure 8).

How might Doa4 inhibition by Vps20 be relieved? BiFC analysis
suggests that Doa4 binding to Vps20 is negatively regulated by
Bro1. This finding extends our understanding of the functional rela-
tionship between Doa4 and Bro1 in the ILV-budding pathway.
Through its carboxyl-terminal region, Bro1 directly binds the Doa4
catalytic domain to stimulate ubiquitin hydrolase activity (Richter
et al., 2007). We now show the amino-terminal Bro1 domain pro-
motes (directly or indirectly) Doa4 release from Vps20.

Bro1 also functions to stabilize ESCRT-lIl complexes through its
interaction with Snf7 (Wemmer et al., 2011), and it does so indepen-
dently of its role in negatively regulating Doa4 binding to Vps20
because overexpression of BRO1 restored ESCRT-IIl complex stabil-
ity in cells lacking Doa4. Bro1 inhibits ESCRT-III disassembly, and as
a consequence, the amount of ESCRT-Ill complexes seen in wild-
type cellsisincreased in response to BRO T overexpression (Wemmer
et al., 2011). DOA4 overexpression phenocopied this increase in
ESCRT-IIl complex abundance but also caused the accumulation of
higher-molecular weight ESCRT-IIl complexes that were not seen
upon BRO1 overexpression. Doa4 and Bro1 thus seem to regulate
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The open/active conformation of Vps20 inhibits Doa4 function in the ILV-budding
pathway. (A) Fluorescence images of FM 4-64—stained yeast expressing GFP-Cps1. Bar, 2 pm.
(B-D) Two-dimensional cross-sectional tomographic slices and 3D models as depicted in Figure
3; bar, 100 nm. (E) Quantitation of the lumenal percentage of total endosome membrane area.
(F) Western blot analysis of Cps1 vs. 3-phosphoglycerate kinase (Pgk1) in total-cell lysates. The
PEP4 and PRB1 genes were deleted in each strain to prevent spurious cleavage of ubiquitinated
Cps1 (Ub-Cps1) upon vacuolar disruption during cell lysis. Cps1 in both its nonubiquitinated and
ubiquitinated forms migrates as a doublet due to differential glycosylation (Spormann et al.,

1992).

ESCRT-II by different mechanisms, although neither mechanism has
been determined. We found that neither DOA4 nor BRO1 overex-
pression rescued ESCRT-IIl complex stability in the absence of ES-
CRT-ll-mediated activation of Vps20 (this study; Wemmer et al.,
2011), but purified Bro1 can promote Snf7 polymerization in vitro
(Tang et al., 2016). Therefore Bro1 might boost the levels of ESCRT-
Il complexes by stimulating assembly in addition to stabilizing ES-
CRT-IIl complexes directly through binding to Snf7 (Wemmer et al.,
2011) and indirectly by promoting the relief of inhibitory binding
between Doa4 and Vps20 (this study). We have not investigated
whether Doa4, like Bro1, affects Snf7 polymerization in vitro.

Given the central role of ESCRT-III in ILV budding, the function
we describe for Doa4 in regulating ESCRT-IIl would seem at odds
with our previous work showing that ILV budding does not require
Doa4 (Richter et al., 2007). However, the depletion of free, noncon-
jugated ubiquitin seen in the absence of Doa4 (Swaminathan et al.,
1999) constricts the influx of ubiquitinated transmembrane proteins
into the ILV-budding pathway (Katzmann et al., 2004). Because the
production of ILVs depends on ubiquitinated ILV cargoes (MacDon-
ald et al,, 2012), a reduction in cargo influx stemming from the
loss of Doa4 might prove inconsequential to ESCRT-lII function,
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the basis for Doa4 interacting with ESCRT-II
when both Brol and the Doa4-binding
MIM1 sequence in Vps20 are absent (Rich-
ter et al, 2013); however, the possibility
that Doa4 and/or Bro1 restricts access of
polymeric Snf7 to the Vps4 disassembly
ATPase has been complicated by the low-
affinity interaction between Vps4 and Snf7
(Kojima et al., 2016; Schoneberg et al.,
2017).

Our results might offer insight into the mechanism by which cer-
tain plus-stranded RNA viruses replicate. Proteins encoded by the
tomato bushy stunt virus (TBSV) and brome mosaic virus (BMV) re-
cruit ESCRT-IIl in plants to the cytosolic surface of peroxisomes and
the endoplasmic reticulum, respectively, where the viruses exploit
ESCRT-II to create membrane invaginations that protect the viral
replication machinery away from the cytosol (Barajas et al., 2009;
Diaz et al., 2015). These budded replication compartments, how-
ever, are not severed. Our finding that Doa4 and Bro1 can inhibit
membrane scission by regulating ESCRT-III stability raises the pos-
sibility that a similar mechanism might be used by TBSV and BMV to
maintain their budded replication compartments as nonsevered in-
vaginations. In support of this hypothesis, both TBSV and BMV can
replicate in yeast, and this process requires Doa4 and Bro1 (Kushner
et al., 2003; Panavas et al., 2005). For BMV, the activities Doa4 and
Bro1 have in maintaining ubiquitin homeostasis were found to be
important for viral replication (Wang et al., 2011), but, as in the ILV-
budding pathway, the functions Doa4 and Bro1 have in deubiquiti-
nation and ESCRT-IIl regulation need not be mutually exclusive.

Do orthologues of Doa4 and Bro1 also regulate ESCRT-II func-
tion in other organisms? The mammalian Bro1 orthologue, ALIX,
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MATERIALS AND METHODS

Yeast strains and plasmid construction
Standard techniques were used for the
growth and genetic manipulation of S. cere-
visiae strains (Table 1) and for the construc-
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FIGURE 8: Proposed model for Doa4 regulation and function in the ILV-budding pathway. We
propose that the open/active conformation of Vps20, which nucleates Snf7 polymerization,
binds Doa4 to restrict Doa4 access to ubiquitinated ILV cargoes at the onset of ESCRT-III
assembly. We also propose that Bro1 (directly or indirectly) relieves inhibitory binding to Doa4
by Vps20. Bro1 stimulates Doa4 ubiquitin hydrolase activity (Richter et al., 2007), and we
propose that during the period of cargo deubiquitination, Doa4 and Bro1 stabilize ESCRT-III by
inhibiting disassembly of the complex by Vps4. ESCRT-II disassembly is linked to membrane
scission, which completes the ILV-budding process. Note that the timing of Doa4 and Bro1

interactions portrayed in this model has yet to be established.

seems to operate in this capacity at the plasma membrane, where it
recruits CHMP4B, a Snf7 orthologue that functions in ESCRT-Ill-me-
diated membrane scission during the abscission step of cytokinesis
(Carlton et al., 2012). ALIX also recruits the CHMP4C paralogue,
which is a checkpoint component that interferes with CHMP4B func-
tion to delay abscission until chromatin is cleared from the intercel-
lular bridge connecting daughter cells (Christ et al., 2016). Like Bro1
in yeast, therefore, ALIX might regulate the timing of ESCRT-III
plasma membrane scission activity, albeit through a different

ILv—

tion of plasmids (Table 2). Yeast strains
created for this study were constructed by
one-step PCR-based integration using cas-
settes described in Longtine et al. (1998)
and Webster et al. (2014). The 2p bro1(388-
844) plasmid encoding the carboxyl-termi-
nal V-Pro region of Bro1 was constructed
using the gene splicing by overlap exten-
sion method of PCR (geneSOE; Higuchi
et al., 1988) to fuse 500 base pairs of the
BRO1 5" untranslated region plus the start
codon in-frame with the coding sequence
for Bro1 amino acids 388-844, and the full
sequence was cloned into the Spel/Sall site
of pRS426 (Christianson et al., 1992), result-
ing in the plasmid pGO642. To construct plasmids encoding the
vps20-PW and vps20-Aloop alleles, the epitope-tagged versions of
each allele described in Teis et al. (2010) were used as templates for
PCR to generate copies that replaced the epitope tag with a stop
codon, and the resulting full sequences of each nontagged allele
were cloned into the Sacl site of pRS414 (Christianson et al., 1992),
resulting in the plasmids pGO829 and pGO830. To construct bacte-
rial expression plasmids, PCR products consisting of a Shine—
Dalgarno sequence followed by the coding sequences for VPS20,

Strain Genotype Reference

SEY6210 MATo. leu2-3,112 ura3-52 his3A200 trp1-A901 lys2-A801 suc2-A9 Robinson et al. (1988)
GOY65 SEY6210; bro1A::HIS3 Odorizzi et al. (2003)
GOY248 SEY6210; vps20MMT::KANMX6 Richter et al. (2013)
GOY250 SEY6210; vps20AMMI::KANMX6 bro1A::HIS3 Richter et al. (2013)
GOY307 SEY6210; vps20AMM1::KANMX6 bro1A::TRP1 doadA::KANMX6 Richter et al. (2013)
DBY5 SEY6210; doadA::HIS3 Richter et al. (2007)
DBYé6 SEY6210; doa4A::HIS3 vps4A:: TRP1 Richter et al. (2007)
MBY3 SEY6210; vps4A::TRP1 Babst et al. (1997)
EEY2-1 SEY6210; vps20A::HIS3 Babst et al. (2002b)
GOY445 SEY6210; VPS20-VC::KANMXé DOA4-VN::HIS3MX6 This study

GOY454 SEY6210; vps20AMMI-VC::KANMX6 DOA4-VN::HIS3MXé This study

GOY471 SEY6210; vps20PW-VC::KANMXé DOA4-VN::HIS3MX6 This study

GOY472 SEY6210; vps20/°oP-VC::KANMX6 DOA4-VN::HIS3MX6é This study

GOY477 SEY6210; vps20/ocp:aMiMi This study

MMY14 SEY6210; pep4A::LEUZ prb1A::LEU2 SNA3-GFP::KANMXé McNatt et al. (2007)
MMY60 SEY6210; pepdA::LEUZ prb1A:LEU2 SNA3-GFP::KANMX6 doad®5”1s McNatt et al. (2007)
GOY474 SEY6210; pep4A::LEUZ prb1A:LEU2 SNA3-GFP:KANMX6é vps20A::HIS3MX6 This study

GOY476 SEY6210; pepdA::LEU2 prb1A::LEU2 SNA3-GFP::KANMX6 vps20/°oPaMIMY::HIS3MX6 This study

TABLE 1: Yeast strains used in this study.
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Plasmid Description Genotype Reference

pRS416 URA3 ApR CEN Christianson et al. (1992)
pRS414 TRP1 Apt CEN Christianson et al. (1992)
pRS426 URA3 ApF 2u Christianson et al. (1992)
pST39 ApR Tan (2001)

pCR64 CEN doa4<’s URA3 ApR (pRS416) doad®>’1s Richter et al. (2007)
pMB103 2p vps4ea URA3 ApR (pRS426) vps4E233Q Babst et al. (1997)
pGO216 2u BRO1 URA3 ApR (pRS426) BRO1 Wemmer et al. (2011)
pGO642 2u bro1388-844 URA3 ApR (pRS426) bro1388-844 This study

pMWM3 2u bro1'-387 URA3 Ap® (pRS426) bro11-387 Wemmer et al. (2011)
pGO511 Vps20 ApR (pST39) VPS20 This study

pGO816 Vps20PW ApR (pST39) vps20F183WPIEMWPIZ2W This study

pGO817 Vps20'oor ApR (pST39) vps20°48-59 This study

pGO818 GST-Doa4?80 ApR (pST39) GST-doa4?80 This study

pGO819 Vps20; GST-Doa4?80 ApR (pST39) VPS20 GST-doa4?80 Babst et al. (1997)
pGO820 Vps20™W; GST-Doad?80 ApR (pST39) ps20P183WPIBINPIZ2ZW GST.doag?80 Babst et al. (2002b)
pGO826 Vps20/°°P; GST-Doad? ApR (pST39) vps20246-5? GST-doad?80 This study

pGO45 2u GFP-CPS1 URA3 ApF (pRS426) GFP-CPS1 Odorizzi et al. (1998)
pGO829 CEN vps20?W TRP1 ApR (pRS414) vps20P183W.P189W,P192W This study

pGO830 CEN vps20/oor TRP1 ApR (0RS414) vps20448-59 This study

TABLE 2: Plasmids used in this study.

vps20-PW, or vps20-Aloop were created from wild-type genomic
DNA, pGO829, or pGO830 templates, respectively, and then
cloned into the Sacl/Kpnl site of pST39 (Tan, 2001), resulting in the
plasmids pGO511, pGO816, and pGO817. The coding sequence
for GST-Doa4(2-80) from template pCR152 (Richter et al., 2013) was
cloned Into the BspEl/Mlul site of pST39 or the Vps20-encoding
pST39 plasmids, resulting in the plasmids pGO818, pGO819,
pGO820, and pGO826.

Rate-zonal density gradient analysis of ESCRT-III

Thirty ODggp units of yeast cells were converted to spheroplasts,
osmotically lysed in 1 ml of ice-cold lysis buffer consisting of phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 10 mM
NayHPOy, 1.8 mM KH,PO,), pH 7.4, that was supplemented with
0.5% Tween-20 and a protease inhibitor cocktail (Roche Diagnos-
tics, Switzerland). The cells were then homogenized on ice before
centrifugation at 16,100 x g for 10 min at 4°C to pellet membranes.
The membrane fraction was resuspended in 1 ml of ice-cold lysis
buffer and passed five times through a 25-gauge needle to gener-
ate a solubilized protein sample that was loaded at the top of a lin-
ear glycerol gradient (10-40%) prepared in PBS and 0.5% Tween-20.
The gradient was centrifuged at 100,000 x g for 4 h at 4°C, and then
1-ml fractions were collected from the top of the gradient, and 10%
(vol/vol) trichloroacetic acid (TCA) was added to precipitate the pro-
teins on ice for 20 min. The precipitates were harvested by centrifu-
gation at 16,100 x g for 10 min at 4°C and then resuspended by
sonication into ice-cold acetone and incubated on ice for 20 min.
Precipitates were harvested by centrifugation and sonication into
acetone once more, after which the pellets were dried by rotary
evaporation; then, each was resuspended by sonication into 100 pl
of Laemmli buffer (0.1% B-mercaptoethanol, 0.0005% bromophenol
blue, 10% glycerol, 2% SDS, 63 mM Tris-HCI, pH 6.8). The gradient
fraction protein samples were boiled for 5 min, and 10 pl of each
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was resolved by SDS-PAGE, transferred to nitrocellulose, and ana-
lyzed by Western blot using anti-Snf7 polyclonal antiserum (Babst
et al., 1998). Detection of Snf7 in each fraction was performed by
incubating nitrocellulose with Alexa Fluor 680 secondary antibody
(Invitrogen) and then visualizing with an infrared imager (Odyssey;
LI-COR Biosciences). The amount of Snf7 was quantitated in tripli-
cate experiments with Odyssey software (version 2.1). Calibration
of the gradient was performed using aldolase (158 kDa), catalase
(232 kDa), and ferritin (440 kDa) (GE Healthcare; United Kingdom).

Electron microscopy and tomography

Liquid cultures of yeast cells were harvested at logarithmic phase,
vacuum-filtered on 0.45-pm Millipore paper, loaded into 0.25-mm
aluminum planchettes, and high-pressure frozen in a Balzers Bal-Tec
HPM 010 (Boeckeler Instruments, Tucson, AZ). A Leica AFS system
(Leica, Austria) was used for freeze-substitution preparation of 0.1%
uranyl acetate and 0.25% glutaraldehyde in anhydrous acetone
(Giddings, 2003). Samples were then washed in pure acetone, em-
bedded in Lowicryl HM20 resin (Polysciences, Warrington, PA), and
polymerized at 260°C. A Leica Ultra-Microtome was used to cut 250-
nm serial semithick sections, which were collected onto 1% Formvar
films and adhered to rhodium-plated copper grids (Electron Micros-
copy Sciences, Hatfield, PA). Grids were labeled on both sides with
fiduciary 15-nm colloidal gold (British Biocell International, United
Kingdom). Typically, Z-shrinkage of semithick sections was 20% vol-
ume and corrected in final models and measurements. Dual-axis
tilt series were collected from 660° with 1° increments at 200 kV us-
ing a Tecnai F20 (FEI, Netherlands) at a magnification of 29,000x
using SerialEM (Mastronarde, 2005). The use of 2x binning on the
recording 4K x 4K charge-coupled device (CCD) camera (Gatan,
United Kingdom) creates a 2000 x 2000 image with a pixel size of
0.764 nm. Dual-axis electron tomograms (Mastronarde, 1997) of en-
dosomes and ILVs required the IMOD package (Kremer et al., 1996)
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for tomogram construction and modeling (3DMOD 4.0.11). Manu-
ally assigned contours of the endosomal limiting membrane at the
inner leaflet were used to measure the surface of the bilayers peri-
odically every 3.85 nm and calculated using imodmesh. Best-fit
sphere models were used to measure the diameters of nearly spheri-
cal lumenal vesicles from the outer leaflet of the membrane bilayers
(O'Toole et al., 2002). IMODINFO provided surface area and volume
data of contour models. Data were sorted, analyzed, and graphed
using Excel (Microsoft, Redmond, WA) and Prism 5 (GraphPad Soft-
ware, La Jolla, CA).

Fluorescence microscopy

Liquid cultures of yeast strains were grown to logarithmic phase at
30°C before observation at room temperature using a Nikon
TE2000-U inverted fluorescence microscope equipped with a Yok-
ogawa CSU-Xm2 spinning-disk confocal unit and a 100x oil objec-
tive with a numerical aperture of 1.4 (Nikon Instruments, Melville,
NY). Fluorescence images were acquired with a Photometrics
(Tucson, AZ) Cascade Il electron-multiplying CCD camera using
MetaMorph (version 7.0) software (Molecular Devices, Sunnyvale,
CA) and then processed with ImageJ (National Institutes of Health,
Bethesda, MD) and Photoshop CS4 software (Adobe Systems,
Mountain View, CA). Endosomal membranes were stained with FM
4-64 (Invitrogen, Carlsbad, CA) using a 20-min pulse and 90-min
chase (Odorizzi et al., 2003).

Affinity purification of recombinant proteins expressed

in bacteria

Vps20, Vps20-PW, and Vps20-Aloop proteins were expressed with-
out or with GST-Doa4(2-80) in 5-ml liquid cultures of Escherichia coli
BL21-CodonPlus (DE3) cells (Agilent Technologies, Santa Clara, CA)
by induction with 0.5 mM isopropyl B-b-1-thiogalactopyranoside at
20°C for 18 h. Bacterial cells were harvested by centrifugation at
1800 x g for 10 min at 4°C and then lysed by resuspension on ice in
1 ml PBS supplemented with 1 mg/ml lysozyme (Roche Diagnostics),
0.25 U of Benzonase nuclease (Sigma-Aldrich, St. Louis, MO), and 1
mM phenylmethanesulfony! fluoride (Sigma-Aldrich). Lysates were
subjected to probe sonication at 15 W for 20 s. Then, 0.2% Triton
X-100 (TX-100) was added, and the lysates were rotated at 4°C for
10 min before being clarified by centrifugation at 16,100 x g for 10
min at 4°C. The resulting supernatants were mixed with glutathione—
Sepharose beads (GE Healthcare) and rotated at 4°C for 1 h. The
beads were then washed thrice by centrifugation at 5000 x g for 1
min, resuspended in 1 ml of ice-cold PBS containing 0.2% TX-100,
and then washed twice in 1 ml of ice-cold PBS. Washed beads were
dried by rotary evaporation, bound proteins were eluted by boiling
for 5 min in 100 pl Laemmli buffer, and 10 pl of each sample was re-
solved by SDS-PAGE, transferred to nitrocellulose, and analyzed by
Western blot using mouse anti-GST monoclonal antibodies (Invitro-
gen) or using custom rabbit anti-Vps20 polyclonal antiserum (Invitro-
gen) that was raised against the yeast Vps20 peptide sequences
E19VKRSKDEIHKF30 and L13KKLNKEFSNVDE; 25.

Detection of ubiquitinated Cps1 in yeast cell lysates

Yeast cells lacking vacuolar hydrolase activity (pep4A prb1A) were
grown logarithmically in liquid culture at 27°C, and then 10 ODqo
units were harvested by centrifugation at 1800 x g for 5 min at room
temperature, resuspended in 5 mM N-ethylmaleimide (Sigma-
Aldrich), and precipitated by the addition of 10% (vol/vol) TCA
followed by incubation on ice for 20 min. Cellular material was
reprecipitated twice in acetone as described, dried by rotary evapo-
ration, and then resuspended by sonication in 100 pl of Laemmli
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buffer. The cell walls in precipitates were disrupted by adding acid-
washed glass beads (150-212 pm; Sigma-Aldrich) and mixing vigor-
ously by vortex at room temperature for 15 min and then boiling for
5 min. Ten microliters of the protein sample was resolved by
SDS-PAGE and analyzed by Western blotting with rabbit polyclonal
anti-Cps1 antiserum (Cowles et al., 1997) and mouse anti-Pgk1
monoclonal antibodies (Invitrogen).
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