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Prenylated Rab GTPases occur in the cytosol in their
GDP-bound conformations bound to a cytosolic protein
termed GDP-dissociation inhibitor (GDI). Rab—GDI
complexes represent a pool of active, recycling Rab
proteins that can deliver Rabs to specific and distinct
membrane-bound compartments. Rab delivery to cellu-
lar membranes involves release of GDI, and the mem-
brane-associated Rab protein then exchanges its bound
GDP for GTP. We report here the identification of a
novel, membrane-associated protein factor that can
release prenylated Rab proteins from GDI. This GDI-
displacement factor (GDF) is not a guanine nucleotide
exchange factor because it did not influence the intrinsic
rates of nucleotide exchange by Rabs 5, 7 or 9. Rather,
GDF caused the release of each of these endosomal Rabs
from GDI, permitting them to exchange nucleotide at
their intrinsic rates. GDF displayed the greatest cata-
lytic rate enhancement on Rab9—-GDI complexes. How-
ever, catalytic rate enhancement paralleled the potency
of GDI in blocking nucleotide exchange: GDI was
shown to be most potent in blocking nucleotide
exchange by Rab9. The failure of GDF to act on Rab1—
GDI complexes suggests that it may be specific for
endosomal Rab proteins. This novel, membrane-associ-
ated activity may be part of the machinery used to
localize Rabs to their correct intracellular com-
partments.
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Introduction

Rab proteins represent a family of at least 30 different
Ras-like GTPases that function in transport vesicle docking
with their targets (Novick and Brennwald, 1993; Zerial

and Stenmark, 1993; Nuoffer and Balch, 1994). Almost

the cytosol. All of the cytosolic pool represents Rabs
bound to a small family of proteins termed Rab GDP-
dissociation inhibitors (GDIs). After a vesicle fuses with

its target, GDIs can retrieve Rabs from their fusion targets,
in their GDP-bound conformations. GDIs also have the
capacity to deliver Rab proteins to their specific membrane-
bound compartments to enable them to function in vesicle
docking processes (Pfeffet al,, 1995).

Complexes of prenylated Rab5 or Rab9 proteins bound
to GDI-a have been shown to be delivered to early
or late endosomes respectively, in experiments using
permeabilized cells (Ullrichet al, 1994) or enriched
membrane fractions (Soldagt al, 1994). Membrane
targeting was accompanied by release of GDI, followed
by the exchange of Rab-bound GDP for GTP. Since
membrane association seemed to precede the nucleotide
exchange process, it was proposed that a novel activity
that could displace GDI would catalyze the recruitment
of Rab proteins onto specific organelle membranes (Pfeffer,
1994; Soldatiet al, 1994). In this model, nucleotide
exchange would be catalyzed by a separate polypeptide
that may or may not be physically associated with the
GDl-displacement factor (GDF).

Evidence in support of the existence of a GDF comes
from the work of Novick and colleagues, who showed
that the Secdp (yeast Rab) nucleotide exchange factor,
Dss4p, could not use Sec4p—Gdip complexes as substrates
(Moya et al, 1993). Their findings indicated that an
additional factor would be needed to act in concert with
Dss4p, as part of the membrane recruitment process.

We looked for a nucleotide exchange-enhancing activity
on late endosome membranes that could utilize Rab9—
GDI complexes as substrates. We report here-thé 000-
fold enrichment of an activity that can release intact,
prenylated Rab9 from GDI. Once dissociated from GDI
by this factor, the Rab exchanges nucleotide at its intrinsic
rate. GDF acts on GDI complexes of other endosomally
localized Rabs but not on complexes containing the
endoplasmic reticulum (ER) and Golgi-associated Rablb
protein.

Results

every membrane-bound organelle in the secretory andPrenylated Rab proteins can be purified in CHAPS deter-
endocytic pathways bears a distinct set of Rabs on its gent from the membranes of insect cells infected with an
surface. Rabs are doubly geranylgeranylated at or nearappropriate, Rab-encoding baculovirus (Soldeti al,
their C-termini, which is required for their membrane 1995b). The purified Rabs can be retained in a soluble
association. The specificity of Rab localization is provided form upon removal of the detergent if delipidated serum
by structural determinants unique to each family member albumin is added (Dirac-Svejstrugi al., 1994). Presum-
(Chavrier et al, 1991; Brennwald and Novick, 1993; ably, the geranylgeranyl groups are bound by the serum
Dunnet al, 1993; Stenmarlet al, 1994). albumin. We have shown that prenylated Rab9, in complex

At steady state, the bulk of a given Rab is membrane- with bovine serum albumin (BSA), is very similar to
associated, but a significant fraction is also detectable in unprenylated Rab9 in terms of its kinetic parameters
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Fig. 1. GDI inhibits nucleotide exchange by different Rab proteins to
different extents. Nucleotide exchange by purified, prenyl Rab9, Rab5
or Rab7 proteins, maintained in soluble form with delipidated BSA,
was monitored in the presence or absence of equimolar GDI at 30°C.
Maximum possible nucleotide exchange values for Rab9, Rab5 and
Rab 7 were 17.9, 24 and 18.6 pmol G/BPbound, respectively. Data
were normalized to 1.0 to permit a direct comparison of the different
Rab proteins, and represent the fraction of active nucleotide binding
sites occupied for each Rab.

(Shapiro and Pfeffer, 1995) and ability to stimulate vesicu-
lar transportin vitro (Dirac-Svejstrupet al., 1994).

As shown in Figure 1, purified, prenylated Rab9,
complexed with BSA, was fully capable of exchanging
bound, unlabeled GDP foffS]GTR/S (top panel, open
symbols). Under the conditions of these experiments,

Table I. Comparison of the ability of GDF and GDI to act on different
Rabs

Catalytic rate Fold decrease in Normalized GDF

enhancement GDP release due effect/GDI effect
due to GDF to GDI

Rab9 12 (1.0) 95 (1.0) 1.0

Rab5 6.5 (0.54) 72 (0.76) 0.7

Rab7 3.1 (0.26) 13 (0.14) 1.9

The catalytic rate enhancement for GDF on each Rab—GDI complex
was determined by comparing the initial rates of nucleotide exchange
of the complexes in the presence or absence of GDF. The ability of
GDI to block GDP release from Rab proteins was determined by
comparing the initial rates of nucleotide exchange by the prenylated
Rab proteins, in complex with BSA, with that observed after
subsequent addition of GDI and establishment of equilibrium. Shown
in parentheses are the values normalized to that obtained for Rab9.

inhibiting nucleotide exchange by Rab9. Comparison of
the initial rates of nucleotide exchange for each Rab with
the rate observed at apparent equilibrium in the presence
of GDI indicated that GDI inhibited nucleotide exchange
95-, 72- or 13-fold for Rabs 9, 5 and 7, respectively
(Table I).

Identification of a GDF

Figure 2 outlines the assay we utilized in an attempt to
detect a membrane-associated activity that would recog-
nize a Rab—GDI complex and catalyze the release of GDI.
We will refer to this as GDF or GDI-displacement factor
activity. Rab proteins occur in the cytosol as complexes
with GDI, which blocks their ability to release and
exchange bound GDP. Once free from GDI, the Rab is
then again able to exchange bound nucleotide, at least at
the intrinsic rates shown in Figure 1. Since GDI binds
tightly to Rab9 (Shapircet al, 1995), the equilibrium
normally lies far in the direction of the stable Rab9—-GDI
complex. However, a GDF should facilitate the generation
of free Rab9, which could then exchange bound GDP for
[3°S]GTRS.

We mixed stable Rab9-GDI complexes with protein
fractions and looked for an increase in the rate of binding
of PS]GTR/S. This method should have enabled us to
detect a GDF, or an activity that acts on Rab-GDI

complexes and stimulates that Rab’s intrinsic rate
nucleotide exchange (a ‘GEF’). A protein might also have
the capacity to be both a GDF and a GEF.

essentially all of the Rab9 molecules added to the reactions Since GDI binds only prenyl Rabs, GDI release leads
to Rab aggregation. Therefore, we carried out assays in
rate of exchange was observed for prenyl Rab5-BSA the presence of detergent; a released Rab would become

incorporated into a detergent micelle. Detergent conditions

exchanged nucleotide within 30 min at 30°C. A similar

complexes (middle panel); Rab7 exchanged nucleotide
more slowly, as we have reported previously (Shapiro
et al, 1993).

If an equimolar amount of GDd (‘GDI’) purified from
bovine brain was added at time zero to such reactions,
nucleotide exchange was inhibited significantly (Figure 1,
solid symbols). The small, initial rise in Rab-associated
nucleotide exchange observed in reactions containing GDI
is likely to reflect the rate with which GDI associates with
each Rab protein. GDI bound most rapidly to Rab9; it
was much slower in binding to Rab7, and bound Rab5 at
an intermediate rate. Moreover, GDI was most potent in
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were established that do not destabilize prenyl Rab—GDI
association<(0.1% CHAPS in the final reaction mix).
Moreover, since GDI shows a strong preference for Rabs

bearing GDP, reactions were carried out in the presence

of an excess of3PS]|GTR/S. Once released from GDI, a
Rab will exchange bound GDP fo/SGirfe then be
incapable of rebinding GDI.

of

For these experiments, purified, prenylated Rab9, Rab5

and Rab7 in CHAPS were mixed with an equimolar

amount of brain GDI and the detergent was then removed

by dialysis. The stable complexes (Figure 3) were isolated
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Fig. 2. Strategy for identifying a GDI displacement factor (GDF).
Rab-GDI complexes are stable, but are in equilibrium with free Rab
and GDI proteins. A GDF would act to catalyze the rate of this
interconversion. Once released from GDI, a Rab could then exchange
bound GDP for added®}S]GTR/S. This could occur at the intrinsic

rate of the Rab GTPase or at an enhanced rate, due to the action of a
hypothetical GEF (guanine nucleotide exchange factor). Since GDI
does not bind Rabs bearing GTP, the equilibrium can be shifted
towards the formation of Rab9-GTP if reactions are carried out in
excess GT#S. This assay can detect either a GDF, a GEF that acts on
Rab-GDI complexes, or both.
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Fig. 3. Purified prenylated Rab—GDI complexes. An SDS-PAGE
(12.5%) analysis is shown. GDI stains more darkly with Coomassie
blue because it is twice the mass and also binds more dye than the
prenyl Rab9 (see Soldatt al, 1994, 1995a).

by gel filtration chromatography and eluted with an
apparent mass of ~80 kDa.

Using this approach, we have identified a factor that
can relieve the inhibition of nucleotide exchange by GDI.
When Rab9-GDI complexes were incubated with an
excess of GTIS, very little exchange was observed
(Figure 4A, open circles), as would be expected from the
data shown in Figure 1. However, addition of significantly
sub-stoichiometric amounts of our partially purified factor
(=5 nglg Rab9) yielded a large increase in nucleotide
exchange (Figure 4A, filled circles). The factor was
partially purified from rat liver late endosome membranes
that were pre-washed in 1 M KCI, solubilized in CHAPS

Identification of a Rab-GDI displacement factor
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Fig. 4. (A) Identification of a proteinaceous factor that restores
nucleotide exchange capacity to Rab—GDI complexes. Rab9-GDI
complexes (20 pmol) were incubated in the presence or absence of
10 ng of factor for the indicated times at 37°C. The maximum possible
nucleotide exchange value was determined by disrupting complexes in
5% CHAPS and allowig 2 h for subsequent nucleotide binding; it

was 20 pmol GTP bound per 20 pmol RabB) {The factor (10 ng)

was incubated with 3@ of proteinase K—Affigel (10 mg/ml) for

30 min at 37°C. PMSF was added to 1 mM either prior to bead
addition or after the incubation. The ability of the factor to trigger
nucleotide exchange by Rab9-GDI complexes was then measured in a
reaction containing 20 pmol of Rab9 at 37°C for 20 min.

(C) Superdex 75 gel filtration of GDF activity as described in

Materials and methods. GDF activity (0) and prote®) @re shown.

The mobilities of carbonic anhydrase (30 kDa) and serum albumin

(68 kDa) are indicated.

detergent and fractionated by numerous chromatography

steps; the specific activity of the factor was 2000-fold likely to reflect at least a 10 000-fold purification relative
higher in the purified preparation compared with starting to the post-nuclear supernatant. We have termed this factor
endosomes. Given the enrichment of endosomes, this is GDF for GDI-Displacement Factor. As will be shown
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Fig. 5. Intrinsic nucleotide exchange rates are not influenced by the
factor. Nucleotide exchange by prenyl Rab proteins (20 pmol)
complexed with BSA was measured in the presence or absence of
10 ng factor at 37°C unless otherwise indicated. Maximum values
were the same as indicated for Figure 1.

Fig. 6. Demonstration of a GDI-displacement factor. Prenyl Rab9—-GDI
complexes (40 pmol) were incubated wiff$]GTR/S (560 nmol) in a
volume of 100pl for 30 min at 37°C. The reaction was then applied

to a Sephacryl S100 column (2 ml column). Top panel, no factor
added; middle panel, reaction carried out with 10 ng of factor.
Fractions representing the void volume,\\and 80 kDa are indicated

below, the factor could be shown to displace, physically, with arrows. The distributions of Rab9 and GDI were determined by
D! ffom prenylated Rabs. Figure 48 shows the results R2iae FTLreooung ard o possried 1t A s
of a prOt('_}',nase K digestion; at least 85% of the aC“V'tY counting. Lower panel, immunoblot of Ra)t/)Q after GDF action. Data
was sensitive to protease treatment. Thus GDF is a protein.shown are from the experiment shown in the middle panel.
In addition, GDF activity chromatographed with an appar-
ent mass of 30 kDa upon gel filtration (Figure 4C).

GDF dissociates Rabs from GDI
GDF is not a GEF The data presented thus far are consistent with a factor
Several proteins have been identified that increase the that can dissociate GDI from Rabs. If so, the reaction
intrinsic rate of nucleotide exchange by Rab GTPases products should be resolvable by gel filtration chromato-
(Burton et al, 1993; Moyaet al., 1993; Horiuchiet al, graphy. Rab-GDI complexes chromatograph with an
1995): these are the so-called ‘guanine nucleotide apparent mass of ~80 kDa when fractionated on Sephactryl
exchange factors’ or GEFs. To determine if GDF had the S100 columns (cf. Setldhti1993). If GDF dissociates
ability to influence nucleotide exchange by Rabs, we the complexes, the GDI should how chromatograph as a
examined nucleotide exchange of prenylated Rab—BSA ~55 kDa monomer and the free, prenylated Rab9 should
complexes in the absence of GDI, with or without GDF. elute with an apparent mass®f.00 kDa (Dirac-Svejstrup
As shown in Figure 5, GDF (filled symbols) did not et al, 1994). The large mass of free Rab9 is due to the
influence significantly the rate of nucleotide exchange by formation of a small aggregate of the prenylated form

Rab9, either at 37 or 30°C. GDF also failed to act as a since the column is run in the absence of detergent.
GEF for Rab5 or Rab7. These data suggest that GDF Figure 6 shows the results of chromatography of Rab9—
displaces Rabs from GDI, permitting them to exchange GDI complexes, incubated either in buffer (top panel) or
nucleotide at their intrinsic rates under the conditions of our with catalytic amounts of GDF (middle panel). Reactions
assays. These data indicate further that GDI dissociation is were carried out in the presence of°eS[BSH/E.

rate limiting in assays of GDF activity. In the absence of GDF, Rab9-GDI complexes chromato-
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in the absence of GDF (Figure 7, open circles) reflects a
08} slight instability of Rab5-GDI and Rab7-GDI complexes,
compared with Rab9—GDI complexes (cf. Figure 4). When
GDI falls off, nucleotide exchange occurs at the intrinsic
rate of these Rab proteins. Despite this slight complex
+ GDF instability, GDF enhanced the observed exchange, presum-
ably by displacing GDI, as was shown for Rab9 (Figure 6).
0.2 o In contrast to the endosome-specific Rabs 5, 7 and 9,
0 : : . \ GDF failed to influence nucleotide exchange of Rabl-
0O 5 10 15 20 GDI complexes (Figure 7, bottom panel). The inability of
GDF to act on Rab1-GDI complexes was not because
time (min) these complexes are more stable; as shown in Figure 7,
the complexes showed a spontaneous dissociation rate
Fig. 7. Crude GDF can act on Rab5-GDI and Rab7-GDI complexes ~ similar to that observed for Rabs 5 and 7. Moreover,
but T)Ott Ffjablt?]—GDl complexest-) Rab—G'?llgomDIGfxes éZOGpEf)T;Zolf) V\/t?]re Balch and colleagues (Schatk al,, 1996) have estimated
:Egyca?e% ti|21eseartJr::‘e7S‘?(?.C eDe(ft;aarzegg?moalizedn?oop(:rrntiitedirect e that theKp, for Rab1-GDI complexes is ~20-fold weaker
comparison; the maximum values were determined as in Figure 4. A than the values we have reported for Rab9-GDI complexes
gel of the Rab1-GDI complexes employed here is shown in Soldati ~ (Shapiro and Pfeffer, 1995).
et al. (1995a). Figure 8 presents the amount of exchange detected for
each Rab-GDI complex in the presence of GDF, after
graphed with an apparent mass of ~80 kDa and, asSubtraction of that seen in the absence of GDF. The data
expected, essentially no GJ® was bound to those Show that once released from GDI, the Rabs exchange
complexes (top panel). However, addition of ~10 ng of Nucleotide at their intrinsic rates; as mentioned earlier,
the GDF preparation to a reaction containingu@ of Rab7 is known to exchange nucleotide at about half the
Rab9 bound to ~2ig of GDI led to an almost complete  rate of Rab9 (Shapiret al, 1993), and Rab5 exchange
shift in the distribution of Rab9 and GDI proteins. Rab9 rates are comparable with those of Rab9 (Sineoral,
was now capable of binding G¥B and was well resolved ~ 1996).
from the bulk of GDI. Consistent with Rab9’s ability to GDF yielded rate enhancements of 6.5- and 3.1-fold,
bind nucleotide, the immunoblot analyses used in thesefor Rab5-GDI and Rab7-GDI complexes, respectively,
experiments documented that Rab9 (lower panel) and GDIand 12-fold for Rab9-GDI complexes (Table ). At first
(not shown) were fully intact at the end of the reaction. glance, these data suggested that GDF showed a preference
In summary, these experiments demonstrate, directly, thefor Rab9. However, the relative catalytic action of GDF
ability of GDF to catalyze the dissociation of Rab9—-GDI paralleled the strength of the GDI interaction with a given
complexes under the assay conditions described here. Rab. GDI bound most tightly to Rab9, and less tightly to
Rab5 and Rab7 (Figures 1 and 7, Table I). Thus, when
Is GDF specific for Rab9? GDI bound a Rab tightly, crude GDF showed the greatest
GDF showed an apparent 12-fold catalytic rate enhance-rate enhancement (Table I). When one compares GDF
ment using Rab9—-GDI complexes as substrates (Figure 4,activity with GDI inhibition for each Rab, GDF showed
Table 1). The ability of GDF to act on other Rabs was only a modest preference for Rab9 compared with Rab5
tested using complexes of prenylated Rab5 or Rab7 bound(30%), and a 1.9-fold apparent preference for Rab7 com-
to GDI. Figure 7 shows that GDF also increased the pared with Rab9 (Table I). Nevertheless, it failed to act

0.6

0.4
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on Rabl complexes, consistent with a preference for If the GDF activity described here acts upstream of a
endosomal Rab proteins. Dss4p-like nucleotide exchanger, what can we say about

its apparent, predicted specificity? Under the conditions

of our in vitro experiments, GDF acted on endosomal
Rabs 5, 7 and 9 but not on the ER/Golgi Rab, Rablb.
Prenylated Rab proteins occur in the cytosol bound to GDF displayed the greatest catalytic rate enhancement on

Discussion

GDI, which has the capacity to deliver active Rabs to complexes of prenylated Rab9 bound ta &Dfirst
their specific, cognate membrane compartments (Pfefferglance, one could conclude that GDF acted preferentially
et al, 1995). We have described here the identification of on Rab 9. However, it is essential to note that Rab5 and

a novel, membrane-associated factor that can release GDRab7 proteins formed weaker complexes with GDafter
from prenylated Rab proteins when added in catalytic in vitro reconstitution. This is despite the fact that we do
quantities. This is the first report of a protein that can not employ His-tagged GDI or epitope-tagged Rab5 or
detach Rabs from GDI, that may function in the process Rab7 proteins, which we have found weaken GDI-Rab
by which Rabs are delivered to distinct membrane targets. protein interactions. Thus, at least under the conditions of
Since our factor was partially purified from endosome- these experiments, when the endosomal Rab—GDI complex
enriched membrane fractions, it is likely to play a role in was tight, GDF dissociated it; when the complex was
the recruitment of Rabs onto endosomes. weaker, a lower rate of enhancement was detected, but
Prenylated Rab proteins first associate with membranesthe complex was dissociated, none the less. In all cases,
in their GDP-bound conformations, and it is only after GDI displacement was rate limiting. Thus, as isolated to
several minutes that they bind GTP (Soldattial., 1994; date, GDF does not appear to show a significant level of
Ullrich et al,, 1994). Thus, whilen vitro Rab recruitment discrimination between these endosomal Rabs, but it fails
experiments have shown that nucleotide exchange accom+o act on the ER/Golgi Rab, Rab1b.
panies Rab membrane association, they have also sug- We have shown previously that Rab9 and Rab7 are each
gested that the initial organelle recognition event may be recruited onto endosome membranes with approximate
more complex than simple interaction with a nucleotide appafgntalues of 9 and 22 nM, respectively (Soldati
exchange factor. et al, 1995a). However, while control Rab9-GDI-
We proposed the existence of organelle-specific GDFs complexes inhibited the initial rate of myc-tagged Rab9
that might recognize distinct, prenylated Rabs, bound to recruitment with an apparen§; of =9 nM, Rab7 com-
GDI, and recruit the Rabs onto specific membranes plexes inhibited this process much less effectively (appar-
(Pfeffer, 1994; Soldatt al., 1994). Such factors could act entK; =112 nM). Similarly, complexes of the ER-localized
catalytically: they might release GDI into the cytoplasm, Rab1b protein were even less potent than Rab7 complexes
enabling a prenylated Rab to associate spontaneously with(apparenK; =405 nM). These experiments distinguished
the immediately adjacent membrane bilayer. A nucleotide biochemically the recruitment of different Rab proteins
exchanger would act on the membrane-associated Rabpnto a single class of organelle, and suggested that the
which could then bind to some saturable, downstream membrane recruitment ‘entry site’ was Rab specific. As
component and function in vesicle targeting. isolated thus far, GDF is able to discriminate between the
Evidence in support of this model has come from endosomal Rabs and Rablb, consistent with our previous
the work of Novick and co-workers, who identified a competition experiments (Soldadt al, 1995a).
membrane-associated nucleotide exchanger for the yeast The GDF described here acts on Rab proteins localized
Secdp Rab. This protein, termed Dss4p, stimulates theto early and late endosomes. It is possible that endosomal
intrinsic exchange rate of Sec4p, but can also act on the Rabs are recruited onto a common endosome and achieve
yeast Yptlp Rabin vitro (Moya et al,, 1993). A related, their final steady-state distributions by an endosomal
mammalian protein, termed Mss4, shows similar GEF membrane transfer process. Alternatively, early versus late
activity for a subset of Rabs (Burtost al, 1993). It is endosome specificity in Rab recruitment may be imparted
important to note that Dss4p cannot act on complexes of by the concerted action of GDF with a GEF, rather than
Secdp bound to yeast GDI. This suggests that anotherby either component alone. Moreover, it is still possible
factor functions upstream of Dss4p to generate a substrate that our not yet homogeneous GDF preparation may
for this GEF. Since Dss4p showed only ~2-fold preference contain distinct early and late endosomal GDFs with
for Sec4p over Yptlp, such an upstream factor would also similar biochemical properties.
be expected to confer some degree of specificity to the Finally, the overall specificity of Rab recruitment may
Rab targeting process. also be influenced by the rate with which Rabs are
Zerial and co-workers have reported an activity on converted to their GTP-bound forms. If a Rab-GDP is
bovine brain clathrin-coated vesicles that triggers nucleot- mislocalized, GDI can remove it and attempt to deliver it
ide exchange when GDI-Rab5 complexes are utilized asto another membrane compartment. In this regard, Rab5
substrates (Horiuchét al, 1995). Although GEF activity and Rab7 hydrolyze GTP wifps of 6 min and 2.1 h,
was very clearly demonstrated, these workers did not respectively (Simoret al., 1996). If Rab5 were mislocal-

evaluate whether their protein had GDF activity. However, ized and acted upon by a low specificity nucleotide
unlike the clathrin coated vesicle-associated factor or exchanger, Rab5-GTP would convert spontaneously to
Dss4p and Mss4, our factor fails to influence the intrinsic Rab5-GDP, a substrate for GDI removal. In contrast,
rates of nucleotide exchange of three different prenylated mislocalization of the slower Rabs 9 and 7 GTPases would
Rab proteins, including Rab5 and Rab7. Thus, as isolated, be more difficult to correct. Such differences in kinetic
GDF does not possess GEF activity and, thus far, shows noproperties of Rabs could have significant consequences in
indication of interaction with free, prenylated Rab proteins. terms of the Rab cycle; in this manner, GDI may play

470



a significant role as a correction factor during Rab-
targeting events.

In summary, we have reported here the existence of a

novel enzyme activity that can displace endosomal Rab
proteins from GDI. Our next challenges include identifica-
tion of the proteins that interact with Rabs to promote
nucleotide exchange and downstream vesicle docking
events.

Materials and methods

GDI was purified from bovine brain according to Sasekial. (1990).
Protein was measured according to Bradford (1976) or by use of
bicinchoninic acid (Pierce Chemical Co.) using BSA as standard. Lipid
was measured according to Lanze#taal. (1979). SDS—-PAGE was
carried out according to Laemmli (1970). Human Rab5 cDNA and
Rab1b-encoding baculovirus were the gifts of Dr M.Wessling-Resnick
(Harvard University) and Bill Balch (Scripps Research Institute), respect-
ively. Anti-Rab5 antibody was obtained from Santa Cruz Biotechnology.

Preparation of prenyl Rab-GDI and prenyl Rab-BSA
complexes
Prenyl Rab proteins were obtained after expression in insect cells using
standard baculovirus techniques as described (So&tatil, 1995b).
Prenyl Rab9-GDI, Rab7-GDI, Rab5-GDI and Rab1-GDI complexes
were reconstituted with 95% efficiency by dialyzing purified, prenylated
Rab with an equimolar amount of purified bovine brain GDI, followed
by Sephacryl S100 gel filtration chromatography (Soldagl., 1995b).
Fractions containing Rab—GDI complexes were pooled, and aliquots
were quickly frozen and stored at —80°C with 1.0 mg/ml BSA as carrier.
Prenylated Rabs were purified t890% homogeneity in a three step
purification protocol (Soldatét al., 1995b) starting from membranes of
baculovirus-infected insect cells solubilized in 2% CHAPS, followed by
chromatography in 1% CHAPS on Sephacryl S100 and MonoQ.
Rab-BSA complexes were assembled by dialyzing pure prenylated
Rabs in the presence of a 10-fold molar excess of delipidated BSA
(Sigma). After ultracentrifugation to remove some residual, non-BSA-

Identification of a Rab-GDI displacement factor

using MonoQ as before. This fraction was used for all experiments
described herein and represents a 2000-fold increase in specific activity
over the initial endosome-enriched fractions. The fraction had a specific
activity of 833 pmol GTRS/ug of protein, as determined in a 20 min
assay.

Nucleotide exchange assay for purification and

characterization of GDF

Nucleotide exchange was assayed in 100nixtures which contained
0.2uM (20 pmol) Rab complex (BSA or GDI), and 5BV [3°S|GTR/S
(0.5uCi). Reactions were carried out in 20 mM HEPES, pH 7.2, 90 mM
KCIl, 1.2 mM MgOAc, 100 mM (NH),SO,, 1X protease inhibitor
cocktail (Goda and Pfeffer, 1988) and 0.1% CHAPS. GDF was added
and reactions proceeded for the times and at the temperatures indicated.
Reactions were stopped on ice by addition of $00f ice-cold 64 mM
HEPES pH 8.0, 2 mM EDTA, 8 mM MgG] 100 mM NaCl. f5S]GTR/S
bound to Rab proteins was monitored by filter binding followed by
scintillation counting (Shapircet al, 1993). Background due to the
addition of 0.1% CHAPS-containing buffer to GDI complexes was
subtracted €10% of maximum counts bound).

Protease sensitivity of GDF

Proteinase K (2 mg) was coupled to 200 of Affigel 10 (BioRad;

10 mg proteinase K/ml resin) in 0.1 M HEPES, pH 7.4 at 4°C. The
resin was blocked in 0.1 M Tris, pH 8.0. For protease digestiornl30

of Affigel beads was incubated with 10 ng of GDF for 20 min at
37°C in 20 mM Tris, pH 8.0; the beads were removed and 1 mM
phenylmethylsulfonyl fluoride (PMSF, from a 180stock in absolute
EtOH) was added. In control experiments, PMSF was added prior to
proteinase K.

GDI displacement

Nucleotide exchange was carried out under standard conditions. Rab9
(40 pmol= 1 pg) in complex with GDI was incubated with either 10 ng

of GDF or QFF buffer, in the presence oP$|GTR/S (10uM) in a
volume of 100ul for 30 min at 37°C. Reactions were loaded directly
onto a 2 ml Pharmacia S100 gel filtration column run in 64 mM HEPES,
pH 8.0, 8 MM MgC}, 2 mM EDTA with no detergent added; 33 fractions
(60 pl) were collected. The content of5]GTR/S in each fraction was
monitored by scintillation counting of fl of each fraction. Fractions

complexed (and probably aggregated) Rab, the mass of the resulting14-31 (30pl) were analyzed by 12.5% SDS—PAGE and quantitative

complexes was determined by gel filtration chromatography to be
~100 kDa. Quantitation of Coomassie blue-stained gels indicated that
Rab-BSA complexes were comprised of 2 or 3 mol of prenyl Rab/mol

of BSA. Aliquots were stored at —80°C.

GDF purification
Late endosome membranes were obtained from frozen rat livers (Harlan

Bio Products) as described by Tabas and Kornfeld (1979). These were

stripped h 1 M KCI by adding 1 volume of 3 M KCI and 1 volume of
ddH,0, followed by incubation at room temperature for 15 min. Stripped
membranes were pelleted by ultracentrifugation at 35 000 r.p.m. for 2 h
at 4°C in a Ti45 rotor in a Beckman ultracentrifuge. The pellet was
washed in 20 mM Tris pH 8.0, 10 mM NaCl, 8 mM MgCl2 mM
EDTA, to reduce the KCI content. Membranes were solubilized by
douncing in a 10-fold weight excess of CHAPS (Sigma) over protein in
20 mM Tris pH 8.5, 2 mM EDTA and 8 mM MgGI(QFF buffer);
usually ~80 ml of a 10% CHAPS buffer was used. The extract was
centrifuged at 3700 r.p.m. in a GPR Beckman centrifuge for 15 min and

immunoblotting (Burnette, 1981; Soldadt al., 1993).

Acknowledgements

We thank Drs Marianne Wessling-Resnick and William Balch for

providing Rab constructs, Dr Leda Trivinos for generation of the Rab5-
encoding baculovirus, Ms Rebecca Simonette for help with preparation
of GDF, and members of the Pfeffer lab for their comments on the
manuscript. This research was funded by grant DK37332 from the
National Institutes of Health and the March of Dimes Birth Defects

Foundation; B.D.S. was the recipient of a predoctoral fellowship from
the Danish Cancer Society.

References

Bradford,M.M. (1976) A rapid and sensitive method for the quantitation

of microgram quantities of protein utilizing the principle of protein—

then fractionated by anion-exchange chromatography (QFF Sepharose, dye bidihdBiochem 72, 248-254.

Pharmacia, 1 ml resin/10 mg protein) in 20 mM Tris pH 8.5, 2 mM Brennwald,P. and Novick,P. (1993) Interactions of three domains
EDTA and 1% CHAPS. The column was eluted with a gradient of 10— distinguishing the ras-related GTP binding proteins Yptl and Sec4.
600 mM NaCl. Active fractions were dialyzed to a conductivity equivalent Nature 362 560-563.

of 10 mM NaCl against QFF buffer, concentrated on a small QFF Burnette, W.N. (1981) ‘Western blotting”: electrophoretic transfer of
Sepharose column by step elution in QFF buffer, 600 mM NacCl, proteins from SDS—polyacrylamide gels to unmodified nitrocellulose
containing a 10-fold weight excess of CHAPS over protein. The eluate and radiographic detection with antibody and radiolabeled protein A.
was loaded on an S100 or Superdex 75 Pharmacia gel filtration column,  Anal. Biochem.112, 195-203.

which was run in 64 mM Tris pH 8.0, 100 mM NaCl, 8 mM Mg£l Burton,J., Roberts,D., Montaldi,M., Novick,P. and De Camilli,P. (1993)

2 mM EDTA and 1% CHAPS. The peak fraction was dialyzed into 10 A mammalian guanine-nucleotide releasing protein enhances function
volumes of 20 mM Tris pH 9.0, 1% CHAPS and then concentrated on of yeast secretory proteilN&tecd.361, 464—467.

a 1 ml MonoQ Pharmacia FPLC anion-exchange column pre-equilibrated Chavrier,P., Gorvel,J.-P., Stelzer,E., Simons,K., Gruenberg,J. and

in QFF buffer+ 10 mM NacCl; the eluate was made 1% octylglucoside
(Boehringer) and dialyzed into 75 mM Tris-OAc, pH 9.3, 1% octylgluco-
side and fractionated by chromatofocusing on a Pharmacia MonoP
column. A pH gradient of 9.0 to 6.0 was obtained using 75 mM Tris,
pH 9.3, 1% octylglucoside as start buffer and Polybuffer96, pH 6.0, 1%
octylglucoside as elution buffer. The active fractions were concentrated

Zerial,M. (1991) Hypervariable C-terminal domain of Rab proteins

acts as a targeting signdlature 353 769-772.

Dirac-Svejstrup,A.B., Soldati,T., Shapiro,A.D. and Pfeffer,S.R. (1994)

Rab—GDI presents functional Rab9 to the intracellular transport

machinery and contributes selectivity to Rab9 membrane recruitment.

J. Biol. Chem. 269, 15427-15430.

471



A.B.Dirac-Svejstrup, T.Sumizawa and S.R.Pfeffer

Dunn,B., Stearns,T. and Botstein,D. (1993) Specificity domains
distinguish the ras-related GTPases Yptl and Sé&tture 362
563-565.

Goda,Y. and Pfeffer,S.R. (1988) Selective recycling of the mannose 6-
phosphate/IGF-1I receptor to theans Golgi networkin vitro. Cell,

55, 309-320.

Horiuchi,H., Giner,A., Hoflack,B. and Zerial,M. (1995) A GDP/GTP
exchange-stimulatory activity for the Rab5-RabGDI complex on
clathrin-coated vesicles from bovine braid. Biol. Chem, 270,
11257-11262.

Laemmli,U.K. (1970) Cleavage of structural proteins during assembly
of the head of bacteriophage TMature 227, 680-685.

Lanzetta,P.A., Alvarez,L.J., Reinach,P.S. and Candia,0.A. (1979) An
improved assay for nanomole amounts of inorganic phospAatz.
Biochem, 100, 95-97.

Moya,M., Roberts,D. and Novick,P. (1993)SS4-1is a dominant
suppressor oBec4-8that encodes a nucleotide exchange protein that
aids Sec4p functiorNature 361, 460-463.

Novick,P. and Brennwald,P. (1993) Friends and family: the role of the
Rab GTPases in vesicular trafficell, 75, 597-601.

Nuoffer,C. and Balch,W.E. (1994) GTPases: molecular switches
regulating vesicular trafficAnnu. Rev. Biochem63, 949-990.

Pfeffer,S.R. (1994) Rab GTPases: master regulators of membrane
trafficking. Curr. Biol., 6, 522-526.

Pfeffer,S.R., Dirac-Svejstrup,A.B. and Soldati,T. (1995) Rab GDP
dissociation inhibitor: putting Rab GTPases in the right pldc&iol.
Chem, 270, 17057-17059.

Sasaki,T., Kikuchi,A., Araki,S., Hata,Y., Isomura,M., Kuroda,S. and
Takai,Y. (1990) Purification and characterization from bovine brain
cytosol of a protein that inhibits the dissociation of GDP from and
the subsequent binding of GTP to smg p25A, a ras p21-like GTP-
binding protein.J. Biol. Chem.265 2333-2337.

Schalk,l., Zeng,K., Wu,S.-K., Stura,E.A., Matteson,J., Huang,M.,
Tandon,A., Wilson,l.A. and Balch,W.E. (1996) Structure and
mutational analysis of Rab GDP-dissociation inhibitdature 381,
42-48.

Shapiro,A.D. and Pfeffer,S.R. (1995) Quantitative analysis of the
interactions between prenylated Rab9, GDI, and guanine nucleotides.
J. Biol. Chem.270, 11085-11090.

Shapiro,A.D., Riederer,M.A. and Pfeffer,S.R. (1993) Biochemical
analysis of Rab9, aaslike GTPase involved in protein transport
from late endosomes to thens Golgi network.J. Biol. Chem.268
6925-6931.

Simon,l., Zerial,M. and Goody,R.S. (1996) Kinetics of interaction of
Rab5 and Rab7 with nucleotides and magnesium idnBiol. Chem,

271, 20470-20478.

Soldati, T., Riederer,M.A. and Pfeffer,S.R. (1993) Rab GDI: a solubilizing
and recycling factor for Rab9 proteiMol. Biol. Cell, 4, 425-434.

Soldati,T., Shapiro,A.D., Dirac-Svejstrup,A.B. and Pfeffer,S.R. (1994)
Nucleotide exchange accompanies membrane targeting of Rab
proteins.Nature 369, 76-78.

Soldati,T., RancanC., Geissler,H. and Pfeffer,S.R. (1995a) Rab7 and
Rab9 are recruited onto late endosomes by biochemically
distinguishable processes. Biol. Chem. 270, 25541-25548.

Soldati, T., Shapiro,A.D. and Pfeffer,S.R. (1995b) Reconstitution of Rab9
endosomal targeting using purified Rab9-GDP dissociation inhibitor
complexes and endosome-enriched membrakkthods Enzymal
257, 253-259.

Stenmark,H., Valencia,A., Martinez,0., Ullrich,O0., Goud,B. and
Zerial,M. (1994) Distinct structural elements of Rab5 define its
functional specificityEMBO J, 13, 575-583.

Tabas,l. and Kornfeld,S. (1979) Purification and characterization of a
rat liver Golgia-mannosidase capable of processing asparagine-linked
oligosaccharidesl. Biol. Chem, 254, 11655-11663.

Ullrich,O., Horiuchi,H., Bucci,C. and Zerial,M. (1994) Membrane
association of Rab5 mediated by GDP dissociation inhibitor and
accompanied by GDP/GTP exchangature 368 157-160.

Zerial,M. and Stenmark,H. (1993) Rab GTPases in vesicular transport.
Curr. Opin. Cell Biol, 5, 613-620.

Received on June 19, 1996; revised on September 6, 1996

472



