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INTRODUCTION
Eukaryotic cells contain a variety of membranous organelles
such as the Golgi complex and endosomes, which are
organized to allow the flow of molecules to specific regions
within the cell. Well known examples of this targeted flow
include the transport of specific molecules to the apical pole of
epithelial cells, to the axon terminals of neurons, and the transcytosis of immunoglobulins. The generally accepted model of
transport between the different intracellular compartments
maintains that transport is mediated by carrier vesicles, but
recent data show the participation of tubulovesicular structures
in membrane transport, and the assumed discontinuity of some
intracellular compartments has come under considerable
scrutiny. It seems that for different intracellular pathways,
eukaryotic cells use both the vesicular and the tubular (bolus)
means of transport. In this article I will discuss the vesicular
and the tubular models of transport as well as a hypothesis for
the mechanism of action of small GTPases of the rab family
in these movements.
THE VESICULAR MODEL
The current model of transport describes vesicles as the fundamental carrier structures for the movement of elements
between different compartments. Since the vesicular model has
been the working hypothesis, only the more important aspects
will be discused (Jamieson and Palade, 1967; Steinman et al.,
1983; Pfeffer and Rothman, 1987; Rothman and Orci, 1992).
In this model the organelles are physically isolated, a donor
compartment produces vesicles, and these then move towards
the acceptor membrane and fuse with it (Fig. 1A). This model
includes a number of crucial steps that involve complex biological mechanisms, some of which are discussed below.
Sorting: budding vesicles must possess an identity
The specific contents of a vesicle are acquired by a mechanism
that ‘sorts’ vesicle-associated molecules from the enormous
repertoir of proteins present in the donor compartment. Thus,
different proteins must be separated and transported to
different vesicles with different contents and destinations
(sorting), while the resident proteins stay in the donor
organelles (retention). The sorting process can be explained by
the aggregation of soluble species (passive) or by means of
interaction with receptors (active mechanism) (Arvan and
Castle, 1992).

One well studied sorting structure is the trans-Golgi network
(TGN), where some of the various types of vesicles acquire
their identity (secretory granules, constitutive vesicles, etc.)
(Burgess and Kelly, 1987; Hashimoto et al., 1987; Sossin et
al., 1990). One of the best characterized examples of sorting
comes from the study of lysosomal enzymes (Kornfeld and
Mellman, 1989). The sorting signal for these enzymes is a
mannose-6-phosphate motif (Man-6-P). This group is recognized by a membrane associated Man-6-P receptor and the
complex is selected to form the lysosomal enzyme-enriched
vesicles.
This phosphorylation is not the only post-translational modification involved in the sorting mechanism, it also appears that
the amino acid sequence of a protein can provide some of the
sorting information. For example, the KDEL (one letter amino
acid code) and related sequences have been shown to be
important for the retention of luminal proteins in the endoplasmic reticulum (ER) (Munro and Pelham, 1987; Robbi and
Beaufay, 1991). This retention might be mediated by ‘salvage
receptors’ that are apparently integral membrane proteins
(Pelham, 1989; Lewis et al., 1990; Semenza et al., 1990;
Warren, 1990). Another case is illustrated by the Golgi
complex enzymes, β-1,4-galactosyltransferase and α-2,6-sialyltransferase, whose retention signals seem to be mediated by
their cytoplasmic N-terminal and membrane spanning domains
(Munro, 1991; Nilsson et al., 1991; Russo et al., 1992;
Teasdale et al., 1992).
In all these cases of sorting and retention, the cytoplasmic
domain of the receptors must be recognized. Their association
in a restricted zone forms patches or microdomains. The
molecular mechanism of sorting could be the formation of
homomolecular interactions at the level of the receptors themselves or heterocomplexes with coat proteins and adaptors, or
some unknown matrices that separate resident from exported
molecules (Simons and Wandinger-Ness, 1990). Indeed, the
transferrin receptor and the cytoplasmic portion of the Man-6P receptors are recognized by different adaptors that are associated with the clathrin coats (Glickman et al., 1989; Smythe
et al., 1992).
Membrane domains
The sorting problem leads us to a fundamental concept: a
single (continuous) membrane must have regions from which
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vesicles arises from the interactions of specific molecules at
the vesicle surface with microtubules, microtubule-associated
proteins or microfilaments. Thus, cytoskeletal elements could
serve as ‘rails’ for the vesicles, while the energy required for
movement could be furnished by motor proteins. Kinesin is
considered as an anterograde (microtubule plus-end directed)
motor, and dynein as a retrograde (minus-end directed) motor
both of which associate with microtubules and membrane
organelles (Schnapp and Reese, 1989; Schroer et al., 1989;
Scheel and Kreis, 1991). Thus, such anterograde and retrograde motors could underlie the long distance centrifugal and
centripetal transport of vesicles and lysosomes (Matteoni and
Kreis, 1987; Hollenbeck and Swanson, 1990). In the case
where donor and acceptor membranes are close to each other,
these cytoskeletal interactions would not be necessary and the
vesicles could ‘diffuse’ to reach their targets.

Fig. 1. (A) The all-vesicle-mediated intracellular transport model.
All transport between organelles is mediated by vesicles. (B) The
membrane network model. The organelles are actually a
differentiated membrane network. Transport is carried out by the
formation of a moving bolus (enlarged structures inside the tubules
conecting the compartments). The eukaryotic cell may use both
mechanisms, recruiting vesicle mediated transport when
physiological isolation is required (see text and conclusions). n,
nucleus; er, endoplasmic reticulum; cgn, cis-Golgi network
(intermediate/salvage compartment); gc, Golgi cisternae; tgn, transGolgi network; pm, plasma membrane; cp, coated pit; ee, early
endosome; le, late endosome; ly, lysosome. The arrows represent the
vectorial movements.

different vesicles are formed. In other words, one membrane
must present specialized functional and structural domains
composed of different proteins, and eventually lipids, that
allow sorting and recycling of membrane molecules (Klumperman et al., 1993). The membrane domains could be pre-established by protein interactions with matrices or cytoskeletal
elements (Edidin, 1992) or they could be transient structures
formed at the moment of budding (Pearse and Robinson, 1990;
Hopkins, 1992). No theory of membrane physiology can be
proposed without this central concept of membrane heterogeneity, otherwise, to create the molecular and functional
diversity of the organelles, molecules would have to be synthesized at their site of function.
Budding and fission
Coating proteins such as clathrin, Cops, adaptor proteins
(adaptins) and ARFs (ADP-ribosylation factors) are involved
in the formation of macromolecular complexes (Serafini et al.,
1991a,b; Waters et al., 1991). In the case of clathrin, spherical
lattices induce the curvature of membranes in formation of
buds (Pearse and Bretscher, 1981; Pearse and Crowther, 1987;
Lin et al., 1991). Then, for the fission of the vesicle, the energetics of hydrophobic-hydrophilic interactions must be taken
into consideration. The need for ATP and GTP in in vitro
fusion experiments may indicate an important energy source
for fission to occur.
Vesicle movement from one compartment to
another
A number of studies suggest that the directed movement of

Fusion
The putative docking proteins and the cytoskeletal interactions
are important for the directionality of transport. Once the
vesicle is near the acceptor membrane, recognition of proteins
on the surface of the vesicle and the target compartment might
stabilize the membrane interactions for fusion to occur. This
could be done by annexins and fusion machines (Beck et al.,
1992; Creutz, 1992; Sztul et al., 1992; White, 1992; Söllner et
al., 1993). In in vitro systems, pure phospholipid vesicles are
believed to fuse in two steps. The first consists of the formation
of a stable aggregate between membranes, driven by Van der
Waals attraction. The second is probably the elimination of
water, which would allow the hydrophobic contact and
merging of the membranes. Removing the water from the polar
heads of lipids is energetically costly. However, in some
instances, lipid vesicles can fuse in vitro without the consumption of metabolic energy. In biological membranes the
interaction of proteins could obviate this dehydration step, and
the energy could be furnished by GTPases and ATPases to
open a pore in the supposed docking/fusion complex (Monck
and Fernandez, 1992; Curran et al., 1993).
THE NATURE OF VESICLES
In the vesicular model (Fig. 1A), vesicles are the central
structure of intracellular transport. This model is mainly
supported by electron microscopy studies that show vesicular
structures in the cytoplasm, by the purification of transport
vesicles and secretory granules, and by in vitro transport
systems that have been used to characterize different transport
pathways. In these in vitro systems, vesicles could even be
purified (De Curtis and Simons, 1989; Malhotra et al., 1989).
Microscopy
Electron microscopy studies have revealed numerous vesicular
elements in the cytoplasm of eukaryotic cells. However, a
number of authors, have argued that many of the ‘vesicles’ in
electron micrographs result from the section of tubular compartments such as endoplasmic reticulum, Golgi and
endosomes, which were supposed to be continuous when seen
in thick sections (Palade and Porter, 1954; Rambourg et al.,
1979; Saraste and Kuismanen, 1984). To examine this directly,
serial section reconstruction has been used to determine if a
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‘vesicle’ is a part of a tubular structure or if it exists as a
separate unit. The thickness of the sections used in electron
microscopy is an important factor for the interpretation of
serial sectioning. The conclusion of these experiments is that
the cytoplasm contains cisterna and tubules, as well as vesicles
(Frokjaer-Jensen, 1980; Clough and Michel, 1981; Bundgaard
et al., 1983). In some cases, the ‘vesicles’ can be the result of
breakdown of thin membranes during various treatments and
fixation making it difficult to measure the real number of
vesicles in a cell and in general they are overestimated.
Cryosectioning is another electron microscope technique that
has the advantage of being very fast, avoids fixative treatment
and has been shown to be very useful in studying the structure
of organelles and of secretory vesicles and their putative pores.
Transport in vitro
Cell-free systems have been used to dissect transport mechanisms (Davis and Lazarus, 1976; Fries and Rothman, 1980;
Balch et al., 1984; Gruenberg and Howell, 1989; Tooze and
Huttner, 1990; Rexach and Schekman, 1991; Schwaninger et
al., 1991). Some systems use semi-intact permeabilized cells
to gain access to the transport machinery, while others use the
membranes issued from one donor compartment that are mixed
with membranes from an acceptor compartment. The transport
is usually measured by means of the enzymatic modification
of one protein when it reaches the lumen of the acceptor compartment or by detection of the formation of protein complexes
(Gruenberg et al., 1989; Wessling-Resnick and Braell, 1990;
Gorvel et al., 1991). These in vitro systems were used to characterize the action of drugs and the different factors involved
in transport and exocytosis such as GTP, Ca2+, ATP and some
cytosolic and membrane-associated proteins (Stutchfield and
Cockcroft, 1988; Beckers and Balch, 1989; Beckers et al.,
1989; Nadin et al., 1989; Pfanner et al., 1990; Wattenberg et
al., 1990; Hiebsch et al., 1991). In all these in vitro experiments, the budding of the putative transport vesicles was found
to require ATP and a mixture of proteins from the cytosol. ATP
can even induce budding on the nuclear envelope, suggesting
a new vesicular transport pathway between the nuclear
membrane and other organelles (Hellgren and Morré, 1992;
Morré et al., 1992), but at the same time the in vitro ATPinduced vesiculation must be taken into consideration.
Likely candidates for some of the specific proteins involved
in fusion come from studies using peptides corresponding to
different regions of rab and ARF proteins (small GTPases) or
antibodies against many different proteins that partially or
completely inhibit transport. The interpretation of in vitro
experiments suggest that YPT1, NSF (N-ethylmaleimidesensitive fusion protein), the NSF attachment proteins
(SNAPs) and their receptors (SNAREs), form part of a docking
or fusion complex between donor and acceptor compartments.
It is quite possible that these proteins are members of a
fusogenic complex (Segev, 1991; Balch et al., 1992; Wilson et
al., 1992; Söllner et al., 1993).
The interpretations of in vitro experiments have been built
upon the vesicular model, but they could also be interpreted in
the context of tubular structure fusion, which occurs in the
Golgi or endosomes in vivo in fused cells (Mellman and
Simons, 1992). As I previously stated, the purification of in
vitro vesicles is an argument to support their presence in living
cells. This however was critizised by Morré et al. (1993) who
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proposed that in contrast with transition vesicles, clathrin
coated vesicles or secretory vesicles, the buds of the intraGolgi
apparatus are always associated with the isolated Golgi stacks,
even under conditions optimized for interGolgi transfer, and
they require harsh extraction methods for their preparation.
This point of view was confirmed by experiments in which
GTPγS uncoating reaction is accompanied with the formation
of vesicles always attached to the cisternae (Weidman et al.,
1993). Whether these in vitro vesicles are completely or
partialy representative of in vivo phenomena, these systems are
very useful to detect interactions between proteins (Balch,
1989; Wattenberg, 1990; D’Enfert et al., 1991a,b; Oka et al.,
1991). As we shall see, some of these proteins could participate in the formation of protein complexes involved in the
transport of a ‘bolus’ within tubular membrane structures.
TUBULAR STRUCTURES AND TRANSPORT
In addition to its role in supporting the vesicular model, the
electron microscope has been used to reveal the existence of
tubular structures in many different eukaryotic cells. The continuity of membrane structures such as the nuclear envelope
and the ER, the ER and the dyctiosomes or the annulate
lamellae is well known (Watson, 1955; Maul, 1970; Sitia and
Meldolesi, 1992). The isolation of the stacks of the Golgi
complex and the isolation of the Golgi from the ER and other
organelles is becoming controversial (Novikoff and Novikoff,
1977; Broadwell and Cataldo, 1983; Rogalski et al., 1984;
Cooper et al., 1990; Mellman and Simons, 1992; Rambourg et
al., 1992; Clermont et al., 1993; Morré et al., 1993), and many
groups have found tubular organelles associated with
endocytic and exocytic pathways (McDowall et al., 1989;
Rabinowitz et al., 1992). This data opens the possibility that in
some of the intracellular transport pathways, movement is
effected in tubular structures rather than by vesicles.
Moreover, cases exist in which the vesicular model has some
difficulties in accounting for observed phenomena. During the
exocytosis of neutrophil cells, alkaline phosphatase-positive
rod-like elements fuse to form very long and large tubular
secretory organelles, which associate with the plasma
membrane (Kobayashi and Robinson, 1991). In these experiments, it was not possible to determine if the rod-like vesicles
were actually the result of a tandem fusion of vesicular
elements as a compound exocytosis, or if they were connected
by thin fragile tubules susceptible to breakdown before the
secretory stimulus. The presence of these tubules only after
exocytosis may also be explained by their becoming enlarged
(see below), and more resistant to fixative stress at the moment
of exocytosis. Heuser (1989) showed reversible movements of
tubular lysosomes depending on cytoplasmic pH, but he also
observed tubular lysosomes in low-pH-treated cells and some
in non-treated (neutral pH) cells. Similar results and the
presence of tubular structures in lysosomes and late endosomes
have been found in other experiments with epithelial cells,
neurons and macrophages (Swanson et al., 1987; Parton et al.,
1991).
It is true that tubular structures seen in these experiments
could be interpreted as the result of fast fusion of vesicles or
other membrane elements. However besides these static visualizations, Hopkins et al. (1990), published one of the most
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striking works to support tubular (bolus)-mediated transport in
living cells. They observed an endosomal reticulum composed
of tubular cisternae in which an endocytosed fluorescent
marker revealed the presence of a bolus moving within a
network of tubules. This work is particularly interesting
because it eliminates possible membrane breakdown artifacts
that can occur during fixation. In addition, the authors remark
that fine tubules were very suceptible to breakdown (when
exposed to UV, pH changes and ‘low’ temperatures (20°C)).
This observation questions the vesicular nature of endosomal
traffic.
Brefeldin A
Drugs that alter membrane traffic are useful for dissecting
transport processes. Brefeldin A (BFA) inhibits the association
of coating proteins (β-Cop, ARF and γ-adaptin) with
membranes (Donaldson et al., 1990, 1991; Pelham, 1991;
Narula et al., 1992; Robinson and Kreis, 1992; Wong and
Brodsky, 1992). BFA is able to alter different transport steps
with the concommitant visualization of large tubular connections between different organelles (Lippincott-Schwartz et al.,
1990; Hunziker et al., 1991; Wood et al., 1991; Tooze and
Hollinshead, 1992). It was proposed that the uncoating caused
by BFA inhibits the fission of a budding vesicle, provoking the
extension of the bud, which fuses with the target compartment,
making a tubular connection and facilitating mixture of the
contents of the two compartments (Pelham, 1991; Klausner et
al., 1992). The essential contradiction within this hypothesis is
that we need to assume that membranes are competent to bud
without any coat protein assembly (perhaps the only physiologically relevant effect of BFA), and in the classical view, the
coating is necessary for budding. Another posibility is that
BFA inhibits transport precisely by the uncoating of preexisting tubular connections, deregulating membrane traffic
(see next sections). In fact, in the lysosomes, in which tubular
structures are frequently seen (Heuser, 1989), BFA induces
their ‘formation’, but when the drug is washed out, the ‘new’
tubules stay for long periods of time compared to other systems
in which the reversibility of BFA effects is very fast (Lippincott-Schwartz et al., 1991). As we will see later, the enlargement of the proposed pre-existing tubular connections could be
achieved by the action of BFA on coating proteins and their
associated complexes. More recently Cluett et al. (1993) have
demonstrated tubulation of Golgi cisternae by decreasing ATP
levels in vivo and in vitro in conditions in which vesicle
formation is also diminished.
Cell fusion experiments
One argument that favors the vesicular model occurs in fused
cells. In these cells proteins can be transferred from one Golgi
stack of one parental cell to the Golgi stack of a second cell,
supporting that this requires the participation of vesicles
(Rothman et al., 1984). This line of reasoning has recently been
challenged (Mellman and Simons, 1992; Morré et al., 1993).
Moreover, in cell fusion experiments with heterokaryons,
transport from the ER to the Golgi is preferentially homologous rather than heterologous, implying that any vesicles
involved in this step are not ‘free’ to diffuse in the cytoplasm
(Valtersson et al., 1990). Supporting this view, De Curtis and
Simons (1989) using an experimental system designed to

isolate post-Golgi vesicles, could not find evidence for the
release of transport vesicles derived from ‘upstream’ compartments such as the ER or intraGolgi. Therefore, either ER to
Golgi transport vesicles are so close to their targets that they
cannot diffuse, or these earlier transport steps are mediated by
tubular networks.
In other studies in which soluble and resident proteins from
the prelysosomal compartments of different parental cells were
mixed, the organelles fused suggesting an affinity mediated
perhaps by macromolecular complexes without the need for
vesicular formation. The organelle resident proteins (that are
apparently never found in vesicles) of the rat and mouse donor
compartments (prelysosomes), are intermixed (Deng et al.,
1991). In the vesicular model, these proteins are excluded from
vesicles (retained) so they could not mix. Thus, in this case at
least, the intermixing of the prelysosomal compartment is
mediated by a pathway different from that suggested by the
vesicular mechanism.
In conclusion, all those experiments did show tubular
networks and cisternae in some endo and exocytic pathways,
so the present models and the interpretations of transport
experiments must account for these structures.
THE MEMBRANE NETWORK MODEL
An alternative transport model proposes the existence of a
unique membrane network as shown in Fig. 1B, where the
classic vesicles in Fig. 1A become a moving bolus within
tubular membrane networks. Obviously, this is an exageration,
and it is very probable that the cell uses vesicles as carriers in
some pathways, but tubular transport is apparently also
important in others. These latter cases (Hopkins et al., 1990),
can be explained, so let us now consider the steps and the interpretation of available data.
Heterogeneity of membrane networks
We need to explain a regionalization of the membrane with
segregation of proteins in different domains to form structural
and functional heterogeneities (Sitia and Meldolesi, 1992).
This point is not difficult to support if we accept the concept
of membrane domains exactly as is expected for the sorting
organelles like the TGN, the CGN (cis-Golgi network) and the
endosomes in the vesicular model. This regional specialization
can be explained in both models by interactions between
different membrane proteins (coating proteins and adaptins) to
separate retained from exported proteins.
The model
This model is essentially based on microscopical evidence of
tubular structures, the effects of BFA, and the organelle
behaviour in fused cells and endosomal traffic experiments
demonstrated by Hopkins et al. (1990). We need to explain
how the movement of membranes could be accomplished in
membrane networks connecting functionally differentiated
compartments. Fig. 2 illustrates how molecules can be moved
in a continuous tubular structure. The closed tubule is enlarged
forming a bolus of material by ‘budding’. In fact, the
mechanism of an enlarging tubule could be homologous to the
mechanism proposed for a budding vesicle. Then the bolus
translocates throughout the tubular membrane by the deforma-
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Fig. 2. Transport and recycling in the tubular
network model. (A) The forming bolus could be
explained by the same mechanism proposed for
the budding vesicle. The coating proteins and
adaptins may be involved in the curving of the
membrane and in active sorting. (B) Once the
bolus is formed, the proteins associated with
membrane receptors and intrinsic membrane
proteins can move given the fluidity of the lipid
bilayer. The front and the rear of the bolus can
open and close due to the formation and
dissociation of molecular complexes (see Fig.
3). The bolus is isolated in this way precluding
backward flow, difussion and the mixing of
proteins in the connected compartments. The
movement can be eventually assisted by motor
proteins in association with the cytoskeleton. (C) The release of the contents of the bolus is a consequence of the mechanism shown in (B). The
recycling of proteins could be achieved by backward movement of free receptors in a ‘return tubular pathway’.

tion of the tubular wall creating a sort of wave that produces
the flow (see Fig. 3).
The model can explain the bulk flow in the ER. This
movement could be achieved by the formation of a bolus that
directs the flow towards the Golgi region, like a ‘peristaltic
pump’. The vesicular aspect of the ER in optical microscopy
could be due to the formation of boli, intervening in the
transport to the Golgi complex. This mechanism could also
explain the unknown bulk flow ‘forces’ and the sliding of
bolus-like structures in the ER in characean algal cells (Kachar
and Reese, 1988).
The steps and the requirements of the model are presented
in the following paragraphs. It must be noted that many
proteins and molecular interactions are essentially the same as
those in the vesicular model, but it is simpler in the sense that
the transport events do not require separate steps of fission and
fusion.
Retention, sorting and flow rate
The selective mechanisms of molecular recognition of luminal
proteins and retained receptors are the same as those proposed
in the vesicular model. Coating proteins and adaptors could be
involved in the formation of a ‘budding’ bolus, enriched in particular kinds of proteins.
Different membrane and secretory proteins exit the ER at
distinct rates. Lodish et al. (1983) favored a model of proteins
moving fast with the aid of receptors, and proteins moving
slowly by bulk flow. A more plausible idea has been proposed
by Pfeffer and Rothman (1987), which suggests that membrane
association must retard the flux of proteins and the luminal
elements migrate faster. This differential rate of export of
proteins is explained in the bolus model due to the peristaltic
pump-like movement. The created ‘wave’ makes the
membrane-associated molecules move forward more slowly
than the soluble material because the tubular movement is due
to a change in the topology of the membrane (Fig. 2). The
soluble proteins could be pushed by the bulk flow faster than
some membrane intrinsic proteins that will form a part of an

Fig. 3. GTP-binding proteins in tubular transport. The effectors of
rab proteins could play a role in the formation and the dissociation of
macromolecular complexes (coats) that change the topology of the
membrane and in consequence effect the translocation of the bolus in
the tubule (o-Macromolecular complexes).

‘immobile phase’, the movement of which depends mostly on
the fluidity of the lipid bilayer. This mechanism could be the
explanation of the serum albumin concentration in the ER
during bulk flow (Mizuno and Singer, 1993). The retrograde
transport observed in the intermediate compartment between
the Golgi complex and the ER, and the recycling of proteins
in general could be explained in the same way (Fig. 2C) (Lippincott-Schwartz et al., 1990; Saraste and Kuismanen, 1992).
Directionality
The membrane movements are directed towards a definite destination. In the vesicular model, the postulated docking and targetting molecules assure this specificity. This is not necessary
in the tubular model, even if two compartments are connected
by a tube, the tube is closed and bolus formation is achieved
only in one of the compartments (Fig. 2). The cytoskeleton
must be very important in the organization and distribution of
the membrane organelles as is the case for the Golgi apparatus
and lysosomes. The directionality of flow is then assured by
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the open/close mechanism. The closed tube in the rear of the
bolus blocks both backward movement of soluble material and
the mixing of the resident proteins of the donor and acceptor
compartments. Only when we eliminate coating with BFA can
we obtain the uncoating and opening of the tube and get mixing
of the proteins of different compartments.
Recycling
The rate of endocytosis in different cells, as measured by
pinocytosis, is variable (Steinman et al., 1983), but apparently
a cell can internalize the equivalent of its cell surface in 0.5 to
2 hours. The measurements of bulk flow show that half of the
phospholipids could leave the ER for the Golgi, two organelles
with a very different surface area, in just 10 minutes (Wieland
et al., 1987). This problem raises several questions regarding
the recycling of membranes in exo and endocytotic processes.
A cell cannot metabolize or resynthesize the membrane in such
a short time, therefore, some type of recycling must be considered. As shown in Fig. 2 resident proteins and lipids would
not be able to move out of the organelle because of some
exclusion of the complex forming the bolus and/or by the
attachment to the cytoskeleton or matrices. In fact, the lipidic
matrix is more stationary than the soluble luminal portion of
the bolus, and demands much less recycling than in the
vesicular model. However, the recycling of other proteins and
lipids (Koval and Pagano, 1989), could be achieved by flow in
a retrograde pathway.
Macromolecular complexes
The importance of the multimeric complexes in membrane
transport is becoming more clear as proteins such as the
coatomers, clathrin, ARFs, and caveoline (Rothberg et al.,
1992; Palmer et al., 1993) are shown to be involved in
reversible processes of coating. Other macromolecular
complexes may also participate in the stabilization and fusion
of cisternae (Söllner et al., 1993). Most of the molecules
involved in transport characterized to date are issued from in
vitro transport systems, and some of them participate in
vesicular fusion as is apparently the case for NSF, SNAPs and
SNAREs. Others, such as rabs, are of unknown function.
THE MECHANISM OF TRANSPORT AND THE GTPBINDING PROTEINS
GTP-binding proteins are involved in intracellular transport
and secretion in different eukaryotes (Salminen and Novick,
1987; Goud et al., 1988; Bacon et al., 1989; Balch, 1990;
Schwaninger et al., 1992; Taylor et al., 1992; Palme et al.,
1993; Pimplikar and Simons, 1993). GTP hydrolysis seems to
be necessary for transport in exocytic and endocytic pathways,
since the non-hydrolyzable GTP analogue GTPγS inhibits
transport at different steps of membrane traffic, vesicle
uncoating, fusion, targeting and translocation (Melançon et al.,
1987; Tooze et al., 1990). The action of GTP in transport in
vivo and in vitro is sometimes mimicked by the AlF4−,
implying the action of trimeric GTP-binding proteins (Barr et
al., 1991; Bomsel and Mostov, 1992; Leyte et al., 1992).
Indeed, a trimeric GTP-binding protein appears to regulate the
attachment of βCop to the Golgi membranes, and thus antagonizes the effect of BFA (Ktistakis et al., 1992). Another set

of GTP-binding proteins, the rab proteins, are localized in
various membranous compartments. Rab4, rab5, rab7 and rab9
are associated with the endosomal compartments (Chavrier et
al., 1990; Van der Sluijs et al., 1991; Lombardi et al., 1993).
rab6 is present on the Golgi medial cisternae and the TGN
(Goud et al., 1990; Antony et al., 1992), rab3 is primarily associated with synaptic vesicles and secretory granules (Darchen
et al., 1990; Fischer von Mollard et al., 1990) and rab1 and
rab2 are observed in the ER-Golgi region (Segev et al., 1988;
Chavrier et al., 1990). Their presence in different compartments implicated in transport, coupled with genetic and in vitro
transport data, strongly suggest that rab proteins play a fundamental role in membrane transport.
Various models of GTP-binding protein activity have been
published by different authors (Bourne, 1988; Knight et al.,
1989; Bourne et al., 1990; Goud and McCaffrey, 1991). The
models must include the participation of different regulatory
or effector proteins that interact with rabs such as the GTPase
activating proteins (GAPs) (Burstein et al., 1991), GDP dissociation stimulators (GDS) also named guanine nucleotide
releasing factors (GRFs) (Burstein and Macara, 1992; Moya et
al., 1993) and GDP dissociation inhibitors (GDIs) (Sasaki et
al., 1991). These proteins are believed to regulate the activeinactive conformational states of rabs and, at least for rab3
GDI, the cycling of the protein between membranes and
cytoplasm (Araki et al., 1990; Fischer von Mollard et al., 1991;
Regazzi et al., 1992).
The current model of rab protein function has been
developed on the basis of the vesicular transport hypothesis.
Briefly, it has been proposed that the GTP-binding protein
associates with membranes and that GTP hydrolysis induces
conformational changes in the protein involved in the signaling
for vesicle budding, targeting (docking) or the fusion of the
vesicle with the target membrane due to the interactions with
effector proteins (Bourne, 1988; Goud and McCaffrey, 1991).
Recently, rab3A was found to be associated with a synaptotagmin-like protein (Shirataki et al., 1992, 1993). The synaptotagmin in synaptic vesicles binds to membrane phospholipids
and is supposed to participate in membrane fusion (Bommert
et al., 1993). However, the nature and the precise role of
effector proteins remains unknown.
GTP-binding proteins and the membrane network
model
In both the vesicular and the network models a deformation of
the membrane gives rise to a bud or a bolus. As discussed
above, this most likely involves coating proteins. The inhibition of transport in vitro by GTPγS that leads to an accumulation of coated vesicles (Melançon et al., 1987), suggests a role
of GTP-binding proteins in the coating-uncoating process. Furthermore, it has been shown that mastoparan and the βγ
subunits of trimeric GTP-binding proteins inhibit the effect of
GTPγS in an in vitro transport system (Colombo et al., 1992).
In the tubular transport model one important step is the
formation of a ‘wave’ that ‘pushes’ and/or ‘pulls’, in order to
‘open’ and/or ‘close’ the tubule and to allow the bolus to pass
trough the tubule. This mechanism could be accomplished in
part by GTP-binding proteins, which, acting in concert with
other proteins to form coating complexes could allow changes
in the topological characteristics of the membrane. For
example, one candidate could be the small GTP-binding
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protein SAR1p that, in S. cerevisiae, interacts with SEC12 on
the cytoplasmic face of the ER membrane to form complexes
probably involved in ‘budding’ (D’Enfert et al., 1991a,b;
Barlowe et al., 1993). Once the ‘budding’ is achieved, the
interaction of the membrane with kinesin or dynein-like
proteins or directly with actin filaments (Kachar and Reese,
1988) would result in energy-dependent vectorial movement
(Fig. 2). As mentioned above, the fact that the BFA-induced
tubulation and its effects on localization of adaptin-like
molecules are blocked by pretreatment with GTP analogs could
be explained by supposing that GTPases regulate the coating
proteins in determining the thickness of tubules, and that their
deregulation can produce large visible tubules more resistant
to histochemical treatments.
Are GTP-binding proteins involved in the formation
of macromolecular complexes?
As stated above, experiments with in vitro transport systems
showed that GTPγS induces the accumulation of coated
vesicles derived from Golgi stacks probably by the inhibition
of the uncoating process. Other experiments showed that the
preincubation of GTPγS in vitro, blocks the BFA-induced dissociation of β-Cop (Orci et al., 1991). The GTP-binding
protein ARF is involved in the association of the coatomer
complexes (Serafini et al., 1991a; Donaldson et al., 1992a,b;
Helms and Rothman, 1992), and is associated with clathrincoated vesicles (Lenhard et al., 1992). It seems that, not only
can monomeric GTP-binding proteins participate in the
formation of these coating complexes but also trimeric GTPbinding proteins seem to modulate the association of ARF and
β-Cop to the Golgi (Donaldson et al., 1991).
One problem with the vesicular model is that YPT1 and rab1
appear to participate in budding, or in transport or even in
fusion of vesicles in in vitro experiments (Plutner et al., 1991;
Segev, 1991). These results seem paradoxical if these steps
were so discrete, differentiated and specific as required by the
vesicular hypothesis. Recently, it has been shown that different
chimeric proteins containing different domains of SEC4 and
YPT1 (yeast rab1), are able to complement SEC4 and YPT1
mutations, stating that the rabs are not acting as molecular tags
to specify the acceptor compartment of a given vesicle
(Brenwald and Novick, 1993; Dunn et al., 1993). This diversity
of functions could be reflected in the diversity of this superfamily of proteins and even the various isoforms of individual
proteins (rab1A, rab1B etc.). Another explanation is that in the
case of tubular transport, the budding, transport, docking, and
fusion could be seen just as different ‘in-time-steps’ of a
moving bolus in which rab1 participates.
The specific role of rab proteins in transport steps is
unknown. We can postulate that they could regulate the
formation and dissociation of macromolecular complexes in
the leading edge of the enlarging bolus or the constricting back
of the tube in order to effect the movement of the bolus (Fig.
3). In both cases, a continuous change in the membrane
topology provokes the ‘wave’ that translocates the bolus. In
support of this hypothesis, it is interesting that the rab proteins
are found associated with membranes and in the cytoplasm
(Araki et al., 1990; Fischer von Mollard et al., 1991). It is
believed that during their physiological function they are
recycled between these two pools, as is the case for coating
proteins. In this case we can predict that the rab effectors are
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some kind of coating molecules. Indeed, Weidman et al. (1993)
found an increased abundance of tubules on primed versus
unprimed Golgi membranes. These tubules are covered by a
protein coat of unknown composition, but the authors suggest
that it is different from clathrin, caveolin or coatomer coats.
They may be formed by the tubulation factors suggested by
Cluett et al. (1993).
EVOLUTIONARY CONSIDERATIONS
Resolving the question of the origin of internal membranes
may help us to understand the mechanism of intracellular
transport. The origin of mitochondria and chloroplasts is
probably found in endosymbiotic processes. This is strongly
supported by genetic studies and sequencing data. These
organelles are apparently completely isolated from the general
membrane transport pathways. However, given the different
origin of chloroplasts and mitochondria from the Golgi, ER,
lysosomes and the other internal membranes this is not so surprising. These latter organelles are likely to have arisen as a
result of an invagination of the plasma membrane. The increase
in the volume of the protoeukaryotic cells allowed the invagination of membranes in order to maintain a physiological
volume-to-surface ratio. This may have led to the specialization of the internalized membranes to regulate communication
with the environment. If this is the case, at least in the first
stages of the protoeukaryotic life, the membranes could have
been interconnected and probably attached to the plasma
membrane in a similar way to the tubular model represented in
Fig. 1B. Later, the differentiation of functions has led to a separation of some membranes of the network, like the plasma
membrane, to assure isolation from the environment and from
some agressive compartments such as the low pH and proteaseenriched lysosomes and others like the stockage specialized
compartments (Ca2+, vacuoles etc.). Evolution could have lead
to the utilisation of different mechanisms of transport in
different cases: in some steps vesicles may have been selected,
whereas in others the bolus may be more efficient. However,
the mechanisms and the intervening molecules may be very
similar.
CONCLUSIONS
(1) Vesicles are considered as the general vehicles for intracellular transport but recent data show the existence of tubular
transport in living cells in steps that were thought to be
mediated by vesicles (i.e. the endocytic pathway). Moreover,
tubular structures are shown to be associated with the exocytic
and endocytic pathways.
(2) The tubular and vesicular models discussed above have
their advantages and weaknesses. The tubular network model
is mainly supported by: (a) electron microscopy evidence; (b)
BFA effects; (c) heterocaryon cell fusion experiments; and (d)
the observed bolus movement in living cells in the endocytic
pathway. Even if it is not possible to account for all transport
events via a single membrane, tubular networks are becoming
more evident and deserve more attention. It is possible that
both mechanisms take place in the cell and that some isolated
organelles need to communicate through vesicles e.g. the
plasma membrane, storage compartments such as secretory
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granules, vacuoles or the enzyme aggressive lysosomes. Other
traffic pathways are probably mediated by means of a bolus in
tubular conections as is apparently the case for early to late
endosomes and Golgi to ER retrograde transport.
(3) GTP-binding proteins are localized in almost all
membranes inside the cell. The proposed interactions of rab
proteins with their regulators in this article, are the same as
those proposed by other authors, but their action is not only
envisaged in terms of fission, budding or transport of vesicles
but also for tubular transport. Rab proteins and other GTPbinding proteins could participate in the transport processes by
regulating the association of protein complexes that produce
changes in the topology of membranes either in vesicular or in
bolus movements.
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