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Mutations in the hook gene alter intracellular trafficking of internalized ligands in Dro-
sophila. To dissect this defect in more detail, we developed a new approach to visualize
the pathway taken by the Bride of Sevenless (Boss) ligand after its internalization into R7
cells. A chimeric protein consisting of HRP fused to Boss (HRP-Boss) was expressed in R8
cells. This chimera was fully functional: it rescued the boss mutant phenotype, and its
trafficking was indistinguishable from that of the wild-type Boss protein. The HRP
activity of the chimera was used to follow HRP-Boss trafficking on the ultrastructural
level through early and late endosomes in R7 cells. In both wild-type and hook mutant eye
disks, HRP-Boss was internalized into R7 cells. In wild-type tissue, Boss accumulated in
mature multivesicular bodies (MVBs) within R7 cells; such accumulation was not ob-
served in hook eye disks, however. Quantitative electron microscopy revealed a loss of
mature MVBs in hook mutant tissue compared with wild type, whereas more than twice
as many multilammelar late endosomes were detected. Our genetic analysis indicates
that Hook is required late in endocytic trafficking to negatively regulate delivery from
mature MVBs to multilammelar late endosomes and lysosomes.

INTRODUCTION

Eukaryotic cells carefully regulate trafficking of internal-
ized proteins (reviewed in Mukherjee et al., 1997). In
most cells, endocytic vesicles deliver internalized cargo
to early endosomes from which many proteins are shut-
tled back to the plasma membrane through a recycling
compartment (Ghosh et al., 1994). Other proteins accu-
mulate in vacuolar subcompartments of early endo-
somes before their transformation into mature multive-
sicular bodies (MVBs)1 named for their characteristic
morphology (Stoorvogel et al., 1991; Dunn and Maxfield,

1992; van Deurs et al., 1993; Futter et al., 1996). From
MVBs, endocytic cargo is delivered to morphologically
distinct prelysosomal structures, the multilammelar late
endosomes (Gruenberg and Maxfield, 1995; van Deurs et
al., 1995; Futter et al., 1996; Mullock et al., 1998). The
biochemical mechanisms that regulate these trafficking
events late in the endocytic pathway are not well under-
stood (Mukherjee et al., 1997).

The genetic dissection of endocytosis and vacuolar deliv-
ery in yeast has contributed much to our understanding of
the underlying biochemical mechanisms (Wendland et al.,
1998). Many genes have been identified that are required in
the early and late phases of trafficking from the yeast cell
surface to the vacuole (Riezman, 1993; Stack et al., 1995).
Different subclasses of these genes affect specific steps along
the endocytic and biosynthetic pathways, and their conser-
vation suggests similar roles for their mammalian counter-
parts (Horazdovsky et al., 1994; Odorizzi et al., 1998; Sato et
al., 1998).
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Mutations in Drosophila constitute a resource for the
genetic dissection of endocytic trafficking in multicel-
lular organisms (Lloyd et al., 1998). Notably, the dis-
covery that the shibire gene encodes the Drosophila
homologue of Dynamin was important for revealing
Dynamin function (Chen et al., 1991; van der Bliek and
Meyerowitz, 1991). Early work on the shibire gene
suggested its role in pinching endocytic vesicles from
the plasma membrane (Kosaka and Ikeda, 1983a,b), a
hypothesis recently confirmed by detailed biochemi-
cal analysis (Damke et al., 1994; Sweitzer and Hin-
shaw, 1998; Takei et al., 1998).

A direct effect of the shibire mutation on receptor-
mediated endocytosis was first demonstrated for the
Bride of Sevenless (Boss) ligand (Krämer et al., 1991).
A search for additional mutations that altered inter-
nalization of Boss revealed a role for the Drosophila
hook gene in endocytic trafficking (Krämer and Phistry,
1996). At the light microscopy level, the effects of hook
and shibire mutations appeared similar: the amount of
detectable Boss protein in R7 cells was reduced com-
pared with wild type. An analysis of a viable hook null
allele revealed considerable differences in the func-
tional consequences of hook and shibire mutations,
however. For example, the shibire mutation caused
paralysis and defects in cell–cell communication dur-
ing development (Ramaswami et al., 1993; Seugnet et
al., 1997), processes unaffected by a complete loss of
hook function (Krämer and Phistry, 1999).

Initial insights into the function of Hook were pro-
vided by molecular analysis. The hook gene encodes a
cytoplasmic dimeric protein of 679 amino acids with an
extended central coiled coil domain, which is conserved
in two human homologues (Krämer and Phistry, 1996,
1999). Immunohistochemical studies revealed that Hook
localizes to endocytic vesicles and large vacuoles that are
distinct from lysosomes (Krämer and Phistry, 1996). This
localization indicates that Hook may function late in
endocytic trafficking. To better understand the role of the
Hook, we sought to determine the specific step in endo-
cytosis altered by the hook mutation.

The Boss ligand serves as a convenient marker for
analyzing endocytic trafficking in Drosophila. Boss is a
transmembrane protein with seven membrane-span-
ning segments and a large extracellular domain (Hart
et al., 1990). In eye imaginal disks, Boss is expressed
only on the surface of R8 photoreceptor cells (Krämer
et al., 1991). Upon binding to the Sevenless receptor on
the neighboring R7 cell, the entire Boss transmem-
brane ligand is internalized into R7 cells by receptor-
mediated endocytosis (Cagan et al., 1992). The term
“trans-endocytosis” has been coined to describe such
internalization of transmembrane ligands across cell
boundaries (Klueg et al., 1998).

To characterize trafficking of Boss through the en-
docytic compartments of R7 cells in more detail, we
modified a method first introduced by Connolly et al.

(1994) and Stinchcombe et al. (1995) to analyze Golgi
protein trafficking. They fused the enzyme HRP to
proteins and then followed these tagged proteins
through the Golgi complex by electron microscopy
(EM). This method provides two important benefits
for the analysis of late endocytic trafficking. First, ul-
trastructural detection of HRP activity is straightfor-
ward using 3,39-diaminobenzidine (DAB) as a sub-
strate. Second, whereas most ligands are quickly
degraded in the destructive environment of late endo-
somes and lysosomes, the HRP enzyme remains stable
at low pH and in the presence of lysosomal enzymes.

We fashioned a chimera between HRP and Boss and
then followed its movement through the endocytic
compartments of wild-type Drosophila and mutants
affecting endocytic trafficking

MATERIALS AND METHODS

Fly Stocks and Transgenic Flies
The shits1 and w1118; cu boss1 stocks were obtained from Mani Ra-
maswami (University of Arizona, Tucson, AZ) and Larry Zipursky
(University of California, Los Angeles, CA), respectively, and have
been described (Lindsley and Zimm, 1992). Recombining the hk11

null mutation with the P[w1, gen.HRP-Boss]17 transgene (see below)
simultaneously removed the cn and bw mutations and at least one
unknown lethal mutation from the original hk11 chromosome
(Krämer and Phistry, 1999).

The HRP-Boss Chimera
DNA encoding HRP (Hartmann and Ortiz de Montellano, 1992;
Connolly et al., 1994) was inserted into an 8-kb genomic fragment
containing the entire boss gene (Hart et al., 1993a) using standard
PCR-based cloning. The insertion site was just 39 to the DNA
encoding the signal sequence of Boss after histidine 33 (Hart
et al., 1990). The resulting sequence was V L E C H(33) a g
MQLTPT . . . . SNSGG H(33) G A D L T S P T K K S A P. Bold letters
indicate sequences derived from Boss, and italic letters represent the
inserted full-length HRP enzyme. Two amino acids indicated in
lower case were introduced as spacers. Histidine 33 was repeated in
the Boss sequence 39 to the inserted HRP sequences. This region of
Boss is most divergent between the Drosophila melanogaster and
virilis Boss proteins, suggesting that it is not directly involved in
binding to the Sevenless receptor (Hart et al., 1993b). After cleavage
of the signal peptide, the HRP enzyme constituted the new N
terminus of the mature chimeric protein (Figure 1A).

The boss gene containing the HRP sequences was cloned into the
pCaSpeR transformation vector yielding the construct pCapser-
gen.HRP-Boss (Thummel and Pirrotta, 1992), and transgenic flies
were established by injecting it into w1118; boss1 cu flies using stan-
dard techniques (Rubin and Spradling, 1982). From four transgenic
lines that expressed Boss in the wild-type Boss pattern, we chose a
line carrying the P element expressing HRP-Boss, P[w1, gen.HRP-
Boss]17, on the second chromosome for all further experiments,
because its level of expression was indistinguishable from that of
wild-type Boss.

The HRP-coding sequences were also introduced into a boss
cDNA at the same position relative to the Boss protein (39 to histi-
dine 33). This cDNA construct was introduced in the pCaSpeR-HS
vector (Thummel and Pirrotta, 1992) for heat-inducible expression
in tissue culture cells.
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Light Microscopy
Cell surface expression of Boss and HRP-Boss in S2 tissue culture
cells was detected by anti-Boss antibodies (anti-Boss NN1, at a
dilution of 1:3000) and FITC-labeled secondary antibodies as previ-
ously described (Krämer et al., 1991). In tissue culture cells, intrinsic
HRP activity of HRP-Boss was visualized using DAB (Connolly et
al., 1994). In eye disks, Boss proteins were detected by light micros-
copy using primary anti-Boss antibodies (anti-Boss NN1, 1:3000),
HRP-conjugated secondary antibodies, and the Ni21-enhanced DAB
method previously described (Sevrioukov et al., 1998). Two fixation
steps in the eye disk staining protocol abolished the intrinsic HRP
activity of HRP-Boss (our unpublished results). For quantitative
assays, we counted R7 cells with detectable internalized Boss pro-
tein. Boss staining in R7 cells was judged by examining different
focal planes of stained eye disks (Sevrioukov et al., 1998). To score
for the presence of R7 cells, adult eyes were fixed, embedded in
plastic, and sectioned as described (Van Vactor et al., 1991).

EM
Eye imaginal disks were fixed and embedded as described by Van
Vactor et al. (1991). Sections (30–50 nm) were poststained in 5%
uranyl acetate in 50% methanol/water and Reynold’s lead citrate
and examined on a Jeol (Tokyo, Japan) 1200 transmission electron
microscope. For quantitative analysis of the hook mutant phenotype,
we assessed the endocytic pathway in eye disks from wild-type,
hk11, and hk8 larvae. For each genotype we analyzed ;85 ommatidia
(;1500 cells) in each of three eye disks, totaling at least 250 omma-
tidia. Within an ommatidium, vesicles recognized as part of the
endocytic pathway were counted at 30,000-fold magnification and
categorized into three groups according to the criteria of Futter et al.
(1996): 1) immature MVBs (vacuoles containing one to five internal
vesicles), 2) mature MVBs (large vacuoles containing more than five
internal vesicles), and 3) multilammelar late endosomes or lyso-
somes. Statistical analysis of the number of vesicles from each
category of wild type versus hk11 or hk8 was performed using a
two-tailed Student’s t test assuming equal variance.

To visualize the HRP-Boss chimera by EM, eye imaginal disks
were dissected in PBS and incubated in the membrane-permeable
substrate DAB (0.5 mg/ml) for 10 min, and then H2O2 was added to
a final concentration of 0.003%. Note that this HRP development
step acts as an initial fixation step (Futter et al., 1996). After 20 min,
stained eye disks were washed in PBS, further fixed for 30 min in 2%
paraformaldehyde, 0.075 M lysine, 0.01 M NaIO, 0.037 M phosphate
buffer, pH 7.4, and 1 h in 2% glutaraldehyde, and then processed for
EM as described above. By contrast to HRP expressed in mamma-
lian tissue culture cells (e.g., Stinchcombe et al., 1995), even modest
fixation with 2% paraformaldhyde considerably reduced intrinsic
HRP activity of the chimeric protein expressed in transgenic flies.

The shits1 mutation was used to block internalization of the HRP-
Boss chimera into R7 cells. Third instar larvae of the genotype shits1

w; P[w1, gen.HRP-boss]17 or wild-type flies carrying the P[w1,
gen.HRP-boss]17 transgene were incubated at the nonpermissive
temperature (30°C) for 1 or 2 h. At 30°C, immobilized larvae were
dissected in prewarmed (37°C) PBS and incubated in 0.5 mg/ml
DAB in PBS (30°C) for 10 min. H2O2 was added to a final concen-
tration of 0.003%. After 20 min, eye disks were fixed as described
above and processed for EM.

To capture early events in endocytosis, shits1 w; P[w1, gen.HRP-
boss]17 third instar larvae were incubated at 30°C for 1 h and then
placed at room temperature for 5 min. Eye disks were dissected and
incubated in 0.5 mg/ml DAB for 10 min before HRP activity was
visualized as described above.

Molecular Biology Techniques
Standard molecular biology techniques were used as described
(Ausubel et al., 1994). To test expression of HRP-Boss in tissue
culture cells, S2 cells were transfected with the pCaSpeR-HS-HRP-

Boss vector using previously described methods (Krämer et al.,
1991). For Western analysis, extracts from 106 S2 cells expressing
wild-type Boss, HRP-Boss, or no Boss proteins were prepared in 13
Laemmli loading buffer and separated by SDS-PAGE. After transfer
to nitrocellulose membranes, Boss proteins were detected using
anti-Boss NN1 antibodies (1:3000) and enhanced chemilumines-
cence (Pierce Chemical, Rockford, IL). Molecular weight markers
were prestained proteins (Life Technologies, Grand Island, NY).

RESULTS

The HRP-Boss Chimera
To follow the pathway of internalized Boss in R7 cells,
we fused HRP to the N terminus of the mature Boss

Figure 1. The HRP-Boss chimera exhibits HRP activity. (A) Sche-
matic diagram indicates the site of fusion between the HRP protein
and the extracellular N terminus of the mature Boss protein. (B)
Western analysis confirmed that the chimeric protein (HRP-Boss,
lane 3) was expressed as a single protein with the expected increase
in size compared with the Boss protein (Boss, lane 2). The diffuse
appearance of Boss and HRP-Boss are due to the high degree of
glycosylation of Boss (Hart et al., 1993b). Untransfected S2 cells (S2,
lane 1) were used as a control. Immunofluorescence staining (anti-
Boss NN1 antibodies) of untransfected S2 cells (C) and cells express-
ing either Boss (D) or HRP-Boss (E) confirmed that the chimeric
protein was transported to the cell surface like wild-type Boss. HRP
activity stain of these cells indicated that HRP-Boss expressed on the
cell surface retained its activity (H), whereas no HRP activity was
detected in S2 (F) or S2:Boss control cells (G).
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protein (Figure 1A). We first assessed whether we had
created a functional transmembrane protein by ex-
pression in S2 Drosophila tissue culture cells. The chi-
meric HRP-Boss protein was detected at the expected
mass of ;150 kDa (Figure 1B). Addition of the HRP
moiety did not affect the transport of Boss to the cell
surface, as determined by its unchanged accessibility
to anti-Boss antibodies (Figure 1, C–E). Finally, the
chimeric HRP-Boss protein had substantial enzymatic
activity, as demonstrated by the DAB substrate (Fig-
ure 1, F–H). No secreted soluble HRP activity was
detected in media of cells expressing HRP-Boss (our
unpublished results).

HRP-Boss also retained the R7-inducing activity of
Boss. A genomic 8-kb fragment of the boss gene is
sufficient to direct R8-specific expression and to rescue
the boss mutant phenotype (Hart et al., 1993a). When
HRP-Boss was expressed in transgenic flies under con-
trol of this boss genomic fragment, the HRP moiety
did not perturb the inductive activity of Boss. The
HRP-Boss transgene, P[w1, gen.HRP-boss], rescued
the boss mutant phenotype and restored normal de-
velopment of R7 cells, which are missing in boss mu-
tants (Figure 2). Together, these assays confirmed that
we had successfully produced a fully functional HRP-
Boss transmembrane ligand.

HRP-Boss Expression in Eye Imaginal Disks
Boss function is required for neural induction of R7
cells early in larval development. Cellular differentia-
tion in the Drosophila eye is initiated at the posterior
rim of the larval eye imaginal disk (Wolff and Ready,
1993). The morphogenetic furrow, which can be rec-
ognized as an indentation of the apical surface, marks
the leading edge of development as it moves from
posterior to anterior across the eye disk. As a result,

development occurs in a graded manner; each row of
ommatidia, numbered from the furrow in the poste-
rior direction, is ;2 h less mature than the neighbor-
ing posterior row. Within this gradient of develop-
ment, Boss expression in R8 cells is initiated at row 3,
and its internalization into R7 cells occurs in rows 5–12
(Krämer et al., 1991). Most of the following analysis
was restricted to this window in development. In the
developing ommatidia, different cell types can be rec-
ognized based on their stereotyped positions, shapes,
and contacts to neighboring cells (Wolff and Ready,
1993).

First, we compared the localization of the HRP-Boss
protein to that of the endogenous Boss protein. When
evaluated by antibody staining and light microscopy,
both the endogenous Boss protein (Figure 3A) and the
HRP-Boss chimera (Figure 3C) were detected on the
apical surface of R8 cells and internalized into R7 cells.
Internalization of HRP-Boss into R7 cells was depen-
dent on the Sevenless receptor (Figure 3E) as previ-
ously described for the wild-type Boss protein
(Krämer et al., 1991; Cagan et al., 1992). We concluded
that the expression pattern and trafficking of the HRP-
Boss chimera was indistinguishable from that of en-
dogenous Boss at this level of analysis.

Next, we compared the detection of HRP-Boss by its
intrinsic HRP activity to its detection by antibodies.
HRP activity was specific for HRP-Boss, because no
endogenous HRP activity was observed in wild-type
eye disks (Figure 3B). In transgenic lines expressing
the chimera, the typical pattern of apical surface stain-
ing on R8 cells and the staining of internalized Boss in
R7 cells emerged (Figure 3D). HRP activity in R7 cells
was dependent on the presence of Sevenless receptor
(Figure 3F), indicating that it entered R7 cells by re-
ceptor-mediated endocytosis.

Two instructive differences were evident between
the detection of HRP-Boss using antibodies and using
its intrinsic HRP activity. First, a larger number of
stained internal vesicles were detected in R8 and R7
cells by HRP activity (Figure 3, compare C and D).
Second, Boss antibody staining was not detectable in
the R7 cells of ommatidia in which expression of the
Sevenless receptor on the R7 cell surface had ceased
(Figure 3A, posterior to row 11; also see Tomlinson et
al., 1987). This indicates rapid degradation of the Boss
protein after its internalization into R7 cells. However,
HRP activity in R7 cells of transgenic flies persisted to
the posterior edge of the eye imaginal disk, often .20
rows after the passing of the morphogenetic furrow
(Figure 3D, inset). This corresponds to a time of .16 h
after the cessation of Sevenless receptor expression on
R7 cells. These findings are consistent with previous
reports that, in mammalian cells, the HRP enzyme
remains active after its internalization into lysosomes
(Futter et al., 1996). Persistent HRP activity in the
absence of anti-Boss antibody staining is therefore

Figure 2. The HRP-Boss chimera rescues the boss phenotype. Light
micrographs of plastic sections of adult eyes from either a boss1

mutant (A) or a boss1 mutant expressing the HRP-Boss transgene (B)
revealed that the HRP-Boss transgene rescued the boss phenotype
and restored normal development of R7 cells, which can be recog-
nized by their small, centrally located rhabdomeres in each omma-
tidium in these apical sections. The relevant genetic backgrounds
are indicated. Bar, 10 mm.
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likely to reflect the survival of the HRP moiety in late
endosomes and lysosomes long after the Boss compo-
nent of the chimeric protein has vanished.

Endocytic Trafficking of Boss in Wild-Type R7 Cells
To analyze Boss trafficking in more detail, we visual-
ized HRP activity by EM. In R8 cells, localization of
the HRP-Boss fusion protein was similar to that of the
wild-type Boss protein by immuno-EM (Krämer et al.,
1991). The intrinsic activity of HRP-Boss was first de-
tected in the Golgi and in vesicles in R8 cells (Figure
4B). We did not detect Golgi labeling in other cell
types, consistent with the R8-specific expression of the
HRP-Boss chimera. On the R8 cell plasma membrane,
no staining was detectable at the basolateral surface,
whereas strong staining decorated the microvilli and
the cell surface just basal to the microvilli (Figure 4, C
and D). In sections ;5 mm below the apical surface of
R7 cells, we detected the dramatic accumulation of
HRP activity in endocytic structures (Figure 4E). These
images confirm that the HRP-Boss chimera is a pow-

erful tool for visualizing the endocytic compartment
in Drosophila.

HRP staining on the R8 cell surface often appeared
in patches (Figure 4, D–F), which is likely to reflect
oligomeric ligand–receptor complexes. Such com-
plexes seemed to be pulled into R7 cells (e.g., Figure
4F). Such trans-endocytosis of membrane-bound Boss
should produce in R7 cells HRP-stained vesicles with
internal vesicles. Such structures were observed next
to the R8–R7 interface in R7 cells (Figure 5A). This
endocytic stage appeared short lived, however, be-
cause it was only rarely captured in electron micro-
graphs, even when endocytosis was blocked using the
shibire mutation (see below). Only two of several hun-
dred R7 cells exhibited the type of endocytic structure
shown in Figure 5A.

After internalization into R7 cells, HRP-Boss was
detected in all classically described endocytic struc-
tures. It could be found in tubular and tubular-vesic-
ular early endosomes (Figures 4E and 5, B and C) and
in mature MVBs larger than 300 nm with many inter-

Figure 3. The HRP-Boss chimera
is internalized into R7 cells by re-
ceptor-mediated endocytosis. Eye
imaginal disks expressing either
the endogenous Boss protein (A
and B) or the HRP-Boss chimera in
the absence of wild-type Boss
(C–F) were either stained with an-
ti-Boss antibodies (A, C, and E) or
developed for HRP activity intrin-
sic to the chimera (B, D, and F).
Antibodies detected endogenous
Boss (A) and HRP-Boss (C) on the
apical R8 cell surface (large dots of
staining) and internalized into R7
cells (arrowheads). Recognition of
R7 cells in the eye disk is based on
their stereotyped positioning rela-
tive to the R8 cell in each omma-
tidium (A, inset). As described for
wild-type Boss (Krämer et al.,
1991), uptake of the HRP-Boss chi-
mera into R7 cells was dependent
on the presence of the Sevenless
receptor, because it was not ob-
served in sevX1 mutant eye disks
(E). Similar results were obtained
when the HRP-Boss chimera was
visualized by its HRP activity (D
and F), whereas no HRP activity
stain was detected in wild-type eye
disks (B). In HRP-Boss–expressing
eye disks, HRP activity was de-
tected in R7 cells up to the poste-
rior edge of the disk .16 h after
Boss internalization into R7 cells
(D, inset). Whereas some vesicles
in other cells next to R8 cells might also exhibit weak labeling, EM analysis revealed that the vast majority of HRP activity is restricted to R8
and R7 cells (see Figures 4–8). For these panels and similar images of eye imaginal disks in Figures 6 and 8, posterior is to the left, and the
right edge of each panel corresponds to row 3, the onset of Boss expression (Krämer et al., 1991). The relevant genotypes were Oregon R (A
and B), w1118; P[w1, gen.HRP-Boss]17; boss1 (C and D), and sevX1; P[w1, gen.HRP-Boss]17; boss1 (E and F). Bar, 5 mm.
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nal vesicles (Figure 5, D and E). We also noted smaller
vacuoles of a size of 120–150 nm, which appeared to
correspond to immature MVBs (Futter et al., 1996).
These small MVBs (Figure 5D, arrow) were often in-
tensely stained, and it was rarely possible to unequiv-
ocally outline the few internal vesicles. And finally,
HRP activity was detected in multilammelar struc-
tures that are late endosomes or lysosomes (Figure
5G). The presence of large vacuolar structures com-
posed of both multilammelar and multivesicular sec-
tions (Figures 4E and 5F) was consistent with previous
findings that these structures can fuse directly (Futter
et al., 1996). The endocytic compartments labeled by
the HRP-Boss chimera were morphologically indistin-
guishable from those described in mammalian tissue
culture cells (reviewed in Mukherjee et al., 1997).

Blocking Endocytosis Using shibire
To establish the temporal order in which Boss is
transported through these endocytic structures, we
blocked endocytosis using the shits1 mutation, a tem-

perature-sensitive allele of the shibire gene, which
encodes the Drosophila homologus of the mamma-
lian Dynamin protein (Chen et al., 1991; van der
Bliek and Meyerowitz, 1991). At the permissive tem-
perature, shits1 eye disks were indistinguishable
from wild type. At the nonpermissive temperature,
Boss internalization was blocked in shits1 mutants
(Krämer et al., 1991). In accordance with this previ-
ous finding, staining with anti-Boss antibodies de-
tected a dramatic reduction of HRP-Boss in R7 cells
after 1 h at the nonpermissive temperature (compare
Figures 3A and 6A). Under these conditions, only
6% of R7 cells between rows 5 and 12 exhibited
anti-Boss staining (Figure 6A, arrowheads; n 5 5 eye
disks), whereas antibodies detected Boss in 63% of
corresponding wild-type R7 cells (n 5 5). After 2 h
at the nonpermissive temperature, HRP-Boss could
no longer be detected with anti-Boss antibodies in
R7 cells (Figure 6C). By contrast, the detection of
HRP activity in R7 cells was not substantially
changed at the light microscopy level when the

Figure 4. The HRP-Boss chimera
reveals Boss trafficking on the ultra-
structural level. (A) Schematic
drawing of a developing ommatid-
ium indicates the relative position
of the eight photoreceptor cell bod-
ies (1–8), which can be identified
based on their shapes and their spe-
cific contacts to neighboring cells
(Wolff and Ready, 1993). Photore-
ceptor cells R1–R3 in the front are
broken away to reveal the central
R8 cell and the neighboring R7 cell.
The levels of EM sections in B–E are
indicated in the diagram. At the R8
perinuclear level (B), HRP activity
was detected in the stacks of the
Golgi complex of R8 cells. No label-
ing was detected on the basolateral
R8 cell surfaces. From the Golgi
complex, HRP-Boss was trans-
ported to the apical microvilli of R8
cells (C). In sections just below the
microvilli (D), the apical R8 cell sur-
face was specifically labeled by
HRP activity. At a slightly more
basal level (E), the specific uptake
of HRP-Boss into R7 cells was re-
vealed. Whereas weak HRP stain-
ing was sometimes observed in
cells other than R7, especially R3,
R4, and cone cells, only R7 cells
consistently exhibited the dramatic
staining of the multitude of vesicu-
lar and vacuolar structures that
constitute the endocytic compart-
ment. (F) Occasionally, we ob-
served patches of stained R8 cell

surface pulled into the R7 cell. A was reprinted with modifications from (Krämer et al., 1991) by permission from Nature (copyright 1991
Macmillan Magazines Ltd.). Relevant genotypes were w1118; P[w1, gen.HRP-Boss]17; boss1. Bar: B and D, 0.25 mm; C, 0.3 mm; E, 0.4 mm; F,
0.16 mm.
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endocytosis of HRP-Boss was blocked for 1 or 2 h by
the shits1 mutation (Figure 6, B and D).

The basis for this differential behavior of the HRP
activity stain compared with antibody detection became
obvious after analysis of shibire eye disks at the EM level.
After a 1-h block of endocytosis at the nonpermissive
temperature, HRP activity was dramatically reduced in
early endocytic structures and mature MVBs and had
been chased into multilammelar late endosomes and
lysosomes (Figure 7A). After a 2-h block, this shift was
complete; no stained MVBs were observed in .60 R7
cells examined (n 5 3 eye disks), whereas intense stain-
ing was still observed in multilammelar late endosomes
or lysosomes (Figure 7, C–E).

Strikingly, we did observe unstained mature MVBs
in R7 cells after a 2-h block of endocytosis (Figure 7, D
and E, open arrows) and occasionally even after a 1-h
block (Figure 7A, open arrow). Such unstained mature
MVBs were never observed in .200 wild-type R7 cells
examined (n 5 7 eye disks). Together, these data in-
dicate that anti-Boss antibody staining in R7 cells re-
flected Boss present in MVBs and that HRP activity in
the absence of accompanying Boss staining reflected
HRP-Boss after degradation of its Boss moiety in the
proteolytic environment of the multilammelar late en-
dosomes and lysosomes (see DISCUSSION).

The shibire mutation was also useful to define early
endocytic structures after the trans-endocytosis of
Boss. To release a synchronized pulse of Boss internal-
ization, shits1 eye disks were returned to 22°C after a
1-h block of endocytosis at the nonpermissive temper-
ature (Tsuruhara et al., 1990). After 15 min at the
permissive temperature, eye disks were processed for
the ultrastructural detection of HRP activity. Under
these conditions, a majority of HRP activity was de-
tected in small vesicles and tubular early endosomes
(Figure 7F). These tubular structures were reminiscent
of tubular early endocytic structures described in
mammalian tissue culture cells (Mukherjee et al., 1997)
and Drosophila oocytes (Tsuruhara et al., 1990). We
concluded that the pathway through the endocytic
compartment is highly conserved between Drosophila
and mammalian cells. Furthermore, although the
trans-endocytosis of the Boss transmembrane ligand
into R7 cells may be unusual, these results indicated
that its pathway through the endocytic compartments
was similar to the pathway of internalized ligands in
mammalian tissue culture cells.

Endocytic Trafficking of Boss in R7 Cells Mutant for
hook
The HRP-Boss transgene was used to determine the
effect of hook mutations on endocytic trafficking. When
analyzed by light microscopy after antibody staining,
the hk11 null mutation appeared to block Boss accu-
mulation similar to the shibire mutation (compare Fig-
ures 6, A and C, and 8A). When detected by HRP
activity, however, there appeared to be no reduction
in the uptake of HRP-Boss into hk11 mutant R7 cells
(Figure 8B) when compared with wild-type R7 cells
(Figure 3D). By EM the strikingly different subcellular
localization of HRP-Boss in hk11 R7 cells was revealed.
In wild-type eye disks, a large fraction of HRP activity
appeared in mature MVBs (e.g., Figures 4E and 5). In
hk11 mutant R7 cells, HRP activity was evident in
small, immature MVBs (Figure 8, C and D, arrows);
however, no stained mature MVBs were detected. Fi-
nally, multilammelar late endosomes or lysosomes
were prominently labeled (Figure 8, C and D, stars).

Figure 5. The internalized HRP-Boss chimera labels typical early
and late endocytic structures in R7 cells. Internalized HRP-Boss was
identified in electron micrographs by its HRP activity. Adjacent to
the R8–R7 cell interface, HRP activity could be detected in vesicles
with an internal vesicle (A), likely to represent patches of R8 cell
surface pulled into R7 cells by the Boss–Sevenless interaction. Inside
R7 cells, HRP-Boss was detected in all the typical endocytic struc-
tures: tubular (B) and tubular-vacuolar (C) large, mature MVBs (D
and E), and multilammelar late endosomes or lysosomes (G). Struc-
tures of character intermediate to those of MVBs and multilammelar
endosomes (F) were consistent with the previously described direct
fusion between these compartments (Futter et al., 1996). Bar: F, 120
nm; A–E and G, 200 nm.
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To confirm that this change in the endocytic com-
partment of hk11 mutant cells was not induced by the
expression of HRP-Boss, we analyzed hk11 mutant tis-
sue by quantitative EM in the absence of the trans-
gene. Three components of the endocytic pathway
could be easily identified based on their morphology
(Futter et al., 1996): 1) small, immature MVBs with one
to five internal vesicles, 2) large, mature MVBs that
contained more than five internal vesicles, and 3) mul-
tilammelar late endosomes or lysosomes. These struc-
tures were counted in apical sections through at least
250 ommatidia in eye disks from wild-type and hk11

larvae. Consistent with the results obtained in eye
disks expressing HRP-Boss, we found no difference in
the number of small, immature MVBs between wild-
type and hk11 tissue (Figure 9A; p . 0.5). By contrast,
the number of large mature MVBs in hk11 tissue was
dramatically reduced to a level one-sixth that of wild-
type tissue (Figure 9B; p , 0.01). Furthermore, the
number of multilammelar late endosomes or lyso-
somes was significantly increased in hk11 mutant tis-
sue (Figure 9C; p , 0.01). To confirm that these
changes were caused by the loss of hook function and
were not due to a different mutation in the genetic
background, we analyzed a second, strong loss of
function hook allele, hk8 (Krämer and Phistry, 1999).
Ultrastructural analysis of the hk8 allele revealed a loss
of mature MVBs and an increase in multilammelar late
endosomes or lysosomes, indistinguishable from the
changes observed in the hk11 null allele (Figure 9).

DISCUSSION

To explore the effect of the hook mutation on endocytic
trafficking, we have established a new tool, the HRP-

Boss transgene, to follow the pathway of the endocy-
tosed Boss ligand on the ultrastructural level. We
found that the most drastic change in the endocytic
pathway of hook mutant cells was the lack of mature
MVBs and the overabundance of multilammelar late
endosomes or lysosomes. These results indicate that
hook encodes a novel activity, which stabilizes mature
MVBs and negatively regulates transport to late endo-
somes (Figure 10).

The relationship of these late endocytic structures
had previously not been explored in Drosophila. Our
analysis established that the journey of the Boss trans-
membrane protein through the endocytic pathway of
R7 cells is very similar to that of many endocytosed
ligands in mammalian cells. HRP activity of HRP-Boss
highlighted tubular and tubular-vesicular early endo-
somes, MVBs, and multilammelar late endosomes,
which are the classic intermediate compartments
through which endocytosed ligands are transported to
lysosomes (Figure 10; Mukherjee et al., 1997). Al-
though we have not directly demonstrated transport
of internalized cargo from MVBs to multilammelar
structures, the time course of the endocytic pathway
established using the shibire mutation is consistent
with such models previously proposed for mamma-
lian cells (e.g., Felder et al., 1990; Gruenberg and Max-
field, 1995; Futter et al., 1996; Mullock et al., 1998).

In mammalian cells, MVBs are thought to be dy-
namic structures that are generated from early endo-
somes and consumed by their fusion to late multilam-
melar endosomes or lysosomes (Gruenberg and
Maxfield, 1995; Futter et al., 1996). Ligands found in
mature MVBs of mammalian cells have progressed
beyond the early endocytic compartment, which is in

Figure 6. The shits1 mutation blocks
Boss internalization. Light micro-
graphs of eye disks reveal the block
of Boss endocytosis in shits1 mutant
larvae after 1 h (A and B) or 2 h (C
and D) at the nonpermissive temper-
ature (30°C). The reduced level of
Boss internalized into R7 cells was
visualized with anti-Boss antibody
staining (compare A and C with Fig-
ure 3A). However, no change could
be detected in HRP activity in R7
cells (B and D). The relevant geno-
types of the larvae were w1118 shits1;
P[w1, gen.HRP-Boss]17. Bar, 12 mm.
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fast exchange with the recycling compartment (Mayor
et al., 1993); however, they have not yet been exposed
to lysosomal hydrolases. Our observations of mature
MVBs in Drosophila cells are fully consistent with these
properties. Whenever antibody staining detected in-

ternalized HRP-Boss in R7 cells, EM demonstrated the
accumulation of HRP activity in MVBs.

Similarly, our results were consistent with previous
descriptions of large multilammelar structures as late
endosomes or lysosomes, the compartments in which
endocytosed proteins are degraded (Mukherjee et al.,
1997). Under several conditions, we could detect in-
ternalized HRP-Boss by HRP activity but not by anti-
body staining. In such cases, EM revealed that HRP
activity was present in multilammelar late endosomes
or lysosomes but not in mature MVBs. In this context,
it is important to note that the HRP enzyme is resistant
to lysosomal hydrolases and remains active for many
hours after its internalization into lysosomes (e.g., Fig-
ure 3; Futter et al., 1996). Thus, a straightforward ex-
planation for the discrepancy between the presence of
HRP-Boss by HRP activity and its absence according
to anti-Boss antibody staining is the presence of active
lysosomal hydrolases in multilammelar late endo-
somes that degrade the Boss portion of the chimera
but not HRP activity.

Multiple mechanisms could explain the effect of hook
mutations on mature MVBs and late endosomes. We
favor a model in which the wild-type Hook protein is
directly required for the stability of mature MVBs by
inhibiting their fusion to multilammelar late endo-
somes or lysosomes (Figure 10). We propose that hook
mutations result in an increased rate of transport of
internalized ligands to multilammelar late endosomes
causing premature degradation of ligands. This model
is consistent with the following observations. First,
Hook was detected on endocytic vesicles and vacuoles
but not lysosomes by indirect immunofluorescence
(Krämer and Phistry, 1996). Second, internalized Boss
is not detected in hook mutant R7 cells, although no
change is detected in the internalization of HRP-Boss
as determined by its HRP activity (Figure 8). Third,
hook mutations alter endocytic trafficking for all inter-
nalized ligands tested (Krämer and Phistry, 1999). Fi-
nally, the increase of multilammelar late endosomes or
lysosomes in the absence of mature MVBs in hook
mutant tissue points to increased lysosomal transport
(Figures 8 and 9). The hook mutant phenotype is rem-
iniscent of the cellular defects in cells derived from
mucolipidosis type IV patients that exhibit a dramatic
increase in multilammelar endocytic structures and an
increased transport rate of internalized lipids to lyso-
somes (Chen et al., 1998).

An alternative explanation for the loss of mature
MVBs in hook mutants could be a defect early in the
endocytic pathway. For example, in Hep2 cells a de-
creased rate of endocytosis induced by serum starva-
tion can lower the ratio of mature to immature MVBs
(Futter et al., 1996). However, several observations
argue against this interpretation. First, HRP activity of
HRP-Boss is internalized into multilammelar late en-
dosomes in hook mutant R7 cells (Figure 8), arguing

Figure 7. Endocytic compartments can be ordered using the shits1

mutation. HRP-Boss was localized by EM in shits1 eye disks after
blocking endocytosis at 30°C. After 1 h, the majority of HRP activity
was detected in multilammelar late endosomes or lysosomes (A).
Only rarely did we detect remnants of HRP activity in MVBs (B).
After 2 h at the nonpermissive temperature, strong staining in
multilammelar late endosomes and lysosomes persisted (C–E),
whereas labeled MVBs could not no longer be detected. Strikingly,
after blocking shibire function, unstained MVBs were detected in R7
cells (A, D, and E, open arrows). A synchronized wave of endocy-
tosis was released by holding shits1 larvae at 30°C for 1 h and than
returning them to 22°C for 15 min before visualizing HRP activity
(F). The relevant genotypes of the larvae were w1118 shits1; P[w1,
gen.HRP-Boss]17. Bar: A, C, and E, 250 nm; B, D, and F, 400 nm.
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against a block early in the endocytic pathway. Con-
sistent with these observations, Boss immunoreactiv-
ity accumulates in R7 cells even in the absence of hook
function when delivery of proteins to lysosomes is
blocked by the deep orange mutation (Sevrioukov and
Krämer, unpublished results), arguing against the
possibility that Boss is degraded in early endosomes in
hook mutant R7 cells because of mislocalized lysoso-
mal hydrolases. Second, even a complete block of
endocytosis by the shibire mutation does not abolish
the generation of mature MVBs, because we observe it
in hook mutants. In R7 cells, we could recognize such
newly generated MVBs because they no longer con-
tained HRP activity once endocytosis was blocked by
the shibire mutation (Figure 7).

Two alternative scenarios might explain why the
genesis of new MVBs can be observed even when
receptor-mediated endocytosis is blocked. In mam-
malian tissue culture cells, expression of a dominant
negative Dynamin I protein results in a lasting block

of receptor-mediated endocytosis but only a tran-
sient reduction of fluid phase endocytosis (Damke et
al., 1994; Damke et al., 1995). It is not known whether
the shibire mutation exhibits a similar biphasic re-
sponse after the initial block of fluid phase endocy-
tosis (Kosaka and Ikeda, 1983b). A second potential
source of membrane traffic fueling the genesis of
new MVBs is the Golgi-derived biosynthetic traffic
that is targeted for the endocytic pathway (Hirst et
al., 1998; Press et al., 1998). In this context it will be
interesting to see how the hook mutation effects the
biosynthetic pathway of lysosomal enzymes, once
markers are available to follow this pathway in
Drosophila.

Although the HRP-Boss transgene is a useful tool to
study late stages in Boss endocytosis, it also provided
us with information about the uptake of the Boss
transmembrane ligand across cell boundaries. Our ob-
servations argue that Boss trans-endocytosis occurs
through the uptake of small patches of R8 membrane

Figure 8. The hook mutation alters
late endocytic trafficking. HRP-Boss
was not detected by antibody stain-
ing in R7 cells of hk11 eye disks (A).
However, HRP staining revealed that
the chimeric protein was internalized
into R7 cells (B). By EM (C and D),
HRP activity in hk11 R7 cells was de-
tected in tubular early endosomes,
small MVBs (arrows), and multilam-
melar late endosomes or lysosomes
(white stars). However, the large ma-
ture MVBs, which are a dominant
feature of stained wild-type R7 cells,
were absent. The relevant genotypes
of the larvae were w1118; hk11 P[w1,
gen.HRP-Boss]17. Bar: A and B, 7.5
mm; C, 200 nm; D, 270 nm.
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into R7 cells (Figures 4F and 5A), rather than a phago-
cytic process (Cagan et al., 1992). Internalization of
Boss is preceded by its clustering on the R8 cell mem-
brane, visualized by patches of membrane stained
with HRP activity. Oligomerization of Boss–Sevenless
complexes into higher-order complexes has previ-
ously been evoked to explain the lack of Sevenless
activation by monomeric and dimeric Boss ligands
(Hart et al., 1993b; Sevrioukov et al., 1998). Such clus-
tering might effectively exclude other transmembrane
proteins from the small membrane patches that are
being pulled into the R7 cell by receptor-mediated
endocytosis (Klueg et al., 1998).

Our results with Boss are consistent with the obser-
vations of trans-endocytosis of other transmembrane
proteins. The Delta, Serrate, and Lag-2 transmem-

brane ligands are trans-endocytosed after binding to
receptors of the Notch class (Henderson et al., 1994;
Couso et al., 1995; Klueg et al., 1998). For Delta trans-
endocytosis, phagocytosis could be ruled out, because
independent cell surface markers were not cointernal-
ized (Klueg et al., 1998). A similar mechanism of trans-
endocytosis might also explain the internalization of
the homotypic cell adhesion protein apCam. Bailey et
al. (1992) detected internalized apCam by im-
muno-EM in endocytic vesicles with small internal
vesicles, likely to be derived from neighboring cells.

In summary, we have established a model system to
dissect the effects of Drosophila mutations that disturb
endocytic trafficking. Using the HRP-Boss chimera, we
demonstrated that hook is required late in endocytic
trafficking for a novel activity that negatively regulates
transport to late endosomes. To elucidate the specific
mechanism of this inhibitory effect, direct measure-
ments of fusion between different endocytic compart-
ments in wild-type and hook mutant cells will be nec-
essary.

Figure 9. In hook mutants, mature MVBs are drastically reduced in
number. For quantification of ultrastructural defects in hook mutant
tissue, sections through wild-type (wt; A–C), hk11 (A9–C9), or hk8

mutant ommatidia were inspected. From three eye disks, we ana-
lyzed a total of 250 ommatidia for each genotype. We counted the
occurrence of immature MVBs (vacuoles with one to five internal
vesicles; A), mature MVBs (large vacuoles with more than five
internal vesicles; B), and multilammelar late endosomes and lyso-
somes (C). The difference between the multilammelar late endo-
somes in C and C9 is not representative of the mutant phenotype;
rather, they represented the wide spectrum of encountered mor-
phologies. The average numbers of counted structures per eye disk
are displayed in the bar graph; error bars indicate SEM. In hk11 and
hk8 mutant tissue, the number of mature MVBs was less than one-
sixth that of wild-type (p , 0.01), whereas multilammelar structures
that represent late endosomes and lysosomes were significantly
more abundant than in wild-type tissue (;2.5-fold; p , 0.01). Bar:
A, A9, B, and B9, 300 nm; C, 260 nm; C9, 340 nm.

Figure 10. Model for Hook function. HRP-Boss chimera was de-
tected in early endosomes, mature MVBs, late multilammelar endo-
somes, or lysosomes. Our results indicate that Hook is required for
proper maturation of MVBs. This could reflect a positive role in the
genesis of mature MVBs. We favor a second model, however, which
predicts that Hook negatively regulates the fusion between mature
MVBs and multilammelar late endosomes or lysosomes.
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