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Conjugation with ubiquitin acts as a sorting signal for proteins in the endocytic and biosynthetic
pathways at the endosome. Signal-transducing adaptor molecule (STAM) proteins, STAM1 and
STAM2, are associated with hepatocyte growth factor-regulated substrate (Hrs) but their function
remains unknown. Herein, we show that STAM proteins bind ubiquitin and ubiquitinated
proteins and that the tandemly located VHS (Vps27/Hrs/STAM) domain and ubiquitin-interact-
ing motif serve as the binding site(s). STAM proteins colocalize with Hrs on the early endosome.
Overexpression of STAM proteins, but not their mutants lacking the ubiquitin-binding activity,
causes the accumulation of ubiquitinated proteins and ligand-activated epidermal growth factor
receptor on the early endosome. These results suggest that through interaction with ubiquitinated
cargo proteins on the early endosome via the VHS domain and ubiquitin-interacting motif, STAM
proteins participate in the sorting of cargo proteins for trafficking to the lysosome.

INTRODUCTION

Conjugation with ubiquitin serves as a sorting signal that
determines the destination of various proteins at different
subcellular sites such as the plasma membrane, the trans-
Golgi network (TGN), and the endosome (Dupre et al., 2001;
Hicke, 2001). The early endosome is an organelle where the
sorting of endocytosed cell surface receptors that are to be
recycled to the cell surface or destined for degradation in the
lysosome occurs (Gruenberg and Maxfield, 1995). Newly
synthesized lysosomal hydrolases are also delivered to the
lysosome from the TGN via the endosome. At this organelle,
ubiquitination is a sorting signal for endocytosed and newly
synthesized lysosomal proteins to be incorporated into the
luminal vesicles of the late endosome/multivesicular body

(MVB) that bud inward from its limiting membrane (Dupre
et al., 2001; Hicke, 2001). The late endosome/MVB then fuses
with the lysosome, delivering the sorted proteins within the
inner vesicles into the lumen of the lysosome. The molecular
machinery of this trafficking route, the MVB pathway, has
just begun to be elucidated in yeast (Conibear, 2002).

Hepatocyte growth factor-regulated substrate (Hrs) has
been implicated in vesicular trafficking via the early endo-
some in higher eukaryotes. First, Hrs is mostly localized to
the early endosome (Komada et al., 1997), and its yeast
ortholog Vps27 belongs to the class E vacuolar protein sort-
ing (Vps) proteins, mutations of which cause defective ve-
sicular trafficking via the endosome (Raymond et al., 1992;
Piper et al., 1995). Second, mice and flies lacking Hrs exhibit
defective morphology and endocytic function of the endo-
some (Komada and Soriano, 1999; Lloyd et al., 2002). On the
other hand, overexpression of Hrs also affects the morphol-
ogy of the early endosome (Komada et al., 1997). Finally, Hrs
can bind several proteins that are involved in vesicular
trafficking such as SNAP-25 (Bean et al., 1997; Kwong et al.,
2000), eps15 (Bean et al., 2000), sorting nexin 1 (Chin et al.,
2001), and clathrin heavy chain (Raiborg et al., 2001). Re-
cently, the ubiquitin-interacting motif (UIM), composed of
�15 amino acid residues and originally identified as a
polyubiquitin-binding site in the S5a subunit of the 26S
proteasome (Young et al., 1998), was found in Hrs and its
yeast ortholog Vps27 (Hofmann and Falquet, 2001). Later, it
was demonstrated that the UIMs in these proteins also bind
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ubiquitin and that Vps27 is required for sorting ubiquiti-
nated proteins for the MVB pathway (Bilodeau et al., 2002;
Bishop et al., 2002; Polo et al., 2002; Raiborg et al., 2002; Shih
et al., 2002). In addition, overexpression of Hrs, but not its
mutant lacking the UIM, inhibits recycling of the transferrin
receptor that is fused to ubiquitin, suggesting the possibility
that Hrs is involved in the same sorting pathway in higher
eukaryotes (Raiborg et al., 2002).

The signal-transducing adaptor molecule (STAM) fam-
ily consists of two proteins, STAM1 and STAM2, which
are 53% identical in amino acid sequences to each other
(Takeshita et al., 1996; Lohi et al., 1998; Takata et al., 2000;
Endo et al., 2000; Pandey et al., 2000). STAM2 is also
known as Hrs-binding protein and EAST, and both
STAM1 and STAM2 are tightly associated with Hrs (Asao
et al., 1997; Takata et al., 2000). These proteins also possess
the UIM (Hofmann and Falquet, 2001), suggesting that
they cooperate with Hrs in vesicular trafficking of ubiqui-
tinated proteins. Recently, it was shown that Hse1, a
single yeast ortholog of STAM proteins, is associated with
Vps27 and plays a role in sorting ubiquitinated proteins
for the MVB pathway in a UIM-dependent manner
(Bilodeau et al., 2002). However, the molecular function of
STAM proteins in this process remains unknown.

STAM proteins possess the VHS (Vps27/Hrs/STAM)
domain at the N terminus (Lohi and Lehto, 2001). This
domain comprises �150 amino acids and is present in
proteins involved in vesicular trafficking in eukaryotic
cells (Lohi et al., 2002). In mammals, the VHS domain is
present in eight proteins, including Golgi-localizing/�-
adaptin ear homology domain/ADP-ribosylation factor-
binding (GGA) proteins, Hrs, STAM proteins, target of
Myb 1 (Tom1), and Src-activating signaling molecule (Sr-
casm) (Lohi et al., 2002). The VHS domains in GGA pro-
teins bind sortilin and mannose 6-phosphate receptors at
the TGN, whereby GGAs mediate the trafficking of the
sorting receptors to the lysosome (Nielsen et al., 2001;
Puertollano et al., 2001; Takatsu et al., 2001; Zhu et al.,
2001). However, the VHS domains in other proteins do
not bind the sorting receptors (Puertollano et al., 2001;
Takatsu et al., 2001), suggesting that they have distinct
ligands yet to be identified. Herein, we demonstrate that
STAM proteins bind ubiquitin via the tandemly located
VHS domain and UIM and implicate the proteins in the
sorting of ubiquitinated proteins in the MVB pathway.

MATERIALS AND METHODS

Far Western Screening
A �ZAP mouse liver cDNA expression library was screened with
32P-labeled STAM2 by a far Western method as described previ-
ously (Kato et al., 2000).

Expression Constructs and Transfection
cDNAs for mouse STAM2 and Hrs were cloned as described pre-
viously (Komada et al., 1995; Takata et al., 2000). cDNAs for STAM1
(full-length) and Tom1 (VHS domain; amino acids 1–160) were
amplified by polymerase chain reaction from a Marathon-Ready
mouse brain cDNA library (BD Biosciences Clontech, Palo Alto,
CA). cDNA for GGA1 (VHS domain; amino acids 1–159) was am-
plified similarly from a Marathon-Ready human brain cDNA li-

brary (BD Biosciences Clontech). Their sequences were subse-
quently verified by DNA sequencing.

Deletion constructs of STAM proteins were obtained by in vitro
mutagenesis by using the QuikChange site-directed mutagenesis sys-
tem (Stratagene, La Jolla, CA), and their sequences were verified by
DNA sequencing. Deleted regions in STAM2�VHS, STAM2�UIM,
STAM2-VHS, and STAM2�SH3 are amino acids 8–151, 163–180, 152–
523, and 207–258, respectively. Deleted regions in STAM1�VHS,
STAM1�UIM, and STAM1-VHS are amino acids 8–154, 170–186, and
155–548, respectively. The VHS domain of Hrs comprises amino acids
1–164. cDNA constructs were cloned into FLAG epitope- and hemag-
glutinin (HA) epitope-tagged mammalian expression vectors pME-
FLAG and pME-HA (Kato et al., 2000), respectively, and transfected
into HeLa and COS-7 cells by using FuGENE 6 transfection reagent
(Roche Diagnostics, Indianapolis, IN).

Glutathione S-Transferase (GST) Fusion Proteins
The VHS domain (amino acids 1–151), UIM (amino acids 152–192),
and N-terminal region (amino acids 1–192) of STAM2, as well as the
UIM of Hrs (amino acids 216–289), were cloned into the pGEX
vectors (Amersham Biosciences, Piscataway, NJ) to generate the
GST fusion constructs. GST fusion proteins were purified from the
Escherichia coli strain BL21 transformed with the GST fusion con-
structs by using glutathione-Sepharose affinity beads (Amersham
Biosciences).

Pull-Down Assay with Ubiquitin Beads
Two days after transfection of the FLAG-tagged expression con-
structs, HeLa cells in 100-mm dishes were lysed in 0.8 ml of lysis
buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.5% Nonidet P-40,
1 mM EDTA, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 2
�g/ml aprotinin, 1 �g/ml leupeptin, and 1 �g/ml pepstatin A).
After centrifugation at 12,000 � g for 15 min at 4°C, the supernatants
were incubated with 10 �l of ubiquitin-agarose beads (Boston Bio-
chem, Cambridge, MA) for 16 h at 4°C. The beads were then washed
three times with washing buffer (10 mM Tris-HCl pH 7.4, 100 mM
NaCl, and 0.1% Nonidet P-40), and the bound proteins eluted by
boiling with 1� Laemmli sample buffer. Eluted proteins were sep-
arated by SDS-PAGE, and FLAG-tagged proteins were detected by
Western blotting by using anti-FLAG antibody (4 �g/ml; Sigma-
Aldrich, St. Louis, MO), peroxidase-conjugated anti-mouse IgG an-
tibody (1:20,000; Amersham Biosciences), and the enhanced chemi-
luminescence reagent (Amersham Biosciences).

To examine the binding of purified GST fusion proteins, �3 �g of
the proteins was incubated with the ubiquitin beads in phosphate-
buffered saline containing 1% Triton X-100, and bound GST fusion
proteins were detected by Western blotting with anti-GST antibody
(1 �g/ml; Santa Cruz Biotechnology, Santa Cruz, CA) after SDS-
PAGE.

Pull-Down Assay with GST Fusion Proteins
The VHS domain, UIM, and N-terminal region (1–192) of STAM2 (3
�g) were coupled to 10 �l of glutathione beads as GST fusion
proteins. To examine the binding of purified ubiquitin, 1 �g of a
mixture of polyubiquitin chains (Ub2–7; Affiniti Research Products,
Exeter, UK) was incubated with the beads in phosphate-buffered
saline containing 1% Triton X-100 for 16 h at 4°C. The beads were
washed with the washing buffer, and bound ubiquitins were de-
tected by Western blotting with anti-ubiquitin antibody (1 �g/ml;
MBL, Nagoya, Japan).

To examine the binding of ubiquitinated proteins, COS-7 cells
in a 60-mm dish were transfected with a FLAG-tagged monou-
biquitin expression vector (pcDNA3.1-FLAG-Ub, a kind gift of
Dr. T. Suzuki, Tokyo Metropolitan Institute of Medical Science,
Tokyo, Japan). Two days after transfection, the cells were lysed
with 0.3 ml of the lysis buffer, and the supernatant after centrif-
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ugation at 12,000 � g was used for the pull-down assay. The
bound ubiquitinated proteins were detected with anti-FLAG an-
tibody as described above. The amount of GST fusion proteins
used for the pull-down assay was assessed by Western blotting
with anti-GST antibody.

Detection of Intracellular Ubiquitinated Proteins
COS-7 cells in 60-mm dishes were cotransfected with HA-tagged
STAM constructs and FLAG-tagged monoubiquitin. Two days after
transfection, the cells were lysed with 0.3 ml of the lysis buffer. The
lysates were then immunoprecipitated with anti-FLAG antibody (1
�g), and the immunoprecipitates were analyzed by Western blot-
ting by using the same antibody. Anti-HA antibody (0.5 �g/ml;
Sigma-Aldrich) was used in Western blotting of total cell lysates to
detect expression of the STAM constructs.

Immunofluorescence Staining
Two days after transfection, cells were fixed with 4% formaldehyde,
permeabilized with 0.2% Triton X-100, and stained with mouse
monoclonal anti-HA (4 �g/ml; Sigma-Aldrich), mouse monoclonal
anti-FLAG (4 �g/ml; Sigma-Aldrich), rabbit polyclonal anti-FLAG
(2 �g/ml; Affinity BioReagents, Golden, CO), rabbit polyclonal anti-
Hrs (1:2000 dilution; Komada and Kitamura, 1995), mouse mono-
clonal FK2 (10 �g/ml; Affiniti Research Products), or mouse mono-
clonal anti-epidermal growth factor (EGF) receptor (10 �g/ml;
MBL) by standard procedures. The secondary antibodies used were
Alexa488- and Alexa594-conjugated anti-mouse and -rabbit IgG
antibodies (Molecular Probes, Eugene, OR). Fluorescent images
were captured using a confocal microscope.

To quantify the proportion of cells exhibiting FK2-positive early
endosomes among those overexpressing each FLAG-tagged STAM2
construct, �100 cells strongly positive for anti-FLAG staining were
randomly chosen and examined for FK2 staining. The experiment
was repeated three times and the mean � SD of the proportion were
determined. The proportion of cells exhibiting enlarged early endo-
somes among those overexpressing the STAM2 constructs was de-
termined in a similar manner.

To stain the internalized EGF receptor, COS-7 cells transfected
with FLAG-tagged STAM2 constructs for 2 d were grown in the
presence of 0.5% fetal bovine serum for another 24 h, and treated
with 100 ng/ml EGF (PeproTech, Rocky Hill, NJ) and 10 �g/ml
cycloheximide for 3 h. The cells were then subjected to immunoflu-
orescence staining as described above.

RESULTS

STAM2 Binds Ubiquitin
To understand the function of STAM proteins, we have tried
to identify proteins that directly bind STAM2 by far Western
screening. We previously reported an interaction of the deu-
biquitinating enzyme UBPY with the Src homology 3 (SH3)
domain of STAM2 (Kato et al., 2000). In the screening, we
also isolated a partial cDNA encoding polyubiquitin. Polyu-
biquitin consists of several tandem repeats of the 76-amino-
acid monoubiquitin and is cleaved to monoubiquitins to
supply the intracellular free ubiquitin pool (Finley and
Chau, 1991). To detect an interaction between STAM2 and
ubiquitin in vitro, HeLa cells were transfected with a FLAG
epitope-tagged STAM2 expression vector, and the cell lysate
incubated with agarose beads to which monoubiquitin was
conjugated (ubiquitin beads). After washing the beads,
bound proteins were eluted with SDS and detected by West-
ern blotting with anti-FLAG antibody (ubiquitin pull-down
assay). As shown in Figure 1B, STAM2 bound to the ubiq-

uitin beads but not to control beads to which no ubiquitin
was conjugated, confirming the result of the far Western
screening.

STAM2 Binds Ubiquitin via the VHS Domain and
UIM
To determine the ubiquitin-binding site of STAM2, we first
examined the ability of the N-terminal region containing the
VHS domain and UIM (amino acids 1–192) as well as
the C-terminal region containing the SH3 domain and the
coiled-coil region (amino acids 188–523) to bind ubiquitin.
As shown in Figure 1C, the N-terminal region bound to the
ubiquitin beads as efficiently as the full-length protein,
whereas the C-terminal region exhibited no binding, indi-
cating that the ubiquitin-binding site is located in the N-
terminal region. Deletion of the VHS domain from the full-
length protein dramatically reduced the ubiquitin binding
(Figure 1D, �VHS). The binding, however, was detectable
after longer exposure of the Western blot membrane, indi-
cating that it was not completely abolished (Figure 1D,
middle). Deletion of the UIM also reduced the binding ac-
tivity to a large extent (Figure 1D, �UIM), and a mutant
lacking both the VHS domain and UIM did not bind ubiq-
uitin at all (Figure 1D, �VHS�UIM). These results suggest
that the VHS domain plays an essential role in ubiquitin
binding and that the UIM is also required for maximal
binding.

Next, we examined whether the VHS domain is sufficient
to bind ubiquitin. The VHS domain alone was able to bind
ubiquitin (Figure 1E). However, the binding activity was
much lower than that of the N-terminal region, which con-
tains both the VHS domain and UIM (Figure 1E, 1–192). We
were not able to express the UIM alone in cells. However,
very weak ubiquitin-binding activity of STAM2�VHS,
which contains the UIM (Figure 1D), suggests that the UIM
alone does not bind ubiquitin efficiently compared with the
VHS domain. These results suggest that the inability of the
mutants lacking the VHS domain and/or UIM to bind ubiq-
uitin is due to the absence of these domains and not to the
perturbation of its conformation and that these domains
play a synergistic role on ubiquitin binding. Similar results
were obtained when glutathione beads to which the GST-
tagged monoubiquitin was coupled were used for the pull-
down assay (our unpublished data).

The interaction in far Western screening suggested that
the binding between STAM proteins and ubiquitin is direct.
However, as STAM proteins are associated with Hrs, which
binds ubiquitin, the ubiquitin binding of the STAM2 con-
structs in the pull-down assay might be mediated by endog-
enous Hrs. We therefore examined the association of full-
length STAM2, the N-terminal region (1–192), and
STAM2�VHS�UIM with Hrs by coimmunoprecipitation ex-
periments. Consistent with previous reports showing that
Hrs and STAM proteins interact via their coiled-coil regions
(Asao et al., 1997; Takata et al., 2000), anti-Hrs coprecipitated
full-length STAM2, and STAM2�VHS�UIM but not the N-
terminal region (1–192) (Figure 1F). These results indicate
that the ubiquitin-binding activity of the STAM2 constructs
is not Hrs dependent.

Role for STAM in Endosomal Sorting
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VHS Domain and UIM of STAM2 Bind Ubiquitin
Directly
To further confirm that STAM proteins bind ubiquitin di-
rectly, we examined the ubiquitin-binding activity of puri-
fied, GST-tagged VHS domain, UIM, and N-terminal region
(1–192) of STAM2 by the pull-down assay. Whereas the
binding of the control GST protein was hardly detectable,
the VHS domain and UIM bound to the ubiquitin beads
independently (Figure 2A, left). In this assay, the VHS do-
main and UIM bound ubiquitin in a similar efficiency. Con-
sistent with the results shown in Figure 1, D and E, the
N-terminal region containing both the VHS domain and
UIM (1–192) bound it much more efficiently than either
individual domain. The UIM of Hrs bound ubiquitin to a
similar extent to the N-terminal region of STAM2 (1–192)
(Figure 2A).

Reciprocally, binding of ubiquitin in solution to immobi-
lized VHS domain and/or UIM of STAM2 was also exam-
ined. A mixture of polyubiquitin chains (dimer to heptamer)
was incubated with the VHS domain and/or UIM, which
were fused to GST and coupled to glutathione beads, and
bound ubiquitin chains were detected by Western blotting
with anti-ubiquitin antibody. Also in this assay, the ubiq-
uitin chains bound to the VHS domain and UIM to a similar
extent, and much more efficiently to the N-terminal region
(1–192) (Figure 2B). The control GST protein did not bind
ubiquitin, and the UIM of Hrs bound it as efficiently as the
N-terminal region of STAM2 (1–192) (Figure 2B).

These results indicate that both the VHS domain and UIM
in STAM2 can serve as a ubiquitin-binding site, and suggest
a synergistic effect of these domains on the binding when
they are tandemly located. It is, however, not known

Figure 1. Binding of STAM2 to ubiquitin. (A)
Domain structure of STAM2 and its mutants
used in this study. VHS domain, UIM, SH3
domain, and coiled-coil region are indicated.
(B) FLAG-tagged STAM2 was expressed in
HeLa cells and incubated with ubiquitin beads
(Ub) or control beads (cont) to which no ubiq-
uitin was conjugated. Bound proteins were sep-
arated by SDS-PAGE and detected by Western
blotting with anti-FLAG antibody. The input of
STAM2 (1.25%) was detected by Western blot-
ting of the same lysate as used in the pull-down
assay. (C–E) Ubiquitin pull-down assay of the
N-terminal region (amino acids 1–192) and the
C-terminal region (amino acids 188–523) of
STAM2 (C), STAM2 lacking the VHS domain
(�VHS), UIM (�UIM), or both (�VHS�UIM)
(D), and the VHS domain alone (VHS) com-
pared with the N-terminal region (1–192) of
STAM2 (E) is shown (top). In D, short exposure
(top) and long exposure (middle) of the West-
ern blot membrane are shown. An asterisk in
the middle of D indicates STAM2�VHS, which
was only detected after long exposure. The in-
put of the constructs was assessed by Western
blotting of the same lysates as used in the pull-
down assay and is shown in bottom panels. (F)
Binding of Hrs to STAM2 and its mutants. Ly-
sates of HeLa cells transfected with FLAG-
tagged full-length STAM2, N-terminal region
(1–192), or STAM2�VHS�UIM, were immuno-
precipitated (IP) with anti-Hrs antibody and
examined by Western blotting (IB) with anti-
FLAG (top) or anti-Hrs (middle) antibodies.
The expression level (input) of the STAM2 con-
structs was assessed by Western blotting of the
same lysates as used in the immunoprecipita-
tion (bottom).
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whether the VHS domain and UIM cooperatively bind a
single ubiquitin molecule or bind two ubiquitin molecules
independently in the context of the full-length protein.

STAM2 Binds Intracellular Ubiquitinated Proteins
To examine whether STAM proteins bind ubiquitinated pro-
teins, lysate of COS-7 cells transfected with FLAG-tagged
monoubiquitin was used for the pull-down assay with the
STAM2 VHS domain and/or UIM, which were coupled to
glutathione beads. Ubiquitinated proteins that bound to the
beads were detected by Western blotting with anti-FLAG
antibody. Although ubiquitinated proteins did not bind the
control GST protein, they bound both the VHS domain and
UIM (Figure 2C). Again, the binding activity was drastically
increased when these domains were tandemly located (Fig-
ure 2C, 1–192). The UIM of Hrs bound the ubiquitinated
proteins more efficiently than that of STAM2, but not as
efficiently as the N-terminal region (1–192) (Figure 2C).

These results suggest that STAM proteins bind ubiquiti-
nated proteins within cells via the VHS domain and UIM.

STAM1 Binds Ubiquitin in a Similar Manner to
STAM2
We next examined whether STAM1, the close homolog of
STAM2, binds ubiquitin in a similar manner. In the pull-
down assay, STAM1 also bound ubiquitin (Figure 3A, full-
length). In addition, deletion of the VHS domain from
STAM1 severely affected its ubiquitin-binding activity and
deletion of the UIM also reduced the binding to some extent
(Figure 3A, �VHS and �UIM). The VHS domain of STAM1
was also capable of binding ubiquitin, and the N-terminal
region containing both the VHS domain and UIM (1–213)
bound it more efficiently (Figure 3B). These results indicate
that STAM2 and STAM1 are functionally redundant in bind-
ing ubiquitin.

Figure 2. Direct binding of the STAM2 VHS
domain and UIM to ubiquitin and ubiquiti-
nated proteins. (A) The purified GST-tagged
VHS domain, UIM, and N-terminal region
(1–192) of STAM2, as well as the UIM of Hrs,
were incubated with ubiquitin beads, and
bound proteins were analyzed by Western
blotting with anti-GST antibody (left). The
bound GST fusion proteins are indicated by
arrowheads. The position of GST is indicated
by an asterisk. The input (10%) of the GST
fusion proteins detected by anti-GST anti-
body is shown (right). (B) A mixture of polyu-
biquitin chains was incubated with glutathi-
one beads to which the VHS domain, UIM,
and N-terminal region (1–192) of STAM2, as
well as the UIM of Hrs, were coupled. Bound
ubiquitin chains were detected by Western
blotting with anti-ubiquitin antibody (left).
The numbers on the right of the left panel
indicate the n values of the polyubiquitin
chain (Ubn). Larger bands represent multi-
meric complexes of ubiquitin with unknown
nature. Asterisks indicate background stain-
ing of the GST-fusion proteins, which were
faintly detected due to their large amount. (C)
Lysate of cells transfected with FLAG-ubiq-
uitin was incubated with glutathione beads to
which the VHS domain, UIM, and N-terminal
region (1–192) of STAM2, as well as the UIM
of Hrs, were coupled. Bound proteins were
separated by SDS-PAGE and ubiquitinated
proteins were detected by Western blotting
by using anti-FLAG antibody (left). The
amount of the GST fusion proteins used for
the pull-down assay was assessed by Western
blotting with anti-GST antibody (B and C,
right).
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Ubiquitin Binding of VHS Domains of Other
Proteins
The VHS domain is found in several proteins including Hrs.
We next examined whether VHS domains in other proteins
are also capable of binding ubiquitin. As shown in Figure
3C, none of the VHS domains tested (Hrs, GGA1, and Tom1)
exhibited detectable ubiquitin binding in a condition in

which the STAM2 VHS domain did. Although these results
do not completely exclude the possibility that other VHS
domains bind ubiquitin, they suggest that the VHS domains
of STAM proteins have higher ubiquitin-binding affinity
than, if any, that of other VHS domains. As reported previ-
ously (Bishop et al., 2002; Lloyd et al., 2002; Polo et al., 2002;
Raiborg et al., 2002), full-length Hrs bound ubiquitin al-
though less efficiently than STAM2 (Figure 3C).

STAM Proteins Colocalize with Hrs on the Early
Endosome
To elucidate the intracellular site where STAM proteins
interact with ubiquitinated proteins, the subcellular localiza-
tion of STAM proteins was examined. HeLa cells were tran-
siently transfected with HA-tagged STAM2 or STAM1, and
then stained with anti-HA antibody. In cells expressing a
low level of HA-STAM proteins, the proteins were mainly
localized to punctate structures in the cytoplasm (Figure 4, A
and B). These structures were also positive for endogenous
Hrs (Figure 4, A�, A�, B�, and B�), indicating that they are the
early endosomes. When HA-STAM2 was expressed at a
higher level, it was localized throughout the cytoplasm (Fig-
ure 4C). Staining with anti-Hrs antibody showed that over-
expression of STAM2 causes the enlargement of the Hrs-
positive early endosomes (Figure 4, C� and C�, arrows),
similar to the effect of Hrs overexpression (Komada et al.,
1997). STAM1 overexpression caused the same effect (our
unpublished data). Together with the previous observation
that Hrs and STAM proteins are tightly associated (Asao et
al., 1997; Takata et al., 2000), these results suggest that STAM
proteins function as a complex with Hrs on the early endo-
some.

Next, the subcellular localization of STAM2 mutants lack-
ing the VHS domain, UIM, or both, was examined. When
expressed at a low level, all the mutants exhibited a similar
localization pattern to that of the full-length protein (Figure
4, D–D�; our unpublished data). In contrast, the VHS domain
alone and the N-terminal region containing the VHS domain
and UIM (1–192) were localized throughout the cytoplasm
(our unpublished data). These results indicate that the ubiq-
uitin-binding activity is not required for the early endosomal
localization of STAM proteins.

STAM Overexpression Causes the Accumulation of
Ubiquitinated Proteins on the Early Endosome
If STAM proteins interact with ubiquitinated proteins on the
early endosome, their overexpression may affect the amount
of ubiquitinated proteins associated with this organelle. To
test this possibility, we examined the effect of overexpress-
ing STAM proteins and their deletion mutants on the ubiq-
uitination level of intracellular proteins. COS-7 cells were
transfected with HA-tagged STAM2 or STAM1 constructs,
together with FLAG-tagged ubiquitin. Ubiquitinated pro-
teins were immunoprecipitated with anti-FLAG antibody
and then detected by Western blotting by using the same
antibody. Overexpression of full-length STAM1 and STAM2
significantly increased the ubiquitination level of intracellu-
lar proteins, mostly ranging from 100 to 200 kDa, compared
with the mock transfection control (Figure 5, A and B, as-
terisks). This effect was not observed when mutants lacking
the VHS domain alone (�VHS) or both the VHS domain and

Figure 3. Binding of STAM1 and other VHS domains to ubiquitin.
FLAG-tagged STAM1 constructs (A and B) and VHS domains from
other proteins (C) were expressed in HeLa cells and examined by
the pull-down assay with ubiquitin beads. (A and B) Pull-down
assay of full-length STAM1 and its mutants lacking the VHS domain
(�VHS), UIM (�UIM), or both (�VHS�UIM) (A, top), as well as the
VHS domain alone (VHS) and an N-terminal region containing the
VHS domain and UIM (amino acids 1–213) (B, top). (C) Pull-down
assay of full-length Hrs and the VHS domains from Hrs, GGA1, and
Tom1, together with STAM2 and its VHS domain (top). The input of
the constructs was assessed by Western blotting of the same lysates
as used in the pull-down assay (bottom).
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UIM (�VHS�UIM) were overexpressed (Figure 5, A and B).
In contrast, deletion of the UIM alone gave only a moderate
reduction in the ubiquitination level observed with the full-
length proteins (Figure 5, A and B, �UIM). This was consis-
tent with the residual ubiquitin-binding activity of these
mutants (Figures 1D and 3A). These effects are not simply
due to overexpression of a ubiquitin-binding site because
the VHS domains alone (Figure 5, A and B, VHS) and the
N-terminal regions containing the VHS domain and UIM
(Figure 5A, 1–192 for STAM2; B, 1–213 for STAM1) had no
such effect. Instead, however, specific ubiquitinated proteins
were detected when the N-terminal regions were overex-
pressed (Figure 5, A and B, arrowheads). This effect must be
related to the ubiquitin-binding activity of these regions and
require the UIM, because these ubiquitinated proteins were
not detected when the VHS domains alone were overex-
pressed (Figure 5, A and B). The UIM was recently shown to
play a role in monoubiquitination of UIM-containing pro-
teins including eps15, epsin, Hrs, as well as STAM1 (Katz et
al., 2002; Polo et al., 2002). However, most of the ubiquiti-

nated proteins detected in Figure 5 were not the monoubiq-
uitinated forms of the STAM constructs as judged from their
size.

To reveal where these ubiquitinated proteins were accu-
mulated within the cells, cells transfected with FLAG-tagged
STAM2 or its deletion mutants were immunostained with
FK2, an antibody that recognizes the ubiquitin moiety of
ubiquitinated proteins (Fujimuro et al., 1994). In cells over-
expressing full-length STAM2, perinuclear vacuolar struc-
tures were often stained (Figure 6A�, arrows). Double stain-
ing with anti-Hrs showed that these structures are also
positive for Hrs, indicating that they are enlarged early
endosomes (Figure 6, B–B�). The proportion of cells exhibit-
ing such FK2-positive enlarged endosomes was reduced
when mutants lacking the ubiquitin-binding activity (�VHS,
�UIM, and �VHS�UIM) or consisting only of the ubiquitin-
binding site (VHS and 1–192) were overexpressed. Figure 6,
C–C� and D–D� show cells overexpressing STAM2�VHS
and the N-terminal region (1–192), respectively, and exhib-
iting no FK2-positive endosomes. The effects of the deletion

Figure 4. Localization of STAM proteins on
the early endosome. HeLa cells were tran-
siently transfected with HA-tagged STAM2
(A–A� and C–C�), STAM1 (B–B�), or
STAM2�VHS�UIM (D–D�), and double-
stained with anti-HA (A–D) and anti-Hrs (A�.
B�, C�, and D�) antibodies. A�, B�, C�, and D� are
merged images. Cells expressing a low level of
HA-STAM2 (A–A�) and those expressing a high
level (C–C�) are shown. Arrows in A–A�, B–B�,
and D–D� indicate typical early endosomes. Ar-
rows in C� and C� indicate enlarged early en-
dosomes in STAM2-overexpressing cells. Bars,
20 �m.
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constructs on the accumulation of ubiqutinated proteins
were quantified as a proportion of the FK2-positive cells
among those overexpressing each construct. Consistent with
the results of Western blot analysis (Figure 5), only a low
proportion of STAM2�VHS- and STAM2�VHS�UIM-over-
expressing cells exhibited FK2-positive enlarged endosomes
(Figure 6E). Overexpression of the VHS domain alone or the
N-terminal region (1–192) had similar effects (Figure 6E).
STAM2�UIM, in contrast, retained some activity to generate
FK2-positive early endosomes, although it was not as high
as that of the full-length protein (Figure 6E, �UIM). STAM2
lacking the SH3 domain had the same effect as the full-
length protein (Figure 6E, �SH3). Similar results were ob-
tained with STAM1 (our unpublished data).

These results suggest that STAM proteins interact with
ubiquitinated proteins on the early endosome and that the
VHS domain as well as the UIM play important roles in this
interaction.

Enlargement of the Early Endosome by STAM
Requires the VHS Domain and UIM
Overexpression of STAM2 causes enlargement of the early
endosome in HeLa cells (Figure 4, C–C�). To examine
whether the domains required for ubiquitin binding (i.e., the
VHS domain and UIM) are also required for this effect, we
transfected COS-7 cells with various STAM2 deletion mu-
tants and visualized the early endosomes by staining for
endogenous Hrs. Compared with full-length STAM2, which
caused enlargement of the organelle also in COS-7 cells
(Figure 7, A–A�), overexpression of STAM2�VHS,
STAM2�VHS�UIM, the VHS domain, or the N-terminal
region (1–192) had no effect or only slightly increased the
size of the early endosome in most of the cells (Figure 7, B–B�
and C–C�; our unpublished data). In contrast, STAM2�UIM

overexpression caused enlargement of the early endosome
(Figure 7, D–D�). Again, however, the effect was not as
efficient as that of the full-length protein. Figure 7E shows
the quantification of the proportion of cells exhibiting en-
larged early endosomes among those overexpressing each
deletion construct. STAM2�SH3 had a similar effect to that
of the full-length protein also in this assay. Similar results
were obtained with STAM1 (our unpublished data). These
results suggest that the ability of STAM proteins to bind
ubiquitin and to affect the early endosome morphology are
closely related.

Effect of STAM2 Overexpression on the EGF
Receptor Trafficking
On EGF stimulation, the EGF receptor is internalized and
delivered to the lysosome for degradation via the MVB
pathway (Felder et al., 1990). We next examined the effect of
STAM2 overexpression on the trafficking of the EGF recep-
tor. COS-7 cells were transfected with FLAG-tagged STAM2
or its deletion mutants and exposed to EGF for 3 h in the
presence of cycloheximide. The receptor localization was

Figure 6 (facing page). Accumulation of ubiquitinated proteins on
the early endosome in STAM2-overexpressing cells. (A–D�) COS-7 cells
were transfected with FLAG-tagged full-length STAM2 (A–A� and
B–B�), STAM2�VHS (C–C�), or N-terminal region (1–192) (D–D�). The
cells were stained with FK2 (A�, B�, C�, and D�), together with anti-
FLAG (A, C, and D) or anti-Hrs (B) antibodies. A�, B�, C�, and D� are
merged images. Arrows indicate enlarged early eodosomes in STAM2-
overexpressing cells. The nuclei (N) are also indicated in some cells.
Bars, 20 �m. (E) Proportion of cells exhibiting FK2-positive early en-
dosomes among those overexpressing the indicated STAM2 deletion
mutants. Mean � SD of three independent experiments are shown.

Figure 5. Accumulation of ubiquitinated
proteins in cells overexpressing STAM pro-
teins. COS-7 cells were transfected with
FLAG-tagged ubiquitin together with HA-
tagged STAM2 (A) or STAM1 (B) constructs.
The cells were lysed and ubiquitinated pro-
teins were detected by immunoprecipitation
(IP) followed by Western blotting (IB) with
anti-FLAG antibody (top). Expression of
STAM2 (A) and STAM1 (B) constructs as as-
sessed by Western blotting of the total cell
lysates with anti-HA antibody (bottom). Ubi-
quitinated proteins which are specific in cells
overexpressing full-length STAM2 or STAM1,
and those specific in cells overexpressing the
N-terminal regions (1–192 for STAM2, 1–213
for STAM1), are indicated by asterisks and
arrowheads, respectively.
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then visualized by immunofluorescence staining with anti-
EGF receptor antibody. Untransfected cells exhibited weak
EGF receptor staining, which is indicative of degradation of
the receptor in the lysosome (Figure 8, A�, B�, C�, and D�,
arrowheads). In cells overexpressing full-length STAM2, the
EGF receptor was localized to vacuolar structures around
the nucleus (Figure 8A�, arrows). These structures were

positive for Hrs (our unpublished results), suggesting that
inhibition of the EGF receptor trafficking to the lysosome led
to its accumulation on the early endosome. Although not as
effective as the full-length protein, STAM2�UIM retained
some activity to accumulate the EGF receptor on the or-
ganelle (Figure 8B�, arrows). In contrast, cells overexpressing
STAM2�VHS or the N-terminal region (1–192) were only

Figure 7. Enlargement of the early endosome
in STAM2-overexpressing cells. (A–D�) COS-7
cells were transfected with FLAG-tagged full-
length STAM2 (A–A�), STAM2�VHS (B–B�), N-
terminal region (1–192) (C–C�), or STAM2�UIM
(D–D�). The cells were double stained with anti-
FLAG (A, B, C, and D) and anti-Hrs (A�, B�, C�,
and D�) antibodies. A�, B�, C�, and D� are
merged images. Arrows in A�, A�, D�, and D�
indicate enlarged early endosomes in STAM2-
and STAM2�UIM-overexpressing cells. Arrows
in B�, B�, C�, and C� indicate STAM2�VHS- and
N-terminal region (1–192)-overexpressing cells
with early endosomes of normal size. The nucleus
(N) is also indicated (A� and A�). Bars, 20 �m. (E)
Proportion of cells exhibiting enlarged early endo-
somes among those overexpressing the indicated
STAM2 deletion mutants. Mean � SD of three
independent experiments are shown.
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slightly stained by anti-EGF receptor antibody, similar to
untransfected cells (Figure 8, C� and D�, arrows).
STAM2�SH3 had a similar effect to that of the full-length
protein (our unpublished data). These results suggest that

STAM proteins play a role in the trafficking of ligand-acti-
vated EGF receptor to the lysosome and that the VHS do-
main is essential for the function.

DISCUSSION

In this study, we demonstrate that STAM proteins bind
ubiquitin in a unique manner that involves the tandemly
located VHS domain and UIM. Accumulation of ubiquiti-
nated proteins and ligand-activated EGF receptor on the
early endosome in STAM-overexpressing cells suggests that
STAM proteins interact with ubiquitinated cargo proteins on
this organelle and participate in sorting these proteins for
trafficking to the lysosome.

VHS Domain as a Ubiquitin-binding Site
The VHS domain is present in eight mammalian proteins
(GGA1/2/3, Hrs, STAM1/2, Tom1, and Srcasm). Crystal
structures of the VHS domains in Hrs and Tom1 revealed
that the domain forms a super helix with eight � helices
(Mao et al., 2000; Misra et al., 2000). Because superhelical
domains of several other proteins serve as a site of protein–
protein interaction, the VHS domain has been suggested to
be a protein-binding site. Indeed, the VHS domains of GGA
proteins have been shown to bind the acidic-cluster
dileucine (ACLL) signal of sorting receptors such as the
mannose 6-phosphate receptors and sortilin (Nielsen et al.,
2001; Puertollano et al., 2001; Takatsu et al., 2001; Zhu et al.,
2001). In this study, we show that the VHS domains of
STAM proteins bind another protein, ubiquitin. This is the
second molecule identified as a ligand for the VHS domain,
and thus we herein demonstrate a novel function of the VHS
domain.

VHS domains other than those of GGA proteins do not
bind the ACLL signal (Puertollano et al., 2001; Takatsu et al.,
2001). The reason for this specificity was revealed from the
crystal structures of the GGA VHS domains in complex with
the ACLL signal of cation-independent mannose 6-phos-
phate receptor (Misra et al., 2002; Shiba et al., 2002; Kato et al.,
2002). This analysis demonstrated that the amino acid resi-
dues of the VHS domains critical for the ACLL signal bind-
ing are located in helices 6 and 8 and are conserved only in
GGA proteins. Similarly, the VHS domains from proteins
other than STAM (Hrs, GGA1, and Tom1) did not exhibit
detectable ubiquitin-binding activity (Figure 3C). Because
the sequence homology of the VHS domains between
STAM1 and STAM2 (74% amino acid identity) is much
higher than that between STAM proteins and others (�40%),
the amino acid residues conserved only in STAM proteins
are likely to play important roles in ubiquitin binding. How-
ever, as the VHS domains of Hrs, GGA1, and Tom1 used in
the pull-down assay were expressed in HeLa cells and not
purified, a possibility that cellular protein(s) bound to these
VHS domains and masked their ubiquitin-binding activity
cannot be excluded. To confirm the specificity of the STAM
VHS domain, therefore, it is necessary to compare their
ubiquitin-binding activity using purified domains.

Regions in ubiquitin that are essential for its function as a
sorting signal have been identified. A region surrounding
isoleucine44 is required to serve as both proteasomal degra-

Figure 8. Effect of STAM2 overexpression on the EGF receptor
trafficking. COS-7 cells were transfected with FLAG-tagged STAM2
(A and A�), STAM2�UIM (B and B�), STAM2�VHS (C and C�), or
N-terminal region (1–192) (D and D�), and treated with EGF for 3 h
in the presence of cycloheximide. The cells were double-stained
with anti-FLAG (A, B, C, and D) and anti-EGF receptor (EGFR; A�,
B�, C�, and D�) antibodies. Arrows in A� and B� indicate EGF
receptor-positive early endosomes in STAM2- and STAM2�UIM-
overexpressing cells. Arrows in C� and D� indicate cells overex-
pressing STAM2�VHS and the N-terminal region (1–192). Arrow-
heads indicate untransfected cells. The nuclei (N) are also indicated
(A�, B�, C�, and D�). Bars, 20 �m.
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dation and endocytosis signals, whereas a region surround-
ing phenylalanine4 is only required for endocytosis (Na-
katsu et al., 2000; Shih et al., 2000; Sloper-Mould et al., 2001).
In addition, isoleucine44 but not phenylalanine4 is required
for ubiquitin to bind the UIMs of Vps27 and Ent1 (Shih et al.,
2002). Further studies are necessary to determine whether
these regions are involved in the interaction with the STAM
VHS domain.

Manner of Ubiquitin Binding by STAM Proteins
The UIM was originally identified in the S5a subunit of the
19S regulatory complex of the 26S proteasome as a polyu-
biquitin-binding site (Young et al., 1998). Similar sequence
motifs were later found in a number of proteins involved in
the proteasomal and endocytic machinery (Hofmann and
Falquet, 2001). Recently, the UIMs in endocytic proteins
such as eps15, epsin, and Hrs were also shown to be critical
for ubiquitin binding of these proteins (Bilodeau et al., 2002;
Bishop et al., 2002; Polo et al., 2002; Raiborg et al., 2002; Shih
et al., 2002). STAM proteins also possess the UIM. However,
the manner of ubiquitin binding by this family of proteins is
unique compared with other UIM-containing proteins be-
cause their ubiquitin-binding activity was drastically re-
duced by deleting the VHS domain (Figures 1D and 3A). In
addition, the N-terminal region containing both the VHS
domain and UIM bound ubiquitin much more efficiently
than the individual domains (Figures 1E, 2, and 3B). These
results support the possibility that these domains play a
cooperative, rather than an additive, role on ubiquitin bind-
ing. It is not clear, however, whether the VHS domain and
UIM bind a single ubiquitin molecule by recognizing dis-
tinct regions of ubiquitin or if the domains individually bind
distinct ubiquitin molecules when tandemly located in the
full-length STAM proteins. A crystal structural analysis of
the VHS domain and UIM in complex with ubiquitin should
answer this question.

Hrs also binds ubiquitin and possesses the VHS domain
and UIM, raising the possibility that its manner of ubiquitin
binding is similar to that of STAM proteins. This is, how-
ever, unlikely because first, deletion of or point mutations in
the UIM of Hrs and its yeast ortholog Vps27 very signifi-
cantly reduce their ubiquitin-binding activity (Raiborg et al.,
2002; Shih et al., 2002; Bilodeau et al., 2002). Second, the Hrs
VHS domain exhibited undetectable ubiquitin-binding ac-
tivity in this study (Figure 3C). Finally, because the VHS
domain and UIM are not tandemly located but are divided
by the phosphatidylinositol (3)-phosphate-binding FYVE
domain in Hrs, it is unlikely that these domains function
cooperatively.

In the ubiquitin pull-down assay with the STAM con-
structs expressed in HeLa cells, deletion of the VHS domain
affected the binding much more severely than deletion of the
UIM (Figures 1D and 3A). However, the binding activity of
the UIM was not significantly different from that of the VHS
domain when the individual domains were purified as GST
fusion proteins (Figure 2). Although the reason for this
discrepancy is unclear, it may suggest that the UIM behaves
differently depending on whether it is embedded in the
full-length protein or it is isolated.

Role for STAM Proteins in Endosomal Protein
Sorting
Three phenotypes were observed in the early endosome of
cells overexpressing STAM proteins: accumulation of ubi-
quitinated proteins (Figures 5 and 6), accumulation of li-
gand-activated EGF receptor (Figure 8), and change in mor-
phology (enlargement) (Figures 4 and 7). As reported
previously (Komada et al., 1997; Chin et al., 2001; Raiborg et
al., 2001; Bishop et al., 2002), these effects were also caused by
Hrs overexpression, further suggesting that STAM proteins
and Hrs act cooperatively in the same cellular process. All
these effects were drastically diminished by deleting the
VHS domain and also diminished to some extent by deleting
the UIM from STAM proteins (Figures 5–8). The mutant
lacking the SH3 domain, on the other hand, was as effective
as the full-length protein (Figures 6 and 7; our unpublished
data). These results were in good correlation with the in
vitro ubiquitin-binding activity of the deletion mutants (Fig-
ures 1–3), strongly suggesting that interaction with ubiquitin
is required for STAM proteins to cause these cellular phe-
notypes. We cannot, however, rule out the other possibility
that the VHS domain has a function other than binding
ubiquitin, which is responsible for the phenotypes. The N-
terminal region of STAM2 containing only the VHS domain
and UIM was also hardly effective in causing the phenotypes
(Figures 5–8, 1–192), although it was sufficient for ubiquitin
binding (Figure 1C). Because this region does not bind Hrs
(Figure 1F), these results suggest that association with Hrs is
also required for STAM proteins to exert their function.

The class E Vps proteins are a category of proteins in
which gene disruption causes defective vesicular trafficking
via the endosome in yeast (Raymond et al., 1992). Recently,
three protein complexes composed of the class E Vps pro-
teins, endosomal sorting complex required for transport (ES-
CRT)-I (Vps23, Vps28, and Vps37), ESCRT-II (Vps22, Vps25,
and Vps36), and ESCRT-III (Vps2, Vps20, Vps24, and Snf7/
Vps32), were shown to be involved in sorting ubiquitinated
proteins in the MVB pathway (Katzmann et al., 2001, Babst et
al., 2002a,b). Mammalian orthologs of the components in the
ESCRT complexes have been identified, suggesting that the
MVB sorting machinery is conserved among eukaryotes
(Babst et al., 2000; Bishop and Woodman, 2001; Kamura et al.,
2001). Vps27, the yeast ortholog of mammalian Hrs, also
belongs to the class E Vps proteins and is required for
sorting ubiquitinated proteins in the MVB pathway (Shih et
al., 2002; Bilodeau et al., 2002). As is the case for Hrs and
STAM proteins in mammalian cells, it was recently shown
that Vps27 is associated with Hse1, a single yeast ortholog of
STAM proteins (Bilodeau et al., 2002). In addition, disruption
of the hse1 gene also leads to the class E vps mutant pheno-
type, including defects in 1) recycling of the sorting receptor
Vps10 to the TGN from the endosome, 2) formation of the
luminal vesicles of the MVB, and 3) sorting of ubiquitinated
proteins into the MVB vesicles (Bilodeau et al., 2002). An
Hse1 mutant protein lacking the UIM complements the
former two defects but not the third (i.e., sorting ubiquiti-
nated proteins), suggesting that the UIM of Hse1 plays a
specific role in sorting ubiquitinated proteins for the MVB
pathway. Together with these observations, our results pre-
sented in this study suggest that a complex of Hrs and
STAM sorts ubiquitinated proteins for the MVB pathway in
higher eukaryotes by directly binding to cargo proteins. The
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redundant activity of Hrs and STAM proteins to bind ubiq-
uitin may increase the capacity or efficiency of the complex
to sort ubiquitinated proteins on the early endosome. An-
other possibility is that one of the proteins first recognizes
ubiquitinated proteins, which are then presented to the
other during the sequential processes of the sorting path-
way.

In this study, we were not able to determine whether the
VHS domain and UIM of STAM proteins are required for the
lysosomal degradation of known ubiquitinated cargos (e.g.,
EGF receptor) in a quantitative manner. This was due to a
difficulty in examining the dominant-negative effects of
overexpressing mutants lacking these domains, because the
overexpression of the full-length STAM proteins exhibited
an inhibitory effect on the degradation (Figure 8). The same
effect has been demonstrated for Hrs. Although Hrs is be-
lieved to be required for the lysosomal trafficking of ubiqui-
tinated cargos, its overexpression inhibits that of the EGF
ligand/receptor complex (Chin et al., 2001; Raiborg et al.,
2001; Bishop et al., 2002). In these cases, alternative ap-
proaches such as knocking out/down an endogenous pro-
tein and exogenously expressing a moderate level of mutant
proteins are probably more useful. Further studies with such
approaches are necessary to determine the significance of
the VHS domain and UIM in the STAM function in the MVB
sorting of ubiquitinated proteins.

Although similar roles have been suggested for the Hrs/
STAM complex in higher eukaryotes and the Vps27/Hse1
complex in yeast, there might be some differences in the mech-
anisms of action between them. First, binding of Hse1 to ubiq-
uitin is undetectable in an experimental condition in which
Vps27 binds ubiquitin (Bilodeau et al., 2002), whereas STAM
proteins directly bind ubiquitin as demonstrated in this study.
In addition, Hrs has just one UIM whereas Vps27 has two
tandemly located functional UIMs (Hofmann and Falquet,
2001; Shih et al., 2002). Therefore, the two complexes may
interact with ubiquitinated proteins in a distinct manner. Sec-
ond, both Hrs and STAM proteins become tyrosine phosphor-
ylated in response to stimulation with growth factors and
cytokines (Komada and Kitamura, 1995; Takeshita et al., 1996;
Asao et al., 1997; Lohi et al., 1998; Takata et al., 2000), suggesting
that the function of the Hrs/STAM complex in sorting endo-
cytosed, ubiquitinated receptors is regulated by tyrosine phos-
phorylation. This will not be the case for the Vps27/Hse1
complex because yeast has no tyrosine-specific protein kinases.
In addition, it is not yet known whether ubiquitination serves
as an MVB sorting signal for newly synthesized lysosomal
hydrolases in mammals as no mammalian protein has been
shown to be ubiquitinated in the biosynthetic trafficking path-
way to the lysosome. Finally, the deubiquitinating enzyme
UBPY is associated with STAM proteins via their SH3 domains
(Kato et al., 2000). UBPY shares several conserved domains
such as the Cys and His boxes as well as the rhodanese ho-
mology domain with Doa4, a yeast deubiquitinating enzyme
that releases ubiquitin molecules from ubiquitinated cargoes in
the MVB pathway (Naviglio et al., 1998; Amerik et al., 2000).
Doa4 also interacts with Vps27 genetically (Amerik et al., 2000).
Therefore, in higher eukaryotes, UBPY may be recruited to the
endosome by STAM proteins and play a similar role as Doa4 in
yeast. However, Doa4 is possibly recruited to the endosome by
ESCRT-III because its component Vps24 is required for this
recruitment (Amerik et al., 2000). Therefore, the molecular

mechanisms of recruiting deubiquitinating enzymes might
also be distinct.

Elucidating how the interaction of the VHS domain and UIM
of STAM proteins with ubiquitinated proteins is involved in
the MVB sorting, as well as how the Hrs/STAM complex
interacts with other components of the sorting machinery such
as the ESCRT complexes, is important to understand the pre-
cise molecular mechanisms of the MVB sorting pathway in
mammalian cells.
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