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Summary

Molecular motors transport organelles to specific subcellular locations. Upon arrival at their
correct locations, motors release organelles via unknown mechanisms. The yeast myosin-V,
Myo2, binds the vacuole specific adaptor, Vac17, to transport the vacuole from the mother cell to
the bud. Here, we show that vacuole detachment from Myo2 occurs in multiple regulated steps
along the entire pathway of vacuole transport. Detachment initiates in the mother cell with the
phosphorylation of Vac17 which recruits the E3 ligase, Dmal, to the vacuole. However, Dmal
recruitment also requires the assembly of the vacuole transport complex and is first observed after
the vacuole enters the bud. Dmal remains on the vacuole until the bud and mother vacuoles
separate. Subsequently, Dmal targets VVac17 for proteasomal degradation. Notably, we find that
the termination of peroxisome transport also requires Dmal. We predict that this is a general
mechanism which detaches myosin-V from select cargoes.

Introduction

Proper subcellular localization of organelles is essential for cell function. Actin based
myosin V motors, conserved across eukaryotes, transport many organelles to their correct
subcellular locations. Myosin V attaches to cargoes and initiates transport via the interaction
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of the myosin V cargo binding domain with cargo specific adaptor proteins. Upon arrival at
their destinations, cargoes are released from myosin V which terminates transport and
deposits cargoes at their correct subcellular locations. How molecular motors release
cargoes is poorly understood.

Studies in Saccharomyces cerevisiae have provided significant insights into the mechanisms
that regulate myosin V. The yeast myosin VV motor, Myo2, transports most of the
cytoplasmic organelles from the mother cell to the bud. Myo2 attaches to cargoes via direct
interactions with multiple cargo specific adaptors which enable Myo2 to selectively
transport subsets of cargoes to different locations at distinct times. For example, Mmr1,
Yptll(Eves et al., 2012; Fortsch et al., 2011; Itoh et al., 2004; Itoh et al., 2002), Inp2
(Fagarasanu et al., 2006), Ypt31/32, Sec4, Sec15 (Jin et al., 2011; Lipatova et al., 2008;
Santiago-Tirado et al., 2011), Kar9 (Korinek et al., 2000) and Vac17 (Ishikawa et al., 2003;
Tang et al., 2003) attach Myo2 to mitochondria, peroxisomes, secretory vesicles, astral
microtubules and the vacuole respectively.

Studies of vacuole transport have revealed that cargo adaptors play key roles in both the
spatial and temporal regulation of myosin V based transport. Early in the cell cycle, the
vacuole specific adaptor, Vac17, is phosphorylated by the cyclin dependent kinase, Cdk1.
Cdk1 phosphorylation promotes the interaction between Vac17 and Myo2 thereby attaching
Myo2 to the vacuole (Peng and Weisman, 2008). Myo2 moves a portion of the vacuole from
the mother to the bud. Initially, the vacuole in the bud remains connected to the original
vacuole in the mother via a segregation structure (Weisman and Wickner, 1988). Eventually,
resolution of the segregation structure separates the bud and mother vacuoles (Bartholomew
and Hardy, 2009). After vacuole movement terminates, Myo2 continues to transport
secretory vesicles to the mother-bud neck (Karpova et al., 2000; Lillie and Brown, 1994).
Thus, Myo2 but not the bud vacuole moves to the mother-bud neck. Proper detachment of
the vacuole from Myo2 requires the Vacl17 PEST sequence. PEST sequences target proteins
for rapid degradation. Deletion of the PEST sequence causes an accumulation of Vacl7.
Interestingly, in the vac17-APEST mutant, the vacuole fails to detach from Myo2 and the
vacuole is inappropriately transported to the mother-bud neck late in the cell cycle, the site
where Myo2 delivers secretory vesicles (Tang et al., 2003).

Here, we present the unexpected finding that the regulated recruitment of an E3 ubiquitin
ligase, Dmal, to the vacuole is critical for the accurate detachment of the vacuole from
Myo2. In S. cerevisiae, Dmal and its paralogue, Dma2, are known spindle positioning
checkpoint proteins. In addition, they play roles in septin ring deposition, spindle positioning
and cytokinesis (Fraschini et al., 2004). Dmal and Dma2 each contain a Forkhead
Associated (FHA) domain and a RING domain. FHA domains bind phospho-threonine
residues and often exhibit a strong preference for specific residues at the +3 position of the
phospho-threonine. For example, the protein Rad53 contains two FHA domains, one
recognizes a pTxxI/L motif while the second recognizes a pTxxD motif in vitro
(Bieganowski et al., 2004; Durocher et al., 1999; Durocher et al., 2000). The RING finger
domain of Dmal and Dmaz2 is required for E3 ubiquitin ligase activity. Both FHA and
RING domains are required for the known roles of Dmal and Dma2 (Guertin et al., 2002;
Johnson and Gould, 2011).
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Here, we demonstrate that the detachment of cargoes from myosin V occurs via a Dmal/
Dma2 dependent mechanism. For the vacuole, detachment from Myo2 requires the
phosphorylation of Vac17-Thr240. This phosphorylation step occurs in the mother cell, the
site where Myo2 attaches to the vacuole. Dmal directly binds phospho-Thr240 and through
this interaction, Dmal localizes to the Myo2/Vacl7 transport complex on the vacuole.
Intriguingly, recruitment of Dmal of to the vacuole is dependent on the attachment of Myo2
to the vacuole. Moreover, Dmal is not observed on the vacuole until the vacuole enters the
bud. After recruitment, Dmal persists on the bud vacuole until after the bud vacuole
separates from the mother vacuole. Subsequently, Dmal targets Vac17 for degradation via
the ubiquitin proteasome system (UPS) which releases the bud vacuole from Myo2. Thus,
Vacl7 phosphorylation, attachment of Myo2 to the vacuole and resolution of the segregation
structure each provide different signals recognized by Dmal which in turn detaches the
vacuole from myosin V. Notably, we show that the termination of Myo2 dependent
peroxisome transport also requires Dmal/Dma2. Studies on how the vacuole detaches from
Myo2 will likely provide insights that are applicable to the termination of the transport of
other myosin V cargoes.

An E3 ubiquitin ligase, Dmal, is critical for Vac17 degradation and the termination of
vacuole transport

To identify factors required for the detachment of the vacuole from Myo2, we performed a
genetic screen. Given that the termination of vacuole movement requires Vac17 turnover
(Tang et al., 2003), we sought mutants with elevated Vac17 levels. Wild-type cells
transformed with a plasmid encoding VAC17-GFP were subjected to EMS mutagenesis and
mutants with elevated GFP fluorescence were enriched via Fluorescence Activated Cell
Sorting. We obtained mutants that were defective in both the initiation and termination of
vacuole transport, as both types of mutants will cause an elevation of Vacl17 levels (Tang et
al., 2003). Mutants defective in the initiation of vacuole transport were not pursued. One
mutant of interest, vac22-1, had elevated levels of both Vac17-GFP and endogenous Vac17
(Figure S1A). This indicated that the causative mutation was in a gene related to the
turnover of Vacl7 rather than a mutation in Vac17-GFP. In vac22-1, Vac17-GFP and the
vacuole were mis-targeted to the mother-bud neck in large budded cells; the site where
Myo2 delivers secretory vesicles late in the cell cycle (Figure S1B). This suggests that the
vac22-1 mutant is defective in the dissociation of Vacl7 and the vacuole from Myo2 which
causes the vacuole to be inappropriately dragged along the entire Myo2 itinerary.

To identify the causative mutation of the vac22-1 phenotype, whole genome sequencing was
performed for vac22-1 and the isogenic parental strain. The haploid vac22-1 mutant was
backcrossed with the isogenic wild-type strain. After 3 backcrosses, 12 spores with the
vac22-1 phenotype (elevated Vacl7 levels) were pooled together and 12 spores with the
wild-type phenotype (normal Vacl17 levels) were pooled. Most of the potentially thousands
of non-causative EMS induced mutations should randomly distribute between the mutant
and wild-type pools. DNA sequenced from the mutant pool was compared to the wild-type
pool (Birkeland et al., 2010). The point mutation, dmal-G232R, was present only in the
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mutant pool. Gly232 is within the FHA domain of Dmal. The equivalent residue of the
mammalian Rnf8 FHA domain is located at a turn on the opposite side of the phospho-Thr
binding region (Pennell et al., 2010). Thus, Gly232 likely does not contact phospho-Thr and
the G232R mutation may disrupt the overall structure of the Dmal FHA domain.

To determine if DMAL is required for the termination of vacuole movement, we generated a
dmalA mutant. We assessed the location of the vacuole in large budded cells, where Myo2
is predicted to localize to the mother-bud neck. In the dmalA mutant, 40.0+0.5% of large
budded cells have vacuoles mis-targeted to the mother-bud neck. That the inappropriate
accumulation of vacuoles at the mother-bud neck did not exceed 40% is likely due to the
fact that in a percentage of large budded cells the actin cytoskeleton has yet to be re-
organized and Myo2 has not yet moved to the mother-bud neck (Pruyne et al., 2004). The
presence of vacuoles at the mother-bud neck in wild-type cells was much lower;
approximately 10% of large budded cells have this phenotype (Figures 1A and 1B).
Furthermore, in the dmalA mutant, the vacuole colocalized with Vac17-GFP and Myo2-
Venus at the mother-bud neck (Figures 1C and 1D). These results suggest that Dmal is
required for the detachment of Vac17 and the vacuole from Myo2.

Notably, expression of DMA1 but not dmal-G232R restores the termination of vacuole
movement in the dmalA mutant (Figures 1A and 1B) and in the vac22-1 mutant (data not
shown). Furthermore, expression of DMAL but not dmal-G232R rescued Vacl7 levels in the
dmalA mutant (Figure 1E) and in the vac22-1 mutant (data not shown). Therefore, dmal-
G232R is a null allele and the causative mutation of the vac22-1 phenotype.

Dma2, the paralogue of Dmal in S. cerevisiae, shares 58% amino acid identity with Dmal
and performs redundant functions in the spindle positioning checkpoint and cytokinesis
(Fraschini et al., 2004). To test whether Dma2 also functions in the termination of vacuole
movement, the dma2A and dmalA dma2A mutants were generated. In the dma2A mutant,
there was a modest phenotype, 17.3+3.67% of large budded cells accumulate vacuoles at the
mother bud neck compared to the dmalA mutant at 41.6+3.32%. In the dmalA dma2A
double mutant the phenotype was stronger (71.9+5.90%). In wild-type cells, only
10.5+1.04% of large budded cells show this phenotype (Figures S1C and S1D). These
results suggest that Dma2 also functions in the termination of vacuole movement.

We tested whether Dmal and Dma2 are required for the termination of the transport of
peroxisomes, another Myo2 cargo. We chose peroxisomes because their transport is entirely
Myo2 dependent and similar to the vacuole, the peroxisome remains intact after transport
(Fagarasanu et al., 2006). To visualize peroxisomes, we tagged GFP with the peroxisome
targeting sequence, SKL. In wild type cells, peroxisomes were distributed along the
periphery of the bud with only 2.1+1.4% of large budded cells showing accumulation of
peroxisomes at the mother-bud neck. In the dmalAdma2A mutant, peroxisomes were mis-
targeted to the mother-bud neck in 56.1+2.2% of large budded cells. This phenotype closely
parallels the accumulation of vacuoles at the mother-bud neck in the dmalAdma2A mutant
(Figure 1F). These results suggest Dmal and Dmaz2 function with Myo2 to release at least
two types of cargoes. Thus, mechanistic insights gained from studies of Dmal/Dma2 are
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likely to be applicable to other myosin V cargoes. To further investigate the mechanisms by
which Dmal and Dma2 regulate cargo release, we focused on the vacuole.

Dmal localizes to the bud vacuole

Dmal functions as a spindle checkpoint protein in Schizosaccharomyces pombe (Murone
and Simanis, 1996). In S. pombe, Dmal localizes to the cytokinetic ring and the spindle pole
bodies (SPBs), however, its localization in S. cerevisiae was unknown(Guertin et al., 2002).
We found that in S. cerevisiae, Dmal-GFP localized to regions consistent with the septin
ring and the SPBs (Figure 2A) and colocalized with Spc42-mRFP (Figure 2B), a core
component of the SPB. Dmal localizes to the SPBs and septin ring only in large budded
cells late in the cell cycle. That Dmal functions in the termination of vacuole transport
prompted us to examine its localization during vacuole inheritance. Early in the cell cycle,
Dmal-GFP localized to the vacuole in the bud (Figure 2C) and did not colocalize with
Spcd2-mRFP, which remained in the mother cell (Figure 2D).

To further determine the timing of Dmal localization to the vacuole, DMA1 was tagged with
3XGFP at its endogenous locus. Dmal-3xGFP localization was assessed during vacuole
inheritance, from prior to the initiation of vacuole transport until the resolution of the
segregation structure. In unbudded and small budded cells where the vacuole has not moved
into the bud, no significant localization of Dmal-3xGFP to the vacuole was observed.
Dmal-3xGFP was first observed on the portion of the vacuole that crossed the mother-bud
neck into the bud. At this time, the vacuole in the bud is connected to the mother vacuole via
a segregation structure. Intriguingly, after Dmal was recruited to the vacuole, the
termination of vacuole transport did not immediately occur. Instead, Dmal-3xGFP moved
with the vacuole to the bud tip and remained on the vacuole as the bud grew. Dmal-3xGFP
persisted on the vacuole at the bud tip until after the segregation structure was resolved and
the bud vacuole separated from the mother vacuole (Figures 2E and 2F). These results
suggest that both recruitment of Dmal to the vacuole and Dmal activity are coordinated
with vacuole inheritance.

To determine whether recruitment of Dmal to the vacuole is dependent on Myo2, we
analyzed Dmal-GFP localization in a myo2-D1297N mutant. myo2-D1297N does not bind
Vacl7 and the vacuole is not transported to the bud (Eves et al., 2012; Ishikawa et al.,
2003). Dmal-GFP failed to accumulate on the vacuole in the myo2-D1297N mutant in all
small budded cells analyzed. In cells expressing MYO2, Dmal-GFP accumulated on the bud
vacuole in 76.4+5.7% of small budded cells (Figures 2G and 2H). These results suggest that
Dmal recruitment to the vacuole requires the assembly of the Myo2/Vac17/Vac8 complex.
Interestingly, in the myo2-D1297N mutant, where Dmal is not recruited to the vacuole,
Vacl7 is not degraded (Figure S2). This suggests that the regulated recruitment of Dmal to
the vacuole is critical for Vac17 degradation.

Vacl7 residue Thr240 is required for Vacl7 degradation and the termination of vacuole
transport

The Vacl7 PEST sequence is required for the termination of vacuole transport (Tang et al.,
2003) (Figure 3A). Notably, T4l IL resides within the PEST sequence and fits the TxxI/L
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motif, suggesting that Thr240 may be the binding site on Vac17 for Dmal. To determine
whether Thr240 is required for the termination of vacuole transport we generated and
characterized the vac17-T240A point mutant. The T240A mutation caused an elevation of
Vacl7 levels (Figure 3B). Furthermore, vac17-T240A-GFP and the vacuole accumulated at
the mother-bud neck in large budded cells. This contrasts with cells expressing wild-type
VAC17-GFP, where no GFP signal was detected, consistent with the proper degradation of
Vac17-GFP and detachment of the vacuole from Myo2 (Figure 3C). Moreover, in cells
expressing vac17-T240A, at the mother-bud neck, the vacuole colocalized with Myo2-Venus
and vacl7-T240A-GFP colocalized with mCherry-Myo2 (Figures S3A and S3B). Together,
these results suggest that Vac17-Thr240 is required for VVac17 degradation and the regulated
detachment of Vac17 and the vacuole from Myoz2.

PEST sequences contain serines and threonines that are often phosphorylation sites critical
for targeting the protein for degradation (Marchal et al., 1998; Martinez et al., 2003). To
determine whether Thr240 was the only potential phosphorylation site in the PEST sequence
required for the termination of vacuole transport, we mutated all serines and threonines
within the PEST sequence to alanines. We found that in addition to vac17-T240A, the point
mutant vac17-S222A also caused an elevation of VVac17 levels (Figure 3B). Furthermore,
vacl7-S222A-GFP and the vacuole accumulated at the mother-bud neck in large budded
cells (Figure 3C). In the vac17-S222A mutant, at the mother-bud neck, the vacuole
colocalized with Myo2-Venus and vac17-S222A-GFP colocalized with Myo2-mCherry
(Figures S3A and S3B). These results suggest that, in addition to Vac17-Th240, Vacl7-
Ser222 is also required for Vac17 degradation and the detachment of VVac17 and the vacuole
from Myo2.

directly to Vacl17 at phosphorylated Thr240 in vitro

Vacl7- ToagllLog3 matches the TxxI/L motif recognized by some FHA domains. This raised
the intriguing hypothesis that Vac17-Thr240 is the binding site for Dmal. Because FHA
domains strictly recognize phospho-threonines, we tested whether VVac17-Thr240 is
phosphorylated.

We generated antibodies against a peptide with a central phosphorylated Thr240. To analyze
Vacl7 phosphorylation, we immunoprecipitated Vac17-GFP expressed in a vac17A mutant
using anti-GFP antibodies. However, we failed to detect VVac17-GFP via western blot or
immunoprecipitation (IP) (Figure 4A). In wild-type cells, Vacl7 levels are exceedingly low,
present at ~20 molecules per cell (Ghaemmaghami et al., 2003; Tang et al., 2006). Thus,
detecting phosphorylated VVac17 proved difficult. However, we postulated that Dmal/Dma2
target VVac17 for degradation by binding phosphorylated Thr240. Deletion of DMA1 and
DMA2 would likely result in the accumulation of phosphorylated forms of VVac17 (Figure
4B). Indeed, Vacl7-GFP is stabilized in the dmalA dma2A vac17A mutant. Moreover,
Vac17-GFP was recognized by the anti-phosphoThr240 antibody. In contrast, the levels of
vacl7-T240A-GFP are similar when expressed in both the vac17A and dmalA dma2A
vacl7A mutants, but was not recognized by the anti-phosphoThr240 antibody, verifying the
specificity of this antibody for Thr240.
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To determine whether this antibody was phospho-specific, Vac17-GFP was
immunoprecipitated from the dmalA dma2A vac17A mutant and treated with A-
phosphatase. Vac17-GFP was dephosphorylated, as indicated by an increase in its
electrophoretic mobility, in samples treated with A.-phosphatase but not with the addition of
phosphatase inhibitors or in untreated samples (Figure 4C). The anti-phosphoThr240
antibody failed to recognize dephosphorylated Vac17-GFP indicating that this antibody is
specific for phospho-Thr240 and that Thr240 is phosphorylated in vivo. These results
strongly suggest that Vac17-Thr240 is a binding site for Dmal. Moreover, given that vac17-
T240A-GFP levels were similar in the absence and presence of DMAL/DMAZ2 suggests that
Thr240 and Dmal/Dmaz2 function in the same step of the pathway.

To test whether Dmal binds phosphorylated VVac17-Thr240, in vitro binding studies were
performed. Recombinant GST-Dmal or the GST tag alone were immobilized on glutathione
beads and incubated with yeast cell extracts from a dmalA dma2A VAC17-TAP strain where
phosphorylated Vac17 accumulates. GST-Dmal but not the GST tag alone bound Vac17-
TAP. However, GST-Dmal did not bind vac17-T240A-TAP. As a control, we show that the
Myo2 cargo binding domain, a known Vac17 binding partner, bound the vac17-T240A-TAP
mutant (Figure 4D). This suggests that the T240A mutation does not affect the overall
structure of Vac17 and that Thr240 is required for Dmal to bind Vacl7.

To test whether Dmal binds phosphorylated Thr240, we performed competition experiments
comparing the ability of phosphorylated and unphosphorylated peptides to compete with
full-length VVac17 for access to Dmal. Prior to incubation with yeast cell extracts,
immobilized GST-Dmal was first incubated with peptides that contained a central phospho-
Thr240, unphosphorylated Thr240 or phospho-Ser222. Addition of the phospho-Thr240
peptide blocked GST-Dmal from binding Vac17-TAP from cell lysates. In contrast,
addition of the unphosphorylated Thr240 or phospho-Ser222 peptides did not affect GST-
Dmal binding to Vacl17-TAP (Figure 4E).

To further determine whether Dmal binds directly to phospho-Thr240, we tested the effect
of a peptide with a central phospho-Thr240 on the thermostability of recombinant GST-
Dmal via ThermoFluor. ThermoFluor measures the incorporation of the fluorescent dye,
ANS, into proteins undergoing temperature based unfolding. An interaction between GST-
Dmal and its binding partner would potentially stabilize GSTDmal and cause an increase in
its melting temperature (T,,). The T,, of GST-Dmal alone or with an unphosphorylated
peptide was 32.02+0.08 °C and 31.27+0.08 °C, respectively. With a phospho-Thr240
peptide, the Ty, of GST-Dmal was elevated by ~14 °C to 45.60+0.03 °C. To ensure that we
were measuring the unfolding of Dmal and not the GST tag, we measured the
thermostability of the GST tag alone. The Ty, of GST was 56.24+0.06 °C. The phospho-
Thr240 peptide or unphosphorylated peptide had only a minor effect on the Ty, of GST
which was 57.22+0.05 °C and 57.40+0.01 °C respectively (Figure 4F). Thus, Dmal directly
binds Vacl7 at phosphorylated Thr240. Furthermore, these results suggest that Dmal does
not bind Vacl17-Ser222. Consistent with this hypothesis, we found that recombinant GST-
Dmal bound vac17-S222A-TAP in vitro (Figure S4A).
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Vacl7-pTogolllogz matches the pTxxI/L FHA domain binding motif identified in vitro. To
determine whether Leu243 was required for the termination of vacuole transport in vivo, we
generated the vac17-L243N mutant. However, expression of vac17-L243N in the vacl7A
mutant did not cause a defect in the termination of vacuole transport (Figure S4B). We
found that 5.6+1.9% of large budded cells expressing vac17-L243N had vacuoles at the
mother-bud neck. This was similar to 5.6+1.0% of wild-type cells and 3.8+0.8% of cells
expressing wild-type VACL17 (Figure S4C). This suggests that in vivo, the S. cerevisiae
Dmal FHA domain has some flexibility in the recognition of the residue at the +3 position.

Recruitment of Dmal to the vacuole requires the interaction between Dmal and
phosphorylated Vac17-Thr240

To test whether Vac17-Thr240 is required for the recruitment of Dmal to the vacuole, we
analyzed the localization of Dmal-GFP in cells expressing VAC17 or vac17-T240A. In cells
expressing VAC17, Dmal-GFP localized to the vacuole in 82.9+4.3% of small budded cells.
In contrast, Dmal-GFP localized to the vacuole in 19.5+1.9% of small budded cells
expressing vac17-T240A (Figures 5A and 5B). Similarly, Dmal-tdTomato colocalized with
Vacl7-GFP in 79.8+2.4% of small budded cells and with vac17-T240AGFP in 33.6+5.3% of
small budded cells (Figure 5C and 5D).

Given that FHA domains bind phospho-Thr, we tested whether the FHA domain of Dmal is
required for Dmal recruitment to Vacl7. We generated the dmal-R193E mutant, which
contains a charge reversal of a conserved residue in FHA domains that directly contacts
phospho-Thr (Durocher et al., 2000). While Dmal-GFP localized to the vacuole in
75.4+4.4% of small budded cells, dmal-R193E-GFP failed to localize to the vacuole in all
cells analyzed (Figure S5). These results suggest that the interaction between the Dmal
FHA domain and phosphorylated Vac17-Thr240 is critical to recruit Dmal to the vacuole.

Dmal is first observed on the vacuole in the bud. Furthermore, Dmal is not recruited to the
mother vacuole in the myo2-D1297N mutant. These observations raise the question of
whether phosphorylation of VVac17-Thr240 is bud-specific. Surprisingly, we found that in
the myo2-D1297N mutant, where Vac17-GFP is localized to the mother vacuole, Vacl17-
Thr240 was phosphorylated (Figures 5E and 5F). We compared the phosphorylation of
Vacl7-Thr240 in the myo2-D1297N mutant with the phosphorylation of the vac17-S222A
mutant. The S222A point mutation stabilizes Vacl7, but still enables vacuole transport and
accumulates in the bud (Figure 5E). Vac17-GFP in the myo2-D1297N mutant and vacl17-
S222A-GFP are phosphorylated at Thr240 to similar extents. As expected, the vac17-T240A-
GFP mutant was not phosphorylated at Thr240 (Figure 5F). These results suggest that
Thr240 is phosphorylated in the mother cell. Moreover, phosphorylation of VVac17 does not
require Myo2. These observations strongly suggest that VVac17 is phosphorylated on Thr240
in the mother cell prior to the attachment of Myo2 to the vacuole and the initiation of
vacuole transport. The failure of Dmal recruitment to the mother vacuole in the myo2-
D1297N mutant is not due to a defect in the phosphorylation of Vac17-Thr240. Thus,
phosphorylation of Vac17-Thr240 is required but not sufficient for recruiting Dmal to the
vacuole.
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Dmal/Dmaz2 function in the ubiquitylation of Vacl7

In S. pombe, the E3 ubiquitin ligase activity of Dmal is required for its function as a spindle
checkpoint. S. Pombe Dmal-11e194 is a conserved residue in the RING domain required for
Dmal dependent ubiquitylation in vitro and for Dmal spindle checkpoint function in vivo
(Johnson and Gould, 2011). This conserved isoleucine is critical for the interaction between
E3 ubiquitin ligases with their E2 ubiquitin conjugating enzyme binding partners (Zheng et
al., 2000). To determine whether the E3 ubiquitin ligase activity of S. cerevisiae Dmal is
required for the termination of vacuole transport, we mutated the Dmal-1329 residue which
is homologous with S. pombe Dmal-1194.

In contrast to Dmal and Dmal-GFP, the ubiquitylation-defective mutant, dmal-1329R-GFP,
failed to target Vacl7 for degradation or rescue the termination of vacuole transport in the
dmalA mutant (Figures 6A, S6A and S6B). Moreover, the vacuole accumulates with Vacl17-
GFP and Myo2-Venus at the mother-bud neck in large budded cells in the dmal-1329R
mutant (Figures 6B and 6C). Thus, Dmal dependent ubiquitylation is required for Vacl7
degradation and the detachment of the vacuole from Myo2. In in vitro binding experiments,
we found that GST-dmal-1329R bound Vac17-TAP from cell extracts (Figure 6D) which
suggests that the E3 ubiquitin ligase activity of Dmal is not required for Dmal to bind
Vacl7.

We found that the levels of the ubiquitylation defective mutant dmal-1329R-GFP are higher
than wild-type levels (Figure 6A). Wild-type Dmal auto-ubiquitylates in vitro (Loring et al.,
2008), which predicts that the dmal-1329R mutant is defective in regulating its own
turnover. Given that Vacl7 recruits Dmal to the vacuole and that both VVac17 and dmal-
I1329R levels are elevated (Figure 6A) may explain why dmal-1329R-GFP localizes to a
broader area on the bud vacuole (Figure S6C).

The requirement for the E3 ligase activity of Dmal for Vac17 degradation suggests that
Vacl7 is ubiquitylated. Using anti-GFP antibodies, we immunoprecipitated Vac17-GFP
from cells expressing myc tagged ubiquitin (myc-Ub). Immunoblot analysis with anti-myc
antibodies showed that Vac17-GFP was ubiquitylated in vivo. However, in the absence of
DMA1/DMA2, Vacl7-GFP levels were elevated but not detectably ubiquitylated (Figure
6E). These results strongly suggest that Vacl7 is ubiquitylated in vivo in a Dmal/Dma2
dependent manner.

That Vacl7 is ubiquitylated suggests that the ubiquitin proteasome system (UPS) is
important for Vac17 degradation. We found that VVac17 levels were elevated in the E1
mutant, ubal-2, as well as in the proteasome mutants tested, prel-1, doa3-T76A and pupl-
K58E/pup3-E151K (Figure 6F). These results suggest that Dmal ubiquitylates Vacl7 and
targets Vac17 for degradation via the proteasome.

Discussion

Within a single cell type, myosin V transports multiple organelles. Accurate transport
requires that myosin V attaches to cargoes at their original locations and detaches from
cargoes at their destinations. Accurate release of organelles from myosin V is critical for
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their proper subcellular location (Tang et al., 2003). Our findings suggest that the
detachment of cargoes from myosin V occurs in multiple steps along the entire route of
cargo transport. Phosphorylation of Vac17-Thr240 occurs in the mother cell and sets up the
termination of vacuole transport which occurs later in the bud. Vac17-Thr240 is
phosphorylated at the same cellular location where Cdk1 phosphorylates VVacl7 at S119,
T149, S178, and T248 to recruit Myo2, which initiates vacuole transport (Peng and
Weisman, 2008). Because phosphorylation of VVac17-Thr240 does not require Myo2, it is
likely that phosphorylation of the 4 Cdk1 sites and Thr240 occur concurrently prior to the
initiation of vacuole transport. Moreover, phosphorylation of Thr240 likely does not require
Cdk1 phosphorylation of Vac17. In the vac17-S119/T149/S178/T248A mutant, vacuoles that
are transported to the bud undergo normal release from Myo2 (data not shown).

Our results demonstrate that Thr240 phosphorylation creates a binding site on VVac17 critical
for the recruitment of Dmal to the vacuole. Intriguingly, while phosphorylation of Vacl7-
Thr240 occurs in the mother cell and does not require the attachment of Myo2 to the
vacuole, Dmal is first observed on the vacuole in the bud and its recruitment to the vacuole
requires Myo2. This suggests that either Dmal recognizes the intact Myo2/Vac17/Vac8
vacuole transport or that Dmal is recruited to the vacuole in the bud. Furthermore, these
results suggest that Thr240 phosphorylation is required but not sufficient for Dmal
recruitment. Moreover, our results suggest that the regulated recruitment of Dmal to the
vacuole is critical for Vac17 degradation.

Notably, after Dmal is recruited to the vacuole, there is a delay in the mechanism which
terminates vacuole transport. Dmal moves with the vacuole to the bud tip and persists on
the vacuole after the bud vacuole separates from the mother vacuole. This suggests that
Dmal activity is regulated so that termination of vacuole transport is coordinated with the
resolution of the vacuole segregation structure. Overall, our findings suggest that Dmal
recruitment and function are modulated by at least three events: 1) Vac17 phosphorylation
on Thr240, 2) Myo2 attachment to the vacuole and 3) the resolution of the segregation
structure.

We further find that Dmal and Dma2 function in the ubiquitylation of VVac17 in vivo. Dmal
dependent ubiquitylation targets VVac17 for degradation via the proteasome which releases
the vacuole from Myo2 (Figure 7). In addition to the vacuole, we found that the termination
of peroxisome transport also requires DMA1 and DMA2 (Figure 1E). Like the vacuole,
peroxisomes are transported by Myo2 via a cargo adaptor, Inp2. The mechanisms that
detach the vacuole from Myo2 also likely terminate the transport of peroxisomes. Together,
these studies suggest that the degradation of cargo adaptors by the Ub-proteasome system
may be a common mechanism to release cargoes from molecular motors.

Interestingly, Dmal is a checkpoint protein which monitors spindle alignment and regulates
mitotic exit and cytokinesis. Given that Dmal regulates multiple cell cycle coordinated
events, it is tempting to speculate that Dmal coordinates the termination of vacuole and
peroxisome transport with mitotic exit and cytokinesis.
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Myosin V and the mechanisms of myosin V based transport are conserved from yeast to
vertebrates. In S. cerevisiae, there are 2 class V myosins, Myo2 and Myo4. Mammals have 3
class V myosins, myosin Va, Vb and V¢ (Desnos et al., 2007; Hammer and Sellers, 2011,
Weisman, 2006). Like Myo2, myosin Va, Vb and V¢ move cargoes via cargo specific
adaptor proteins. For example, myosin Va transports melanosomes via binding melanophilin
and Rab27a (Fukuda et al., 2002; Strom et al., 2002; Wu et al., 2002). Notably, melanophilin
contains 3 PEST sequences, which are important for melanophilin turnover and melanosome
transport (Fukuda and Itoh, 2004). Intriguingly, western blot analyses show that
melanophilin, like Vacl7, runs at a higher molecular weight than predicted, suggesting that
melanophilin may be phosphorylated (Wu et al., 2002). Given the similarities between
Vacl7 and melanophilin, we propose that the mechanisms that regulate VVac17 and the
termination of vacuole transport may be similar to those that regulate the detachment of
other cargoes from myosin V in higher eukaryotes.

Evidence from Xenopus laevis suggests that, in addition to cargo adaptors, the cargo binding
domain of myosin V may also play a critical role in the detachment of cargoes. In Xenopus,
Calcium/calmodulin-dependent protein kinase Il (CaMKII) directly phosphorylates the
myosin V cargo binding domain (Karcher et al., 2001). This phosphorylation event causes
the release of the melanosome from myosin V. Thus, phosphorylation of both myosin V and
its cargo adaptor followed by degradation of the cargo adaptor may be common mechanisms
that regulate the termination of myosin V transport.

Experimental procedures

Yeast Strains, Plasmids and Media

Yeast cultures were grown in yeast extract peptone dextrose (YEPD) containing 1% yeast
extract, 2% peptone and 2% dextrose or synthetic complete (SC) media lacking the indicated
amino acid(s) at 24°C unless specified. Yeast strains and plasmids are listed in Tables S1
and S2 respectively (See Supplemental Tables S1 and S2).

Western Blot Analysis

Cells were lysed in 1 ml 0.2 M NaOH/ 0.2% B-mercaptoethanol and 100 pl trichloroacetic
acid (TCA) was added. Precipitated proteins were harvested via centrifugation at 12,000
rpm and resuspended in 100 pl 2X SDS sample buffer. 20 pl of 1 M Tris base (pH ~11) was
then added, samples were heated at 75°C and analyzed via immunoblot (Peng and Weisman,
2008). For immunoblot analyses, mouse anti-GFP (1:1,000; Roche), rabbit anti-GFP
(1:1,000; abcam), rabbit anti-TAP (1:1,000; Thermo Scientific), mouse anti-Pgk1 (1:10,000;
Invitrogen), sheep anti-Vac17 (1:1,000) and rabbit anti-phosphoThr240 (1:2,500) antibodies
were used.

In vivo ubiquitylation experiments

Cells were co-transformed with pVT102-VAC17-GFP and CUP1-myc-Ub plasmids. Myc-
Ub expression was induced with 100uM CuCl,. Vac17-GFP was immunoprecipitated as
described above and analyzed via immunoblot using anti-myc antibodies (1:2,000; Cell
Signaling).
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To visualize vacuoles, cells were labeled with 12 ug FM4-64 in 250 pL media for 1 hour,
then washed twice and grown in 5 ml fresh media for one doubling time (2-3 hours). Live
cell images were obtained on a DeltaVision Restoration system (Applied Precision) using an
inverted epifluorescence microscope (IX-71; Olympus) with a charge-coupled device
camera (Cool-SNAP HQ); Photometrics) and processed in Photoshop.

Whole Genome Sequencing

Wild-type and mutant backcross pools were derived from sporulation of diploid strain
LWY10741, which was obtained by mating strains vac22-1 and LWY 3250 (wild-type).
Construction of pooled libraries and analysis of the resulting Illumina sequencing data was
performed as previously described (Birkeland et al., 2010). The filter for potential vac22-1
mutations demanded that (i) the candidate mutation changed the coding of a yeast ORF, (ii)
the mutation site was covered by at least three reads in both the wild-type and vac22-1
mutant pools, (iii) all reads in the wild-type pool corresponded to the wild-type allele, and
(iv) all reads in the mutant pool corresponded to the mutant allele. This filter yielded only
the dmal-G232R mutation. We note that the vac22-1 mutant pool was a low quality library
with only 4-fold base coverage of the yeast genome. As a result, we cannot rule out that
other potential candidate mutations were missed. However, based on the biological analysis
of dmal-G232R it is likely to be the sole cause of the vac22-1 phenotype.

In vitro binding experiments

In vitro binding experiments were performed using recombinant GST tagged fusion proteins
expressed in BL21 star DE3 cells and yeast cell extracts. For expression of GST fusion
proteins see (Loring et al., 2008) and Supplemental Experimental Procedures.

Thermostability Measurements

GST and GST-Dmal samples were prepared in 50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
0.01% Triton X-100, 5 mM B-mercaptoethanol, 100 mM ANS and overlaid with silicone oil.
Measurements were taken using a Thermofluor 384-well plate reader (Johnson & Johnson).
See Supplemental Experimental Procedures.

EMS Mutagenesis

Wild-type (LWY3250) cells transformed with pRS416-VAC17-GFP were grown in SCUra
+ 0.5% CA media. Cells were resuspended in 1 ml 0.1 M sodium phosphate buffer, pH 7.0.
EMS (Sigma) was added to a final concentration of 36.18 mg/ml and cells were incubated at
24 °C for 1 hour. Cells were washed with ddH-0, then washed twice with 5% sodium
thiosulfate and were grown in SC-Ura+ 0.5% CA media for 12 hours. Mutants with elevated
Vacl17-GFP fluorescence were isolated via Fluorescence Activated Cell Sorting (FACS) and
were plated on SC-Ura media. Microscopy and western blot analysis were used to confirm
the elevation of Vac17 levels in these mutants.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DMAL1 is required for the termination of Myo2 dependent transport
(A) The vacuole accumulates at the mother-bud neck in the dmalA mutant (arrows), expression of DMAL but not dmal-G232R

restores the proper position of the vacuole in the bud. (B) Percentage of large budded cells with the accumulation of vacuoles at
the mother-bud neck in the absence of DMAL. Expression of DMAL but not dmal-G232R restores the proper position of the bud
vacuole in the dmalA mutant. Error bars; standard error of the mean (SEM). A minimum of 100 cells were counted per
experiment for 3 experiments. (C) Vacl7-GFP and vacuoles are mis-targeted to the mother-bud neck in the dmalA mutant. (D)
The vacuole colocalizes with Myo2-Venus at the mother-bud neck in the dmalA mutant. (E) Vacl17 levels are elevated in the
dmalA mutant, expression of DMA1 but not dmal-G232R rescues Vacl7 levels. (F) Both peroxisomes (GFP-SKL) and
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vacuoles (FM4-64) are mis-targeted to the mother-bud neck in large budded cells in the dmalA dma2A mutant. Bar = 5 um. See
also Figure S1.
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Figure 2. Dmal localizes to the SPBs, septin ring and the vacuole
(A) In large budded cells, Dmal-GFP localizes to regions consistent with the SPBs (arrowheads) and septin ring (<), and (B)

colocalizes with Spc42-mRFP, a component of the SPB (arrow heads). (C) In small budded cells, Dmal-GFP localizes to the
vacuole in the bud (arrow) and (D) does not colocalize with Spc42-mRFP (arrow heads). (E) Dmal-3xGFP is first observed on
the vacuole as the vacuole crosses the mother-bud neck. Dmal remains on the vacuole at the bud tip until after the resolution of
the segregation structure. (F) Percentage of cells with Dmal at the vacuole in (i) unbudded cells, (ii) small budded cells where
the vacuole is in the mother, (iii) small budded cells where the vacuole has crossed the mother-bud neck, (iv) small budded cells

where the vacuole has reached the bud tip, (v) medium budded cells where the segregation structure was resolved. (G-H) The
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myo2A dmalA double mutant co-expressing DMA1-GFP with MYO2 or myo2-D1297N. (G) Dmal-GFP localizes to the vacuole
in the bud in cells expressing MYO?2, but fails to localize to the mother vacuole in cells expressing myo2-D1297N, a mutant
defective in vacuole transport. (H) Quantification of the percentage of small budded cells where Dmal-GFP localizes to the
vacuole. Z-sections of small budded cells were analyzed. A minimum of 25 cells were counted per experiment for 3
experiments. Error bars; standard error of the mean (SEM). Bar = 5 um. See also Figure S2.
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Figure 3. Identification of Vac17 residues required for the termination of vacuole movement and Vacl7 turnover
(A) Vacl7 residues 204-250 comprise the PEST sequence (Tang et al., 2003). Red; potential phosphorylation sites required for
Vacl7 turnover. Blue; FHA binding motif. (B) Western blot analysis of vac17 point mutants from an alanine scan of all the
serine and threonine residues within the VVac17 PEST sequence. anti-Vac17 antibodies; 1:1,000 dilution. (C) vac17-T240A-GFP
and vacl17-S222A-GFP as well as vacuoles are mis-targeted to the mother bud neck (arrows). Bar = 5 um. See also Figure S3.
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Figure 4. Dmal binds directly to phosphorylated Vac17-Thr240 in vitro
(A) In the dmalA dma2A mutant, Vacl7-GFP is stabilized (input). vac17-T240A-GFP levels are higher than Vac17-GFP and are

not affected by the deletion of DMA1/DMA2. Vacl7-GFP was immunoprecipitated with anti-GFP antibodies and analyzed using
antibodies generated against a peptide with a phosphorylated Thr240 (anti-phosphoThr240). These antibodies recognize Vacl7-
GFP but not vac17-T240A-GFP. (B) Model illustrating the hypothesis that in wild-type cells, Dmal and Dma2 target
phosphorylated Vac17 for degradation. This model predicts that phosphorylated Vac17 would accumulate in a dmalA dma2A
mutant. (C) A-phosphatase (ppase) dephosphorylates Vac17-GFP as indicated by an increase in electrophoretic mobility
(arrow). Inhibition of A-ppase activity blocks dephosphorylation. The anti-phosphoThr240 antibody does not recognize
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dephosphorylated Vac17-GFP. (D) Immobilized recombinant GST-Dmal binds Vac17-TAP but not vac17-T240A-TAP from
cell lysates. GST-Myo2 cargo binding domain binds vac17-T240A-TAP which strongly suggests that vac17-T240A folds
properly. (E) In a competition experiment, the phospho-Thr240 peptide blocked GSTDmal from binding Vac17-TAP whereas a
peptide with an unphosphorylated Thr240 or phospho-Ser222 did not block binding. anti-phosphoThr240 antibodies; 1:2,500
dilution. anti-GFP antibodies; 1:1,000 dilution. anti-TAP antibodies; 1:1,000 dilution. Staining; Gelcode Blue stain reagent
(Thermo scientific). (F) ThermoFluor was used to test the thermostability of GST and GST-Dmal. Heat induced protein
unfolding was measured as an increase in ANS fluorescence. The Ty, of GST-Dmal alone (red solid line), with an
unphosphorylated peptide (blue solid line) or a phospho-Thr240 peptide were 32.02+0.08 °C, 31.27+0.08 °C and 45.60+0.03 °C
respectively. The Ty, of the GST tag alone (black dotted line), with an unphosphorylated peptide (turquoise dotted line) or a
phospho-Thr240 peptide (pink dotted line) were 56.24+0.06 °C, 57.40£0.01 °C and 57.22+0.05 °C respectively. Error bars;
standard error of the mean (SEM). See also Figure S4.
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Figure 5. Dmal recruitment to the Myo2/Vacl7 vacuole transport complex requires the interaction between Dmal and Vacl7
(A) Dmal-GFP localizes to the vacuole at the bud tip (arrows) in cells expressing VAC17 and vac17-S222A but not vacl7-

T240A. (B) Quantification of the percentage of small budded cells where Dmal-GFP is localized to the bud vacuole. A
minimum of 30 cells were counted per experiment for 3 experiments. (C) Dmal-tdTomato colocalizes with Vac17-GFP and
vacl7-S222A-GFP but not with vac17-T240A-GFP. Colocalization occurs at the bud tip (arrows). (D) Quantification of the

percentage of small budded cells where Dmal-tdTomato colocalizes with GFP tagged Vacl17 and vacl7 point mutants. A
minimum of 13 cells were counted per experiment for 3 experiments. (E-F) In a myo2A vac17A double mutant, myo2-D1297N
and VAC17-GFP or MYO2 and vac17-S222A-GFP were co-expressed from plasmids. (E) In cells expressing myo2-D1297N,
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Vacl7-GFP is localized throughout the mother vacuole. In cells expressing MYO2, vac17-S222A-GFP and the vacuole are
transported to the bud. (F) Vac17-GFP in the myo2-D1297N mutant and vac17-S222A-GFP in cells expressing MYO?2 are
phosphorylated at Thr240 to a similar extent. anti-phosphoThr240 antibodies; 1:2,500 dilution. anti-GFP antibodies; 1:1,000
dilution. Error bars; SEM. Bar = 5 um. See also Figure S5.
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Figure 6. Dmal dependent ubiquitylation is required for Vacl7 turnover and the termination of vacuole movement
(A) Expression of DMA1 and DMA1-GFP but not dmal-1329R-GFP rescues Vac17 levels in the dmalA mutant. (B)

Recombinant GST-dmal-1329R binds Vac17-TAP in yeast cell lysates. (C-D) In the dmal-1329R mutant, Vacl7-GFP, the
vacuole and Myo2-Venus accumulate at the mother-bud neck of large budded cells. (E) Vac17-GFP is ubiquitylated in vivo.
Dmal and Dma2 are required for Vac17-GFP ubiquitylation. (F) Vacl7 levels are elevated in the ubal-2 E1 mutant and in
proteasome mutants. anti-GFP antibodies; 1:1,000 dilution. anti-Vac17 antibodies; 1:1000 dilution. anti-TAP antibodies; 1:1,000
dilution. anti-myc antibodies; 1:2,000 dilution. Bar = 5 pm. See also Figure S6.
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Figure 7. Model for the regulation of vacuole transport
(A-B) Vacl7 is phosphorylated at Thr240 as well as 4 Cdk1 sites. (C) Myo2 binds Vac17 and attaches to the vacuole in the

mother cell to initiate transport. (D) After assembly of the Myo2/Vac17/Vac8 transport complex, Dmal is recruited to the
vacuole via binding directly to Vac17 at phospho-Thr240. (E-F) After resolution of the segregation structure which separates the
bud and mother vacuoles, Dmal ubiquitylates Vac17 and targets Vac17 for degradation via the proteasome which detaches the
vacuole from Myo2 and terminates vacuole transport.
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