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Abstract. Newly synthesized lysosomal enzymes bind
to mannose 6-phosphate receptors (MPRs) in the
TGN, and are carried to prelysosomes, where they are
released. MPRs then return to the TGN for another
round of transport. Rab9 is a ras-like GTPase which
facilitates MPR recycling to the TGN in vitro. We
show here that a dominant negative form of rab9, rab9
S2IN, strongly inhibited MPR recycling in living
cells. The block was specific in that the rates of bio-
synthetic protein transport, fluid phase endocytosis
and receptor-mediated endocytosis were unchanged.

Expression of rab9 S2IN was accompanied by a de-
crease in the efficiency of lysosomal enzyme sorting.
Cells compensated for the presence of the mutant pro-
tein by inducing the synthesis of both soluble and
membrane-associated lysosomal enzymes, and by in-
ternalizing lysosomal enzymes that were secreted by
default. These data show that MPRs are limiting in the
secretory pathway of cells expressing rab9 S2IN and
document the importance of MPR recycling and the
rab9 GTPase for efficient lysosomal enzyme delivery.

ANNOSE 6-phosphate receptors (MPRs)! deliver
newly synthesized, soluble lysosomal enzymes
from the TGN to pre-lysosomes (Kornfeld and

Mellman, 1989; Kornfeld, 1992). Two types of MPRs have
been identified to date. One is a 300-kD transmembrane gly-
coprotein which also binds insulin-like growth factor II; the
second is a dimer or tetramer of 45-kD subunits and requires
divalent cations for ligand binding in vitro. Both types of
MPRs release their ligands upon encountering the low pH
within pre-lysosomes, and then return to the Golgi complex
to reinitiate another cycle of biosynthetic enzyme transport.
MPRs are also present at the cell surface. These receptors
are in rapid equilibrium with their intracellular counterparts,
and at least the 300-kD MPR is capable of endocytosing ex-
tracellular lysosomal hydrolases and delivering them to en-
docytic compartments.

Work from a number of laboratories has suggested that the
rab family of ras-like GTPases plays a key role in regulating
receptor trafficking (Zerial and Stenmark, 1993; Pfeffer,
1992). For example, rab5 has been shown to regulate early
endosome fusion both in vitro (Gorvel et al., 1991) and in
vivo (Bucci et al., 1992). Rab4 functions in receptor recy-
cling between early endosomes and the cell surface (van der
Sluijs et al., 1992). In addition, rabl and its yeast homolog,
YPTI, play a key role in the transport of proteins between
the ER and the Golgi (Plutner et al., 1991; Tisdale et al.,
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1992; Rexach and Schekman, 1991; Segev, 1991). Rab pro-
teins are thought to function in transport vesicle targeting
and/or fusion events, because SEC4 mutant yeast strains ac-
cumulate secretory vesicles (Novick et al., 1980), anti-YPT!
antibodies inhibit ER-derived transport vesicle fusion (Rex-
ach and Schekman, 1991; Segev, 1991; Plutner et al., 1991),
and anti-rab5 antibodies block early endosome fusion (Gor-
vel et al., 1991).

We showed recently that the rab9 protein is localized pri-
marily to the surface of late endosomes and can facilitate the
transport of MPRs from late endosomes to the TGN in vitro
(Lombardi et al., 1993). To investigate the physiological
significance of our findings, and to explore the significance
of MPR recycling in living cells, we generated a dominant
inhibitory form of rab9 protein based upon well character-
ized mutations of Ras. In this report, we demonstrate that
rab9 protein is required for MPR recycling between late en-
dosomes and the TGN in vivo. In addition, we describe the
physiological consequences of blocking this transport path-
way. Our experiments confirm the importance of the MPR
in TGN sorting of lysosomal hydrolases. Moreover, they
highlight several types of compensatory mechanisms by
which cells can bypass the biosynthetic transport pathway for
lysosomal enzymes.

Materials and Methods

Rabbit anti-bovine MPR antiserum (Pfeffer, 1987), rabbit and mouse
anti-rab9 antibodies (Soldati et al., 1993a), and anti-lgpB antibodies
(Miettinen et al., 1989) were previously characterized reagents. S-gluc-
uronidase, rabbit anti-cathepsin D, mouse anti-CHO IgpB, and rabbit
anti-TGN38 were the generous gifts of Drs. Stuart Kornfeld (Washington
University, St. Louis, MO), William Sly (St. Louis University, St. Louis,
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MO), Ira Mellman (Yale University, New Haven, CT), and George Banting
(University of Bristol, Bristol, U.K.), respectively. Unless otherwise indi-
cated, reagents were from Sigma Chemical Company (St. Louis, MO). Pro-
tein was determined by BCA assay (Pierce Chemical Co., Piscataway, NJ)
or Bradford assay (Bradford, 1974) using bovine serum albumin as
standard.

Rab9 Mutagenesis and Expression

To facilitate subcloning of the rab9 cDNA, a Pvull site was introduced
downstream of the stop codon using the oligonucleotide SGGCAGCTGT-
CAACAGCAAGATGAGCT?. The plasmid pET8c-rab9 (Lombardi et al.,
1993) served as template for the PCR reaction. A rab9-containing fragment
was obtained using the T7 sequencing primer hybndxzmg to the T7 pro-
moter of the plasmid and the Pvull containing primer which hybndmed
downstream of the stop codon. Mutagenesis was confirmed by sequencing.
The oligonucleotide, S\GGGAAGAACTCTCTAATG” was used to obtain
the rab9S2IN mutant using PCR in combination with the same primers used
to introduce the Pvull site. Wild type and mutant rab9 cDNAs were cloned
into the mammalian expression vector, pPCVN, under the control of the
SV40 early promoter, or into the Escherichia coli expression vector, pET8c
(Studier et al., 1990), under the control of the T7 promoter. To generate
the plasmids, pCVN-4rab9wt, pCVN-rab9S21N, and pET8¢-rab9S21N, the
PCR products were digested with Ncol and Pvull, the vector pET8c was
digested with Ncol and BamHI, and pCVN was digested with Clal. DNA
fragments were purified by agarose gel electrophoresis. For the mammalian
vectors, the Ncol sticky end of the rab9 and rab9 S21N fragments, and the
Clal sticky ends of the vector pCVN were filled with the Klenow fragment
of DNA polymerase 1. The BamHI site of pET8¢ was filled with Klenow.
DNA fragments were purified using the gene clean procedure (Bio 101 Inc.,
Vista, CA) prior to ligation (Maniatis et al., 1989), which was confirmed
by restriction analysis. BL21 (DE3) (F~, ompT, r"s, m™g) (Studier et al.,
1990) was transformed with pET8¢-rab9S21N for E. coli expression of rab9
S2IN.

Purification of rab9 S2IN

Purification of rab9 S2IN was by a modification of our previous method
(Shapiro et al., 1993). IPTG induction was for 6 h at 30°C. Centrifugation
was for 1.5 min, using a setting of 20,000 rpm in a rotor (JA-20; Beckman
Instruments, Palo Alto, CA). Protamine sulfate was added to 2 mg/mi, and
the suspension was stirred for 1 min. The supernatant was loaded onto a
15 ml Q-Sepharose column using a peristaltic pump. Sephacryl S-100 frac-
tions containing rab9 S2IN were pooled and diluted 1:1 with buffer A (64.4
mM Tris-HCl, pH 80, 8 mM MgCl;, 2 mM EDTA, 0.5 mM DTT, 10 uM
GDP, 10 mM benzamidine). The sample was then filtered through a 0.2-um
filter (Gelman Science, Inc., Ann Arbor, MI) and applied to a 1 ml FPLC
Mono Q column pre-equilibrated with buffer A. The column was washed
with 24 ml of buffer A and subsequently eluted with a 15 ml gradient of
0-200 mM NaCl in buffer A. Fractions of 0.5 ml (30) were collected; those
containing full-length rab9 S2IN (90% pure) were pooled and concen-
trated.

Biochemical Characterization of rab9 S2IN

Relative affinities of wild type and S21IN rab9 for GDP vs. GTP were deter-
mined by incubating 200 nM wild type rab9 or 180 nM rab9 S2IN with
3 uM [8,5-*H]GDP (Du Pont-New England Nuclear, Boston, MA) and the
specified level of unlabeled GTP at 32°C in 50 mM Hepes-KOH (pH 7.4),
150 mM KCl, 5 mM MgCl;, 4.5 mM EDTA, 1 mM DTT, 0.1% BSA. Af-
ter either 15 min or 2 h the reactions were stopped and riucleotide binding
was assayed by filtration (Shapiro et al., 1993). Rates of nucleotide ex-
change were measured as rates of binding of [8,5>H]JGDP for rab9 S2IN
(which was purified as a 1:1 complex with unlabeled GDP) (Shapiro et al.,
1993); incubations were brought to 37°C prior to addition of rab9 S2IN or
nucleotide. Rab9 S21N was then added to 180 nM, the mixture was vortexed
for 5 s, and nucleotide was added to 3 uM. Tubes were vortexed, returned
to 37°C, and time points were taken as described. Both rab9 and rab9 S2IN
bound nucleotide in a saturable and stable fashion for at least 15 min under
all conditions assayed. Free Mg?* concentrations were calculated by pub-
lished methods (Sunyer et al., 1984).

Cell Lines

CHO wild type cells or the CHO 1dID cell line (Kingsley et al., 1986; pur-
chased from American Type Culture Collection, Rockville, MD) were
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transformed with pCVN, pCVNrab9 or pCVNrab9S21IN by electropora-
tion. Stable transformants were selected by resistance to neomycin (Geneti-
cin, G418; GIBCO BRL, Gaithersburg, MD; 400 ug/ml) and single clones
were isolated and confirmed for rab9 expression by indirect immunofiuores-
cence. The expression level of rab9 was quantified by Western blot (Bur-
nette, 1981) using rabbit anti-rab9 and HRP conjugated goat anti-rabbit
antibodies at a 1:1000 dilution. Rab9 was detected by enhanced chemilumi-
nescence (ECL; Amersham Corp., Arlington Heights, IL) followed by den-
sitometer scanning.

Determination of Surface Localized MPR

Cells were grown to subconfluency and labeled overnight at 37°C with
[*S)methionine and cysteine (Translabel, Amersham Corp.; 100 uCi/ml)
in «MEM lacking cysteine and methionine but containing 10% dialyzed fe-
tal calf serum. Cells were chilled on ice and washed twice with ice cold
TD (25 mM Tris-HCl, pH 7.4, 54 mM KCl, 137 mM NaCl, 0.3 mM
Na;HPOy) and once with ice cold TD + 0.1% BSA. Rabbit anti-MPR an-
tiserum (6 ul) was allowed to bind to surface-localized MPRs for 3 h at 4°C.
Excess unbound antibodies were removed by three washes with TD, 0.1%
BSA and the cells were solubilized with 0.4 mi RIPA (20 mM Na phosphate,
pH 7.5, 0.15 M NaCl, 1% Triton X-100, 0.5% deoxycholate, and 0.1% SDS).
After centrifugation at 100,000 g for 10 min at 4°C, the supernatant was
transferred to a new tube; immune complexes were harvested by addition
of 100 pul of Staphylococcus aureus cells (Pansorbin, Calbiochem) for 1 h
at4°C, followed by centrifugation. The supernatant containing intracellular
MPRs was incubated with 6 ul of anti-MPR antiserum for 1 h, and immune
complexes were harvested as before. Both pellets were washed 3X with
RIPA, 1x with RIPA + 500 mM NaCl, and 1x with TD before they were
resuspended in 45-ul sample buffer and boiled for 5 min. Proteins were
resolved by 8% SDS-PAGE (Laemmli, 1970) and quantified with a Phos-
phorimager (Molecular Dynamics Inc., Sunnyvale, CA).

Determination of Membrane-associated rab9

Cells were swollen and scraped as previously described (Goda and Pfeffer,
1988). Membranes and cytosol were separated using a sucrose gradient
centrifugation step (Soldati et al., 1993a). Samples of membrane and
cytosol fractions were resolved by 12.5% SDS-PAGE and rab9 was detected
by Western blotting and ECL.

MPR Recycling from the Cell Surface to the TGN

The assay was essentially as described by Duncan and Kornfeld (1988).
Cells were grown in 6-cm dishes in aMEM, 10% FCS to ~60% confluency
and labeled with [3S]methionine and cysteine (100 xCi/ml) overnight at
37°C. After a2 h chase in complete media (¢MEM, 10% FCS), cells were
washed once in TD and once in «MEM, 1% FCS. Sialic acid residues on
surface localized MPRs were removed enzymatically by the addition of
002 U Vibrio cholerae neuraminidase in 1 ml «MEM, 1% FCS, 20 mM
Hepes, pH 7.4. After 2 h at 37°C the cells were washed four times with
TD and twice with cMEM, 10% FCS, before they were recultured at 37°C
in cMEM, 10% FCS. Transport was stopped by chilling the cells on ice;
MPRs were solubilized in 0.4 ml detergent stop mix (Goda and Pfeffer,
1988) and centrifuged at 100,000 g for 10 min at 2°C. The supernatant was
transferred to a new tube and the fraction of sialic acid-containing MPRs
was determined by slug lectin chromatography (Goda and Pfeffer, 1988).
Proteins were separated by 8% SDS-PAGE and quantification was per-
formed with a Phosphorimager (Molecular Dynamics).

Endocytosis of HRP and 8-Glucuronidase

HRP uptake was measured as previously described (Bucci et al., 1992)
using cells grown to 50% confluency in 6 cm dishes. Endocytosed HRP ac-
tivity was assayed using o-dianisidine as substrate (Marsh et al., 1987). To
measure uptake of S-glucuronidase, cells were grown to subconfluency in
35 mm dishes and washed twice with PBS. Binding buffer («MEM, 10
mg/ml BSA) containing 10 nM g-glucuronidase was added to each dish and
incubated at 37°C for various times. Dishes were transferred onto an ice-
cold metal block and incubated for 1 h at 4°C to allow complete surface
binding of B-glucuronidase. Supernatants were aspirated and ceils were
washed 5X with PBS + 10 mg/ml BSA. Surface bound 8-glucuronidase
was stripped from the cell surface by two washes with 0.5 mi, 50 mM
citrate-phosphate, pH 5.0, 150 mM NaCl and transferred into a separate
tube. Intracellular 8-glucuronidase was recovered by solubilizing cells in 0.5
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mi, 10 mM Tris-Cl pH 7.4, 0.1% Triton X-100, 150 mM NaCl. 8-gluc-
uronidase activity was assayed (Robbins, 1979) using 4-methylumbelliferyl-
glucuronide as a substrate. 1 U was defined as the amount of enzyme needed
to yield 1 nmol product in 1 h at 37°C.

Hexosaminidase Secretion

The assay was modified from that described by Robbins (1979). Cells were
grown in complete medium to subconfluency in 6 cm dishes. The medium
was removed and the cells washed 2Xx with TD before 1 ml of prewarmed
OPTI-MEM (GIBCO BRL; with or without 10 mM mannose 6-phosphate)
was added to each dish. After 6 or 8 h at 37°C, secreted hexosaminidase
activity was assayed in 0.5 ml media by addition of 120 ul 5X hexosamini-
dase substrate buffer (0.5 M NaAcetate, pH 4.4, 0.5% Triton X-100, 5 mM
p-nitrophenyl-N-acetyl-8-D-glucosaminide). After 1 h at 37°C, reactions
were stopped by addition of 0.6 ml of 0.5 M glycine, 0.5 M Na,COs, pH
100. Release of p-nitrophenol was measured spectrophotometrically at 405
om. 1 U of enzyme activity was defined as the amount of enzyme needed
to hydrolyze 1 nmol per hour at 37°C. Intracellular hexosaminidase was de-
termined by scraping the cells in 10 mM phosphate buffer, pH 60, 0.15 M
NaCl, 0.5% Triton X-100 followed by centrifugation at 100,000 g for 10 min
at 2°C. The supernatant was transferred into a fresh tube and a portion was
assayed for hexosaminidase activity. Generally, 25 ul of cell extract was
mixed with 500 gl of 1X hexosaminidase substrate buffer.

Cathepsin D Maturation

Cells were grown to subconfluency and pulse labeled for 30 min as de-
scribed above, Cells were then washed 3% with TD and chased in tMEM,
10% FCS for up to 4 h. At various time points, cells were placed on ice,
washed 2x with ice cold TD, and then solubilized in 0.4 ml RIPA. After
centrifugation at 100,000 g, the supernatant was transferred into a new tube
and immunoprecipitated with rabbit anti~cathepsin D antibodies at a dilu-
tion of 1:200. It is important to note that the antibody displayed highest
affinity to mature cathepsin, and could not be used to monitor the secretion
of the precursor.

Immunofluorescence Microscopy

Immunofluorescence was performed as described by Warren et al. (1984)
using cells grown on collagen-coated glass coverslips. Texas red- or FITC-
conjugated second antibodies were used at a dilution of 1:500. Slides were
viewed using a 100x objective on a Zeiss Axiophot microscope.

Results

We used site-directed mutagenesis to generate rab9 mutant
proteins which might block intracellular transport upon ex-
pression in mammalian cells. The most informative mutant
was rab9 S21IN. This mutation is equivalent to Ras S17N, a
dominant inhibitory mutation of the Ras protein (Feig and
Cooper, 1988; Farnsworth and Feig, 1991). In Ras, serine
17 has been postulated to participate through its hydroxyl
moiety in the coordination of a magnesium ion at the active
site (Pai et al., 1989, 1990). Ras S17N binds GDP in strong
preference over GTP, and appears to act as a dominant inhib-
itor by sequestering a nucleotide exchange factor, thus in-
creasing the concentration of Ras-GDP (Feig and Cooper,
1988). This hypothesis was confirmed directly for an analo-
gous mutation in rab3A (T36N) which was shown to bind
with 10-fold greater affinity than wild type rab3A to a rab3A-
specific, nucleotide exchange factor (Burstein et al., 1992).

We measured the relative affinities of wild type rab9 and
rab9 S21IN for GDP versus GTP to determine if the mutant
rab9 protein resembled ras S17N in terms of its nucleotide
binding characteristics. As shown in Fig. 1 A, wild type rab9
(open circles) displayed identical affinities for GDP and
GTP: when presented with an equimolar ratio of GTP and
sH-GDP, approximately 50% of the molecules bound GDP.

Riederer et al. Rab9 and MPR Recycling to the TGN

However, rab9 S2IN (filled circles) showed an approxi-
mately 50-fold greater preference for GDP. Thus, analogous
to RasS17N, rab9 S21IN displayed preferential binding of
GDP relative to GTP. While the GDP off-rate from wild type
Ras protein shows a strong dependence upon magnesium ion
concentration, the GDP off-rate for Ras S17A appears to be
independent of magnesium (John et al., 1993). A similar
lack of dependence upon magnesium concentration was also
detected for the off-rate of GDP from rab9 S21IN (Fig. 1 B).
Together, these data confirm that rab9 S21N displays the ex-
pected in vitro properties for a dominant inhibitory mutant
of a ras-like GTPase.

Expression of rab9 S2IN In Vivo

A stable CHO cell line expressing rab9 S2IN (N21) was
generated by conventional means. As shown in Fig. 2, these
cells expressed a protein of ~+25 kD that was recognized by
monoclonal anti-rab9 antibodies upon immunoblot analysis.
Quantitation of immunoblots indicated that the rab9 S21IN
protein was expressed at approximately twofold higher levels
than the endogenous, wild type rab9 protein. N21 cells dis-
played the same doubling time as wild type cells, and showed
no obvious morphological changes, except that they dis-
played contact inhibition at a lower cell density.

Total N21 cell extracts contained two anti-rab9 antibody
immunoreactive polypeptides (Fig. 2, fotal). The upper
band is likely to represent non-prenylated rab9 S21IN since
its mobility was similar to rab9 protein expressed in E. coli
and it was primarily cytosolic. In addition, gel filtration anal-
ysis indicated that unlike the wild type protein (Soldati et al.,
1993), rab9 S21N was present in the cytosol as a monomer,
not associated with GDI, a protein which solubilizes cyto-
solic, prenylated rab proteins. The lower band in Fig. 2 (N21,
total) is likely prenylated, since it was only present in mem-
brane fractions and electrophoresed with a mobility similar
to prenylated, wild type rab9. We have shown elsewhere that
prenylated rab9 electrophoreses faster than non-prenylated
rab9 (Soldati et al., 1993).

While 80-90% of overexpressed wild type rab9 was mem-
brane associated in control cells, only ~20-25% of the rab9
S21IN was membrane-associated in N21 cells. The extent of
membrane association appeared to match the fraction of
rab9S21N that was geranylgeranylated (Fig. 1). These data
suggest that rab9 S21IN is a poorer substrate for rab pren-
yltransferase than wild type rab9. This conclusion was con-
firmed using an in vitro prenylation assay and purified rab9
and rab9 S21N proteins, according to our published proce-
dure (Soldati et al., 1993; and data not shown).

Rab9 S2IN Blocks Endosome-to-TGN Transport
In Vivo

We have shown that rab9, but not rab4 or rabJ, can stimulate
the transport of MPRs from late endosomes to the TGN in
vitro (Lombardi et al., 1993). To explore the effect of rab9
S21N on this pathway in vivo, we used an assay devised by
Kornfeld and colleagues to detect the transport of proteins
from the cell surface to the TGN in living cells (Duncan and
Kornfeld, 1988). Metabolically labeled surface MPRs were
desialylated by incubation of cells with neuraminidase at
37°C. Under these conditions, a large proportion of MPRs
cycle through the surface, where they can be acted upon by
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Figure 1. Rab9 S2IN interacts with nucleotides in vitro in the predicted fashijon.
(A) 200 oM rab9 (©) or 180 nM rab9 S2IN (e) was incubated with 3 uM [8,5"-
SHIGDP and varying levels of unlabeled GTP at 32°C for 2 h. Reactions were
stopped and assayed for protein-bound nucleotide as described in Materials and
Methods. Identical results were obtained if reactions were stopped after only 15
min. (B) Nucleotide exchange for rab9 (0) or rab9 S2IN (e) was assessed over
time points up to 15 min, and the data were fitted to first-order exponential func-
tions using Kaleidagraph software. The observed rate constants for nucleotide ex-
change were plotted versus the free magnesium ion concentration used for each
experiment; the data for wild type rab9 were fitted to the equation described below.
The dissociation of nucleotide from ras has been shown to behave according to
the following equation:

- ks + ko
1+ K/Mg™] | 1+ MKy

where ke = the observed nucleotide exchange rate constant, Kp = the equilib-

rium dissociation constant describing the affinity of magnesium ion for the
ras-GDP complex, [Mg?*] = the concentration of free magnesium ion, k_; = the
first order rate constant for dissociation of GDP-Mg?* from ras-GDP-Mg?*, and
k- = the first order rate constant for dissociation GDP from ras-GDP (John et
al., 1993). This model assumes that bound magnesium is in rapid equilibrium with
the solvent. This was tested for wild type ras and for rab9 (not shown) by showing
that the nucleotide exchange rate switches from a rate characteristic of high free
magnesium to one of low free magnesium immediately upon addition of EDTA.
Because dissociation of bound magnesium is fast on the time scale of nucleotide
exchange (implying k2 >> k-3) the form of a curve fit to this equation will be
dominated by the second term. Data from wild type rab9 generated a curve which
displays an approximately hyperbolic decrease when k-3 < kys < k-». Fitted con-
stants were 1.7 min™! for k-,, 0.13 min™ for k-5, and 820 nM for K as compared
with 0.22 min™!, 9.7 X 10™* min™ min™', and 2.8 uM for ras, respectively (John
et al., 1993). Comparing rab9 with ras, magnesium ion binding to the pro-
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tein-nucleotide complex is of slightly higher affinity and dissociation of both mag-
nesium ion and magnesium-GDP from the ternary complex are faster for rab9;

however, like ras, rab9 appears to behave according to the equation above. For rab9 S21IN, ko, is approximately equal to 1 min~! and
is independent of frec magnesium concentration. Identical results were obtained for ras S17A (John et al., 1993), implying in both cases

that k-, is approximately equal to k-3.

the neuraminidase. Cells are then washed and incubated fur-
ther to permit endocytosis and intracellular transport. Un-
like most receptors which remain in the endocytic pathway,
MPRs return to the TGN and can be modified by the
sialyltransferases located there. The re-acquisition of sialic
acid by MPRs over time can then be determined by chroma-
tography on a column of a sialic acid-specific lectin (Goda
and Pfeffer, 1988).

& & &
P o) <
Sl DA RON O
NN N N S Y
- -7 == =" AR
rab9p total cytosol membrane

Figure 2. N21 cells express rab9 S21IN protein. Cells expressing
wild type rab9 (wild type) or rab9 SN21 (N21) were fractionated
into membrane and cytosol fractions and analyzed for the presence
of rab9p by immunoblot analysis. Lanes / and 2, rab9 protein
purified from an E. coli expressing strain; lanes 3 and 4, total ex-
tracts; lanes 5 and 6, cytosol fractions; lanes 7 and 8, membrane
fractions. For this experiment, clone 2 cells were analyzed which
express wild type rab9 at ~50-fold higher levels than control cells;
sample volumes were adjusted to yield ~0.5 ng rab9 in each gel
lane. The arrows at right indicate the electrophoretic mobilities of
unprenylated rab9 (rab9) and prenylated rab9 (GG-rab9).
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As shown in Fig. 3, in control cells, a significant fraction
of MPRs re-acquired sialic acid during a 3-h postneuramini-
dase incubation, at a rate comparable to previous reports
(Duncan and Kornfeld, 1988; Chege and Pfeffer, 1990). In
contrast, MPR resialylation was inhibited dramatically in
cells expressing rab9 S2IN. Resialylation was not com-
pletely blocked, but displayed a lag of 23 h. Thus, rab9
S2IN displayed a dominant phenotype when expressed at
twofold higher levels than endogenous rab9, and interfered
with the process by which MPRs are recycled to the TGN
in living cells.

It is not yet known whether cytosolic or membrane as-
sociated rab9 S2IN was responsible for the inhibition ob-
served. However, it is interesting to note that if only the
membrane-associated S21IN protein was inhibitory, it would
have been present on the membrane at roughly 40% the level
of endogenous rab9 protein. It seems most likely that the
delayed resialylation of MPRs seen in N21 cells reflects a
significant but incomplete block of MPR recycling, as would
be expected, given a mutant protein that is predicted to inter-
fere with rab9-nucleotide exchange factor interactions.

Rab9 S2IN Inhibition Is Specific to
Endosome-TGN Transport

According to current models of rab function, a mutant rab
protein should display a defect along a single route of intra-
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Figure 3. Rab9 S21IN blocks MPR recycling to the TGN in vivo.
Control cells (0) and N21 cells (®) were metabolically labeled,
treated with neuraminidase, and then recultured for the times indi-
cated. The reappearance of sialic acid-containing MPRs was then
determined as described in Materials and Methods. Values shown
represent the average of duplicate measurements derived from two
experiments carried out in duplicate; percent sialylated MPR is ex-
pressed relative to the amount of total cellular MPRs, +SEM.

cellular transport. To verify the specificity of rab9 action, we
investigated the capacity of cells expressing rab9 S21IN to
carry out both fluid phase and receptor-mediated endocyto-
sis. As shown in Fig. 4, wild type cells and N21 cells dis-
played identical rates of horseradish peroxidase uptake.
Thus, fluid phase endocytosis was unaltered by rab9 S2IN
overexpression.

Receptor-mediated endocytosis was tested by monitoring
the ability of N21 cells to bind and internalize extracellularly
administered B-glucuronidase via cell surface MPRs. At
time zero, N21 cells were found to contain almost twofold
more endogenous S-glucuronidase than control cells (Fig. 5;
Table I). As will be described below, N21 cells also con-
tained higher levels of several other lysosomal enzymes. In
addition, N21 cells possessed 3.9 times as many surface

0.08

O control cells
® N21 colls

internalized HRP/mg protein

0.00, 5 0 15 20 25

time (min)

Figure 4. Rab9 S21N expression does not affect fluid phase endocy-
tosis. Control cells (0) or N21 cells (®) were incubated with HRP
and internalized HRP was monitored as described in Materials and
Methods. Values shown represent the average of triplicate determi-
nations from a representative experiment.
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Figure 5. Rab9 S21IN does not alter the rate of MPR-mediated en-
docytosis. Cells were incubated with §-glucuronidase for various
times. Surface bound and intracellular 8-glucuronidase activity
were assayed as described in Materials and Methods; values are the
average of duplicates from a representative experiment. Control
cells (a), N21 cells (@), and N21 cells normalized for surface
B-glucuronidase binding site differences (O; to obtain an endocyto-
sis rate per surface binding site, N21 values were divided by 3.9).
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binding sites for B-glucuronidase than the control cells,
which correlated with an increase in the level of MPRs in
these cells (see below).

N21 cells internalized more total 8-glucuronidase per unit
time than the control cells. However, when the rate of 8-gluc-
uronidase uptake in N21 cells was corrected for the differ-
ence in surface binding sites (Fig. 5, N2I normalized), the
absolute rates of enzyme internalization per surface binding
site were identical for N21 and control cells. These data
confirm that the pathway of receptor-mediated endocytosis
is not influenced by rab9 S2IN protein expression. More-
over, they show that the 300-kD MPRs are functional in N21
cells in terms of their capacity for ligand binding and
receptor-mediated endocytosis.

The specificity of the transport block induced by rab9
S21N expression was confirmed by examining the rate of bio-
synthetic protein transport of glycoproteins through the
secretory pathway. For this purpose, we examined the rate
with which the 300-kD MPR was transported from the en-
doplasmic reticulum to the medial Golgi apparatus, as moni-
tored by the rate with which it acquired endoglycosidase
H-resistant oligosaccharides. As expected, rab9 S2IN had
no influence on the rate of biosynthetic protein transport;
MPRs in control and N21 cells acquired endoglycosidase
H-resistant oligosaccharides with a half-time of ~60 min in
CHO cells, consistent with previous reports (Sahagian and
Neufeld, 1983).

Rab9 S2IN Interferes with Lysosomal
Enzyme Targeting

The recycling of MPRs from late endosomes to the TGN is
believed to be an important step in the delivery of newly syn-
thesized lysosomal enzymes from the TGN to prelysosomes.
If rab9 S21IN blocks this process selectively, expression of
rab9 S21IN should decrease the number of available MPRs
within the TGN, and thus interfere with the targeting of
newly synthesized lysosomal hydrolases. To test this possi-
bility, we investigated the rate of appearance of newly syn-
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Table 1. Rab9 S2IN Induces Compensatory Lysosome Biogenesis

Cellular content
Four independent
Control cells N21 cells S21N clones*
300-kD MPR (total) 1.0 1.6 +023) 1.5 + 0.06
300-kD MPR (surface) 7.5% + 1.0% (3) 11.7% + 1.6% (3)
cathepsin D 1.0 1.6 + 0.24 (3)
hexosaminidase 1,132 u/mg 1,843 u/mg
(relative level) 1.0 1.63 + 0.11 (& 1.42 + 0.11
B-glucuronidase 476 u/mg 912 w/mg
(relative level) 1.0 2214032
1gpB (relative level) 1.0 36 + 03 @& 325 £ 0.81

Enzyme assays of cellular content were as described in Materials and Methods. The lysosomal glycoprotein 1gpB was monitored by immunoblot using monoclonal
anti-lgpB antibodies, '»I-labeled protein A, followed by Phosphorimager quantification. MPR and cathepsin D expression levels were determined by
immunoprecipitation of **S-labeled proteins followed by SDS-PAGE and Phosphorimager quantification. Values presented are averages + standard error of the

mean; the number of measurements used is shown in parentheses.

* These clones expressed rab9 S2IN at an average of 2.23 (+0.28)-fold higher levels than endogenous rab9 wild type protein.

thesized cathepsin D into late endosomes and/or lysosomes.
Cathepsin D is synthesized as a 50-kD precursor, which is
slowly converted to a 31-kD mature form upon arrival in
prelysosomes and/or lysosomes (Rosenfeld et al., 1982;
Erickson and Blobel, 1983). This processing event thus
provided a convenient means to monitor lysosomal enzyme
targeting.

Fig. 6 shows the rate with which the 31-kD mature form
of cathepsin D was generated in control and N21 cells. As
expected, the expression of rab9 S2IN had severe conse-
quences in terms of the delivery of cathepsin to prelyso-
somes and/or lysosomes. The rate with which cathepsin D
was processed, indicative of MPR-dependent targeting, was
more than threefold lower in N21 cells when compared with
control cells.

These results are due either to a decrease in the rate of
delivery of newly synthesized cathepsin D to lysosomes, or
to a decrease in the levels of processing enzymes that are

4000

—O— control cells
—@&— N21 cells

3000

2000

1000

mature cathepsin D

time (h)

Figure 6. Rab9 S21N inhibits delivery of cathepsin D to lysosomes.
Control cells (0) and N21 cells (®) were grown to subconfluency,
metabolically labeled for 0.5 h, and then chased for up to 4 h at
37°C. The appearance of mature, 31-kD cathepsin D was monitored
at each chase time point by immunoprecipitation, SDS-PAGE, and
Phosphorimager quantitation. The average of duplicate determina-
tions from a representative experiment is shown. N21 cell values
were divided by 1.5 to obtain a rate of transport per molecule syn-
thesized.
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present in late endosomes and/or lysosomes. According to
either of these scenarios, the data support a model in which
MPR recycling to the TGN is required for efficient lysosomal
enzyme targeting, and suggest further that MPRs are limiting
components in the lysosomal targeting pathway.

If the receptor-mediated delivery of newly synthesized
lysosomal enzymes from the TGN to lysosomes is disrupted,
cells expressing rab9 S21N should display an increased level
of lysosomal enzyme secretion via a bulk-flow, default path-
way. This prediction was confirmed upon analysis of the
secretion of newly synthesized hexosaminidase from control
and N21 cell lines (Fig. 7). Control cells and N21 cells syn-
thesized hexosaminidase at identical rates (~14 U/mg/h).
However, N21 cells secreted more than twice as much of the
newly synthesized hexosaminidase as control cells. Assays of
enzyme secretion were carried out in the presence of excess
mannose 6-phosphate (man6P) to block interaction with
surface MPRs. Omission of man6P led to a decreased ac-
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Figure 7. Rab9 S2IN increases secretion of hexosaminidase. Sub-
confluent cells were washed and secretion of newly synthesized
hexosaminidase into freshly added medium was measured after 6-h
incubation in the presence (black bar) or absence (gray bar) of 10
mM mannose 6-phosphate. Hexosaminidase activity was assayed as
described in Materials and Methods and normalized to protein con-
centration of harvested cells. Newly synthesized hexosaminidase
was defined as the increase of intracellular plus extracellular hexos-
aminidase activity in 6 h. Values shown represent the average of
duplicate determinations from a representative experiment.
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cumulation of hexosaminidase in the extracellular medium,
indicating that the cells were able to re-internalize the
secreted enzyme. The ability of man6P to increase the levels
of detected secreted hydrolases confirmed that MPRs were
fully functional in terms of their capacity to endocytose ex-
tracellular lysosomal hydrolases. In summary, N21 cells
secreted a larger proportion of their lysosomal enzyme con-
tent than control cells, and compensated for this by an endo-
cytic recapture process.

Rab9 S2IN Induces Compensatory
Lysosome Biogenesis

As summarized in Table I, N21 cells contained 1.6-fold more
hexosaminidase and 2.2-fold more total B-glucuronidase.
They also contained higher levels of cathepsin D. Cells could
have acquired higher steady state levels of lysosomal en-
zymes by an increased rate of synthesis, increased endocytic
recapture, or a decrease in lysosomal enzyme turnover. Al-
though the rate of hexosaminidase synthesis was identical in
N21 and control cells, increased synthesis was detected for
cathepsin D; N21 cells synthesized ~~1.5x as much of this
protein during a 30-min pulse-labeling period as control
cells. Surprisingly, the cells also contained higher levels of
a lysosomal membrane glycoprotein which does not utilize
MPRs for delivery to lysosomes. N21 cells contained 3.6
times as much IgpB as control CHO cells (Table I). In addi-
tion, N21 cells had increased levels of MPRs. This increase
in MPR number was not due to a constant rate of synthesis
accompanied by a slower rate of protein turnover, since the
half-life of MPRs actually decreased slightly from 13 h to
10 h in N21 cells. This suggests that a large portion of the

- pathway of lysosome biogenesis was amplified in the N21
cell line.

To ensure that the increase in lysosomal proteins and
MPRs was not an unusual feature of the N21 clonal cell line,
we also examined the levels of hexosaminidase, IgpB and the
300-kD MPR in four independently isolated cell clones ex-
pressing rab9 S21N at amounts comparable to the N21 cells
(~twofold higher than endogenous rab9). As summarized in
Table I, the four cell lines all displayed a phenotype very
similar to N21, expressing higher levels of MPRs, hexos-
aminidase and IgpB. Further overexpression of rab9 S2IN
protein to as high as twenty fold over the level of the endoge-
nous wild type rab9 protein did not yield a further increase
in lysosomal enzyme levels (not shown).

MPR Localization Is Not Dramatically Altered
in N21 Cells

The experiments presented above suggested that in N21
cells, MPR trafficking through the secretory and endocytic
pathways was unaltered, and that the only step blocked by
rab9 S21IN expression was recycling from late endosomes to
the TGN. Under these conditions, one would expect that the
steady state distribution of MPRs would be unchanged. In-
direct immunofluorescence of N21 cells confirmed this con-
clusion. As shown in Fig. 7, the overall morphological distri-
bution of MPRs appeared to be very similar in N21 and
control cells (Fig. 7, top row). The bulk of the receptors were
present in perinuclear organelles that are likely to represent
late endosomes and to a smaller extent, the TGN (Geuze et
al., 1984, 1985, 1988; Griffiths et al., 1988, 1990).

Riederer et al. Rab? and MPR Recycling to the TGN

N21 cells expressed 1.6-fold more 300-kD MPRs than
control cells, and a larger fraction of their total MPRs were
present at the cell surface at steady state (Table I). Taken to-
gether, this would lead to an approximately 2.5-fold increase
in the absolute number of surface 300-kD MPRs on N21
cells. As would be expected, the block in transport between
late endosomes and the TGN seemed to increase the pool of
receptors transiting along the endocytic pathway. Neverthe-
less, at steady state, the vast majority were still present in
intracellular compartments.

The fact that the general distribution of MPRs did not
change in N21 cells suggests that a block in recycling to the
TGN does not influence the rates of other MPR intracellular
transport events. These results also imply that exit from late
endosomes is rate-limiting for overall MPR transport.

The morphology of lgpB-positive structures (lysosomes
and late endosomes) seemed normal in N21 cells (Fig. 8).
The increased cellular content of igpB appeared to be
matched by an increase in the apparent number of lysosomes
and an increase in perinuclear staining in N21 cells. In addi-
tion, the TGN, as monitored by the distribution of TGN38,
did not appear to be altered, at least at the level of im-
munofluorescence microscopy. Finally, the fraction of rab9
S21N that was membrane-associated displayed a distribution
that resembled that of MPRs and wild type rab9 protein
(Lombardi et al., 1993). The apparently normal morphology
of late endosomes, lysosomes, and the TGN in N21 cells sup-
ports the contention that the cells are not generally poisoned
by low level expression of rab9 S2IN.

Discussion

'We have shown here that the Ras-like GTPase, rab9, is essen-
tial for the recycling of 300-kD MPRs between endosomes
and the TGN in vivo. Stable expression of a dominant nega-
tive form of rab9 (S21IN) blocked this transport step spe-
cifically, while the rates of biosynthetic protein transport and
fluid phase and receptor-mediated endocytosis remained un-
changed. Moreover, expression of rab9 S21N at only twofold
higher levels than wild type rab9 protein was sufficient to
yield this phenotype. Although we only monitored the TGN
recycling of the 300-kD MPR, it is likely that expression of
rab9 S21N also inhibited the recycling of the 45-kD MPR.
These results confirm our previous finding that pure rab9
protein had the capacity to stimulate the recycling of 300-kD
MPRs to the TGN in an in vitro system that reconstitutes this
transport step (Lombardi et al., 1993).

Inhibition of MPR recycling to the TGN had a severe im-
pact on the ability of cells to sort newly synthesized
lysosomal enzymes. The delivery of cathepsin D to lyso-
somes, as monitored by the rate of appearance of the mature
form of this protein, was strongly inhibited in N21 cells. In
addition, cells expressing rab9 S21IN secreted a larger frac-
tion of newly synthesized lysosomal enzymes than control
cells.

Cells rendered defective in lysosomal enzyme sorting by
expression of rab9 S2IN compensated for this defect by in-
creasing their rates of synthesis of a variety of lysosomal en-
zymes. Endogenous levels of cathepsin D, hexosaminidase
and SB-glucuronidase were all elevated in N21 cells. A larger
fraction of these enzymes were also secreted by the cells, but
were at least in part, reinternalized via surface MPRs. In ad-
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Figure 8. Expression of rab9 S21N has little impact on MPR distri-
bution. Control cells (left) or N21 cells (right) were grown on
collagen-coated coverslips and processed for immunofluorescence
microscopy using rabbit anti-300-kD MPR antiserum (1:1,000),
mouse anti-IgpB culture supernate, rabbit anti-TGN38 (1:300), or
affinity purified rabbit anti-rab9 antibodies (1:100). Slides were
viewed using a Zeiss Axiophot microscope fitted with a 100x ob-
jective; each row was photographed using identical exposure times.
Endogenous rab9 is barely detected by immunofluorescence in con-
trol CHO cells due to its very low expression level.

dition to inducing the synthesis of soluble lysosomal en-
zymes, the level of the lysosomal membrane glycoprotein,
IgpB was increased 3.6-fold and MPRs levels increased 1.6-
fold. Thus, cells seem to have the capacity to induce the
coordinate synthesis of a group of organelle-specific pro-
teins. This is not without precedent; indeed, upon heat
shock, a series of ER-localized chaperones are induced
(Gething and Sambrook, 1992), and upon compactin treat-
ment, an entire crystalloid smooth ER is induced (Chin et
al., 1982).

These experiments confirm that MPRs are limiting in the
secretory pathway of N21 cells. While this may be due, in
part, to an increase in lysosomal enzyme synthesis, the block
in MPR recycling in N21 cells would certainly exacerbate a
deficiency in unoccupied, TGN-localized MPRs. The com-
pensatory induction of lysosomal enzymes in N21 cells sup-
ports the notion that recycling from the TGN is necessary to
maintain an adequate supply of MPRs within the Golgi to
accomplish efficient lysosomal enzyme targeting.

MPRs cycle between the TGN and late endosomes in what
is referred to as the biosynthetic pathway, and between the
cell surface and early endosomes, along the conventional en-
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Figure 9. Trafficking pathways taken by mannose 6-phosphate
receptors and/or lysosomal enzymes. Bold arrows demarcate MPR
pathways; thin arrows represent paths taken by lysosomal enzymes
released from MPRs or secreted by default. Rab9 S2IN blocked
only MPR recycling from late endosomes to the TGN; other path-
ways appeared to function at normal rates. The rab9 S2IN block
led to increased default secretion, but did not alter significantly the
overall subcellular distribution of MPRs at steady state.

docytic pathway (Fig. 9). These pathways are intercon-
nected, in that the entire pool of MPRs cycles through the
cell surface in less than an hour (Sahagian, 1984; Gartung,
1985). However, it has not yet been established precisely
how these pathways are connected. MPRs in the TGN might
escape the biosynthetic pathway and be delivered to the sur-
face by default. Alternatively, MPRs might shuttle directly
from late endosomes to the cell surface, or from late endo-
somes to early endosomes, from which they could then recy-
cle to the cell surface. Since a severe block in their transport
back to the TGN did not alter their overall cycling properties
or their steady state morphological distribution, our data
provide the first indication that MPRs can be transported
from late endosomes back to the cell surface, either directly,
or via early endosomes. Such a pathway has also been
documented for a lysosomal membrane glycoprotein in
chick fibroblasts (cf., Lippincott-Schwartz and Fambrough,
1986).

Inhibition of MPR recycling to the TGN did not lead to
the accumulation of MPRs within a transport-incompetent
membrane compartment. Despite a severe decrease in trans-
port to the TGN, MPRs were free to cycle between endo-
somes and the cell surface. Thus, even though rabs are
thought to act in the process of vesicle targeting and/or fu-
sion, the mutant protein did not lead to accumulation of
MPRs in non-functional transport vesicles. Rather, MPRs
seemed to retain access to other transport pathways. These
findings would be consistent with a model in which rab pro-
teins in their GTP conformation are recruited onto nascent
transport vesicles. In the absence of GTP rabs, formation of
transport vesicles might be inhibited, and/or cargo recruit-
ment might be much less efficient. Further experiments will
be needed to explore these possibilities.

We have recently shown that the recruitment of rab9 onto
late endosome-enriched membranes is accompanied by
nucleotide exchange (Soldati et al., 1994). Prenylated rab9,
in its GDP conformation, is delivered to late endosome
membranes as a complex with GDI by a process that is
saturable both in terms of its overall rate and extent (Soldati
et al., 1993, 1994). Rab9 recruitment requires proteins on
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the surface of late endosomes, and is inhibited by GDP or
excess unoccupied GDI.

Rab9 S21N binds GDP in strong preference to GTP. De-
spite its expected occurrence in a GDP conformation, a frac-
tion of the protein was prenylated and became membrane as-
sociated. Moreover, the protein did not display a random
distribution in terms of its membrane association—much like
the wild type protein, rab9 S21N colocalized to a large extent
with MPRs on late endosomes. Since the equivalent muta-
tion in rab3A generated a protein with enhanced affinity for
a nucleotide exchanger, it is possible that the membrane as-
sociation of rab9 S21N reflects a non-productive interaction
with a membrane-associated, rab9 nucleotide exchanger. A
yeast protein capable of stimulating the nucleotide exchange
of Sec4 has been identified (Moya et al., 1993), and it has
been shown to occur in tight association with membranes.
If this model for rab9 S21N localization is correct, the prop-
erties of rab9 S21IN association with membranes would be
predicted to differ from those of the wild type protein. It will
be of interest to determine if membrane-associated rab9
S21N is in a GDP- or GTP-bound conformation in terms of
our understanding of the mechanism of rab protein recruit-
ment. The availability of an in vitro system that reconstitutes
selective rab9 membrane association (Soldati et al., 1994)
should permit us to investigate this further.

In summary, we have shown that MPR recycling is an im-
portant step in the process by which newly synthesized
lysosomal enzymes are delivered to lysosomes. Moreover,
mutation of a single Ras-like GTPase, rab9, disrupted this
process selectively. These findings support the current view
that Ras-like GTPases are key regulators of independent in-
tracellular transport steps. The ability of cells to compensate
for a block in lysosomal enzyme targeting by a secretion-
recapture mechanism underscores the adaptability of eu-
karyotic cells in terms of their capacity to use salvage path-
ways to generate and maintain essential organelles.
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