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SUMMARY

Sequential transport from early to late endosomes
requires the coordinated activities of the small
GTPases Rab5 and Rab7. The transition between
early and late endosomes could be mediated either
through transport carriers or by Rab conversion, a
process in which the loss of Rab5 from an endosome
occurs concomitantly to the acquisition of Rab7. We
demonstrate that Rab conversion is the mechanism
by which proteins pass from early to late endosomes
in Caenorhabditis elegans coelomocytes. Moreover,
we identified SAND-1/Mon1 as the critical switch for
Rab conversion in metazoa. SAND-1 serves a dual
role in this process. First, it interrupts the positive
feedback loop of RAB-5 activation by displacing
RABX-5 from endosomal membranes; second, it
times the recruitment of RAB-7, probably through
interaction with the HOPS complex to the same
membranes. SAND-1/Mon1 thus acts as a switch
by controlling the localization of RAB-5 and RAB-7
GEFs.

INTRODUCTION

Material to be taken up by a cell is included into invaginations at
the plasma membrane. These invaginations of either tubular or
vesicular structure are released from the plasma membrane to
the inside of the cell by a fission event. The products of such
endocytic events fuse with early endosomes, which are marked
by the presence of a small GTPase of the Rab family, Rab5, and
by Rab5 effector proteins such as EEA1 and phosphoinositide
kinase Vps34. The early endosome is also referred to as the sort-
ing endosome (Spang, 2009), because proteins can be recycled
to the plasma membrane, brought to the trans-Golgi network, or
targeted for destruction by the lysosome. Lysosomal sorting
involves the transfer of proteins to late endosomes, which are
equivalent to multivesicular bodies. The late endosomes are
marked by another small GTPase of the Rab family, Rab7.
Early endosomes not only fuse with incoming endocytic trans-
port carriers but also undergo homotypic fusion as well as fission

events, as a mechanism whereby recycling cargo is sorted from
cargo destined for degradation. In fact, these homotypic fusion
events can be considered as a hallmark of early endosomes.
The nature of endosomal transport is not resolved. One possi-
bility is that early and late endosomes are rather static entities,
between which material is transferred by transport carriers
(vesicle transport model). Support for this model has been
provided by Vonderheit and Helenius (2005), who observed
budding of Rab7 domains from Rab5-positive endosomes. Alter-
natively, the early endosome could be remodeled to become a
late endosome, as in a Rab conversion model. There is a
consensus that Rab7 domains are present on early endosomes.
Consistent with this possibility, studies have shown that the
Rab7 domain grows on the early endosome and converts the
Rab5-positive endosome into a Rab7-positive compartment
(Rink et al., 2005).

The transition mechanism from early-to-late endosomes is
complicated by a positive feedback loop involving Rab5. The
recruitment of Rab5 to endosomes by the guanine nucleotide
exchange factor (GEF) Rabex5 initiates the subsequent binding
and activation of effector molecules such as the phosphoinosi-
tide kinase Vps34, which produces PI(3)P. This, in turn, increases
the binding of Rab5 and more effector molecules (Christoforidis
et al., 1999). While in the vesicle transport model the reinforce-
ment of early endosomal identity poses no problem, the Rab
conversion model would predict the requirement for a factor
that would disrupt the positive feedback loop to promote the
Rab5-to-Rab7 switch (Del Conte-Zerial et al., 2008).

Interestingly, the endocytic machinery is highly conserved
from yeast to mammals. Therefore, different experimental sys-
tems (e.g., yeast, Caenorhabditis elegans, and tissue culture)
can be used to address questions about the endocytic core
machinery. Macrophage-like C. elegans coelomocytes offer
the advantage of containing highly active large endosomes,
which are easily spotted already at the light-microscope level.
The availability of endosomal and lysosomal markers, in combi-
nation with the tracing of endocytosed BSA-TR, makes these
cells an excellent system to study endocytosis events by life
cell imaging in a whole living organism.

In this study, we identified the first important regulator, SAND-
1/Mon1, in the Rab conversion process. We demonstrate that
SAND-1/Mon1 acts as a disruptor of the positive feedback
loop by displacing RABX-5 from early endosomal membranes.
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Figure 1. Endocytic Rab Conversion in C. elegans Coelomocytes
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(A) Live-cell imaging of coelomocytes expressing GFP::RAB-5 and mCherry::RAB-7. The arrow points toward the endosome undergoing RAB-5 to RAB-7

conversion. The lower panel shows the magnification of the same endosome.

(B) Quantification of RAB-5 and RAB-7 signals, based on five independent recordings. The lines represent averaged signals; the dots show individual values in

fluorescence arbitrary units.
See also Figure S1 and Movie S2.

Moreover, SAND-1/Mon1 actively drives the recruitment of Rab7
onto endosomes, most likely through interaction with the Rab7
guanine exchange factor complex HOPS. Therefore, we propose
that SAND-1/Mon1 is the switch in early-to-late endosome
maturation (Rab conversion) that regulates the activity state of
Rab5 and Rab?.

RESULTS

RAB-5 Accumulates on Large Early Endosomes

in sand-1(or552) Coelomocytes

Previously, we have shown that SAND-1 plays a crucial role in
the recruitment of RAB-7 to endosomal membranes in oocytes
and in coelomocytes in C. elegans (Poteryaev et al., 2007). More-
over, we observed that loss of SAND-1 function results in a large
accumulation of RAB-5 protein, as measured by immunoblotting
lysate from sand-1(or552) worms (Poteryaev et al., 2007). We
now find that most of this additional RAB-5 is associated with
early endosomes that are still able to undergo homotypic
membrane fusion (see Figure S1A and Movie S1 available on-
line). The block of the transition from early to late endosomes
and the continued activation of RAB-5 is a likely explanation
for the enlarged endosomes found in sand-1(or552) animals.
This phenotype is reminiscent of the phenotype observed after
overexpression of the dominant-active form of Rab5 in mamma-
lian cells (Rink et al., 2005; Rosenfeld et al., 2001; Stenmark
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et al., 1994) (Figures S3A-S3D) or overexpression of the yeast
Rab5, Ypt51a/Vps21, in yeast (Gerrard et al., 2000). Together,
these observations suggest that, in the absence of SAND-1,
RAB-5 retained on the endosomal membrane is at least partially
in the active state and that the positive feedback loop initiated
by RAB-5 is still active. Therefore, SAND-1 could play two roles
in early-to-late endosome transport: first, SAND-1 might be
required for the repression of RAB-5 on early endosomes, and
second, it might play a direct role in the recruitment and/or
activation of RAB-7 on these endosomes.

Rab Conversion Takes Place on Endosomes

in C. elegans Coelomocytes

So far, Rab conversion has been demonstrated in only one
mammalian cell line (Rink et al., 2005). To establish that Rab
conversion is a more general and widely used mechanism and
that SAND-1 is potentially involved in this process, we expressed
GFP::RAB-5 and mCherry::RAB-7 in coelomocytes and moni-
tored the disappearance of GFP::RAB-5 and the acquisition of
mCherry::RAB-7 on the same endosomes over time (Figure 1).
Coelomocytes are especially well suited for this kind of experi-
ment, because their endosomes are unusually large, and they
appear in the light microscope as spheres with a lumen and
a limiting membrane. The expression of the exogenous proteins
in coelomocytes did not alter the size or distribution of endo-
somes, compared with coelomocytes that did not express any



marker and in which the endocytic pathway was highlighted by
uptake of the fluid-phase marker BSA-Texas Red (BSA-TR) or
secreted soluble GFP (Poteryaev et al., 2007). When we imaged
coelomocytes expressing both GFP::RAB-5 and mCherry::RAB-
7 using 4D-microscopy, we observed that early endosomes lost
the GFP::RAB-5 signal over time and synchronously acquired
mCherry::RAB-7 (Figure 1A, arrows point to an endosome
undergoing conversion, Movie S2). We cannot exclude that small
vesicles could also form but these are not detectable by this
method and do not appear to have a major contribution in
early-to-late endosomes transition. Quantification of the fluores-
cent signal revealed that the kinetics of RAB-5 depletion and
RAB-7 recruitment to the same endosomal membrane were
similar to one another (Figure 1B). These data demonstrate
that Rab conversion is a general mechanism for early-to-late en-
dosome transport and support the idea that this mechanism is
conserved throughout metazoa.

SAND-1 Interacts with the Guanine Nucleotide

Exchange Factor of RAB-5, RABX-5

If SAND-1 were required for terminating the positive feedback
loop of RAB-5 activation, one might expect that SAND-1 should
block RAB-5 activation in some way. Because the SAND-1 did
not bind RAB-5 by yeast two-hybrid assay, and the mammalian
homolog Mon1 did not interact with the inactive or active form
of Rab5 in vitro (Figure S2A), we tested the interaction of
SAND-1 with RAB-5 GEFs, which are all VPS9 domain-contain-
ing proteins. Three VPS9 domain—containing proteins have
been annotated in the C. elegans genome: RABX-5, RME-6,
and TAG-333. RME-6 is supposed to function at the onset of
endocytosis at the plasma membrane and has partially overlap-
ping function with RABX-5 (Sato et al., 2005). The function of
TAG-333 remains elusive, but it cannot substitute for either
RABX-5 or RME-6. We found that SAND-1 interacted specifi-
cally with RABX-5 in a yeast two-hybrid assay (Figure 2A and
Figure S2C), and that Hisg-RABX-5 bound to GST-SAND-1
(Figure S2B). Moreover, recombinant Mon1a and Mon1b inter-
acted with GST-Rabex5 in vitro (Figure S2E and Figure 2B).
We mapped the interaction site of SAND-1 to the helical bundle
of RABX-5 (Figure 2A and Figure S2D). Interestingly, the helical
bundle serves a dual purpose: it stabilizes the VPS9 domain and
contributes to the GEF activity (Delprato et al., 2004). In addi-
tion, the helical bundle together with the upstream helix consti-
tutes the early-endosome-targeting domain (Zhu et al., 2007).
We first tested whether the mammalian ortholog of SAND-1,
Mon1b, could influence the guanine nucleotide exchange
activity of Rabex-5 in vitro. However, we could not detect any
major changes in the exchange rates on Rab5 using a fluores-
cent read-out assay (Figure S2F). Moreover, Rabex-5 did not
exchange guanine nucleotide on Rab7 independently of the
presence of Monlb (Figure S2F). Finally, RABX-5 seems to
act upstream of SAND-1, because rabex-5(RNAi) rescued the
large endosome phenotype of the sand-7(or552) mutant
(Figure S1B) similarly to the knockdown of RAB-5, clathrin
heavy chain (Poteryaev et al., 2007) or the plasma membrane
RAB-5 GEF RME-6 (Figure S1B). Therefore, it seems unlikely
that the main function of SAND-1 is to interfere with the catalyt-
ical activity of RABX-5.

RABX-5 Is Trapped on Early Endosomes

in the sand-1(or552) Mutant

Because SAND-1 had no significant impact on RABX-5 GEF
activity, we next tested whether SAND-1 interferes with RABX-
5 localization. First, we demonstrated that GFP::RABX-5 is
localized to early endosomes in coelomocytes by following the
endocytic marker BSA-TR (Figure 2C and Figures S2G and
S2H). RABX-5 was not continuously present on a particular
endosome but was released within a time frame of 1-2 min
(Figure 2C and Figures S2G and S2H). However, the enlarged
endosomes in sand-1(or552) remained RABX-5 positive even
after a 60 min chase period of BSA-TR, whereas in wild-type
coelomocytes, all BSA-TR is found in lysosomes after a 60 min
chase (Poteryaev et al., 2007). Moreover, the fluorescence inten-
sity ratio of GFP::RABX-5 between the cytoplasm and endo-
somes was strongly increased in sand-1(or552) compared to
wild-type coelomocytes (Figure 2E). These data demonstrate
that, in the absence of SAND-1 function, RABX-5 is trapped on
the early endosome. Furthermore, these results suggest that
under these conditions more RAB-5 is activated and the positive
feedback loop is not interrupted. Therefore, the conversion to the
late endosome cannot occur.

Knockdown of Mon1a/b Causes Large Early Endosomes
to Accumulate in Mammalian Cells

Next we asked whether the role of SAND-1 in Rab conversion is
conserved throughout metazoa. SAND-1 has two homologs in
vertebrates, Mon1a and Mon1b, neither of which has been
implicated in early-to-late endosome transport. HelLa cells
expressing GFP-tagged Rab5c under the endogenous promoter
were transfected with siRNAs specifically silencing either the
Mon1a or Mon1b or both and quantified the effects on the size
of the fluorescently labeled early endosomes using MotionTrack-
ing software (Rink et al., 2005). The efficiency of the knockdowns
was quantified by qRT-PCR and immunoblot (Figures 3A and
3B). Although individual knockdown of Monla or Mon1b
affected only mildly early endosome morphology (data not
shown), the double knockdown caused GFP-Rab5c-positive en-
dosomes to be strongly enlarged (Figure 3C). These enlarged
Rabex-5-positive endosomes were still competent in the uptake
of Dil-LDL (Figure 3D), similar to the phenotype observed in
C. elegans. These results suggest that the concomitant depletion
of both Mon1a and Mon1b causes the accumulation of Rab5 on
expanded endosomes similar to the expression of the activated
Rab5 mutant, arguing that Rab conversion is impaired and, thus,
that the function of SAND-1 is conserved throughout metazoa.

Mon1a/b Displace RABX5 from Endosomal Membranes

RABX-5 is trapped on early endosomes in the absence of
functional SAND-1 (Figure 2). If this entrapment were a direct
consequence of loss of SAND-1 function, overexpression of
SAND-1 would be sufficient to remove RABX-5 from endo-
somes. To test this possibility, we overexpressed Mon1a/b in
Hela cells expressing GFP-Rabex5 (Figure 4). This overexpres-
sion caused the redistribution of Rabex5 from endosomes to
smaller vesicles, which are likely of endocytic origin (Figures 4B—
4E and 4G). Interestingly, a subpopulation of Mon1a/b colocal-
ized with Rabex5 on some endosomal structures. Moreover,
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the soluble pool of Rabex5 was significantly increased (Fig-
ure 4F). Thus, Mon1a/b overexpression affects GFP-Rabex5
localization in HelLa cells. To gain more mechanistic insights
about the effects of SAND-1/Mon1 on Rabex5, we incubated
enriched endosomal fractions with recombinant Mon1b and
subjected the mixture to buoyant density centrifugation, which
caused the membranes to float and soluble proteins to be
retained in lower fractions. The addition of Mon1b caused the
relocalization of at least a part of Rabex5 from the membrane-
bound to the soluble pool of proteins (Figure 4H). As a conse-
quence of the dissociation of Rabex5 from the endosomes,
Rab5 association with endosomes should be impaired. Indeed,
the cumulative size of Rab5-positive structures decreased
upon Monla/b overexpression, indicating that the soluble
Rab5 pool was increased (Figures S3E-S3J). This effect was
specific because the dominant-active form of Rab5 would not

500 Cell 141, 497-508, April 30, 2010 ©2010 Elsevier Inc.

- _WT_ _
sand-1(or552)

sand-1(or552)

] Typical line profile measurement across coelomo-
< cytes in wild-type and sand-1(or552) mutants are
shown. The dotted contours schematically repre-
sent the cell boundary and individual RABX-5
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shown. The size bars in (C-E) represent 5 um.
See also Figure S2.
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redistribute (Figures S3K-S3P). In fact, overexpression of the
dominant-active form of Rab5 caused a massive increase in
the size of early endosomes (Figures S3A-S3D), as had been
observed elsewhere (Seachrist et al., 2000). These data strongly
suggest that SAND-1/Mon1 regulate Rabex5 by displacing it
from endosomes.

SAND-1 Displaces RABEX-5 from Yeast Endosomes

To corroborate these results, we turned to Saccharomyces
cerevisiae as a model system. The endocytic pathway is well
conserved between yeast and metazoan, and overexpression
of a protein is easier to achieve and to control in yeast than in
C. elegans. Therefore, we expressed C. elegans GFP::RABX-5
under the inducible MET25 promoter (the lower the methionine
concentration, the higher the gene expression) in wild-type yeast
cells. GFP-RABX-5 was found on endosomes (Figure 5A), as
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(B) Immunoblot verifying the knockdown of Mon1a
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the protein level by three different oligos. Error
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(C) Bac-GFP-Rab5c Hela cells in which Mon1a
and Mon1b were knocked down, were fixed
72 hr after transfection and imaged. The area of

indicated by staining endosomes with FM4-64 (Figure 5A and
Figure S4). Furthermore, strong overexpression of RABX-5
stimulated homotypic endosome fusion in yeast (Figure 5A, 1x
Met, empty vector). This phenotype is very similar to the one
observed after overexpression of the endogenous yeast Rab5,
Ypt51a/Vps21 (Gerrard et al., 2000). The homotypic endosome
fusion was dependent on RABX-5 expression because down-
regulating its expression (by the increasing methionine levels in
the medium) reduced the size of the endosomes (Figure 5A, 2x
Met). We conclude that C. elegans RABX-5 is functional in yeast
and that it can activate Ypt51a/Vps21 in yeast.

Next, we coexpressed GFP-RABX-5 and SAND-1 from a
constitutive promoter (Figure 5A, GPD-sand-1) in the same
cells. GFP-RABX-5 changed its localization from endosomal to
cytoplasmic. To verify that the effect is indeed due to the
expression of SAND-1, we expressed SAND-1 under the control
of the ADH promoter, which retains only about 10% of its
activity when cells are grown on nonfermentable carbon sour-
ces such as EtOH or glycerol. In the presence of nonfermentable
carbon sources, RABX-5 was found on endosomes (Figure 5B).
Switching the growth medium to a fermentable carbon source
(glucose) shifted RABX-5 localization to the cytoplasm. In
addition, we expressed a SAND-1 construct that only contains
the N-terminal longin domain of SAND-1 and is even shorter
than the initially identified genetic lesion in C. elegans. The
expression of the longin domain of SAND-1 had no effect on
RABX-5 association with early endosomes (Figure 5B). Finally,
we expressed only the VPS9 domain of RABX-5 (Figure 5C;

GFP-Rab5c-positive vesicles was calculated
using the Motion tracking software. The cumula-
tive distribution of areas of GFP-Rab5c endo-
somes/vesicles from the control (black line) and
two independent Mon1a/b knockdown conditions
(red and blue lines) are shown.

(D) Enlarged GFP-Rab5c positive structures after
Mon1a/b knockdown are early endosomes. Cells
were treated as in (C), except that after 72 hr after
transfection, the cells were incubated with Dil-LDL
for 30 min prior to fixation.

0.2 0.4
Area of vesicles (um?)

0.81.0

GFP-RABX-5514-380), Which did not interact with SAND-1 (Fig-
ure 2A) in yeast. GFP-RABX-5514_330 Was localized to endo-
somes independently of the presence of SAND-1 (Figure 5C).
These data are in agreement with the C. elegans phenotype
where, in the absence of SAND-1, early endosomes are greatly
enlarged (Poteryaev et al., 2007). Moreover, as RABX-5 levels
decreased on early endosomes in coelomocytes, SAND-1 levels
also increased on the same endosome (Figures S4C and S4D).
We conclude that SAND-1 causes the dissociation of RABX-5
from endosomes, supporting the hypothesis that SAND-1
regulates Rab conversion.

Similar to the effect observed in Hela cells (Figure 4), overex-
pression of SAND-1 not only reduced the size but also increased
the number of early endosomal structures marked by GFP-RAB-
5, because homotypic endosome fusion was turned off prema-
turely (Figure 5D). These results support the argument that
SAND-1 acts by blocking the RAB-5-positive feedback loop,
thereby driving Rab5-to-Rab7 conversion.

SAND-1 May Sense the Size of Endosomes,

PI(3)P Levels, or a Combination of Both

to Bind to Mature Early Endosomes

SAND-1 is mostly cytoplasmic, and only a fraction of the protein
is associated with membranes (Poteryaev et al., 2007). How
does SAND-1 sense when to localize to the early endosomes
in order to displace RABX-5 and block the positive feedback
loop? This cannot be accomplished by the recognition of
RABX-5 alone because if so, early endosomes would not be
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Figure 4. Mon1ia/b Displace Rabex5 from Endosomes In Vivo and In Vitro

(A-E) GFP-Rabex5 alone (A) was transfected into HeLa cells or cotransfected with HA-Mon1a and Myc-Mon1b (B-E). Cells were fixed 24 hr after transfection and
stained with a-HA and a-Myc antibody.

(F) Mon1a/b overexpression causes Rabex5 to dissociate from early endosomes. The cytoplasmic Rabex5-GFP staining was quantified in cells expressing
Mon1a/b and compared to the staining in control cells. Areas and total intensities of the cytoplasmic Rabex5 signal increased significantly in cells coexpressing
Mon1a/b.

(G) The areas and the total intensities of GFP-Rabex5-positive vesicles were measured using the Motion tracking software. The cumulative distributions of areas
and total intensities of GFP-Rabex5 vesicles have been plotted. In both panels, the black curve represents the data from the cells expressing only GFP-Rabex5,
whereas the red curve represents the data from the cells coexpressing GFP-Rabex5, HA-Mon1a, and Myc-Mon1b. A Z test has been performed indicating the
statistical significance. The scale bars represent 10 um.

(H) Recombinant Mon1b displaces Rabex5 from endosomes in vitro. Purified endosomes from Hela cells were incubated with recombinant Rabex5-Rabaptins
and Rab5-GDI. The endosomes were reisloated and unbound Rabex5-Rabaptin5 and Rab5-GDI were removed. To one half of endosomes, Mon1b was added.
After the incubation, endosomes were floated on a Histodenz gradient. The fractions were collected from the top, and the Rabex5 and Rab5 distribution was
monitored. The second fraction from the top contains the intact endosomes. The arrows indicate the movement of the endosomes in the gradient. The two bottom

fractions contain soluble proteins.
See also Figure S3.

able to undergo homotypic fusion and thus mature prior to
becoming late endosomes. Because early endosomes undergo
homotypic membrane fusion and, hence, must increase in size,
we wondered whether early endosomes would turn over into
late endosomes only after reaching a critical size. Interestingly,
early endosomes would undergo conversion in C. elegans coelo-
mocytes after reaching about 2.3 um in diameter, and endo-
somes acquiring SAND-1 would be about the same size
(Figure 6A). Therefore, the size or the age of the early endosome
could be one determinant to recruit SAND-1. One of the key
effectors of Rab5 on early endosomes is the type Ill PI(3)-kinase,
Vps34 (Shin et al., 2005), which produces PI(3)P, the hallmark
lipid on early endosomes (Gillooly et al., 2000). Thus the “older”
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the early endosome, the higher the PI(3)P levels might be. Hence,
SAND-1 may recognize PI(3)P on membranes. To test this possi-
bility, we assayed for the ability of recombinant SAND-1 to bind
to phospholipids using a protein-lipid overlay assay. SAND-1
recognized monophosphorylated phosphoinositides, most
strongly PI(3)P (Figure 6C). The PI(3)P recognition site is most
likely contained within the first 333 amino acids, whereby the first
266 amino acids seem to be more important for phospholipid
binding (Figure S5). Moreover, when we treated worms with
the PI(3)P kinase inhibitor wortmannin, SAND-1 was no longer
enriched on endosomes (Figures 6B and 6D). This treatment
did not affect the association of RABX-5 with early or RAB-7
with late endosomes, both of which bind independently of
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(A) The effect of SAND-1 expression on the localization of GFP-RABX-5 in yeast cells. GFP-RABX-5 expression was regulated by methionine levels. 1x refers to
the standard concentration of methionine in HC medium (20 mg/l); 2x is 40 mg/I. GPD-sand-1 indicate the panel in which C. elegans SAND-1 was expressed from
the yeast GPD promoter. FM4-64 staining was used to visualize endosomes and vacuoles.

(B) Strongly reduced levels of SAND-1 expression caused GFP::RABX-5 to remain on the endosomal membranes (left panel) Truncated SAND-1 is unable to
displace GFP-RABX-5 from the endosomal membranes (right panel).

(C) The VPS9 domain of RABX-5 is sufficient to associate with endosomes. SAND-1 coexpression had no effect on its localization.

(D) SAND-1 coexpression reduces the size and increases the number of GFP::RAB-5-positive endosomes in yeast. In the graph, the y-axis represents the number
of cell scored for each category basket.

(E) C. elegans RAB-7 requires SAND-1 for vacuole and late endosome localization. GFP-RAB-7 was expressed in yeast cells in which SAND-1 was expressed
from the GPD promoter or in which a vector control was present. The vacuole was visualized by FM4-64. The bar represents 5 um in each of the panels.

See also Figure S4.

PI(3)P to endosomes (Figure 6B). Therefore, SAND-1 would bind
specifically to PI(8)P-containing endosomes. Whether the inter-

localize to endosomes prior to membrane recruitment of
SAND-1. To test this prediction, we first imaged the arrival

action of SAND-1 with PI(3)P alone is sufficient for the recruit-
ment to endosomes remains to be determined. The affinity of
SAND-1 for PI(3)P is not very high because SAND-1 could not
be floated with PI(3)P-containing liposomes in a buoyant density
gradient (data not shown).

SAND-1 and RAB-7 Arrive Concomitantly

on Mature Early Endosomes

We have shown so far that SAND-1 disrupts the RAB-5-positive
feedback loop by displacing RABX-5 from endosomes. The next
question is whether SAND-1 plays also a direct role in the recruit-
ment of RAB-7 to endosomes. If so, then RAB-7 should never

of SAND-1 on endosomes in comparison to the recruitment of
RAB-7 (Figure 7 and Movie S3). As predicted, RAB-7 never
preceded SAND-1 arrival on endosomes. Rather, they always
arrived concomitantly. Moreover, although the levels of RAB-7
continued to rise over time, SAND-1 persisted on the endo-
somes only for 2-3 min before disappearing. We have shown
previously that, in sand-1 mutants, RAB-7 is no longer recruited
to endosomes (Poteryaev et al., 2007). Conversely, one would
expect that SAND-1 actively supports the recruitment of RAB-7
to endosomes. We tested this hypothesis in yeast. C. elegans
GFP-RAB-7 did not bind to membranes when expressed in
yeast (Figure 5E). However, upon coexpression of SAND-1,
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(C) Recombinant SAND-1 binds mono-phosphorylated phosphoinositides. The strongest signal is detected for PI(3)P.
(D) Typical line profile of the GFP::SAND-1 signal in mock- and wortmannin-treated coelomocytes.

See also Figure S5.

GFP-RAB-7 bound to the vacuole and the prevacuolar compart-
ment, the yeast versions of the lysosome and the late endosome,
respectively (Figure 5E). Therefore, SAND-1 plays an active role
in the recruitment of RAB-7 to membranes.

SAND-1/Mon1b Interacts with the Core Components

of the HOPS Complex

Because SAND-1/Mon1b and Rab7 did not interact directly
(Poteryaev et al., 2007; Figure S2A), we asked whether
SAND-1/Mon1 could interact with a member of the RAB-7
GEF complex, the HOPS complex. The HOPS complex is
required for early-to-late endosome progression (Rink et al.,
2005). SAND-1/Mon1b did not interact with the catalytic subunit
of the HOPS complex Vps39 in a yeast two-hybrid assay (Fig-
ure 7D). However, we detected specific interaction between
SAND-1/Mon1b and Vps18 and Vps11, both of which are
core components of the Class C VPS/HOPS complex and are
a part of the complex that is shared in yeast by HOPS and
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CORVET (Peplowska et al., 2007; Figure 7D). The known inter-
action between SAND-1 and CCZ-1 (Poteryaev et al., 2007)
served as a positive control. Moreover, recombinant HOPS
complex members Vps16A, Vps18, Vps33A, and Vps41 bound
to Mon1b-GST in vitro (Figure 7F), whereas the second SAND-1
homolog Mon1a only interacted with Vps33 in the in vitro pull
down (Figure 7F), indicating that both proteins may have
overlapping but not redundant functions. These interactions
are specific because the Rabex5 interactor Rabaptin5 (Fig-
ure 7F), Rab5, and Rab7 (Figure S2) did not bind to Mon1b.
Our results strongly suggest that SAND-1/Mon1 interacts
with the core complex of the RAB-7 GEF to promote Rab7
activation on mature early endosomes to allow conversion to
late endosomes. Taken together, our data demonstrate that
SAND-1/Mon1 turns off RAB-5 activation and promotes RAB-7
activation via interaction with the respective GEFs and that
SAND-1/Mon1 acts a sensor and switch for early-to-late endo-
some transition.
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DISCUSSION

In this paper we demonstrate that Rab conversion is the molec-
ular mechanism responsible for the transfer of proteins from
early to late endosomes in C. elegans coelomocytes. Moreover,
we show that SAND-1/Mon1 displaces RABX-5 from early endo-
somes, thereby interrupting the positive feedback loop of RAB-5
activation. Finally, SAND-1 is actively involved in the recruitment
of RAB-7 to endosomes, probably through the recruitment or
activation of Class C VPS/HOPS complex components to or
on endosomes. Taken together, SAND-1 acts as a switch by
turning off RAB-5 and turning on RAB-7 (Figure 7G). This switch
then promotes the conversion from early to late endosomes.

Rab conversion/endosome maturation.
See also Movie S3.
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The action of SAND-1 on RAB-5 and
RAB-7 is conserved in different tissues
in C. elegans, because RAB-5 and
RAB-7 seemed to be regulated in a similar
way in oocytes and the early embryo
(Poteryaev et al., 2007). This conservation
is not limited to C. elegans but extends
to different species. We observed
enlarged early endosomes in Hela cells
after knock down of the two mammalian
isoforms, Mon1a and Mon1b. Therefore,
SAND-1 function is conserved throughout
metazoa.

Recently, a kinetic model was pro-
posed (Del Conte-Zerial et al., 2008) in
which early-to-late endosome maturation is regulated by Rab
GTPases through a cut-out switch. In this model, the levels of
Rab5 would rise to a certain threshold and then suddenly drop.
This drop of Rab5 levels would be brought about by the recruit-
ment of Rab7. Therefore, Rab5 must also initiate a negative
feedback loop, which will lead to its removal from the endosome.
This negative feedback loop has two requirements: one would
be to promote the recruitment of Rab7 onto endosomes, and
the second would be to inhibit directly further activation of
Rab5, for example, by either activating a Rab5-GAP or by inac-
tivating or removing the Rab5-GEF from the maturing endo-
some, or both. SAND-1/Mon1 participates actively in both of
these branches. The relative constant size with which early
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endosomes undergo conversion would suggest that SAND-1
could recognize either a particular size or age of the endosome
or the accumulation-specific factors. The age could be deter-
mined by the retrieval of other factors from early endosomes,
similar to a distillation process, and only then conversion could
occur. One of these accumulating determinants could be the
PI(3)P. Determining the relative levels of PI(3)P using the 2xFYVE
probe (Gillooly et al., 2000) fused to mRFP proved to be impos-
sible. Unfortunately, the expression levels were very low and the
signal-to-noise ratio too high to make any definitive statements
(D.P. and A.S., unpublished results). The loss of RABX-5 from
endosomes causes RAB-5 levels to drop as no new RAB-5
can be activated and recruited to early endosomes. Rebinding
of RABX-5 to the endosomes might be prevented by monoubi-
quitination of RABX-5. Mattera and Bonifacino (2008) showed
that monoubiquitinated Rabex-5 is enriched in the cytoplasm.
Concomitantly with SAND-1, Rab7 arrives at the maturing endo-
some and is activated there by the Rab7-GEF complex, the
Class C VPS/HOPS complex. The Class C VPS/HOPS complex
has been shown to be present on maturing endosomes and can
interact with Rab5-GTP (Rink et al., 2005). We found that the
mammalian SAND-1/Mon1b interacts with five members of the
Class C VPS/HOPS complex—Vps11, Vps16A, Vps18, Vps33,
and Vps41—but not with the catalytic subunit Vps39. Thus,
Rab5 could drive the recruitment of the downstream-acting
Rab, Rab7. This scenario is strikingly similar to the coupling of
the activation of Ypt31/32 and Sec4 (Ortiz et al., 2002). Vpsi1,
Vps16A, Vps18, and Vps33 are also part of the CORVET
complex in yeast (Peplowska et al., 2007), which also binds to
yeast Rab5, Ypt51a/Vps21, and can be converted into a HOPS
complex. Given the conservation of the early steps of endocy-
tosis form yeast to mammals, it seems likely that the CORVET
complex also exists in C. elegans and in mammalian cells. Thus,
alternatively, SAND-1 may drive the conversion of the CORVET
complex into the HOPS complex and thereby activate the GEF
for Rab7. Consistently with a function of VPS-18 and VPS-11
on early endosomes, endosome biogenesis is altered in a vps-18
mutant (Xiao et al., 2009), yet no large early endosomes accumu-
lated. Therefore, it seems unlikely that the Class C VPS/HOPS
complex alone would be driving Rab conversion and endosome
maturation, as predicted by the model (Del Conte-Zerial et al.,
2008). It is improbable that SAND-1 could act as RabGEF for
Rab7 itself because Rab7 levels on endosomes continued to
rise, when SAND-1 levels have already dropped (Figure 6), and
Mon1b could not bind Rab7-GDP (Figure S2A). Our data are
more consistent with SAND-1 acting as a switch by controlling
the action of 2 RabGEFs; it negatively regulates RABX-5 by
displacing it from the membrane and it positively drives the
activation of the HOPS complex.

In yeast, Mon1p is found in complex with Ccz1p, and they are
thought to function in a complex (Wang et al., 2002). Because
this interaction between SAND-1 and CCZ-1 is conserved in
C. elegans (Poteryaev et al., 2007; Poteryaev and Spang,
2005), it seems likely that CCZ-1 is also involved in early-to-
late endosome conversion.

The observed endosomal maturation is mechanistically
related to the transport through the Golgi apparatus, which is
currently assumed to function by Golgi maturation (Losev
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et al., 2006; Matsuura-Tokita et al., 2006). In both processes,
proteins are sorted away from the compartment that matures.
COPI-coated vesicles bud off the rim of the cisternae and travel
in retrograde direction to fuse with a cisterna that is oriented
more toward the cis-side of the Golgi apparatus (Allan and Balch,
1999). In the case of early-to-late endosome maturation, pro-
teins are sorted away through at least three different pathways:
through recycling endosomes (de Renzis et al., 2002; de Wit
et al., 2001; Peden et al., 2004) and through two distinct path-
ways to the TGN, one epsinR and Rab6-dependent and the other
one the involving the retromer complex (Bonifacino and Hurley,
2008; Saint-Pol et al., 2004; Seaman et al., 1998). Hence, trans-
port through the endosomal system and through the Golgi
apparatus could employ similar mechanisms.

EXPERIMENTAL PROCEDURES

Yeast Methods

C. elegans cDNAs were amplified from a plasmid library (H. Doi and A. Tera-
saki, RIKEN Bioresource Center, Japan). To generate plasmids carrying
GFP-tagged C. elegans rabx-5, full-length and truncated cDNA of rabx-5
were inserted into Xhol site of pUG34 plasmid (gift from J. H. Hegemann).
The resulting construct is the N-terminal GFP fusion under control of methio-
nine-repressible MET25 promoter. rab-5 and rab-7 were cloned into the
same vector using EcoRI and Xhol sites. For coexpression of C. elegans
sand-1, the following vectors were used: sand-1 cDNA was cloned into
p426GPD and p416GPD for constitutive expression and into p426ADH and
p416ADH for controlled expression (Mumberg et al., 1995). To express the
truncated sand-1, p426GPD-sand-1 plasmid was digested with Clal and
Xhol, and the termini were filled by treatment with Klenow enzyme and self-
ligated. The plasmids were transformed into yeast strain BY4741 (Mat a;
his341; leu240; met1540; ura340).Yeast two-hybrid experiments were per-
formed with the LexA system (Golemis and Khazak, 1997). Human MON1A,
MON1B, VPS11, VPS16, VPS18, VPS33, VPS39, and VPS41 full-length
cDNA clones were purchased from OriGene Technologies (Rockville, MD).
Full-length cDNAs of sand-1 or MON1B was used as bait in the pEG202 vector.
To test the interaction with candidate genes, the cDNAs were cloned into the
pJG4-5 prey vector. The bait and prey plasmids were cotransformed into the
EGY48 reporter strain. To assess the expression of the LEU2 reporter, trans-
formants were grown on plates that lack histidine, tryptophan and leucine
for 2 days at 30°C.

C. elegans Methods and Strains

C. elegans strains were derived from the wild-type Bristol strain N2. Worm
cultures, genetic crosses, and other C. elegans methods were performed
according to standard protocols (Brenner, 1974). Wild-type and sand-
1(or552) strains and their transgenic derivates were grown at 20°C, which is
a semipermissive temperature for or552 allele. At this temperature, the endo-
somal trafficking defects are as severe as at 25°C, but most of the worms are
viable (Poteryaev et al., 2007). The following previously created transgenic
strains were used: RAB-5-GFP sand-71+ strain NP212 cdEx49[Pcc1::GFP::
RAB-5, Pmyo-2::GFP], RAB-5-GFP, and sand-1(or552) strain FA71 sand-1
(0r552); cdEx49[Pcc1::GFP::RAB-5, Pmyo-2::GFP].

Cell Culture and RNA Interference

Hela cells expressing GFP-tagged Rab5c under the endogenous promoter
(Poser et al., 2008) were cultured at 37°C and 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.

RNA interference was performed in a 24-well plate for imaging or in a six-well
plate for quantitative real time PCR. Three individual Stealth Select RNAi siRNA
duplexes (Invitrogen) were used for each of mon1A and mon1B. Cells were
transfected with 5 nM of siRNA using interferrin™ transfection reagent (poly-
plus siRNA transfection reagent). In case of double knockdown experiments,



different combinations of mon1A and mon1B siRNA duplexes were used
keeping individual siRNA concentration at 5 nM. The extent of knockdown
was quantified by RT-PCR on total RNA extracted using RNeasy spin-columns
(QIAGEN, Hilden Germany), transcribed with Superscript Ill reverse transcrip-
tase (Invitrogen, Karlsruhe, Germany) and oligo-dT primers, quantified in
Cybr-Green RT-PCRs (Stratagene, La Jolla, CA) using 5 ACTCTTCACC
AGCCCTGAG, 3 AGGAAGCAGAGTCCAAGCTG primers for mon1A and
5 GAGGAAACAGGATCCAAGG, 3 CCGAGAGGTGCTTTGACAG for mon1B,
keeping annealing temperature at 58°C. For the estimation of the knockdown
effect by immunoblot, cells transfected with different siRNAs were lysed 72 hr
after transfection. Cells were lysed with cell lysis buffer (25 mM Tris-HCI [pH
7.2], 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
and 1 mg/ml each of aprotinin and leupeptin). Cell lysates were analyzed by
immunoblot using antibodies against Mon1a and Mon1b, respectively. For
Mon1b knockdown, the intensities of the bands were normalized with respect
to that of the mock transfection. The experiment was repeated three times, and
the results were plotted as a bar graph.

Endosome Recruitment Assay

The endosomes were purified from HelLa cells by use of a sucrose sedimenta-
tion method (Gorvel et al., 1991). The purified endosomes were incubated with
15 nM Rabex5-Rabaptin5 and 10 nM Rab5-GDI for 25 min at 37°C with gentle
shaking (300 rpm). The reaction was stopped by transferring the reaction tubes
on ice. The reaction mixture was subsequently subjected to Histodenz
step-gradient centrifugation in order to separate the endosomal fraction
from the soluble proteins and disrupted membranes. The second fraction
from the top, which is enriched in endosomes, was split and incubated either
in the presence or absence of 30 nM Mon1b at 37°C under gentle agitation.
Endosomes were reisolated over a Histodenz step-gradient, as described
above. Fractions collected from the top were separated by SDS PAGE. The
amount of Rabex5 and Rab5 in the different fractions was assessed by
immunoblot using a-Rabex5 and «-Rab5 antibodies.

Microscopy and Trafficking Experiments in Coelomocytes
Live worms, immobilized with 20 mM levamisole in M9 were mounted on
agarose pads cast on microscopy slides. The worms were imaged with a
spinning disk confocal system Andor Revolution (Andor Technologies, Belfast,
Northern Ireland) mounted onto an IX-81 inverted microscope (Olympus,
Center Valley, PA), equipped with iXon®™+ EMCCD camera (Andor Technolo-
gies). Specimens were imaged using a 60x 1.42 N.A. oil objective. Each pixel
represents 0.107 um. Excitation was achieved using solid-state 488 nm and
560 nm lasers. Exposure times were between 0.1 and 0.2 s. Each image
was a result of four averaged frames. For 4D microscopy, the typical number
of planes in the Z direction was five. Each Z-step was normally 0.5 um. The
images were exported as TIFF files and occasionally adjusted for contrast in
Image J. No nonlinear adjustments were used. Endosomes were manually
tracked using image J. The acceptance criteria for the endosome, which we
took into account was that, in a given 4D space, we could unambiguously track
it manually. For the fluorescence intensity measurements, we drew a contour,
which included the rim of an endosome, and measured the mean gray value
within this contour. If the endosome drifted away along the Z-axis, we would
switch to the neighboring Z plane to locate the largest endosome diameter.
In many cases, however, the tracking was done within one Z plane, because
there was sufficient number of endosomes staying within tracking parameters.
The traffic of BSA-TR in coelomocytes was monitored as described
previously (Zhang et al., 2001). For wortmannin treatment, adult worms were
injected with either 0.1% DMSO or 1 uM wortmannin in 0.1% DMSO. After
the recovery on seeded NGM plates for 30-40 min, the worms were mounted
on agar pads for live microscopy.

Immunofluorescence Microscopy and Image Analysis

of Tissue Culture Cells

Cells (n = 15,000) were plated per well in 24-well pate. A reverse transfection
protocol was used in which siRNA and interferrin™ reagent were mixed inside
the wells and the cells were overlaid subsequently. Seventy-two hours after
transfection, cells were either fixed with 4% paraformaldehyde/PBS or rinsed
with serum-free medium and were incubated in the same containing 50 nM

Dil-LDL before fixation. The fixed cells were mounted on a glass slide and
imaged using a Zeiss LSM duoscan microscope (63x oil, 1.4, 1 Airy unit).
Data from three independent experiments were subjected to data analysis
by the automated image analysis program, MotionTracking (Rink et al.,
2005). Fifty images per condition were analyzed, which represented 200 cells
and about 35,000 GFP-Rab5 vesicles. The area of each GFP-positive punc-
tuate structure was calculated, and cumulative distributions of areas were
plotted for control and knockdown conditions. The significance of the differ-
ence between a given pair of distributions was performed using a Z-test.

GST Pull-Down of VPS-C Proteins

TNT T7 Quick Coupled Transcription/Translation System (Promega, WI) was
used to produce [*°S]-labeled VPS-C proteins. Full-length cDNA clones of
VPS-C genes (OriGene Technologies, MD) were used as templates for
transcription. Up to 100 nug of GST fusion proteins (Mon1a-GST, Mon1b-
GST, or GST) were immobilized onto GSH-sepharose beads. The unbound
proteins were removed, and the in vitro-translated proteins were added to
the immobilized GST fusion proteins. After incubation at 4°C for 2 hr in
20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 10% glycerol, 0.5%
Triton X-100, and 1 mM DTT, the beads were washed five times. The bound
VPS proteins were resolved on SDS PAGE and visualized using a Phospholm-
ager (GE Healthcare, Freiburg, Germany).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, five
figures, and three movies and can be found with this article online at doi:10.
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