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Rab7 is a small GTPase localized to the late endosomal
compartment. Its function was investigated by overex-
pressing dominant negative or constitutively active mu-
tants in BHK-21 cells. The effects of such overexpression
on the internalization and/or degradation of different
endocytic markers and on the morphology of the late
endosomal compartment were analyzed. We observed a
marked inhibition of the degradation of 12°I-low density
lipoproteins in cells transfected with the Rab7 dominant
negative mutants while the rate of internalization was
not affected. Moreover in these cells there was an accu-
mulation of many small vesicles scattered throughout
the cytoplasm. In contrast, overexpression of the acti-
vating mutants led to the appearance of atypically large
endocytic structures and caused a dramatic change in
the distribution of the cation-independent mannose
6-phosphate receptor. Our data indicate that the Rab7
protein in mammalian cells is present on a late endoso-
mal compartment much larger than the compartment
labeled by the cation-independent mannose 6-phosphate
receptor. Rab7 also appears to play a fundamental role
in controlling late endocytic membrane traffic.

Rab proteins are small GTPases localized at the cytoplasmic
face of specific subcellular compartments in the endocytic and
exocytic pathways. Several studies, using in vitro or in vivo
assays, demonstrated a key role for these proteins in the reg-
ulation of intracellular vesicles trafficking (1, 2). Although the
specific function of Rab proteins is not yet understood, the
currently accepted model postulates that Rab proteins are re-
quired to assemble or proofread the general docking/fusion
machinery (3).

The Rab7 protein has been previously localized to the late
endosomal compartment in normal rat kidney (NRK) cells (4).
Work from two different laboratories has demonstrated that
Ypt7, the yeast Rab7 counterpart, is involved in transport to
vacuoles and that expression of dominant negative mutants
results in fragmentation of the vacuolar compartment (5, 6).
Moreover it has been demonstrated that Ypt7 is required for
vacuole fusion on both membrane partners (7). Recently the
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function of Rab7 has been investigated in mammalian cells (8,
9). However, the precise role of Rab7 in controlling endocytosis
still remains under debate. Using stable cell lines overexpress-
ing the wild type (wt)! or a GTPase-defective mutant protein
(Rab7Q67L) and combining morphological and biochemical
analyses, Chavrier and colleagues (9) showed that the mutant
protein is in part associated with lysosomal membranes. The
authors conclude that Rab7 cycles to lysosomes and suggest
that it plays a role in a vesicular traffic step involving lyso-
somes (9). On the other hand Wandinger-Ness and co-workers
(8), transiently expressing the Rab7 wt and two dominant
negative mutants, demonstrated a role of the Rab7 protein in
regulating early to late endosomes transport. The expression of
the two mutant proteins (Rab7T22N and Rab7N1251) resulted
in accumulation of the vesicular stomatitis virus G glycoprotein
in the early endosomes and in a reduced cleavage of SV5 HN, a
paramixovirus envelope protein (8). It has already been shown
that a Rab protein can be present on more than a single cellular
compartment and can control more than one transport step
(10). However, in order to be able to regulate transport from
early endosomes to lysosomes the Rab7 protein should be pres-
ent in all these compartments.

In this study we have performed a detailed analysis of the
Rab7 localization and function by transiently overexpressing
several mutants in the BHK-21 cell line. We then investigated
the changes induced by these proteins on the morphology of the
late endosomal compartment and on the uptake and/or degra-
dation of different endocytic markers, two of which (transferrin
and LDL) are physiological ligands. Our results indicate that
the Rab7 protein plays an important role in the organization of
the late endosomal compartment and that its localization is not
restricted to the cation-independent mannose 6-phosphate re-
ceptor (CI-MPR) positive compartment.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Plasmids Rab5, Rab5N133I, and the human
transferrin receptor have been previously described (11, 12). Rab7
mutants were constructed by polymerase chain reaction-mediated mu-
tagenesis (13). The oligonucleotides used in the first amplification for
Rab7T22N, Rab7I41M, Rab7Q67L, Rab7N 1251, and Rab7AC were, re-
spectively: 5'-CTGGAGTTGGTAAGAATTCACTCATGAACCAG-3', 5'-
CAGAAAGTCTGCTCCCATTGTAGCTTTGTA-3', 5'-GGAACCGTTCC-
AGGCCTGCTGTGTC-3', 5'-CTGTTTTCGAGGTCAATCTTGATTCCC-
AACACAACGAAAGGGA-3’, and 5'-TTAAGCTTTCAGCTTTCCGCTG-
AGGTCTTG-3'. SP6 or T7 outer primers were used in all the amplifi-
cations. cDNAs encoding Rab5 and Rab7 wt and mutant proteins were
cloned under the control of the T7 promoter in the pGEM1 or pGEM1-myc
vectors (14) bearing a c-myc epitope (15). The constructs were completely
sequenced to exclude the presence of Taq polymerase mistakes.

! The abbreviations used are: wt, wild type; CI-MPR, cation-inde-
pendent mannose 6-phosphate receptor; LDL, low density lipoproteins;
LDS, lipoprotein-deficient serum; vT'7, recombinant vaccinia T7 virus;
PBS, phosphate-buffered saline.
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Cell Culture and Transient Transfection—All tissue culture reagents
were from Life Technologies, Inc. BHK-21 cells were grown in Glasgow
minimal essential medium supplemented with 5% fetal calf serum, 10%
tryptose phosphate broth, 2 mM glutamine, 100 units/ml penicillin, and
10 pg/ml streptomycin and grown in a 5% CO, incubator at 37 °C.
BHK-21 cells were infected with the vI'7 recombinant vaccinia virus
and transfected as described (11). The transfection reagent was either
DOTAP obtained by Boehringer Mannheim or made by sonicating dio-
leoyl-L-a-phosphatidylethanolamine and dimethyldioctadecyl ammo-
nium bromide as described (16). Cells were transfected for 4—6 h and
then processed for immunofluorescence or biochemical assays.

Antibodies and Confocal Immunofluorescence Microscopy—The 9E10
anti-myc monoclonal and the CI-MPR polyclonal antibodies were kind
gifts from Dr. S. Fuller and Dr. B. Hofflack, respectively. The anti-Rab7
antibody was prepared as described (4). Anti-LY antibodies were
bought from Molecular Probes. Cells grown on 11-mm round glass
coverslips were permeabilized and fixed as described previously (11).
The secondary antibodies fluorescein isothiocyanate- or tetramethyl-
rhodamine isothiocyanate-conjugated anti-mouse or anti-rabbit were
from Sigma or Amersham. Cells were viewed with the EMBL confocal
microscope.

Western Blot and GTP Overlay—Cells were lysed in standard SDS
sample buffer and extracts were electrophoresed on 12% SDS-polyacryl-
amide gels. For immunoblotting, separated proteins were transferred to
nitrocellulose membrane. The filter was then blocked in 5% milk in PBS
for 40 min at room temperature. Then primary mouse monoclonal 9E10
anti-myc antibody was added at the appropriate dilution and incubated
for 2 h at room temperature. The filters were washed, incubated with a
secondary anti-mouse horseradish peroxidase-conjugated antibody for
1 h at room temperature, and the bands were visualized using the
enhanced chemiluminescence system (ECL, Amersham). For GTP over-
lay, after electrophoresis the gel was treated, transferred to nitrocellu-
lose filter, and incubated with [a-*?P]GTP as described (11).

Estimation of Transferrin Binding, Endocytosis, and Recycling—
Human transferrin (Sigma) was labeled to a specific activity of 107
cpm/mg using IODO-GEN (17). BHK-21 cells were transfected with the
human transferrin receptor plasmid alone or together with the different
plasmids encoding Rab7 wt and mutant proteins and treated as de-
scribed (18, 19). The amount of transferrin endocytosed, recycled, and
membrane bound was measured by y-radiation counting.

Estimation of Horseradish Peroxidase Internalization—BHK-21 cells
were transfected for 4 h with the plasmids encoding wild-type or mu-
tant Rab7 proteins and then allowed to internalize horseradish perox-
idase (5 mg/ml) in serum-free Glasgow minimal essential medium for
times ranging from 1 to 60 min. Cells were then transferred on ice,
washed extensively with PBS, 0.1% bovine serum albumin, and lysed in
10 mm Hepes (pH 7.4), 0.2% Triton X-100. The horseradish peroxidase
content in the postnuclear supernatant was estimated using o-dianisi-
dine (20). The total amount of protein was determined by colorimetric
methods (21).

Internalization of Lucifer Yellow—Lucifer Yellow was diluted in
Hank’s balanced salt solution at a concentration of 5-10 mg/ml. Cells
grown on 11-mm round glass coverslip were allowed to internalize
Lucifer Yellow for 5-10 min at 37 °C. The cells were then washed
extensively with Hanks’ balanced salt solution and reincubated at 37 °C
for various times in serum-deficient medium. After two washes with
Hanks’ balanced salt solution and one wash with PBS the cells were
permeabilized, fixed, and processed for immunofluorescence.

Preparation of LDL and Labeling with ***I—Human low density
lipoprotein (LDL) (1.019 < d <1.063 g/ml) was obtained by preparative
ultracentrifugation (22) from serum of normolipidemic subjects to
which 0.1% sodium azide, 1 mM EDTA disodium salt, and 0.17 TIU/ml
of aprotinin were added, in order to prevent degradation of apoprotein.
The h-LDL was then concentrated and further purified by double ul-
tracentrifugation at density 1.063 g/ml. Lipoprotein-deficient serum
(LDS) was prepared from the same serum samples used for LDL prep-
aration by ultracentrifugation at density of 1.210 g/ml. h-LDL and LDS
were then extensively dialyzed for 24 h at 4 °C against 0.15 M NaCl,
0.24 mMm disodium EDTA (pH 7.4). The protein content of LDL, deter-
mined as described (23), ranged between 8 and 10 mg/ml. LDL was
labeled with **°T as described (24). The specific activity of '?*I-LDL
ranged between 200 and 400 cpm/ng of protein; more than 98% '2°I
radioactivity was precipitable by trichloroacetic acid and less than 3%
was extractable in chloroform-methanol. Radioiodinated LDL was al-
ways used within 2 weeks from preparation.

Estimation of ?°I-LDL Internalization, Recycling, and Degrada-
tion—Cells were incubated for 24 h in medium complemented with
human LDS before transfection. Transfected cells were allowed to in-
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Fic. 1. Western blot and GTP overlay on BHK-21 cells express-
ing myc-tagged Rab7 wt and mutant proteins. A, Western blot
analysis on lysates of BHK-21 cells infected with vI'7 and transfected
with pGEM1 encoding Rab7, Rab7T22N, Rab7I141M, Rab7Q67L,
Rab7N125I, Rab7AC, or nontransfected (N7T). The analysis was per-
formed using monoclonal anti-myc antibodies as detailed under “Exper-
imental Procedures.” B, GTP overlay on the same lysates. [*2P]GTP
binding was performed as described under “Experimental Procedures.”

ternalize '*°I-LDL that was added to the medium at a concentration of
20 pg/ml for 5 h and the amount of '**I-LDL surface bound, internal-
ized, and degraded was estimated as described (25). Briefly, to deter-
mine the amount of 2’I-LDL degraded, the medium was collected,
treated with trichloroacetic acid, extracted with chloroform and hydro-
gen peroxide to remove free iodine, and an aliquot of the aqueous phase
was counted. This acid-soluble material is represented mainly by
[***T]iodotyrosine, the product of LDL degradation. To determine 25I-
LDL binding and internalization, after incubation with '2°I-LDL, cells
were washed 6 times with PBS, 0.1% bovine serum albumin, once with
PBS, and then treated with 3 mg/ml Pronase in serum-free medium
containing 10 mM HEPES (pH 7.3) for 1 h at 0 °C. The cells were
recovered by centrifugation at 3000 rpm for 3 min. The radioactivity
present in the Pronase-medium (*2°I-LDL surface bound), cell-associ-
ated (*?°I-LDL internalized), and the acid-soluble material from the
incubation medium (*?°I-LDL degraded) was detected with a y-counter.

RESULTS

Construction and Expression of Rab7 Mutants in BHK-21
Cells—Using polymerase chain reaction-mediated mutagenesis
(13) we introduced point mutations in the GTP binding or
hydrolysis domain of the Rab7 cDNA to obtain dominant neg-
ative or constitutively active mutants. Similarly to homologous
mutations in ras, the mutant Rab7T22N should have a reduced
affinity for GTP while the Rab7N125I should have a reduced
guanine nucleotide binding. Analogous Rab5 mutant proteins
(Rab5S34N and Rab5N133I) behaved as dominant negative
mutants in both in vitro and in vivo assays (11, 19, 26, 27). On
the other hand, the Rab7I41M and Rab7Q67L mutants are
predicted to have an impaired intrinsic (Rab7Q67L) or GAP-
mediated (Rab7I41M) GTP hydrolysis and should preferen-
tially be in the GTP-bound form. The Rab7AC mutant has the
last three amino acids deleted. This mutant lacks the cysteines
required for membrane association and remains cytosolic (data
not shown).

We expressed all the constructs in BHK-21 cells using the
vaccinia recombinant VT7 infection/transfection system (28).
Fig. 1 shows a Western blot (A) and a GTP-binding blot (B) of
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Fic. 2. Immunofluorescence analysis of cells overexpressing the Rab7 wt or mutant proteins. Cells were transfected for 4 h with Rab7
wt (A, E, K, L, O, and P), RabT22N (B and F), Rab7Q67L (D, H-J, M, and N), or Rab7N*?°I (C and G). Before fixation some transfected cells were
incubated for 5 min (K and O) or 30 min (L and P) in the presence of 10 mg/ml Lucifer Yellow (LY). Analysis was performed using monoclonal
anti-myc antibody to detect Rab proteins (E-H; M-P) or polyclonal anti-CI-MPR (A-D; I-J) or polyclonal anti-LY (K-L). The constructs used for the
transfection are indicated on top and the primary antibodies used in the immunofluorescence on the right side of the panels.

BHK-21 cells infected with the vT7 virus and transfected with
the wt or mutant Rab7 myc-tagged plasmids. As a control we
used cells that were infected with the vT7 virus but nontrans-
fected. Western blot analysis was performed with a monoclonal
anti-myc antibody. The myc-tagged Rab7 wt and mutant pro-
teins were expressed at comparable levels (Fig. 1A) and more
than 15-fold over the endogenous levels (data not shown). This
high expression was reached because of the presence of a per-
fect Kozak consensus sequence in front of the myc epitope (14).
As expected, the Rab7 wt and the Rab7141M, Rab7Q67L, and
Rab7AC mutant proteins bind efficiently GTP whereas the
Rab7T22N or Rab7N1251 proteins do not bind the nucleotide
(Fig. 1B).

Immunofluorescence Analysis of Cells Expressing Rab7 wt or
Mutant Proteins—The Rab7 protein was previously localized to
the late endosomes in BHK-21, Madin-Darby canine kidney,
and NRK cells (4). We analyzed by double immunofluorescence
the effect of the overexpression of the Rab7 wt and mutant
proteins on the late endosomal compartment in BHK-21 cells.
We used the monoclonal anti-myc antibody to detect the myc-
tagged overexpressed proteins and a polyclonal anti-CI-MPR
antibody to identify the late endosomal compartment. The CI-
MPR is localized to early endosomes, late endosomes, and
trans-Golgi network but the bulk of the protein is in the late
endosomal compartment (29). Overexpression of the myec-

tagged Rab7 wt protein results in the staining of a vesicular
compartment mainly confined to the perinuclear area (Fig. 2E),
similar to the localization of the endogenous protein (4). Sur-
prisingly, there was only partial co-localization between the
myc-tagged Rab7 wt protein and the CI-MPR in BHK-21 cells
(Fig. 2, A and E). The two proteins were in the same perinu-
clear area but the wt Rab7 staining was more widely distrib-
uted in the cell compared to the CI-MPR staining. This would
suggest that the CI-MPR is present only in restricted regions of
the late endosomal compartment or that Rab7 is not confined to
late endosomes. Expression of the two dominant negative mu-
tants, Rab7T22N (Fig. 2F) or Rab7N1251 (Fig. 2G), in BHK-21
cells resulted in the labeling of small vesicles scattered
throughout the cytoplasm and also present under the plasma
membrane. In contrast, the expression of the two activating
mutants, Rab7I41M (data not shown) or Rab7Q67L (Fig. 2, H,
M, and N), led to the formation of larger vesicles again not
restricted to the perinuclear area. The distribution of the CI-
MPR also changed dramatically upon overexpression of
Rab7Q67L. Normally, the CI-MPR staining was mainly re-
stricted to perinuclear structures such as in cells transfected
with Rab7 wt, Rab7T22N, and Rab7N125I (Fig. 2, A-C). When
the Rab7Q67L was expressed the CI-MPR staining was no
longer confined to these perinuclear structures (Fig. 2D). Other
cells transfected with Rab7Q67L are shown in Fig. 2, I, J, M,
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and N. Arrows indicate nontransfected cells in which the dis-
tribution of the CI-MPR was unaffected. Expression of the
Rab7AC mutant resulted in a cytosolic localization of this pro-
tein and had no effect on the distribution of the CI-MPR (data
not shown).

The Rab7 Compartment Is Reached by Lucifer Yellow—Lu-
cifer Yellow is a fluid phase endocytic marker that labels early
endosomes in the first 5~10 min of internalization and, after
longer incubation times, late endosomes and lysosomes. We
investigated whether this marker was able to stain the Rab7
compartment. Cells transfected with the different constructs
were first allowed to internalize Lucifer Yellow for 5 min to
primarily label the early endosomal compartment. After exten-
sive washing the cells were reincubated at 37 °C for various
times to allow accumulation of the marker in late endosomes
and lysosomes. 5 min of internalization were sufficient to de-
tect the Lucifer Yellow marker in small vesicles scattered
throughout the cell. No co-localization with the Rab7 wt pro-
tein, that was mainly restricted to the perinuclear area (Fig. 2,
K and O) or with any other Rab7 mutant protein (data not
shown), was observed. After 30 min of chase Lucifer Yellow was
mainly present in the perinuclear region and found to co-
localize with the Rab7 wt protein (Fig. 2, L and P). A similar
co-localization was found when the different Rab7 mutant pro-
teins were expressed (data not shown).

Transferrin and Horseradish Peroxidase Endocytosis Are Not
Altered in BHK-21 Cells Overexpressing Rab7 wt and Mutant
Proteins—To analyze the effect of the overexpression of the
Rab7 mutant proteins on the first steps of endocytosis we
measured the internalization of transferrin and horseradish
peroxidase.

Transferrin binds iron at the cell surface, is clustered into
coated pits, and is internalized by coated vesicles. It is then
transported to the early endosomes where it looses the iron and
is recycled back to the membrane together with its receptor.
Overexpression of Rab5 doubles the rate of internalization of
transferrin whereas expression of the dominant negative mu-
tant Rab5N133I inhibits endocytosis of this marker, as de-
scribed previously (11, 18, 19). As expected the initial rate of
internalization of 12®I-transferrin was altered in cells express-
ing Rab5 or Rab5N133I but no significant change was detect-
able upon overexpression of Rab7 wt or any of the Rab7 mu-
tants. After 5 min there was a 70% increase in the amount of
internalized transferrin in cells overexpressing the wt Rab5b
protein and a 30% decrease in cells expressing the Rab5N133I
mutant protein (Fig. 3A). Overexpression of all the Rab7 con-
structs also did not affect the recycling of 125I-transferrin to the
plasma membrane (data not shown).

Horseradish peroxidase is currently used as a marker of fluid
phase endocytosis. Overexpression of Rab5 and Rab5N133I
mutant changes the amount of horseradish peroxidase inter-
nalized in the cells (11). Overexpression of Rab5 wt doubles the
amount of horseradish peroxidase accumulated in the cells
after 60 min of internalization, while the expression of the
Rab5N133I mutant causes a 30% decrease (Fig. 3B). No signif-
icant changes were detected after overexpression of the Rab7
wt or mutant proteins at this (Fig. 3B) and at earlier or later
time points (data not shown).

LDL Degradation Is Severely Affected by the Expression of
Dominant Negative Rab7 Mutants—To study the effect of Rab7
on the endocytic pathway we examined the internalization and
degradation of 12°I-LDL in BHK-21 cells overexpressing the
Rab7 wt and mutant proteins. LDL binds a specific receptor on
the surface of cultured fibroblast with high affinity. LDL is
internalized and degraded, so that its cholesterol component is
made available for cellular membrane synthesis while the re-

Rab7 Controls Late Endocytic Membrane Traffic

ceptor is recycled to the plasma membrane. Only a very small
amount of LDL is recycled to the plasma membrane.

Before transfection, BHK-21 cells were incubated for 24 h in
medium complemented with human LDS. After transfection
the cells were allowed to internalize '2°I-LDL added to the
medium at a concentration of 20 pug/ml for 5 h and the amount
of 12°I-LDL surface bound, internalized, and degraded was
estimated as described under “Experimental Procedures.” Fig.
4 shows a typical experiment of 12°I-LDL internalization (Fig.
4A) and degradation (Fig. 4B). The accumulation of 12°I-LDL in
BHK-21 cells showed a 50% increase in cells overexpressing
Rab5b (Fig. 4A). This is consistent with the contention that the
Rab5 protein is able to accelerate the kinetics of endocytosis
(11). An increase of approximately 50% in the intracellular
accumulation of 2°I-LDL was also observed in cells expressing
Rab7T22N and Rab7N125I, compared to control cells (Fig. 4A).
However, this effect was accompanied by a strong inhibition
(more than 60%) of the degradation of LDL (Fig. 4B). Inhibition
of ?’I.LDL degradation was also observed in cells transfected
with the Rab5N133I mutant protein but in this case the
amount of 2°I-LDL internalized was approximately 30% less
than in control cells (Fig. 4A). This is consistent with previous
findings that dominant negative mutants of Rab5 inhibit
endocytosis (11, 18, 19).

No effect on '2°I-LDL intracellular accumulation or degra-
dation was detected upon overexpression of the Rab7AC mu-
tant compared to control cells. This is consistent with the
hypothesis that this mutant is not post-translationally modi-
fied, is not able to attach to the membrane, and therefore is not
functional.

To demonstrate that Rab7 did not interfere with the first
steps of endocytosis we measured the initial internalization
rate of 12°I-LDL in cells expressing the Rab7 and Rab5 wt and
mutant proteins (data not shown). After transfection cells were
allowed to bind 2°I-LDL for 2 h at 4 °C and the excess of
unbound ligand was removed by washing. In all transfected
cells the number of surface 12°I-LDL-binding sites was similar
and 90% of 2°I-LDL was specifically bound. To measure the
rate of uptake the cells were then shifted at 37 °C for different
periods of time ranging from 30 s to 60 min and the fraction of
internalized 25I-LDL was determined. After 5 min control cells
had internalized 70% of prebound 2°I-LDL while cells express-
ing the dominant negative mutants of Rab5 had internalized
only 40%. Conversely, the internalization rate of 1?°I-LDL was
accelerated in cells expressing the Rab5 wt protein since in
these cells about 70% of the prebound '2°I-LDL was internal-
ized within 2.5 min. These data are consistent with previous
studies showing that Rab5 regulates the kinetics of receptor-
mediated endocytosis (11, 19). No effect was detected on the
initial internalization rate upon overexpression of Rab7 wt or
any mutant protein (data not shown).

These data demonstrate that Rab5 and Rab7 have distinct
roles in regulating the endocytic pathway. While Rab5 controls
the early steps and is able to modify the kinetics of endocytosis,
Rab7 does not influence the initial steps of the pathway but has
a fundamental role in regulating transport to late endocytic
compartments.

DISCUSSION

In this paper we have studied the role of Rab7 in the endo-
cytic pathway. We transiently expressed in BHK-21 cells sev-
eral mutants of the protein with impaired ability to bind or
hydrolyze GTP and we monitored their effect on the morphol-
ogy of the late endosomal compartment and on the internaliza-
tion and/or degradation of different endocytic markers.

We demonstrated that Rab7 plays an important role in late
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Fic. 3. Expression of Rab7 wt and £
mutant proteins does not affect g
transferrin or horseradish peroxi- %
dase (HRP) endocytosis. A, HeLa cells g
were infected with vT7 and transfected L
for 4 h with the human transferrin recep- ;‘
tor alone (control cells) or together with o~

the indicated plasmids. Cells were incu-
bated at 4 °C for 1 h with ?°I-transferrin,
washed, and then reincubated at 37 °C for
5 min to allow internalization. The
amount of internalized transferrin is plot- 250 -
ted as percentage of control cells. B, B
BHK-21 cells were infected with vT7 and

either not transfected (NT) or transfected

with the indicated plasmids. After 4 h of
transfection cells were allowed to inter-
nalize horseradish peroxidase present in

the medium at a concentration of 2 mg/ml

for 30 min. Cells were then washed, lysed,

and the amount of internalized horserad-

ish peroxidase was measured. The data
represent the average of three independ-

ent experiments with error bars.

Internalized HRP (OD455nm/mg protein)

steps of endocytosis since the expression of the two dominant
negative mutant proteins causes a marked inhibition of the
degradation of ?°I-LLDL while the initial internalization rate
remains unchanged. Moreover, no effect of the expression of
any Rab7 mutant protein was detected in the internalization
and/or recycling of transferrin or horseradish peroxidase.
These findings show that Rab7 does not function in the early
endocytic pathway and does not influence the kinetics of inter-
nalization. The early steps of endocytosis are instead regulated
by the Rab5 proteins (18). Rab7 therefore functions in a later
step compared to Rab5 and influences the late endosome orga-
nization. Consistent with this conclusion, expression of differ-
ent mutants impaired in their ability to bind or hydrolyze GTP
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causes big changes in the morphology of the compartment as
judged by the immunofluorescence distribution of CI-MPR and
the Rab7 mutant proteins.

The Rab7 protein has been previously localized to late endo-
somes in NRK cells by co-localization with the CI-MPR by
electron microscopy studies (4). However, surprisingly, the pro-
tein seems to be present mainly in a CI-MPR negative com-
partment in BHK-21 cells. This compartment is labeled in 30
min by Lucifer Yellow, a fluid phase marker of the endocytic
pathway, suggesting that the CI-MPR labels only restricted
areas of the late endosomal compartment (Fig. 2). Remarkably,
we also noticed a drastic change in the distribution of the
CI-MPR upon expression of the Rab7Q67L constitutively active
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Fic. 4. Effects of expression of Rab7 wt and the various mutant on **I.LDL internalization and degradation. Cells were grown for
24 h in LDS, infected with the vT'7 recombinant vaccinia virus, and transfected with the different constructs as indicated. After 4 h of transfection
cells were washed extensively and incubated 5 h at 37 °C in the presence of 20 ug/ml *?°I-LDL. The amount of '?°I-LDL internalized (A) or degraded
(B) is plotted as percentage of control cells. The data represent the average of five independent experiments with error bars.

mutant. These data disagree with a previous report in which
the distribution of the CI-MPR in a stable cell line expressing
the Rab7Q67L did not show any detectable change (9). The
organization of the endosomal compartment seems to be quite
different between BHK-21 cells, used in this study, and the
inducible HeLa cell lines used by Chavrier and colleagues (9).
However, we have transiently expressed the Rab7Q67L mu-
tant also in HeLa cells and could detect a similar effect even if

Rab7141M

Rab7 Controls Late Endocytic Membrane Traffic

Rab7Q67L
Rab7N1251
Rab7AC
Rab5wt
Rab5N133I

Rab7Q67L
Rab7N125I
Rab7AC
Rab5wt
Rab5N133l

less pronounced (data not shown). One possible explanation for
this discrepancy is that in our experiments the use of the vT7
infection/transfection expression system causes a higher level
of expression of the mutant protein (more than 15-fold over the
endogenous) in a very short time (4 h). In the stable cell lines
used by Chavrier and colleagues (9) lower levels of expression
(4-5-fold over the endogenous) were achieved after a very long
time (3 days of induction). During this time cells may have
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adapted to the presence of the Rab7Q67L protein and might
have been able to overcome the redistribution of the CI-MPR.

The expression of the constitutively active Rab7Q67L pro-
tein causes the formation of large endocytic structures while
expression of the two dominant negative mutants (Rab7T22N
and Rab7N125]) gives a very fine and punctate staining. These
effects resemble those produced by Rab5 on early endosomes.
Expression of the Rab5Q79L activating mutant induces the
formation of giant early endosomes while expression of the
Rab5N133I mutant causes accumulation of small vesicles and
tubules at the periphery of the cell (11, 19, 26, 27). Since the
effect of Rab5 is due to its ability to control fusion at the level
of early endosomes one could imagine the same to be true for
Rab7 at the level of late endosomes. This hypothesis is con-
firmed by the fact that '2°I-LDL degradation is inhibited in
cells expressing the Rab7T22N and Rab7N125I mutant pro-
teins. In these cells a delayed delivery to the late endocytic
compartment due to inhibition of fusion would prevent efficient
degradation of 2°I-LDL and would allow its accumulation in
the cells (Fig. 4).

Our data do not discriminate whether the Rab7 protein con-
trols early to late endosomes or late endosomes to lysosomes
transport or both. The development of in vitro assays to study
these two different steps will be required to solve this issue.
However, our results indicate that the Rab7 protein plays a
fundamental role in the endocytic pathway at the level of late
endosomes, probably controlling fusion. This is demonstrated
by the morphological changes of the compartment upon over-
expression of the Rab7 wt and mutant proteins and by the
strong effect on LDL degradation upon expression of the dom-
inant negative mutants.

Further characterization of this late endosomal compart-
ment by morphological and biochemical assays together with
the identification of interacting components of Rab7 will be
required to pinpoint the site of action of this protein and gain
complete understanding of its role in the late endocytic
pathway.
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