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Abstract. Membrane fission is essential in various intra-
cellular dissociative transport steps. The molecular mech-
anisms by which endocytic vesicles detach from the
plasma membrane are being rapidly elucidated. Much
less is known about the fission mechanisms operating at
Golgi tubular networks; these include the Golgi transport

and sorting stations, the trans-Golgi and cis-Golgi net-
works, where the geometry and physical properties of the
membranes differ from those at the cell surface. Here we
discuss the lipid and protein machineries that have so far
been related to the fission process, with emphasis on
those acting in the Golgi complex.
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Introduction

Intracellular membrane traffic is a highly dynamic
process based on the structural and functional interac-
tions among membrane lipids and proteins. It includes,
for example, the secretory pathway starting from the en-
doplasmic reticulum (ER) towards the Golgi complex,
from which transport intermediates pinch off and move to
the plasma membrane (or other destinations), where they
fuse and release their cargo. Similarly, endocytosis re-
quires the formation and detachment of endocytic vesi-
cles at the plasma membrane; these then move towards,
and merge with, intracellular membranes. The ability of
biological membranes to give rise to transport intermedi-
ates through the pinching-off (fission) and then merging
(fusion) mechanisms in a controlled, spatially defined
manner is thus essential for cell function, and its under-
standing is central to cell biology. Indeed, this ‘rearrange-
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ment’ of cellular membranes is not only important in
endo- and exocytosis, but is also crucial in processes such
as cell division, neurotransmission and fertilization.

In recent years, the work of several laboratories has led to
the identification of fusion- and fission-inducing proteins
(see below); however, full comprehension of the lipid-
protein dynamics in these processes remains far from
complete. In the following, we will focus on the fission
machineries that have been proposed to act at the Golgi
membranes. We refer readers to recent reviews for other
aspects of membrane traffic, such as fission in endocyto-
sis [1] and membrane fusion [2—4].

Membrane fission

Membrane fission and fusion share some common fea-
tures: both processes require close contact between lipid
bilayers and the merging of leaflets from the bilayers, an
energetically unfavourable process. This is accompanied
by an extreme, localized membrane curvature (preceding
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fusion or fission) that may be facilitated by specific
bilayer lipid compositions [5]. Despite these similarities,
the fission process is much less understood than fusion.
This is probably due in part to the fact that in viral-
induced membrane fusion, the fusogenic proteins have
been identified and have served as a model to delineate
the general principles of fusion [3]. Moreover, the possi-
bility of inducing the fusion of model membranes has
generated theoretical studies of the involved bilayer
rearrangements [6, 7]. This does not apply to fission.
However, the recent identification of proteins and lipids
(see below) with putative roles in membrane fission has
called attention to this process and generated experimen-
tal and theoretical studies [5, 8, 9]. These studies show
that several, apparently independent, protein (and lipid)
machineries may play a role in fission (see below).
This is at variance with fusion, where only one type of
protein machinery (including the SNARE proteins) me-
diates the process [2, 10], with the possible exception of
mitochondria [11]. Another potential important differ-
ence is that ‘lipid metabolism machines’ (see below)
have been implicated in membrane fission but not, so far,
in fusion.

The Golgi complex

The Golgi complex is composed of flat cisternae piled up
into stacks, and of tubular-reticular networks (fig. 1 A).
The latter constituents comprise, in turn, the transport
and sorting stations, the trans-Golgi network (TGN) and
the cis-Golgi network (CGN), and the reticular non-com-
pact zones interconnecting adjacent stacks [12]. Golgi
tubules are dynamic structures that are known to play a
role in trafficking. They have been observed by green-
fluorescence protein (GFP)-based video microscopy to
emanate from the Golgi mass, to retract, or to detach and
move away rapidly [13, 14]. Trans-Golgi tubules detach-
ing from the TGN act as transport intermediates in con-
stitutive traffic to the plasma membrane [15—17], and cis
tubules have been proposed to play a similar role in recy-
cling proteins and lipids from the Golgi to the ER [13,
18]. The function of the inter-stack networks is less clear;
they have been proposed to be involved in intra-Golgi
transport [19, 20].

Only recently have several studies started to elucidate the
molecular mechanisms underlying the dynamics of Golgi
tubular networks. Golgi tubules can be schematically
viewed as resulting from the interplay between the
processes of tubule formation/elongation and fission (fig.
1 B). The elongation of Golgi tubules may involve the ac-
tivity of a phospholipase A, (PLA,) [21, 22]. In the case
of fission, a number of different biochemical pathways
have been proposed to play a role: CtBP3/BARS [23],
PLD [24, 25], protein kinase C (PKC)/protein kinase D

Golgi membrane fission

budding/elongation  constriction

Figure 1. (4) Golgi complex structure. Electron micrograph of the
Golgi complex from NRK cells stably transfected with a sialyl-
transferase-horseradish peroxidase fusion protein. The cis side of
the Golgi is recognizable by the presence of fenestrated cisternae,
whereas the trans side of the Golgi is labelled with horseradish per-
oxidase. Magnification x 20,000. (B) Schematic representation of
the steps leading to the formation of transport intermediates from
the Golgi complex. Buds are generated from flat membranes, which
can then elongate into tubules, and subsequently undergo constric-
tion and fission. See text for details.

(PKD) [26, 27], and phosphatidylinositol (PI) transfer
protein (PITP) [28]. Moreover, recent evidence suggests
that specific isoforms of dynamin and endophilin might
also be localized in the Golgi, and could therefore have
roles in membrane fission [29, 30]. Whether these vari-
ous proteins might act in different Golgi stations, or op-
erate in a coordinated manner, is still a completely open
question. Instead, as will be detailed below, a common
feature is that all these proteins require lipids for their ac-
tivity, which would thus delineate the need for a lipid ma-
chinery operating at the Golgi that is possibly driven by
specific protein complexes.
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The role of lipids in secretory transport

Besides being structural components of the membrane bi-
layer, lipids are signalling molecules and protein cofac-
tors whose actions are exerted in different cell compart-
ments. In the secretory pathway, phospholipids that are
mostly synthesized at the ER are transported to their final
destinations via the Golgi complex [31-33]. The lipid
composition of cell membranes is not homogeneous, and
thus a gradient of bilayer thickness is generated along the
secretory pathway due to an increase in the concentra-
tions of sphingomyelin and cholesterol from the ER to the
plasma membrane, where microdomains enriched in
these two lipids are found [34]. These differences in lipid
composition can affect the shape and geometry of the bi-
layer, important features for protein segregation and sort-
ing, as well as for membrane fusion and fission [5, 35].
Moreover, the bilayer is characterized by an asymmetry
in lipid composition between the internal and external
leaflets that can also play a role in bending, fusion and
fission.

Biological lipids can be classified on the basis of their
molecular shapes and structures in an aqueous environ-
ment: cylindrical [or bilayer-preferring; phosphatidyl-
choline (PC) or other phospholipids], conical [or type II;
diacylglycerol (DAG), cholesterol] or inverted cones (or
type I; lysophospholipids) (see fig. 2A). Membrane
bending can be influenced by the relative abundance of
cone- or inverted-cone-like lipids, which will tend to con-
fer a negative or positive curvature to the bilayer, de-
pending on their distribution in the inner or outer leaflets
of'the bilayer (see fig. 2 B). Phosphatidic acid (PA), a cen-
tral lipid in membrane fission as will be discussed below,
is a type II lipid with unique physical properties: a very
small headgroup characterized by a high charge density
that is able to act both as a hydrogen donor and acceptor.
When the ionization of PA is reduced (as in the case of di-
valent-cation binding), PA-rich microdomains are formed
through intermolecular hydrogen bonding [36, 37].
Moreover, the shape of PA can vary greatly depending on
the presence of free calcium; thus, low calcium ion con-
centrations favour the cylindrical shape, which becomes
conical in the presence of high concentrations (mM) of
this ion (see also fig. 3D) [36, 37].

Fusion of bilayers involves three different steps: mem-
brane adhesion, semifusion and pore formation [5]. Fis-
sion can be considered as resulting from a similar series
of events proceeding in the opposite order [5, 8]. The
semifusion intermediates have a strong net negative (con-
cave) curvature, which would thus be facilitated by a high
density of conical lipids in the outer leaflet, whereas in-
verted-cone-like lipids prevent this formation. In model
membranes, conical lipids such as DAG or unsaturated
fatty acids have been shown to facilitate fusion, while in-
verted cones, such as lysophosphatidylcholine, inhibit fu-
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Figure 2. Lipid organization at the fission site. (4) Schematic rep-
resentation of the three classes of lipid. Examples of biologically
relevant lipids classified on the basis of their molecular shapes. (B)
Schematic representation of spontaneous membrane curvature and
bending. When the cytoplasmic leaflet is enriched in cone-shaped
lipids or the lumenal/external leaflet is enriched in inverted-cone
lipids, the bilayer acquires a negative spontaneous curvature and
bends towards the organelle lumen or the extracellular space. Con-
versely, when the cytoplasmic leaflet is enriched in inverted-cone
lipids or the lumenal/external leaflet is enriched in cone-shaped
lipids, the membrane acquires a positive spontaneous curvature and
bends towards the cytoplasm. (C) Transversal section of the fission
site. In transversal sections, the geometry of the fission site shows
a positive curvature that better accommodates cone-shaped lipids in
the lumenal/external layer (considering Golgi tubules or endocytic
vesicles, as in panel D) and inverted-cone lipids in the cytoplasmic
layer. (D) Membrane fission. This scheme illustrates the contact be-
tween bilayers during membrane fission occurring at Golgi tubules
(left panel) or at the plasma membrane (right panel), which involves
the lumenal and extracellular leaflets of the bilayer, respectively.
See text for details.

sion even at low concentrations [35]. The main difference
between fusion and fission relates to the membrane
leaflet involved in the process, and thus to the topology of
the rearrangements in lipid compositions needed to com-
plete either fusion or fission [5, 8]. Thus, while fusion re-
quires interactions between two cytosolic leaflets of sep-
arate bilayers (of an endocytic vesicle and an endosome,
for example), in fission, the two lumenal leaflets of a
tubule (in the Golgi complex) or the external leaflet of the
plasma membrane (in endocytosis) have to come in close
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proximity (fig. 2D). Extreme membrane bending is thus
essential for fission in order to bring the lumenal leaflets
together (fig. 2D). Moreover, another important differ-
ence is that cytosolic factors that act on the relevant
leaflet in fusion will act on the ‘distant’ leaflet in fission.
The curvature required for fission can be generated by a
difference in lateral pressure between the two membrane
leaflets, which can result in membrane deformation. This
can be generated by insertion (or modification) of lipids
or proteins, or by a difference in spontaneous monolayer
curvature between the two membrane leaflets due to se-
lective differences in the types of lipid components of the
membrane leaflets [5]. These asymmetries in the bilayer
can derive from lipid translocation, lipid metabolism,
and/or spontaneous transbilayer movement (flip-flop), all
processes that require the action of proteins. Indeed, the
activities of several proteins that play roles in fission have
been related to their ability to modify the membrane lipid
composition or to interact with membrane lipids. Thus,
PITP controls the scission of coat protein complex
(COP)I-coated vesicles and uncoated vesicles formed at
the TGN probably through the delivery of PI to specific
sites of the TGN membranes and by increasing the
amounts of specific PI-derived metabolites required for
fission [ref. 28 and see below]. CtBP3/BARS [23] and
endophilin [38] have been proposed to induce fission at
the Golgi complex and at the plasma membrane, respec-
tively, through the conversion of lysophosphatidic acid
(LPA) into PA. More recently, other enzymes acting on
lipids that have been implicated in fission are PLD
(which forms PA by hydrolyzing membrane phospho-
lipids) and PKD (which binds DAG) (see below).

CtBP3/BARS

BARS [brefeldin A (BFA)-dependent ADP-ribosylation
substrate] was identified as a protein endowed with the
ability to antagonize the tubulation-inducing effects of
BFA on the Golgi complex [39, 40]. BARS is a 50-kDa
cytosolic protein substrate of BFA-induced ADP ribosy-
lation [41, 42]. The ADP-ribosylated form of the protein
was purified from rat brain cytosol, cloned (BARS; Gen-
Bank accession number (AC) AF067795 [39]), and found
to be strongly homologous to the two mammalian mem-
bers of the C-terminus-binding protein (CtBP) family
(CtBP1 and CtBP2, cloned in human and mouse
[43—47]). The BARS identity is 97% with human and
mouse CtBP1, and 79 % with human and mouse CtBP2.
The significant region of diversity between CtBP1 and
BARS is the N-terminal stretch, where these proteins dif-
fer in sequence and length. Although this region is small,
it might have significant regulatory or targeting func-
tions. Thus BARS is a third isoform of the CtBP protein
group and is now referred to as CtBP3/BARS [39].

Golgi membrane fission

Characterization of the role of CtBP3/BARS in the orga-
nization of the tubular component of the Golgi complex
originated from the demonstration that an ADP-ribosyla-
tion reaction mediates some of the effects of BFA on the
structure and function of the Golgi complex [40, 48, 49].
Thus, a series of inhibitors of the BFA-dependent ADP-
ribosylation reaction also inhibits the effects of BFA on
Golgi morphology and, with similar potency, the ADP-ri-
bosylation of CtBP3/BARS and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), the two specific sub-
strates of BFA [41, 42, 49]. In addition, in permeabilized
RBL cells, the BFA-dependent disassembly of the Golgi
complex requires NAD* and cytosol [40]. Cytosol that
has been previously ADP-ribosylated (hence containing
ADP-ribosylated GAPDH and CtBP3/BARS) is suffi-
cient to sustain the Golgi disassembly induced by BFA,
also in the absence of NAD" [40, 48], indicating that an
ADP-ribosylation reaction is indeed part of the mecha-
nism of action of BFA, and that brain cytosol contains
factors that prevent the Golgi disassembly induced by
BFA [40, 48]. CtBP3/BARS was shown to be one of these
factors, based on the observations that: (i) the ADP-ribo-
sylation of CtBP3/BARS by BFA correlates with the loss
of inhibitory activity of the cytosol on Golgi disassembly
[40]; (i) anti-BARS antibodies mimic the BFA effect
[39]; and (iii) purified CtBP3/BARS prevents the effect
of BFA in permeabilized RBL cells [39]. This thus
demonstrates that the previously reported ability of brain
cytosol to inhibit the effects of BFA on Golgi morphology
is mediated largely, albeit not completely, by this protein
[39]. These studies also clearly indicate that CtBP3/
BARS is inactivated by BFA-dependent ADP-ribosyla-
tion [39, 48].

Immunofluorescence microscopy of COS7 cells overex-
pressing CtBP3/BARS has shown a perinuclear/Golgi
area localization as well as a partial/minor nuclear local-
ization, both of which have been confirmed studying the
distribution of the endogenous protein in human fibrob-
lasts [unpublished data]. This is compatible with a role of
CtBP3/BARS not only in the Golgi, but also in the nu-
cleus, similar to that seen for the other CtBP family mem-
bers [39, 46, 47]. In permeabilized RBL cells, exposure
to CtBP3/BARS-enriched cytosol causes a reduction in
the tubular-reticular zones of the Golgi and their partial
replacement with fragments of variable sizes [unpub-
lished data]. Cisternae are partially preserved, while other
cellular compartments seem not to be affected [unpub-
lished data].

In isolated Golgi membranes, CtBP3/BARS has been
shown to be a direct, potent activator of the fission of
Golgi tubular-reticular domains into fragments of vari-
able sizes and to be an essential component of a fission
machinery normally present in the cytosol (fig. 3A—C)
[23]. The fission events induced by CtBP3/BARS are pre-
ceded by the formation of structures where tubules are
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Figure 3. Fissioning of Golgi membranes. (4—C) Negative stain-
ing [following the method and EM analysis described in ref. 23] of
isolated Golgi membranes incubated with cytosol alone (4) or with
cytosol and CtBP3/BARS (B, C). In C, the Golgi membranes are
shown at higher magnification to show constriction sites (arrow-
heads). Bars, 100 nm. (D) Scheme of the reaction catalyzed by
CtBP3/BARS. LPA, an inverted-cone lipid, is converted to PA, a
cylindrical lipid, through the addition of an acyl moiety from acyl-
CoA. The newly formed PA can acquire a conical shape in the pres-
ence of millimolar concentrations of free calcium and at low pH.

extremely constricted, and which most likely represent in-
termediates in the fission process (see below). These ef-
fects of CtBP3/BARS are structurally different from the
in vitro effects on isolated membranes induced by dy-
namin, a GTPase involved in the formation of clathrin-
coated vesicles from the cell surface [S0—53], suggesting
that the events involving the two proteins are mechanisti-
cally distinct.

Clues concerning the mechanism of CtBP3/BARS-de-
pendent fission have been derived from the morphology
of the sites where this protein induces constriction of
Golgi tubules (fig. 3B, C). As noted above, based on their
unique shape, the time course of their appearance, and the
observation that the distance between them reflects the
size of the fragments generated by fission, these sites are
most likely placed where fission later procedes to com-
pletion [23]. Some of them might also represent incom-
plete fission events which will later revert to a normal
tubule calibre. Their most interesting feature is their high
level of membrane curvature, which implies that their
structure is almost certainly incompatible with the lipid
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composition of a normal membrane bilayer. The mini-
mum vesicular or tubular diameter that will accommo-
date ‘cylindrical’ lipids is 25 nm [54]. Thus, normally
abundant lipid species such as PC, PI and phos-
phatidylserine, which are all cylindrical, must be scarce
in the constricted zones. Instead, assuming that the pre-
dominant curvature is the one visible in transversal sec-
tions, type I (inverted-cone-like) lipids, such as lysolipids
or polyphosphoinositides, are likely to predominate in the
external leaflet, and type II (conical) lipids, such as phos-
phatidylethanolamine, DAG and arachidonic acid, in the
inner leaflet (fig. 2 C) [54]. Of interest here is to note that
the distance found between facing inner leaflets of the
constricted Golgi tubes (about 4 nm) is comparable to
that found in typical hexagonal-II tubes (formed by pure
type II lipids [55, 56]). These considerations suggest that
local changes in lipid composition play a role in the gen-
eration of the fission intermediates. Indeed, CtBP3/
BARS can induce modifications in the lipid bilayer of a
kind that would suit this model [23]. Thus, CtBP3/BARS
is endowed with an intrinsic acyl transferase activity by
which it transfers an acyl moiety from acyl-CoA specifi-
cally to LPA, forming PA (fig. 3D) [23]. The synthesis of
PA from LPA is sufficient for membrane fission, and the
addition of LPA greatly facilitates this, demonstrating a
role for this specific lipid metabolic pathway in the fis-
sion of cellular membranes [23]. Interestingly, the per-
centage of PA required to induce Golgi membrane fission
is significantly lowered by CtBP3/BARS, suggesting that
this protein acts by ‘concentrating’ the newly formed PA
in specific membrane sites, which then undergo fission
[23]. BFA-induced ADP-ribosylation of CtBP3/BARS
abolishes its transferase activity and the subsequent
fission of Golgi tubules [23]. A conclusion from this
study is that acyl-CoAs are absolutely required for
CtBP3/BARS-induced fission. The requirement for acyl-
CoA first emerged from studies on the fission of COPI-
coated vesicles [57]; in that report, however, acyl-CoA
was proposed to be related to protein (rather than lipid)
modifications.

The concept that changes in lipid composition play a role
in fission does not exclude facilitation of the formation of
fission intermediates by mechanical stress imposed on
the membrane, such as that proposed to be induced by dy-
namin [58, 59], and that could be brought about by the cy-
toskeletal elements relevant in Golgi organization [60,
61]. So far though, ring- or coat-like structures reminis-
cent of dynamin spirals or protein coats have not been re-
ported at fission sites in the Golgi. Moreover, the
CtBP3/BARS-dependent fission sites are very different
from the uniform tubules generated by dynamin in vitro
[59, 62, 63].

An alternative model to explain the role of the acyl trans-
ferases in membrane fission proposes that rather than
being related to the enzymatic conversion of LPA to
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PA (which is very slow for both endophilin and
CtBP3/BARS [23, 38]), the changes in bilayer geometry
are induced by a conformational switch of the acyl trans-
ferase, determined by the lipid (LPA, PA or acyl-CoA)
bound to it [1]. Thus, the conformation and orientation of
the protein in the bilayer would be affected by the con-
version of the LPA- (or acyl-CoA-) to the PA-bound state,
and this could lead to fission by a mechanism that still re-
mains hypothetical [1].

Phospholipase D

Due to the proposed involvement of PA in membrane fis-
sion (see above), all enzymatic pathways leading to its
production could potentially be involved in the induc-
tion/regulation of this process. Among these, PLD, that
catalyses the hydrolysis of PC (or other phospholipids) to
yield PA and choline, has already been proposed to play a
role in secretion [24, 25, 64—66; also reviewed in ref. 67].
Two PLDs, PLD1 and PLD2, have been identified in
mammals [68, 69], with PLD1a and PLD1b being two al-
ternative splicing forms of PLD1 [70, 71]. PLD1 can be
activated in vitro by PKCa, ADP-ribosylating factor
(ARF) and Rho in the presence of phosphatidylinositol
4,5-bisphosphate (PIP,) [72]. PLD2 is 50% identical to
PLDI, exists as three splicing variants [73], and is con-
stitutively active in vitro and in vivo [69]. Among the in-
teractors having an inhibitory effect on its enzymatic ac-
tivity, AP180 and the amphiphysins have been shown to
inhibit PLDs through direct interactions, while the 5’-
phosphatase synaptojanin does so by reducing the levels
of PIP, [74—76]. Recently, PLD2 has also been found to
directly interact with the glycolytic enzyme aldolase
through its pleckstrin homology (PH) domain [77].
After the initial studies on ARF-dependent involvement
of PLD in secretion, PLD activity and PA synthesis were
proposed as being involved in the budding of intermedi-
ates from the Golgi complex [24, 25]. The activation of
PLD by ARF was proposed to regulate the recruitment of
coatomer, and thus control the formation of COPI-coated
vesicles, suggesting a role for PA, and potentially PA-de-
rived lipids, in membrane budding [25]. In line with these
data, stimulation of PA synthesis through addition of ex-
ogenous PLD specifically enhances the formation of hor-
mone-containing secretory vesicles in permeabilized rat
pituitary GHj; cells, whereas addition of an inactive form
of PLD does not stimulate this process [24]. Accordingly,
inhibition of PA synthesis using primary alcohols also in-
hibits transport-intermediate formation [24]. This treat-
ment also induces the complete fragmentation of the
Golgi complex [78]. Whether these effects of PA are di-
rect or are mediated by the PA-dependent activation of
lipid kinases leading to PIP, synthesis has yet to be eluci-
dated [78].

Golgi membrane fission

PA and PIP, have also been proposed to be part of a pos-
itive feedback loop, which would create membrane mi-
crodomains enriched in these two acidic phospholipids
that could then promote membrane fusion; these domains
also have the potential to be involved in membrane fis-
sion [26, 79]. This positive feedback would result in the
PLD-dependent formation of PA, which can stimulate a
phosphatidylinositol 4-phosphate (PI4P) 5-kinase to gen-
erate PIP, [80], an activator of PLD [81], hence further
stimulating PA formation.

The above conclusions are somewhat controversial. Other
data have indicated that PLD activity is not present in the
Golgi [82, 83] and have not confirmed the ARF-depen-
dent activation of PLD and PLD-mediated control of
coatomer assembly [84, 85]. A similar controversy also
surrounds the definition of the cellular localization of the
PLDs [reviewed in ref. 67]. Most studies have been per-
formed by analysing the localization of transfected
tagged PLDs. Thus, PLD1 has been reported to be local-
ized in the ER and Golgi [69], and on secretory granules,
late endosomes and lysosomes [86, 87], while PLD2 has
been localized mainly in the plasma membrane and in en-
docytic vesicles [69]. Recently, divergent findings about
the localization of endogenous PLDs in different cell
lines have been reported. In epithelial cells (HT29-c119),
PLDI1 appears to be in cytoplasmic spots and to be
translocated to the plasma membrane after phorbol ester
treatment, whereas PLD2 appears to be localized in the
Golgi complex [88]. In contrast, in NRK and GH; cells,
Shields and collaborators found that an antiserum raised
against PLD1 detects this protein mostly at the level of
the Golgi complex, both by immunofluorescence and by
electron microscopy (EM) analysis [89]. They have also
reported that PLD1 overexpression leads to mislocaliza-
tion of the endogenous protein [89].

Thus, while PLD activity in the Golgi would fit with the
PA requirement in fission, the localization of either
isozyme in this organelle remains to be fully demon-
strated. Whether other proteins with a PLD activity, but
not homologous to the known family members, act at the
Golgi is an interesting possibility that has not, however,
the support of experimental data.

Dynamin-driven machinery

Dynamin, the best characterized fission-inducing protein
so far, was initially implicated in the formation of
clathrin-coated vesicles at the plasma membrane
[90—92], and shown to localize at tubular invaginations
of clathrin-coated pits [93]. Recently, a number of com-
prehensive reviews covering all aspects of dynamin cell
biology have appeared [50—53].

Briefly, mammalian dynamins are encoded by three dis-
tinct genes with different tissue expression: dynamin I,
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originally isolated from rat brain as a microtubule-bind-
ing protein, is a neuron-specific isoform; dynamin Il is a
ubiquitous protein, and dynamin III is expressed in brain,
testis and lung [reviewed in ref. 50]. They are 100-kDa
GTPases with a multidomain structure, comprising an N-
terminal tripartite, highly conserved GTP-hydrolysis do-
main, an intermediate domain whose function is still not
clear, a PH domain responsible for the interaction with
PIP, and membrane targeting, a coiled-coil region that
acts as a GTPase-effector domain (GED) and as a GT-
Pase-activating protein (GAP) domain, and a C-terminal
proline-arginine-rich domain (PRD) containing several
Src homology (SH3)-domain-binding sites. Each domain
is involved in interactions with several other proteins or
with lipid components of the membranes, indicating that
dynamin is a likely target of complex intracellular regu-
latory processes [50].

Several studies have supported the role of dynamins in the
formation of transport intermediates in different steps of
the endocytic pathway [90, 91, 94—97]. In contrast, the lo-
calization and involvement of dynamins in fission events
at the TGN is still being debated. Dynamin II has been re-
ported as localized at the Golgi complex [98, 99]. Mc-
Niven and collaborators have also shown that dynamin II
inhibitory antibodies [99] and dynamin II mutants [30] are
able to interfere with the transport of membrane proteins
from the Golgi complex to the plasma membrane and to
affect Golgi morphology. A similar conclusion was
reached by Rodriguez-Boulan and collaborators, who
showed that dynamin II mutants block the formation of
transport intermediates directed from the TGN to the
plasma membrane [100]. In contrast, other authors have
shown that both dynamin I and dynamin II mutants only
affect endocytic transport, without interfering with the
biosynthetic transport from the Golgi [101]. This discrep-
ancy may originate from the fact that different dynamin II
splicing variants were employed in these studies, and leads
to the hypothesis that only specific dynamin II isoforms
are localized at the Golgi and act in the formation of trans-
port intermediates from the TGN.

The exact mechanism by which dynamin controls mem-
brane dynamics during the formation of membranous
carriers has been investigated in different experimental
systems and has given rise to several models which have
tried to accommodate the experimental evidence [re-
viewed in refs 52 and 53]. Most of these models take into
account data showing that dynamin is a mechanoenzyme
able to generate a net motive force from the hydrolysis of
GTP. When applied to lipid membranes, this force would
result in the generation of tubules from flat membranes
and in the constriction and severing of these tubules, lead-
ing to the formation of transport intermediates [59, 62,
63]. Mention needs to be made, however, that other mech-
anisms of action of dynamin have also been proposed
which relate either to its GTPase activity, which could
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play a regulatory role in the fissioning process [53, 102,
103], or to its ability to interact and thus regulate the actin
cytoskeleton, which has also been proposed to play a role
in fission [104, 105].

The putative role of dynamin at the Golgi raises the ques-
tion as to whether CtBP3/BARS and dynamin participate
in the same, or in distinct, membrane fission events.
There are marked dissimilarities between the cellular
structures on which the two proteins exert their known ef-
fects at the plasma membrane and at the Golgi tubules
[23, 51]. Thus, the fission of a clathrin-coated vesicle
from the plasma membrane, an organelle with a unique
cholesterol-rich lipid composition, flat geometry, and
complex cytoskeletal scaffold, might well differ pro-
foundly in terms of kinetics and machinery from the
process involved in the clipping of an elongated, flexible
structure such as a Golgi tubule. However, if dynamin can
also operate at the Golgi, the possibility should be con-
sidered that dynamin operates by a different mechanism
(possibly similar to that mediated by CtBP3/BARS). The
information available so far on Golgi dynamin is too
scarce to define a more refined model. Better under-
standing of the differences and commonalities between
fission at the plasma membrane and at the Golgi will be
instrumental in elucidating the general mechanisms of
membrane fission.

Endophilins

The endophilins (A1, A2 and A3) were identified as SH3-
domain-containing interactors of synaptojanin and dy-
namin I, two proteins involved in synaptic vesicle traffic
[106, 107]. They show different distributions: endophilin
A1 was detected only in brain, endophilin A2 in multiple
tissues, and endophilin A3 in brain and testis [reviewed in
ref. 1]. They localize at the level of nerve terminals,
where they colocalize with dynamin I, synaptojanin and
amphiphysin I [106, 108].

Endophilins are players in clathrin-mediated endocytosis,
and have been implicated in different stages of this
process: in generating membrane curvature, in fission
and in the release of coat [1, 38, 109, 110]. Moreover, en-
dophilin has also recently been shown to induce tubule
formation in liposomes made from a brain lipid extract
[29]. With regard to the regulation of membrane curva-
ture and fission, endophilin A1 has been shown to be re-
quired for synaptic vesicle endocytosis in an in vitro as-
say on perforated PC12 cells [38]. Interestingly, and sim-
ilar to CtBP3/BARS, endophilin Al is an LPA-specific
acyltransferase that converts LPA to PA by transferring an
acyl chain from an acyl-CoA molecule to the sn-2 carbon
of LPA [38]. Endophilin A1 is able to use both saturated
and unsaturated acyl chains as in vitro substrates, but the
formation of synaptic vesicles is strictly dependent on the
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presence of arachidonoyl-CoA, while it is inhibited by
palmitoyl-CoA [38]. This result suggests that at least in
the case of generation of curvature in endocytic events
occurring at the plasma membrane, the length and shape
of the acyl chains of phospholipids is crucial.

Recently, a newly discovered member of the family, en-
dophilin B1 (25% identical and 39% similar to en-
dophilin A1), has been found to localize at the Golgi com-
plex in CHO cells [29]. Endophilin Bl also binds to
lipids, tubulates liposomes and has LPA-specific acyl
transferase activity [29, 111]. This recent finding opens
the possibility that endophilins can also control tubula-
tion/fission processes at the TGN, and is in line with the
proposal of a dynamin-codriven machinery operating at
the Golgi [30].

PKC and PKD

A PKC-like activity has been proposed to be involved in
Golgi membrane fission, as characterized by Sabatini and
colleagues in Golgi membranes isolated from MDCK
cells [26, 112]. This process consists of two sequential
steps, coat assembly and bud formation, which are trig-
gered by the GTPyS-dependent activation of ARF; this is
followed by the scission of coated buds, a process that re-
quires the presence of cytosolic proteins [112]. One of the
proposed relevant cytosolic elements is a PKC-like activ-
ity, since fragmentation is suppressed by PKC inhibitors
and enhanced by the PKC stimulator tetradecanoyl phor-
bol acetate (TPA) [26]. Indeed, staurosporine (an in-
hibitor of PKC, but active also on PKA and tyrosine ki-
nases), calphostin C (a specific PKC inhibitor) and a
monoclonal antibody that recognizes all isozymes of
PKC all have an inhibitory effect on Golgi fragmentation
in vitro; conversely, TPA stimulates this process. Interest-
ingly, these effects do not require ATP, suggesting that the
PKC action is independent of its kinase activity [26]. An-
other known ATP-independent PKC action is the activa-
tion of PLD; the regulatory domain of PKCe is sufficient
to cause stimulation of PLD, suggesting that a DAG/TPA-
activated PKC interacts directly with PLD, activating it
by an allosteric mechanism [113, 114]. A hypothesis pro-
posed by Sabatini and colleagues is that during coat as-
sembly, PKC activates PLD, which then promotes Golgi
fragmentation by remodelling the phospholipid bilayer
and severing connections between the transport interme-
diates and the donor membranes [26]. So far, however,
there is no direct evidence for an involvement of PKC.
Also, as a note of caution in this context, one should note
that other proteins, such as the chimaerins, are sensitive
to activators and inhibitors of PKC [115—117].

PKC is also an activator of PKD [reviewed in ref. 118], it-
self a member of the PKC family that is also known as
PKCp, which has been localized in the Golgi and pro-
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posed to play a role in the formation of post-Golgi trans-
port intermediates [119, 120]. Thus, PKD can be acti-
vated by receptor-induced activation of PLC, followed by
the formation of DAG and activation of PKCe or PKCn,
which can directly (or indirectly) phosphorylate the acti-
vation loop of PKD1 [118, 121]. Alternatively, PKD acti-
vation at the Golgi can be mediated by the GTP-binding
(G) protein By dimer, which has previously been shown to
induce the fragmentation of the Golgi complex [122].
Thus, in permeabilized NRK cells, the addition of free
Gpy is sufficient to increase Golgi fragmentation, an ef-
fect that is inhibited by the addition of the inactive GDP-
bound Ga, which causes reassociation of the het-
erotrimer. Addition of active, GTPyS-bound Ga also has
no effect on the Golgi, supporting the idea that fragmen-
tation is due to the By subunit [122]. G proteins are also
targets of the Golgi-fragmenting toxin ilimaquinone,
which has been proposed to act via the release of the free
By subunit which, in turn, interacts directly with the PKD
PH domain, thus activating a downstream pathway [27].
Expression of a kinase-inactive form of PKD (PKD-
K618N) causes tubulation of the TGN. These tubules
contain cargo, but do not detach from the TGN, confirm-
ing the hampered Golgi tubule fission and transport to the
plasma membrane following PKD inactivation [120].
Wild-type PKD competes with the tubulation activity of
the PKD-K618N and restores fragmentation, showing
that TGN tubulation/fragmentation correlates with the
state of activity of PKD. Thus, unlike other intracellular
transport events, protein transport from the TGN to the
plasma membrane requires PKD activity [120]. PKD
might intervene in the regulation of the fission of Golgi
membranes; overactivation of PKD (by ilimaquinone and
By subunits) converts Golgi stacks into fragments via the
activation of the fission machinery, while inactivation of
PKD causes tubulation due to a defect in membrane fis-
sion [120].

PKD has also been shown to bind DAG via its first cys-
teine-rich domain (Cla); this binding is necessary for its
recruitment to the TGN [123, 124], where PKD-K618N
predominantly localizes [118, 123]. The downstream in-
teractors of PKD are still unknown. Good candidates
could be the lipid kinases, since PKD has been shown to
associate with both PI 4-kinase and PI4P 5-kinase activi-
ties; however, the specific interacting enzyme isoforms
remain to be defined [125].

PI transfer proteins

There are two classes of PITPs, class I (which includes
mammalian PITPa and f) and class II (which includes
the yeast Sec14p); these bind PI with higher affinity than
PC[126, 127]. The PITPs bring PI to the PI pools partic-
ipating in the synthesis of PIP,, which then serves as the
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PLC substrate to form inositol 1,4,5-trisphosphate and
DAG [128]. DAG acts as signalling lipid and is capable of
rapid flip-flop between the leaflets of the bilayer, thus po-
tentially affecting membrane curvature (see below).
Sec14p, the yeast analogue of mammalian PITP, is essen-
tial for protein transport from the TGN [129, 130]. In
yeast, this protein is known to regulate both PI and PC
synthesis by promoting PI4P and PIP, generation, and by
inhibiting PC synthesis via the CDP-choline pathway (a
potent consumer of DAQG), respectively [127]. Yeast
strains expressing a temperature-sensitive mutant of
Secl4p are not able to export cargo from the late Golgi
compartment at the non-permissive temperature [126].
The mechanisms leading to the secretion block have been
reviewed recently and are beyond the scope of this review
[126, 127, 131]. Although not yet fully elucidated, they
point to a role of several lipids, including DAG, PA and
PIP,, as critical regulators of Sec14p-dependent Golgi se-
cretory function [127]. However, these studies have not
clarified whether the secretion block in yeast is due to in-
hibition of carrier budding or fission.

PITP has also been implicated in fission in animal cells
in more than one independent line of research. In a cell-
free system derived from a neuroendocrine cell line, PITP
is a cytosolic factor that induces the formation of consti-
tutive secretory vesicles and immature secretory granules
from the TGN [132]. Secl4p is able to substitute for
mammalian PITP in secretory vesicle formation; this, to-
gether with the use of PIP, inhibitors, has led to the pro-
posal that this PITP effect could be related to PIP, forma-
tion [132, 133].

Sabatini and coworkers have shown that PITP is involved
in the scission of COPI-coated buds from the trans-Golgi
by a mechanism that is nucleotide independent and regu-
lated by cytosolic components [28]. In the PI-bound
form, Secl4p is capable of sustaining the scission reac-
tion, which does not occur with PC-bound Sec14p [28].
The vesiculation caused by PI-Sec14p is not affected by
PI alone since PI-containing liposomes do not cause
vesiculation. Furthermore, vesicle scission does not re-
quire the conversion of PI into its phosphorylated deriva-
tives since vesicle generation can be supported by non-
hydrolysable GTP analogues in the nearly complete ab-
sence of ATP in this system [28]. Thus, the role of PITP
could be in the remodelling of the phospholipid bilayer in
the vicinity of a coated bud that results from replacing a
resident phospholipid with PI. This PI could serve as a
substrate for local phospholipases to form PA or DAG.
In an independent line of research, Howell and collabora-
tors have also indicated a role for PITPs on Golgi mem-
branes, demonstrating a synergistic activity of PITPs and
the p62-complex-associated PI 3-kinase [134]. In a cell-
free system, the formation of vesicles from the trans-
Golgi compartment depends on the presence of cytosol
and, more specifically, of active PITP. Moreover, antibod-
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ies against both PITPa and S inhibit vesicle formation in
a concentration-dependent manner. In the presence of
limiting cytosol, the addition of PITP allows a partial re-
constitution of the vesiculation [134]. The p62-complex-
associated PI 3-kinase was identified as the cofactor
needed for the complete reconstitution of the machinery
that leads to vesicle formation; in line with this, increased
PI 3-phosphate production was also detected [134]. The
model that originates from these data proposes that PITP
presents PI (the substrate) to a Pl-specific kinase that,
when stimulated, generates a localized pool of PI 3-phos-
phate, which in turn participates in the regulation of cargo
sorting and vesicle formation [134].

In summary, a complex body of evidence implicates PITP
in membrane fission at the TGN. The precise mecha-
nism(s) of action of this protein, however, remain to be
clarified.

Conclusions

An interpretation of the pathways reported above is that
membrane fission requires protein and lipid machineries;
these work in a coordinated fashion to induce changes in
the bilayer organization that favours fission. Different
fissioning molecules appear to converge on key lipid
species, such as PA and DAG (see above and fig. 4). We
have already discussed how the shape of PA and thus the
curvature of PA-containing bilayers depend on their envi-
ronmental conditions, such as pH and calcium concentra-
tion (see above). In particular, in the Golgi complex,
which contains millimolar calcium [135], PA should be
present in the inner leaflet of the Golgi bilayer mostly as
a cone. In contrast, like all lysolipids, LPA has a stable in-
verted-cone shape [54, 136]. An additional relevant char-
acteristic of PA is its rapid dephosphorylation to DAG, a
strongly conical component of the bilayer [54, 136, 137]
which, due to its small and uncharged headgroup, can
spontaneously flip-flop across membranes. This mecha-
nism can affect the composition and curvature of both the
leaflets in the bilayer no matter where the conversion of
PA to DAG actually occurs. In the case of CtBP3/BARS,
the DAG formed at the cytosolic leaflet could thus change
the curvature in the lumen of the Golgi tubules [23].

In line with these types of modification, we hypothesize
that an acyl-transferase activity involved in fission could
be correlated with the potential build-up of a lipid mi-
crodomain enriched in LPA, PA and DAG, which, via the
rapid interconversions among these three species, can fa-
cilitate the formation of highly curved fission intermedi-
ates, and complete fission through coordinated changes
in local membrane curvature (fig. 4). These lipid modifi-
cations can be thought of as lipid-driven machines that,
together with specific protein complexes, take part in
membrane fission.
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Figure 4. Schematic representation of the lipid metabolism pro-
posed to be implicated in the modification of membrane curvature
at the fission site. PA is generated on the cytosolic leaflet from LPA
through the action of CtBP3/BARS. LPA can derive from the se-
quential action of PLD and PLA, acting on the phospholipids. PA
can also be generated from phospholipids by the action of PLD. PA
can then be brought to the lumenal leaflet by a flippase activity.
Once on the lumenal leaflet of the bilayer, PA can acquire a conical
shape at the millimolar free calcium concentration (characteristic of
the Golgi complex [135]) and acidic pH. Alternatively, PA can be
converted into DAG by a PA-phosphatase (PA-PTPase) activity.
DAG is able to flip spontaneously to the lumenal side of the bilayer.
Membrane domains enriched in DAG could also recruit DAG-bind-
ing proteins (DAG-BP), such as PKC and PKD. Other pathways
leading to the formation of these lipids (such as the PLC-dependent
formation of DAG [128]) are not indicated for simplicity. See text
for details.

An obvious question that arises relates to the specific
lipid fission machinery at the Golgi and in other mem-
brane compartments. First, information on the biological
significance of the different fission machineries is scarce.
We do not know whether these molecules cooperate to af-
fect fission, or whether they represent functionally simi-
lar machineries that act independently, in different cell
compartments; whether different machineries act to re-
lease specific transport intermediates is also not known.
We believe that the proteins with fissioning activity iden-
tified so far just begin to delineate a molecular mecha-
nism that is certainly more complex, and should involve
additional interacting proteins/enzymes. For example,
phospholipases could be crucial in generating the local
enrichment in LPA on which CtBP3/BARS or other acyl
transferases can act, whereas PA phosphatases would fa-
cilitate the rapid interconversion of PA and DAG. Other
lipid-binding proteins, as discussed above for PITP, could
also be crucial in creating discrete lipid domains in which
fission would be more likely to occur.

A simplified model could be that in different membrane
compartments, proteins able to bring about the relevant
changes in lipid composition (DAG formation, for exam-
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ple) and curvature (as induced by flippase activities) lead
to the same membrane transformation, i.e. fission.
CtBP3/BARS in the Golgi and endophilins in endocyto-
sis are examples of totally unrelated proteins that are able
to produce identical membrane transformation [23, 38].
Thus, if we consider DAG as the crucial molecule, we
would expect protein complexes producing the PLC-de-
pendent hydrolysis of PIP, to have the same effect at the
membrane level as proteins characterized by the PLD-de-
pendent hydrolysis of PC (plus a phosphatase activity). A
still missing element in this scheme is the recognition
module that would determine where the proteinaceous-
fissioning complex would localize to activate the lipid
machineries. Potentially, the initial recognition of an LPA
molecule by a specific protein of the fissioning complex
would then catalyze the formation of additional LPA by
interacting enzymes (in the complex), and thus constitute
the fissioning lipid domain, which would rapidly become
the ‘lipid-fissioning machine’. This would be in line with
the observations that CtBP3/BARS [unpublished data]
and endophilin [38] are both able to bind LPA.

These active and coordinated interactions among and be-
tween proteins and lipids at specific membrane sites re-
main to be demonstrated; however, we like to speculate
that rather than requiring specific protein structures,
membrane fission requires specific enzymatic activities
affecting membrane lipid dynamics.
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