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Identification of a Rab GTPase-activating protein 
cascade that controls recycling of the Rab5 
GTPase Vps21 from the vacuole
Meenakshi Rana, Jens Lachmann, and Christian Ungermann
Biochemistry Section, Department of Biology/Chemistry, University of Osnabrück, 49076 Osnabrück, Germany

ABSTRACT Transport within the endocytic pathway depends on a consecutive function of 
the endosomal Rab5 and the late endosomal/lysosomal Rab7 GTPases to promote mem-
brane recycling and fusion in the context of endosomal maturation. We previously identified 
the hexameric BLOC-1 complex as an effector of the yeast Rab5 Vps21, which also recruits 
the GTPase-activating protein (GAP) Msb3. This raises the question of when Vps21 is inacti-
vated on endosomes. We provide evidence for a Rab cascade in which activation of the Rab7 
homologue Ypt7 triggers inactivation of Vps21. We find that the guanine nucleotide ex-
change factor (GEF) of Ypt7 (the Mon1-Ccz1 complex) and BLOC-1 both localize to the same 
endosomes. Overexpression of Mon1-Ccz1, which generates additional Ypt7-GTP, or over-
expression of activated Ypt7 promotes relocalization of Vps21 from endosomes to the endo-
plasmic reticulum (ER), which is indicative of Vps21 inactivation. This ER relocalization is 
prevented by loss of either BLOC-1 or Msb3, but it also occurs in mutants lacking endo-
some–vacuole fusion machinery such as the HOPS tethering complex, an effector of Ypt7. 
Importantly, BLOC-1 interacts with the HOPS on vacuoles, suggesting a direct Ypt7-depen-
dent cross-talk. These data indicate that efficient Vps21 recycling requires both Ypt7 and 
endosome–vacuole fusion, thus suggesting extended control of a GAP cascade beyond Rab 
interactions.

INTRODUCTION
The endocytic pathway is a central route for delivering cargo from 
the plasma membrane via the endosome to the lysosome, where 
macromolecules are hydrolyzed into their respective monomers 
for recycling (Huotari and Helenius, 2011; Gautreau et al., 2014). 
Its function depends on proteins and protein complexes that ei-
ther generate vesicular carriers or promote their consumption at 
the target membrane. Within this pathway, the endosome serves 

as a sorting organelle that changes its morphology in the course of 
the endocytic pathway (Huotari and Helenius, 2011). Whereas 
early endosomes also promote recycling of selected receptors 
back to the plasma membrane and thus have tubular extensions, 
late endosomes are filled with intraluminal vesicles, which contain 
membrane proteins. This morphological change occurs in a matu-
ration process that is accompanied by a change in the protein ma-
chinery, as seen with Rab GTPases: early endosomes carry Rab5 
and late endosomes have Rab7 on their surface (Rink et al., 2005; 
Poteryaev et al., 2010). Rabs are switch-like GTP-binding proteins 
(Barr, 2013; Barr and Lambright, 2010; Hutagalung and Novick, 
2011; Itzen and Goody, 2011; Lachmann et al., 2011). In their inac-
tive GDP form, Rabs are extracted from membranes by the gua-
nine nucleotide dissociation inhibitor, which binds both the 
GTPase domain and the C-terminal prenyl anchor (Rak et al., 
2003). Guanine nucleotide exchange factors (GEFs) recruit the 
Rabs to their appropriate locations and convert them to the active 
GTP form, which can then bind to effectors such as tethering fac-
tors. Both active Rab5 and Rab7 bind to specific tethering factors 
to promote both recycling of receptors via tubular carriers and fu-
sion with incoming vesicles.
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find the specific subunit of BLOC-1 that interacts with active Vps21. 
For this, we added purified BLOC-1 subunits to glutathione S-trans-
ferase (GST)-Vps21 and GST-Ypt7 that were preloaded with GTPγS 
or GDP. Unfortunately, none of the tested single BLOC-1 subunits 
showed an interaction with Vps21-GTPγS, whereas the hexameric 
BLOC-1 purified from yeast did as shown before (Figure 1, C and D; 
John Peter et al., 2013). We cannot yet distinguish whether BLOC-1 
needs to be hexameric to bind Vps21 or whether a combination of 
two or more proteins is required to interact with Vps21. To deter-
mine the subunit interactions within BLOC-1, we incubated purified 
GST-tagged subunits with selected His-tagged subunits and probed 
the eluate with His-specific antibodies. We observed strong interac-
tions of GST-Vab2 with Bli1 and Snn1 (Figure 1E), of GST-Snn1 with 
Bli1, and of GST-Kxd1 with Cnl1 (Figure 1F). Some Cnl1 was also 
recovered with GST-Bli1 (Figure 1G). Based on these observations, 
we generated a putative interaction map of BLOC-1 that suggests a 
linear arrangement, similar to the previously suggested arrange-
ment for metazoan BLOC-1 (Lee et al., 2012). The Bls1 interactions 
are based on previous interaction studies summarized by Levine 
and coworkers (Hayes et al., 2011).

Reconstitution of Msb3 GAP activity in the presence 
of BLOC-1
The BLOC-1 complex recruits Msb3 to endosomes in vivo. We 
asked whether, in addition to this function, BLOC-1 also modulates 
Msb3 GAP activity on Vps21 to provide spatiotemporal control dur-
ing endosomal maturation. We therefore used a radioactive GTP 
hydrolysis assay. Recombinant Msb3 acts as a potent GAP toward 
Vps21 in vitro (Lachmann et al., 2012; Nickerson et al., 2012; Figure 
2A). We titrated the purified BLOC-1 complex into the GAP assay 
but did not observe any alteration of GAP activity of Msb3 toward 
Vps21 (Figure 2B). Because GAPs promote GTP hydrolysis of mem-
brane-bound Rab GTPases, we tried to mimic this scenario in vitro. 
For this, we used C-terminally hexa-His-tagged Vps21 that was pre-
loaded with γ-[32P] GTP and immobilized it on the surface of multila-
mellar vesicles (MLVs) containing DOGS-NTA (1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino-1-carboxypentyl) imino-diacetic acid)
succinyl]) lipids. Msb3 strongly promoted GTP hydrolysis of mem-
brane-bound Vps21 in comparison with Vps21 in solution with up to 
50-fold increased activity (Figure 2C). Notably, it was the membrane-
bound Vps21 causing this increased activity, because the GAP activ-
ity was almost similar if MLVs without the DOGS-NTA lipid were 
used (Figure 2C). Because purified BLOC-1 promoted strong GTP 
hydrolysis even in the absence of additional Msb3, we speculated 
that BLOC-1 might have been copurified with trace amounts of 
Msb3 from yeast cells. To test this, we purified BLOC-1 from an 
msb3∆ strain and compared the GTP hydrolysis on Vps21 with 
BLOC-1 purified from a wild-type strain. Indeed, BLOC-1 purified 
from an msb3∆ strain was now silent in the GAP assay (Figure 2D). 
However, this BLOC-1 strain still did not affect GAP activity when 
added in excess into the assay (Figure 2E). Because Msb3 purified 
from either yeast or Escherichia coli is rather sticky and interacts with 
membranes even without BLOC-1 addition, it might not require 
BLOC-1 to efficiently inactivate Vps21 in vitro. The lack of regulation 
also precluded any further analysis of possible regulators.

BLOC-1 and Mon1-Ccz1 colocalize at the endosomes
As our data did not yet clarify how BLOC-1 and Msb3 might coop-
erate to control Vps21 activity on membranes, we turned to in vivo 
analyses. During the transition of early endosomes to late endo-
somes and vacuoles, Ypt7 replaces Vps21, likely similar to obser-
vations made in metazoan cells (Rink et al., 2005; Poteryaev et al., 

We have characterized this pathway in yeast and analyzed the 
CORVET complex as an effector of the Rab5-like Vps21 and the 
HOPS complex as a Ypt7 effector (Bröcker et al., 2012; Balderhaar 
and Ungermann, 2013; Balderhaar et al., 2013). Moreover, we have 
shown that localization of the Ypt7 GEF, which we identified as the 
Mon1-Ccz1 complex (Nordmann et al., 2010; Cabrera et al., 2014), 
depends on Vps21 and endosomal fusion factors (Cabrera et al., 
2013). As HOPS is required for the final fusion between late endo-
somes and the lysosome-like vacuole (Seals et al., 2000; Wurmser 
et al., 2000), we reasoned that Ypt7 activation and Vps21 inactiva-
tion must be coordinated. Such counterregulation between Rabs 
that act in consecutive reactions on organelles or vesicles have been 
termed a Rab cascade, wherein the activation of one Rab by a spe-
cific GEF triggers the inactivation of the previously acting Rab (del 
Conte-Zerial et al., 2008; Hutagalung and Novick, 2011; Barr, 2013). 
A Rab GTPase-activating protein (GAP) cascade could function such 
that the activated Rab recruits the previous GAP by direct interac-
tion, as described for intra-Golgi transport in yeast (Rivera-Molina 
and Novick, 2009; Suda et al., 2013).

For the endocytic pathway, we previously identified the hexa-
meric BLOC-1 complex as a regulator of the Rab5-like Vps21 on 
endosomes (John Peter et al., 2013). In metazoan cells, BLOC-1 ex-
ists as an octameric elongated complex that has been detected on 
tubular endosomal extensions and is involved in the biogenesis of 
lysosome-related organelles (Di Pietro et al., 2006; Salazar et al., 
2006; Setty et al., 2007; Lee et al., 2012). We showed that yeast 
BLOC-1 binds to Vps21-GTP and recruits the GAP Msb3 to endo-
somes (John Peter et al., 2013); it also controls the exocytic Rab 
Sec4 at the plasma membrane (Gao et al., 2003). Consequently loss 
of BLOC-1 or Msb3 sorted Vps21 to the vacuole membrane 
(Lachmann et al., 2012; Nickerson et al., 2012; John Peter et al., 
2013). Similarly, Vps21 was mislocalized to the vacuole surface in a 
mutant of Msb3 that lost its GAP activity (John Peter et al., 2013).

Msb3 is a strong GAP for Vps21, but it can also act on Ypt7 and 
thus affect vacuole fusion (Lachmann et al., 2012; Nickerson et al., 
2012). We reasoned that the activity of Msb3 on Vps21 must be 
regulated by its BLOC-1–dependent recruitment and the availability 
of Ypt7 and thus analyzed the cross-talk between Ypt7, BLOC-1, and 
Vps21. Our data now provide evidence that active Ypt7 promotes 
inactivation and recycling of Vps21, in agreement with an endocytic 
Rab GAP cascade.

RESULTS
Dissection of the interfaces between BLOC-1, Msb3, 
and Vps21
Yeast BLOC-1 provides an intriguing link between a Rab (Vps21) and 
its own GAP (Msb3). To understand the control of Vps21 inactivation 
at the late endosome, we began to explore the molecular interac-
tions between BLOC-1, Vps21, and Msb3. To find the specific sub-
units of BLOC-1 that act as binding partners for Vps21 and Msb3, 
we initially used the split–yellow fluorescent protein (YFP) assay, in 
which the two proteins are tagged with the C-terminal VC-half 
(C-terminal half of YFP) and N-terminal VN-half (N-terminal half of 
YFP). Previously we detected interaction of Bli1, Cnl1, Snn1, and 
Kxd1 with Msb3 (John Peter et al., 2013), and we observed here a 
clear in vivo interaction of Vps21 with all BLOC-1 subunits except 
Bls1, presumably at the endosome (Figure 1A). As BLOC-1 is a hex-
americ complex made up of small subunits, this technique is not 
suitable to identify the specific interactor. We thus used purified 
BLOC-1 subunits (except for Bls1, which was insoluble) for in vitro 
interaction with purified Msb3 and detected Bli1 as a specific bind-
ing partner for Msb3 (Figure 1B). A similar approach was applied to 
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membrane (Figure 5, E and F), indicating that Ypt7-mediated inacti-
vation requires Msb3 and BLOC-1.

To find further support for this model, we generated a strain lack-
ing both the GEF Mon1-Ccz1 and Msb3 and complemented this 
with a fast-cycling Ypt7 (K127E) mutant that bypasses Mon1-Ccz1 
function (Kucharczyk et al., 2001; Cabrera and Ungermann, 2013). 
Consequently vacuoles were round, and Vps21 localized to endo-
somal dots (Figure 5K). In the absence of Msb3, however, Vps21 
localized to the vacuole membrane (Figure 5N), suggesting that it is 
indeed active Ypt7 that is required for efficient Vps21 inactivation 
and recycling.

Fusion machinery is essential for Vps21 inactivation
We next asked whether Ypt7 acts directly on Vps21 or requires other 
downstream effectors. Previously the retromer subunit Vps35 and 
the HOPS subunits Vps41 and Vps39 have been described as Ypt7 
effectors (Rojas et al., 2008; Balderhaar et al., 2010; Ostrowicz et al., 
2010; Plemel et al., 2011; Bröcker et al., 2012). Furthermore, Yck3 
phosphorylates the HOPS subunit Vps41 and thus affects trafficking 
to the vacuole (LaGrassa and Ungermann, 2005; Cabrera et al., 
2010). We therefore monitored Vps21 localization upon Ypt7 Q68L 
overproduction upon deletion of either vps35 or yck3 and observed 
the same ER localization as before (Figure 6, A and B), indicating 
that neither Vps41 phosphorylation nor retromer are involved in the 
inactivation of Vps21.

In contrast, when any fusion factor directly involved in endo-
some–vacuole fusion, such as the HOPS subunit Vps41 or the 
SNAREs (soluble N-ethylmaleimide–sensitive fusion protein 
receptors) Vam3 or Vam7, was deleted, Vps21 accumulated on en-
dosomes and fragmented vacuoles (Figure 6, C–E). A similar effect 
was also seen with Ypt7 overexpression (Figure 6, F–H), which in the 
wild-type background promotes ER localization of Vps21 (Figure 
5C). This indicates that the inactivation of Vps21 via BLOC-1 and 
Msb3 requires either fusion with the vacuole or the recruitment of 
the vacuole fusion machinery.

BLOC-1 interacts with Ypt7 and HOPS
To analyze the cross-talk of BLOC-1 with Ypt7 and the fusion ma-
chinery, we tested for direct interactions. As we could not identify a 
specific interaction between BLOC-1 and Ypt7 using Rab pull-down 
assays, we turned to the split-YFP assay, as explained in Figure 1. 
When VN-Ypt7 and Kxd1-VC were coexpressed in wild-type cells, 
no signal could be detected (Figure 7A). Our data suggest that ac-
tive Ypt7 interacts with BLOC-1, and afterward, BLOC-1 recruits 
Msb3 to inactivate Vps21. Hence the interaction between BLOC-1 
and Ypt7 should be stabilized in an msb3 deletion. Indeed, we ob-
served a clear signal on vacuoles in msb3∆ cells, indicating that 
Kxd1 and Ypt7 interact under these conditions (Figure 7B). We also 
showed that Ypt7 and the fusion machinery might promote 
BLOC-1/Msb3–mediated recycling of Vps21, and we therefore 
tested for interaction of BLOC-1 with the HOPS complex by the 
same approach. Indeed, the Rab-specific HOPS subunits Vps39 
and Vps41 showed interaction with BLOC-1 subunits by the split-
YFP approach (Figure 7, C and D). Interestingly, strong signals were 
observed in single dots proximal to the vacuole. To test whether 
such dots were endosomes, we coexpressed mCherry-tagged 
Vps21 with VN-Vps41 and two VC-tagged BLOC-1 subunits 
(Figure 7, E and F) and observed strong colocalization in both 
cases. We then incubated BLOC-1 purified from an msb3∆ strain 
with purified HOPS or AP-3 complex, which were previously immo-
bilized via FLAG-tag (unpublished data). BLOC-1 was specifically 
retained on HOPS, whereas the much more abundant AP-3 

2010). We hypothesized that the activation of Ypt7 by the Mon1-
Ccz1 GEF complex and inactivation of Vps21 by Msb3 should be 
coordinated on endosomes. To analyze the possible cross-talk, we 
analyzed the localization pattern of early and late endosomal 
components involved in Rab control. We observed that all the 
BLOC-1 subunits (tagged with C-terminal green fluorescent pro-
tein [GFP]) and Vps21 colocalized with Mon1, with up to 75% 
overlap between Mon1 and the BLOC-1 subunit Snn1 (Figure 3, A 
and B). This colocalization of BLOC-1 and Mon1-Ccz1 was not in-
terdependent, as Ccz1 localized to endosomes without BLOC-1 
(Figure 3C). Also, the location of Ypt7 was unaffected by deletion 
of the BLOC-1 subunit Kxd1, further confirming that bloc-1 dele-
tion has no effect on the location and functionality of Mon1-Ccz1 
(Figure 3D), and BLOC-1 remained endosomal without the Mon1-
Ccz1 complex (Figure 3, E and F). We also tried to localize Ypt7 
relative to BLOC-1 and Vps21 but could not resolve late endo-
somes and vacuoles at this resolution (Figure 3, G and H).

Mon1-Ccz1 negatively regulates Vps21 activation
In Caenorhabditis elegans, SAND-1/Mon1 acts as a crucial factor for 
the Rab5 to Rab7 transition by displacing the Rab5 GEF, Rabex-5, 
from endosomes (Poteryaev et al., 2010), even though plant cells do 
not require Rab7 activation for endosomal maturation (Singh et al., 
2014). When we analyzed Vps21-positive structures, we observed 
that the number of GFP-Vps21–positive structures almost doubled 
in the mon1∆ ccz1∆ strain compared with wild-type (Figure 4, A and 
C–E). Moreover, the increased number of Vps21-positve structures 
is accessible by FM4-64 stain (Figure 4E), which confirms that these 
are indeed endosomal structures. We also counted the Vps8-posi-
tive endosomal structures in both the strains but observed no differ-
ence (Figure 4, B–D). In agreement with this, coexpression of Vps8, 
tagged with mCherry, and GFP-Vps21 resulted in more Vps21-posi-
tive dots in the mon1∆ ccz1∆ background (Figure 4C). It is possible 
that Mon1-Ccz1 has some role in the inactivation of Vps21, as in 
mammalian cells, and thus more Vps21 is observed in membranes, 
which may be bound to other effectors, such as Vac1, Vps34, or 
BLOC-1, in addition to Vps8. To test this further, we cooverex-
pressed Mon1-Ccz1 and localized Vps21, which now accumulated 
on ER membranes, marked by Sec63-MARS (Figure 4F). We previ-
ously showed that GEF inactivation results in mislocalization of the 
corresponding Rab to the ER (Cabrera and Ungermann, 2013; Auf-
farth et al., 2014), in agreement with previous data (Ali et al., 2004). 
To analyze whether the mislocalization of Vps21 to the ER under 
these conditions is due to the Mon1-Ccz1 amount or to the more 
active Ypt7, we deleted ypt7 in the same strain background. Under 
these conditions, Vps21 remained on vesicles and vacuolar mem-
branes (Figure 4G). The similar localization pattern for Vps21 was 
observed even upon deletion of ypt7 in wild-type cells (Figure 4H), 
suggesting that Ypt7 itself is required for Vps21 inactivation.

Activated Ypt7 signals for Vps21 inactivation via BLOC-1 
and Msb3
To address the possible connection between Ypt7 activation and 
Vps21 inactivation, we overexpressed Ypt7 and then monitored 
Vps21 localization. Overexpression of wild-type Ypt7 did not affect 
Vps21 localization to endosomal dots (Figure 5B). However, when 
GTP-locked Ypt7 Q68L was overexpressed, Vps21 was mainly found 
on the ER membrane (Figure 5C). This localization was rescued by 
cooverexpression of the Vps21 GEF protein, Vps9 (Figure 5D), indi-
cating that the ER localization of Vps21 reflects its inactivation under 
these conditions (Cabrera and Ungermann, 2013). In contrast, upon 
deletion of msb3 or kxd1, Vps21 remained bound to the vacuole 
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FIGURE 1: Dissection of the interfaces between BLOC-1, Vps21, and Msb3. (A) BLOC-1 subunits (except Bls1) interact 
with Vps21 in vivo. C-terminally VC-tagged BLOC-1 subunits were coexpressed with VN-Vps21 and analyzed by 
fluorescence microscopy. Scale bar: 10 μm. (B) Bli1 binds to purified MBP-Msb3 in vitro. Purified BLOC-1 subunits GST-Bli1, 
GST-Cnl1, GST-Snn1, GST-Vab2, and GST-Kxd1 were coupled to glutathione beads individually and incubated with purified 
MBP (maltose-binding protein)-Msb3. The bound protein was eluted by boiling and detected by Western blotting with 
antibodies against MBP. Glutathione beads coupled to GST were used as a negative control. (C and D) Individual BLOC-1 
subunits are not sufficient to bind to Vps21-GTP. Recombinant GST-Vps21 and GST-Ypt7 were preloaded with GTPγS and 
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FIGURE 2: Reconstitution of GAP activity with BLOC-1 and Msb3. (A) Titration of Msb3 to GAP assay with Vps21. 
Vps21-His (1 μM) was preloaded with γ-[32P] GTP, and the rate of GTP hydrolysis was measured by following released 
32P upon addition of indicated proteins. Purified Msb3 was added at the indicated concentrations. (B) Influence of 
purified BLOC-1 on Msb3-mediated GAP activity in solution. BLOC-1 was added at the indicated concentrations to the 
GAP assay with Vps21, driven by 20 nM Msb3. (C) Msb3 activity increases dramatically on membrane-bound Vps21. 
Preloaded Vps21-His was incubated with different concentrations of Msb3 and MLVs (0.5 mM) with (black bars) or 
without (gray bars) DOGS-NTA. (D) Msb3 is copurified with BLOC-1. Overexpressed BLOC-1 was purified from 
wild-type or msb3∆ cells, and added in the indicated concentrations to liposomes carrying DOGS-NTA as in C. (E) Effect 
of BLOC-1 on Msb3-mediated GAP activity. The indicated concentrations of BLOC-1 from msb3∆ cells was added to the 
GAP assay in the presence of MLVs with DOGS-NTA, 1 nM Msb3, and 1 μM loaded Vps21. Experiments were done at 
least three times. Representative experiments with duplicated samples are shown.
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GDP and then coupled to the GSH beads. These were then incubated with purified His-SUMO–tagged BLOC-1 subunits 
(C) or purified BLOC-1 complex purified from yeast (John Peter et al., 2013). The bound proteins were eluted with EDTA, 
and the interaction was detected by Western blotting with anti-His and anti-TAP antibodies. (E–G) Identification of BLOC-1 
interactions. N-terminally His-SUMO (HS)-tagged recombinant BLOC-1 subunits (HS-Bli1, HS-Cnl1, HS-Snn1, HS-Kxd1, 
HS-Vab2) were purified and incubated for 2 h at 4ºC with immobilized Vab2-GST (E), GST-Snn1 and GST-Kxd1 (F), and 
GST-Bli1 (G). The bound subunits were analyzed by Western blotting after elution from the beads. L, 10% of load; E, 75% 
of eluate. (H) Proposed subunit arrangement of BLOC-1 complex. Because Bls1 could not be purified, dashed lines show 
previously reported interactions of Bls1 with other BLOC-1 subunits (Hayes et al., 2011).

complex showed only weak binding (Figure 7G). These data sug-
gest that BLOC-1 interacts with Ypt7 and HOPS at the endovacu-
olar interface, likely as a prerequisite of Vps21 inactivation here or 
at the vacuole membrane.

DISCUSSION
Within this study, we provide support for a Rab GAP cascade wherein 
the effector of the downstream Rab is involved in controlling Vps21 
levels at the endosome (Figure 7H). We show that Msb3 is closely 
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associated with BLOC-1 and can inactivate 
Vps21 efficiently on liposomes. Even though 
Msb3 activity on Vps21 was not modulated by 
BLOC-1 in vitro, this cross-talk was revealed in 
vivo. We show here that Mon1-Ccz1 and 
BLOC-1 colocalize in 75% of all analyzed endo-
somes and reveal that Mon1-Ccz1–mediated 
activation of Ypt7 promotes efficient release of 
Vps21 from endosomes. As has been shown 
previously for other Rabs (Cabrera and Unger-
mann, 2013), Vps21 then accumulates at the 
ER. Our data further show that efficient release 
of Vps21 requires BLOC-1 and Msb3, Ypt7-
GTP, and fusion with the vacuole (Figure 7H). Of 
note, isolated Vps21 also has some intrinsic hy-
drolytic activity, which could explain its partial 
redistribution to endosomes, even in the ab-
sence of Msb3 (Lachmann et al., 2012; Nicker-
son et al., 2012). Deletions in the SNAREs Vam3 
and Vam7 as well as the HOPS Vps41 subunit 
prevented release of Vps21 (Figure 6). We thus 
consider it likely that the BLOC-1 complex, and 
possibly Msb3, respond to both Ypt7-GTP and 
its effector proteins and possibly to the change 
in membrane composition due to endosome–
vacuole fusion. In support of this, we observed 
an interaction of BLOC-1 and Ypt7 on the vacu-
ole if Msb3 had been deleted, and we detected 
interactions of BLOC-1 and the Rab-specific 
HOPS subunits Vps39 and Vps41 on vacuoles 
and endosomes (Figure 7). Interestingly, the ab-
sence of HOPS-specific subunits results in in-
creased colocalization of Rab5 and Rab7 
(Solinger and Spang, 2014), similar to our ob-
servations on Vps21 when HOPS subunits were 
deleted (Figure 6), suggesting that the mecha-
nism on Rab5/Vps21 turnover is conserved.
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Ypt7 GEF, Mon1-Ccz1. (A) BLOC-1 and 
Mon1-Ccz1 strongly colocalize. Snn1-GFP was 
coexpressed with Mon1-MARS, and the cells 
were visualized by fluorescence microscopy. 
Scale bar: 5 μm. Of the Mon1-MARS–positive 
endosomes, 75.5% colocalized with Snn1-GFP. 
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kxd1∆ strains. (E and F) BLOC-1 does not 
require Mon1-Ccz1 for endosomal recruitment. 
Snn1-GFP was localized in wild-type and mon1∆ 
ccz1∆ strains. Arrowheads indicate Snn1-GFP–
positive sites. (G) Localization of BLOC-1 relative 
to Ypt7. Snn1-GFP was coexpressed with 
mCherry-Ypt7. (H) Relative localization of Vps21 
and Ypt7 in wild-type cells. mCherry-Vps21 and 
GFP-Ypt7 were coexpressed and analyzed by 
fluorescence microscopy.
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The connection between the activation of 
Ypt7 and the inactivation of Vps21 provide a 
new example of a Rab GAP cascade that in-
cludes the effector downstream of the next 
Rab. At present, we do not yet understand 
how this cross-talk is mediated at the mole-
cular level. The initial recruitment of BLOC-1 
and thus the associated Msb3 is Vps21 de-
pendent, though Msb3 is likely not yet active 
(John Peter al., 2013). Both Vps21-GTP and 
Ypt7-GTP are substrates of Msb3 (Lachmann 
et al., 2012; Nickerson et al., 2012), even 
though only Vps21 seems to be inactivated 
at the endosome or upon arriving at the vac-
uole (John Peter et al., 2013). Potentially, 
BLOC-1 is required not only to recruit Msb3 
to endosomes but also to target Msb3 spe-
cifically to Vps21 during endosome matura-
tion and fusion, and Msb3 might become 
active only if Ypt7-GTP becomes available 
and promotes fusion. In agreement with this, 
both ypt7∆ and msb3∆ cause relocalization 
of Vps21 to vacuole-like structures (Figures 
4H and 5H; John Peter et al., 2013).

Because the yeast GAP proteins identi-
fied show promiscuous GAP activity for mul-
tiple Rabs in vitro, such kind of control by 
BLOC-1 seems plausible. On vacuoles, Msb3 
also seems to target available Ypt7-GTP 
(Lachmann et al., 2012; Nickerson et al., 
2012) and may thus sharpen the effect of 
GEF-mediated activation of Ypt7. Our obser-
vations are also in line with the “cutout 
switch” model proposed by Zerial and 
coworkers for Rab5 to Rab7 conversion in 
endosomal maturation (del Conte-Zerial 
et al., 2008). This model argues that Rab5 
activates Rab7 up to a threshold level, after 

FIGURE 4: Mon1-Ccz1 negatively regulates Vps21 activation. (A–E) Vps21-positive endosomal 
number increases in the absence of the Ypt7 GEF complex. The localization of GFP-Vps21 
(A) and Vps8-GFP (B) was analyzed in wild-type and mon1∆ ccz1∆ double deletion strains. 
Vacuoles are stained with CMAC. In C Vps8-3xmCherry and GFP-Vps21 were coexpressed. 
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(D) Vps21- and Vps8-positive dots were 
counted in wild-type and mon1∆ ccz1∆ cells 
by using a self-made plug-in for ImageJ (Arlt 
et al., 2015a). The bars represent the average 
number calculated from 50 cells in the 
indicated strains. The error bars represent 
the SEM. (E) The increased Vps21-positive 
dots in mon1∆ ccz1∆ cells are endosomes. 
GFP-Vps21–expressing wild-type and mon1∆ 
ccz1∆ cells were labeled with FM4-64 dye 
and monitored after 20 min. (F–H) Mon1-
Ccz1 and Ypt7 promote inactivation of 
Vps21. GFP-Vps21 and Sec63-MARS were 
coexpressed in the indicated strains; the 
vacuolar lumen was stained with CMAC. The 
cells were grown in YPG medium to induce 
the expression of the Mon1-Ccz1 complex, 
which is under the control of the GAL1-
promoter (F and G) (Nordmann et al., 2010), 
and analyzed by fluorescence microscopy. 
The plot profile represents the colocalization 
between GFP-Vps21 and Sec63-MARS along 
the indicated line. The arrowheads represent 
the area of inset. Scale bar: 5 μm.
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which Rab7 inactivates Rab5 by a negative-
feedback mechanism. Similar models that 
take GAP- and GEF-controlled activity into 
account have been proposed for Rabs in 
general (Barr, 2013). In this study, we also 
show that active Ypt7 signals for the inactiva-
tion and further displacement of Vps21 from 
endosomes. When Ypt7 or fusion is impaired, 
Vps21 accumulates in larger endosomal 
structures. However, our data suggest that it 
is not the Rab itself, but rather the associated 
machinery, that triggers inactivation.

Interestingly, the late-Golgi yeast Rab 
Ypt32 interacts with two GAPs, Gyp1 and 
Gyp6, and may thus control Rab activity at 
the trans-Golgi network. Ypt32 is required 
for the stability and activity of Gyp1 to inacti-
vate Ypt1 (Rivera-Molina and Novick, 2009), 
whereas it seems to target the GAP Gyp6 to 
promote GTP hydrolysis of Ypt6 (Suda et al., 
2013). Likewise, two GAPs in metazoan cells, 
RutBC1 and RutBC2, interact with Rab9-GTP 
and target Rab32 and Rab36 (Nottingham 
et al., 2011, 2012). This suggests a general 
mechanism of Rab control by GAPs that ex-
tends also to the endocytic pathway.

Our data did not clarify how BLOC-1 
functions at the late endosome. Both 
BLOC-1 and Mon1-Ccz1 reside on the same 
organelle, but they do not interact or de-
pend on each other in their localization. On 
the contrary, BLOC-1 can interact with 
HOPS at the late endosome and vacuolar 
membrane and with Ypt7 upon deletion of 
msb3. This Ypt7 interaction could occur via 
the Ypt7-effector HOPS (Figure 7), because 
we did not detect significant binding of 
BLOC1 to Ypt7 in vitro (John Peter et al., 
2013). Based on these findings, it neverthe-
less seems plausible that Vps21 is only inac-
tivated upon fusion of endosomes with vac-
uoles (Figure 7H). While we show that active 
Ypt7 is critical for Vps21 inactivation, the 
exact molecular role of Ypt7 in this cascade 
is not yet clear. It is possible that free Vps21 
only becomes available after it is released 
from CORVET and retromer (Peplowska 
et al., 2007; Epp and Ungermann, 2013; Arlt 
et al., 2015b; Bean et al., 2015). In addition, 
activated Ypt7 may first engage in retromer-
mediated recycling before functioning in fu-
sion or other reactions (Balderhaar et al., 
2010; Liu et al., 2012; Figure 7H). Another 
reason could be that the change in mem-
brane composition that occurs upon fusion 
with the vacuole is important for Vps21 

FIGURE 5: Activated Ypt7 promotes the inactivation of Vps21 via BLOC-1 and Msb3. 
(A–F) Effect of Ypt7 overexpression on Vps21 localization. GFP-Vps21 and Sec63-MARS were 
coexpressed in the indicated strains; the vacuolar lumen was stained with CMAC. The cells were 
grown in YPG medium to induce the expression of GAL1 promoter and analyzed by 
fluorescence microscopy. (A) Wild-type cells, (B) overexpression of Ypt7, (C–F) overexpression of 
GTP-locked Ypt7 Q68L, (D) cooverexpression of the Vps21 GEF Vps9, (E and F) deletion of kxd1 
and msb3 upon Ypt7 (Q68L) overexpression. (G and H) Deletion of kxd1 and msb3 in cells 
harboring Ypt7 Q68L under the endogenous promoter is shown as a control. Scale bar: 5 μm. 
(I–N) Effect of a fast-cycling Ypt7 mutant on Vps21 localization. GFP-Vps21 was visualized in the 
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2013). It is possible that Msb3 is recruited 
via BLOC-1 only upon endosome–vacuole 
fusion. Future studies will need to address 
how Ypt7 and HOPS affect BLOC-1 and thus 
the GAP activity of Msb3. Our reconstitution 
approach here is a promising start.

In summary, we provide evidence that 
the GAP activity of Msb3 for Vps21 is con-
trolled by active Ypt7 and its downstream 
effector HOPS in the context of vacuole fu-
sion. Thus efficient Vps21 inactivation is 
coupled to endosomal biogenesis, which 
indicates a conserved principle of Rab con-
trol in the endocytic and exocytic pathway.

MATERIALS AND METHODS
Yeast strain construction and molecular 
biology
The yeast strains used in the present study 
are listed in Table 1. Tagging, overexpres-
sion, and deletion of genes of interest was 
achieved by homologous recombination of 
the PCR fragment containing the flanking 
regions that bind at the 5′ or 3′ end of the 
gene of interest (Janke et al., 2004). Alterna-
tively, the desired constructs were expressed 
from a CEN plasmid. For the colocalization 
experiment of Mon1 and Vps21, the dsRed-
VPS21 construct was expressed from a 
pRS416-PHO5pr vector. For Snn1 and Ypt7 
colocalization, mCherry-Ypt7 was expressed 
from pRS416-TPIpr vector (Cabrera and Un-
germann, 2013). For epistatic analysis of 
Msb3 and Ypt7, the yeast strains were trans-
formed with either pRS414-NOP1pr-YPT7 
or pRS414-NOP1pr-YPT7 K127E vectors 
(Cabrera and Ungermann, 2013). All plas-
mids are listed in Table 2.

Biochemical methods
Purification of overexpressed BLOC-1 via 
Vab2-TAP (tandem affinity purification) from 
yeast cells containing or lacking Msb3, and 
Rab pull-down analyses were done as de-
scribed (John Peter et al., 2013). BLOC-1 
used for GAP assays was purified without 
detergent (John Peter et al., 2013). Purified 
FLAG-tagged HOPS and tetrameric AP-3 
complexes were provided by Erdal Yavavli 
and will be described elsewhere (unpub-
lished data).

Fluorescence microscopy
Yeast cells were grown overnight in yeast 
peptone dextrose (YPD), yeast peptone 

galactose (YPG), or synthetic complete (SC) medium supple-
mented with required amino acids and carbon source (for mainte-
nance of transformed plasmids). Cultures grown overnight were 
diluted in the morning and grown to mid log phase. One milliliter 
of cells was harvested and resuspended in 50 μl of medium. For 
7-amino-4-chloromethylcoumarin (CMAC) staining of the vacuo-
lar lumen, 0.5 μl of CMAC (from 10 μM stock) was added and 

inactivation and may be accompanied by a conformational change 
in BLOC-1. We also do not yet know when Msb3 is recruited, be-
cause the strong localization of Msb3 at polarized growth sites of 
the plasma membrane has made it challenging to analyze its local-
ization to endosomes (Lachmann et al., 2012). On BLOC-1 over-
expression, Msb3 is found on the vacuolar surface, and an interac-
tion between Ypt7 and Msb3 has also been detected (John Peter et al., 

FIGURE 6: The vacuole fusion machinery is required for Vps21 inactivation. (A and B) Effect of 
deletion of proteins involved in Ypt7-dependent reactions. GFP-Vps21 and Sec63-MARS were 
coexpressed in cells with overexpressed Ypt7 (Q68L), grown in YPG, and analyzed by 
fluorescence microscopy. The retromer subunit Vps35 or the casein kinase Yck3 were deleted, 
where indicated. Vacuoles were stained with CMAC. (C–E) Effect of deletions of the vacuole 
fusion machinery on Vps21 localization. Deletions of the HOPS subunit Vps41 (C) or the SNAREs 
Vam3 (D) and Vam7 (E) were analyzed. The vacuolar lumen was stained with CMAC. The area of 
interest in the white box is enlarged in the inset. (F–H) Localization of GFP-tagged Vps21 in the 
same deletion strains as in C–E upon Ypt7 (Q68L) overexpression. Markers and analysis were as 
in A. Cells were analyzed by fluorescence microscopy. The area of interest in the white box is 
enlarged in the inset. Scale bar: 5 μm.
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FIGURE 7: BLOC-1 interacts with Ypt7 and the HOPS subunits Vps39 and Vps41 in vivo. (A) Interaction of Ypt7 
and BLOC-1 on membranes. VN-Ypt7 and Kxd1-VC were coexpressed in wild-type (A) and msb3∆ (B) strains. VN-Ypt7 
was under the control of the CET1 promoter. The cells were grown in SDC-URA to maintain the BLOC1-VC–harboring 
plasmid (A–F), and the expression of BLOC1-VC regulated by the MET25 promoter was induced by growth in 

msb3
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GAP assay
The assay was performed according to the protocol described pre-
viously (Haas et al., 2005). Vps21-His (1 μM) was loaded in 100 μl 
GTP loading reaction mixture (50 mM HEPES/NaOH, pH 7.4, 
150 mM NaCl, 0.5 mM EDTA, 0.05 mM Mg-GTP, 2 μCi γ-[32P] GTP, 
1 mg/ml BSA) for 30ºC for 15 min. For the experiments conducted 
on MLVs, the reaction mixtures were incubated for 1 h at 25ºC with 
0.5 mM MLVs to bind Vps21-His to the liposome surface. The sam-
ples were then shifted to ice, and MBP-Msb3 and/or BLOC-1 were 
added. For BLOC-1 titrations, an internal buffer control was in-
cluded, such that the final volume was made equal with buffer for all 
the reactions. The samples were incubated at 30ºC for 1 h. The 
sample (2.5 μl) was directly added to 4 ml of scintillation fluid to 
calculate the specific activity. Five microliters of the samples in 
duplicate was added to 0.8 ml of charcoal slurry (5% wt/vol charcoal 
in 50 mM NaH2PO4). The tubes were kept on ice for 1 h to absorb 
organic phosphates and were centrifuged afterward at 20,000 × g 
for 5 min to pellet the charcoal. A 0.4-ml sample of the supernatant 
was counted by scintillation (Beckman LS 6000 Liquid Scintillation 
Counter). The amount of GTP hydrolyzed was calculated as pmoles/
hour from the specific activity.

Recombinant protein purification
For purification of recombinant proteins from E. coli, cells were 
grown in 1l LB medium at 37ºC to OD600 of 0.4–0.7 and then cooled 
to 16°C, and protein expression was induced by the addition of 
0.75 mM isopropyl β-d-1-thiogalactopyranoside. Cells were har-
vested after overnight growth and were washed once with 100 ml of 
cold Tris buffer (50 mM Tris, pH 7.4, and 150 mM NaCl) at 3500 × g 
for 10 min. The pellet was resuspended in 15 ml of buffer containing 
0.05× PIC (protease inhibitor cocktail; 1x = 0.1 mg/ml of leupeptin, 
1 mM o-phenanthroline, 0.5 mg/ml of pepstatin A, 0.1 mM Pefa-
bloc) and 1 mM phenylmethylsulfonyl fluoride. Cells were lysed us-
ing the Microfluidizer M-110L (Microfluidics, Newton, MA), and the 
lysate was centrifuged for 30 min at 20,000 × g at 4°C. The cleared 
lysate was incubated with glutathione Sepharose 4B (GE Healthcare), 
nickel-nitriloacetic acid agarose (Qiagen GmBH, Hilden, Germany), 
or amylose resin (New England BioLabs, Frankfurt, Germany) for 2 h 
at 4ºC. The resin was washed with 20 column volumes of the buffer, 
and bound protein was eluted from the respective beads using 20 
mM glutathione, 0.3 M imidazole, or 10 mM maltose. The eluted 
protein was desalted on a PD-10 column using storage buffer (50 
mM Tris, pH 7.4, 150 mM NaCl, 5% glycerol), flash frozen, and 
stored at −80ºC in small aliquots.

GST pull down
One hundred micrograms of the purified proteins (GST, GST-Bli1, 
GST-Cnl1, GST-Snn1, GST-Kxd1, and GST-Vab2) was coupled to 

incubated for 15 min at 30ºC on a thermomixer. For FM4-64 la-
beling of the endosomal and vacuolar membranes, 30 μM of 
FM4-64 was added, and cells were processed as described in 
Lachmann et al. (2012). Cells were harvested and washed with 
synthetic media and resuspended in 20 μl of media. Cells were 
mounted on a cover slide, and images were acquired using a 
Delta Vision Elite (GE Heathcare, Piscataway, NJ) equipped with 
an inverted microscope (model IX-71; Olympus), an UAPON 100× 
(1.49 NA) oil-immersion objective or a PLAPON 60× (1.42 NA) 
oil-immersion objective, an InsightSSI light source (Applied Preci-
sion, Issaquah, WA), and an sCMOS camera (PCO, Kehlheim, 
Germany). Where indicated, z-stacks of 10 sections with 200-nm 
spacing were subjected to three-dimensional deconvolution us-
ing the SoftWoRx 5.5 software and stacked to one image with 
average intensity. For the rest of the images, one representative 
plane of a z-stack is shown. For Figure 1A, a Leica DM5500 B 
microscope equipped with a SPOT Pursuit camera and HCX PL-
APO 100× (1.46 NA) oil-immersion objective was used. Pictures 
were processed using ImageJ (developed by Wayne Rasband, 
National Institutes of Health, Bethesda, MD) and Adobe Photo-
shop CS3. The processed images were assembled on Adobe Il-
lustrator CS3.

Split-YFP assay
The split-YFP assay is based on a bimolecular fluorescence com-
plementation system to detect protein–protein interaction in vivo 
(Sung and Huh, 2007). The plasmids harboring the BLOC-1 sub-
units with a VC tag (aa 155–238 of Venus) were constructed as 
described previously (John Peter et al., 2013). The N-terminal tag-
ging of Vps21, Vps39, Vps41, and Ypt7 with VN tag (aa 1–154 of 
Venus) was carried out as previously described (Lachmann et al., 
2012). The plasmid constructs were transformed into yeast strains 
harboring genomically VN-tagged proteins and grown in selective 
medium lacking methionine to express BLOC-1 subunits that were 
under the control of a MET25 promoter. An interaction between 
the tested subunits was visualized as a YFP signal under the fluo-
rescence microscope.

MLV preparation
The MLVs were prepared as previously described (Sot et al., 2013). 
Briefly, a lipid mixture consisting of 55 mol% dioleoylphosphatidyl-
choline, 20 mol% dioleoylphophatidylethanolamine, 4.4 mol% dio-
leolyphosphatidylserine, 4.1 mol% dioleoylphosphatidic acid, 1 
mol% phosphatidylinositol-3-phosphate, and 15 mol% DOGS-NTA 
to a final concentration of 6 mM was dried and then rehydrated in 
buffer (50 mM HEPES/NaOH, pH 7.4, 150 mM NaCl, 1 mg/ml 
bovine serum albumin [BSA]). The rehydrated mixture was then sub-
jected to nine alternating cycles of freeze and thaw.

SDC-URA-MET. z-Stacks of 10 sections with 200-nm spacing were stacked to one image with average intensity. Cells were 
analyzed for YFP fluorescence by microcopy. (C and D) Interaction of HOPS subunits with BLOC-1. VN-Vps39 (C) and 
VN-Vps41 (D) were coexpressed with C-terminally VC-tagged BLOC-1 subunits (Bls1-VC, Bli1-VC, Cnl1-VC, Snn1-VC, 
Kxd1-VC, and Vab2-VC). Analysis was as in A. (E and F) Colocalization of interacting HOPS-BLOC-1 with endosomes. 
mCherry-Vps21 was coexpressed with VN-Vps41 and Snn1-VC (E) or Kxd1-VC (F). Scale bar: 5 μm. (G) BLOC-1 interacts 
with purified HOPS complex in vitro. Purified BLOC-1 (Vab2-Cbp) from msb3∆ cells was incubated for 1 h with FLAG 
beads, or beads carrying purified AP3-FLAG, and HOPS-FLAG. Bound protein was eluted by boiling with 4× sample 
buffer. The bound protein was analyzed by Western blotting with an anti-TAP antibody. HOPS-FLAG and AP-3-FLAG 
were detected by anti-FLAG antibodies. (H) Working model of Vps21 inactivation by BLOC-1 and Msb3. BLOC-1 is 
initially recruited to the endosome by Vps21-GTP (i). Upon Ypt7 activation by the Mon1-Ccz1 GEF complex (ii), Ypt7-GTP 
may first interact with retromer (iii) before engaging in fusion (iv). After fusion with the vacuole, Msb3 promotes Vps21 
release (v), possibly due to a change in the membrane environment or due to HOPS/Ypt7-mediated stimulation of Msb3. 
(*) We do not yet know when Msb3 is recruited by BLOC-1. For further discussion, see the main text.
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Strain Genotype Source

BJ3505 MATa pep4∆::HIS3 prb1-∆1.6R lys2-208 trp1∆101 ura3-52 gal2 Haas et al., 1995

BY4727 MATalpha his3∆ leu2∆ lys2∆ met15∆ trp1∆ ura3∆ Euroscarf

BY4732 MATa his3∆ leu2∆ met15∆ trp1∆ ura3∆0 Euroscarf

BY4733 MATalpha his3∆200 leu2∆0 met15∆0 trp1∆63 ura3∆0 Euroscarf

BY4741 MATa his3∆ leu2∆ met15∆ ura3∆0 Euroscarf

SEY6210 MATalpha leu2-3112 ura3-52 his3-∆200 trp-∆901 lys2-801 suc2-∆9 GAL Robinson et al., 1988

CUY820 BY4741 YPT7::HIS5-PHO5pr-Myc-GFP This study

CUY2349 SEY6210 MON1::GFP-HIS3 Nordmann et al., 2010

CUY2696 BY4733 VPS21::URA3-PHO5pr-GFP Markgraf et al., 2009

CUY3276 BY4733 VPS8::GFP -TRP1 Markgraf et al., 2009

CUY6741 BY4741 SNN1::GFP-KanMX John Peter et al., 2013

CUY7402 BY4733 X BY4741 VAB2::natNT2-GAL1pr VAB2::TAP-URA3 CNL1:hphNT1-GAL1pr 
BLI1::kanMX-GAL1pr SNN1::natNT2-GALpr KXD1::kanMX-GALpr BLS1::hphNT1-GAL1pr

John Peter et al., 2013

CUY7742 BY4727 VPS39::HIS3-CET1pr-VN Auffarth et al., 2014

CUY7773 SEY6210 cnl1∆::natNT2 This study

CUY7899 SEY6210 ypt7∆:natNT2 This study

CUY8122 SEY6210 MON1-GFP::HIS3 This study

CUY8134 SEY6210 CCZ1-GFP::HIS3 This study

CUY8262 SEY6210 msb3∆::natNT2 This study

CUY8277 SEY6210 cnl1∆::natNT2 ypt7∆::hphNT1 This study

CUY8281 SEY6210 msb3∆:natNT2 ypt7∆::hphNT1 This study

CUY8343 BY4741 YPT7::HIS5-PHO5pr-Myc-GFP VPS21::natNT2-ADHpr- mCherry This study

CUY8633 BY4727 VPS41::HIS3-CET1pr-VN Auffarth et al., 2014

CUY8873 BY4727 VPS21::KanMX-CET1pr-VN This study

CUY9158 BY4741 VPS21::URA3-PHO5pr-GFP SEC63::MARS-natNT2 This study

CUY9297 BY4741 SNN1::GFP-kanMX MON1::MARS-hphNT1 This study

CUY9352 BY4733 VPS21::URA3-PHO5pr-GFP ccz1∆::hphNTI mon1∆::kanMX This study

CUY9424 BY4741 SNN1::GFP-kanMX mon1∆::MET15 ccz1∆::hphNT1 This study

CUY9426 BY4733 VPS21::URA3-PHO5pr-GFP ccz1∆::hphNTI mon1∆::kanMX msb3∆::natNT2 This study

CUY9428 BY4741 kxd1∆::hphNT1 YPT7::URA3-PHO5pr-GFP This study

CUY9451 BY4741 kxd1∆::hphNT1 CCZ1::GFP-kanMX This study

CUY9534 BY4741 URA3-PHO5pr-GFP-myc SEC63::MARS-NatNT2 ypt7∆::hphNT1 This study

CUY9535 BY4732 MON1::HIS3-GAL1pr CCZ1::kanMX-GAL1pr VPS21::URA3-PHO5pr-GFP-myc 
SEC63::MARS-natNT2

This study

CUY9540 BY4732 MON1::HIS3-GAL1pr CCZ1::kanMX-GAL1pr VPS21::URA3-PHO5pr-GFP-myc 
SEC63::MARS-natNT2 ypt7∆::hphNT1

This study

CUY9621 BY4727 YPT7::kanMX-CET1pr-VN This study

CUY9649 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA3-PHO5pr-VPS21 kxd1∆::hphNT1 
SEC63::MARS-natNT2

This study

CUY9651 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 msb3∆::hphNT1 
SEC63::MARS-natNT2

This study

CUY9652 BJ3505 YPT7::kanMX-GAL1pr VPS21::URA3-PHO5pr-GFP SEC63::MARS-natNT2 This study

CUY9653 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 This study

CUY9654 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 VPS9::hphNT1-GAL1pr 
SEC63::MARS-natNT2

This study

CUY9688 BY4733 X BY4741 VAB2::natNT2-GAL1pr VAB2::TAP-URA3 CNL1::hphNT1-GAL1pr 
BLI1::kanMX-GAL1pr msb3∆::HIS3 SNN1::natNT2-GALpr KXD1::kanMX-GAL1pr 
BLS1::hphNT1-GALpr msb3∆::HIS3

This study

TABLE 1: Saccharomyces cerevisiae strains used in this study.

 Continues
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50 μl of prewashed (wash buffer: 20 mM HEPES/NaOH, pH 7.4, 
150 mM NaCl, 2 mM MgCl2, 0.1% TX-100, 7 mg/ml BSA, 5 mM β-
mercaptoethanol) glutathione Sepharose 4B (GE Healthcare) beads 
for 1 h at 4ºC. After coupling, the beads were again washed and 
incubated with 20 μg purified MBP-Msb3 or His-SUMO–tagged re-
combinant BLOC-1 subunits at 4ºC for 2 h. Afterward, the beads 
were pelleted and washed with the buffer three times to remove 
protein unspecifically bound to the resin. The bound protein was 
eluted by boiling with 40 μl of 4× SDS sample buffer, separated by 
SDS–PAGE, and detected by Western blotting with anti-His or MBP 
antibodies. Five microliters of the eluate were separated by SDS–
PAGE and stained with Coomassie to monitor the equal loading.

Name Source

pME3412-BLS1-VC John Peter et al., 2013

pME3412-BLI1-VC John Peter et al., 2013

pME3412-CNL1-VC John Peter et al., 2013

pME3412-SNN1-VC John Peter et al., 2013

pME3412-KXD1-VC John Peter et al., 2013

pME3412-VAB2-VC John Peter et al., 2013

pRS414-NOP1pr-YPT7 Cabrera et al., 2013

pRS414-NOP1pr-YPT7(K127E) Cabrera et al., 2013

pRS416-PHO5pr-dsRED-VPS21 This study

pRS416-TPIpr-mCherry-YPT7 This study

pCDF-GST-BLI1 This study

pCDF-GST-CNL1 This study

pCDF-GST-SNN1 This study

pCDF-GST-KXD1 This study

pCDF-GST-VAB2 This study

pCOLA-HIS-SUMO-BLI1 This study

pCOLA- HIS-SUMO-CNL1 This study

pCOLA- HIS-SUMO-SNN1 This study

pCOLA- HIS-SUMO-KXD1 This study

pCOLA- HIS-SUMO-VAB2 This study

pMAL-TEV-MSB3 Lachmann et al., 2012

pET24b-VPS21 This study

pETGEX-VAB2-GST This study

pFAT2-HIS-GST-VPS21 Baldehaar et al., 2013

pFAT2-HIS-GST-YPT7 Baldehaar et al., 2013

TABLE 2: Plasmids used in this study.

Strain Genotype Source

CUY9725 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 
yck3∆::hphNT1

This study

CUY9726 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 
vps35∆::hphNT1

This study

CUY9729 BY4733 VPS8::GFP -TRP1 ccz1∆::natNT2 mon1∆::kanMX This study

CUY9750 BY4733 VPS21::URA3-PHO5pr-GFP vam3∆::hphNT1 This study

CUY9752 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 
vam3∆::hphNT1

This study

CUY9753 BY4733 VPS21::URA3-PHO5pr-GFP vam7∆::hphNT1 This study

CUY9755 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 
vam7∆::hphNT1

This study

CUY9756 BY4733 VPS21::URA3-PHO5pr-GFP vps41∆::hphNT1 This study

CUY9758 BJ3505 YPT7(Q68L)::kanMX-GAL1pr VPS21::URA-PHO5pr-VPS21 SEC63::MARS-natNT2 
vps41∆::hphNT1

This study

CUY9788 BY4733 VPS21::URA3-PHO5pr-GFP VPS8::3xmCherry-HIS3 This study

CUY9789 BY4733 VPS21::URA3-PHO5pr-GFP ccz1∆::hphNTI mon1∆::KanMX VPS8::3xmCherry-HIS3 This study

CUY9796 BY4727 VPS41::HIS3-CET1pr-VN VPS21::natNT2-ADHpr-mCherry This study

CUY9798 BY4727 YPT7::kanMX-CET1pr-VN msb3∆::natNT2 This study

CUY9905 BJ3505 YPT7(Q68L) VPS21::URA3-PHO5pr-GFP kxd1∆::hphNT1 This study

CUY9906 BJ3505 YPT7(Q68L) VPS21::URA3-PHO5pr-GFP msb3∆::hphNT1 This study

TABLE 1: Saccharomyces cerevisiae strains used in this study. Continued
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