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amino acid

ARF

ADP nbosylation factor

ATP

adenosine triphosphate
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bovine serum albumin
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colon carcinoma

cDNA

complementary DNA

COP

coat protein
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Dulbecco's modified Eagle's medium
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deoxyribonucleic acid
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dithiothreitol

ER

endoplasmic reticulum

ERGIC

ER-Golgi intermediate compartment
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GTPase activating protein

GDI

GDP dissociation inhibitor

GDP

guanosme diphosphate

GEF

guanine nucleotide exchange factor
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green fluorescent protein

GGTase

geranylgeranyl transferase

GST

glutathione S-transferase

GTP

guanosine triphosphate

kb

kilobase pair(s)

kDa

kilo dalton

mRNA

messenger RNA

NSF

N-ethylmaleimide sensitive factor

abbreviations
OD

optical density

ORF

open reading frame

PAGE

Polyacrylamide gel electrophore

PBS

phosphate-buffered saline

PCR

polymerase chain reaction

PI

phosphatidylinositol

Rab

ras-like protein from rat brain

REP

Rab escort protein

RNA

ribonucleic acid

RT

reverse transcriptase

SDS

sodium dodecyl sulphate

SI

sucrase-isomaltase

SNAP

soluble NSF attachment protein

SNARE

SNAP receptor

TG Ν

trans Golgi network

t-SNARE

target SNARE

v-SNARE

vesicle SNARE

WT

wild type
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Chapter I

GENERAL I N T R O D U C T I O N

Over the last decade, enormous progress has been achieved on the knowledge of molecular
processes that form the foundation

for the regulation

structures

and organelles.

hormones

and various

relevance,

was eager to be answered:

specific destinations
activity

at

other

could

proteins.

The key question,

transport

of cellular

lipids,

and of great

How do all these different

locations7

be implemented,

In a period

of time

the mechanisms

of molecules to their appropriate

the identification

of intracellular

vesicular traffic of membranes,

enzymes,

cell

components

biological

reach

within a cell or become secreted so that they can exert their

the appropriate

approaches
targeting

This involves

of the large Ras family

members that could be placed in a particular

were

that

molecular

unraveled

their

biological
biological

underlying

the

cellular sites. A tip of the sleeve was lifted by
of small GTPases. The first identification
subfamily

of

of small CTP-bindmg proteins,

Ypt protein family in yeast (Callwitz et al., 1983) and later the mammalian

the

orthologues

or

so called Rab proteins (named after Ras-like proteins from rat brain), was the beginning of
extensive

studies

in a highly

competitive

scientific

field. It became

rapidly

clear

that

Rab/Ypt proteins are molecules that represent the key players specifying and directing
correct delivery

of cellular components

the

to their final destination.

Still, relatively

little is

known due to the large amount of Rab protein members identified

so far and the

diversity

in existing transport pathways,

despite the efforts over the last five years. The goal of this

study was to identify Rabs that are involved and assist in the exocytic delivery of digestive
enzymes to the apical membrane of intestinal epithelial cells where they are exposed to the
lumen of the gastric tract. For this, a specific cell line, i.e. the intestinal

epithelial

colon

carcinoma cell line Caco-2, was used as a genetic model. Seven novel human Rab genes
are presented in this thesis of which four of them have further been characterized

and will

be discussed in Chapters 2-5. Chapter 1 of this thesis will focus on the diversity of the Rab
family members,
the regulation
environment

their corresponding

of vesicular
will sequentially

transport

specific transport
by Rab proteins

pathways

will be highlighted,

in correlation

molecular

be viewed, i.e. processes that involve budding/separation

vesicles from donor membranes

up to the membrane fusion with acceptor membranes.

Chapter 6 the results obtained in this study and future prospects
the knowledge on Rab proteins and membrane
transport

to their

trafficking,

and

will be implemented

of
In
in

with some special emphasis on

at the level of the Golgi complex in relation to cytoskeletal

interactions.

The chaos of membrane traffic within a cell, processes that involve homotypic and
heterotypic fusion events between a high variety of different organelles, is actually an
ordentically regulated mechanism mediated by many distinct molecules. Specific complex
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formation between these molecules, sequentially in space and time, make sure that donor
membranes are directed towards the appropriate acceptor membranes.

Intracellular

exchange of membrane lipids, cargo, and membrane proteins via transport carriers can be
observed between many organelles m the biosynthetic and endocytic pathways (Mellman
and Warren, 2000) General steps m exocytosis or the biosynthetic pathway are transport
between the endoplasmic reticulum and Golgi complex, mtra-Golgi exchange, and traffic
between the trans-Golgi network and the plasma membrane, which can be divided m
regulated and constitutive exocytosis. In principle, endocytosis can be divided in receptormediated uptake of molecules, constitutive import and/or pmocytosis. One of the factors
assigned to give proper direction to all these membrane trafficking events are the Rab
proteins. These small GTP-bmdmg proteins with intrinsic GTPase activities switch between
a cytosolic GDP-bound state and an active membrane-bound GTP-bound state. At present,
their mam role is thought to be in the priming or docking between two membranes (Waters
and Pfeffer, 2000) However, regulatory roles already at the vesicle budding site and during
translocation of the vesicle to the target membrane likely places Rab function in the
complete route stretching from vesicle separation to membrane fusion (see below). This
points towards a major role for Rabs m (specifying) membrane dynamics m the secretory
pathway and endocytosis, which is underlined by the identification of many members
belonging to the Rab subfamily and the enormous variety of interacting factors (at least
twenty different factors bind to Rab5; Gourmer et al,

1998).

Rab family, diversity and structure
Rab proteins form the largest branch of the p21 Ras super-family and are evolutionary
conserved from yeast to mammals. The first cloning of mammalian Rab genes ( R a b l - 4 ) ,
homologues of the previously identified yeast SEC4/Ypt proteins, was achieved m 1987 by
an oligonucleotide strategy (Touchot et al., 1987). Since then, many members followed
with the Rab40 subfamily being the most recently identified (Pereira-Leal and Seabra,
2000). However, the existence of many Rab subfamily members or so-called isoforms,
based on high sequence identity and with most of them probably transcribed from an
individual gene, makes the number of Rab family members more than fifty. Figure 1 shows
a variety of membrane trafficking pathways present within cells, and the involvement of
corresponding Rabs are indicated. Every mammalian Rab protein identified so far is listed
in Table 1, together with known localization and function.
The large amount of Rabs expressed within cells might predict the quantity of
specific intracellular transport routes that are differentially regulated. First of all, this
assumption can than be used to dissect certain membrane trafficking events by studying
the involvement of Rab proteins. For instance, transport events might seem to be similar
or closely related, but are in fact a complex process consisting of sequential membrane
trafficking steps and feedback loops differentially controlled by Rabs. This is highlighted by
the endocytic delivery of molecules towards lysosomes, which can be divided by an early
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apical membrane

basolateral membrane
Figure 1. Schematic presentation of membrane dynamics between intracellular compartments within a
cell, regulated by depicted Rab proteins (partly extracted from Martinez and Goud, 1998). SV, secretory
vesicles; EE, early endosome, Recy. E, recycling endosome; TGN, trans Golgi network; LE, late
endosome; IC, intermediate compartment; RER, rough endoplasmic reticulum.
endocytic step (Rab5), recycling from early endosomes back to the plasma membrane
(Rab4) or from recycling endosomes ( R a b l l ) , late endosomal transition to lysosomes (both
suggested to be regulated by Rab7), and targeting from late endosomes to the trans-Golgi
network

(Rab9). Accordingly,

a similar

stepwise

dissection

can

be made for

the

biosynthetic/secretory pathway (see Rabs in Fig. 1). Second, the expression level of Rabs
could predict the presence, and the functional importance of certain transport routes in a
given cell. This could give clues about the cell-type, and/or biological function of such a cell.
Polarized cells are an example of cell-types in which well-defined transport routes are
present to distinguish delivery to the apical membrane and basolateral membrane. This
divergence is essential to create two totally distinct plasma membranous populations of
transmembrane molecules and lipids, domains that are separated by tight junctions.
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Table 1 .
Localization and transport function of Rab proteins m mammals.
PM, plasma membrane; ERGIC, ER-Golgi intermediate compartment; TGN, Trans Golgi network
Protein

Localization

RablA, RablB ERGIC, c/s-Golgi
Rab2A

ERGIC, c/s-Golgi

Rab2B
Rab3A

?
synaptic vesicles,
secretory granules
synaptic vesicles,
tight junctions of
epithelial cells
synaptic vesicles

Rab3B
Rab3C

Function
ER to Golgi, intra-Golgi

Plutner et al., 1 9 9 1 ; Tisdale et al., 1992; Plutner et al.,
1992; Pind et al., 1994; Wilson et al., 1994 ; Nuoffer et
al., 1994; Saraste et al., 1995
ER to Golgi, Golgi-ER ?
Chavner et al., 1990 ; Tisdale et ai, 1992 ; Tisdale,
1999
?
Chapter 2, this thesis
regulated exocytosis in neurons/ Darchen étal., 1990; Fischer von Mollard étal., 1990;
Holz et al., 1994; Johannes, et al., 1994
neuroendocrine cells
regulated exocytosis in neurons? L l e d o e t a / . , 1993; Weber et al., 1994

regulated exocytosis in neurons/
neuro-endocrine cells?
Rab3D
secretory granules, PM regulated exocytosis?
Rab4A, Rab4B early endosomes
recycling from early endosomes
to PM, role in mitosis
RabSA, RabSB, plasma membrane,
PM to early endosomes,
RabSC
clathrin-coated vesicles, fusion of early endosomes
early endosomes
Rab6A
medial/trans-Golgi,
Golgi to ER retrograde transport
TGN
Rab6A'
Rab6B
Rab7

medial/trans-Golgi
ERGIC, Golgi
late endosomes

Rab8A

post-Golgi basolateral
vesicles, tight junction
in polarized cells
PM

RabSB

References

intra-Golgi?
cell-type specific, Golgi-ER?
early to late endosomes,
late endosomes to lysosomes
Golgi to basolateral PM in
polarized cells
?

Fischer von Mollard et al., 1994
Baldini et al., 1992 ; Baldini et al., 1998
Van der Sluijs et al., 1992; Gérez et al., 2000
Chavner et ai, 1990; Gorvel étal., 1991; Bucci étal.,
1992; Li and Dahl, 1993; Stenmark étal., 1994; Horiuchi
e t a / . , 1995
Goud et al., 1990; Antony étal., 1992; Deretic and
Papermaster, 1993; Jasmin e t a / . , 1992; Tixier-Vidal et
ai, 1993; Martinez et ai, 1994; Martinez e t a / . , 1997
Chapter 3, this thesis
Chapter 4, this thesis
Chavner et ai, 1990; Papmi e t a / . , 1997; Bucci e t a / . ,
2000
Huber et ai, 1993; Peranen et ai, 1996
Armstrong et ai,

1996

Protein

Localization

Function

References

Rab9A
Rab9B
RablO

late endosomes, TGN
?
Golgi and post-Golgi
vesicles
TGN, recycling
endosomes, post-Golgi
vesicles
endosomes, PM
Golgi 7 , secretory
granules
tight junctions in
polanzed epithelial cells

late endosomes to TGN
general pathway?
?

Lombardi e t a / . , 1993; Riederer et al., 1994
Seki et al., 2000b
Chen e t a / . , 1993

pericentriolar recycling
endosomes, endosomes to
TGN?, apically?
recycling to PM
?

Urbe e t a / . , 1993; Ullrich e t a / . , 1996;
Casanova et al., 1999

?

Zahraoui et al., 1994

?

?

early endosomes
= Rab3D
basolateral PM in
epithelial cells, apical
endosomes
endosomes

counteracts Rab5 function

Elfermk et al., 1992
Elferink et al., 1992; Zuk and Elferink, 2000
Elferink et al., 1992
Lutcke et al., 1993; Zacchi et al., 1998
Hunziker and Peters, 1998

RabllA
RabllB
Rabl2
Rabl3
Rabl4
RablS
Rabl6
Rabl7
RablS
Rabl9A
Rabl9B
Rab20
Rab21
Rab22A
Rab22B
Rab23

->
->

PM and early
endosomes
apically located
vesicles
PM and large endosomal
perinuclear structures
ER, Golgi, large
perinuclear structures
?

receptor-mediated transcytosis,
apical recycling endosomes

Schlierf et al., 2000
Olkkonen e t a / . , 1993; lida e t a / . , 1996

apical endocytosis/recycling?

Lutcke et al., 1994
Lutcke et al., 1995
Chapter 2, this thesis
Lutcke et al., 1994

polarized transport?

Chapter 2, this thesis

?

Olkkonen e t a / . , 1993

autophagy-related process?

Chapter 5, this thesis

brain-specific

Olkkonen e t a / . , 1994

recycling/endocytosis?
cell-type specific?
?

Protein

Localization

Function

References

Rab24

ER, cis-Golgi,
late endosomes
apical recycling
endosome
secretory granules

autophagy-related ?

Olkkonen et al., 1993; Erdman eta/., 2000

endocytosis/apical recycling

Goldenring et al., 1993 ; Casanova et al., 1999; Wang et
al., 2000
Wagner et a/., 1995 ; Yoshie et al., 2000
Seki et al., 2000a
Seabra et al., 1995 ; Chen et al., 1997 ; Menasche et al.,
2000
Brauers et al., 1996
Massmann eta/., 1997
De Leeuw et al., 1998

Rab25
Rab26A
Rab26B
Rab27A,27B
Rab28
Rab29
Rab30
Rab31
Rab32
Rab33A
Rab33B
Rab34
Rab35
Rab36
Rab37
Rab38
Rab39
Rab40A, 40 Β

?

secretory granules
?
?

Golgi
=Rab22B

?
?
granule exocytosis
?
?
?
?

?

?
brain-specific
general pathway ?
?

?

?

?

?
?
melanocyte-specific
?
?

7
?

mec//a/-Golgi

secretory granules
7
?
?

not published
Zheng et al., 1997
Zheng et ai, 1998
Pereira-Leal and Seabra,
Pereira-Leal and Seabra,
Mori eta/., 1999
Masuda et al., 2000
Jager et al., 2000
Pereira-Leal and Seabra,
Pereira-Leal and Seabra,

2000
2000

2000
2000

Chapter I
Several Rabs have been correlated with membrane dynamics specific for polarized cells.
Rab3 is specifically expressed m neurons where it controls the release of pre-synaptic
vesicles to promote a membrane potential (Fig. 1). For specific traffic of proteins and lipids
to the basolateral membrane in epithelial cells, Rab8 has been suggested to direct this
process. Furthermore, Rabl3 has been found predominantly at the site of tight junctions
with yet unknown function. Other Rabs have been suggested to play a role in pathways
located at the apical site of polarized cells, i.e. R a b l l , Rabl7, Rabl8, Rab20, and Rab21
(see Table 1. and Chapter 2).
In contrast, Rabs that are ubiquitously expressed might point towards general
transport pathways required for essential steps in endocytic and exocytic traffic m every
cell-type. Thus, studies on Rabs (and related binding partners) provide insights in how cells
with specific biological roles regulate and deal with the complexity of membrane dynamics.

hypervariable
C-doman
PHI
r#e

G l PM2 PM3

I Β IB
Switch I

G2

Β

G3

I I

Switch I I

COOH
cysteine
residues

Figure 2. Schematic presentation of Rab protein structure The C-termmal cysteine motif is shown by
a black box Shaded boxes indicate conserved domains involved in phosphate/magnesium binding (PM13) Conserved domains involved in guanine nucleotide binding (Gl-3) are boxed in grey Switch regions
involved in conformational change between a GDP- and GTP-bound state are highlighted

Rab protein sequences (varying in length from 194-237 ammo acids with a calculated
molecular size of 21-27 kDa) can be recognized by the presence of conserved
involved

in guanine

nucleotide

binding. Three

of them

(PM1-3)

domains

are involved

in

phosphate/magnesium binding whereas the others ( G l - 3 ) are essential for guaninenucleotide binding (see Fig. 2). Rabs can be distinguished from other GTP-bmdmg protein
families, i.e. Ras, Rho, Ran, and ARF, by a sequence specific effector loop (PM2) and
cysteine motifs at the C-termmus (see Fig. 2). Although the cysteine motifs extensively
vary between family members (-CXC, -CC, -CCX, -CCXX, -CCXXX), they are all posttranslationally modified by geranylgeranylation. Rab geranylgeranyl transferase (GGTase II)
attaches a geranylgeranyl group to one or both C-termmal cysteine residues and for this
action a heterodimenc Rab escort protein (REP) is required. REP binds the Rab substrate
(Alory

and

Balch,

2000)

and

presents

it

to

the

catalyst

which

carries

geranylgeranylpyrophosphate (GGPP) m a stable form (Seabra et al., 1992). After GGPP
transfer, the Rab/REP complex dissociates from the catalyst. Subsequently Rab dissociates
from REP after delivery to the appropriate membrane. Processes of isoprenylation are
required for the anchoring of Rabs to membranes, but this association to specific
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membrane targets depends on the code of upstream sequences in the Rab protein
(Brennwald and Novick, 1993). The distinctive intracellular localization of Rabs to different
compartments is determined by a hypervanable C-terminus (Chavrier et al., 1991), the Ntermmus, and/or regions implicated in the transition from the GTP to the GDP-bound state
(Switch domains). The latter was shown by swapping regions of RabS and Rab6 in a hybrid
molecule which indicated that the switch I I domain and the downstream a3 helix are
determinants m the intracellular localization (Stenmark et al., 1994).
Post-translational

phosphorylation could play a role in the localization

and

functioning of Rabs. For example, it was shown that a binding partner of the GTP-bound
form of Rab8 is a stress-activated kinase (Rab8ip; Ren et al., 1996). Post-translational
phosporylation could even regulate translocation of Rabs during the cell cycle. Rab4 is
redistributed to the cytosol of mitotic cells after phosphorylation of a C-terminal serine in
the hypervanable domain by cdc2 kinase (Bailly et al., 1 9 9 1 ; van der Sluijs et al., 1992).
Recently, it was proposed that this translocation of GTP-bound Rab4 to the cytosol inhibits
normal docking of vesicles and recruitment of Rab effectors to early endosomes thereby
contributing to the inhibition of endocytic membrane transport during mitosis (Gerez et al.,
2000).

The GTPase molecular switch and Rab cycle
The three-dimensional structure of Ras (Pai étal.,

1989), EF-Tu (LaCour et al., 1985), and

transducin-α (Noel et al., 1993) by crystallography revealed that the structure of the GTPbmdmg domains are a highly conserved element among all GTPases. The key molecular
principle is the conformational change (or change m angle of switch I I with respect to the
rest of the protein) which accompanies the transition between the GTP-and the GDP-bound
forms. Sharing these conserved domains, Rabs switch between an 'active' GTP-bound and
'inactive' GDP-bound state (Fig. 3).

GTP

GDP
GEF

Figure 3. Rab cycle between a GDP-bound 'inactive' cytosolic state, in complex with GDI, and a GTPbound 'active' membrane-bound state, binding to specific effector molecules (see below) Dissociation
from GDP, and binding to GTP is catalysed by a guanine-nucleotide exchange factor (GEF). Hydrolysis
of γ-phosphate is activated by a GTPase activating protein (GAP).
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The basic function for this cycling between an 'active' membrane-bound and an 'inactive'
cytosolic state is believed to regulate in space and time the transmission of a signal to
downstream effectors. Therefore, it is thought that once the Rab protein is recruited to an
appropriate target and anchored to the membrane, GDP is exchanged for GTP, and thereby
the protein is locally activated. GDP/GTP exchange and GTP hydrolysis, a process required
for recycling to an inactive cytosolic state, are catalyzed in vivo by guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs), respectively (Boguski and
McCormick, 1993). Mutational studies have shown that GAPs bind the effector loop region
of GTPases (Adari et al., 1988, Gibbs ef al., 1988). In the case of Rab proteins, the GDPbound conformation is stabilized in the cytosol by GDP dissociation inhibitors (GDI).
Another molecule on the vesicle membrane, a GDI-displacement factor, is suggested to
recruit the inactive Rab-GDI complex to the membrane for another round of nucleotide
exchange and Rab activation. In certain cases, this recruitment might be stimulated by a
so called Rab escort protein (REP) that accompanies the complex to the membrane. Finally,
inhibitory proteins can negatively regulate GAPs, like Raphilin 3A which has been identified
as an effector molecule for Rab3A (Kishida et al., 1993), thereby extending the Rab-GTP
conformational state.
Thus, newly biosynthesized Rabs are prenylated and attached to the appropriate
membrane, become activated by binding GTP, are released from the membrane by the
initiation of GTP hydrolysis, and finally prenylated cytosolic Rabs can undergo another
GTP/GDP cycle. Imagining this, manipulation of amino acid residues involved in binding to
GTP and/or GDP by mutational analysis provide a molecular tool to study the function of
small GTPases. To do so, dominant negative suppressors of Rabs can be made by point
mutating residues m the PMl conserved domain involved m binding the ß-phosphate of
GDP/GTP (see Fig. 2). As a result the protein stays in the GDP-bound conformation and is
believed to bind tightly to GEFs (Farnsworth and Feig, 1 9 9 1 ; John et al., 1993). Otherwise,
Rabs with point mutations in the PM3 region, which is involved m binding the γ-phosphate
of GTP and is triggered to a conformational change after GTP hydrolysis, can no longer be
activated by GAPs (John et al., 1993). These GTPase-deficient mutants stay in the GTPbound state and are used to study the specific activity of Rabs in vivo.

Tethering/Docking/fusion model
Rab action m regulating specific membrane targeting might be bipartite. This is best
illustrated by two different studies involving Rabl. It was recently shown that the
mammalian form recruits specific SNARE/effector complexes already at an early stage of
transport of vesicles from a donor to an acceptor membrane, i.e. onto budding COPII
coated vesicles at the ER exit site (Allan eta/., 2000; Brittle and Waters, 2000). In addition,
an attractive study on a temperature-sensitive mutant of the yeast homologue showed that
Yptl is exclusively required at the target membrane (Golgi), and not directly on the vesicle,
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to drive heterotypic membrane fusion with ER-denved COPII vesicles (Brennwald, 2000;
Cao and Barlowe, 2000). These data suggest a dual role of Rabl in the early 'program' step
of a budding vesicle together with a late tethering step at the target site, which implicates
a more complex role for Rabs during the process of membrane targeting. But when we
focus on once a vesicle has been formed and is targeted for delivery, we might divide the
process in which Rab regulate vesicular traffic, referred to the tethenng/dockmg/fusion
model, into some major important steps that precede and are required for final membrane
fusion (Chavner and Goud, 1999; Fig. 4 ) ;
1) translocation of vesicles to the proper target membrane and/or remodeling of the actin
cytoskeleton involving a (in)direct interaction between Rabs and microtubule/actm binding
proteins
2) recruitment of docking complexes which leads to vesicle tethering and docking by
interactions between docking factors and so called target specifiers on the acceptor
membrane
3) facilitation or untangling of SNARE complexes (priming) and binding of t- and v-SNAREs
(SNARE pairing) leading to membrane mixing.
Each step will be discussed in the numbered paragraphs below.
Nowadays, one of the best models on how Rab function can be put into place in this stepwise
membrane trafficking cascade has been presented for Rab5. Marino Zenal and his colleagues
have been able to dissect a large part of homotypic fusion events of early endosomes by the
identification of several Rab5-specific effector molecules and protein complexes in in vitro
fusion assays and binding assays with GTP-bound Rab5. This has led to a proposed chronicle
order of events in endosome fusion involving Rab5. Functionally, Rab5 has recently been
shown to be involved in epidermal growth factor receptor (EGFR) activation, and essential for
EGFR internalization after ligand binding (Barbieri e i al., 2000; Lanzetti et al., 2000). This
emphasizes a requirement in receptor-mediated endocytosis for the following described
docking/fusion mechanism. Rab-GDP is delivered to the appropriate membrane where Rabex5, a Rab5-GEF (Honuchi et al., 1997), mediates nucleotide exchange. In complex with Rabex5 is Rabaptin-5, which stabilizes membrane-bound Rab-GTP (Stenmark et al., 1995; Cournier
et al., 1998). Subsequently, Rab5 recruits the tethering molecule EEA1 (Chnstofondis et al.,
1999) via the lipid modifier PI(3) kinase hVPS34 (Chnstofondis et al., 1999), whereby the
local production of PI(3)P is induced. EEA-1 requires PI(3)P for stable membrane recruitment
and oligomer assembly containing NSF (an ATPase), Rabaptin-5 and Rabex-5. EEA1 mediates
vesicle docking, which is directly followed by SNARE priming since NSF is incorporated within
the docking complex. EEA1 transiently incorporates a t-SNARE (syntaxinl3) into the large
ohgomeres and thereby docking is intimately linked to fusion (McBnde et al., 1999). In this
cascade the GTPase activity of Rab5 acts as a timer and determines the frequency of
membrane docking/fusion events, since it was found that nucleotide hydrolysis of Rab5-GTP
occurs even in the absence of membrane fusion (Rybm et al., 1996).
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Figure 4. Model of important Rab/effector molecule interactions required for translocation, tethering,
docking, and fusion of vesicles with the target membrane. Step 1: GTP-bound Rab is incorporated during
or after vesicle budding from a donor compartment. Transport carriers are linked to microtubuleassociated molecular motors which drive the translocation of vesicles towards the docking site Actm
remodeling or stabilization of the vesicles near target membranes precedes or follows tethering and
docking. Step 2: Supramolecular docking complexes that are recruited from the cytosol including
tethering factors, or individual tethers, catch vesicles at the docking spot of the target membrane. This
loosely connection leads to tighter positioning of vesicles by interactions with docking specifiers at the
target membrane Step 3: Untangling or priming of SNAREs via NSF or SNARE suppressors, probably by
Rab/effector action, enables SNARE complex formation between a v-SNARE and t-SNARE. Signaling
molecules, like Ca2+, might be required for final membrane mixing. GTP hydrolysis by GAP induces
dissociation of Rab from the membrane. Rab-GDP in complex with GDI is re-used for another cycle
The above described mechanism might be used as an overall model, but certain
principles in this particular process can not be projected to explain the regulation of other
membrane trafficking events. First, Rabs seem to display distinct binding partners with
diverse functions (see below). Therefore, the elucidation of the supramolecular protein
complexes of a certain transport pathway can not be used to explain and clarify the
regulation of every single intracellular transport step. Actually, it is evident that certain
transport pathways use complete distinct mechanisms, independent from Rabs. This is
illustrated for the targeting of proteins from the trans-Golgi network to the apical
membrane in polarized cells, which seems to be regulated through a totally different
mechanism (Ikonen et al., 1995). Here, sphingolipid-cholesterol rafts and raft-associated
SNAREs like syntaxmS and Ti-VAMP play a major role m polarized apical sorting, m addition
to N-glycan signaling present on apically destined cargo (Scheiffele et al., 1995; Low et al.,
1998; L a f o n t e t a / . , 1999; Cheong et al., 1999; Benting étal.,
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Furthermore, homotypic fusion between two endosomes could, in principle, be simpler than
heterotypic fusion events (for example between vesicles and the plasma membrane).
Homotypic fusion could rely on self-association of identical proteins on two separate
vesicles of a similar type (Pfeffer, 1999). For example in the above described model, EAA1
contains a N- and C-terminal Rab5 binding domain, indicating that Rab5/EAA1 interactions
occur

simultaneously

on

both

membrane

identities

in

homotypic

fusion

events

(Christoforidis ef al., 1999).
Finally, membrane lipid modification via PI(3) kinase might not be universally
required for proper docking and fusion of the vesicle with the target membrane. A study by
Chen and Wang tackled this idea by inhibiting PI(3) kinase activity with wortmannm which
dissociated

EEAl from

membrane

fractions

but did

not

block

Rab5-induced

EGFR

endocytosis towards lysosomes (Chen and Wang, 2001). However, it is clear that Rabs are
key players and perform multiple tasks within the complete cascade. The regulation of each
transport pathway relies on Rab-specific interactions with factors of the cell cytoskeleton
and transport-specific tethering factor recruitment.

1) Cytoskeletal interactions and vesicle translocation
Recently, the identification of Rab-bmdmg partners with functions related to the cell
cytoskeleton brought new insights in the discussion how the cytoplasmic localization and
translocation of vesicles to the distinct cellular organelles is achieved and could be
organized. It all started with the finding that cytochalasin D, an agent that induces
depolymenzation of the actm cytoskeleton, impairs RabS function (Kurzchalia et al., 1992).
In addition, the agent dispersed Rab4 localization (Valentijn and Jamieson, 1998), an
association between Rab4 and the actm cytoskeleton which likely involves a protein
intermediate (Valentijn et al., 1997). These and other studies (Durrbach et al., 1996 and
1997; Lamaze et al., 1997) suggested the necessity of an intact actm cytoskeleton for
endocytic activity. Thus, it was conceivable that Rabs establish a link between cytoplasmic
vesicles and microfilaments. As a matter of fact, at least Rab5 activation is obligatory for
the TPA-induced reassembly of stress fibers (Imamura et al.,

1998). Evidence for an

indirect link with the actin cytoskeleton was shown by the Rab3A effector Rabphilin-3A. This
protein associates with synaptic vesicles and interacts via its N-termmal region with the
actm-bundlmg protein oc-actinm (Kato et al., 1996), as well as with a regulator of spectrmactm assembly, ß-adducm (Myazaki et al., 1994). The former interaction has been shown
to be inhibited by GTPyS-activated Rab3A. Since Raphilin-3A increases the actm crosslinking

activity

reorganization

of a-actmin, this
mediated

by

suggests

GTP-bound

the

Rab3A

necessity
to

of an actin

promote

vesicle

filamentous

docking/fusion.

Furthermore, it indicated that Rab effectors specifically interact with Rabs m an 'active'
GTP-bound state, as was also found for others, like tethering and docking factors (see
below).
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For exocytic activity, it was reported that Wt and GTP-bound mutant forms of Rab8
transfected in fibroblasts dramatically changed cell morphology as the result of not only
microfilament but also microtubule reorganization (Peranen et al., 1996). Thus, interactions
with components of the microtubule network, 'tracks' powered by molecular motor proteins
from the kinesin, dynein, and myosin superfamilies, could also be expected. Indeed, the
first Rab-mediated interaction with a microtubule-associated factor was found between the
Golgi-ER transport regulator Rab6 and Rabkinesin-6 (Echard et al., 1998). Later, it was
demonstrated that Rab5 in endocytosis stimulates mmus-end-directed movement of early
endosomes along microtubules towards the microtubule organizing centre (Nielsen et al.,
1999). Here, it was proposed that the tethering molecule EEA1, after binding and assembly
on endosomes, recruits a motor protein of the kinesin family.
In general, it is believed that longe-range vesicle transport takes place along microtubules
using the kinesin/dynein motors, whereas short-range traffic could take place on actm
filaments by myosin motors (Atkinson et al., 1992). Indications for the myosin link, also
mediated by a Rab, was found in yeast. A direct binding of yeast myosin V and the yeast
Rab protein Sec4p was reported to be important for targeting of secretory vesicles (Schott
e t a / . , 1999). Since each Rab protein in its active form seems to bind its own specific set
of effectors, with some functionally related to the cell cytoskeleton, it is apparent that still
rather little is known in the variety and amount of Rab-bmdmg partners involved in the
different cellular transport routes. Therefore, future work in the membrane transport
scientific

community

will concentrate on the elucidation

of these connections

and

corresponding functions.

2 ) Membrane tethering and docking complexes
Studies over the past three years indicated that membranes are tethered together prior to
the interaction of v-SNAREs and t-SNAREs across the membrane junction. Thethenng
factors are not sole determinants to generate targeting specificity but likely collaborate and
assist Rabs and SNAREs, because they are soluble or peripheral membrane proteins that
need to interact with integral, local membrane components (Waters and Pfeffer, 1999).
Tethering is defined as the adherence of membranes which precedes and is independent of
trans-SNARE pairing (see below). Factors belonging to the tethering group are often very
large coiled-coil structures but evolutionary not related, unlike the core components of the
docking/fusion complex, Rabs and SNAREs, which are conserved and found at all transport
steps. Tethering factors link or 'tether' vesicles over a large distance to a given membrane
surface holding a vesicle adjacent to its target, whereas docking factors/complexes are
viewed as being responsible and drive tighter, more stable 'docking' interactions. Tethering
factors

have been identified on different organelles

in the secretory

pathway

and

endocytosis, most of them being part of a large protein docking complex also containing
Rabs and SNAREs. Examples in yeast are Usolp, Sec35p and the TRAPP complex for ER-

26

general introduction
Golgi transport (Van Rheenen et a/., 1998; Cao ef a/., 1998, Sacher e i al,
heptameric

protein

complex

or

so

called

'exocyst'

for

1998), and the

Golgi-denved

vesicle

tethermg/dockmg with the plasma membrane (Guo e t a / . , 1999). In mammalian cells, the
regulatory combination of four proteins, giantin/pll5/GM130/GRASP65,

has been found to

'stick' ER/Golgi-denved carriers with Golgi compartments (Lowe et al., 1998; Orci e t a / . ,
1998), and EEA1 (Chnstofondis eta/., 1999) and its yeast homologue Vaclp (Peterson et
al., 1999) were identified as a tethering 'glue' involved in early endosomal tethering and
Golgi to endosome transport, respectively.
One of the roles of Rab GTPases has now been established to recruit cytosolic
tethermg/dockmg complexes. For example, the EEA1 homolgue Vaclp

at the target

membrane interacts with the GTP-bound Rab protein Vps21p and thereby promotes Golgidenved vesicle docking to prevacuoles m yeast (Peterson et al., 1999). In the final step of
secretion, the Rab GTPase Sec4p interacts with molecules from the 'exocyst'. Here, docking
could be achieved by the assembly of the exocyst' complex that is partly recruited by the
Rab on vesicles and partly present on the appropriate plasma membrane site (Guo et al.,
1999). Recently, GTP-bound Rabl has been shown to recruit p l l 5 into a SNARE-contammg
complex on coat protein complex I I (COPII) vesicles (Allan et a/., 2000). This complex
promoted targeting of these ER-denved vesicles to the Golgi apparatus. It indicated that
the tethering molecule p l l 5 is first recruited to the vesicle via Rabl. In contrast, earlier
studies showed that p l l 5 binds to the Golgi protein GM130 and giantm, which is present
on Golgi-denved vesicles (Nakamura et al., 1997; Sonnichsen et ai,
vitro

Golgi-denved vesicle docking (Sonnichsen et al.,

1998), inducing /π

1998). Therefore, it was first

considered that the large coiled-coil domain of p l l 5 provides a flexible arm on Golgi
membranes that could trap incoming ER-vesicles to link them loosely with their targets by
binding Rabl on vesicles. Now that p l l 5 seems to be present on both donor and acceptor
membranes, this suggests that not only the specific R a b l / p l l 5 interaction contributes to
target specification. Other proteins within the pre-assembled supramolecular SNAREcontammg complex on the COPII vesicle or on the target membrane are than required for
further docking specificity. This extra complexity, together with tethering factors, Rabs, and
cell cytoskeleton components, is likely to help to ensure the exquisite selectivity of
membrane targeting m eukaryotic cells. Future work will be focused m search of novel
tethering and docking factors, either being part of a large protein complex or individually
associated with the vesicle or target membrane. This will provide major insight in the
diversity of molecular transport mechanisms that regulate distinct transport steps m
synergy with the core components Rabs and SNAREs.

3 ) Pairing of SNAREs and m e m b r a n e fusion
Downstream of the action of tethermg/dockmg factors and Rabs, soluble N-ethylmaleimide
sensitive factor attachment protein receptors (SNAREs) come into picture. The large family
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of SNAREs can be divided into two major groups; one class that is located on vesicles (vSNAREs, VAMP/synaptotagmm family) and one group attached to the target membrane (tSNAREs, syntaxin family). The high diversity of SNAREs found on different intracellular
organelles orchestrating membrane fusion in combination with different Rabs and tethering
factors may contribute to the maintenance of compartmental identity (Rothman and
Warren, 1994). SNARE complexes can be formed on one membrane (c/s) or between
SNAREs in different membranes (trans). Briefly, c/s-SNARE complexes are activated by the
ATPase NSF (N-ethylmaleimide-sensitive factor), a molecule that is necessary to overcome
the high energy barrier required for membrane fusion. NSF binds SNARE complexes via a SNAP (soluble NSF-attachment protein) which leads to the disruption of the c/s-SNARE
complex and to the release of «-SNAP (Mayer et al., 1996; Ungermann et al., 1998). The
untangling of this SNARE complex, thereby making the SNARE "free" to form complexes
with other SNAREs, has been called priming. Rab might indirectly trigger this process by
binding and recruitment of NSF, as shown for Rab6 (Han et al., 2000). Subsequently,
activated SNAREs can be stabilized by LMAl and SNAREs can reform v-t complexes in trans
with t-SNAREs (Xu et al., 1998), thereby contributing to the stable attachment of the
vesicle to the target membrane.
A direct interaction between a yeast Rab, Y p t l p , and the syntaxin-hke t-SNARE
SedSp has previously been reported (Lupashin and Waters, 1997). This suggested that
SNAREs may be direct Rab effectors, especially when one takes into account that Rab
mutations can often be suppressed by overexpression of SNAREs (Dascher et al., 1991;
Brennwald et al., 1994). The combination of a Rab and a SNARE was considered to ensure
the fidelity of membrane fusion events, because either Rab or SNARE proteins acting alone
are insufficient. This is founded on several observations; a Rab chimer could fulfill the
functions of the separate monomers (Brennwald and Novick, 1993), Yptlp is required for
two distinct transport steps (Jedd et al.,

1995), and the same v-SNARE sometimes

participates in both anterograde and retrograde trafficking events between two organelles
(Gotte and von Mollard, 1998). However, it has recently been documented for most Rab
proteins in yeast that these interactions with SNAREs are nonspecific and inefficient,
probably involving the inactive, nucleotide-free form of Rab (Grote and Novick, 1999).
Thus, Rab-SNARE combinatorial connections are unlikely to cooperate and contribute to the
specification

of the

target

membrane,

which

has

been

proposed

for

the

Rab-

tethenng/dockmg factor combination (see above). Still, v-SNARE and t-SNARE complex
formation alone might, to a high degree, determine specificity of membrane fusion, at least
in yeast (McNew et al., 2000). It is apparent that the answer to which factors direct
specificity of membrane targeting remains to be settled, but clearly many factors are
involved and differences might exist between distinct transport pathways.
Studies with a synthetic liposome fusion system indicated that membrane fusion
by the helical bundle of the v-t SNARE complex is an active process whereby simply holding
two bilayers together long enough is not sufficient for fusion to occur (McNew et al., 1999;
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McNew et al., 2000). But is the SNARE machinery really the final requirement in the
tethermg/docking/fusion process 7 In the above system SNAREs are the minimal machinery
for fusion (Weber et al.,

1998). However, synthetic liposomes do not represent the

physiological characteristics of biomembranes, which contain a more complex

lipid

composition and high protein content (30-70%). Accordingly, liposomes can be stimulated
to fuse by many different components, ι e NSF and a-SNAP or an NSF homolog and p47
m the complete absence of SNARE proteins (Otter-Nilsson et al., 1999). In vivo SNARE
complexes might function transiently as direct catalysts of fusion, and once trans-SNARE
complex formation has been formed, the complex is not further needed to drive bilayer
mixing (Mayer, 1999). It has actually been postulated that Ca2 + -binding proteins and C a 2 +
release triggers the final step of fusion (Chamberlain et al., 1995; Kibble et al., 1996,
Edwardson et al,

1997). Further studies are required to fill the gap between SNAREs and

membrane mixing.
Genetic diseases
At present rather few Rab molecules are related with diseases that result from mutations
in Rab/effector alleles. Indirect evidence of Rab involvement came from the finding that the
Rab escort protein REP-1 is mutated in cells from patients with CHM (choroideremia), an
X-lmked disorder causing retinal degeneration (Andres et al,
van den Hurk et al., 1997)

1993; Cremers et al., 1994;

Rab27A is also expressed in two retinal cell layers that

degenerate earliest in CHM patients. This led to the speculation that loss of Rab27A function
is the ultimate cause of CHM (Seabra et al., 1995). However this is not supported by the
observation that in ashen mice, mammals containing a mutation in Rab27A which causes
a lightened coat color phenotype, the retina appear normal (Wilson et al., 2000)

Rather,

these mice show platelet and melanocyte granule defects. A recent study shows that
mutations in the Rab27A gene is related to Griscelh syndrome, patients having a similar
melanocytic phenotype in the pigmentary dilution of skin and hair (Menasche et al,

2000)

In addition, cytotoxic Τ cells were shown to be impaired m cytotoxicity and cytolytic granule
exocytosis. This emphasizes a role for Rab27A m granule exocytosis m Τ cells, melanocytes
and platelets.
Again, mutations in a molecule involved in the recycling of Rab GTPases directed
to putative commitment of Rabs in neuronal diseases. The GDP dissociation inhibitor aGDI
has been found to be responsible for X-lmked non-specific mental retardation (MRX;
D'adamo et al,

1998). In the bram, it is likely that the predominant role of aGDI is to bind

Rab3A/C, key regulators of neurotransmitter release. However, since GDIs may bind to
many other Rabs, alternative roles for aGDI are quite likely. Furthermore, «GDI interacts
with presemlm 1, a gene that is mutated in patients with Alzheimer's disease (Scheper et
al., 2000). In these patients, processing of the amyloid precursor protein (APP) by
secretases is altered. Since secretases are localized in different intracellular compartments,
correct membrane transport will be obligatory

Therefore, indirect impairment of Rab
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function may play a role in this process. Candidate Rab genes are R a b l l , which directly
binds to presenilm 1 and 2 (Dumanchm et al.,

1999), and Rab22B, like presemlms

ubiquitously localized to the Golgi/ER organelles and able to bind to Filamin Β (Chapter 6
of this thesis; Zhang et al., 1998).

Scope of this thesis
Previous work in our lab has mainly been focused on the routing of glycoproteins, i.e.
Dipeptidyl-peptidase IV, Sucrase-isomaltase (SI), and Lactase-phlorizin hydrolase, to the
apical membrane in epithelium of the intestinal tract. The catalytic subumts of these
enzymes are exposed to the intestinal lumen, where they serve to digest certain food
contents. For the enzyme SI, it was found that point mutations m the gene could lead to
congenital sucrase-isomaltase deficiencies (Ouwendijk et al.,

1996; Moolenaar et al.,

1997). With this disease, the enzyme is biologically not functional at the apical membrane
of intestinal epithelial cells. This can result in several phenotypes i.e. an intracellular
accumulation of the protein in ER or Golgi apparatus or missorting to the basolateral
membrane (Nairn et al., 1988). These studies have indicated that correct biosynthesis of
the protein (and probably adequate post-translation modifications) are required for proper
transport to its cellular location. It prompted us to investigate whether and which specific
components of the transport machinery play a pivotal role m the correct delivery of
digestive enzymes towards the apical membrane. Since, at that time, Rab proteins came
into picture being key regulators of membrane dynamics, we started with the identification
of Rab proteins that are expressed m the colon carcinoma cell line Caco-2 by a molecular
approach. Caco-2 cells were used as a cell model because, in culture, they form tight
monolayers,

showing

all

morphological and

biochemical characteristics of

polarized

epithelial cells. Tight junctions are present and divide the plasma membrane in protein- and
lipid-distmguishable apical and basolateral membrane domains, and the apical membrane
consists of a layer of microvilli that collectively form the brush-border. Furthermore, in
these cells SI is efficiently and umdirectly delivered to the apical membrane. The molecular
approach and results are described in Chapter 2 of this thesis. In addition, the expression
and subcellular localization of a novel Rab protein (Rab21) is presented, which might
regulate a transport route specific for polarized epithelial cells. During the study, it became
evident, that protein complexes particularly involved in the regulation of apical routing of
cargo from the site of the Golgi complex to the apical membrane m polarized cells were not
directly dependent on Rab proteins (see above). This restricted us to investigate Rabs
involved in earlier steps of the biosynthetic transport pathway in relation to targeting of
digestive/secretory molecules. Indeed, we were able to study Rabs that affect the exocytic
pathway. We isolated cDNAs of novel Rabs (Rab6A' and Rab6B) highly homologous to
Rab6A, a Rab that in previous studies has been indicated to regulate a step in the early
biosynthetic pathway at the level of the Golgi complex. Chapter 3 reports the identification
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and subcellular localization of Rab6A' Furthermore, differential effects of constitutive active
forms of Rab6A and Rab6A' on directing secretory molecules to the plasma membrane are
studied and discussed. In addition, this chapter provides insights in how cells might
separate between membrane traffic events mediated by Rabs via the interaction with
different Rab-bmdmg partners. The other isoform, RabGB, is described in Chapter 4, and it
is suggested that the protein regulates a cell-type specific Golgi to ER transport pathway.
Finally, we identified a third Rab protein, Rab22B, that affects the apical traffic of SI in
Caco-2 cells, and is part of another Rab subfamily (Chapter 5). Like the Rab6 subfamily,
the two members of this subfamily do not interact with the same effector molecules. In
addition, Rab22B also shows a specific

interaction

with a component

of the

cell

cytoskeleton. This again suggests that Rabs determine proper direction of transport steps
mediated by the interaction with distinct downstream effector molecules.
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Summary
Rab proteins belong to a subfamily of small GTP-bmdmg protein genes of the Ras
superfamily and play an important role m intracellular vesicular targeting The presence of
members of this protein family was examined m Caco-2 cells by a PCR-based strategy.
Twenty-five different partial cDNA sequences were isolated, including 18 Rab protein family
members

Seven novel human sequences, representing Rab2B, Rab6A', Rab6B, RablO,

Rabl9B, Rab21 and Rab22A, were identified

For one clone, encoding Rab21, full-length

cDNA was isolated from a Caco-2 cDNA library. Northern blot analysis showed a ubiquitous
expression pattern of Rab21. To study Rab21 protein expression in Caco-2 cells, polyclonal
antibodies were raised against GST-Rab21 fusion protein and characterised. The antibodies
recognised Rab21 as a protein of approximately 25 kDa. Interestingly, the protein shows a
general ER-like staining m nonpolarised Caco-2 cells m contrast to an apically located
vesicle-like staining in polarised Caco-2 cells Furthermore, immunohistochemical staining
on human jejunal tissue showed a predominant expression of Rab21 m the epithelial cell
layer with high expression levels in the apical region, whereas stem cells in the crypts were
negative We therefore suggest an alternative role for Rab21 in the regulation of vesicular
transport in polarised intestinal epithelial cells

Introduction
Rab proteins belong to the Ras superfamily of small GTPases and play a key role m
intracellular vesicular traffic To date, more than 35 mammalian Rab proteins have been
identified either by biochemical purification or by cDNA library screening They exhibit the
ability to bind GTP upon activation and the capacity to hydrolyse the bound GTP to GDP
This intrinsic GTPase activity is m vivo catalysed by GAP, a GTPase activating protein (Gibbs
et al , 1988; Trahey and McCormick, 1987). Within the protein structure six well-conserved
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regions are found to be responsible and necessary for GTP-bmdmg. A partly conserved
effector loop between the first two GTP-bmdmg domains plays a role in interactions with
effector molecules, since point mutations within this loop have a negative effect on the
activity of GAP to catalyse the GTP-GDP conversion (John e t a / . , 1993). C-termmal cysteine
residues enable the prenylation of the proteins by Rab geranylgeranyl transferase and
subsequently allows the anchoring into acceptor membranes (Seabra e t a / . , 1992 a and b).
Most

Rab

proteins

are

associated

with

distinct

intracellular

membrane

compartments, thereby regulating distinct transport routes in which vesicles dock and/or
fuse with their target membranes (Novick and Zenal, 1997; Rothmann and Sollner, 1997).
Some of the Rab proteins are functionally well characterised. Mutational studies on Rab5
elucidated its regulatory role m the kinetics of membrane traffic in the early endocytic
pathway (Bucci et al., 1992), and Rab6 protein was shown to be an important component
in retrograde mtra-Golgi transport (Martinez et al., 1994). Other Rabs are tissue and/or
cell-type specific and may be required for membrane targeting unique to a particular cell.
For example, Rab3 is exclusively expressed in secretory cells (Matteoli et al, 1991; Fischer
von Mollard et al., 1990), while RabS controls the vesicular traffic between the trans-Golgi
network and the basolateral plasma membrane in polarised epithelial cells (Huber et al.,
1993). A well-established cell model for polarised epithelial cells is the human intestinal
colon carcinoma cell line (Caco-2). In culture these cells can form tight monolayers m which
specific enzymes, like sucrase-isomaltase (SI), are efficiently and unidirectly transported to
the apical membrane (Le Bivic et al., 1990; Matter et al,

1990). Other enzymes, like

dipeptidyl peptidase IV (DPPIV), are transported to the microvilli of the cell via the
basolateral membrane (transcytosis). Thus, Caco-2 cells exhibit particular vesicle targeting
routes specific for polarised cells.
As a preamble to identify candidate Rab genes with a specific role in membrane
targeting in polarised cells, we examined the spectrum of expressed Rab proteins m
polarised

Caco-2

cells

by

a

PCR-based

strategy

with

'Rab

specific'

degenerate

oligonucleotides. Here, we present the identification of seven novel partial human Rab
protein sequences. For one, Rab21, the complete cDNA sequence was determined. The
protein shows a differential localisation pattern m nonpolarised versus polarised Caco-2
cells. In addition, Rab21 is highly expressed m the epithelial cell layer of the villi with a
predominant expression at the apical membrane. This suggests a putative role for Rab21
in a transport route specific for polarised cells of intestinal epithelial origin.

Materials and methods
RT-PCR and Library

screening

RT-PCR on total RNA from polarised Caco-2 cells was carried out with a degenerate forward

primer; 5'-GGCGGCGGCTCGAGGGI(A0.2/Go.8)(Go.2/Ao 8)II(Ao.2/Go 2/ c 0.6) IIII ( A 0.2/
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0 . 2 / G 0 . 6 ) ( G 0 . 2 / C 0 . 2 / T 0 . 6 ) ( A 0 . 2 / T 0 . 8 ) G G I A A ( A 0 . 5 / G 0 . 5 ) ( A 0 . 5 / T 0 . 5 ) C - 3 ' containing a

Xhol

restriction site, and a reverse primer; 5'-GGCGGCGGATCCTTC(Co.5/To.5)TGICC

(AQ 5/To.5)GCIGT ( A Q S / G Q 5)TCCCA-3' containing a BamHl restriction site. About 1.5 μg
RNA was reverse transcribed using random hexamers (2 μg, Pharmacia Biotech Benelux,
Roosendaal,
Technologies,

The

Netherlands)

Gibco/BRL,

and

Superscript

Breda, The

reverse

Netherlands).

transcriptase

One-sixth

(100 U,

Life

of the cDNA

was

subsequently analysed by PCR using the Rab-specific primers. The PCR cycle profile
consisted of 1 mm at 94 0 C, 2 min at 50 o C, 1 min at 72°C, for 35 cycles. Each 50 μΙ reaction
contained 10 mM Tns-HCI (pH 8,3), 50 mM KCl, 2.5 mM M g C ^ , 1 mM dNTPs, 200 ng of
each primer, and 1 U Taq polymerase. Reverse transcnptase-mmus (-RT) controls were
included. PCR products were purified, digested with BamHl and Xhol, and hgated into a
SamHI/XftoI-digested pBluescript vector. Library cloning and subsequent preparations and
screening of replica filters were carried out following standard procedures (Sambrook et al.,
1989).
The partial Rab21 sequence was radiolabeled by random oligonucleotide priming
(Feinberg and Vogelstem, 1983) and used as a probe to screen a human Caco-2 λ g t l l
cDNA library consisting of approximately 4 x 1 0 ^ independent clones (Lacey et al., 1989).
Nucleotide sequences of four distinct clones were subcloned and sequenced by the method
of Sanger (T7 sequencing kit, Pharmacia). Predicted polypeptides were compared with
database entries using the BLAST program (Altschul et al.,

1997). The

nucleotide

sequences reported in this paper have been submitted to the GenBank with accession
numbers: AF091029, Rab2B; AF091030, Rab6A'; AF091031, Rab6B; AF091032, RablO;
AF091033, Rabl9B; AF091034, Rab22A; AF091035, Rab21.

RNA isolation

and Northern

blot

analysis

Total RNA was prepared from various human cultured cell lines and tissues following the
guanidium isothiocyate-phenol-chloroform extraction method (Chirgwin et al., 1979). For
differentiation of HT-29 cells, cells were grown without D-glucose (Darmoul et al., 1992).
RNAs (10 μg/sample)

were

loaded on a

electrophoresis transferred to

nylon

1 % formamide

membrane

agarose

gel, and

according to standard

after

procedures

(Sambrook et al., 1989). Blots were subsequently probed with a 0.6 kb PstI fragment of
the coding region of Rab21, and a 1.35 kb glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA probe was used to enable comparison of RNA loading.

GST-fusion protein

preparation

and [a-32p]GTP

blot overlay

assay

The coding region of Rab21, including the initiator AUG codon and the stop codon for proper
termination of translation, was amplified by PCR with specific primers containing an EcoRl
and Xhol restriction site for ligation in-frame C-termmally of the GST sequence m the
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multiple cloning site of the prokaryotic expression vector pGEX (Pharmacia). GST-Rab21
protein was induced in E.coli DH5a and purified over a gluthathione-Sepharose column
according to the manufacturer's instructions (Pharmacia). As a control, empty vector was
included for the expression of GST alone.
For the [a- 3 2 P]GTP blot overlay assay, GST alone, GST-Rab6A, and GST-Rab21 (1
Mg/sample) were separated in duplicate on 12.5% Polyacrylamide gels containing SDS. One
gel was stained with Coomassie Blue R-250 whereas the second was electrophoretically
transferred onto nitro-cellulose filters. The blot was incubated with 1 nM [a-^P]GJP

(1 μΟ

[a- 3 2 P]GTP/ml) following standard procedures (Cehs, 1998).

Antibodies
The purified GST-Rab21 protein was used to immunise a rabbit. Affinity-purified polyclonal
anti-Rab21 antibodies were obtained by applying whole serum to Affigel-lO-immobihsed
(Bio-Rad Laboratories, Veenendaal, The Netherlands) GST-Rab21 fusion protein and elutmg
bound antibodies. The ER marker Gl/296, the ERGIC marker Gl/93 and apical membrane
markers HBB3/775

against dipeptidyl peptidase IV

and HBB2/614 against sucrase-

isomaltase were a gift from H.P. Hauri (Schweizer e i al., 1993; Schweizer et al., 1988;
Mauri et al., 1885). B3/25 against the transferrin receptor was a kind gift from C. Hopkins
(Hughson and Hopkins, 1990). Antibody 43D1 against lysosomal α-glucosidase has been
described previously (Fransen et al., 1988).

Immunoprecipitation

and

immunoblotting

For immunoprecipitation Caco-2 cells were plated on a 10-cm dish and cultured in
DMEM/20% foetal calf serum, supplemented with 1 % non-essential acids. Five days after
confluency, cells were washed in PBS, and lysed in 500 μΙ ice-cold lysis buffer [100 mM
Na2HP04,

1 % Triton X-100, 0.2% BSA, and protease inhibitor cocktail (Boehnnger,

Mannheim, Germany)]. After a 1 hour incubation on ice, the lysate was centrifuged for 10
min at 10,000g at 4 0 C and proteins in 500 μΙ of the lysate were separated for further
analysis. One-half of the lysate was incubated with anti-Rab21 antibody (1:10 dilution) m
the presence of 50 μΙ of protein A-Sepharose CL-4B (Pharmacia) by overnight rotation at
4 0 C. The Sepharose beads with immunobound proteins were subsequently washed six
times with 500 μΙ high salt buffer (100 mM Tris-HCI pH 7.5, 1.2 M KCl, 1 % Triton X-100)
and three times with PBS, followed by boiling for 5 min in 20 μΙ of 2x sample buffer (100
mM Tris-HCI, pH 6.8, 200 mM dithiothreitol, 4 % SDS, 0.2% bromophenol blue, 2 0 %
glycerol). Immunoprecipitation with pre-immune serum was included as a control. Lysates
(15 μΙ/sample)

were

resolved

on a

12.5% Polyacrylamide

gel and transferred to

nitrocellulose membranes by Western blotting.
The 2.6 kb Rab21 cDNA sequence was subcloned into the multiple cloning site of
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a modified pSG5 mammalian expression vector (Green et al.,

1988), analysed for

orientation, and subsequently 5 μς plasmid DNA was used for transient electroporation of
COS-1 cells (~ 1.5 million cells) in 200 μΙ ice-cold PBS by electroporation (300V, 125 μΡ).
For total lysate preparation, transfected or native COS-1 cells were plated on 10-cm dishes
and grown in DMEM, supplemented with 10% FCS, 1 % NEAA, L-glutamme, sodium
pyruvate (Gibco/BRL) and 0 . 0 0 1 % ß-mercaptoethanol for 24 hours. Then, cells were lysed
in 50 μΙ 2x sample buffer, and 15 μΙ of lysates was subjected to Western blotting. One μg
of GST and GST-Rab21 fusion protein was included to control for the immuno-specificity of
anti-Rab21 antibody.
All blots were blocked with 5% non-fat dry milk in 10 mM Tns-HCI (pH 8.0), 150
mM NaCI, and 0.05% Tween 20 (TBST) and incubated with anti-Rab21 antibody (1:1000
dilution), which was pre-mcubated for 1 hour with 10 μg/ml GST protein. Incubations with
primary and secondary antibodies [horse radish peroxidase-conjugated AffimPure Goat
anti-rabbit IgG

(0.06 μg/ml)] and subsequent washes

were

carried out m TBST.

Immunoreactive bands were visualised using CPD Star chemilummescence according to the
manufacturer (Tropix, Bedford, MA, USA).

Immunofluorescence
For immunofluorescence analysis, Caco-2 cells were cultured on glass cover slips in DMEM,
supplemented with 10% FCS and 1 % NEAA. The cells were harvested at 7 0 % confluency
(non differentiated cells) or 5 days after confluency (differentiated cells). Briefly, cells were
washed with PBS, fixed with 1 % paraformaldehyde for 1 hour at room temperature, washed
with PBS, and permeabihsed in 0 . 1 % saponme, 20 mM Glycine in PBS (SPBSG) for 30 mm.
Subsequently polyclonal anti-Rab21 antibody (1:10 dilution) and monoclonal marker
antibodies m 0 . 1 % saponme/PBS (SPBS) were used for a 1 hour incubation with primary
antibody. Cells were washed m SPBS, and specific labelling was detected by subsequent
incubation with 50 μΙ of FITC- or Texas Red-conjugated AffimPure Goat anti-rabbit or Goat
anti-mouse IgG ( 10 mg/ml; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) m SPBSG for 1 hour. After methanol dehydration, the cells were mounted in Mowiol
(Sigma-Aldnch, Zwijndrecht, The Netherlands) and examined using a confocal laser
scanning microscope (MRC 1000, Bio-Rad).

Immunohistochemistry
Cryo-sections of 2% paraformaldehyde-fixed adult human jejunal tissue (6 μιτι) were cut
and mounted on Superfrost/Plus slides (Menzel Glaser, Braunschweig, Germany). All
incubation steps were carried out at room temperature. After thawing, sections were
incubated with 1 % cold water fish skin gelatin m PBS for 30 mm followed by incubation for
1 hour with anti-Rab21 antibody (1:10) m PBST. Pre-immune serum (1:400) was used as
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a control. The sections were subsequently washed three times for 5 mm in PBST and
incubated

with

biotm-conjugated

AffimPure

Donkey

anti-rabbit

IgG

(Jackson

ImmunoResearch, diluted 1:250) in PBST for 1 hour. After another round of washing in
PBST, specific labelling was detected using the Vectastam ABC system (Vector Laboratories,
Burlmgame, CA, USA). Sections were subsequently washed three times m PBS and
incubated m AEC (0.33 mg/ml 3-amino-9-ethyl-carbazole, 6% dimethylformamide, 0.03%
H < >

2 - 2' 0.1 M NaAc, pH 5.0) for 5 mm. Hematoxylin staining was prepared according to

standard histological procedures. After thorough washing m MQ, sections were mounted in
Kaiser's glycerol gelatin (Merck Nederland, Amsterdam, The Netherlands).

Results
PCR cloning of Rab protein-coding

sequences

To study the expression of Rab protein genes in polarised Caco-2 cells, we selectively
amplified fragments of Rab cDNAs For this, an RT-PCR was performed on total RNA isolated
from

monolayer cultures

m the presence of two degenerate oligonucleotides;

one

corresponding to the GXXXXGKS/T conserved region for GTP-bmdmg (PM1) and the second
derived from the WDTAGQE conserved domain (PM3) (Valencia et al., 1991) This resulted
in a predominant amplified product of approximately 150 bp which corresponds to the
constant sequence stretch between the GTP-bmdmg motifs of Rab proteins. The PCR
products

were size-selected

by

agarose gel electrophoresis

and

subcloned

into a

pBluescnpt plasmid thereby generating a library of Rab-hke partial cDNA sequences from
polarised Caco-2 cells.

Identification

of seven novel human Rab

sequences

In total, 1164 clones were obtained of which 60 independent clones were randomly selected
and sequenced. Most of the sequenced clones corresponded to previously isolated Rab
proteins. These sequences were used as a probe on replica filters of the library to eliminate
clones containing identical sequences. Clones that did not show cross-hybridisation with
any of these probes were further analysed. Finally, a total of 86 clones was analysed of
which 64 corresponded to previously isolated Rab proteins or members of other Ras
subfamilies of small GTPases (Table I ) . The latter indicate that the used degenerate
oligonucleotides are not fully 'Rab-specific'. The other 22 clones showed

nucleotide

differences with Rab sequences present in the GenBank database and represent seven
independent novel human Rab sequences (Table I).
The alignments of their deduced ammo acid (aa) sequences with sequences from
GenBank are shown in Fig. 1. Three of these human sequences can be ascribed as novel
Rab isoforms since they are not identical but show high similarity with previously identified
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Rab-like sequences

# of clones

RablA
Rab2A
Rab2B
RabSA
RabSB
RabSC
Rab6A
Rab6A'
Rab6B
Rab7
Rab8
RablO
Rabl3
Rabl9B
Rab21
Rab22A
Rab22B
Rab27A

10
2
1
1
2
3
1
3
1
9
11
2
2
1
10
4
4
3

Ras-like and
other sequences

# of clones

Arp
Arfl
ArfSA
RhoA
RhoC
TC4
Ubiquitin
total

2
1
1
1
4
5
2
86

homology (nt)

protein

species

81%

Rab2A

human

93%
83%

Rab6A
Rab6A

human
human

92%

RablO

canine

86%
96%
94%

Rabl9A
Rab21
Rab22A

canine
canine
canine

Table 1. Types of GTP-binding proteins expressed in polarized Caco-2 cells. The
identity of human Rab(-like) protein genes and related sequences was determined by
searching GenBank for homology with the 114 bp of PCR-amphfied sequence (primer
sequences excluded).
human Rab proteins. One of them shows 8 1 % identity with the human Rab2A cDNA sequence.
The deduced ammo acid sequence shows two aa substitutions (Val-48, Asn-49; Fig. l a ) . We
named this form Rab2B. The second sequence shows high homology with Rab6A (Table I ) , and
only differs within a limited stretch of 10 bp at the 3' end of the partial sequence. This difference
results in one conservative change at aa position 62 for the Rab6A coding region, where a valine
residue is changed into an isolycme residue (Fig. l b ) . Despite the lack of the C-terminal part of
the complete ORF we named the sequence Rab6A' (prime), since data indicate that the product
is a result of an alternatively spliced variant of Rab6A (manuscript submitted). The third
sequence displays 8 3 % identity with the human Rab6A cDNA, but the mismatches do not alter
aa composition (Fig. l b ) due to changes that are mainly found in the third nucleotide of a codon
(data not shown). We termed this form Rab6B, a member of the Rab6 subfamily.
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PCR-hRab2B
hRab2A

SCLLLQFTDKRFQPVHDLTIGVEFGARMVNIDGKQIKLQI
GDTGVGKSCLLLQFTDKRFQPVHDLTIGVEFGARMITIDGKQIKLQIWDTAGQE

b.
PCR-hRab6A'
PCR-hRab6B
hRab6A

TSLITRFMYDSFDNTYQATIGIDFLSKTMYLEDRTIRLQL
TSLITRFMYDSFDNTYQATIGIDFLSKTMYLEDRTVRLQL
GEQSVGKTSLITRFMYDSFDNTYQATIGIDFLSKTMYLEDRTVRLQLWDTAGQE

PCR-hRablO
rRablO
cRablO

TCVLFRFSDDAFNTTFISTIGIDFKIKTVELQGKKIKLQI
GDSGVGKTCVLFRFSDDAFNTTFISTIEIDFKIKTVELQGKKIKLQIWDTAGQE
GDSGVGKTCVLFRFSDDAFNTTFISTIGIDFKIKTVELQGKKIKLQIWDTAGQE

PCR-hRabl9B
cRabl9A

SCVVQHFKSGVYTETQQNTIGVDFTVRSLDIDGKKVKMQV
GDSNVGKTCVVQHFKSGVYSESQQNTIGVDFTVRSLEIDGKKVKMQVWDTAGQE

PCR-hRab22B
PCR-hRab22A
CRab22A

SSIVCRFVQDHFDHNISPTIGASFMTKTVPCGNELHKFLI
SSIVWRFVBDSFDPNINPTIGASFHTKTVQYQNELHKFLI
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Fig. 1 . Amino acid alignment of novel human Rab proteins with their isoforms or counterparts from other
species(a-e) Amino acids that differ from previously reported sequences are in bold. The stretch of
amino acids whose nucleotide sequences provided the degenerative PCR primers are given as dots, c,
canine; h, human; r, rat. a. Rab2 subfamily; b. Rab6 subfamily; c. RablO; d. Rabl9 subfamily; e. Rab22
subfamily, (f) Alignment of deduced amino acid sequence of human Rab21 with Rab21 sequences from
other species. Amino acid changes between human and canine Rab21 are given by asterisks above the
sequences, together with the conserved regions that are involved in GTP-binding (PM1-3, G l - 3 ) . Nonconservative residue positions are given in black boxes, conservative residues are given in grey boxes.
Hs, Homo Sapiens; Cf, Canis familiaris; Dd, Dictyostelium discoideum; Ce, Caenorhabditis elegans.

Three of the seven novel sequences are more than 9 0 % identical to canine RablO, Rab22A,
and Rab21 (Table 1) and show no differences at the amino acid level (Figs, l e , l e and

If,

respectively). Therefore, we named these Rab sequences to their canine counterparts.
One novel Rab-like cDNA displays less than 9 0 % similarity with the canine Rabl9A cDNA
sequence, which results in four conservative aa changes (Fig. I d ) . Because of this rather
low similarity we prefer to term the sequence Rabl9B, a human analogue but subfamily
member and isoform of canine Rabl9A.
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Among the randomly sequenced clones the Rab21 encoding sequence

was

identified several times. Since the function of Rab21 has not yet been clarified, we set out
to isolate full-length Rab21 cDNA sequence.

Molecular

cloning of human

Rab 21 cDNA

A Caco-2 cDNA library (Lacey et al., 1989) was screened with the above described partial
human Rab 21 sequence as a probe. Out of one million clones, sixteen hybridised with the
radioactive Rab21 probe. Four of them were plaque-purified and the insert cDNA was
subcloned into a pBluescript plasmid. This resulted in four cDNA sequences, two of
approximately 1.9 kb and two of 2.6 kb in length. Two cDNAs with distinct sequence lengths
were sequenced after subclonmg partitioned sequences with the use of endogenous
restriction sites. The 1.9 kb sequence ended at position 1857 m the 3' UTR of the 2.6 kb
cDNA sequence, which might reflect an alternative poly-A addition site (see submitted
sequence in GenBank with ace. no. AF091035). The deduced ammo acid sequence of Rab21
is depicted m Fig. If, together with an alignment with Rab21 sequences from other species.
The open reading frame (ORF) of Rab21 consists of 225 aa with a predicted molecular mass
of 24.5 kDa. The protein displays the expected six GTP-binding domains and C-terminal
cysteine residues, which are conserved within the Rab subfamily and necessary for the
prenylation to donor membranes. In the coding region, human Rab21 shares 9 6 % similarity
with canine Rab21. The proteins differ m four ammo acids; one conservative change (Ser216-Thr) and one non-conservative change (Ala-200-Thr) are found, together with the
presence of two additional alanine residues at the N-termmal end of the human Rab21
protein (Fig. If, asterisks).

Rab21 transcriptional

expression

levels

To examine Rab21 distribution, a Northern blot with multiple human tissues and cell lines
was probed using a PstI fragment (412-1076) of Rab21 (Fig. 2). The blots displayed three
major transcripts of approximately 1.8, 2.5 and 4.0 kb m most tissues and cell lines
examined. This corresponds to the three major transcripts of Rab21, which was previously
termed as Rabl2, found m BHK cells (Zenal and Huber, 1995). The 1.8 kb and 2.5 kb
transcripts probably reflect the forms we isolated from the Caco-2 cDNA library. Northern
blot analysis revealed a ubiquitous expression pattern of Rab21, with high expression m
lung and hardly any expression m liver, fibroblasts and smooth muscle cells.

[a-32pjGTP-binding

overlay

assay

To control for the GTP-bindmg capability of Rab21, recombinant GST-Rab21 fusion protein
was expressed m E.coli. After isolation of purified GST-Rab21, the fusion protein was
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subjected to SDS-PAGE electrophoresis (Fig. 3a). The protein shows a molecular mass of
about 51 kDa. This is in agreement with the predicted molecular mass of 24.5 kDa and GST
of 26 kDa. To demonstrate that Rab21 fusion protein is capable of binding to GTP, a parallel
gel with recombinant proteins was blotted onto a nitrocellulose filter, followed by incubation
of the blot with radiolabeled [a- 3 2 P]GTP (Fig. 3b). While GST itself failed to bind any tracer,
the GST-Rab21 fusion protein bound detectable amounts of [a- 3 2 P]GTP. As a positive
control GST-Rab6A fusion protein was included and under the conditions used, Rab21
showed a lower affinity for [(x- 3 2p]GTP than Rab6A.
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Fig. 2. Northern blot analysis of Rab21 in various human tissues and cell lines. Rab21
expression was analysed on total RNA from various human tissues (upper left panel)
(upper right panel). RNA quality and quantity was determined by hybridisation with a
(lower panels). The 18S rRNA indicates the size of the Rab21 transcripts in kb. Ten μg of
loaded per lane.
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Next, we studied the presence of Rab21 protein in Caco-2 cells. For this we raised
polyclonal anti-Rab21 antiserum against GST-Rab21 fusion protein. To ensure that the
antibodies did not show cross-immunoreactivity with the conservative GTP-binding sites of
other Rab proteins we performed immunoblot analysis on several GST-fusion Rab proteins
including Rab6A, Rab6B, Rab21, Rab22A and Rab22B (Fig. 4a,b). As is shown in Fig. 4b,
affinity-purified anti-Rab21 antibody which was pre-adsorpt with GST prior to the blot
incubation step specifically recognised Rab21 protein (Fig. 4). Its specificity was further
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examined by expressing full-length Rab21 cDNA in COS-1 cells and subjecting the lysate,
together with control recombinant proteins, to Immunoblotting (Fig. 4c). As can be seen
from Fig. 4c, the GST preincubated antibody recognised the GST-Rab21 fusion protein
whereas GST protein alone was not immunoreactive. Expressed Rab21 protein in Cos-1
cells showed an expected band of approximately 25 kDa. To identify endogenous Rab21 in
polarised Caco-2 cells, protein lysates were subjected to immunoprecipitation

before

immunoblotting (Fig. 4c, right panel). An immuno-specific protein was detected showing a
similar molecular mass to transiently expressed Rab21 protein in COS-1 cells. Thus, the
anti-Rab21 antibody enabled us to specifically localise endogenous Rab21 protein in Caco2 cells.
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Fig. 3. [a- 3 2 P]GTP blot overlay of GST-Rab21 fusion
protein. Recombinant fusion proteins were produced in
E.coli and purified over a gluthatione Sepharose
column. One jig of purified GST-Rab21, GST protein,
and GST-Rab6A as a positive control were subjected to
SDS-PAGE and stained with Coomassie Blue (a) or
blotted and incubated with 1 nM [a- 3 2 P]GTP (b). The
blot was incubated for one hour at room temperature,
four times washed and subjected to autoradiography.
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Fig. 4 . Immunoblot analysis of Rab21 immunoreactive antigen. Several GST-Rab fusion proteins were
subjected to SDS-PAGE followed by Coomassie Blue staining (a) or blotting onto nitrocellulose
membrane (b). (c) Cos-1 cells were electroporated with a modified pSG5 expression vector with or
without the full length Rab21 construct. Cells were lysed and samples, together with 1 μg GST and GSTRab21, were subjected to western blotting (left panel). For immunoprecipitation, polarised Caco-2 cell
lysates were incubated with pre-immune serum or anti-Rab21 antibody (right panel), and thoroughly
washed six times prior to blotting procedures. All blots were incubated with anti-Rab21 antibody
(1:1000) that was adsorpt with 10 μg/ml GST protein prior to the incubation step. Bands were visualised
using CPD Star Chemiluminescence.
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Rabll

To analyse the subcellular location of Rab21, we performed an immunofluorescence assay
on Caco-2 cells. First, nonpolarised Caco-2 cells were stained with the antibody. Protein
distributions were analysed by confocal laser microscopy. Rab21 staining showed faint
fluorescence of mainly a network-like structure and some vesicles throughout

the

cytoplasm (Fig. 5b). Double labelling with an ER resident marker, G l / 2 9 6 (Schweizer e t a / . ,
1993), pointed to an ER-like staining of Rab21 (Fig. 5a). Next, Rab21 localisation was
examined on differentiated, polarised Caco-2 cells (Figs. 5c-5h). As can be seen m Fig. 5c,
Rab21 shows a clearly distinct expression pattern, i.e. a vesicle-like staining which is
present in the apical cytoplasm of the cells as judge from a X-Z scan. This staining pattern
does not colocalise anymore with the ER marker G l / 2 9 6 (Figs. 5d and 5e). The localisation
just beneath the apical membrane was further supported by labelling obtained with the
apical membrane markers dipeptidyl peptidase IV (Fig. 5f) and sucrase-isomaltase (not
shown). The vesicle-like population m the area between nucleus and apical membrane did
not overlap with the endosomal staining obtained with the antibody against the transferrin
receptor B3/25 (Fig. 5g). However partial overlap was observed with the anti a-glucosidase
antibody 43D1 (Fig. 5h), indicating that a small portion of Rab21 is present in late
endosomes or lysosomes. No colocalisation was found with Golgi markers (e.g. Ergic-53).
Control experiments with pre-immune serum and pre-adsorption of the antibody with an
excess of GST-Rab21 protein prior to the incubation step were negative (data not shown).
Taken together, the results strongly suggest a subcellular redistribution of Rab21 protein
upon polarisation of Caco-2 cells.
To compare Rab21 localisation in Caco-2 cells with its location m jejunal tissue,
immunohistochemical staining of Rab21 on cryo-sections of human tissue was performed.
This resulted in labelling of a variety of different cell layers. As can be seen from Fig. 6, the
endothelial cells of the capillaries are positive for Rab21. In addition, some cell-types in the
lamina propria show immunoreactivity. However most abundant staining was observed in
the epithelial cell layer. Again, intracellular labelling was mainly restricted to the apical
cytoplasmic region of these cells. Remarkably, the epithelial cell layer in the crypts showed
no or only weak immunoreactivity (Fig. 6c). These data indicate that, like m polarised Caco2 cells, Rab21 is predominantly expressed in the apical region of the epithelial cell layer of
the villi.

Discussion
We examined the spectrum of Rab proteins expressed in polarised Caco-2 cells by a RT-PCR
approach. Twenty five different partial cDNA sequences were isolated, including 18 Rab
protein family members. Seven sequences including Rab2B, Rab6A', Rab6B, RablO,
Rabl9B, Rab21 and Rab22A represented novel human proteins. We cannot rule out the
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Fig. 5. Subcellular localisation of Rab21 in nonpolarised (a and b) and polarised (c-h) epithelial Caco-2
cells. Double labelling of nonpolarised Caco-2 cells with Gl/296 (1:10) against an ER resident protein
(a) or anti-Rab21 antibody (1:10) (b) points to an ER-like localisation pattern of Rab21. (c) Image of an
optical section (horizontal section) taken at 25 μπι from the base of polarised Caco-2 cells and a X-Z
view (vertical section) showing a vesicle-like distribution of Rab21 at the apical site of the cells. A double
labeling of Rab21 (d) and Gl/296 (e) in polarised cells shows no colocalisation anymore, (f-h) X-Z scans
of double stained cells with anti-Rab21 antibody (upper panels) and monoclonal antibodies (lower
panels) against dipeptidyl peptidase IV (DPPIV) ( f ) , transferrin receptor (g), and o-glucosidase (h). In
the latter figure arrows indicate overlap of part of Rab21 staining with part of a-glucosidase staining.
Cells were fixed in 1 % paraformaldehyde. Immunoreactivity was detected using FITC conjugated antirabbit-IgG for Rab21 and Texas Red conjugated anti-mouse IgG for all monoclonal markers examined.
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Fig.
6.
Immunohistochemical
localisation of Rab21 in human jejunal
tissue. Cryo-sectlons of 2% paraformaldehyde-flxed human jejunal tissue
were incubated with pre-immune
serum (a) or anti-Rab21 antibody (b
and c). Immunoreactivity
was
visualised by subsequent incubation
with biotln-conjugated Donkey antirabbit IgG and the use of Vectastain
ABC system, (c) Overall view on
distinct jejunal layers with Rab21
immunoreactivity, V: villi; C: crypts,
SM: submucosal layer. Nuclei were
stained with Hematoxylin for 30 min.

possibility that other expressed Rab proteins were unidentified using our analysis due to
the oligos and/or cross-hybridisation conditions used. For example, Rabl7 has not been
amplified by this method despite of its role in apical recycling endosomes (Zacchi et al.,
1998), a transport route that is presumably present in Caco-2 cells. On the other hand,
Rab8, a marker for polarised epithelial cells (Huber e i al., 1993), has been sequenced
eleven times (Table I ) . In addition, RablB which was previously identified in Caco-2 cells
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to be localised at tight junctions (Zahraoui ef al., 1994) and many other Rab proteins
known to be involved in vesicular transport routes shared by all cell-types were identified
by this method. Therefore, the screening procedure has provided a broad overview of Rab
proteins that are expressed in Caco-2 cells. Furthermore, the identification of novel Rab
isoforms, i.e. Rab2B, Rab6 isoforms, and Rabl9B, has further increased the total amount
of members belonging to the large Rab subfamily of small GTPases. At the same time, the
spectrum of identified Rab members m Caco-2 cells might point to putative candidate Rab
proteins that are involved in transport routes, specific for polarised epithelial cells.
Since Rab21 was one of the sequences that has been identified several times,
corresponding full-length cDNA was isolated. Interestingly, the nucleotide sequence in the
region where human Rab21 contains two additional alanines in comparison with canine
Rab21 (see Fig. I f ) bears the hallmarks of trinucleotide repeats ([GGC]n), sequences that
appear highly polymorphic in nature (Ashley and Warren, 1995). Therefore insertional
changes in repeat numbers by polymerases during evolution might explain this difference
m N-termmal length between the proteins. The glycine residue at position 28 of the ORF of
Rab21 matches to the conserved glycine-12 of members of the Ras subgroup of small
GTPases (Zerial and Huber, 1995). This conserved residue has not been

previously

identified in other Rab proteins. Substitution of this glycine residue m H-Ras reduces the
GTP hydrolysis rate, leading to an oncogenic mutant (Barbacid, 1987). Furthermore in the
effector loop, a region involved m interactions with effectors, the TLQ motif at positions 5 1 53 diverges extensively from a consensus sequence TI/VG shared by other members of the
Rab subfamily. Based on these protein features, Rab21 might be functional m a unique
molecular environment in comparison to all other Rab family members identified so far.
Northern blot analysis and immunohistochemical staining suggested that Rab21 is
ubiquitously expressed in various cell types and tissues. This assumed that Rab21 has a
role m the regulation of a general vesicular transport route present in cells. However, some
of these routes like exocytosis from the trans-Golgi network to the plasma membrane and
endosomal (re)cycling pathways will be positionally reorganized during polarisation and/or
differentiation of cells. The redistribution of Rab21 and its presence in apically located
vesicle-like populations might reflect a reorganisation of such a particular route upon
polarisation and therefore coincides with an ubiquitous expression pattern found by
Northern blot analysis.
The expression pattern of Rab21 in Caco-2 cells and the intestinal epithelium
suggested that upon polarisation Rab21 switches to an apically located vesicular transport
route specific for polarised and/or differentiated cells. Previous studies indicated specific
roles for Rab proteins in vesicular traffic unique to polarised cells. Rabl3 was found to be
distributed

in cytoplasmic vesicles

in nonpolarised

Caco-2

cells, but switched and

colocahsed with tight junctions in differentiated Caco-2 cells (Zahraoui et al., 1994). In
addition R a b l l , first identified as a ubiquitously expressed small GTPase, was found to be
associated to the apical recycling system and functionally related to epithelial-specific
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vesicle targetting (Casanova et al., 1999; Goldenring eia/., 1996; Sakurada et al., 1991).
In this respect, the vesicle-like staining of Rab21 m the apical region which partially
overlaps with lysosomes/late-endosomes might point towards a role in the proximity of
R a b l l function. Nevertheless, further studies are needed to link the majority of vesicles in
which Rab21 is present to a specific vesicle targeting route.
To conclude, the Rab family of small GTPases has been further expanded by the
identification of novel Rab isoforms, i.e. Rab2B, Rab6 isoforms, and Rabl9B. Among the
identified Rab proteins m Caco-2 cells, Rab21 is a putative candidate to exhibit a function
m regulating membrane traffic specific for polarised epithelial cells.
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Summary
Analysis of the human Rab6A gene structure reveals the presence of a duplicated exon, and
incorporation of either of the two exons by alternative splicing is shown to generate two
Rab6 isoforms named Rab6A and Rab6A', which differ in only three ammo acid residues
located in regions flanking the PM3 GTP-bmdmg domain of the proteins. These isoforms are
ubiquitously expressed at similar levels, exhibit the same GTP-bmdmg properties, and are
localized to the Golgi apparatus. Overexpression of the GTP-bound mutants of Rab6A
(Rab6A Q72L) or Rab6A' (Rab6A' Q72L) inhibits secretion in HeLa cells, but overexpression
of Rab6A' Q72L does not induce the redistribution of Golgi proteins into the endoplasmic
reticulum. This suggests that Rab6A' is not able to stimulate

Golgi-to-endoplasmic

reticulum retrograde transport, as described previously for Rab6A. In addition, Rab6A'
interacts with two Rab6A partners, GAPCenA and "clone 1", but not with the kmesm-like
protein Rabkinesin-6, a Golgi-associated Rab6A effector Interestingly, we found that the
functional differences between Rab6A and Rab6A' are contingent on one ammo acid (T or
A at position 87). Therefore, limited ammo acid substitutions within a Rab protein
introduced by alternative splicing could represent a mechanism to generate functionally
different isoforms that interact with distinct sets of effectors.

Introduction
In eukaryotic cells, membrane traffic along biosynthetic and endocytic pathways requires
the coordinated activity of a large number of protein families. One of these families, the
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Rab subfamily of small GTPases, plays an important role m targeting and docking of
transport vesicles or transport intermediates to their correct destinations (Novick and
Zenal, 1997; for reviews, see Chavner and Goud, 1999; Gonzalez and Scheller, 1999). It
is now established that Rab proteins perform this task m at least three ways, i.e , by 1)
linkage of transport vesicles to the actm or microtubule cytoskeleton via an interaction with
molecular motors; 2) recruitment of docking complexes that anchor transport vesicles to
their target membranes; and 3) regulation of the assembly of SNARE complexes.
In mammalian cells, more than 30 Rab family members have been identified, and
probably almost 50 members exist (M. Seabra, personal communication). Most of the Rabs
are ubiquitous, and their abundance likely reflects the multiplicity of transport steps that
need to be regulated within a single cell. In addition, some Rabs are involved m specialized
cell functions, such as regulated secretion (Lledo et al, 1994 [Rab3A]; Geppert and Sudhof,
1998) in neuronal and neuroendocrine cells and transcytosis (Rabl7 [Hunziker and Peters,
1998; Zacchi et al., 1998]) m epithelial cells. The estimated number of 30-50 Rab GTPases
includes proteins that are closely related to each other and are called Rab isoforms (e.g.,
RablA and -B, and Rab3A, -B, -C and -D). The ammo acid identity between each isoform
is in the range of 80-95%, the differences being mainly in domains located at the Ν or C
terminus of the proteins. The precise functions of the different isoforms remain largely to
be established. Some Rab isoforms have distinct subcellular localization, or are not
expressed at the same levels within a given cell type. For instance, Rab3A and -C are
primarily expressed m neuronal and neuroendocrine cells (Darchen et al,
von Mollard et al,

1990; Fischer

1990), whereas Rab3D appears to be the most abundant isoform m

adipocytes (Baldini eta/., 1995). Distinct functional properties of Rab3A and -B have been
reported m PC12 cells and in msulin-secretmg cells (Weber et al, 1994; lezzi et al., 1999).
Alternatively, Rab isoforms may be functionally redundant. It is documented, for instance,
that RablA and -B ( 9 2 % identity) fulfill the same function in the regulation of endoplasmic
reticulum (ER)-to-Golgi transport (Nuoffer et al , 1994). Yeast YPT31 and ΎΡΤ32 are
phenotypically redundant (Benli et al., 1996), and the gene products of YPT51/YPT52/
YPT53 have at least overlapping functions (Singer Kruger et al., 1994).
Only limited information is available on the genomic organization of mammalian
Rab genes (Wichmann et al., 1989; Baumert et al., 1993; Lai étal.,
1995; Zheng étal.,

1994; Barbosa et al.,

1997). Based on their nucleotide sequences, however, it is likely, that

Rab isoforms are encoded by distinct genes. This holds true for yeast Ypt proteins, because
YPT31 and YPT32, as well as YPT51, YPT52 and YPT53, have been mapped to different
chromosomes (Lazar et al,

1997). Here, we show that Rab isoforms may also be generated

by alternative splicing of two homologous exons within the same gene Such a mechanism
is documented

for the Rab6A

gene, which encodes a ubiquitous

Rab that

regulates

transport at the level of the Golgi apparatus (Martinez et al., 1994, 1997, Girod et al.,
1999; White et al., 1999). In contrast to other Rab isoforms described so far, the two Rab6
isoforms (termed Rab6A and Rab6A') differ only m three ammo acids flanking the conserved
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PM3 domain involved m GTP-bmdmg (Valencia et al., 1991). Both proteins appear to be
localized to the Golgi complex and display similar biochemical activities. Interestingly, the
overexpression

of the GTP-bound

mutant Rab6A' Q72L does not redistribute

Golgi

membranes into the ER, as was shown for Rab6A Q72L (Martinez et al., 1997). In addition,
Rab6A' does not interact with Rabkinesin-6, a molecular motor previously shown to be an
effector of Rab6A (Echard et al., 1998). We discuss the functional implications of the
presence of two Rab6A isoforms m mammalian cells

Materials and methods
Library screening

and DNA

sequencing

Partial sequences encoding Rab6A' were obtained by a reverse transcription (RT)-PCRbased cloning approach with degenerate primers matching conserved domains PM3 and G2
of Rab proteins m human umbilical vein endothelial cells (HUVECs) (de Leeuw et al., 1998)
or with degenerate primers [forward, 5'-GGCGGCGGCTCGAGGGI(Ao.2/Go.8)(Go 2/ A 0.8)
II(A02/G0.2/C0.6)IIII(A0
(A0

5

/T0

5

)C-3';

reverse,

(Ao,5/Go.5)TCCCA-3']

2/To.2/G0.6)(G0.2/Co.2/ T 0.6)(A0.2/T0.8)GGIAA(A 0 . 5 /G 0 .5)
5'-GGCGGCGGATCCTTC(C0 5/T 0 5)TGICC(A 0 5/T 0 5)GCIGT

corresponding to the conserved GTP-bmdmg regions PM1 and PM3

m Caco-2 cells. The partial Rab6A' amplified product from HUVECs was radiolabeled by
random oligonucleotide priming (Femberg and Vogelstem, 1983) and used as a probe to
screen a HUVEC cDNA library (de Leeuw et al., 1998) consisting of ~ 8 x l 0 4 independent
clones. Sequences from positive clones were determined according to the Sanger method
(T7 sequencing kit, Pharmacia, Piscataway, NJ). Human Rab6A' sequence data has been
submitted to the DDBJ/EMBL/GenBank database under accession number AF198616.

PCR-based

genomic

analysis

To analyze the genomic organization of the RabSA gene, specific primers (Eurogentec,
Oligold, Seramg,

Belgium)

were

constructed for Rab6A'

sequence

(5'-3', forward,

AATCAGGCTTCAGCTG; reverse, TCGTAAACTACTACAGCTG) and Rab6A sequence (5'-3',
forward, ACAGTACGATTGCAATTA; reverse, CCACAGTGGAGTCACGA) based on their cDNA
sequence differences. Furthermore, two primers (5'-3', forward, CAGGCAACAATTGGC;
reverse, ATCCACTTTGTAGTTTGC) flanking the specific sequences of RabSA and

Rab6A'

were generated. Combinations of forward and reverse primers (400 pmol) were used to
perform PCR on human genomic DNA (100 ng) m a 50-μΙ volume in the presence of PCR
buffer (50 mM KCl, 10 mM Tns-HCI, pH 8.3), 1.5 mM MgCl2, 200 μΜ of dNTPs and 5 units
of Taq polymerase. The reactions were overlaid with 20 μΙ of mineral oil, transferred to a
thermal cycler and incubated for 35 cycles of 94 0 C for 1 mm, 50 o C for 1 mm, and 72 0 C for
6 mm with a final extension at 72 °C for 10 mm. PCR samples (10 μΙ) were loaded onto a
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2% agarose gel, and amplified products were subsequently extracted from the gel with a
gel extraction kit (Qiagen, Chatsworth, CA), cloned in pGEM-T vector (Promega, Madison,
WI), transformed to Escherichia coli A g i cells, isolated, and sequenced

RT-PCR

analysis

Total RNAs from various frozen human tissues and cultured cell lines were prepared
according to the guamdium isothiocyanate-phenol-chloroform extraction method (Chirgwm
et al., 1979). RNA (1.5 μg) was dissolved in 34 μΙ of distilled water, and random hexamers
(2 μg; Pharmacia) were added. The reaction mixtures were subsequently incubated at 70 o C
for 5 mm and on ice for 2 mm, and 24 μΙ of RT mix (1 μΙ of RNAsm [10 U], 6 μΙ of 0.1 M
DTT, 4 μΙ of 10 mM dNTP mix, 12 μΙ of 5xRT-buffer) was added. Then, the reaction mixtures
were separated into two equal volumes and incubated for 1 h at 42 0 C with (RT+) or without
(RT-) Superscript reverse transcriptase (100 U, Life Technologies/BRL, Grand Island, NY) to
ensure cDNA-specific

amplification products

For expression

analysis,

primers

were

constructed matching sequences in the 5' untranslated region (UTR) ( 5 - 3 ' , forward,
ATGTCCACGGGCGGA) and 3' UTR ( 5 - 3 ' , reverse, CTGAAGAAGGTTGAAGATG) of both
Rab6A and Rab6A'and

used to perform PCR on one-sixth of the generated single-stranded

DNA in the presence of PCR reagents for 35 cycles of 94 0 C for 1 mm, 50 o C for 30 s, and
72 0 C for 1 mm. Undigested or Psil-digested PCR products were analyzed by electro
phoresis on a 2% agarose gel.

Cells, media and cell

culture

Caco-2 TC7 cells were cultured and harvested 1 d after growth (log phase), after 7 0 %
confluency (undifferentiated cells), or 5 d after confluence (differentiated cells) with DMEM
(Life Technologies/BRL), supplemented with 2 0 % FCS and 1 % nonessential ammo acids
(Life Technologies/BRL). To allow the differentiation of HT-29 cells, cells were grown without
D-glucose (Darmoul et al.,

1992). HeLa cells were cultured as described previously

(Martinez eta/., 1994) All other cell lines used for expression analysis were grown in DMEM
supplemented with 10% FCS. Fibroblasts were freshly isolated from the human uterus.

GST"- fusion protein

expression

and [a-32p]GTP

blot overlay

assay

The coding regions of Rab6A and Rab6A' were amplified with N-termmal and C-terminal
encoding primers (forward, 5'-CGGGATCCATGTCCACGGGCGGAGA-3': and reverse, 5'CCGCTCGAGCGGTTAGCAGGA-3'.

containing

a

BamHl

and

respectively) and subsequently cloned into the BamHl/Xhol

Xhol

restriction

site,

sites of the vector pGEX

(Pharmacia). Transformed Eco// DH5a cells were grown to an OD600 of 0.3-0.5 at 37 0 C
and induced with 0.1 mM isopropyl-1-thio-ß-D-galactopyranoside for 18 h at 30 o C. Cells
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were isolated by centnfugation, frozen, thawed, and lysed by somcation for 15 s on ice.
After treatment with 1 % Triton X-100, lysates were spun at 10,000 rpm for 10 mm, and
supernatant was collected. GST-fusion proteins were adsorbed on a glutathione-Sepharose
column, washed, and eluted with 10 mM glutathione in 10 mM Tns/HCI (pH 7.4). Purified
protein samples

(1 μg/sample)

were

layered

in duplicate experiments

on

12.5%

Polyacrylamide gels containing SDS, and subjected to electrophoresis. One gel was stained
with Coomassie brilliant blue, whereas the second was electrophoretically transferred onto
nitrocellulose membranes. The blot was incubated with 1 nM [a-32p]GTP (1 μΟ of [a-^^P]
GTP per ml), as described previously (Cehs, 1998).

Assay of GTPy S

binding

Purified GST-fusion protein samples (500 ng/assay) were diluted to 30 μΙ with 20 mM Tris
buffer (pH 8.0), 1 mM EDTA, 1 mM DTT, and 0.1 % Triton X-100. To each sample 30 μΙ of
GTP-yS-binding mix (20 mM Tris buffer, pH 8.0, I m M EDTA, 2mM DTT, 2 μΜ GTP-yS, and
~ 1 . 5 x l 0 7 cpm of [ 3 5 S ] G T P Y S ) was added. Nonspecific binding was assayed with samples
containing 0.1 mM unlabeled GTP-yS. The samples were incubated at 30 o C for 0, 1, 5, 15,
30, 60, or 120 mm and terminated by the addition of 2 ml of ice-cold washing buffer (20
mM Tris-HCI, pH 8.0, 25 mM M g C ^ l O O

mM NaCI). Samples were filtered through

nitrocellulose membranes (NC45, Schleicher & Schuell, Keene, NH), subsequently washed
four times m ice-cold washing buffer, air dried, and counted in a water-compatible
scintillation mixture (Opti-Fluor, Packard, Meriden, CT). As a control for the calculation of
the amount of GTPyS bound to the proteins, 15 μΙ of the GTPyS-bmding mix was counted
in duplicate. All samples were assayed in duplicate.

Transient

expression,

pulse-chase

experiments

and

immunoblotting

Human Rab6A and Rab6A' proteins were expressed from the eukaryotic expression vector
pCDNA3 (Invitrogen, Carlsbad, CA), which was modified at the 5' end of the multiple
cloning site with a synthetic DNA fragment that entails an initiator AUG codon followed by
an N-termmal cMyc epitope tag and an EcoRl site. Full-length Rab6A and Rab6A' were
subcloned m-frame as a EcoRl-Xhol restriction fragment downstream from the cMyc tag
sequence. For colocahzation studies, Rab6A' coding region was cloned in-frame and
downstream of green fluorescent protein (GFP)

encoding cDNA

in the

mammalian

expression vector pEGFP-Nl (Clontech, Palo Alto, CA) according to the strategy described
previously (J. White et al.,

1999). A modified GFP cDNA was placed downstream of

sequences encoding the cytoplasmic, transmembrane, and stalk region of human Nacetylglucosaminyltransferase I in the mammalian expression vector pRcCMV (Shima eta/.,
1997).
HeLa cells were grown on glass coverslips or plated on a 10-cm dish and cultured to 7 0 %
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confluence. Cells were transiently transfected with 0.5 μg of cMyc-tagged Rab6A or Rab6A'
containing plasmid DNA or cotransfected with 0 5 pg of /V-acetylglucosammyltransferase I
with the use of Lipofectamme Plus reagent according to the manufacturer's instructions
(Life Technologies, Rockville, MD).
For immunoblottmg, cells from the 10-cm dish were harvested by scraping in icecold PBS and lysed directly m an equal volume of 2x sample buffer (100 mM Tns-HCI, pH
6 8, 200 mM DTT, 4 % SDS, 0.2% bromphenol blue, 2 0 % glycerol). Protein lysates were
layered on a 12.5% SDS-polyacrylamide gel, subjected to electrophoresis, and transferred
to nitrocellulose membranes by Western blotting. After blocking with 5% nonfat dry milk in
10 mM Tns-HCI (pH 8.0), 150 mM NaCI, and 0.05% Tween 20 (TBST), the blot was
incubated with anti-cMyc monoclonal antibody 9E10 (hybndoma culture supernatant, Kan
ef al., 1986) for 2 h at room temperature. Incubations with primary and secondary
antibodies

(0.06

μg/ml

horse

radish

peroxidase-conjugated

AffmiPure

(Jackson

Immunoresearch, Westgrove, PA) goat anti-mouse immunoglobulin G; Ι Ί Ο 000 dilution)
and subsequent washes were done in TBST Labelled bands were visualized with the use of
CPD Star chemilummescence according to the manufacturer (Tropix, Bedford, MA)
For transient expression in HeLa cells with the vaccinia system and pulse-chase
experiments, we exactly followed the conditions described previously (Martinez ef

al,

1994, 1997). pGEM plasmids encoding Rab6A Q72L, Rab6A' Q72L, and Rab6A' Q72L A87T
proteins were constructed with the use of PCR and verified by sequencing. PCR products
were cloned into the pGEM-1 vector (Promega) with identical restriction sites and 5'
(Kozak's sequence) and 3' non coding regions to allow comparable expression levels

Immunofluorescence

assay

Transfected HeLa cells, cultured on 24-wells plates on glass covershps, were washed with
PBS, fixed m 1 % paraformaldehyde for 1 h at room temperature, and washed twice m PBS,
0 0 5 % Tween 20 (PBST). After 15 mm of methanol permeabilization, cells were incubated
with anti-cMyc monoclonal antibody 9E10 ( l ^ S dilution) for 1 h at room temperature and
washed four times for 5 mm m PBST Specific labeling was detected by subsequent
incubation with Texas-Red conjugated goat anti-mouse immunoglobulin G (dilution 1:75,
10 μg/ml; Jackson ImmunoResearch Laboratories, West Grove, PA) m PBST for 1 h and
washing with PBST. Cells were mounted m Mowiol (Sigma Chemical, St. Louis, MO) and
observed with the use of a confocal laser scanning microscope (MRC 1000, Bio-Rad,
Richmond, CA).
HeLa cells were transfected for 5 h with pGEM control, pGEM Rab6A Q72L, pGEM
Rab6A' Q72L, or Rab6A' Q72L A87T and processed for immunofluorescence as described
previously (Martinez et al, 1997).
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Two-hybrid

experiments

The yeast reporter strain L40, which contains the reporter genes HIS3 and LacZ, was
cotransformed with pLexA-Rab6A Q72L, pLexA-Rab6A' Q72L, or Rab6A' Q72L A87T and
pGADGH-GAPCenA/Rab6 interacting domain (Cuif et al.,
(Echard et al.,

1999), pGADGH-Rabkinesin-6

1998), or pGADGH-clone 1. After 3 d at 30 o C on selective medium,

cotransformants were patched on drop-out medium lacking tryptophan and leucine (DO WL-) and replicated on drop-out medium lacking tryptophan and leucine (DO W- L-) and
drop-out medium lacking tryptophan, leucine, and histidine (DO W- L- H-). Transformation,
analysis and media were as described by Janoueix-Lerosey et al. (1995).

Overlay

experiments

Equal amounts (0.2 nmol) of purified histidme-tagged 174 domain (ammo acids 529-665
of Rabkinesin-6; Echard et al., 1998 ) were run separately on SDS-PAGE and transferred
onto nitrocellulose membranes in a carbonate buffer (3 mM Na2C03, 10 mM NaHC03, pH
9.8). Proteins were then renatured for 1.5 h at room temperature in 50 mM NaOH-Hepes,
pH 7.2, 5 mM Mg acetate, 100 mM Κ acetate, 3 mM DTT, 10 mg/ml BSA, 0 . 1 % Triton X100, and 0.3 % Tween 20. Radiolabeled [ a - 3 2 P ] GTP (50 μΟ) was exchanged for 1 h at
30 o C on bacterially purified GST-tagged Rab6A or Rab6A (2 nmol) by 4 mM EDTA, and the
reaction was stopped with 10 mM M g C ^ . After the renaturation step, each membrane was
incubated for 1 h at room temperature with either radiolabeled Rab6A or Rab6A' in 10 ml
of binding buffer (12.5 mM NaOH-Hepes, pH 7.2, 1.5 mM Mg acetate, 75 mM Κ acetate, 1
mM DTT, 2 mg/ml BSA, 0.05 % Triton X-100, 0.05% 3-([3-chloramidopropyl]dimethylammonio)-2-hydroxy-l-propanesulfonate). Membranes were washed separately 2 times
(10 mm each) in 20 mM Tns-HCI, pH 7.4, 100 mM NaCI, 20 mM M g C ^ , and 0.005% Triton
X-100 and autoradiographed.

Results
Identification

and cloning

of

Rab6A'

We previously used a RT-PCR based approach to characterize Rab proteins expressed in
human epithelial colon carcinoma (Caco-2) cells and in HUVECs. Primer sets corresponding
to the conserved GTP-bmdmg domains PM3 and G2 (according to the nomenclature of
Valencia et al. [ 1991]) revealed the presence of 28 different partial cDNAs encoding small
GTPases in HUVECs (de Leeuw et al., 1998). A variety of partial sequences encoding Rab
proteins were also identified m Caco-2 cells with the use of primers corresponding to the
PM1 and PM3 domains (Opdam et al., 2000). These two independent analyses led to the
identification of a partial sequence (Figure 1A, product 1 from Caco-2 cells, product 2 from
HUVECs) showing high identity with human Rab6 cDNA. However, mismatches m a region
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product 2

I II I

PM1 Gl PM2
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02

PM3

G3

* = = ! =

3C

ACA GTA CGA TTG CAA TTA TGG GAC ACA GCA GGT CAA GAG CGG TTC AGG AGO
Rab6A'

III

I I I II I III II

II II III II

II II III

I III

ΑΓΑ ATC AGG CTT CAG CTG TGG GAT ACT GCG GGT CAG GÄA CGT TTC CGT AGC

22€
Eab6A : TTG ATT CCT AGC TAC ATT CGT GAC TCC ACT GTS GCA GTT GTT GTT TAT GAT

I III II

II III II

III II

II I I I

II II II III II

III

Rab6A' : CTC ATT CGC AGT TAC ATC CGT GAT TCT GCT GCA GCT GTA GTA GTT TAC GAT

βχοη
intron
SA' exon
intron
6A

exon
intron
exon

CAG GCA ACA ATT CGC ATT GAC TTT TTA TCA AAA ACT ATG TAC TTG GAG GAT CGA ACA
gtgagt

-2kb-

tttccatctcacag

ATC AGG CTT CAG CTG TGG GAT ACT GCG GGT CAG GAA CGT TTC CGT AGC CTC ATT
CGC AGT TAC ATC CGT GAT TCT GCT GCA GCT GTA GTA GTT TAC GAT ATC ACA A
gtaggtatattgcaacgggttgacctttcttatttttcttgcttgtttgactgattttgttgttag
GTA CGA TTG CAA TTA TGG GAG ACA GCA GGT CAA GAG CGG TTC AGG AGC TTG ATT
CCT AGC TAC ATT CGT GAC TCC ACT GTG GCA GTT GTT GTT TAT GAT ATC ACA A
gtgagt

- 2kb

ccctcctatactag

AT GTT AAC TCA TTC CAG CAA ACT ACA AAG TGG ATT

Rab6A
Rab6A·

MSTGGDFGNPLRKFKLVFLGEQSVGKTSLITRFMYDSFDNTYOATIGIDFLSKTMYLEDR
MSTGGDFGNPL·RKFKL·VFLGEQSVGKTSL·ITRFMYDSFDNTYQATIGIDFLSKTMYLEDR

Rab6A
Rab6A'

61 TVRLQLWDTAGOERFRSLIPSYIRDSl AVWYDITNVNSFQQTTKWIDDVRTERGSDVI
61 TIRLQLWDTAGQERFRSLIPSYIRDs! AVVVYDITNVNSFQQTTKWIDDVRTERGSDVI

Rab6A
Rab6A'

121
121

IMLVGNKTDLADKROVSIEEGERKAKELNVMFIETSAKAGYNVKQLFRRVAAALPGMEST
IMLVGNKTDLADKRQVSIEEGERKAKELNVMFIETSAKAGYNVKQLFRRVAAALPGMEST

Rab6A
Rab6A'

181 QDRSREDMIDIKLEKPQEQPVSEGGCSC
181 QDRSREDMIDIKLEKPQEQPVSEGGCSC

Fig. 1 . Rab6A gene organization reveals the presence of a duplicated exon. (A) Alignment of the
divergent sequence stretch between human Rab6A and Rab6A' zDHk sequences. Product 1 and product
2 represent partial sequences that were amplified by RT-PCR with degenerate Rab-specific primers on
RNA from Caco-2 cells and HUVECs, respectively. Product 2 was used as a probe to isolate the
corresponding Rab5A' cDNA sequence from a human endothelial cell cDNA library. The 5' and 3' UTRs of
both sequences are identical. Consensus domains for phosphate/magnesium binding (PM1-PM3) and
guanine nucleotide binding (G1-G3) are depicted as black boxes. Nucleotide triplets that lead to ammo
acid divergence are in bold. (B) Partial genomic organization of the Rab6A gene reveals a duplicated
exon, separated by an intron of 66 bp. The exon for Rab6A' sequence precedes the exon for Rab6A. (C)
Amino acid sequence alignment of the Rab5A isoforms. Nonconservative amino acid changes are boxed
in black, conservative substitutions are boxed in gray.
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close to the PM3 domain were found between the two nonoverlappmg sequences and the
Rab6 sequence. By using product 2 as a probe, we then isolated a full-length cDNA from a
human endothelial cell library. The cDNA sequence contained the partial sequences of the
previously amplified products 1 and 2 and revealed a stretch of 96 base pairs (bp) that was
not identical to the Rab6 sequence (referred as Rab6A', Rab6 being Rab6A, Figure 1A).
Nevertheless, the 5' and 3' UTRs and the coding region flanking the stretch of mismatches
were identical to that of the Rab6A cDNA.

Rab6A gene

organization

The facts that identical UTRs were found in Rab6A and Rab6A' cDNAs and that the
nucleotide changes were restricted to only one relatively long region make it unlikely that
the Rab6A' sequence resulted from a duplication of the Rab6A gene or was due to the
existence of a Rab6A pseudogene. Rather, Rab6A' sequence could be the result of either
allelic polymorphism or mutually exclusive incorporation of distinct exons by alternative
splicing of the Rab6A gene. To address this issue, we set up a genomic PCR-based strategy
to elucidate the organization of the Rab6A gene. Based on the Rab6A and Rab6A' cDNA
sequences, forward and reverse primers specific for either of the two sequences were
constructed (see Materials and methods). Two nonspecific primers flanking the stretch of
divergence were also designed. We then performed PCR on human genomic DNA with the
use of different combinations of primer sets (our unpublished results). The partial genomic
organization of the Rab6A gene shown m Figure I B revealed two homologous but distinct
exons separated by an mtron of 66 bp. In addition, the exon encoding Rab6A' precedes the
exon encoding Rab6A, and both are flanked by an mtron of ~2 kilobases. The mtron
boundary sequences conform to the GT-AG rule (Krawczak et al., 1992). We confirmed the
presence of the two exons by performing additional PCRs on different human genomic DNA
sources (our unpublished results). Therefore, Rab6A' is generated by alternative use of a
homologous but distinct exon within the Rab6A gene.
Comparison of the predicted protein sequence of Rab6A' with the Rab6A sequence
revealed only three ammo acid differences m two regions flanking the PM3 domain: one
conservative substitution (I instead of V at position 62) and two nonconservative changes
(the "TV motif": A for Τ and A for V at positions 87 and 88, respectively) (Figure 1C).
During the course of this study, a new isoform of human RabS, termed Rab6C, was
characterized m human platelets (Fitzgerald and Reed, 1999). The amino acid sequence of
Rab6A' is identical to that of Rab6C. However, because we confirm in our study that Rab6A'
(Rab6C) and Rab6A are products of the same gene, we believe that it is more appropriate
to retain the Rab6A' nomenclature.
Figure 2 shows an alignment of Rab6 proteins identified in various species. A
search in the expressed sequence tag databases revealed two partial mouse Rab6 clones
that exhibit similar sequence divergence as the human clones. Their deduced ammo acid

80

two functionally

different Rab6A Isoforms

AtRab6
NtRab6
HsRabSA
MmRab6A
HsRabgA'
MmRabeA'
DmRab6
CeU43283
CeP34213
SpRyhl
P£Rab6
ScYpte

|l:
AtRabe
NtRab6
HsRab6A
MmRabëA
HsRabeA'
MmRab6A'
DmRabe
CeU43283
CeP34213
SpRyhl
PfRab6
ScYpC6

AtRabe
NtRab6
HsRab6A
HmRab6A
HsRab6A'
MmRaboA'
DmRab6
CeU43283
CeP34213
SpRyhl
PfRabe
scYpte

AtRabe
NtRabe
HsRabeA
MmRabeA
HsRab6A'
MmRabeA'
DmRabS
CeU43283
CeP34213
SpRyhl
PfRabe
ScYpte

TLSSTKi
TLSSAKi
QDRS1
QDRSRj
QDRSRI
ODRSR
|ENKPS
.IKDDPV
.VQEETP
176 gNVETQSTQ
176 DN^NNNEA
177 QNSESTPLDSENANSANQNKPGVIDISTAEEQEQS,

Fig. 2. Sequence alignment of Rab5 proteins from different species. Identical amino acids are boxed in
black, and conservative substitutions are boxed in gray. The black stars indicate residue divergences
between human (or mouse) Rab5A and Rab6A'. Consensus domains for phosphate/magnesium binding
(PM1-PM3) and guanine nucleotide binding (G1-G3), and putative secondary structural elements (a
helices, β strands) are depicted above the sequence alignment. At, Arabldopsls thallana (accession
number CAB38902); Nt, Nicotinla tabacum (accession number L29273); Hs, Homo sapiens (accession
number M28212); Mm, Mus musculus (accession number AB041575); Dm, Drosophila melanogaster
(accession number D84314); Ce, Caenorhabdltls elegans (accession numbers U43283 and P34213); Sp,
Schizosaccharomyces pombe (accession number X52475); Pf, Plasmodium falciparum (accession
number X92977); Sc, Saccharomyces cerevlslae (accession number Q99250). MmRab5A' sequence is
derived from overlapping expressed sequence tags (accession numbers BE457735.1 and AA170363.1).
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sequences correspond exactly to their human counterparts, one bearing the TV motif, the
other one the AA motif (Figure 2). It is of note that only one Rab6 gene is present in the
yeast Saccharomyces

cerevisiae, encoding the Ypt6 protein (Strom et al., 1993), as well as

in the parasite Plasmodium
1998).

Interestingly,

falciparum

P. falciparum

(de Castro et al., 1995; Templeton and Kaslow,
Rab6

contains

the

AA

motif, and

in Ypt6, a

nonconservative amino acid (R) replaces the first A. Two putative Rab6 proteins exist in
Caenorhabditis

elegans, both with a TV or TV-like motif (Figure 2). It also should be pointed

out that in all organisms, Rab6 proteins have either a valine or an isoleucine at position 62.

RabSA and Rab6A' are ubiquitously

expressed

The existence of two Rab5A isoforms prompted us to analyze their expression patterns. A
RT-PCR on total RNAs from a wide variety of adult human tissues and cell lines was
performed with the use of primers corresponding to specific sequences present in the 5'
and 3' UTRs (Figure 3).

1 2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Fig. 3. Mutually exclusive alternative splicing of the duplicated exon within the Rab6A gene results in
the ubiquitous expression of two Rab6A isoforms. The coding regions of Rab6A isoforms were amplified
by RT-PCR on various human tissues and cell lines with primers corresponding to sequences in 5' and 3'
UTRs (Pst -, product of 675 bp). Products were digested with PstI (Pst +) to distinguish between Rab6A
(675 bp) and Rab6A' (400 and 275 bp) expression. Complete and specific digestion was controlled with
excess amounts of Rab6A and Rab6A' cDNA (lanes 1-5).

We took advantage of the presence of a unique PstI restriction site in the Rab6A' sequence
to distinguish between the expression of both forms. As shown in Figure 3 (lanes 1-5), only
Rab6A' cDNA was sensitive to PstI digestion, and the addition of an excess of restriction
enzyme ensures complete digestion. Amplification with the specific primers resulted in an
expected product of 675 bp, present in all tissues and cell lines examined (lanes PstI - ) .
Subsequent digestion of the product resulted in three bands (lanes PstI + ) : the undigested
Rab6A product and two lower fragments (405 bp and 270 bp) corresponding to the digested
Rab6A' cDNA sequence. The results shown in Figure 3 indicate that Rab6A and Rab6A' RNAs
are coexpressed in all tissues and cell lines examined. Interestingly, no striking differences
in expression ratios between the forms were observed. In addition, no differences in the
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expression of Rab6A and Rab6A' RNAs were found in polarized versus nonpolarized Caco-2
and HT29 cells (lanes 17, 19, and 21 and lanes 23 and 25, respectively). However, it should
be pointed out that Rab6A' (Rab6C) appears to be the prominent Rab6 isoform in human
platelets (Fitzgerald and Reed, 1999).
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Fig. 4. Rab6A and Rab6A' show similar GTP-binding properties. Samples of GST-Rab6A and GST-Rab6A'
fusion proteins or GST alone (1 pg/lane) were subjected to SDS-PAGE and stained with Coomassie
blue
(A) or transferred to nitrocellulose
membranes (B), followed by incubation with 1 nM [a-32P]GTP. (C)
35
For time-course studies35 of [ 5]6ΤΡγ5 o binding, 500 ng of GST-Rab6A (*) or GST-Rab6A' ( + ) were
incubated with tracer [ 5]6ΤΡγ5 at 30 C. As a control, GTPyS binding was measured to GST (X) or to
GST-Rab6A' in the presence of an excess of unlabeled GTPyS (•). At the indicated times, binding
activities were measured. The results show means of two independent experiments.

Rab6A and RabSA'show

similar

GTP-binding

activities

We next compared the biochemical properties of human Rab6A and Rab6A'. GST fusion
proteins were purified from E. coli (Figure 4A) and analyzed by GTP overlay. Both proteins
were found to bind [a-32p]GTP to a similar extent (Figure 4B). To measure the kinetics of
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guanine

nucleotide binding, fusion proteins were

incubated for various times

with

35

[ S]GTP")6. As shown in Figure 4C, the two forms bind the radiolabeled nucleotide in a
time-dependent, saturable manner at 30 o C (~ 0.2 pmol of [ 3 5 5]ΟΤΡγ5 per pmol of GSTRab6A and GST-Rab6A'). No significant difference was observed between Rab6A and
Rab6A'.
Rab6A displays a very low, almost undetectable GTPase activity (Yang et al., 1993;
Cuif et al., 1999). We found that this was also the case for Rab6A' (our unpublished
results).

Both Rab6A isoforms

are localized

to the Golgi

apparatus

Endogenous Rab6 has been localized to membranes of the Golgi apparatus and the transGolgi network (Goud et al., 1990; Antony et al., 1992). Such a localization has been
obtained with a specific polyclonal antibody raised against bacterially expressed Rab6A.
However,

isoforms

(our

unpublished results). We expressed cMyc-tagged Rab6A and Rab6A' in COS-1

this

antibody

cannot distinguish

between

the two

Rab6A

(our

unpublished results) and HeLa cells. As shown m Figure 5A, Rab6A and Rab6A' migrated at
the same apparent molecular weight on SDS-PAGE (25 kDa, containing 2 kDa of cMyc tag),
a value that is consistent with the apparent molecular mass of endogenous Rab6 detected
with the anti-Rab6A antibody (Goud et al., 1990). In the Western blot shown in Figure 5A,
Rab6A and Rab6A' appeared as a doublet, which likely corresponds to unprenylated and
prenylated forms of the proteins (Yang eta/., 1993).
The expression of tagged proteins also enabled us to follow the localization of
individual proteins by immunofluorescence. For both isoforms, the staining with anti-cMyc
antibody in HeLa cells (Figure 5, Β and C) overlaps with the signal obtained with the
cotransfected, GFP-coupled medial-Golgi marker /V-acetylglucosammyltransferase-I (Shima
et al., 1997). This indicates that both endogenous Rab6A' and Rab6A associate with Golgi
membranes. To examine their mutual localization pattern, differentially tagged forms of
Rab6A' (GFP-coupled) and Rab6A (cMyc-tagged) were coexpressed in HeLa cells. As can be
seen in Figure 5D, GFP-Rab6A' colocalized with cMyc-Rab6A in the Golgi area of transfected
cells. We also observed a weak reticular staining outside of the Golgi apparatus that likely
corresponds to the ER. It should be noted that in this region, Rab6A and A' are closely
juxtaposed but not completely colocalized. A similar pattern was observed when tags of the
isoforms were reversed (our unpublished results).

Both Rab6A Q72L and Rab6A' Q72L inhibit

the secretory

pathway

The overexpression of the GTP-bound form of Rab6A (Rab6A Q72L) leads to a strong
inhibition of the secretion of both luminal (e.g., secreted alkaline phosphatase [SEAP]) and
transmembrane (e.g., hemagglutinin of influenza virus) secretory markers (Martinez et al.,

84

two functionally different Rab6A isoforms

B

C

D

Fig. 5. Both Rab6A and Rab6A' colocalize at the Golgi apparatus. (A) HeLa cells were transfected with
empty, cMyc-Rab6A-, or cMyc-Rab6A'-encoding plasmids, and cell lysates were subjected to
immunoblotting with anti-cMyc antibody. (B-D) HeLa cells were cotransfected with plasmids encoding
GFP-coupled /V-acetylglucosaminyltransferase I and cMyc-Rab6A (column B), GFP-coupled Nacetylglucosaminyltransferase I and cMyc-Rab5A' (column C), or GFP-coupled Rab6A' and cMyc-Rab6A
(column D). Cells were fixed with 1% paraformaldehyde, immunostamed with anti-cMyc antibodies, and
viewed with a confocal microscope. Upper panels, localization of GFP fusions (green); middle panels, cMyc staining (red); lower panels, merged images. Scale bar, 10 μιτι.
1994). To investigate Rab5A' function, HeLa cells were transfected with the GTP-bound
mutant of Rab6A' (Rab6A' Q72L)and then metabolically pulse-labeled and chased for 2 h,
and the secretion of SEAP into the extracellular medium was measured. As shown in Figure
6, A and B, Rab5A' Q72L Inhibits secretion to a similar extent as Rab6A Q72L ( ~ 5 0 %
inhibition compared with control conditions). As documented previously, the block In
secretion at the level of the Golgi apparatus induced by Rab6A Q72L results In unusual
(partially) endoglycosidaseH-resistant forms of intracellular SEAP that are not detected In
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control cells (Figure 5A, asterisk). A similar effect was obtained by overexpressing Rab6A'
Q72L, although the partially endoglycosidase Η-resistant form of SEAP was reproducibly
less prominent in Rab6A' Q72L than in Rab6A Q72L conditions.

intracellular SEAP

secreted SEAP

/

,*

endoH:

li

<"3

ω i:

M

Fig. 6 . Both Rab6A Q72L and Rab6A' Q72L inhibit SEAP secretion and affect W-giycosyiation. (A) HeLa
cells were cotransfected for 4 h with SEAP Plasmids (encoding the SEAP marker) and pGEM-1 (control),
Rab6A Q72L-, or Rab6A' Q72L-encoding plasmids. Cells were then metabolically labeled for 10 min with
[•^SJmethionine and [35s]cysteine and chased for 2 h, and SEAP was immunoprecipitated either from
extracellular medium (secreted SEAP) or from the cells (intracellular SEAP). Intracellular SEAP was
finally digested ( + ) or not (-) with endoglycosidase H (endoH) to investigate SEAP processing by Golgi
glycosylation enzymes. Asterisk, partially endoH-resistant form; circles, fully endoH-sensitive form. (B)
Quantification of secreted SEAP after a 2-h chase (three independent experiments, mean +/- SD).
Results are expressed as percent of secreted SEAP in control conditions.

Rab6A'

Q72L does not redistribute

Golgi resident proteins

into the ER

Another striking effect of the overexpression of RaböA Q72L is a microtubule-dependent
redistribution of Golgi proteins into the ER (Martinez et al., 1997). This effect is likely due
to a stimulation by Rab6A Q72L of retrograde transport between the Golgi and ER,
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progressively relocating Golgi resident proteins into the ER. Indeed, it was shown recently
that Rab6A controls a COPI-mdependent retrograde pathway between the Golgi and ER,
and that dominant negative forms of Rab6A (GDP-bound) block the continuous recycling of
Golgi resident proteins through the ER (Girod et al., 1999; White e i al., 1999). It was of
interest to investigate whether the overexpression of RaböA' Q72L would induce the same
phenotypic effect as Rab6A Q72L. Interestingly, the overexpression of Rab6A' Q72L led to
no detectable change in the morphology of Golgi membranes (Figure 7B), whereas under
the same conditions, Rab6A Q72L-overexpressing cells induced a complete loss of Golgi
structures (Figure 7A), as previously documented (Martinez et al., 1994; Martinez et al.,
1997).
The

Rab6A

Q72L-induced

relocahzation

of

Golgi

enzymes,

including

O-

glycosyltransferases, into the ER allows the glycosylation of ER resident proteins, such as
the invariant chain (li) of major histocompatibility complex class I I molecules expressed in
HeLa cells. Such an effect can be monitored by SDS-PAGE, because O-glycosylated li
molecules (both the p33 and p31 forms) migrate with a slower mobility than non-Oglycosylated li forms (Figure 7C, Total) (Martinez et al., 1997). In contrast, no shift in
mobility of li molecules was observed m Rab6A' Q72L-overexpressing cells compared with
control cells (Figure 7C, Total). The different effects induced by Rab6A Q72L and Rab6A'
Q72L on li glycosylation were measured quantitatively by chromatography on jacalin
columns (Figure 7C, Jacalin, and D), a lectin that binds specifically to the central motif of
O-lmked glycans. As documented previously (Martinez et al., 1997), ~10-fold more li taken
from Rab6A Q72L-expressing cells was retained on jacalin columns compared with control
(Figure 7D). A much lower proportion of li was bound to jacalin m Rab6A' Q72L-expressing
cells. Nevertheless, the amount of li was significantly higher in these cells than in control
cells (approximately twofold). The observed effects are not due to differences m the
overexpression of Rab6 isoforms, because the expression levels of both proteins were
equivalent on Western blots (Figure 7C, Western). Together, these results (Figures 6 and
7) indicate that although localized to the Golgi, Rab6A' does not function in the same way
as Rab6A (see Discussion).
Rab6A' Q72L does not interact

with

Rabkinesin-6

To further address Rab6A' function, we investigated the interaction of Rab6A' with three
known Rab6A effectors identified in a yeast two-hybrid screen with Rab6A Q72L as bait:
Rabkinesin-6 (Echard et al.,

1998), a kmesm-like protein associated with the Golgi

apparatus; GAPCenA (Cuif et al., 1999), a Rab6 GTPase activating protein (GAP); and clone
1, a 150-kDa cytosolic protein with an extensive coiled-coil domain whose exact function is
still unknown (F. Jolhvet, I. Janoueix-Lerosey and B. Goud, unpublished results). The three
proteins preferentially interact with the GTP-bound conformation of Rab6A. The interaction
pattern of Rab6A' Q72L with these three proteins was monitored with the use of the yeast
two-hybrid assay. Although Rab6A' was found to interact with both GAPCenA and clone 1
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Fig. 7. Rab6A' Q72L does not redistribute Golgi proteins into the ER. HeLa cells transfected with GTPbound Rab6A Q72L- (A) or Rab6A' Q72L- (B) encoding plasmids were fixed 5 h after transfection with
4% paraformaldehyde. Cells were double labeled with a monoclonal antibody to the medial Golgi antigen
CTR433 (middle panel, green staining) and anti-Rab6 polyclonal antibody (left panel, red staining). The
right panel shows the supenmposition of the two labeling patterns. Asterisks indicate the cells that
highly overexpressed Rab6A or Rab6A' mutants (both recognized by the anti-Rab6 antibody). In Rab6A'
Q72L-overexpressing cells, the Golgi apparatus remains intact, whereas Rab6A Q72L overexpression
leads to the redistribution of Golgi proteins into the ER (the compact Golgi staining is lost). It should be
pointed out that Rab6 staining (red) appears diffuse because the bulk of overexpressed Rab6 remains
in the cytosol (Martinez et al., 1994). (C) HeLa cells cotransfected for 4 h with li and pGEM-1 (control),
Rab6A
Q72L-, or Rab6A' Q72L-encoding plasmids were then metabohcally labeled for 10 mm with
[35s]methionine and [ 35 S]cysteine and chased for 3 h li (p31/p33) was immunoprecipitated- onetenth of immune precipitates were analyzed by SDS-PAGE (Total) and nine-tenths was subjected to
jacalin chromatography (Jacalin). Glycosylated immunoprecipitated li forms from Rab6A Q72L
transfected cells migrate with a slower mobility than in control or Rab6A' Q72L transfected cells (Total).
Rab6A and Rab6A' are overexpressed at similar levels, as shown by Western blotting before the
immunoprecipitation step (Western). Note that endogenous Rab6 is not detected m the control lane
because of the small amount of total proteins loaded on the gel. (D) Quantification of li bound to jacalin
columns (three independent experiments, mean +/- SD). For each experiment, results are expressed as
percent of li bound to jacalin in Rab6A Q72L conditions (percent of maximum).

with a strength similar to that found for Rab6A, no interaction was detected with
Rabkmesin-6 (Figure 8A). The absence of interaction between Rabkinesin-6 and Rab6A' was
further confirmed by overlay experiments. The 136 amino acids of the Rabkinesin-6 domain
involved in the interaction with Rab6A (Echard et al., 1998) were incubated with either
radiolabeled Rab6A-[a- 3 2 P]GTP
right lane).

(Figure 8B, left lane) or Rab6A'-[oi- 32 P]GTP

No interaction between

Rab6A' and the

(Figure 8B,

Rab6A interacting domain

of

Rabkinesin-6 was observed, whereas a strong signal was detected with Rab6A. The lack of
interaction

between

Rab6A'

and

Rabkinesin-6

was

also

confirmed

by

co-

immunoprecipitation experiments in HeLa cells overexpressmg Rab6A' and Rabkinesin-6
(our unpublished results).

The A87T mutation
with Rabkinesin-6

in Rab6A' Q72L restores
and to redistribute

the ability

Golgi proteins

of the protein

to

interact

into the ER

In an attempt to identify those residues that are critical to the interaction with Rabkmesm6, we replaced by site-directed mutagenesis the amino acids specific to Rab6A' with the
corresponding residues of Rab6A. For this purpose, we made the following constructs:
Rab6A' Q72L A87T, Rab6A' Q72L A87T A88V and Rab6A' I62V Q72L A87T A88V (which is
identical to Rab6A Q72L). Interestingly, the single substitution of alanine 87 to threonine
in Rab6A' was already sufficient to restore the interaction of the protein with Rabkinesin-6
(Figure 9A). In addition, this construct, when overexpressed m HeLa cells, induced the loss
of Golgi structures, as Rab6A Q72L does (Figures 8A and 9B). The same results were
obtained by overexpressmg Rab6A' Q72L A87T A88V or Rab6A' I62V Q72L A87T A88V (our
unpublished results). Therefore, these experiments indicate that the functional differences
between Rab6A and Rab6A' are dependent on residue A or Τ at position 87.
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Fig. 8. Rab6A' Q72L does not interact with Rabkinesin-6. (A) The S. cerevisiae reporter strain L40 was
cotransformed with either pLexA-Rab6A Q72L or pLexA-Rab6A' Q72L and pGADGH-GAPCenA/Rab6
interacting domain, pGADGH-Rabkinesin-6, or pGADGH-clone 1. Transformants were patched for 3 d at
30 o C on selective medium lacking tryptophan and leucine (left) or lacking tryptophan, leucine, and
histidine (right). Growth in the right panel indicates an interaction between the encoded proteins.
Western blot analysis on yeast lysates showed comparable expression levels of Rab6A and Rab6A' (our
unpublished results). (B) The same amounts of bacterially purified Rabkinesin-6 domain (amino acids
529-665), which directly binds to Rab6A, were independently run on SDS-PAGE and transferred onto
nitrocellulose membranes. After a renaturation step, each membrane was incubated with either Rab6A
(left panel) or Rab6A' (right panel) previously exchanged with radiolabeled GTP. Membranes were
washed separately and autoradiographed In parallel.

Discussion
Generation of Rab6A isoforms by alternative splicing
We have shown that two homologous, but distinct exons exist within the Rab6A gene.
Mutually exclusive alternative splicing of these exons results in the constitutive expression
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Rab6A' Q72L
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^

Fig. 9. Rab6A' Q72L A87T interacts with Rabkinesin-6 and redistributes Golgi proteins into the ER. (A)
The S. cerevisiae reporter strain L40 was cotransformed with pLexA-Rab6A Q72L, pLexA-Rab5A' Q72L,
or pLexA-Rab6A' Q72L A87T and pGADGH-Rabkinesin-6. Transformants were analyzed as described in
the legend to Figure 8. (B) HeLa cells transfected with Rab6A' Q72L A87T-encoding plasmid were fixed
5 h after transfection with 4 % paraformaldehyde. Cells were double labeled with a monoclonal antibody
to the medial Golgi antigen CTR433 (middle panel, green staining) and anti-Rab5 polyclonal antibody
(left panel, red staining). The right panel shows the superimposition of the two labeling patterns.
Asterisks indicate the cells that highly overexpressed Rab6A' Q72L A87T mutant.

of two Rab6A isoforms. To our knowledge, this is the first example of such a mechanism
within the Rab gene family. Alternative mRNA splicing has been suggested for the Rab28
gene based on an insertion of 95 bp found in a homologous Rab28 cDNA sequence (Brauers
ei al., 1996). However, this insertion is believed to be generated by an additional exon
rather than by mutually exclusive incorporation of a duplicated exon. The genomic
organization of only four Rab genes {Rabl, Rab3A, RabllB, and S10) has been reported
so far (Wichmann ef a/., 1989; Baumert ef a/., 1993; Laiefa/., 1994; Zheng eta/., 1997).
It remains to be established whether alternative splicing of duplicated exons occurs for
other members of the Rao family.
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Splicing isoforms generated from duplicated exons and/or spliced variants generated from
a limited set of genes have now been reported for a variety of genes and/or gene families,
including some involved m intracellular transport. For instance, exon duplication was
documented for chicken and human SNAP-25 genes (Bark, 1993; Bark and Wilson, 1994).
The switch between the exons appears to result in a modification of membrane-bindmg
properties of the SNAP-25 protein. Another example is the dynamm gene family, whose
products play an essential role in clathrm- and non-clathrm-coated vesicle formation
(McNiven, 1998). The three known genes give rise to at least 25 different spliced variants,
which are differentially distributed in cells and tissues. Alternative splicing may then
represent a mechanism to generate functional diversity in proteins involved in the complex
events underlying intracellular transport. As shown here m the case of Rab proteins,
alternative splicing may allow the generation of Rab isoforms interacting with distinct sets
of effectors.

The TV motif
Although Rab6A and Rab6A' differ by three ammo acids (an isoleucine instead of a valine
at position 62 and two alanines instead of a threonine and valine at positions 87 and 88,
respectively), we found that the residue at position 87 is critical for the interaction with
Rabkinesin-6. Therefore, it is likely that threonine 87 of Rab6A is involved directly in the
interaction with Rabkinesin-6. This is consistent with the recent work of Ostermeier and
Brunger (1999) on the crystal structure of the Rab3A/Rabphilin-3A complex, showing that
a methionine residue at position 96 of Rab3A (corresponding to the threonine 87 in Rab6A)
interacts directly with the SGAWFF structural element of Rabphilin-3A. In addition, the P.
falciparum

Rab6 structure shows that alanine 85 of this protein (corresponding to the

threonine 87 in the human Rab6A) is located at the surface of the molecule (Chattopadhyay
et al., 2000). It is also notable that each member of the Rab family identified thus far
contains either a valine or isoleucine residue at the corresponding position 62 of Rab6.
However, the ammo acids corresponding to the TV/AA motifs of Rab6A/Rab6A' are highly
variable among members of the Rab family. The TV/AA residues are precisely positioned
between the putative a2 helix and ß4 strand of Rab6A/Rab6A' (Figure 2). The a2 helix
corresponds to the switch I I region and is predicted to change dramatically in conformation
depending on whether Ras-like GTPases are bound to GDP or GTP (Krengel et al., 1990;
Pai étal.,

1990; Tong étal.,

modulate

the

1991). Ammo acid substitutions in this region, therefore, may

conformational

change

induced

by the

binding

of

nucleotides

and

subsequently affect the interaction between Rab6A isoforms and their effectors.
It is noteworthy that the TV motif of Rab6A is part of a putative serine/threonine
phosphorylation motif [RxxT(V)] (Hardie, 1993). In addition, both Rab6A and Rab6A'
contain PKC phosphorylation consensus sites, and indeed, Rab6C (Rab6A') has recently
been shown to be phosphorylated in platelets after thrombin activation (Fitzgerald and
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Reed, 1999). This raises the possibility that the interactions of Rab6A and Rab6A' with their
respective

effectors

could

also

be

regulated

by

protein

kinases.

For

instance,

phosphorylation by a PKC-mdependent mechanism on the threonine of the Rab6A TV motif
could specifically regulate interaction with Rab6A, but not with Rab6A', effectors.

The function

of Rab6

isoforms

A striking difference between Rab6A and RabA' is the inability of the latter to induce m its
GTP-bound conformation a redistribution of Golgi membranes into the ER, suggesting that
both proteins fulfill distinct functions. The phenopic effect of Rab6A Q72L is consistent with
a role for this protein in Golgi-to-ER retrograde transport. Nevertheless, Rab6A' was shown
to impair secretion of an anterograde cargo, as Rab6A Q72L does. In addition, although it
does not affect Golgi morphology at the immunofluorescence level, Rab6A' Q72L induces
significant O-glycosylation of invariant chain expressed in HeLa cells. As documented
previously, the bulk of li is associated with ER compartments, but it likely cycles between
ER and early Golgi compartments. The precise function of Rab6A' remains to be
established, but a tentative hypothesis is that Rab6A' may in fact regulate a retrograde
transport pathway between late and early Golgi compartments. Activation of this pathway
by Rab6A' Q72L could induce a relocahzation of medial/late Golgi enzymes in the early Golgi
(increasing the amount of glycosylated l i ) , and indirectly affect anterograde transport of a
secretory marker.

Does Rab6A' represent

the "ancestral"

form of Rab6?

Another important difference between Rab6A and Rab6A' is the fact that Rab6A' does not
interact with Rabkinesin-6. Although not yet proven directly, it is likely that Rabkinesin-6
participates in the long-range movement of tubular transport carriers between the Golgi
and the ER, which carry Rab6A on their membranes. The finding that the replacement of
alanine 87 to threonine in Rab6A' restores the ability of the protein to both interact with
Rabkinesin-6 and redistribute Golgi proteins into the ER strongly supports this hypothesis.
If Rab6A' plays a role in short-range retrograde transport within the Golgi complex,
interaction with a motor protein may not be critical for its function. In addition, it is
noteworthy that only one copy of Rab6 is present in lower eukaryotes such as S. cerevisiae
(Ypt6) and P. falciparum

and that no Rabkinesin-6 homologues appear to be present m

these organisms. Moreover, yeast Ypt6 and P. falciparum

Rab6 do not contain the TV motif

present in Rab6A that was found in this study to be critical for interaction with Rabkinesm6. These observations raise the interesting possibility that the duplication of a Rab exon has
occured during evolution to generate an isoform (Rab6A) able to interact with Rabkmesm6 to regulate a transport route involving Rabkinesin-6 function. In support of this
hypothesis, we recently found that Rab6A is involved in an alternative

Golgi-to-ER
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retrograde pathway (Girod et al., 1999; White et al., 1999). This pathway is distinct from
the COPI-dependent retrograde pathway documented so far m all eukaryotic cells, including
yeast, and used by ER resident proteins carrying the KDEL/HDEL or KKXX motifs to be
retrieved from the Golgi (Pelham, 1995). It is conceivable that such a route, used in
mammalian cells by Shiga toxin to reach the ER, and likely by Golgi enzymes to recycle
through this compartment, does not exist in lower eukaryotes.
In conclusion, it remains to be established whether alternative splicing of
duplicated exons arises in other genes encoding for Rab GTPases. If so, this genetic
mechanism could represent a more general system used by eukaryotic cells to generate
functional diversity at the interface between closely related Rab proteins and their
effectors, allowing the cells to handle the increased complexity of membrane traffic and
intracellular transport during evolution.
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Summary
Members of the Rab subfamily of small GTPases play an important role m the regulation of
intracellular transport routes. Rab6A has been shown to be a regulator of membrane traffic
from the Golgi apparatus towards the endoplasmic reticulum (ER). Here, we report on the
identification of a Rab6 isoform, termed Rab6B. The corresponding full-length cDNA was
isolated from a Caco-2 cell library. The deduced ammo acid sequence showed 9 1 % identity
with the Rab6A protein and revealed that sequence divergence is dispersed over a large
region of the COOH-termmal domain. Rab6B is encoded by an independent gene which is
located on chromosome 3 region q21-q23. In contrast to Rab6A whose expression is
ubiquitous, Northern blot analysis, immunohistochemistry, and immunofluorescence
demonstrated that Rab6B is expressed m a tissue and cell-type specific manner. Rab6B is
predominantly expressed in brain and the neuroblastoma cell Ime SK-N-SH In brain, Rab6B
was found to be specifically expressed in microglia, pericytes and Purkinje cells.
Endogenous Rab6B localises to the Golgi apparatus and to ERGIC-53-positive vesicles.
Comparable studies between Rab6A and Rab6B revealed distinct biochemical and cellular
properties. Rab6B displayed lower GTP-bmdmg activities and m overexpression studies, the
protein is distributed over Golgi and ER membranes, whereas Rab6A is more restricted to
the Golgi apparatus Since the GTP-bound form of Rab6B (Rab6B Q72L) does interact with
all known Rab6A effectors, including Rabkinesin-6, the results suggest a cell-type specific
role for Rab6B in retrograde membrane traffic at the level of the Golgi complex.

Introduction
Transfer of cargo between intracellular membrane organelles takes place via carrier
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vesicles. The correct delivery of these vesicles to the appropriate membranes is regulated
by Rab proteins. This subfamily of small GTPases triggers the recruitment of specific
docking complexes (Chnstofondis et al., 1999; McBride e i al., 1999), and thereby might
facilitate the formation of SNARE complexes leading to membrane fusion between the
donor and acceptor membrane (Andor and Balch, 1996; Rothman and Sollner, 1997;
Schimmoller e i al., 1998, Chavrier and Goud, 1999). Recently, Rab proteins have also been
found to be involved in the movement of transport carriers along actin or microtubule
cytoskeleton (Walch-Solimena et al., 1997; Echard et al., 1998; Nielsen étal.,

1999).

To date, the Rab family consists of approximately 50 family members. Several
members have been shown to be part of subgroups based on structural relationships and
high sequence identities ( 8 0 % - 9 5 % ) . Such isoforms have been described for R a b l , Rab3,
Rab4, Rab5, Rab8, R a b l l , Rab22, Rab27 and Rab33 (Armstrong et al., 1996; Barbosa e i
al., 1995; Chen et al., 1996, 1997b; Tisdale et al., 1992). Some Rab isoforms, such as
RablA and RablB (Nuoffer et al., 1994) may be functionally redundant. However, distinct
expression patterns of others suggest possible differences in function. This appears to be
the case, for instance, for the four Rab3 isoforms (Rab3A-D). Although they are all
expressed in cells with regulated secretory pathways, Rab3A and Rab3C are preferentially
expressed

in neurons and neuroendocrine cells, whereas Rab3D is found on granules of

gastric chief cells and of peritoneal mast cells (Fischer von Mollard et al., 1990, 1994; Roa
et al., 1997; Tang et al.,

1996). Rab3D is also the most abundant Rab3 isoform in

adipocytes (Baldini et al., 1998). Rab3B is highly expressed in epithelial cells (Weber e t a / . ,
1994). Rab3A and Rab3B appear to have distinct functional properties m PC12 cells,
although the four isoforms are present on secretory granules m PC12 cells and each of
them inhibits secretion (lezzi et al., 1999; Chung étal.,

1999).

In addition to Rab6A, involved in retrograde membrane traffic between the Golgi
complex and the endoplasmic reticulum (ER) (Martinez et al., 1994, 1997; White et al.,
1999), two additional Rab6 subfamily (Rab6A' and Rab6B) members have now been
identified. Rab6A' was recently found to be generated by alternative splicing of a duplicated
exon within the Rab6A gene. Rab6A and Rab6A' are ubiquitously expressed, and differ m
only three amino acid residues (Echard et al., 2000). Interestingly, Rab6A' does not interact
with the Rab6A effector Rabkinesin-6, a kinesin-like protein associated with the Golgi
apparatus (Echard et al., 1998). In addition, the GTPase-deficient mutant Rab6A' Q72L
does not induce the redistribution of Golgi resident proteins into the ER, as Rab6A Q72L
does (Martinez e t a / . , 1997; Echard et al., 2000). Here, we isolated the full length cDNA
encoding Rab6B, whose partial sequence has previously been reported (Chen et al.,
1997a). Rab6B displays 9 1 % identity with Rab6A and is encoded by a different gene. Like
Rab6A/A', the bulk of Rab6B localises to the Golgi apparatus. However, Rab6B shows a celltype specific expression pattern in brain, and GTP-binding properties distinct from that of
Rab6A/A'. Despite these differences, Rab6B interacts with the same Rab6A effector
molecules, including Rabkinesin-6. Our results suggest a cell type-specific role for Rab6B.
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Materials and Methods
RT-PCR and library

screening

Total RNA (1.5 μg) from polarised Caco-2 cells was reverse transcribed using random
hexamers (2 μg, Pharmacia) and Superscript reverse transcriptase (100 U, Gibco/BRL).
One-sixth of the cDNA was subsequently analysed by PCR using degenerate 'Rab-specific'
primers

[forward;

5'-GGCGGCGGCTCGAGGGI(A0 2 / G 0 . S Ï Ï G Q ^ / A Q . S ^ ' ^ A Q . 2 / G 0 . 2 / C 0 . 6 ^

IIII(A0.2/T0-2/Go.6)(Go.2/Co.2/T0.6)(A0.2/T0.8)GGIAA(A0.5/G0.5)(A0.5/T0.5)C-3'
containing

a Xhol

restriction

site, and reverse;

S ' - G G C G G C G G A T C C T T C C C Q ^ / T Q 5^T

G I C C ( A O , 5 / T O . 5 ) G C I G T ( A O . 5 / G O . 5 ) T C C C A - 3 ' c o n t a i n i n g a BamHl restriction site] matching
conserved domains PM1 and PM3 of GTP-bindmg (see Fig. I B ) . Purified

BamHl/Xhol-

digested PCR products were hgated into the pBluescript vector K S - K Library cloning and
subsequent preparations and screening of replica filters were carried out following standard
procedures (Sambrook et al., 1989).
The partial Rab6B sequence was radiolabeled by random oligonucleotide priming
(Femberg and Vogelstem, 1983) and used as a probe to screen a human Caco-2

Xgtll

cDNA library consisting of approximately 4x10^ independent clones (Lacey et al., 1989).
The insert sequences of isolated clones were subcloned and sequenced by the method of
Sanger (T7 sequencing kit, Pharmacia). Predicted polypeptides were compared

with

database entries using the BLAST program (Altschul et al., 1997).

Radiation

hybrid

mapping

Mapping of the Rab6B gene was performed by PCR analysis of the Stanford G3 Radiation
Hybrid Panel (Research Genetics). Primers (forward, 5'-GGCTAGCTTCCTAAGGGGGG-3', see
Fig 1A, bases 1023-1042 ; reverse, 5'-GCAAAAAATTGTATACACATG-3', bases 1246-1267)
were designed to amplify a 244 bp product from the 3' UTR of the Rab6B gene. Each PCR
reaction contained 25 ng of genomic DNA, 25 ng of both primers, 250 μΜ of each dNTP,
and 0.4 U Taq DNA polymerase (Gibco/BRL) m 10 μΙ of 10 mM Tris-HCI pH 8.6, 50 mM KCl,
5 mM DTT, and 2 mM M g C ^ . PCR amplification was carried out for 30 cycles of 94 0 C for 20
seconds, 58 0 C for 20 seconds, and 72°C for 30 seconds. PCR products were analysed on a
2% agarose gel. Scores were submitted to the Stanford Human Genome Centre website
(http://www-shgc.stanford.edu).

RNA isolation and Northern

blotting

HT-29 cells were grown with ( + ) or without D-glucose (-) to compare nondifferentiated
versus differentiated cells (Darmoul et al., 1992). Total RNAs from cultured cell lines and
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various human tissues (rectum, jejunum, stomach, oesophagus) were prepared
the guamdium isothiocyate-phenol-chloroform

following

extraction method (Chirgwin et al.,

1979).

Samples of total RNA (15 μg) were separated by electrophoresis on a 1 % formamide
agarose gel and transferred to nylon membrane according to standard procedures
(Sambrook et al., 1989). Blots were probed with a 0.7 kb 3' Pstl/EcoRl

fragment of Rab6B

(Fig.lA, 530-1270), and a 1.35 kb glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA probe was used to enable comparison of RNA loading. The human tissue blot with 2
μg p o l y ( A ) + RNA samples was purchased from Clontech.

Expression

plasmid

construction

Constructs for the expression of GST fusion and epitope-tagged versions of Rab6B were
generated. Using the complete cDNA clone as template the open reading frame of Rab6B
including the initiator AUG codon and the stop codon for proper termination of translation
was PCR amplified with specific primers. One set of primers (forward; 5'-GGAATTCC
GGATGTCCGCAGGGGGAGA -3' introducing an EcoRl site m front of the start codon, and
reverse; 5'-CCGCTCGAGCGGTTA GCAGGA-3' introducing an Xhol site downstream of the
stop codon) was used to subclone Rab6B m-frame into an EcoRl/XhoI digested pMyc vector.
pMyc is a pCDNA3-derived vector m which at the 5' end of the pCDNA3

(Invitrogen)

multiple cloning site a synthetic DNA fragment was introduced that entails an initiator AUG
codon followed by the cMyc-epitope tag and an EcoRl site. An other forward primer (5'CGGGATCCATGTCCGCAGGGGGAGA-3', containing a BamHl
Rab6B m-frame into a BamHl/Xhol

site) was used to subclone

digested eukaryotic expression vector pSG5 (Green ef

al., 1988), which was modified to generate an N-terminal VSV epitope tag, or into the
multiple cloning site of the prokaryotic expression vector PGEX (Pharmacia) to produce
GST-Rab6B fusion

protein m Escherichia

coli

following

manufacturer's

instructions

(Pharmacia). Similar constructs were prepared for Rab6A following the exact cloning
procedures of Rab6B. All PCR constructs were checked for absence of mutations by DNA
sequencing.

Antibodies
Purified GST-Rab6B fusion protein was used to immunise a rabbit. Affinity-purified
polyclonal antibodies were obtained by applying whole serum to Affigel-10-immobilised
(Bio-Rad, Richmond, CA) GST-Rab6B fusion protein and elutmg bound antibodies. For
elimination

of cross-reactivity on Western blot, affinity-purified antibodies were purified

three times over a GST-Rab6A bound glutathione Sepharose 4B column and flow through
was used for the incubation step.
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Immunoblotting
Transient transfected COS-1 cells (electroporation; 300V, 125 μΡ) were plated on 10-cm
dishes. After 48 hours cells were lysed in 50 μΙ 2x sample buffer (100 mM Tris-HCI, pH 6.8,
200 mM dithiothreitol, 4 % SDS, 0.2% bromophenol blue, 2 0 % glycerol), and 15 μΙ of each
lysate was subjected to SDS-PAGE and transferred onto nitro-cellulose by Western blotting.
After blocking with 5% non-fat dry milk in 10 mM Tns-HCI (pH 8.0), 150 mM NaCI, and
0.05% Tween 20 (TBST), the blot was incubated with cell culture supernatant of the anticMyc hybndoma 9E10 (dilution 1:100) (Kan et al., 1986). For characterisation of the
antibodies, GST-Rab6A purified anti-Rab6B antibodies (1:5000) were additionally incubated
for one hour with 40 μg GST-Rab6A prior to blot incubation. One hour incubations with
primary and secondary antibodies [horse radish peroxidase-conjugated AffmiPure Goat
anti-mouse or anti-rabbit IgG (0.06 μg/ml)] and subsequent washes were carried out in
TBST at room temperature. Immunoreactive bands were visualised using freshly prepared
chemiluminescent substrate (100 mM Tns-HCI, pH 8.5, 1.25 mM p-coumanc acid (Sigma),
0.2 mM lummol (Sigma), and 0.009% H2O2).

Immunohistochemistry
Cryo-sections of 2% paraformaldehyde-fixed adult human tissues from cerebrum or
cerebellum (6 μιτι) were cut and mounted on Superfrost/Plus slides (Menzel Glaser,
Germany). All incubation steps were carried out at room temperature. After thawing,
sections were incubated with 1 % cold water fish skin gelatin in PBS for 30 minutes followed
by incubation for 1 hour with primary antibodies. For examination of Rab6B-specific
labelling, affinity-purified anti-Rab6B (1:10 dilution) was directly used or pre-incubated
with 10 μg of GST-Rab6A or GST-Rab6B fusion protein for 1 hour at room temperature
before incubating the sections in PBS/0.05% Tween 20 (PBST). Other primary antibodies
used here were mouse monoclonal anti-NF 160 kDa antibody (Neural Cell Typing Set,
Boehrmger Mannheim, dilution 1:1), and 1 mg/ml mouse monoclonal a n t i - C D l l b

IgG

(Celltech, UK, dilution 1:200). Sections were incubated with biotin-conjugated AffimPure
Donkey anti-rabbit or anti-mouse IgG (Jackson ImmunoResearch, diluted 1:250) in PBST
for 1 hour. Specific labelling was detected using the Vectastam ABC system

(Vector

Laboratories, USA). Sections were subsequently incubated in AEC (0.33 mg/ml 3-amino-9ethyl-carbazole, 6% dimethylformamide, 0.03% ^202'

0

·

1 M

NaAc, pH 5.O) for 5 minutes.

Hematoxylin staining was prepared according to standard histological procedures. After
thorough washing in MQ, sections were mounted in Kaiser's glycerol gelatin (Merck).

Immunofluorescence

analyses

Transient transfected COS-1 cells (grown in DMEM, supplemented with 10% FCS, 1 %
NEAA, L-glutamine, sodium pyruvate (Gibco BRL) and 0 . 0 0 1 % ß-mercaptoethanol) and SK-
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N-SH cells (grown m DMEM/10% foetal calf serum) were cultured m 24-wells plates on
glass

coverslips. After

48

hours, cells were

fixed

m

1 % paraformaldehyde

and

permeabihsed with 0 . 1 % saponine/20 mM glycine. COS-1 cells were incubated with
polyclonal anti-VSV alpha P4 (dilution 1:1000) (Kreis, 1986) and monoclonal anti-cMyc
antibody 9E10 (dilution 1:1), or monoclonal anti-VSV P5D4 (ascites, dilution 1:1000)
(Kreis, 1986) and polyclonal anti-PDI (dilution 1:100) (Freedman et al., 1989) for 1 hour.
SK-N-SH cells were directly incubated with affinity-purified anti-Rab6B antibody (1:10
dilution), or the antibody was pre-mcubated m a 30-μΙ volume with 10 μg of purified GSTRab6B or GST-Rab6A protein for 1 hour at room temperature prior to incubation of the
cells. Here, monoclonal antibody CTR 433 (dilution 1:10)

(Jasmin et al.,

1989) and

monoclonal anti-ERGIC-53 antibody Gl/93 (dilution 1:100) (Schindler et al., 1993) were
used in co-labeling studies. For both cell lines, specific labelling was detected by incubation
with FITC or Texas Red-conjugated Goat anti-rabbit IgG and Texas Red or FITC-conjugated
Goat anti-mouse IgG (dilution 1:75, 10 μg/ml; Jackson ImmunoResearch

Laboratories,

Inc., West Grove, PA) for 1 hour. All washing steps and incubations with primary or
secondary antibodies were carried out in PBST. Finally, coverslips were rinsed in PBS and
water and cells were mounted on glass slides by inversion over 5 μΙ Mowiol (Sigma). Cells
were examined using a confocal laser scanning microscope (MRC 1000, Bio-Rad).

[a-32P]GTP

Blot Overlay

Assay and GTPy S binding

assay

GST-Rab fusion protein samples (1 μg/sample) were separated in duplicate on 12.5%
Polyacrylamide gels containing SDS (SDS-PAGE). One gel was stained with Coomassie Blue (LKB),
whereas the second was electrophoretically transferred onto nitro-cellulose membranes. The blot
was incubated with 1 nM [a- 3 2 P]GTP (1 μΟ [ a - 3 2 P ] GTP/ml) as previously described (Cells,
1998).
GST-(fusion) protein samples (500 ng/assay) to be analysed were diluted to 30 μΙ with
20 mM Tris buffer (pH 8.0), 1 mM EDTA, 1 mM dithiothreitol, and 0.1 % Triton X-100. To each
sample 30 μΙ of GTPyS-binding mix (20 mM Tris buffer, pH 8.0, ImM EDTA, 2mM dithiothreitol, 2
μΜ GTPyS, and approx. l.SxlO? cpm of [ 3 5 S ] G T P Y S ) was added. Non-specific binding was
assayed with samples containing 0.1 mM unlabeled GTPyS. Samples were incubated at 30 o C for
0, 1, 5, 15, 30, 60, or 120 minutes and incubation was terminated by addition of 2 ml of ice-cold
washing buffer (20 mM Tns-HCI, pH 8.0, 25 mM MgC^lOO mM NaCI). The samples were filtered
through nitro-cellulose membranes (NC45, Schleicher &Schuell), subsequently washed four times
in ice-cold washing buffer, air dried, and counted in a water-compatible scintillation mixture (OptiFluor, Packard). As a control for the calculation of the amount of GTPyS bound to the proteins, 15
μΙ of the GTPyS-bmding mix was counted in duplicate. All samples were assayed in duplicate.
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RabSB, a cell-type specific RabS isoform
Fig. 1. Nucleotide and deduced ammo acid sequence of human Rab6B and sequence alignment with
Rab6(-like) sequences from various species. (A) The complete cDNA of Rab6B (accession number
AF166492) was isolated from a Caco-2 cDNA library with a probe (approx 150 bp) encoding the
sequences between GTP-bmdmg domains PM1 and PM3. Ammo acids are given m one-letter code above
the respective codons. The six conserved consensus motifs involved in GTP binding are boxed. The CXC
prenylation motif is underlined. (B) Alignment of the ammo acid sequences of human Rab6B with Rab6(like) sequences from various species. Ammo acid changes between Rab6A and Rab6B are highlighted by
asterisks The conserved motifs for phosphate/magnesium binding (PM1-3) and guanine- nucleotide
binding (Gl-3) are depicted above the sequences. Identical ammo acid residues are boxed m black,
conservative changes are given m grey. Hs, Homo sapiens (acc. no. M28212, AF198616); Mm, Mus
musculus (acc. no AA645214); Dm, Drosophila melanogaster (acc. no D84314); Ce, Caenorhabditis
elegans (acc. no.U43283, P34213); Sp, Schizosaccharomyces pombe (acc. no. X52475); Sc,
Saccharomyces cerevisiae (acc. no. Q99260); Pf, Plasmodium falciparum (acc. no. X92977), Nt,
Nicotima tabacum (acc. no. L29273); At, Arabidopsis thaliana (acc. no. CAB38902).

Two-hybrid

experiments

The yeast reporter strain L40, which contains the reporter genes HIS3 and LacZ, was
cotransformed

with

either

pLexA-Rab6A

Q72L,

pLexA-Rab6B

Q72L and

pGADGH-

GAPCenA/Rab6 interacting domain (Cuif et al., 1999), pGADGH-Rabkinesin-6 (Echard et
al., 1998), or pGADGH-clone 1. After 3 days at 30 o C on selective media, cotransformants
were patched on DO W- L- and replicated on DO W- L- and DO W- L- H-. Transformation,
analysis and media are as previously described by Janoueix Lerosey et al. (1995).

Results
Molecular

cloning of human

Rab6B

To investigate the spectrum of Rab proteins that are expressed in human Caco-2 cells, we
performed an RT-PCR with primers corresponding to the conserved domains PM1 and PM3
(nomenclature following Valencia et al., 1991) involved m GTP-bindmg. Among several
distinct Rab cDNAs, we identified a partial sequence (Fig. 1A, bp 407-557) that showed
high similarity with human Rab6A cDNA (Opdam et al.,

2000). We used the partial

sequence to screen a Caco-2 cDNA library, which resulted in the isolation of three
corresponding clones of approximately 1.3 kb (Fig. 1A). All three clones showed identical
integrated cDNA sequences, which contained no poly(A) sequence. In the open reading
frame, the Rab6A-like nucleotide sequence shows 7 9 % similarity with Rab6A. The deduced
ammo acids contain the six conserved protein motifs involved in GTP-bmding, and a
cysteine-motif (CXC) necessary for proper prenylation to membranes (Fig. 1A). Since the
sequence is 9 1 % identical to Rab6A, we termed the protein Rab6B, a novel Rab6 subfamily
member.
The ammo acid alignment of human Rab6B and Rab6A is shown in Fig. I B ,
together with Rab6(-like) sequences from other species. The majority of ammo acid
differences between human Rab6B and Rab6A are mainly dispersed over a large C-termmal
region of the proteins (Fig. I B , indicated by asterisks). For C. elegans,

two Rab6-like

sequences were previously identified (Fig. I B , U43283 and P34213). However, Rab6B does
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not represent a human homologue for one of them since it shares more unique sequence
features and is more closely related to human Rab6A.

Chromosomal

localisation

of human Rab6B

gene

To exclude the possibility that Rab6B is an alternative product from the Rab6A gene we
examined the chromosomal localisation of the Rab6B gene. The Rab6A gene was previously
mapped to chromosome 2 in region q l 4 - q 2 1 by in situ hybridisation (Rousseau Merck et
al., 1991). Radiation hybrid mapping with Rab6B-specific primers assigned the Rab6B gene
to chromosome 3, placing it 49 cR^oooO from the SHGC-1180 marker within the interval
flanked by anchor markers D3S3606 and D3S3554 (146.0-156.2 cM). Cytogenetically, this
links the Rab6B gene to region q21-q23 of chromosome 3, a gene-rich area that also
exhibits the Rab7 gene. Thus, the two Rab6 isoforms are expressed from separate genes,
which are located on different chromosomes.

Tissue- and cell-type

specific expression

of Rab6B

gene

Previous studies showed that Rab6A/A' are ubiquitously expressed small-GTPases (Goud et
al., 1990; Echard et al., 2000). To compare this expression pattern with that of Rab6B, we
performed Northern blot hybridisation on adult human tissues and various human cell lines
with a 3' Rab6B-specific probe. Three transcripts of approximately 1.35 kb, 3.1 kb and 5.6
kb were detected (Fig. 2). Rab6B RNA levels appeared to be high in brain tissue and SK-NSH cells, a neuroblastoma cell line from human brain (ATCC no. HTB-11). These expression
levels were ten times more pronounced than in any other tissue or cell line, as determined
by phosphoimagmg (data not shown). Expression, albeit low, was also detected in heart
and Caco-2 cells (Fig. 2), the latter reflecting the source from which the cDNA was
generated. The Rab6B messages do not correspond to Rab6A/A' mRNA that are expressed
as a single transcript of 3.6 kb (Zahraoui et al., 1989). The existence of three transcripts
for

Rab6B may

reflect

alternative

splicing

and/or

different

usage of promoter

or

polyadenylation signal. The 1.35 kb transcript probably reflects the form we isolated from
the Caco-2 cDNA library. Taken together, Northern blot analysis revealed a tissue- and celltype specific expression pattern for Rab6B mainly m neuronal tissue and cells.

Cell-type

specific expression

of Rab6B in human

brain

The specific expression pattern of the Rab6B gene prompted us to investigate its putative
cell-type specific expression m human brain tissue. Since the ammo acid changes between
Rab6B and Rab6A are scattered over a large region of the proteins (see Fig. I B ) , we raised
polyclonal antibodies against GST-Rab6B fusion protein that were purified over a GSTRab6A column after affinity-purification. We used an additional excess of GST-Rab6A

no
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Fig. 2. Northern blot analysis reveals a tissue- and cell-type specific expression of Rab6B. Poly(A) + RNA
(2 Mg/lane, left panel) or total RNA (15 ug/lane, right panel) of the indicated human tissues and cell lines
were hybridised with a probe generated from a cDNA fragment comprising the coding- and 3' UTR region
of Rab6B. A GAPDH probe was used to enable comparison of RNA loading (right lower panel).
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Fig. 3. Characterisation of anti-Rab6B antibodies. Indicated GST-Rab fusion proteins were expressed in
E.coil, and purified over a glutathione-Sepharose column. The (fusion) proteins were subjected to SDSPAGE and stained with Coomassie Blue (A), or blotted onto nitro-cellulose membrane (B). The blot was
incubated with affinity purified anti-Rab6B antibody, which was pre-adsorbed with an excess of GSTRab5A fusion protein.
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Rab6B, a cell-type specific Rab6 isoform
Fig. 4. Cell-type specific expression of Rab6B in human brain tissue Cryo-sections of cerebral (C, D,
and H) and cerebellar (A, B, and Ε-G) tissue were fixed in 2% paraformaldehyde. Anti-Rab6B antibodies
(1:10) were directly used for incubation on the sections (E), or pre-mcubated for 1 hour with an excess
(10 μς) of GST-Rab6A protein (A and C) or GST-Rab6B protein (G and H). A neuronal (F, monoclonal
anti-NF 160 kDa) and a microglial marker (B and D, monoclonal anti-CDllb) were used to compare
staining patterns. Staining of immune-reactive antigen was visualised by incubation with AffimPure
Donkey anti-rabbit or anti-mouse IgG and was followed by Haematoxylm staining of the sections. Arrows
indicate capillaries, arrow heads show staining of microglial cells, and Purkinje cells are indicated by
asterisks. ML, molecular layer; GL, granular layer; WM, white matter. Bar: 50 μΓΠ.
protein in a pre-mcubation step to ensure elimination of cross-reactivity. This set-up was
validated on Western blot. GST protein and several GST-Rab fusion proteins, including
Rab6A, Rab6B, Rab21, Rab22A, and Rab22B, were subjected to SDS-PAGE and stained with
Coomassie Blue (Fig. 3A) or transferred onto nitro-cellulose and incubated with GST-Rab6A
pre-adsorbed anti-Rab6B antibodies (Fig. 3B). GST-Rab6B fusion protein appeared as a
band migrating at an apparent molecular mass of approximately 49 kDa (Fig. 3A), which
corresponds with the calculated sum of the masses of GST (26 kDa) and Rab6B (23 kDa).
As can be observed from Fig. 3B, only GST-Rab6B showed immunoreactivity indicating that
cross-reactivity was completely blocked by the adsorption method.
We made use of the above described procedure to specifically localise Rab6B in
cryo-sections from brain tissue (Fig. 4). In cerebral sections we could establish that Rab6B
is specifically expressed in microglia (Fig.4A, arrow heads), based on the density and shape
of the stained cells and the labelling of C D l l b integrin (Fig. 4B), a specific marker for
microglial cells (Akiyama and McGeer, 1990). In addition, pericytes surrounding blood
vessels showed

immunoreactivity

for Rab6B (Fig. 4A,

arrows). The

Rab6B-specific

expression pattern was confirmed on sections from cerebellar tissue (Fig. 4C,D). Again,
staining was detected in pericytes and microglia (Fig. 4C, arrows and arrow heads,
respectively) with an additional staining m Purkinje cells (Fig. 4C, asterisks). The majority
of microglial cells was localised and stained in the white matter as is shown by staining with
a n t i - C D l l b (Fig. 4D). Without pre-adsorption, the anti-Rab6B antibodies stained a variety
of cell-types including neuronal cells (Fig. 4E) and the expression pattern resembled
staining with the neuronal marker anti-neurofilament 160 kDa (Fig. 4F). This ubiquitous
expression pattern presumably reflects antibody recognition of Rab6B together with Rab6A
and Rab6A', proteins that have recently been shown to be ubiqitously expressed (Echard et
al., 2000). Rab6B-specific staming was observed m cerebral and cerebellar sections from
several individuals and could be eliminated by an excess of GST-Rab6B protein (Fig. 4G,H).
Thus, elimination of cross-reactivity extensively reduced the ubiquitous expression pattern
of the antibodies and revealed a cell-type specific expression of Rab6B in microglial cells,
pericytes, and Purkinje cells (compare Fig. 4E with Fig. 4A).

Rab6B is localised to the Golgi complex in SK-N-SH

cells

Next, we examined the intracellular localisation of endogenous Rab6B m the neuroblastoma
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cell line SK-N-SH. As is shown in Fig. 5A, GST-Rab6A pre-adsorbed anti-Rab6B antibodies
stained a perinuclear region, reminiscent of the distribution of the Golgi complex. The
localisation of Rab6B to the Golgi apparatus was supported by double-staining with CTR
433 (Fig. 5B), a medial Golgi marker (Jasmin ef a/., 1989). Despite the fact that both
proteins were detected at distinct levels of fluorescent intensities, they clearly showed
colocalisation. Concomitant with this restricted Golgi staining, vesicular structures were
observed to be Rab6B-positive (Fig. 5A). To further investigate this additional localisation,
cells were double-stained with Rab6B (Fig. 5C) and anti-ERGIC-53 (Fig. 5D), a protein that
recycles between c/s-Golgi and the ER/Golgi intermediate compartment (Schindler et al.,
1993). As is shown in Fig. 5C,D, Rab6B colocalised with peripheral extra-Golgi staining of
ERGIC-53 (arrows). Interestingly, colocalisation with ERGIC-53 positive vesicles was never
observed for Rab6A in other cell-types (data not shown). Finally, we confirmed the
specificity of the antibodies. Without pre-adsorption, the antibodies already showed a
specific Golgi localisation (Fig.SE), similar to Rab5B-speciflc staining. Competition of the
immunoreactive antigen with an excess of GST-Rab5B completely blocked staining (Fig.
5F). These data indicate that native RabGB, like Rab6A/A', is localised to the Golgi
apparatus, but shows an extra-Golgi localisation to ERGIC-53-positive vesicular structures.
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Fig. 5. Endogenous expression of Rab6B at the Golgi apparatus. SK-N-SH cells were grown on coverslips
and fixed in 1 % paraformaldehyde. Cells were double-stained with GST-Rab6A pre-adsorbed anti-Rab6B
antibodies (A and C) and monoclonal CTR 433 (B) or monoclonal anti-ERGIC-53 antibody (D). As a
control, cells were directly incubated with anti-Rab6B antibodies (E) or specific labelling was blocked by
pre-incubatlon with an excess of GST-Rab5B for 1 hour (F). Immunoreactive antigen was visualised by
incubation with FITC-conjugated Goat anti-rabbit and/or Texas Red conjugated goat anti-mouse IgG,
and detected by a confocal laser scanning microscope. Arrows indicate vesicular structures that are
positive for ERGIC-53 and Rab6B. Bar: 10 μιη.

GTP-binding

properties

of Rab6A and Rab6B

We compared the GTP-binding properties of GST-Rab6A and GST-Rab6B in two distinct
GTP-binding assays. First, the proteins were subjected to SDS-PAGE and stained with
Coomassie Blue (Fig. 6A) or transferred onto nitro-cellulose and incubated with [a-3 2 P]GTP
(Fig. 68). The blot overlay assay demonstrated that Rab6A and Rab6B bind [a- 3 2 P]GTP, but
under the same conditions Rab6A bound significantly higher amounts of [a-^P]GTP.

As a

control, GST protein alone did not bind radiolabeled GTP (Fig. 6B).
Second, a GTP-binding assay was performed with the use of nonhydrolysable
radiolabeled GTPyS (Fig. 6C). The recombinant Rab6A and Rab6B proteins bound the
radiolabeled nucleotide in a time-dependent, saturable fashion at 30°C (approximately 0.2
pmol [ 3 5 S]GTP7S per pmol GST-Rab6A and GST-Rab6B). For Rab6A, binding reached its
maximum already after 5 minutes. This binding appeared much faster than that for Rab6B,
with maximal [ 3 5 S]GTP7S-binding after 30 minutes. Binding of [ 3 5 S]GTP7S to Rab6B could
be competed by an excess of unlabeled GTP (Fig. 6C). GST failed to bind any tracer. The
results indicate that under two distinct GTP-binding conditions, Rab6B shows a lower GTPbinding activity than Rab6A.

Time (min.)

Fig. 6. Rab6A and Rab5B show distinct GTP-binding properties. Rab6A and Rab6B open reading frames
were subcloned in the prokaryotic expression vector PGEX and transformed to E.coli cells. Samples (1
μg/lane) of GST (fusion) proteins were subjected to SDS-PAGE and stained with Coomassie Blue (A) or
32
transferred to nitro-cellulose membranes (B). The blot was incubated with 1 nM [a- P]GTP as
described. For time-course studies of [ 3 5 S]GTP7S-binding (C), 500 ng of GST-Rab6A (*) or GST-Rab6B
( 0 ) were incubated with [ 3 5 S]GTP7S at 30°C. At indicated times, the binding activities were measured
as described. As a control, GTPyS-binding was measured to GST (X) alone or to GST-Rab6B in the
presence of an excess of unlabeled GTPyS (•). The results show the means of two independently
performed assays.
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Distribution

of Rab6B and Rab6A in COS-1 cells

To address the mutual cellular localisation of Rab6A and Rab5B, we prepared constructs
that were differentially tagged with VSV epitope (Rab6B) and cMyc epitope (Rab5A).
Expression of both proteins was examined In COS-1 cells by co-transfecting the tagged
versions in mammalian expression vectors and detecting specific labelling using polyclonal
anti-VSV antibodies for Rab6B and monoclonal antl-cMyc antibodies for Rab6A. As is shown
in Fig. 7A, B, Immunofluorescence of double-stained cells demonstrated that both proteins
colocalised at the Golgi complex. Remarkably, when immunofluorescence intensities of both
proteins at the Golgi complex were equalised in cells expressing higher amounts of myctagged Rab6A, significant staining of Rab6B was found at ER-IIke structures (Fig. 7A)
whereas Rab5A showed a distribution that was more restricted to the Golgi complex (Fig.
7B).

50

25

Fig. 7. Colocalisation of Rab6A and Rab6B in COS-1 cells. COS-1 cells were co-electroporated with VSV
epltope-tagged Rab6B (A) and cMyc epitope-tagged Rab5A (B) in their corresponding mammalian
expression vectors as described or transfected with VSV-Rab6B alone (C). Cells were grown on
coverslips, fixed in 1% paraformaldehyde, and double-stained with polyclonal anti-VSV alpha P4 (A) or
monoclonal anti-VSV P5D4 (B) and monoclonal antl-cMyc 9E10 (B) or polyclonal antl-PDI antibody (D),
respectively. Specific labelling was visualised by incubating the cells with FITC or Texas Red-conjugated
Goat anti-mouse and FITC or Texas Red-conjugated Goat anti-rabbit IgG, and detected by a confocal
laser scanning microscope. Arrows indicate specific sites in the ER periphery, which are highly
concentrated for Rab6A and Rab6B. Bar: 10 μπ\. (E) RabôA and Rab6B encoding constructs were cloned
Into the mammalian expression vector pMyc and transfected to COS-1 cells. Cell lysates, together with
a control cell lysate, were subjected to Western blotting. For detection of cMyc-tagged Rab6A and Rab6B,
the blot was incubated with monoclonal antl-cMyc antibody 9E10 (1:100).
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Interestingly, expression of Rab6B was also found to be concentrated at specific sites in the
ER periphery and colocahsed with Rab6A expression (Fig. 7A, B, arrows). I t was recently
reported m live cells that the retrograde cargo Shiga toxin B-fragment enters the ER via
specialised peripheral regions that accumulate Rab6A (White et al., 1999). Similar results
were obtained when Rab6A and Rab6B were exchanged for the epitope-tag (data not
shown). The general ER localisation of Rab6B was confirmed by a single transfection of
VSV-Rab6B in COS-1 cells. Cells were double-stained with monoclonal anti-VSV antibody
P5D4 (Fig. 7C) and anti-PDI (Fig. 7D), the latter recognizing ER-resident protein disulphide
isomerase (Freedman et al., 1989). The network-like ER structure of Rab6B overlapped
with that of PDI. To further show that gel migration properties of Rab6A and Rab6B were
similar, we independently expressed cMyc-epitope tagged versions m COS-1 cells. As is
shown m Fig. 7E, both Rab6A and Rab6B appeared as two bands of approximately 25 kDa.
The appearance

of two

bands

likely

accounts

for the

absence

(or

presence)

of

geranylgeranyl groups at the C-termmus of the proteins (Yang et al., 1993). The results
indicate that in overexpression studies Rab6B completely colocalises with Rab6A at the
Golgi complex and ER peripheral membranes, but Rab6B is differentially distributed over
the organelles with a more pronounced staining at the ER than Rab6A.

GTP-bound

form of Rab6B interacts

with RabSA effector

molecules

We next examined the interaction of Rab6B with known Rab6A partners in order to get
information about Rab6B function. In recent studies, Rab6A has been reported to interact
with several effector molecules: Rabkinesin-6, a kinesin-like protein associated with the
Golgi apparatus (Echard e t a / . , 1998), GAPCenA, a Rab6 GTPase activating protein (GAP)
(Cuif e t a / . , 1999), and 'clone 1', a 150 kDa cytosolic protein with an extensive coiled-coil
domain whose exact function is still unknown (F. Jollivet, I. Janoueix-Lerosey and B. Goud,
unpublished results). The three proteins preferentially

interact with the

GTP-bound

conformation of Rab6A (Rab6A Q72L). The interaction pattern of the GTP-bound form of
Rab6B (Rab6B Q72L) with these three Rab6A effectors was monitored using the yeast twohybrid assay. As shown in Fig. 8, Rab6B interacts with the three effector molecules to a
similar extent as Rab6A. In addition, on X-gal plates, comparable deep blue color staining
was observed for all interactions examined (data not shown).
The interaction of Rab6B with Rabkinesin-6 suggested that Rab6B may regulate a transport
route through a molecular machinery comparable to that of Rab6A. We therefore looked for
the expression of Rabkinesin-6 in brain. A ubiquitous expression pattern with

high

expression in protoplasmic and/or fibrillar astrocytes, pericytes, microglia, and Purkinje
cells was found for Rabkinesin-6, indicating that Rab6B-positive cell-types also express
Rabkinesin-6 (data not shown).
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Fig. 8. GTP-bound form of Rab6B (Q72L) interacts with Rab6A effector molecules. Two hybrid
experiment of GTP-bound forms of Rab6B and Rab6A with known Rab6A effector molecules. The
Saccharomyces cerevisiae reporter strain L40 was cotransformed with either pLexA-Rab6A Q72L or
pLexA-Rab6B Q72L and pGADGH-GAPCenA/Rab6 interacting domain III (ammo acids 750-1013),
pGADGH-Rabkinesin-6, or pGADGH-clone 1. Transformants were patched for 3 days at 30 0 C on a
selective medium lacking tryptophan and leucine (left) or lacking tryptophan, leucine, and histidme
(right). Growth in the right panel indicates an interaction between the encoded proteins.

Discussion
Here, we characterised a new isoform of Rab6, Rab6B, encoded by a separate gene than
the one encoding Rab6A/A'. Rab6B was found to be preferentially expressed in brain,
especially in microglial cells, pericytes and Purkinje cells. Rab6B is also abundant in SK-NSH cells. Previous studies have shown that subclones with distinct phenotypes can be
obtained from primary cultures SK-N-SH cells. In particular, these cells can either
differentiate into cells with a neuronal phenotype, or in cells exhibiting properties common
to glial cells (Sano et al., 1990; Shinohara étal.,

1997). Thus, the high expression levels

found in SK-N-SH cells may be correlated to the expression pattern of Rab6B in brain.
Rab6B may also be abundant m human melanocytes, as partial cDNA sequence of encoding
Rab6B has first been isolated from these cells (Chen et al., 1997).
The fact that isoforms of Rab proteins display different expression patterns has
previously been described. For instance, Rab33B shows a ubiquitous expression pattern,
whereas Rab33A is exclusively expressed in brain and cells from the immune system
(Zheng et al.,

1997; Zheng et al.,

1998). However, to our knowledge, the precise

localisation, or the biochemical properties of differentially expressed Rab isoforms have not
been addressed. In this study, we noticed differences m the localisation of Rab6A and
Rab6B isoforms. Although the bulk of both proteins localises to the Golgi complex, Rab6B
appeared to be more abundant m ER membranes than Rab6A. In addition, endogenous
Rab6B was found to be present m ERGIC-53 positives structures in SK-N-SH cells. Finally,
Rab6B displayed a lower capacity to bind GTP than Rab6A.
We do not know at the moment the exact function of Rab6B. Rab6A is involved in
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a COPI-independent retrograde pathway between Golgi and ER (White et al., 1999). This
pathway is used by Shiga toxin to enter the ER, and possibly by Golgi enzymes to recycle
through this compartment (White et al., 1999; Girod et al., 1999). Based on the localisation
of Rab6B, it is likely that this protein is also involved m a retrograde pathway between Golgi
and ER. In support of this hypothesis, it should be pointed out that peripheral structures
positive for both Rab6A and Rab6B, which may represent ER entry sites of retrograde
cargoes (White et al., 1999), were observed m COS cells (Fig. 7). However, the presence
of Rab6B m ERGIC-53 containing structures is puzzling, since ERGIC-53 uses a COP-I
dependent pathway to cycle back to the ER. Accordingly, microinjection of a plasmid
encoding dominant negative form of Rab6A (Rab6A T27N) has no effect on cycling of
ERGIC-53 (Girod et al,

1999). Another interesting result of this study is that Rab6B

appears to interact with all known putative effectors of Rab6A, including Rabkinesin-6
thought to be involved in the movement of Rab6A containing tubular structures between
Golgi and ER. To address the function of Rab6B, we performed

preliminary

pilot

experiments in which the GTPase deficient mutant Rab6B Q72L was overexpressed m HeLa
cells. In contrast to Rab6A Q72L (Martinez et al., 1997), Rab6B Q72L was not able to
redistribute Golgi resident proteins into the ER (data not shown). This experiment would
suggest that Rab6B regulates a transport pathway different from the one regulated by
Rab6A. However, one have to keep in mind that endogenous expression of Rab6B was not
detected m HeLa cells, and that all Rab6B effector molecules may not be present m these
cells
It should be pointed out that changes in biochemical properties of Rab6A and
Rab6B may as well contribute to differences in the way Rab6A and Rab6B regulate
membrane traffic. Indeed, the cycle between GDP- and GTP-bound state, as well as the
steady state level of Rab-GTP inserted into membranes, is crucial for Rab function. These
events are regulated through interactions with nucleotide exchange factors (GEFs) and
GTPase activating proteins (GAPs) (Honuchi e t a / . , 1997; Rybm e t a / . , 1996). Both Rab6A
and Rab6B appear to interact with GAPCenA, a GAP for Rab6 (Cuif et al., 1999), but it is
tempting to speculate that Rab6A and Rab6B may not be activated by the same GEF
protein.
In conclusion, our results suggest that Rab6B may exert a cell-type specific
function m neuronal cells. Further studies are necessary to determine whether Rab6B
regulates membrane trafficking between Golgi and ER m these cells, as ubiquitously
expressed Rab6A does.
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Summary
Members of the Rab subfamily of small GTPases are involved m the regulation of endocytic
and exocytic transport pathways. Each member interacts with specific sets of effector
molecules thereby triggering various steps in the process of membrane traffic. Here we
report some of the properties of the human Rab22 subfamily member Rab22B. Rab22B is
localized to the Golgi apparatus and ER/Golgi intermediate compartment (ERGIC) and
transient transfection showed expression on ER membranes. Overexpression of the
constitutively GTP-bound form (Rab22B Q64L) had a dramatic effect on the localization of
ER resident protein and ERGIC-53. In addition, a GFP-coupled truncated form of sucraseisomaltase, present throughout the biosynthetic route, now accumulated together with ER
markers and Rab22B in large perinuclear structures. We furthermore found that Rab22B,
preferentially in its GTP-bound state, associates with filamin Β (FLN-B)* via that protein's
carboxy terminus. In contrast, another Rab22 subfamily member, Rab22A, does not bind
to FLN-B. Overexpression of FLN-B induced the formation of the same perinuclear
structures observed following overexpression of Rab22B Q64L. Our data suggest that
Rab22B functions in an early transport step of the biosynthetic pathway m a manner
involving the actm cytoskeleton, mediated by an interaction with FLN-B.

*The Human Genome Nomenclature Committee (http://www.gene.ucl.ac.uk/nomenclature/) has
adopted the following nomenclature, which we have used, for the filamms Filamin A, FLN-A (actmbmdmg protein-280, filamin 1, a-filamm); Filamin B, FLN-B (actin-bmdmg protein-278, ß-filamm);
Filamin C, FLN-C (γ-filamin, filamin 2).
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Introduction
Rab proteins belong to the Ras superfamily of small GTPases and are involved in the
targeting of cargo molecules within vesicular transport carriers along intracellular pathways
(Novick and Zerial, 1997; Schimmoller et al., 1998; Chavrier and Goud, 1999). Like other
Ras-hke proteins, Rab proteins function by cycling between a GDP-bound and a GTP-bound
conformation, modulated by several classes of proteins, including guanine nucleotide
exchange factors (GEFs), GTPase activating proteins (GAPs) and GTPase dissociation
inhibitors (GDIs). In the GDP-bound state Rabs form complexes with GDIs that causes their
retention in the cytosol, whereas Rab escort proteins (REPs) appear to be involved in
ferrying the proteins to membranes where they are modified by geranylgeranyltransferases
and prenylated to the membrane.
It appears that an individual Rab family member control single intracellular
transport steps by interacting with specific sets of effector molecules that trigger
translocation and/or docking of vesicles to appropriate membranes. In this process many
specific effector molecules have now been identified that preferentially bind to the GTPbound conformation of Rabs. In addition, Rab effector molecules can link

vesicular

transport to the cytoskeleton. For example, Rab3A, a regulator of synaptic vesicles in
neuronal cells, interacts with the α-actinin binding protein Rabphilin3 (Shirataki et

ai,

1992, 1993), and Rab6 binds to Rabkinesin-6 and thereby may drive transport carriers
towards the positive ends of microtubules (Echard et al., 1998). Other effector molecules
have previously been identified that act at distinct levels of the cascade of vesicle targeting,
docking and fusion. Examples are Rim for Rab3 (Wang et al., 1997), Rabaptin-5 (Stenmark
et al.,

1995)

and

EEAl for Rab5

(Mu et al.,

1995; Simonsen

et al.,

1998), a

serine/threonine protein kinase for Rab8 (Ren et al., 1996), p40 for Rab9 (Diaz et al.,
1997), and Rabphilin-11 for R a b l l (Mammoto et al., 1999).
During a screen for human Rab proteins expressed in intestinal epithelial Caco-2
cells both Rab22A and Rab22B were identified (Opdam e t a / . , 2000). The cDNA sequence
of Rab22A was first isolated from an MDCK cell cDNA library (Olkkonen et ai,

1993).

Rab22A mRNA is ubiquitously expressed in mouse tissues. Overexpression of cMyc-epitopetagged Rab22A revealed that the protein localized to early endosomal structures, to the
plasma membrane and, to some extent, to large perinuclear structures. It has been
suggested that Rab22A is involved in late endocytic traffic. The coding region of Rab22B
has recently been reported, together with its mRNA expression pattern (Chen et al., 1997).
Rab22B is also ubiquitously expressed in various tissues, but its subcellular localization and
function remain to be established.
Here we report the intracellular localization of Rab22B to the ER and the c/s-side
of the Golgi apparatus. This observation, together with the effects induced by the GTPbound form of Rab22B (Rab22B Q64L) on various ER/Golgi components and on a marker
for

the

biosynthetic

pathway,

suggests

that

Rab22B

is

involved

m

an

early
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exocytotic/biosynthetic transport step. Furthermore, we demonstrate that the GTP-bound
form of Rab22B interacts with the carboxy terminus of filamm Β (ß-filamm), one of three
members of an actin-binding protein family involved in actm cytoskeletal structure and the
interaction of the actm cytoskeleton with a variety of membrane proteins. This interaction
points towards a role for the actin cytoskeleton

m a transport

pathway regulated by

Rab22B.

Materials and Methods
RT-PCR and Molecular

Cloning

Total RNA (1.5 μg) from polarized Caco-2 cells was reverse transcribed using random
hexamers (2 μg, Pharmacia) and Superscript reverse transcriptase (100 U, Gibco/BRL).
One-sixth of the cDNA was subsequently analyzed by PCR using degenerate 'Rab-specific'
primers forward: [5'-GGCGGCGGCTCGAGGGI(Ao.2/Go.8)( G 0.2/ A 0.8) I I ( A 0.2/ G 0.2/
T

A

T

IIII(A 0 . 2 /To.2/Go.6)(Go.2/Co.2/ 0.6)( 0.2/ 0.8)

GGIAA

A

G

A

c

0.6)

T

( 0.5/ 0.5)( 0.5/ 0.5) c - 3 '

containing a Xhol restriction site], and reverse: 5 ' - G G C G G C G G A T C C T T C ( C Q 5/To,5)TGICC
(AQ S/TQ 5 ) G C I G T ( A Q 5/Go,5)TCCCA-3'

containing a BamHl

restriction site] matching

conserved domains PM1 and PM3 of GTP-binding. Purified BamHI/XftoI-digested

PCR

products were ligated into the pBluescnpt vector KS+. Library cloning and subsequent
preparations and screening of replica filters were carried out following standard procedures
(Sambrook et al., 1989).
In order to isolate full-length cDNA, the sequences were radiolabeled by random
oligonucleotide priming (Feinberg and Vogelstein, 1983) and used as a probe to screen a
human Caco-2 λ g t l l cDNA library consisting of approximately 4 x 1 0 ^ independent clones
[kindly provided by Steve Lacey ef al. (1989)]. The insert sequences of isolated clones,
flanked by an EcoRI restriction site, were subcloned and sequenced by the method of
Sanger (T7 sequencing kit, Pharmacia). Predicted polypeptides were compared with
database entries using the BLAST program (Altschul et al., 1997).

Expression

Plasmid

Construction

Constructs for the expression of GST fusion proteins and (epitope-tagged) versions of
Rab22B were generated as follows. Using the complete cDNA clone as a template, the open
reading frame of Rab22B, including the initiator AUG codon and the stop codon for proper
termination of translation, was PCR amplified with specific primers. One set of primers
(forward: 5'-CGGGATCCATGGCGATACGGGAGCT-3' introducing a BamHl site in front of the
start codon, and reverse: 5'-CCGCTCGAGAAGTACCGTGGACCACGGC-3' introducing an Xhol
site downstream of the stop codon) was used to subclone Rab22B into a

BamHl/Xhol

digested pCDNA3 vector under control of a CMV promotor (Invitrogen), m-frame into the
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eukaryotic expression vector pSG5 (Green eta/., 1988) which was modified to generate an
N-termmal VSV epitope tag (Cuppen et al,

1999), or into a modified multiple cloning site

of the prokaryotic expression vector pGEX (Pharmacia). Site-specific mutagenesis of
Rab22B WT to obtain Rab22B Q64L and Rab22B S19N mutants was performed by a threestep PCR reaction as described previously (Li and Shapiro, 1993). For the preparation of a
GST-Rab22A fusion construct the same cloning procedures used for Rab22B were followed,
but with a distinct primer set (forward: 5'-CGGGATCCATGGCGCTGAGGGAGCT-3', and
reverse: 5'-CCGCTCGAGAGGCTGAGGTTCGG TC-3') All PCR constructs were checked for
absence of errors by DNA sequencing. To produce GST-Rab22A and GST-Rab22B fusion
proteins in Escherichia coli, a batch purification was performed following the manufacturer's
instructions (Pharmacia).
A full-length FLN-B construct was assembled by standard methods in Bluescript SK
(Stratagene, La Jolla, CA) from overlapping FLN-B cDNA clones which had been isolated
from two human placental cDNA libraries (Takafuta e t a / , 1998). A mammalian expression
vector was constructed by transferring the full-length cDNA into pcDNA3.1/Zeo (Invitrogen,
Carlsbad, CA). The isolated EcoRl/Xhol fragment of FLN-B (aa 2401-2602) was cloned into
pMyc vector. pMyc is a pCDNA3-derived vector m which at the 5' end of the pCDNA3
(Invitrogen) multiple cloning site a synthetic DNA fragment has been introduced consisting
of an initiator AUG codon followed by the cMyc-epitope tag and an EcoRl site.

Stable transfection

of GFP-SI

The DNA sequence encoding the cytoplasmic tail, transmembrane region, and stalk of
human intestinal sucrase-isomaltase ( S I , the ammo-terminal 70 ammo acids out of 1827
ammo acids) (Hunziker et al., 1986) was used as a reporter molecule m front of the
sequence encoding green-fluorescent protein (GFP-SI). For this, the sequence of SI was
amplified m a PCR using modified plasmid pSGSKpnHSI (Ouwendijk et al., 1996) as a
template. Primers introduced a Kpnl and BamHl restriction site, which were used to clone
the product m-frame into pEGFP-N3 (Clontech Laboratories). Neuro-2a (N-2a, ATCC CCL131) and Caco-2 cells (ATCC HTB-37) were transfected with GFP-SI encoding vector and
subsequently green-fluorescent positive cells were cloned following flow cytofluorometer
(Coulter) sorting, as previously described (Cuppen et al., 1999). Selected Caco-2 clones
were screened for GFP-SI expression at the apical membrane. Transient transfection of
GFP-SI-Caco-2 and GFP-SI-N-2a cells was performed using Lipofectamme PLUS reagent
following the manufacturer's instructions (Life Technologies, Ine).

Two-hybrid

experiments

Plasmid DNAs, the yeast stram EGY48 and the human foetal brain cDNA library used for the
interaction-trap

assay

were

kindly

provided

by

Dr.

Roger

Brent

and

colleagues
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(Massachusetts General Hospital, Boston, MA) and used as described (Gyuris eta/., 1993).
Comparison of cDNA sequences with database entries was done using the BLAST program.
To confirm positive interactions, the pJG4-5 vector from positive clones was isolated,
reinserted into the yeast strain, and again screened for growth and blue coloring. Rab22B
WT, Rab22B Q64L, Rab22B S19N, Rab21 WT and Rab22A WT baits were introduced m the
BamHl/Xhol

multiple cloning site of the pEG202 vector by standard subcloning procedures.

All constructs were checked for mutations by DNA sequencing. For two-hybrid interaction
assays,

plasmids

were

introduced in yeast

strain

EGY48

{MATa

trpl

ural

his3

LEL/2::pLexAop6-LEU2) containing the plasmid pSH18-34, which includes the reporter lacZ
gene, and tested for an interaction as detected by growth and blue coloring on minimal
agar-plates lacking histidme, tryptophan, uracil and leucine, containing 2% galactose, 1 %
raffinose and 80 μg/ml X-gal, buffered at pH7.0.

Antibodies
Purified GST-Rab22B

fusion protein was used to immunize a rabbit. Affinity-purified

polyclonal antibodies were obtained by applying whole serum to Affigel-10-immobilized
(Bio-Rad, Richmond, CA) GST-Rab22B fusion protein and elutmg the bound antibodies. For
elimination of cross-reactivity on Western blot, affinity-purified antibodies were purified
three times over a GST-Rab22A-bound glutathione Sepharose 4B column (Pharmacia) and
the flow-through was used for the incubation step. The rabbit polyclonal antibody to the
first hinge sequence of FLN-B has been described previously (Takafuta et al., 1998).
Monoclonal antibodies against an ER protein (Gl/296) and ERGIC (Gl/93) were a gift from
H.P. Hauri (Schweizer ef al., 1993; Schweizer et al., 1988). Polyclonal anti-PDI (protein
disulphide isomerase) antibody was a gift from N.J. Bulleid (Freedman et al., 1989).
Monoclonal anti-VSV P5D4 (ascites) and polyclonal anti-VSV alpha P4 antibody were used
as previously described (Kreis, 1986). Monoclonal anti-GST antibody 2F3 was a gift from
M. Gebbmk.

Immunofluorescence

analysis

Transiently transfected COS-1 [ATCC CRL-1650, grown in DMEM, supplemented with 10%
fetal calf serum (FCS), 1 % NEAA, L-glutamme, sodium pyruvate (Gibco BRL) and 0 . 0 0 1 %
ß-mercaptoethanol,
(see below, grown

GFP-SI-Caco-2 (see below, grown m DMEM/20% FCS), GFP-SI-N-2a
in DMEM/10%

FCS) and SK-N-SH

cells (ATCC HTB-11, grown m

DMEM/10% FCS) were cultured on 24-wells plates on glass coverslips. For

nocodazole

treatment, cells were incubated for 3 hours with 10 μg/ml nocodazole prior to fixation. After
48 hours, cells were fixed m 1 % paraformaldehyde and permeabihzed with 0 . 1 %
saponin/20 mM glycine m PBS (SPBSG). For endogenous expression, SK-N-SH cells were
incubated with affinity-purified anti-Rab22B
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antibody

(1:10 dilution) that was

pre-
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incubated with 1 mg/ml GST-Rab22A or GST-Rab22B for 1 hour at room temperature prior
to the incubation step. Cells with transgene expressions of Rab22B were indirectly stained
with the monoclonal anti-VSV P5D4 (1:1000 dilution) or the polyclonal anti-VSV alpha P4
(1:1000 dilution) and double-stained with anti-ERGIC-53 (1:100 dilution), or anti-PDI
(1:100 dilution). Green fluorescent protein-coupled sucrase-isomaltase

(GFP-SI) was

directly recorded by confocal microscopy. FLN-B expression was detected with polyclonal
antibodies against the first hinge region as described previously (Takafuta et al., 1998).
Specific labeling was detected by incubating for 1 hour with FITC- or Texas Red-conjugated
goat anti-rabbit IgG and Texas Red or FITC-conjugated goat anti-mouse IgG (dilution 1:75,
10 Mg/ml; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). All washing steps
and incubations with primary or secondary antibodies were carried out m SPBSG. Finally,
coverslips were rinsed in PBS and MQ and cells were mounted on glass slides by inversion
over 5 μΙ Mowiol (Sigma). Cells were examined using a confocal laser scanning microscope
(MRC 1000, Bio-Rad).

Immunoprecipitations

and

immunoblotting

COS-1 cells were transiently transfected by electroporation (300V, 125 μΡ; 3 x l 0 6 cells)
with the FLN-B-contammg vector and plated on 10-cm dishes. After 48 hours cells were
harvested by scraping m ice-cold PBS, pelleted by centrifugation (1000 rpm, 5 mm) and
lysed in 750 μΙ lysis buffer (100 mM I S ^ H P C ^ pH 8 . 1 , 1 % Triton X-100, 0.2% BSA, 1 mM
PMSF, 10 Mg/ml aprotmm, 10 Mg/ml leupeptm, and 10 μg/ml pepstatin A). After a 1-hour
incubation on ice, the lysate was centrifuged for 5 mm at 13000 rpm and 150 μΙ of protemA Sepharose CL-4B (Pharmacia) was added to the supernatant. After thorough vortexmg,
the supernatant was divided and incubated with or without anti-cMyc hybridoma 9E10 (Kan
et al., 1986) by rotation overnight at 4 0 C. The lysates were incubated with either 5 Mg GST,
GST-Rab22A, or GST-Rab22B purified protein by rotation for 4 hours at room temperature.
Subsequently, beads were pelleted and thoroughly washed four times in lysis buffer,
followed by one wash step m 0.1 Μ ΙΝ^ΗΡΟφ pH 8 . 1 , and two washes m 0.01 Μ ΙΝ^ΗΡΟφ
pH 8 . 1 . To the pellets 15 μΙ 2x sample buffer (100 mM Tns-HCI, pH 6.8, 200 mM
dithiothreitol, 4 % SDS, 0.2% bromophenol blue, 2 0 % glycerol) was added, and samples
were subjected to 12.5% SDS-PAGE and transferred to nitrocellulose membrane by
Western blotting. After blocking with 5% non-fat dry milk in 10 mM Tris-HCI, pH 8.0, 150
mM NaCI, and 0.05% Tween 20 (TBST), the blot was incubated with monoclonal anti-GST
antibody 2F3 (1:100) for one hour. Incubations with secondary antibodies [horseradish
peroxidase-conjugated AffmiPure goat anti-mouse IgG (0.06 M 9 / m 0 ] and subsequent
washes were carried out m TBST at room temperature. Immunoreactive bands were
visualized using freshly prepared chemilummescent substrate (100 mM Tris-HCI, pH 8.5,
1.25 mM p-coumaric acid (Sigma), 0.2 mM luminol (Sigma), and 0.009% H2O2).
To analyze the interactions between FLN-B and mutant forms of Rab22B m detail.
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the cMyc-tagged version of FLN-B (BamHl/Xhol

fragment) was subcloned into the VSV-tag-

modified pSG5 (Cuppen et al., 1999). COS-1 cells were cotransfected with pVSV-cMyc-FLNB and pVSV-Rab22B WT, pVSV-Rab22B Q64L, or pVSV-Rab22B S19N. Immunoprecipitation
with anti-cMyc 9E10 and immunoblottmg were carried out under conditions as described
above. To supernatants of cleared lysates 2x sample buffer was added and samples ( 5 % of
total) were directly subjected to 12.5% SDS-PAGE and immunoblottmg with monoclonal
anti-VSV P5D4 (ΙΊΟΟΟΟ dilution).

Results
Molecular

cloning of human

Rab22

isoforms

To investigate the spectrum of Rab proteins that are expressed in human Caco-2 cells, we
performed a RT-PCR with degenerate oligonucleotides corresponding to conserved domains
PM1 and PM3 involved in GTP-bmdmg (Valencia et al., 1991). Among many distinct Rab
sequences (Opdam et al., 2000), we identified two partial sequences that were very similar
but not identical. A search in GenBank revealed that they encoded two isoforms belonging
to the Rab22 subfamily of small GTPases. Both sequences were used as probes to isolate
full-length cDNA from a Caco-2 derived library. This resulted in the isolation of a 1.0 kb
message being identical to the previously reported Rab22B (Chen et al., 1996), and a 1.7
kb cDNA fragment for the human homologue of canine Rab22A ( 9 8 % identity), a small
GTPase that has been identified m MDCK cells (Olkkonen et al., 1993)

Both nucleotide

sequences show a 582 bp open reading frame (GenBank accession numbers AF234994 and
AF234995 for human Rab22A and Rab22B, respectively). In addition, their deduced ammo
acid sequences share high identity ( 7 7 % ) , indicating that they are closely related and
constitute a separate subgroup within the Rab subfamily of small GTPases (Fig. 1). Both
proteins consist of 194 ammo acids with a calculated molecular mass of 21.6 kDa.
Furthermore, they contain the six conserved domains involved in GTP-bmdmg and two
carboxy terminal cysteines, a motif that is required for isoprenylation with geranylgeranyl
groups ( F i g . l ; Kmsella and Maltese, 1992). High sequence divergence is displayed within
the hypervanable carboxy terminal domain, a region that determines the subcellular
localization of Rab family members (Beranger e t a / . , 1994a; Brennwald and Novick, 1993;
Chavner et al., 1991). Among known human Rabs, Rab22A and Rab22B have the highest
similarity with members of the Rab5 subfamily ( 5 2 % and 4 5 % identical, respectively).
The gene encoding Rab22B was previously mapped to chromosome 18 using a
human chromosome/rodent somatic cell hybrid panel (Chen eta/., 1996). Interestingly, we
found by a homology search using the BLAST program that part of the Rab22A message
comprises an antisense transcript of the human transcription mterleukm binding factor ILF
(Li et al., 1991). A 410 bp fragment containing the codons for the last eight C-termmal
ammo acids and the first part of the 3' untranslated region (UTR) of Rab22A cDNA was
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completely complementary to the 5' UTR of the ILF messenger RNA. Since ILF has been
mapped to chromosome 17q25 (Li e i al., 1992), this suggests that the human gene
encoding Rab22A is on chromosome 17.

HsRab22A
CfRab22A
HsRab22B
HsRab22A
CfRab22A
HsRab22B

_PM1_
Gl
PM2
1 MALRELKVCLLGDTGVGKSSI^ SRFVEDHFDHNINPTIGASFMTK^
1 MALRELKVCLLGDTGVGKSSIi BRFVEDBFDBNINPTIGASFMTKTA
1 MAIRELKVCLLGDTGVGKSSI^ jRFVQDgFDgNISPTIGASFiyiTKT\
-switch I-_PM3_
51 NELHKFLIWDTAGQERFBALAPMYYRGSAAAIIVYDITKEETFHTLI

51 NELHKFLIWDTAGQERFraALAPMYYRGSAAAIIVYDITKEETFHTLI
51 NELHKFLIWDTAGQERFgSLAPMYYRGSAAAVIVYDITKQDSFgXLI
switch II
_G

2

HsRab22A 101 KELRQHGPS JIWAIAGNKCDLHDVRE\
CfRab22A 101 KELRQHGPS IIWAIAGNKCDLHDVREX
HsRab22B 101 K E L K E H G P S IIVMAIAGNKCDLÌDIRE\
HsRab2 2A 1 5 1 NAINI J E L F r a i S R R I P ^ D 0 l ·
CfRab22A 1 5 1 NAINI e L p f f l l S R R I P ^ D r
HsRab22B 1 5 1 NAINI jELFeSlSROIpBlDt ENGNN

G3
ÏRDAKDYADSlfflAlHvETSAK
ÏRDAKDYADSIHAIHVETSAK

JKDAKEYAESIgAIgVETSAK

Ρi

SRI

CC
CC
CC

194
194
194

Fig. 1 . Amino acid sequence alignment of Rab22 isoforms. Conservative substitutions are given in gray
boxes, non-conservative changes are boxed In black. Asterisks indicate amino acid residues that are
distinct between canine Rab22A (GenBank with accession number CAA80473) and human Rab22A.
Conserved motifs for phosphate/magnesium binding (PM1-3) and guanine- nucleotide binding ( G l - 3 )
are depicted above the sequences. Switch regions involved in the conformational change upon binding
GTP/GDP are given below the sequences. Numbers indicate amino acid positions. Hs, Homo sapiens; Cf,
Canis familiaris.

Generation

and characterization

of Rab22B-specific

antibody

Since very little is known about Rab22B, we set out to characterize this protein in more
detail. Therefore we first generated antiserum against a GST-Rab22B fusion protein.
Subsequently affinity-purified antibodies were prepared and we took advantage of GSTRab22A protein to pre-adsorb cross-reactive immunoreactivity. A Coomassie staining of
GST-Rab22A and GST-Rab22B, together with several other GST- (Rab fusion) proteins, i.e.
GST, GST-Rab6B, and GST-Rab21, showed that the two Rab22 fusion proteins migrated
with a molecular mass of approximately 47 kDa corresponding to the sum of their
calculated masses, 21.6 kDa for Rab22 and 26 kDa for GST (Fig. 2A). In a blot overlay
assay, both isoforms were able to bind a-[ 3 2 P]GTP, but they bound quite low amounts in
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comparison to other Rab fusion proteins (as was examined for Rab6A, Rab6A , Rab6B, and
Rab21; data not shown). A second gel containing identical amounts of fusion proteins was
subjected to immunoblottmg. As can be seen in Fig. 2B, GST-Rab22A-pre-adsorbed

anti-

Rab22B antibody recognized Rab22B antigen but failed to show immunoreactivity with GST,
GST-Rab22A or other GST-Rab proteins. Thus, with the adsorption procedure we were able
to identify Rab22B-specific immunoreactive antigen and to compete for antibodies that
might recognize Rab22A epitopes or conserved domains present in other Rab proteins.
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Fig. 2. Characterization of anti-Rab22B antibody. Indicated GST-Rab fusion proteins were expressed in
E coli, and purified over a glutathione-Sepharose column. The (fusion) proteins were subjected to SDSPAGE and stained with Coomassie Blue (A), or blotted onto nitro-cellulose membrane (B) The blot was
incubated with affinity-purified polyclonal anti-Rab22B antibody, which was pre-adsorbed with 1 mg/ml
GST-Rab22A fusion protein prior to the incubation step. Immunoreactivity to only GST-Rab22B protein
indicates that the adsorption method results in specific recognition of Rab22B antigen only.

Subcellular

localization

of

Rab22B

To study endogenous Rab22B expression we tested several cell lines for expression and
found one, the human neuroblastoma cell line SK-N-SH, which could be used to localize
Rab22B mtracellularly. Cells were stained with anti-Rab22B antibody, which was premcubated for one hour with an excess of GST-Rab22A. As can be seen in Fig. 3A, Rab22Bspecific staining was restricted to a perinuclear region which is typical for labeling of the
Golgi apparatus. The labeling could be completely blocked by adding an excess of GSTRab22B fusion protein to the antibody prior to the incubation step (Fig. 3B). Double labeling
of the cells with ERGIC-53, a protein that cycles between the c/s-Golgi membranes and the
ER/Golgi intermediate compartment (ERGIC, Schweizer ef al., 1988), revealed that Rab22B
colocalizes with these organelles (Fig. 3C and D). In addition, destabilization of the
microtubule network by treating the cells with nocodazole showed fragmentation of Rab22B
staining into punctuate structures, overlapping with that of ERGIC-53 staining (Fig. 3E and
F). No colocahzation was found with a marker for the (rans-Golgi network (data not shown).
Thus, endogenous Rab22B is mainly found to be localized at the c/s-side of the Golgi
apparatus and ERGIC compartment.
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Fig. 3. Subcellular localization of Rab22B. (Α-F) SK-N-SH cells were plated on coverslips and fixed in 1%
paraformaldehyde or treated with nocodazole (E, F) for three hours prior to fixation. Rab22B-specific
staining was detected by incubating the cells with affinity purified anti-Rab22B antibody that was premcubated for 1 hour with an excess of GST-Rab22A (A, C, E) or GST-Rab22B protein (B). Cells were
double-stained with anti-Rab22B antibody and monoclonal anti-ERGIC-53 antibody (C and D, E and F).
(G-J) COS-1 cells were transfected with pVSV-Rab22B WT. Fixed cells were double-stained with
polyclonal anti-VSV alpha P4 antibody and anti-ERGIC-53 (G and H) or monoclonal anti-VSV antibody
P5D4 and polyclonal anti-PDI (I and J). Immunoreactive antigen was visualized with FITC-conjugated
Goat anti-rabbit and Texas Red conjugated Goat anti-mouse IgG, and detected by a confocal laser
microscope. Bars, 10 μιτι.

The intracellular localization of Rab22B was further examined by expression studies in COS1 cells. For this, wild type (WT) constructs were prepared in the mammalian expression
vectors pCDNA3 (data not shown) and a VSV-tag modified pSG5. As can be seen in Fig. 3G
and H, the highly intensive fluorescent region m which VSV-Rab22B WT is localized
resembles ERGIC-53 staining. Additional fluorescence was observed reminiscent of the
nuclear envelope and in peripheral ER-hke structures. A confocal section at the area of the
nuclear envelope of cells that were double labeled with PDI, an ER resident protein
(Freedman et al., 1989), showed that Rab22B localization is not only restricted to the
ERGIC/Golgi region but is also present at ER membranes (Fig. 31 and J). Untagged versions
of Rab22B WT showed similar distributions in COS-1 cells (data not shown).

Overexpression

of Rab22B

Q64L

accumulates

GFP-SI

in

large

perinuclear

structures
Next, we studied the effects of Rab22B on intracellular transport by overexpressing a
mutant form of Rab22B. According to previous studies on Ras-related subfamily members
that were mutated at corresponding sites, the introduction of a leucine at position 64 of
Rab22B results in a GTPase deficient mutant, a form that remains in the GTP-bound state
(Der et al., 1986; Frech et al., 1994). To examine the effect of this mutant on proteins that
follow the biosynthetic pathway, we stably transfected green fluorescent protein coupled
sucrase-isomaltase (GFP-SI) into two different cell lines, mouse neuroblastoma Neuro-2a
cells (GFP-SI-N-2a) and Caco-2 cells (GFP-SI-Caco-2). SI is a digestive enzyme that travels
through the biosynthetic pathway and is highly efficiently and unidirectional transported to
the apical membrane in intestinal epithelial cells (Gorvel et al., 1991; Matter et al., 1990).
In GFP-SI-N-2a cells, GFP-SI showed a homogenous staining pattern at the plasma
membrane (Fig. 4A). In addition, a confocal section at the level of the cell nucleus showed
that the entire biosynthetic pathway, including the nuclear envelope and Golgi region, is
concomitantly loaded with GFP-SI (Fig. 4B). It should be pointed out that the fluorescence
intensity of GFP-SI at the plasma membrane is similar to that m the cells. Transient
expression of Rab22B WT did not influence this GFP-SI fluorescence pattern (Fig. 4C and
D). Similar results were obtained in GFP-SI-Caco-2 cells (data not shown).

However,

overexpression of the GTPase-deficient mutant of Rab22B changed the expression patterns
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Fig. 4. GFP-SI expression is not effected by VSV-Rab22B WT in GFP-SI-N-2a cells. IM-2a cells were stably
transfected with GFP-SI, a construct containing the cytoplasmic, trans-membrane and stalk region of
sucrase-isomaltase coupled to green fluorescent protein sequence. The expression of GFP-SI was found
at the plasma membrane (A) and throughout the biosynthetic route (B). (C-D) GFP-SI fluorescence
pattern from GFP was not changed by Rab22B WT. Cells were transiently transfected with p\/SV-Rab22B
WT and stained with monoclonal anti-VSV antibody P5D4 (C) or fluorescence of GFP-SI was directly
recorded (D). Specific labeling was detected by a confocal laser microscope. Bar, 10 μιτι.

dramatically (Fig. 5). Intracellular GFP-SI staining was increased and concentrated in
perinuclear structures, which colocalize with the GTP-bound form of Rab22B (Fig. 5A and
B). In addition, the ER pattern of PDI is changed, partly concentrated and overlapping with
the perinuclear structures (Fig. 5C and D), while ERGIC-53 is redistributed throughout the
cell (Fig. 5E and F). A similar dramatic effect was seen in GFP-SI-Caco-2 cells. Cells
overexpressing Rab22B Q64L showed a drastic redistribution of ERGIC-53 (Flg. 6E and F),
as well as an intense staining of GFP-SI in structures that are positive for Rab22B (Fig. 6A
and B). These structures were found to be insensitive to nocodazole treatment, indicating
that GFP-SI is not blocked or concentrated in the Golgi apparatus (data not shown).
Furthermore, in these cells the staining pattern of the ER-resident protein PDI is completely
rearranged. Highly concentrated dots of PDI were observed and co-localized to Rab22B
positive structures (Fig. 6C and D). These data show that the localization of the GTP-bound
form of Rab22B mainly coincides with ER membranes and that overexpression of this
mutant blocks or concentrates newly biosynthesized GFP-SI in the early exocytic route into
large perinuclear structures.
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Fig. 5. Effects of Rab22B Q64L in GFP-SI-N-2a
cells. N-2a cells, stably expressing GFP-SI, were
transiently transfected with pVSV-Rab22B Q64L.
Rab22B Q64L (A, C, E) Induces accumulation of
GFP-SI
(B)
in
perinuclear
structures,
rearrangement and concentration of PDI (D)
towards these structures, and redistribution of
ERGIC-53 (F). Indirect staining of Rab22B with
monoclonal anti-VSV antibody P5D4 (A and C) or
polyclonal anti-VSV alpha P4 (E) together with
polyclonal anti-PDI (D) and monoclonal antlERGIC-53 (F) were detected by a confocal laser
microscope. GFP fluorescence was directly
recorded from GFP-SI protein (B). Asterisks
indicate Rab22B Q54L transfected cells. Bar, 10
μΠΊ.

Fig. 6. Effects of Rab22B Q64L In GFP-SI-Caco2 cells. Caco-2 cells, stably expressing GFP-SI,
were transiently transfected with pVS\/-Rab22B
Q64L. Rab22B Q64L (A, C, E) Induces
accumulation of GFP-SI (B) In perinuclear
structures, rearrangement and concentration of
PDI (D) towards these structures, and
redistribution of ERGIC-53 (F). Indirect staining
of Rab22B with monoclonal anti-VSV antibody
P5D4 (A and C) or polyclonal anti-VSV alpha P4
(E) together with polyclonal anti-PDI (D) and
monoclonal anti-ERGIC-53 (F) were detected by
a confocal laser microscope. GFP fluorescence
was directly recorded from GFP-SI protein (B).
Asterisks indicate Rab22B Q64L transfected
cells. Bar, 10 μνη.
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To obtain information about the molecular environment of Rab22B, we investigated
putative interaction partners of the protein. For this, the GTP-bound form of Rab22B was
used to screen a human brain cDNA library in a two-hybrid interaction trap experiment.
From 10^ transformants, 4 1 clones were retrieved showing an interaction with Rab22B
Q64L. We identified two positive cDNA clones that encoded for the C-terminal part of FLNB. The rest of the clones were either false positives, out of frame sequences or to date
unknown sequences.
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Fig. 7. Schematic representation of the protein structure of filamin Β and alignment of the C-terminal
region with members of the filamin family. (A) Filamin Β (FLN-B) contains an N-termmal actin-bmdmg
domain (248 amino acids), and a 24 repeat backbone of about 96 amino acids. Between repeat 15-16
and 23-24, two hinge regions are positioned providing flexibility on the molecule. (B) Screening of a
human brain cDNA library in a two-hybrid interaction trap assay resulted in the isolation of two cDNA
clones comprising the last 200 amino acid sequence of FLN-B (containing part of repeat 23, hinge region
2, and repeat 24) that strongly interacted with Rab22B Q64L as a bait. Conservative and
nonconservative amino acid changes with other members of the filamin family, i.e. filamin A (FLN-A) and
filamin C (FLN-C) are boxed in gray and black, respectively. Numbers indicate amino acid positions.
chFLN, chicken filamin.

FLN-B is a large protein of 2602 amino acids and has recently been cloned by two different
groups (Fig. 7A) (Takafuta et al., 1998; Xu et al., 1998). I t contains an N-terminal actin
binding domain and a backbone of 24 tandem repeats consisting of approximately 96
amino acids. The C-termlnal domain contains a region that in FLN-A is important for
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Fig. 8. The C-terminal domain of filamin Β interacts with Rab22B preferentially in its GTP-bound
conformation. (A) Two-hybrid interaction trap assay between Rab22B WT, Q64L, S19N, Rab22A WT,
Rab21 WT, and empty vector (control) as a bait and the last 200 amino acids of filamin Β (FLN-B) as a
prey. Transformed yeast cells were plated on minimal agar-plates lacking histidine, tryptophan, uracil
and leucine and containing X-gal. After three days, clones were screened for growth (left panel) and βgal activity by blue coloring (right panel). + + + + indicates deep blue coloring, + + + blue staining, +
weak blue appearance, and - indicates no blue coloring. (B) Co-immunoprecipitation of GST-Rab22B,
but not GST-Rab22A, with cMyc-tagged version of FLN-B. COS-1 cells were transfected with cMyc-FLNB and lysates were incubated with or without anti-cMyc antibody 9E10 (1;100) and Protein A Sepharose
beads overnight at 4 0 C. Before clearance, 5 \ig of purified GST, GST-Rab22A or GST-Rab22B was added
and samples were incubated for an additional 4 hours at room temperature. Precipitates were subjected
to SDS-PAGE and immunoblotting with monoclonal anti-GST antibody 2F3. About 1 μς of purified GST,
GST-Rab22A, and GST-Rab22B were layered as a control for migration. Arrow indicates co-precipitated
GST-Rab22B. (C) C-terminal FLN-B (ß-Filc) preferentially interacts with the GTP-bound form of Rab22B.
COS-1 cells were mock transfected or transfected with VSV-cMyc-FLN-B and VSV-Rab22B WT, VSVRab22B Q64L, or VSV-Rab22B S19N. Lysates were incubated with anti-cMyc antibody 9E10 in the
presence of Protein A Sepharose beads overnight at 4 "C. Then, samples were centrifuged and
precipitates (IP) and 1/20 part of supernatants (Sup) were subjected to SDS-PAGE and immunoblotting
with monoclonal anti-VSV antibody P5D4. Arrow indicates co-precipitation of Rab Q64L and Rab22B WT
with FLN-B. Notice equal amounts of VSV-cMyc-FLN-B expressed in cotransfected cells, which migrate
at approximately 24 kDa. Lysates of COS-1 cells transfected with VSV-cMyc-FLN-B or VSV-Rab22B WT
alone were layered as a control for migration. Notice that for both immunoprecipitation assays horse
radish peroxidase-coupled Goat anti-mouse IgGs recognize the heavy and light chains of mouse IgG on
blot (B and C).
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dimerization (Barry e i al., 1993; Ohta et al., 1991). The stretch of repeats is interrupted
at two different locations, between repeats 15-16 and 23-24, by so-called hinge regions
thought to confer flexibility on the molecule. The first hinge is subject to alternative
splicing. The sequence of the first hinge region of FLN-B is completely dissimilar to that of
the other two filamin isoforms. We found an interaction with the last 200 ammo acids of
FLN-B, comprising the last part of repeat 23, the second hinge region, and repeat 24. The
ammo acid alignment of this region with that of Filamin A (FLN-A) and Filamin C (FLN-C) is
shown in Fig. 7B.
Most effector molecules that are specific for Rab protein members preferentially
interact with the GTP-bound

conformation of Rab proteins. We

also examined

the

interaction characteristics with WT and a GDP-bound form of Rab22B (S19N) in a yeast
two-hybrid interaction assay. As shown in Fig. 8A, FLN-B indeed preferentially interacts with
Rab22B in its GTP-bound state. No interaction was found between FLN-B and Rab22A WT
and Rab21 WT. We were able to confirm these conclusions using independent assays, as
well. First, a cMyc-tagged version of FLN-B was expressed in COS-1 cells, and lysates were
incubated with

5 μς of GST,

GST-Rab22A or GST-Rab22B purified protein during

immunoprecipitation with monoclonal anti-cMyc antibody 9E10. As depicted in Fig. 8B,
immunoblottmg of the immunoprecipitates with monoclonal anti-GST antibody showed that
GST-Rab22B, and not GST or GST-Rab22A, was efficiently coprecipitated. This was not due
to nonspecific binding to the Sepharose beads (Fig. 8B). Second, VSV-tagged versions of
cMyc-FLN-B and WT, GTP-bound, or GDP-bound mutants of Rab22B were cotransfected into
COS-1 cells. After immunoprecipitation of FLN-B with 9E10, proteins were subjected to
immunoblotting with monoclonal anti-VSV antibody P5D4 to visualize both Rab22B forms
and

FLN-B.

As

can

be seen

in

Fig.

8C,

comparable

amounts

of

FLN-B

were

immunoprecipitated. Similar to the results of the two-hybrid experiment, FLN-B interacted
preferentially with the GTP-bound state of Rab22B and did not interact with Rab22B S19N
despite its higher protein concentration in the lysate (Fig. 8C). At this time, we have not
been able to support these data with an interaction with full-length FLN-B, since the
overexpressed protein is found predominantly in the insoluble fraction after cell lysis.
However, our results strongly suggest that FLN-B is an effector molecule of Rab22B.

Filamin

Β induces accumulation

of GFP-SI in N-2a and Caco-2 cells

To further establish the putative role for FLN-B as an effector molecule m Rab22B-related
transport processes we analyzed this protein m more detail. Using a polyclonal antibody
against the first hinge region we could show that FLN-B, like Rab22B, is endogenously
present in SK-N-SH cells. As can be observed m Fig. 9A, the protein shows a punctate
staining together with staining of long stress fibers throughout the cells. Overexpression of
full-length FLN-B m COS-1 cells labeled stress fibers reminiscent for the actin cytoskeleton
(Fig. 9B). This colocalization was further confirmed by staining with phalloidin, which

143

Chapter V

Fig. 9. Filamin Β colocalizes with ER membranes and induces GFP-SI accumulation in N-2a and Caco-2
cells. (A) Endogenous expression of filamin Β (FLN-B) in SK-N-SH cells. Cells were stained with
polyclonal anti-first hinge antibodies (1:100). (B-D) FLN-B shows expression pattern typical for actin
fibers, and additionally colocalizes with ER membranes. COS-1 cells were transiently transfected with
full-length FLN-B and stained with anti-first hinge antibody (B and C) or double-stained with monoclonal
anti-296/2 antibody (D). Figures A and Β show overall staining within cells, whereas figures C and D
show an optical scan of 1 μπι at the level of the nucleus, recorded by a confocal laser microscope. (EH) FLN-B induces accumulation of GFP-SI in large perinuclear structures. GFP-SI-N-2a (Ε-F) and GFPSI-Caco-2 (G-Η) cells were transfected with FLN-B and stained with anti-first hinge antibody (E and G).
GFP fluorescence from GFP-SI (F and H) was directly recorded. Asterisks indicate Rab22B Q64L
transfected cells. Bar, 10 μηη.
specifically stains actin fibers, and sensitivity to treatment with cytochalasin D, a toxin
inhibiting the polymerization of actin filaments (data not shown). Confocal sections of the
cells revealed an additional FLN-B expression pattern associated with ER membranes, as
determined by double staining with the ER marker 296/2 (Fig. 9C and D). To study the
function of FLN-B in vesicular transport we overexpressed also this protein in GFP-SI-N-2a
and GFP-SI-Caco-2 cells. Interestingly, we found the same effects as those observed for
Rab22B Q64L. Overexpression results in an increase of GFP-SI staining in nocodazoleinsensitive large perinuclear structures (Fig. 9E-H).
Thus, FLN-B not only interacts with Rab22B, but is also endogenously present in
the same cells and, like the GTP-bound form of Rab22B, overexpression influences
transport of GFP-SI at an early step in the biosynthetic pathway. These data further support
a role of FLN-B as an effector molecule of Rab22B.
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Discussion
In a recent screen for Rab proteins expressed in Caco-2 cells (Opdam e i al., 2000) a
number of new human Rab sequences were found, among which were two Rab22 proteins
that belong to a specific subgroup of the Rab subfamily of small GTPases. They represent
Rab22A and Rab22B, isoforms that are 7 7 % identical. So far, the two forms show one of
the lowest homologies found among Rab subgroup members. Only within one subgroup,
the Rab3 subfamily, Rab3A and Rab3C share a similar identity of 7 7 % . In a previous study
on the mammalian homologue of Rab22A it was shown that this protein localizes to
endosomal compartments, the plasma membrane, and to some extent to perinuclear
structures. Our studies on Rab22B now revealed a distinct subcellular localization on Golgi
and ER membranes. This difference in localization patterns strongly suggests a divergence
in functional involvement of the two isoforms in membrane traffic. Interestingly, the
members of the Rab3 subgroup also show distinct cellular and biochemical characteristics
and have been proposed to be functionally different (Fischer von Mollard ef al., 1990;
Fischer von Mollard et al., 1994; Roa et al., 1997; Tang étal.,

1996). It has been reported

that the sequence of the C-terminal 34 ammo acids of Rab proteins determines the
subcellular localization (Chavrier e i al., 1991; Brennwald and Novick, 1993; Beranger e i
al.,

1994b). Since the C-terminal ammo acid sequences of Rab22A and Rab22B are

completely dissimilar (see Fig. I B ) , this provides a likely explanation for the difference m
localization patterns of these two isoforms.
In Caco-2 and N-2a cells that stably express GFP-SI, overexpression of the GTPbound form of Rab22B (Rab22B Q64L) had a drastic effect on the localization of ERGIC, ER
resident proteins and GFP-SI. The induced large vacuolar-hke perinuclear structures were
labeled with Rab22B and retained a concentrated amount of GFP-SI. Colocalization of these
structures with an ER resident protein indicates that these membranes were derived from
the ER organelle. Furthermore, msensitivity to nocodazole and brefeldm A (data not shown)
further points to a block and/or accumulation of GFP-SI in structures that do not represent
the Golgi complex. Therefore the effects caused by the GTP-bound form of Rab22B Q64L
suggest a function for Rab22B in an early biosynthetic transport step. The large structures
might

have formed by the constitutive

input of smaller vesicles derived from ER

membranes that have fused into to a large perinuclear organelle resembling an autophagyrelated process (Bryant and Stevens, 1998). It has been suggested that another Rab
protein family member, Rab24, might be involved in a similar process (Olkkonen et al.,
1993). Thus, additional studies are needed to provide further insight into the role of
Rab22B in regulating membrane traffic m the early biosynthetic pathway.
To date, three filamm isoforms have been characterized m human cells (see Fig.
7B; Gorlm et al., 1990; Takafuta et al., 1998; Xie étal.,

1998; Xu étal.,

1998). Filamms

induce the formation of actm fibers from filamentous actm, and also link the actm
cytoskeleton to a variety of membrane proteins. For example, both FLN-A and FLN-B
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interact with the cytoplasmic tail of Gplba in platelets and endothelial cells (Takafuta et al.,
1998; Xu étal.,

1998). In addition, FLN-A has been found to interact with the small GTPase

RalA in a GTP-dependent manner and with Rho, Rac and Cdc42 in a GTP-mdependent
manner

(Ohta et al.,

1999). In this report we have shown that FLN-B interacts

preferentially with Rab22B in its GTP-bound state. This has been observed for most effector
molecules previously identified as interacting with Rab proteins and which act downstream
and in complex with the targeting, docking and/or fusion machinery. It is apparent now that
a number of cytoskeletal components are involved in the regulation of membrane traffic
mediated by Rab proteins. For Rab6 an interaction was found with Rabkinesin-6, a
microtubule-associated kmesm-like motor protein. This interaction is proposed to trigger
and direct the translocation of Rab6-dependent transport carriers towards the positive ends
of microtubules from the Golgi complex towards ER membranes (Echard et al., 1998). In
addition, many previous studies have indicated that the actin cytoskeleton may play a role
in the mechanisms responsible for transport of carriers along the endocytic and secretory
pathways.

Indirect

interaction

with

the

actm

cytoskeleton

was

found

for

Rab3/Rabphilin3 connection (Ostermeier and Brunger, 1999; Shirataki et al.,

the

1993).

RabphilmS is a molecule that interacts with the actm-bindmg protein α-actinin and is
recruited by Rab3 to synaptic vesicles. However, RabphilmS is proposed to be not required
for regulated exocytosis mediated by Rab3 (Chung eta/., 1999; Schlüter et al., 1999). I t
was furthermore found that endocytic activity requires the presence of an intact actm
cytoskeleton (Durrbach et al., 1996; Lamaze et al., 1997). For example the intracellular
localization of Rab4, a small GTPase that

regulates recycling of proteins

between

endosomes and the plasma membrane (Mohrmann and van der Sluijs, 1999; van der Sluijs
et al.,

1992), is sensitive to the actin depolymenzation agent cytochalasm D and is

suggested to be involved m actin filament rearrangement (Vollenweider et al.,
Valentijn et al.,

1997;

1997, 1999; Valentijn and Jamieson, 1998). Furthermore, Rab5 and

probably also R a b l l are necessary in the endocytic pathway for the reorganization of actin
stress fibers, at least m MDCK cells (Imamura et al., 1998). Thus, our finding of an
interaction between Rab22B and FLN-B extends the involvement of components of the actin
cytoskeleton in Rab-mediated membrane traffic.
In addition to their proposed role in the actm network structure, it has become
increasingly clear that filamins facilitate and/or participate in vesicular transport. For
example, FLN-A directs and modulates the trafficking of furm m the endocytic pathway (Liu
e t a / . , 1997). In addition, it has been reported that FLN-B interacts via its C-termmal end
with the cytoplasmic domain of presenilm-l, a protein that is localized to ER and Golgi
membranes and that is mutated m some patients with a familial form of Alzheimer's disease
(Zhang et al., 1998). It is thought that presenilm-l acts as a membrane receptor m the
correct targeting of amyloid precursor protein (APP) to intracellular organelles for further
processing. Interestingly, a GDI factor has recently been found to be present on the Ntermmal cytoplasmic tail of presenilm-l (Scheper et al., 2000), suggesting that Rab
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proteins might be involved in the transport of APP through presenilin-1.
In conclusion, we have shown here that Rab proteins, i.e. Rab22B, can be more
or less directly linked to the actin cytoskeleton via FLN-B. The two proteins not only interact
physically, they are also present endogenously in the same cells and both localize to ER
membranes. Furthermore overexpression of either Rab22B Q64L or FLN-B leads to a similar
effect, i.e. the accumulation of a protein en route to the plasma membrane m large
perinuclear structures. These data strongly suggest a role for Rab22B and FLN-B m
membrane traffic from the ER. A tentative hypothesis is that Rab22B induces FLN-B to drive
the rearrangement of the actin cytoskeleton at the ER thereby enabling the docking and/or
fusion of transport earners to acceptor membranes. Finally, the interaction of Rab22B with
the actm-bmding protein FLN-B has opened new possibilities for the involvement of the
actm cytoskeleton m membrane traffic mediated by Rab proteins.
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This thesis describes the identification and characterization of Rab small GTPases that are
expressed in intestinal epithelial cells, proteins that are key regulators of intracellular
membrane traffic. With these observations, our understanding on how cells cope and deal
with the complexity of intracellular transport routes has been expanded. The Rab family has
been increased by the identification of several novel isoforms. The work presents the first
characterization and localization of Rab21, Rab6A', and Rab6B, and reports for Rab22B a
regulatory step m the early biosynthetic pathway. Furthermore this thesis reveals some
intriguing novel features and several supportive data involving Rab action 1) In particular
Rab isoforms (Rab6A/Rab6A' and Rab22A/Rab22B) bind to a distinct set of effector
molecules

2)

Rab

isoforms

may

fulfill distinct functions (Rab6A'/Rab6A/Rab6B)

3)

mammalian Rab proteins may interact directly to core components of the actin cytoskeleton
(Rab22B/Filamin Β interaction) to pursue their function in vesicle targeting 4) A single
ammo acid residue positioned near the important Switch I I region of Rabs might be a
common site to determine Rab-effector binding specificity (revealed by mutational studies
on the Rab6A/Rabkinesin-6 interaction) 5) Rabkinesin-6 interaction is essential for Rab6Amediated retrograde Golgi-ER transport (Rab6A/Rab6A' study) 6) The characterization of
Rab6A' revealed that alternative splicing is an integrated process to drive divergence in Rab
function specificity.

Complexity of Rab proteins
One of the major findings is the variety in cellular and biochemical characteristics found
especially between Rab subclass family members. The identification and characterization of
two subfamily

members

and

one splicing

isoform

belonging to the

Rab6

family

(Rab6A/Rab6A'/Rab6B) increased complexity in regulation of transport carriers at the Golgi
complex. It also has put the finger on subtle Rab protein domain differences that may affect
the molecular environment, localization and biological role for the individual members (also
valid for the Rab22 subfamily members, Chapter 5). Therefore, m future work a turn might
be made to stress the issue what the biological relevance is for Rab isoforms. The
advantage of such studies is that a quick link can be made between naturally occuring
differences m protein domains which can then be correlated to putative differences in
membrane dynamic activity. Furthermore, gene structure information on
splicing of exons,

inserted or in the case of the Rab6A gene mutually

alternative
exclusive

incorporated, can easily obtain information on important regulatory Rab protein domains
that may promote specific Rab effector interactions. A welcome help in this is the recent
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unraveling of almost the complete human genome, published by two individual groups in
februari

issues of

Nature

and

Science

(International

Human

Genome

Sequencing

consortium, 2 0 0 1 ; Venter et al., 2001). Intriguingly, the complete human genome contains
a rather unexpected low amount of about 30.000 genes. In this light, the group of genes
that constitute the core components of the vesicle docking/fusion machinery seems to be
quite large. About 30 SNAREs (Chen and Scheller, 2001) and 55 Rab family members have
been identified so far m mammalian cells. This indicates a highly evolved membrane traffic
machinery in mammalian cells that is apparently required to provide the necessary finetuning and coordination of all distinct intracellular transport steps. The genome of for
example the fruit fly hardly contains two times less genes than the human one. For all
organisms, human genes are most interrupted by introns. These observations furthermore
imply an important role for the mechanism of alternative splicing to provide the necessary
complexity of a higher order multicellular organism

Up till now, very few Rab gene

structures were available. With the mouse genome following up, a gold rush can be started
with the discovery of all human and mouse Rab gene structures and their putative splice
forms. Then, the evolutionary conservation of given splice forms (like was found for the
Rab6A forms) may be the starting point for extensive studies on functional differences
between the isoforms.

Model of R a b 6 A / R a b 6 A ' / R a b 6 B action a t t h e Golgi complex
Preliminary results with two differentially fluorescent-tagged Rab6A isoforms showed some
interesting features. In living cells, fluorescence of Rab6A and RabGA' initially overlapped
on tubulo-vesicular structures protruding from the Golgi apparatus. Then, the proteins
diverged in time onto separate transport membranes (data not published). Since Rab6A'
does not promote the redistribution of Golgi enzymes into the ER, this finding implicates a
post-vesicle-buddmg sorting step of cargo after bulging of Rab6A/Rab6A' positive tubulovesicular structures from Golgi membrane. It suggests a divergence of the initiated single
transport step into two separate transport pathways, which can be followed by the presence
of the distinct Rab6A splice forms. Presumably, this divergence is then promoted by the
capability of Rabkinesin-6 binding. Differently, and more likely, these tubulo-vesicular
structures might be seen as specified Golgi areas or Golgi subdomains where final protein
sorting takes place, as was also suggested by Zenal and McBnde (Zenal and McBnde,
2001). The release of vesicles from these structures could then be the final step in
divergence of cargo, and the start of separate transport pathways, mediated by the distinct
Rab6A isoforms. In this case, Rab6A and Rab6A' might take position into separate and
defined membrane domains or so called Rab domains on the tubulo-vesicular structure of
the Golgi apparatus. This was shown for intermediates of the endocytic pathway, where
Rab5 and Rab4 or Rab4 and R a b l l are compartmentalized within the membrane of early
endosomes (Sonmchsen et al., 2000). The initial Rab6A/Rabkinesin-6 interaction might
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already drive the formation of these tubulo-vesicular Golgi subdomains. But in the end, this
interaction is further needed to deliver the Rab6A-specific cargo properly to the target
membrane, as is demonstrated in Chapter 3. In this chapter, we have proposed a model in
which Rab6A' mediates intra-Golgi transport over a short range, whereas Rab6A directs
long-range translocation and targeting of carriers to peripheral ER entry sites (White et al.,
1999). The latter has shown to be a COPI-coat independent transport pathway (Girod et
al., 1999), which is taken by Golgi-resident glycosylation enzymes and specific toxins that
miss a KDEL retrieval motif (Johannes and Goud, 1998). The classical retrograde transport
of COP-I coated vesicles from the Golgi towards the ER is followed by KDEL-bearing ERresident proteins and certain toxins. It would be of interest to track m vivo the COP-I coat,

Golgi enzymes, toxins

*· *

("'ι

Ualhrr
Microtubule
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Figure 1. Hypothetical drawing of retrograde flow of proteins from the Golgi complex, mediated by
distinct Rab proteins. Secretory proteins travel from ER to Golgi in COP-II-coated vesicles. Retrograde
transport of cargo can be distinguished by a COP-I-dependent and COP-I-mdependent manner, (early
Golgi-ER) COP-I-coated vesicles retrieve ER-resident proteins from c/s-Golgi cisternae and vesicular
tubular clusters (VTC or ERGIC) to the center ER (cER) via KDEL-receptor binding. This pathway is also
followed by the lectin ERGIC-53, which recycles between c/s-Golgi and VTC. (RabeA/RabeA' pathway)
Recycling of glycosylation enzymes starts with the formation of highly dynamic tubulo-vesicular
structures at the trans-Golgi cisternae and Trans Golgi Network (TGN) In time, Rab6A and Rab6A' on
these membranes diverge into specific Rab membrane domains, and two distinct pathways are initiated.
(Rab6A pathway) One pathway drives glycosylation enzymes and certain toxins into peripheral ER (pER)
entry sites, and is COP-I independent. These vesicles are translocated over microtubules, which is
mediated through an interaction between the Rabkmesm motor protein and Rab6A. (Rab6A' pathway)
The other pathway directs glycosylation enzymes towards the c/s-site of the Golgi complex. The Rab6A'regulated step may be COP-I dependent, and travels over a short distance to the c/s-site of the Golgi
stack (Rab6B pathway) A specific Golgi-ER pathway is present in specific cell-types, and is regulated by
Rab6B. This transport pathway probably starts in VTCs or early Golgi compartments, and is translocated
over microtubules into pERs m a Rab6A-like manner.

and proteins and toxins that are incorporated in either pathways during tubulo-vesicular
formation and Rab6A/Rab6A' divergence. Accordingly, inhibition with blocking antibodies,
mutational molecular analyses, and colocalization studies should give answer to an
involvement of these components in Rab6A'-mediated transport.
What about the role for Rab6B in this Golgi-ER transport scenario 7 It is clear from
pilot experiments discussed in Chapter 4, that Rab6B is not able to overtake the function
of Rab6A to redistribute glycosylation enzymes into the ER of HeLa cells. Interestingly,
Rab6B localization overlaps with that of ERGIC-53, a protein that recycles between cis-Golgi
and the ER-Golgi intermediate compartment (ERGIC). It was previously reported that
microinjection of anti-COP-I antibodies inhibits retrieval of ERGIC-53 and the KDEL receptor
from the Golgi to the ER (Girod et al., 1999). This suggests a role for Rab6B in a classicallike COP-I dependent Golgi-ER transport pathway. However, like Rab6A, Rab6B interacts
with Rabkinesin-6. In addition, Rab6B has found to be concentrated m peripheral ER entry
sites, overlapping with Rab6A expression. Rab6B has been identified as a cell-type specific
Rab GTPase, with predominant expression in microglia, pericytes, and Purkinje cells m brain
tissue. Rab6A is ubiquitously expressed and probably regulates a fundamental and general
transport step. This suggests that in Rab6B-positive cell-types a Rab6B-mediated transport
route exists simultaneously with the Rab6A-mediated Golgi-ER trafficking pathway. Thus,
Rab6B could drive cell-type specific and Rab6A-unrelated content to similar Rab6A target
sites m a COP-I-dependent manner. Obviously, future studies of vesicle coat and many
cargo molecules should be monitored to reveal the biochemical content of Rab6B-positive
carriers. At this moment, the biological role of such a transport route would only be based
on pure speculation.
The link of Rab6A with Rabkinesin-6 might be a way to specify the target
membrane in a very early step of the transport sequence. Rab6A and Rab6A' differ in only
three amino acids, with one non-conservative change that determines the Rabkinesin-6
interaction. Excluding this specific partnership, we believe that Rab6A and Rab6A' share not
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only the GTPase activating protein, GAPCenA (see Chapter 3), but also the same exchange
factor, dissociation factor, and Rab effector docking proteins. With this in mind, both
proteins overlap on Golgi membranes, a site were they become activated by the same GEF
(yet to be discovered). Subsequently, Rab6A-mediated transport diverges from Rab6A'mediated transport by the indirect interaction with the microtubule network. At the distinct
target membranes (anticipating on c/s-Golgi membranes for Rab6A' and peripheral ER entry
sites for Rab6A), both proteins are inactivated, catalyzed by the same GAP, and dissociate
from the membrane to form a complex with the same GDI. In this proposed model, a pool
of the same Rab6A regulatory factors and Rab effector docking proteins exist not only at
the donor membrane, but also at two distinct acceptor membranes. Then, the only way that
specific cargo of Rab6A-positive carriers do not missort to the c/s-Golgi compartment in a
Rab6A'-specific manner is a mechanical strain of microtubules enforced by the interaction
with Rabkinesin-6. Otherwise, it must be noted that distinct docking complexes that
account for tethering and/or docking of the carriers may exist on the two different targets.
In that case, Rabkinesin-6, and not Rab6A, interacts with specific downstream effectors
that

are different

from

Rab6A'-mediated

docking

effectors. Thereby,

Rabkinesin-6

contributes and accounts for target specificity at the ER entry sites. This might also explain
why Rab6B, like Rab6A, localizes to peripheral ER target membranes. All taken together, a
working model is presented in Figure 1, containing the Golgi-ER transport pathways that
are regulated by Rab6A, Rab6A', and Rab6B In this draft, putative marker molecules are
indicated for each pathway, and proposed points of membrane divergence between the Rab
molecules are incorporated in the illustration.

Rabkinesin-6
A new debate has arisen on the exact function of Rabkinesin-6. A study by Hill et al. showed
that the protein (referred to as Rab-KIFL) appeared to have a role in cytokinesis with an
intensive and accumulated expression in the midbody of dividing HeLa cells (Hill et al.,
2000). Levels of the protein were peaking during mitosis, like cyclm B2, and rapidly
dropped during interphase to undetectable levels, as observed by immunofluorescence
microscopy. Overexpression of Rab-KIFL resulted in cell division defects and cell death.
Microinjection of antibodies to Rab-KIFL caused cells becoming binucleate after one cell
cycle due to a defect m cleavage furrow formation during telophase. These data indeed
indicate an important role for Rab-KIFL in cytokinesis. It was found earlier that Rabkmesm6 can induce Golgi fragmentation (Echard et al., 1998), and since cell division requires a
membrane fusion event involving the plasma membrane (Robinson and Spudich, 2000),
this might be indirectly achieved by Rab6-containing vesicles that fuse with the plasma
membrane during cytokinesis. However, authors mention that they did not see an
association of Rab-KIFL with the Golgi at any point in the cell cycle. This does not tackle
our findings that Rabkinesin-6 is required for retrograde Golgi-ER transport mediated by
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Rab6A (Chapter 3), despite the fact that the authors even call into question that the protein
is involved in transport or Golgi distribution. We did observe some endogenous Rabkmesm6 expression on the Golgi apparatus in various cell lines. More importantly, our mutational
analyses of Rab6A and Rab6A' now clearly indicate an obligatory connection of Rabkmesm6/Rab6A for the redistribution of glycosylation enzymes into the ER. Actually, during
evolution this interaction seems to be generated by cells to distinguish between the
regulation of distinct transport steps mediated by Rab6A and Rab6A' in interphase cells. It
is unlikely to suppose an involvement of a Rab6A'-specific effector molecule, rather than
Rabkinesin-6, that binds the RabSA'-specific alanine residue and drives the distinct
properties between the GTP-bound forms of Rab6A' and Rab6A. Therefore, we have a rather
simple explanation for the misconception. Rabkinesin-6 expression levels are quite low in
interphase, and might differ even between different HeLa clones that are used by two
individual groups, if so towards no expression at all. Accordingly, Hill ef al. did not check
for the presence of a biologically active retrograde Rab6A transport pathway in their cellline that has no expression of Rabkinesin-6 m interphase. Expression levels of endogenous
Rabkinesin-6 at the cleavage furrow of dividing cells were, also by us, easily detected in
several cell-types. Apparently, this is due to the accumulation (and perhaps up-regulation)
of Rabkinesin-6. We conclude that Rabkinesin-6 has got alternative roles, one during cell
division, where it might regulate membrane fusion of the plasma membrane, and a second
during interphase, directing Rab6A-mediated retrograde transport of Golgi-derived vesicles
over microtubules into the ER.

Rab isoform effector binding
An intriguing finding of this thesis is the specificity m which Rab isoforms bind to certain
effector molecules, in our case proteins that link membrane traffic to the cytoskeletal
network. For Rab6A and Rab6B, we have seen an interaction of the protein with a molecular
motor that binds to the microtubule network. In the case of the Rab6A isoform, the
capability to interact with this network was specifically introduced by the alternative
splicing machinery. On the other hand, Rab22B, but not Rab22A, was shown to bind to a
branching factor of the actm cytoskeleton (see Chapter 5). These interactions are preferred
to occur with the GTP-bound forms of the Rabs, indicating a function for the Rab effectors
during Rab activity. Pereira-Leal and Seabra precisely analyzed the mammalian Rab family
using the information in the databases (Pereira-Leal and Seabra, 2000). They proposed
certain Rab-conserved sequences that are clustered especially in and around switch I and
switch I I regions to be involved in Rab-effector binding to discriminate between nucleotidebound states. Indeed, an ammo acid residue just downstream of the switch I I region
determines Rab6A-GTP/Rabkinesin-6 partnership. The specificity of this binding can be
solely conferred through this region. Furthermore, they predicted Rab subfamily-conserved
domains (RSFs) to define Rab isoform-specific effector binding. Thereby, they suggested
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that Rab isoforms always bind to the same set of effector molecules which we showed is
not correct. First of all, the RSFs m Rab6A/Rab6A' are identical. Second, Rab22A and
Rab22B contain similar RSFs but do not both bind filamin B. Thus, Rab isoforms interact
with distinct effector molecules through binding regions unrelated to Rab subfamilyconserved domains. This then provides the necessary differences in molecular environment
to practice their eventually distinct functions

Rab22B binding partners
The Rab22B-specific binding to filamin Β demonstrates a first direct link between the actin
cytoskeleton and Rab-mediated vesicular traffic in mammalian cells, which is unrelated to
motor proteins (Chapter 5). Filamms have been indicated to organize the actin network in
vivo in cooperation with other types of cross-linking proteins (Stossel et al., 2001). Filamms
may locally determine the rigidity and density of the actin network. By this, they positively
influence membrane stability by the formation of rigid actin fibers. By contrast, they may
facilitate membrane dynamics through the formation of more loosen, less concentrated
bundles of orthogonal actin networks. The latter might be an important step in creating
'cytoplasmic space' to enable vesicle translocation through the actin matrix. This may then
be achieved by Rab activity. It is known that filamms bind a diversity of signaling molecules,
and like Rab22B, the binding sites are preferentially m the C-termmal region. Filamms may
be phosphorylated by different kinase families, and calpam proteolysis in the hinge regions
may promote flexibility on the molecule. However, signal transduction mechanisms that are
needed to affect filamin function are far from understood. Obviously, this also accounts for
the Rab/filamm connection.
Since a connection between the myosin actin motor proteins and Rabs have been
implicated in the translocation of carriers over actin branches, it is a possibility that the
relatively stir filamin proteins may function as a landmark during vesicle travel, and shuttle
the vesicle at the branching points of the network to the subsequent actin filament. More
reasonable is a function at the docking site to increase the efficiency of vesicle delivery. At
the target membrane, a scaffold such as the actin framework might be needed to stabilize
the local membrane composition of Rab docking effectors and arrange them m a precise
architectural layout. Thereby, the local recruitment of individual factors and membrane
proteins into a membrane domain can be sufficiently maintained. These domains may
determine the site of docking and membrane fusion. It is clear that the Rab community is
anxious to know how these cytoskeletal components can be fitted into the Rab model. In
future work, these parts of the Rab puzzle will surely get great attention.
Besides the identification of two independent yeast two-hybrid clones containing
the C-termmal part of Filamin Β that interacts with the GTP-bound form of Rab22B, several
other clones with unknown sequences were picked up by this screen (data not yet
presented). The actual predominant binding partner that was found in this screen (eight
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clones) corresponds to a subumt of lactate dehydrogenase (LDH). This glycolytic enzyme
exists in vivo as a heterotetramer and is abundantly expressed in the cytosol of cells. On
behalf of three observations (glycolysis, tetramer, and high expression) we assumed at that
time that these clones were false positives with no obvious role for LDH in Rab-mediated
vesicular

transport.

However,

another

abundantly

expressed

glycolytic

tetramer,

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was recently shown to be required
for vesicular transport in the early secretory pathway (Tisdale, 2001). Here, the author
shows that Rab2-induced vesicles that are released from vesicular tubular clusters (VTCs)
contain GAPDH. Rab2 seems to recruit GAPDH onto microsomes up to 10-fold. A specific
antibody against GAPDH furthermore arrested ER to Golgi transport and blocked GAPDH
recruitment. Despite no direct interactions between Rab2 and GAPDH were examined, the
study opens the possibility for the participation of other glycolytic enzymes in transport
complexes that mediate membrane dynamics. Actually, it was recently reported that not
only GAPDH but also LDH, both used m this study as proteins 'unrelated' to vesicular
transport, were capable of causing membrane mixing of liposomes (Brugger et al., 2000).
It must be mentioned that for both enzymes no significant fusogemc activity was observed
with liposomes made from biologically occurring lipid mixture similar to rat liver Golgi
membranes. Another study suggested a second unexpected role for both enzymes. They
were found to co-pellet with microtubules and induce microtubule cross-linking (Volker et
al., 1995). These studies suggest that glycolytic enzymes may function in several cellular
processes unrelated to their glycolytic activity. Thus, future work may provide insight m a
putative role for LDH m Rab22B-mediated vesicle targeting

Studying Rab proteins
Many problems are encountered during studies on Rab proteins. Endogenous expression
levels of Rabs are often hard to detect, and many times additional localization patterns at
places were they are biological active are not observed. This makes it hard to study them
by immuno-electron microscopy. Second, antibodies should normally be raised against
specific peptide sequences, since many sequences are highly homologous to subclass
family members. Furthermore, the way to analyze the function of these proteins is to make
mutant forms that are GTPase-deficient or stay in the GDP-bound state. However, stable
integrations and overexpression of these variants appear many times lethal to cells, and
only high expression levels obtain the required effects that can be monitored

by

biochemical analysis. In addition, the study of these proteins m polarized cells, like Caco2 cells, becomes even more problematic as the use of available molecular models such as
the ecdysone system with an inducible promoter are not sufficient to obtain the required
expression levels. Therefore, there should be made use of other options. For example the
short and transient overloading of cells via a vaccinia system may be used, or an in vitro
docking/fusion assay can achieve the desired black and white biochemical read-out. These
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approaches, together with the monitoring of proper markers that are processed or can be
followed before and after membrane mixing, must be available to put the finger on the role
of Rabs in intracellular transport routes.
In this thesis we were able to solve and overcome some of these difficulties. First
of all, for Rab6B and Rab22B we could make use of antibody pre-adsorption procedures to
specifically

localize the proteins within

cells. For this, the accessibility

of purified

recombinant protein of the highly homologous Rab isoforms was essential to compete for
nonspecific epitope recognition (see Chapters 4 and 5). Furthermore, transient biochemical
transfection of the GTPase-deficient Rab22B construct was sufficient enough to visualize a
block and/or accumulation of GFP-SI in the secretory pathway by fluorescent microscopy
(Chapter 5). Moreover, the vaccinia system made it possible to distinguish and monitor
biochemically

the effects of glycosylation

on

processed markers

in the

Golgi-ER

environment induced by Rab6A and Rab6A' (see Chapter 3). All these remarks describe
important aspects and demands that have to be considered before one jumps into the field
of studying Rab proteins.
To conclude, membrane dynamics are processes which are vital for cells to
organize their organelles and to maintain a proper distribution of constituents among these
compartments. This is achieved by cross-talk via transport carriers, which is basically
coordinated by complex transport step-specific molecular mechanisms. Rab proteins and
specific Rab effectors play a key role in the regulation of these transport pathways.
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SUMMARY

The large variety of vesicular transport pathways that can be distinguished in cells are
essential for the correct delivery of cellular components to the appropriate sites where they
exhibit their biological function. This involves the targeting of newly synthesized proteins,
like hormones and enzymes, along the exocytotic/secretory pathway, and internalization or
endocytosis

of

molecules,

like

receptors

and

signal

peptides, towards

intracellular

organelles. At the same time, these membrane dynamics via transport carriers are
essential to maintain a balance of lipid components over the different membranes and to
keep the morphology of cells and organelles intact. Rab proteins, a subfamily of the Ras
superfamily of small GTPases, are key players in the regulation of these cellular processes.
Each individual member is involved in the orchestration of one specific intracellular
transport route (see Chapter 1). In this thesis, we investigated which Rab proteins may
act along the exocytic transport pathway that is followed by digestive enzymes in polarized
intestinal epithelial Caco-2 cells. In particular, we were interested how transport is achieved
in respect to the molecular environment of involved Rab proteins. As such the starting point
was to determine Rab proteins that are specifically expressed m Caco-2 cells, and to
establish if and how they direct the transport of cargo along steps of the exocytic pathway.
In Chapter 2 we started with the characterization of the spectrum of Rab proteins that is
expressed in polarized Caco-2 cells. This was achieved by a RT-PCR approach with 'Rabspecific' degenerate

oligonucleotides

that

matched

conserved

GTP-bmding

regions,

domains that are shared by members of the Ras superfamily of small GTPases. We
identified twenty-five distinct partial sequences of which eighteen represented Rab genes
and six corresponded to genes encoding members belonging to other subfamilies of the Ras
superfamily. Seven sequences encoded novel human Rab genes. Based on these novel
sequences and the role of some previously identified Rab proteins at that time, we decided
to further analyze four of them, i.e. Rab21, Rab6A', Rab6B, and Rab22B. In this chapter we
characterized Rab21 to be a good candidate gene with a function in a vesicular transport
route specific for polarized epithelial cells. The full-length cDNA sequence of Rab21 revealed
that the protein is an outsider among all other known Rabs, with respect to its distinct
effector loop, the presence of a Ras-specific ammo acid residue, and a different carboxyterminal cysteine motif. By Northern blot analysis, the Rab21 transcripts were found to be
ubiquitously expressed. Specific anti-Rab21 antibodies enabled us to endogenously detect
the antigen on endoplasmic reticular (ER) membranes in non-polarized cells. Upon
polarization

and

differentiation,

we

show

that

the

protein

is redistributed

to a

vesicular/endosomal-like localization pattern, predominantly oriented m the apical region

168

summary
of the cells. The protein partly co-localized with a lysosomal marker supportive for this
redistribution.

The

apical

localization

pattern

of

Rab21

was

also

found

by

immunohistochemistry on jejunal sections. Here, high expression levels were mainly
detected in the epithelial cell layer of the villi whereas the stem cells in the crypts being
almost negative

We propose a role for Rab21 in an apically oriented transport route

specific for polarized intestinal epithelial cells.
In Chapter 3 we focused on the characterization of Rab6A', a protein which is
highly homologous to Rab6A, a regulator of the early exocytic pathway but in a retrograde
direction from the Golgi apparatus towards the ER For Rab family members, we describe
the first identification of a highly homologous duplicated exon within a Rab gene that is
mutually exclusive, constitutively spliced out. This results m the expression of two isoforms
(Rab6A and Rab6A') that differ in only three ammo acids. The proteins share similar GTPbindmg properties and a subcellular distribution at the Golgi complex. We then followed up
on studies of Rab6A, a protein that was found to interact with specific effector molecules,
i.e. Rabkinesin-6, GAPCenA, and 'clone 1', and redistributes Golgi enzymes into the ER in
its GTP-bound state. We came to the following conclusions 1) The threonine m the Rab6A
specific TV motif is essential for an interaction with Rabkinesin-6, since the GTP-bound form
of Rab6A', and a mutant bearing an alanine residue at this position, did not bind to
Rabkinesin-6 2) The Rabkinesin-6 interaction is essential for Rab6A-mediated targeting of
Golgi enzymes into the ER 3) Rab6A' does not exert a similar function m redistributing Golgi
enzymes into the ER, whereas the protein did affect normal secretion of a marker protein
Thus, cells might organize and/or fine-tune transport pathways by the expression of Rab
isoforms via alternative splicing of exons, thereby introducing forms with different functions
and that interact with distinct sets of effectors. The interaction site of Rab6A with
Rabkinesin-6 might highlight a region of similar importance m the regulation of transport
routes mediated by other Rab family members. The Rab6A gene structure was found to be
conserved in mouse. We speculate on a biological function for Rab6A' m the regulation of
mtra-Golgi transport towards the c/s-cisternae, m a Rab6A-independent manner. Otherwise,
Rab6A' activity may diverge from the Rab6A-mediated pathway m a later stage of
membrane traffic.
In Chapter 4 we studied another novel member of the Rab6 subfamily, termed
Rab6B. We show that this protein is a product of a different gene, and that it is transcribed
in a tissue- and cell-type specific manner with high expression levels m brain and the
neuroblastoma cell line SK-N-SH, with detectable expression m heart and Caco-2 cells.
Polyclonal

anti-Rab6B

antibodies

were

raised and

by

a GST-Rab6A

pre-adsorption

procedure we were able to specifically localize the protein. By immunohistochemistry on
brain sections, Rab6B was localized in microglia, pericytes and Purkinje cells. In addition,
endogenous expression levels were detected m SK-N-SH cells where the protein associates
with Golgi membranes. Furthermore, extra Golgi staining was observed that co-localized
with a marker of the ER-Golgi intermediate compartment (ERGIC). Overexpression of
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differentially tagged versions of Rab6A and Rab6B revealed a different distribution of the
isoforms over Golgi and ER membranes. Whereas Rab6A was found to be more restricted
to the Golgi apparatus, Rab6B showed a pronounced localization at ER membranes. Both
Rab6A and Rab6B were found to be concentrated at specific peripheral ER sites. Rab6B was
demonstrated

to exhibit

lower

GTP-bindmg

activities,

which

may

suggest that

it

differentially regulates vesicular transport. However, the protein did interact with all known
Rab6A effector molecules, including Rabkinesin-6. Taken together, the identification of a
cell-type specific Rab6 subfamily member has increased the complexity of vesicular
transport at the level of the Golgi complex. We suggest a cell-type specific role for Rab6B
in retrograde Golgi-ER traffic in a Rab6A molecular fashion.
In Chapter 5 we provide insights in the way Rab proteins may regulate transport
of carriers by the identification of a novel Rab effector molecule. We describe the
identification of two members of the Rab22 subfamily, Rab22A and Rab22B, and the
subcellular distribution of the latter. Rab22B shows an endogenous expression at the Golgi
complex and when overexpressed the protein was found to be additionally associated with
ER membranes. We investigated its putative role m the exocytic transport pathway by
overexpressmg a GTP-bound form in cells stably expressing green fluorescent proteincoupled sucrase-isomaltase (GFP-SI). We show that the active mutant not only affected the
distribution of ERGIC marker and ER resident proteins but also blocked and/or accumulated
GFP-SI in(to)

perinuclear

structures positive

for Rab22B

and

ER-resident

protein.

Therefore, and based on its localization pattern, we suggest a role for Rab22B in an early
biosynthetic transport step.
A two-hybrid interaction screen with the GTP-bound form of Rab22B revealed a
specific interacting partner, i.e. filamin B. This large actm binding protein, which interacts
with its C-terminus preferentially with the GTP-bound form of Rab22B, forms dimers that
normally provide the branching of the actin cytoskeleton, and the linkage of actin fibers to
the plasma membrane. Filamin Β alone was able to block and/or accumulate GFP-SI into
enclosed bodies, suggesting that it functions downstream of Rab22B. We propose a role for
the Rab22B-specific effector molecule in the rearrangement of the actm cytoskeleton to
allow formation of ER-denved perinuclear structures. Alternatively,

Rab22B-mediated

docking complexes at the target membranes may be stabilized by an interaction with
filamin B.
Finally, m Chapter 6 the obtained results from the Rab6 family members are fitted
into a working model of retrograde Golgi transport, with emphasis on Golgi morphology and
correlated with involved cargo molecules and vesicle coat. Furthermore, the interactions
with cytoskeletal-related Rab-specific effector molecules are discussed, and placed in the
context of recent literature data. We speculate that components of the cell cytoskeleton
that interact with specific Rabs determine target membrane specificity and at the same
time specify Rab activity in intracellular transport routes.
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De grote

variëteit

aan vesiculaire transport

routes

die

m cellen

kunnen

worden

onderscheiden zijn noodzakelijk voor de correcte afgifte van cellulaire componenten op de
plaats waar deze hun biologische functie uitoefenen. Dit heeft betrekking op de aflevering
van

nieuw

gesynthetiseerde

eiwitten,

als

hormonen

en

enzymen,

via

de

exocytose/secretoire route, en de opname of endocytose van moleculen, zoals receptoren
en signaal peptides, naar intracellulaire organellen. Tegelijkertijd is dit dynamische proces
essentieel om een balans van lipiden over de verschillende membranen te behouden en de
morfologie van cellen en organellen in stand te houden. Rab eiwitten, een subfamilie van
de Ras superfamilie van kleine GTPases, zijn belangrijke spelers m de regulatie van deze
cellulaire processen. Elk individueel Rab eiwit is betrokken bij de regulatie van een
specifieke transport route (zie Hoofdstuk 1). In dit proefschrift hebben we onderzocht
welke Rab eiwitten mogelijk een rol spelen in de exocytose route die gevolgd wordt door
digestieve enzymen in gepolariseerde intestinale Caco-2 cellen. In het bijzonder waren we
geïnteresseerd hoe dit transport wordt bereikt in relatie tot de moleculaire omgeving van
betrokken Rab eiwitten. Het startpunt was daarom om eerst te kijken naarde verschillende
Rab eiwitten die geexpresseerd worden m Caco-2 cellen, en vervolgens vast te stellen of
en hoe deze eiwitten het transport van cargo langs de exocytose route dirigeren.
In Hoofdstuk 2 zijn we gestart met de karaktensatie van het spectrum aan Rab
eiwitten dat geexpresseerd wordt in gepolariseerde Caco-2 cellen. Dit hebben we bereikt
met

een

RT-PCR

aanpak

gebruikmakend

van

'Rab

specifieke'

gedegenereerde

oligonucleotiden die corresponderen met geconserveerde GTP-bmdende regio's, eiwit
domeinen die aanwezig zijn in familieleden van de Ras superfamilie van kleine GTPases. We
identificeerden vijfentwintig verschillende partiele sequenties waaronder achttien Rab
genen en zes genen die corresponderen met leden behorende tot andere Ras subfamilies.
Zeven sequenties codeerden voor nieuwe humane Rab genen. Gebaseerd op deze nieuwe
sequenties en de kennis van enkele reeds eerder geïdentificeerde Rab eiwitten, besloten we
vier van hen verder te analyseren, dit zijn Rab21, Rab6A', Rab6B, en Rab22B. In dit
hoofdstuk hebben we Rab21 kunnen karakteriseren als zijnde een goede kandidaat met een
functie in een vesiculaire transport route die specifiek is voor gepolariseerde epitheliale
cellen. De volledige cDNA sequentie van Rab21 toonde aan dat het eiwit een buitenbeentje
is onder alle eerder geïdentificeerde

Rabs, door een afwijkende

effector

loop, de

aanwezigheid van een Ras-specifiek aminozuur residu, en een verschillend carboxytermmaal cysteine motief. Met een Northern blot analyse was gevonden dat de transcripten
voor Rab21 in alle geteste cell-typen geexpresseerd worden. Specifieke anti-Rab21
antilichamen
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endoplasmatisch reticulum (ER) membranen m ongepolariseerde cellen. Na polarisatie en
differentiatie

van

de

cellen

vonden

we

het

eiwit

geredistribueerd

naar

een

vesiculair/endosomaalachtig localisatie patroon, hoofdzakelijk georiënteerd m de apicale
regio van cellen. Het eiwit colocaliseert daarin gedeeltelijk met een lysosomale marker. Het
apicale localisatiepatroon van Rab21 werd verder gevonden in coupes van jejunum door
middel van

immunohistochemie.

Hier werden

hoge expressie-niveaus

hoofdzakelijk

gedetecteerd in de epitheliale cellaag van de villi terwijl de stamcellen in de crypten bijna
negatief waren. Een rol voor Rab21 in een apicaal georiënteerde transport route specifiek
voor gepolariseerde intestinale epitheliale cellen wordt gesuggereerd.
In Hoofdstuk 3 focusseerden we ons op de karaktensatie van Rab6A', een eiwit
dat hoge homologie vertoont met Rab6A, een regulator van de vroege exocytotische route
maar m een retrograde richting van het Golgi apparaat naar het ER. Voor Rab familieleden
beschrijven we voor het eerst de identificatie van een zeer homoloog gedupliceerd exon in
een Rab gen dat onuitwisselbaar en constitutief gebruikt wordt, resulterend m de expressie
van twee isovormen

(Rab6A en Rab6A') die onderling

in slechts drie

aminozuren

verschillen. De eiwitten laten gelijke GTP-bmdende eigenschappen zien en een subcellulaire
distributie in het Golgi complex. Vervolgens herhaalden we studies aan Rab6A, dat
mteracteert met specifieke effector moleculen, dit zijn Rabkinesin-6, GAPCenA, en 'cloon 1',
en dat in zijn GTP-gebonden staat Golgi enzymen redistnbueert naar het ER. We kwamen
tot de volgende conclusies 1) De threonine m het RabA-specifieke TV motief is essentieel
voor een interactie met Rabkinesin-6, want de GTP-gebonden vorm van Rab6A', en een
mutant die een alanine op die positie heeft, bond Rabkinesin-6 niet. 2) De Rabkinesin-6
interactie is essentieel voor Rab6A-gemedieerde transport van Golgi enzymen in het ER. 3)
Rab6A' oefent niet dezelfde functie uit m de redistnbutie van Golgi enzymen m het ER,
terwijl het eiwit wel normale secretie van een marker eiwit beïnvloedde. Dus cellen kunnen
hun transport routes organiseren en/of verfijnen door Rab isovormen te expresseren door
middel van alternatief gebruik van exonen, en daarmee vormen met verschillende functies
te introduceren

die interacties aangaan met verschillende sets van effectoren. De

mteractieplaats van Rab6A met Rabkinesin-6 zou mogelijk een regio kunnen aanduiden van
gelijke importantie m de regulatie van transport routes welke gemedieerd worden door
andere Rab familieleden. Als gevolg van de conservering van de Rab6A gen structuur m
muis speculeren we op een biologische functie van Rab6A' m een mogelijke regulatie van
Golgi naar ER transport in een COPI afhankelijke, Rab6A onafhankelijke wijze. Anderzijds
zou activiteit van Rab6A' kunnen divergeren in een later stadium van Rab6A-gemedieerd
membraan verkeer.
In Hoofdstuk 4 bestudeerden we een ander nieuw lid van de Rab6 subfamihe,
Rab6B genaamd. We tonen aan dat dit eiwit een product is van een ander gen, en dat het
afgeschreven wordt op een weefsel- en cel-type specifieke wijze met hoge expressie
niveaus in hersenen en de neuroblastoma cellijn SK-N-SH, en detecteerbare expressie in
hartweefsel en Caco-2 cellen. Polyklonale anti-Rab6B antilichamen waren opgewekt en
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door middel van een pre-adsorptie methode waren we in staat het eiwit specifiek te
localiseren. Rab6B werd gelocahseerd m microglia, pericyten en Purkinje cellen via
immunohistochemie op hersencoupes. Tevens werd endogene expressie aangetoond in SKN-SH cellen waar het eiwit associeert met Golgi membranen en extra-Golgi kleuring geeft
dat colocaliseerde met een marker voor het ER-Golgi intermediaire compartiment (ERGIC).
Overexpressie van verschillend gelabelde vormen van Rab6A and Rab6B resulteerde m een
verschillende distributie van de isovormen over Golgi en ER membranen. Terwijl Rab6A
meer beperkt was tot het Golgi apparaat, het Rab6B een duidelijke locahsatie op ER
membranen zien. Tevens locahseerden beide in perifere ER plaatsen, Er werd aangetoond
dat Rab6B lagere GTP-bmdende activiteiten bezit, wat mogelijk suggereert dat het eiwit
vesiculair transport op een verschillende manier reguleert. Echter, het eiwit mteracteert
met alle bekende Rab6A effector moleculen, inclusief Rabkinesin-6. Alles tezamen heeft de
identificatie van een cel-type specifiek Rab6 subfamihelid de complexiteit van vesiculair
transport m het Golgi complex vergroot. We suggereren dan ook een cel-type specifieke rol
voor Rab6B in Golgi-ER verkeer op een Rab6A moleculaire wijze.
In Hoofdstuk 5 verschaffen we nieuwe inzichten m de manier waarop Rab
eiwitten het transport van carriers zouden kunnen reguleren met de identificatie van een
nieuw Rab effector molecuul. We beschrijven eerst de identificatie van twee leden
behorende tot de Rab22 subfamilie, Rab22A en Rab22B, en de subcellulaire locahsatie van
de laatste. Rab22B laat een endogene expressie zien in het Golgi complex en bij
overexpressie was het eiwit additioneel geassocieerd aan ER membranen. We onderzochten
zijn mogelijke rol in de exocytose route door overexpressie van een GTP-gebonden vorm
m cellen die stabiel 'green-fluorescent protem'-gekoppelde sucrase-isomaltase (GFP-SI)
expresseren. We laten zien dat de actieve mutant met alleen de distributie van een ERGIC
marker

en een ER-resident

eiwit beïnvloedde, maar ook GFP-SI blokkeerde

en/of

accumuleerde m permucleaire structuren welke positief gelabeld waren voor Rab22B en ER
eiwit. Hierop gebaseerd en op zijn locahsatie patroon suggereren we een rol voor Rab22B
in een transport stap vroeg m de biosynthese route.
Een 'two-hybrid' interactie screen met de GTP-gebonden vorm van Rab22B
onthulde een specifieke interactie partner, dit is filamm Β Dit grote actme bindende eiwit,
dat bij voorkeur mteracteert met de GTP-gebonden vorm van Rab22B, vormt dimeren die
normaal gesproken zorgen voor de vertakking van het actme cytoskelet, en de link van
actme fibers met de plasma membraan. Filamme Β alleen was al m staat GFP-SI te
blokkeren en/of op te hopen m gesloten blaasjes, wat suggereert dat het downstream kan
functioneren van Rab22B. We dragen een rol aan voor het Rab22B-specifieke effector
molecuul m de herschikking van het actme cytoskelet om de vorming van ER-afkomstige
permucleaire structuren mogelijk te maken of m de stabilisatie van Rab22B-gemedieerde
docking complexen aan target membranen.
Tenslotte zijn de resultaten over de Rab6 familieleden m Hoofdstuk 6 m een
werkend model over Golgi terugtransport gezet, met nadruk op Golgi morfologie en
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gecorreleerd aan de betrokken eiwitten en coat van blaasjes. Verder worden de interacties
met cytoskelet-gerelateerde Rab-specifieke moleculen bediscussieerd, en geplaatst in de
context van recente literatuurdata. We speculeren dat componenten van het cytoskelet die
specifiek interacteren met Rabs het doelmembraan bepalen en tegelijkertijd Rab activiteit
specificeren in intracellulaire transport routes.
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Stellingen behorende bij het proefschrift
RAB PROTEINS EXPRESSED I N INTESTINAL EPITHELIAL CELLS
-SPECIFIC LINKS TO THE CYTOSKELETON1.

De identificatie en lokalisatie van nieuwe Rab familieleden heeft de complexiteit van
membraan transport op het niveau van het Golgi apparaat verhoogd (dit
proefschrift)

2

Om met de regulatie en complexiteit van transport routes om te kunnen gaan, maakt de
menselijke cel mede gebruik van het mechanisme van alternatieve 'splicing' van Rab
genen waarbij de producten mteracteren met verschillende effectoren (dit
proefschrift).

3.

De blaasjes-achtige structuren die worden waargenomen bij een gemarkeerd Rab eiwit
onder een fluorescentie microscoop kunnen wijzen op Rab membraan domeinen die zich
bevinden op tubulaire structuren (dit proefschrift, Zenal, M. and McBnde, H (2001) Nat
Rev. Mol. Cell S/o/. 2, 107-117)

4.

Slechts wanneer alle leden die behoren tot een bepaalde Rab subgroep m het humane
genoom geïdentificeerd zijn, kan voor elk sublid afzonderlijk de exacte endogene
lokalisatie met specifieke antihchamen worden bepaald (dit
proefschrift).

5.

Interacties tussen specifieke cytoskelet-gerelateerde effector moleculen en Rab eiwitten
zijn met geconserveerd binnen een Rab subgroep (dit
proefschrift).

6.

Het feit dat slechts een vijftal Rab eiwitten essentieel zijn voor de levensvatbaarheid van
gisten maakt het onderzoek naar de functie van evolutionair met geconserveerde Rab
familieleden in de mens juist belangrijker; mede dankzij deze eiwitten onderscheiden wij
ons namelijk van de gist.

7

Hechtende cellen in kweek verhouden zich tot het verkeer; bij een hogere concentratie
neemt de mobiliteit af en het aantal contacten (botsingen) toe.

8.

Onderzoek leidt tot wetenschap, wetenschap is onwetendheid.

9.

De karaktereigenschappen van een kind zijn prenataal aanwezig en worden met bepaald
door de opvoeding, slechts m 'goede' banen geleid

10.

Het krijgen van kinderen tijdens het AlO-schap wordt met algemeen geaccepteerd, echter
deze kortzichtigheid is onacceptabel.

11

De mogelijkheid tot het reserveren van een squashbaan op een woensdagavond is
afhankelijk van het 'belang' van een op die avond op TV uitgezonden voetbalwedstrijd

12. Het maximale aantal NS-reizigers dat m de toekomst haalbaar zou kunnen zijn,
onafhankelijk van het beschikbare materieel en de logistieke problemen, kan geschat
worden aan de hand van de volgende vergelijking: Neem het aantal inwoners van
Nederland en trek daar het aantal oud-NS-reizigers vanaf
13. Voor velen geldt: Kijk eerst naar jezelf, en oordeel daarna nooit meer over een ander.
14. Ieder zijn whisky

