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Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) is a prominent substrate for activated
tyrosine kinase receptors that has been proposed to play a role in endosomal membrane trafficking. The
protein contains a FYVE domain, which specifically binds to the lipid phosphatidylinositol (PI) 3-phosphate
(PI 3-P). We show that this interaction is required both for correct localization of the protein to endosomes that
only partially coincides with early endosomal autoantigen 1 and for efficient tyrosine phosphorylation of the
protein in response to epidermal growth factor stimulation. Treatment with wortmannin reveals that Hrs
phosphorylation also requires PI 3-kinase activity, which is necessary to generate the PI 3-P required for
localization. We have used both hypertonic media and expression of a dominant-negative form of dynamin
(K44A) to inhibit endocytosis; under which conditions, receptor stimulation fails to elicit phosphorylation of
Hrs. Our results provide a clear example of the coupling of a signal transduction pathway to endocytosis, from
which we propose that activated receptor (or associated factor) must be delivered to the appropriate endocytic
compartment in order for Hrs phosphorylation to occur.

Hepatocyte growth factor (HGF)-regulated tyrosine kinase
substrate (Hrs) is a prominent target for tyrosine phosphory-
lation following the activation of tyrosine kinase receptors
(11). It was initially shown to lie downstream of the HGF
(scatter factor) receptor c-met, but activation of other tyrosine
kinase receptors and by cytokines such as interleukin-2 and
granulocyte-macrophage colony-stimulating factor also results
in phosphorylation of Hrs (1). It is localized to transferrin
receptor-containing endosomes (12) and bears significant sim-
ilarity (including a FYVE-finger motif and a VHS domain) to
the Saccharomyces cerevisiae protein Vps27. Vps27 belongs to
the class E set of Vps mutants which are defective in transport
from the sorting endosome to the vacuole (2, 22). A highly
related protein, Hrs-2, has been shown to interact with
SNAP-25 and SNAP-23, homologous proteins which are in-
volved in regulated exocytosis and other intracellular fusion
events, respectively (3).

Two proteins that bind to Hrs have been identified which
have been named STAM (for signal-transducing adapter mol-
ecule) and Hrs binding protein (Hbp) (1, 31). They show 53%
sequence identity, each bears an SH3 domain, and both are
also tyrosine phosphorylated. In T cells, overexpression of Hrs
leads to suppression of cytokine-mediated DNA synthesis,
while a mutant unable to bind STAM is without effect (1). NIH
3T3 cells stably transfected with mutants of Hbp that lack the
SH3 domain or the binding site for Hrs are impaired in de-
grading internalized platelet-derived growth factor (31). This
latter result is consistent with a role for Hrs in regulating

transport from early to late endosomes (or multivesicular bod-
ies) proposed by analogy to Vps27 function in yeast.

The FYVE domain is a double zinc finger domain that has
been shown to specifically bind the lipid phosphatidylinositol
(PI) 3-phosphate (PI 3-P) (8, 19, 29). The domain can be
recognized in five proteins from baker’s yeast, Saccharomyces
cerevisiae, and in several mammalian proteins including early
endosomal autoantigen 1 (EEA1), Hrs, and SARA (Smad
anchor for receptor activation) (30, 38). In yeast, three of these
proteins have been implicated in the regulation of endocytic
trafficking events (Vps27, Fab1, and Vac1 [4]), while in mam-
malian cells EEA1 has been shown to regulate early endosome
fusion (16, 27). The function of the FYVE domain may be to
localize proteins to specific membranes, as in the case of
EEA1, or to allosterically regulate the function of membrane-
associated protein (7).

Localization studies of FYVE domain proteins in mamma-
lian cells are so far limited. As its name implies, EEA1 is
probably now considered the classical marker for early endo-
somes (18). On the basis of colocalization with transferring
receptor (12), Hrs may be expected to overlap with EEA1,
while SARA displays a punctate immunofluorescence-labeling
pattern also reminiscent of endosomes (33). If the FYVE–PI
3-P interaction specifies localization, then the distribution of
all FYVE proteins should overlap. However, other membrane-
associated factors may also influence protein distribution and
perhaps override this localization signal. In this paper, we
show that localization of epitope-tagged Hrs (Hrs-HA) only
partially overlaps with EEA1 at relatively low levels of ex-
pression.

We have proceeded to investigate the circuitry required for
Hrs phosphorylation. Our data lead us to propose that this
requires both endosomal localization by the Hrs FYVE do-
main interacting with PI 3-P and vesicular trafficking to the
same compartment.
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MATERIALS AND METHODS

Cell culture, plasmids, and transfections. Baby hamster kidney (BHK) cells
and HeLa cells were incubated in a 5% CO2 atmosphere in Glasgow minimal
essential medium supplemented with 5% fetal bovine serum and 10% tryptose
broth or Dulbecco’s modified Eagle medium supplemented with 10% fetal bo-
vine serum and 1% nonessential amino acids, respectively. K44A HeLa cells (a
generous gift of S. Schmid) were cultured in HeLa medium supplemented with
Geneticin (G418 sulfate; 400 mg/ml), puromycin (200 ng/ml), and tetracycline (1
mg/ml). For induction of K44A dynamin, tetracycline was withdrawn for 48 h
before the experiment. Expression of the HA-tagged dynamin mutant was mon-
itored by Western blotting and immunofluorescence. Typically, .95% of cells
expressed the K44A mutant, and the corresponding cells showed inhibition of
biotinylated epidermal growth factor (EGF) and transferrin uptake as judged by
labeling with streptavidin-Oregon Green 488.

For overexpression of HA-tagged Hrs, the previously described construct,
pmiw-Hrs-HA, was used (12). The deletion mutant used was pmiw-DZF-HA, in
which amino acids 166 to 215 have been removed (12). A 1.4-kb PmlI-NheI
fragment (nucleotides 175 to 1587 of the mouse Hrs open reading frame) of the
point mutant C215S and the point mutant Y216F was subcloned from pGEM-
C215S and pGEM-Y216F (B. Bremnes and H. Stenmark, unpublished data) into
pmiw. The point mutants C190S-HA and C190/215S-HA were generated by
site-directed mutagenesis of pmiw-Hrs-HA and pmiw-C215S-HA, respectively,
using the primers 59-GTGGGCAGATCTTCTCTGGCAAGTGCTCCTC-39
and 59-GAGGAGCACTTGCCAGAGAAGATCTGCCCAC-39. The point mu-
tant Y197F was generated by site-directed mutagenisis of pmiw-Hrs-HA using
the primers 59-CAAGTGCTCCTCCAAGTTCTCCACCATCCCCAAG-39 and
59-CTTGGGGATGGTGGAGAACTTGGAGGAGCACTTG-39. The GFP-
NAGTI construct was a gift from D. Shima (ICRF, London, United Kingdom).
HeLa cells were transfected using standard calcium phosphate precipitation.
Typically, 30 to 50% of cells expressed Hrs-HA 22 h posttransfection.

Antibodies and other reagents. Hrs polyclonal antibody generated against a
glutathione S-transferase–Hrs fusion protein has been previously described (11).
All HA antibodies were obtained from Babco. The polyclonal EEA1 antibody
against a His-tagged fusion protein encompassing amino acids 1098 to 1411 of
human EEA1 has been previously described (16). Complete overlap by immu-
nofluorescence was obtained with this antibody judged against monoclonal anti-
EEA1 (obtained from Transduction Laboratories). Monoclonal CD63 antibody
(CLB-gran12) was obtained from BIODESIGN International. ci-M6PR anti-
body was a gift from Paul Luzio, Cambridge, United Kingdom (23). The anti-
phosphotyrosine monoclonal antibody, PY20, was obtained from Transduction
Laboratories. Purified human EGF was obtained from J. Smith, Liverpool,
United Kingdom. Biotinylated EGF, transferrin, fluorescent streptavidin, and
secondary antibodies were from Molecular Probes.

Immunofluorescence. Transfected cells grown on coverslips were either first
extracted with 0.05% saponin in piperazine-N,N9-bis(2-ethanesulfonic acid)
(PIPES) buffer (80 mM PIPES–KOH [pH 7.0], 5 mM EGTA, 1 mM MgCl2) or
fixed immediately with 3% paraformaldehyde (PFA; TAAB Laboratories, Al-
dermaston, United Kingdom) in phosphate-buffered saline (PBS). Residual PFA
was quenched with 50 mM NH4Cl–PBS. Cells were permeabilized with either
0.05% saponin–PBS or 0.2% Triton X-100–PBS and were blocked with 10% goat
serum in PBS. All antibody dilutions were in 5% goat serum, and incubation
times were 20 to 30 min. Coverslips were mounted using Mowiol, and cells were
viewed using a Bio-Rad LaserSharp confocal microscope. Z sections were taken
at 260-nm steps and analyzed with the accompanying software.

EGF stimulation and detection of phosphorylated Hrs and Hrs-HA. Cells
were starved for 16 h in serum-free medium and then stimulated with 100 ng of
EGF per ml. When indicated, cells were preincubated for 15 min with 100 nM
wortmannin and then stimulated in the presence of 100 nM wortmannin. The
cells were washed three times with ice-cold PBS and lysed for 20 min on ice in
lysis buffer (25 mM Tris–HCl [pH 7.5], 100 mM NaCl, 0.5% NP-40, 50 mM NaF),
supplemented with mammalian protease inhibitor cocktail and phosphatase in-
hibitor cocktail II (Sigma). The lysate was precleared by centrifugation, and 0.6
to 1 mg of protein at 1 mg/ml was incubated with 5 ml of anti-Hrs or anti-HA and
protein A-Sepharose (Pharmacia). Immunoprecipitates were washed three times
with 25 mM Tris–HCl (pH 7.5) and 150 mM NaCl supplemented with phospha-
tase inhibitor cocktail II and then once in 10 mM Tris (pH 7.5) before prepa-
ration for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (with 8% polyacrylamide gels unless indicated otherwise). Following
SDS-PAGE, proteins were transferred to polyvinylidene difluoride membranes
(0.45-mm pore size; Millipore) which were blocked overnight with blocking buffer
(1% bovine serum albumin–0.1% Tween in 10 mM Tris [pH 7.5], 100 mM NaCl).
Primary and secondary antibody incubations were for 2 and 1 h, respectively, in
blocking buffer. Development of Western blots was by enhanced chemilumines-
cence with Pierce Supersignal. Blots were routinely stripped and reprobed to
assess that equal amounts of protein had been immunoprecipitated in each
sample.

Preparation of membrane and cytosolic fractions. Cells were homogenized in
homogenization buffer (10 mM HEPES–3 mM imidazole–HCl [pH 7.2], 250 mM
sucrose, mammalian protease inhibitor cocktail, phosphatase inhibitor cocktail
II) by repeated passage through a 23-gauge needle at 4°C and then were imme-
diately supplemented with 10 mM NaF. Membrane-particulate and cytosolic

fractions were prepared from postnuclear supernatants by ultracentrifugation for
15 min at 65,000 rpm in a Beckman TLA 100.2 rotor.

RESULTS

Hrs localizes to endosomal compartments. We expressed
epitope-tagged Hrs-HA in HeLa cells. At early time points
posttransfection (i.e., after 22 h), many cells exhibited a punc-
tate staining pattern that partially colocalized with the early
endosomal markers EEA1 and internalized transferrin, as well
as the late endosomal marker cation-independent mannose
6-phosphate receptor (M6PR) (Fig. 1). No colocalization with
the late endosomal marker CD63 was observed. When protein
expression levels are higher, most notably at later time points
posttransfection (Fig. 1B), large structures are formed, which
contain the majority of Hrs, EEA1, M6PR, and transferrin
receptor. These structures which may represent either aggre-
gates or fused endocytic compartments are completely distinct
from CD63-positive late endosomes and/or lysosomes (Fig.
1E). Note, however, that EEA1 and M6PR in nontransfected
cells localize to different compartments (data not shown). A
Golgi marker, GFP-NAGTI, is not included in these large
structures and Golgi morphology is maintained, indicating that
the perturbation is specific for elements of the endocytic path-
way (Fig. 1F). The anti-Hrs polyclonal antibody did not pro-
vide specific labeling under our fixation conditions (using
PFA). We have therefore confined our localization analysis to
epitope-tagged protein. The fact that we see excellent colocal-
ization of Hrs-HA with internalized transferrin (Fig. 1C) fits
well with previous studies of endogenous protein using meth-
anol fixation (12) and provides an indication that the distribu-
tion of Hrs-HA at low levels of expression is a reliable reflec-
tion of native protein.

We next analyzed the distribution and effects of expressed
Hrs-HA mutants (Fig. 2). Two expression vectors were pre-
pared that bear point mutations in cysteines (C190S and
C215S) located in the FYVE domain of Hrs. These cysteines
are required to coordinate distinct zinc atoms which are nec-
essary for FYVE finger conformation and consequently PI 3-P
binding (17). We also prepared the corresponding double mu-
tant and used a previously characterized mutant in which the
entire FYVE domain (Dfyve 5 DZF) has been deleted (12).
None of these mutants recapitulated the wild-type phenotype.
They were proportionately more cytosolic in appearance, and
the membrane-associated fraction decorated discrete struc-
tures lacking in EEA1, M6PR, transferrin receptor, and CD63
(Fig. 2 and results not shown). For all of the cysteine point
mutants, at high levels of expression these frequently pre-
sented as distinctive ring structures (Fig. 2D and J). The Dfyve
deletion mutant did not produce these structures. At longer
time points posttransfection, this mutant exhibited some over-
lap with EEA1 and transferrin receptor, particularly in some
larger structures that are formed (12).

PI 3-kinase activity is required for Hrs phosphorylation.
FYVE domains in proteins such as EEA1 and Hrs bind to PI
3-P, a product of some PI 3-kinase enzymes, most notably
hVPS34 (36). Treatment of HeLa or BHK cells with the PI
3-kinase inhibitor, wortmannin, leads to an almost complete
redistribution of EEA1 from membranes to the cytosol (16,
20). We similarly measured Hrs distribution between particu-
late and cytosolic fractions, prepared from cells treated or
untreated with wortmannin. The majority of Hrs is cytosolic
(11), but as with EEA1, there is a reduction of particulate-
associated Hrs following wortmannin treatment of both BHK
and HeLa cells (Fig. 3A). We also prepared an early-endo-
some-enriched fraction from BHK cells with a well-established
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flotation gradient as described by Gorvel et al. (9). Again, Hrs
association with this fraction was wortmannin sensitive (Fig.
3A).

We considered the hypothesis that PI 3-P-dependent local-
ization to membranes may be required for Hrs phosphoryla-
tion. As a first test, serum-starved HeLa cells were pretreated
with wortmannin or left untreated for 15 min prior to stimu-
lation with EGF for a further 8 min with or without wortman-
nin. We observed a phosphotyrosine signal associated with
immunoprecipitated Hrs that was entirely dependent on EGF
and could be completely inhibited by wortmannin at concen-
trations where it acts as a selective inhibitor of PI 3-kinase
enzymes (37) (Fig. 3B). A protein of approximately 72 kDa, for
which tyrosine phosphorylation was likewise EGF dependent
and wortmannin sensitive, coimmunoprecipitated with Hrs.

We consider that this protein is likely to be STAM, Hbp, or a
related protein. When we immunoprecipitate Hrs-HA from
transfected cells with an anti-HA antibody, we obtain similar
results with respect to Hrs but do not pull down the associated
protein (Fig. 3B). We also repeated this experiment using
HGF to stimulate the cells and obtained equivalent results
(data not shown). This indicates that PI 3-kinase activity is
likely to be a general requirement for Hrs phosphorylation and
not specific to a given receptor.

An intact FYVE domain is required for efficient Hrs phos-
phorylation. One consequence of treating cells with wortman-
nin is to inhibit the hVPS34 PI 3-kinase enzyme (36), which
solely and constitutively produces PI 3-P, the lipid that accu-
mulates on endosomes and binds to FYVE domains. If this
interaction is necessary for phosphorylation, then removal or

FIG. 1. Immunolocalization of Hrs-HA. HeLa cells were transfected with Hrs-HA and processed for immunofluorescence at 22 (A, C, D, E, and F) or 40 (B) h
posttransfection. The cells were either saponin permeabilized before fixation (A, B, D, and F) or fixed immediately and permeabilized with Triton X-100 (C and E)
and costained with anti-HA (shown in red) and either anti-EEA1 (A and B), anti-M6PR (D), or anti-CD63 (E) (all shown in green). Cells shown in panel C were
incubated for 15 min with biotinylated transferrin (25 mg/ml in Dulbecco’s modified Eagle medium) prior to fixation and costained with Oregon Green 488-labeled
streptavidin. Cells shown in panel F were also cotransfected with GFP-NAGTI. All panels show a composite of a Z series taken at 260-nm intervals. Large bodies were
apparent in cells expressing large amounts of Hrs, which were more frequent at longer times posttransfection (B) but could also be seen in a minority cells at earlier
times (E and F). These structures contain EEA1 (B), M6PR, and transferrin receptor (data not shown) but exclude lysosomal and Golgi markers (E and F).
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mutagenesis of the FYVE domain should similarly ablate
phosphorylation.

Overexpressed Hrs-HA in HeLa cells is phosphorylated fol-
lowing EGF stimulation, similar to the endogenous protein.
This phosphorylation is also greatly reduced by wortmannin
treatment (73% 6 8% inhibition; n 5 4 (Fig. 3B and D). When
FYVE domain mutants (C215S, C190S, C190/215S, and Dfyve)
of Hrs-HA are expressed at the same levels, the corresponding
level of phosphorylation is also greatly reduced (Fig. 3C), in
fact to a level similar to that achieved by wortmannin treat-
ment (Fig. 3D). Out of 30 total tyrosine residues in Hrs, there
is one tyrosine (Y197) within the FYVE domain and one
adjacent to the final cysteine (Y216). It was therefore impor-
tant to assess their contribution to the phosphotyrosine pool in
case their ability to act as substrates was directly perturbed by
the FYVE domain mutations that we introduced. Mutation of
either of these tyrosines to phenylalanine did not significantly
affect the intensity of Hrs-associated phosphotyrosine and

therefore cannot account for the large reduction in phosphor-
ylation observed with FYVE mutations (Fig. 3C and D).

Endocytosis is required for Hrs phosphorylation. Hrs par-
tially localizes to early endosomes, where it can specifically
bind the PI 3-kinase product PI 3-P. We wondered if it might
be necessary for the EGF receptor (or a downstream effector)
to be delivered to this location by endocytic vesicle transport in
order for phosphorylation to occur. Immunofluorescence stud-
ies demonstrated that a substantial fraction of internalized
EGF reaches an Hrs-HA-positive compartment following an
8-min incubation pulse, mimicking our stimulation conditions
(Fig. 4A through I). We could not detect internalized EGF in
compartments labeled with mutant forms of Hrs-HA even af-
ter 30 min of internalization (see, for example, Figure 4J
through L for 8-min internalization; 30-min internalization not
shown). We first used a rather crude method of inhibiting
clathrin-coated vesicle-mediated internalization, that of incu-
bating cells in hyperosmotic medium (10). This condition com-

FIG. 2. FYVE domain mutants of Hrs do not colocalize with EEA1. HeLa cells were transfected with Hrs-HA (A to C), C215S-HA (D to F), DZF-HA (G to I),
or C190/215S-HA (J to L) and processed for immunofluorescence at 22 h posttransfection. The cells were either saponin permeabilized before fixation to highlight the
particulate structures (A to F) or fixed immediately and permeabilized with Triton X-100 (G to L) and costained with anti-HA (shown in red) and anti-EEA1 (shown
in green). The areas indicated with a star are shown enlarged in the insets (A through F). All panels show a single confocal section.
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pletely abrogated EGF-dependent tyrosine phosphorylation of
Hrs (Fig. 5A). We also obtained similar results when we de-
pleted the plasma membrane of cholesterol using b-methylcy-
clodextrin (data not shown), another treatment which has been
shown to inhibit endocytosis (25). We required a more specific
intervention and turned to a stably transfected HeLa cell line,
which when cultured in the absence of tetracycline expresses a
dominant-negative form of dynamin (K44A), a protein essen-
tial for clathrin-coated vesicle-mediated endocytosis (34). In
these experiments, more than 95% of cells in culture were able
to express HA epitope-tagged K44A dynamin upon tetracy-
cline withdrawal. Expression of K44A dynamin inhibited in-
ternalization of transferrin and EGF as judged by immunoflu-
orescence (data not shown) and correspondingly inhibited
EGF-dependent phosphorylation of Hrs and its associated 72-
kDa polypeptide (Fig. 5B).

Phosphorylated Hrs is predominantly cytosolic. The sim-
plest model to explain the foregoing data is that recruitment of
Hrs to the early endosome via PI 3-P interaction with the
FYVE domain is required for Hrs phosphorylation, by or
downstream of an internalized factor. We examined the distri-
bution of endogenous Hrs between particulate-membrane and
cytosolic constituents of a HeLa cell postnuclear supernatant.
Immunoblot analyses performed on total proteins from mem-

branes and cytosol of cells treated or untreated with EGF did
not reveal any redistribution of bulk Hrs following stimulation
(data not shown). We found the majority of Hrs to be cytosolic
and most surprisingly that the phosphorylated form is propor-
tionately enriched in the cytosol (Fig. 6). In fact, it was difficult
to detect the tyrosine-phosphorylated form associated with the
membrane fraction.

DISCUSSION

The discovery of the FYVE domain as a PI 3-P binding
motif has encouraged some general questions about its cellular
utilization. In the best-studied case of EEA1, it is required for
membrane association through PI 3-P binding, although the
picture is somewhat complicated by the ability of this domain
to interact with other membrane-associated factors such as
rab5 and syntaxin 6/13 (15, 26, 27). Does the distribution of
FYVE domain proteins therefore reflect the subcellular distri-
bution of PI 3-P, or does it tend to reflect statistical cooperat-
ivity with more-specific interacting factors? It is also possible to
imagine that the interaction with PI 3-P may be used to allos-
terically regulate a protein while membrane localization is con-
ferred by other interactions.

We have chosen to study the protein Hrs which contains a

FIG. 3. PI 3-kinase activity together with an intact FYVE domain is required for EGF-dependent tyrosine phosphorylation of Hrs. (A) Wortmannin sensitivity of
membrane association. (Left) Membrane fractions were prepared from HeLa and BHK cells that had been preincubated for 15 min with (1) or without (2) 100 nM
wortmannin (Wort). (Right) A fraction enriched in early endosomes (EE) by separation on a flotation gradient as described by Gorvel et al. (9) was prepared from
BHK cells pretreated for 15 min with (1) or without (2) 100 nM wortmannin. In each case, 10 mg of protein was analyzed by SDS–12% PAGE, followed by transfer
to nitrocellulose and blotting with anti-Hrs antibody. (B) Hrs phosphorylation is sensitive to wortmannin. Nontransfected or Hrs-HA-transfected HeLa cells were
starved for 16 h in serum-free medium, then preincubated for 22 h posttransfection for 15 min with (1) or without (2) wortmannin, and stimulated for 8 min with EGF
(100 ng/ml) with (1) or without (2) wortmannin (100 nM). A lysate was prepared from the nontransfected and transfected cells and subjected to immunoprecipitation
with anti-Hrs or anti-HA antibodies, respectively. Phosphorylation was assessed by immunoblotting with PY20 antibody. Molecular weight markers are indicated. (C
and D) An intact FYVE domain is required for efficient Hrs phosphorylation. (C) HeLa cells were transfected with either Hrs-HA, DZF-HA, Y197F-HA, Y216F-HA,
C215S-HA, C190S-HA, or C190/215S-HA. Cells were starved for 12 h before the experiment. The cells were stimulated at 22 h posttransfection with 100 ng of EGF
per ml, then lysed, and processed as described in Materials and Methods. The lysates were subjected to immunoprecipitation with anti-HA antibody, and the
immunoprecipitated proteins were analyzed by immunoblotting with PY20 antibody (top). Levels of expression of the different mutants were compared by immuno-
blotting 25 mg of lysate with anti-HA antibody (bottom). Quantitation of collected experiments (n $ 3, for each mutant) is shown in panel D. Mutation of the FYVE
domain reduces phosphorylation to levels similar to those seen in the presence of wortmannin (Hrs 1 Wrt, n 5 4).
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classical FYVE domain that has been shown to bind PI 3-P (5,
8). It is a candidate regulator of endocytic membrane traffic,
and its prominent tyrosine phosphorylation provides us with an
easily measurable output for probing the influence of the
FYVE domain–PI 3-P interaction. Hrs has previously been
localized to endocytic compartments on the basis of colocal-
ization with transferrin receptor (12). We have now examined
the overlap with EEA1 in some detail and find this is by no
means complete. Using expression of epitope-tagged Hrs-HA,
we find that at relatively low levels of overexpression there is
considerable overlap with EEA1-labeled punctae but that
there remain many punctae which label with only one of either
marker (Fig. 1A and 2A through C). This demonstrates for the
first time that possession of a FYVE domain need not dictate
localization to a shared compartment. High levels of Hrs-HA
expression lead to the creation of large structures which show

a high degree of colocalization between Hrs, EEA1, transferrin
receptor, and the late endosomal marker M6PR, although they
remain distinct from Golgi markers and the late endosome-
lysosome marker CD63 (Fig. 1). We interpret this to indicate
that Hrs specifically influences the dynamics of multiple endo-
cytic compartments which merge when the protein is overex-
pressed, perhaps due to promotion of vesicle aggregation or of
vesicle fusion. A related protein, Hrs2, is proposed to nega-
tively regulate exocytosis by competing with VAMP for
SNAP-25 binding, thereby inhibiting SNARE complex forma-
tion (32). If function is conserved, then it may be that the large
structures represent aggregates of vesicles that accumulate via
a tethering step, prior to SNARE complex formation and com-
mitment to fusion (6). It is also possible that large endocytic
vacuoles may form if multivesicular body formation at the
sorting endosome is blocked by Hrs expression, similar to those

FIG. 4. Internalized EGF colocalizes with Hrs-HA but not with C190S-HA. HeLa cells were transfected with Hrs-HA (A through I) or C190S-HA (J through L)
and starved in serum-free medium for 12 h. Biotinylated EGF (50 ng/ml) was internalized for 8 min, and the cells were fixed with PFA and processed for
immunofluorescence. The cells were labeled with anti-HA antibody, followed by a Texas red-coupled secondary antibody (A, D, G, and J; red in overlays). Internalized
EGF was labeled with streptavidin coupled to Oregon Green 488 (B, E, H, and K; green in overlays). Panels A to C, D to F, and G to I show three consecutive sections
taken at 260-nm intervals. Note the corresponding labeling pattern for HA and EGF in single channels (first and second columns). Arrows have been used to highlight
examples of punctae associated with both labels. In panels D to F, a constellation of double-labeled punctae bounded by a box is also shown at higher magnification.
Panels J to L show a single confocal section.
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which accumulate with class E mutants in yeast (28). As the
M6PR traverses the early endosome en route to late endo-
somes where it accumulates (14), the observed colocalization
of M6PR with early endosomal markers is consistent with this
model.

What then specifies Hrs compartmental localization? Our
data are most consistent with a multiplicity of signals. When we
disrupt FYVE domain structure by mutation of cysteines that
coordinate zinc, we shift the distribution towards the cytosol,
and the membrane fraction that remains no longer overlaps
with EEA1 or other markers we have studied. Instead, we find
the expressed proteins confined to distinct structures which
frequently adopt a unique ring appearance. When we overex-
press Hrs-HA, it is less sensitive to wortmannin than endoge-
nous protein, in that the membrane-bound fraction does not
fall off to the same degree. Perhaps, in this case, high levels of
expression allow efficient interaction with an accessory factor
through mass action. Thus, we propose that FYVE–PI 3-P
interactions may cooperate with a second interaction located
elsewhere in the protein to specify the localization of wild-type
protein. When the whole FYVE domain is removed, mem-

brane interaction reverts to the second interaction utilized by
the wild-type protein. In the absence of statistical cooperativity
with PI 3-P binding, the overall affinity for membranes is re-
duced, and there is now no overlap with EEA1 unless the
protein is expressed at very high levels (data not shown). Al-
though these data are striking, we regard the formation of ring
structures by the cysteine mutants as an epiphenomenon at
present.

EGF reaches Hrs-HA-positive compartments within our
8-min stimulation period (Fig. 4). Importantly, it fails to reach
the compartments labeled by any of the FYVE domain mu-
tants even after a 30-min incubation when overlap with wild-
type protein is even more striking, as assessed by immunoflu-
orescence. We hypothesized that Hrs phosphorylation may
reflect the coincidence of PI 3-P-determined localization of
Hrs to an endosomal compartment together with vesicle-me-
diated internalization of activated receptor (or effector) to that
same compartment. This model requires that depletion of PI
3-P, disruption of the PI 3-P-interacting FYVE domain, or
inhibition of endocytosis should abrogate EGF-dependent
phosphorylation of Hrs. Our data show that each of these
requirements is met. Depletion of PI 3-P by wortmannin, dis-
ruption of the FYVE domain by mutation and inhibition of
endocytosis by hypertonic medium, or overexpression of dom-
inant-negative mutant dynamin leads to failure of phosphory-
lation.

There are of course caveats to some of our experiments. We
have used wortmannin to inhibit PI 3-kinase activity; this will
undoubtedly inhibit the hVps34 enzyme believed to generate
PI 3-P that accumulates on endosomes but will also inhibit
other members of the PI 3-kinase family, including the p110
catalytic subunit which associates with activated growth factor
receptors via a p85 adapter subunit (21). We cannot therefore
completely discount a supplementary role for class 1 PI 3-ki-
nase activity in Hrs phosphorylation although the effects of
mutations in the FYVE domain argue strongly for a role for
hVps34. Expression of dominant-negative dynamin has been
shown to change the binding affinity of EGF receptors at the
plasma membrane (24). With regard to this latter point, we
have used saturating conditions of ligand and while EGF re-
ceptor phosphorylation is itself somewhat reduced (Fig. 5) as
previously described (35), many other EGF-dependent ty-
rosine phosphorylations occur as efficiently as in control cells.

FIG. 5. Clathrin-mediated endocytosis is required for EGF-dependent tyrosine phosphorylation of Hrs. (A) HeLa cells were starved for 16 h in serum-free medium
and stimulated for 8 min with (1) or without (2) EGF (100 ng/ml) in the absence (Con.) or presence (Hyp [hypertonic medium]) of 450 mM sucrose. The cells were
lysed, and proteins were immunoprecipitated with anti-Hrs antibody. Immunoprecipitated and total proteins (lysate) were analyzed by immunoblotting with PY20
antibody. (B) Stably transfected K44A cells (1Tet) were induced to express a dominant negative dynamin mutant by tetracycline withdrawal (2Tet). Cells were then
starved for 16 h in serum-free medium, stimulated for 8 min with EGF (100 ng/ml), and lysed. Tyrosine-phosphorylated proteins immunoprecipitated with anti-Hrs
antibody, and total proteins from triplicate experiments were analyzed as described in the legend to panel A. No phosphotyrosine signal was immunoprecipitated in
the absence of EGF (data not shown). The tyrosine-phosphorylated band in the lysate just below the 198-kDa marker corresponds to EGF receptor and is decreased
in the absence of clathrin-mediated endocytosis in the results shown in panels A and B.

FIG. 6. Phosphorylated Hrs is predominantly cytosolic. HeLa cells were
starved for 16 h in serum-free medium and stimulated for 8 min with 100 ng of
EGF per ml. Postnuclear supernatant (P), membranes (M), and cytosol (C) were
prepared as described in Materials and Methods. Equal amounts of protein were
then subjected to immunoprecipitation with anti-Hrs antibody and analyzed by
immunoblotting with PY20 antibody (top) or anti-Hrs (bottom). Molecular
weight markers (prestained) are indicated.
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Although it is simplest to assume that the requirement for
endocytosis reflects a requirement for receptor internalization,
it is also possible that internalization of a downstream effector
is the relevant event. In COS-7 cells, expression of mutant
dynamin K44A inhibits mitogen-activated protein kinase acti-
vation following EGF stimulation, but it appears that endocy-
tosis of activated mitogen-activated protein kinase kinase is
required rather than that of the receptor itself (13).

We have used tyrosine phosphorylation as our measurable
output to provide a vivid example that combines several con-
temporary themes in discussion of signal transduction path-
ways: localization, coincidence detection, and dynamic regula-
tion resulting from membrane traffic. As yet, the function of
Hrs tyrosine phosphorylation is unclear. Although we believe
phosphorylation occurs at the endosomal membrane, the phos-
phorylated protein is proportionately more cytosolic. We pro-
pose, then, that phosphorylation is used as a switch for trans-
location to the cytosol where it may carry out signaling
functions together with associated proteins such as STAM or
Hbp. If we assume that membrane-associated Hrs influences
endocytic trafficking (and this is certainly true following over-
expression) (Fig. 1), this leaves us with the attractive notion
that an incoming receptor can govern its own fate by stimulat-
ing Hrs phosphorylation on endosomes. Further experiments
will be needed to decide exactly which aspect of trafficking Hrs
regulates and whether it acts as a clamp or a stimulator.
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