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The serine/threonine protein kinase D (PKD) is recruited to the trans-Golgi network (TGN) by
binding diacylglycerol (DAG) and the ARF1 GTPase. PKD, at the TGN, promotes the pro-
duction of phosphatidylinositol-4 phosphate (P14 P) by activating the lipid kinase phophati-
dylinositol 4-kinase 118 (PI4KIIIB). PI14P recruits proteins such as oxysterol-binding protein
1 (OSBP) and ceramide transport protein (CERT) that control sphingolipid and sterol levels
atthe TGN. CERT mediated transport of ceramide to the TGN, we suggest, is used for increas-
ing the local production and concentration of DAG. Once the crucial concentration of DAG
is achieved, OSBPand CERT dissociate from the TGN on phosphorylation by PKD and DAG
is sequentially converted into phosphatidic acid (PA) and lyso-PA (LPA). Therefore, the net
effect of the activated PKD at the TGN is the sequential production of the modified lipids
DAG, PA, and LPA that are necessary for membrane fission to generate cell surface specific

transport carriers.

EXITING THE GOLGI: MULTIPLE ROUTES

he Golgi complex is composed of cisternae

(flat membranes) that are stacked (in many
cell types except, for example, Saccharomyces
cerevisiae) and kept near the centrosomes in
mammalian cells. These membranes receive and
form transport carriers during protein secre-
tion, but retain their overall identity. This level
of organizational control is surprising consider-
ing that Golgi membranes have the capacity to
reversibly breakdown completely into vesicles
and tubules, for example, during mitosis. What
are the components of membrane fission for
biogenesis of transport carriers during protein
secretion and how is this reaction regulated to
prevent formation of empty carriers, to form
carriers commensurate with cargo size, and to
prevent complete vesiculation?

Unlike the endoplasmic reticulum (ER) that
exports all of the secretory cargo to the Golgi
(via the ER-Golgi intermediate compartment,
ERGIC), there are multiple exit routes at the
Golgi (Fig. 1), which include traffic to the endo-
somes by clathrin coated vesicles, to the ER by
COPI coated vesicles and to the cell surface by
transport carriers whose biochemical identity
is unclear (Bard and Malhotra 2006). The exit
routes to the cell surface can be further classified
at least into an apical and basolateral pathway.
The TGN also produces secretory storage gran-
ules. The overall number of the export pathways
out of the Golgi varies depending on the cell
type, for example, not all cells produce secretory
storage granules from the Golgi apparatus. Do
all transport carriers that form at the Golgi use
the same fission components needed to separate
the budding vesicle from the donor membrane?
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Figure 1. Exit routes for cargo at the Golgi. Although all proteins that exit the ER are transported by COPII
vesicles to the ERGIC, there are numerous exit routes for cargo at the TGN. Traffic to the endosomes is mediated
by clathrin coated vesicles; however, the molecular composition of transport carriers departing from the TGN to
other cellular destinations is still unclear. Not all cells have the same exit routes and there are likely to be addi-
tional cell type dependent routes for cargo export from the Golgi. Do all transport vesicles that form at the TGN

use the same fission components?

In sum, there are multiple exit routes from
the Golgi, which are tightly guarded to prevent
missorting and mistargeting of cargo. How are
these export sites created, what are the compo-
nents of the membrane fission process and how
is this level of complexity regulated at the TGN?

OVERACTIVATING MEMBRANE FISSION AT
THE GOLGI: IDENTIFICATION OF PKD

A sponge metabolite, Ilimaquinone (IQ), was
found to convert Golgi cisternae into uniform
sized vesicles in mammalian cells (Fig. 2). On

removal of 1Q, the Golgi assembled into a nor-
mal, fully functional, organelle (Takizawa et al.
1993). 1Q treatment presumably overactivates
the membrane fission machinery and thus pro-
vides a means to understand this biochemical
reaction. Reconstitution of IQ mediated Golgi
vesiculation revealed the involvement of tri-
meric G protein subunits 8y and a serine/thre-
onine protein kinase termed PKD (Jamora et al.
1997; Jamora et al. 1999; Diaz Anel and Malho-
tra 2005). We tested whether these components
were required for the fission of transport car-
riers at the Golgi. Chemical inactivation of PKD
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Figure 2. Ilimaquinone (IQ) cuts the entire Golgi
apparatus to produce uniform size vesicles. The
sponge natural metabolite Ilimaquinone vesiculates
the Golgi apparatus by overactivating the membrane
fission reaction. IQ-mediated Golgi vesiculation
requires trimeric G protein and PKD. Surprisingly,
however, PKD is required only for the fission of trans-
port carriers containing the basolateral surface spe-
cific cargo at the TGN.

or expression of an inactive kinase inhibited
trafficking of proteins from the Golgi to the
basolateral cell surface. Cargo destined for the
cell surface was contained in large tubules that
remained attached to the TGN (Liljedahl et al.
2001). Overexpression of a constitutively acti-
vated PKD, on the other hand, caused extensive
vesiculation of the TGN (Bossard et al. 2007).
PKD depletion by siRNA also shows cargo accu-
mulation in tubular membranes at the TGN
(Bossard etal. 2007). Without a functional PKD,
the cargo-filled carriers grew into large tubules.
These results led to the proposal that PKD was
required for events leading to membrane fission
specifically of carriers that transport cargo to
the cell surface. A large number of other studies
have reported the requirement of PKD in pro-
tein export from the Golgi (Irannejad and
Wedegaertner 2010). A genetic screen in worms
for acetylcholine secretion also identified PKD
as a required component (Sieburth et al. 2005).
Additionally, budding of large Herpes simplex
virus type 1 capsids from the Golgi is also PKD
dependent (Remillard-Labrosse et al. 2009).
There are three isoforms of PKD in mammalian
cells, called PKD1/PKCp, PKD2, and PKD3/
PKCv and all are involved in the formation of
basolaterally directed transport carriers (Yea-
man et al. 2004). All mammalian cells express
at least two of the three isoforms of PKD, and
PKD has orthologs in all eukaryotes except yeast

PKD Regulates Membrane Fission at the TGN

(Bossard et al. 2007). These proteins form both
homo- and hetero-dimers at the TGN and inac-
tivation or knockdown by siRNA of one partner
inhibits Golgi to cell surface transport (Bossard
et al. 2007).

Why does IQ treatment vesiculate the entire
Golgi stack but PKD is required only for the
events leading to the biogenesis, by fission, of
Golgi to basolaterally targeted transport car-
riers? A simple possibility is that IQ activates
cisternae specific pathways and we have thus
far identified only components involved in the
fission of the TGN. The more likely possibility
is that IQ vesiculates only the TGN by a PKD
dependent fission reaction. The preceding cis-
ternae continue to follow their normal fate
(cisternal maturation and/or vesicular trans-
port) and without a functionally and structur-
ally intact TGN as an acceptor, vesiculate
completely. In other words, an intact TGN is
necessary for the overall organization of other
Golgi cisternae.

RECRUITMENT OF PKD TO THE TGN:
DAG AND ARF

Of the two amino-terminal cysteine rich do-
mains of PKD (Fig. 3A), the first or the Cla
domain binds DAG at the TGN (Baron and
Malhotra 2002). Proline 155 in the Cla domain
was found to be essential for interaction with
DAG in the TGN (Maeda et al. 2001). C1b, via
proline 275, has recently been shown to bind
the GTPase ARF1 at the TGN (Pusapati et al.
2010) (Fig. 3B). Importantly, DAG is required
for secretion in yeast and mammalian cells
(Bankaitis 2002). Although the requirement for
ARF in the formation of clathrin and COPI
vesicles at the Golgi is well documented, a direct
role for ARF in the formation of transport car-
riers that are directed to the cell surface, without
transiting the endosomes, is not known. Inacti-
vation of ARF1 by Brefeldin A (BFA) inhibits
the recruitment of COPI (Orci et al. 1991). BFA
treatment, however, does not dissociate PKD
from the TGN (Maeda et al. 2001). This can
be explained because along with ARF1, PKD
binds DAG at the TGN and the latter interaction
might be sufficient to retain PKD there. In
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Figure 3. Recruitment of PKD to the TGN. (A) The known domains of PKD. The PKD family in mammals com-
prises three members: PKD1, PKD2, and PKD3. All known members share a highly conserved amino-terminal
regulatory domain, which is composed of two cysteine-rich domains (Cla and C1b) and an auto-inhibitory PH
domain in addition to the catalytic kinase domain. PKD1 and PKD2 contain an amino-terminal hydrophobic
stretch of amino acids (P), which we suggest penetrates the outer leaflet of the TGN. (B) The Cla domain of PKD
binds DAG via proline 155. Proline 275 in the C1b domain of PKD is required for binding ARF1 at the TGN.
These two domains in addition to the amino-terminal hydrophobic patch anchor PKD to the TGN. DAG bound
to the Cla domain cannot flip across the bilayer and this is important, we suggest, to concentrate DAG in the
outer leafter for events leading to membrane fission. ARF1 bound to the C1b domain of PKD cannot recruit
COPI coats and we propose is required for the activation of PLD.

addition, PKD1 and PKD2 contain an amino-
terminal stretch of hydrophobic amino acids
(amino acids 3-55 in PKDI, and 5-41 in
PKD?2), which we suggest are inserted into the
outer leaflet of the TGN and would thus provide
additional anchorage there (Fig. 3B). What then
is the role of ARF in PKD dependent events at
the TGN? A simple possibility is that ARF1
acts as a scaffold, in addition to DAG, to recruit
PKD at the TGN. The other more attractive
hypothesis is that PKD bound to activated ARF
prevents the recruitment of COPI and clathrin
coat components, and is used instead to activate
phospholipase D (PLD) (Brown et al. 1993;
Riebeling et al. 2009). Noteworthy is the finding
that IQ mediated Golgi vesiculation is depend-
ent on PLD (Sonoda et al. 2007). Because PKD
is a downstream component of the IQ pathway,
it is likely that PKD-bound ARF is used for the
activation of PLD. PLD catalyzes the production
of PA from phosphatidylcholine (PC) and we

suggest that timely production of PA is required
for events leading to membrane fission (Kooij-
man et al. 2003; Yang et al. 2008).

ACTIVATION OF PKD AT THE TGN: KINASES,
GPCRs, AND Ca%*

IQ mediated Golgi vesiculation requires the
trimeric G protein subunits Gy, which were
found to be necessary for PKD activation
(Jamora et al. 1997; Jamora et al. 1999). Is Gf3y
localized at the Golgi and how does it activate
PKD? It has been difficult to identify a Golgi
specific trimeric G protein mostly because of the
inability to distinguish a resident protein from
that en route to the cell surface. More recent
studies suggest that M3-muscarinic-receptor-
activated G protein 3y (specifically, y11) sub-
units translocate from the plasma membrane
to the Golgiin a signal dependent manner. Over-
stimulation of this signaling cascade caused
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Golgi fragmentation, which was inhibited by
inactivation of PKD (Saini et al. 2010). This
pathway was also shown to regulate insulin
secretion (Saini et al. 2010). In another report,
GRy was shown to be at the Golgi and required
for transport to the cell surface in a PKD
dependent reaction (Irannejad and Wedegaert-
ner 2010). Although these findings confirm the
requirement of Gy in PKD dependent TGN
to cell surface transport, the source of Gf3y re-
mains unresolved. Moreover, what is the func-
tion of Ga in this pathway?

The MAPK p388 negatively regulates PKD
activity by phosphorylating serine 403 and
407 of mouse (serine 397 and 401 of human)
PKDI. The p38 phosphorylated PKD was inac-
tive in insulin secretion. Ablation of MAPK
p383 in mouse was found to increase insulin
secretion from pancreatic cells, which was PKD
dependent. In other words, active MAPK p383
keeps PKD dependent insulin secretion in check
(Sumara et al. 2009). There must therefore be
a mechanism that alleviates the MAPK p383
dependent control of PKD activity. These find-
ings implicate a signaling cascade that links
GRBy-MAPK p385 with PKD to control insulin
(or more generally Golgi to cell surface) secre-
tion. The PH domain of PKD does not bind lip-
ids and is suggested to be a negative regulator
of PKD activity (Iglesias and Rozengurt 1998).
Expression of the PH domain of PKD inhibited
IQ- and Gf3y-mediated Golgi fragmentation
(Jamora et al. 1999). One likely possibility is
that the PH domain of PKD binds Gf3y and this
alleviates the negative role of this PH domain on
the kinase activity of PKD. Because MAPK p38d
phosphorylates in the region within the PH
and acidic domain of PKD, the phosphorylated
form might not bind G8vy and would therefore
be inactive in secretion (Fig. 4). In addition to
the Gfy and p38 dependent regulation, PKD
is also activated by phosphorylation at the
TGN by PKCn (Diaz Anel and Malhotra 2005).

Newton and colleagues have recently re-
ported that Ca*" is required for the activation
of PKD at the TGN (Kunkel and Newton 2010).
The activation pathway that results in the
increase in intracellular Ca®" is also triggered
by cell surface specific events. One possibility

PKD Regulates Membrane Fission at the TGN
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Figure 4. Activation of PKD. The PH domain of PKD
is known to be a negative regulator of its kinase activ-
ity. Binding of Gy would alleviate the negative effect
of the PH on the kinase activity of PKD. The MAPK
p383 phosphorylates in the PH domain to inactivate
PKD. PKCn is an activator of PKD. In addition, Ca?t
and DAG also control the activity and the duration of
the kinase activity of PKD.

is that both vy and Ca*" are linked to the pro-
duction of DAG at the TGN, which is required
not only for the recruitment but also the activa-
tion of PKD (Oancea et al. 2003). This clearly
shows the complex signaling at the TGN that
regulates the location and activation (and the
duration of the activation) of PKD at the
TGN. What activates these upstream kinases
to specifically control the activity of PKD in
protein secretion is currently not known.

PKD IS REQUIRED FOR THE LOCAL
PRODUCTION OF MODIFIED LIPIDS
AT THE TGN

Cantley and colleagues found that PKD copre-
cipitated with two distinct lipid kinase activ-
ities: a PI4K and a PI4P5K (Nishikawa et al.
1998). PKD is now known to activate the en-
zyme PI4KIIIB, which generates PI4P from
PI and both the enzyme and the phosphoinosi-
tide are required for Golgi to cell surface trans-
port in yeast (Piklp) (Walch-Solimena and
Novick 1999) and mammalian cells (PT4KIIIf3)
(Hausser et al. 2005). (Fig. 5A) PKD is also
known to regulate the activity of a type II PIP
kinase which converts PI5P into PI(4,5)P,
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Figure 5. The effectors of PKD at the TGN. (A) PKD is recruited to the TGN by DAG and ARF1. Activated PKD
phosphorylates to activate PI4KIIIf thus promoting the production of PI4P in the outer leaflet of the TGN. (B)
PI4P recruits a number of proteins to the TGN membrane, including OSBP and CERT. (C) OSBP and CERT
regulate the sphingomyelin and sterol levels in the TGN and this we suggest is required for separating the
PI4P containing domain from the SM and sterol rich domain. CERT dependent ceramide transport to the
TGN, we suggest is required to generate and concentrate DAG at the TGN. (D) This DAG in turn recruits
more PKD to generate more DAG. PKD then phosphorylates OSBP and CERT to release them from the
TGN. (E) ARF1 mediated activation of PLD1 generates PA from the PC pool, which eventually is converted
to LPA by the action of PLA2. The accumulation of these different modified lipids leads to fission of TGN to
cell surface transport carriers. (F) DAG is consumed thus dissociating PKD from the membrane thus resetting

the TGN to generate another round of transport carriers in a cargo-dependent manner.

(PIP2) (Hinchliffe and Irvine 2006). The PKD
dependent phosphorylation of PIP kinase was
mapped to threonine T376 and mutants in
this residue are, enzymatically, less active (Hin-
chliffe and Irvine 2006). Although the role of
PIP2 in traffic from the Golgi is not known, it
provides evidence that PKD can, through acti-
vation of specific lipid kinases, generate both
PI4P and PIP2. PI4P binds three other proteins
at the TGN: OSBP, CERT and FAPP2 (Levine
and Munro 1998; Nishikawa et al. 1998; Levine
and Munro 2002; Godi et al. 2004) (Fig. 5B).
OSBP is proposed to be a sterol sensor or trans-
fer protein for cholesterol and 25-hydroxycho-
lesterol; CERT is required for sphingomyelin

(SM) synthesis, and FAPP2 is required for the
trafficking of glucosylceramide (Hanada et al.
2003; D’Angelo et al. 2007; Halter et al. 2007).

What then is the role of SM, sterols, gluco-
sylceramide and PI4P at the TGN? CERT de-
pendent transfer of ceramide from the ER to
the TGN leads to the generation of sphingo-
myelin and DAG from phosphatidylcholine
and ceramide at the TGN (Hanada et al. 2009).
Sphingomyelin (SM) and cholesterol, we sug-
gest, segregate from DAG, thus creating non-
overlapping domains at the TGN: one rich in
SM and cholesterol and the other in DAG (Fig.
5C). DAG recruits more PKD (Fig. 5D). This
has two effects on the lipid composition of the
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outer leaflet of TGN. We propose that binding
of PKD to DAG prevents it from flipping
across the membrane. This concentrates DAG
in the outer leaflet. PKD, which binds to ARF1
via its second cysteine rich domain promotes
ARF dependent activation of phospholipase D
(PLD) to produce PA from phosphatidylcholine
(PC). PA has a high affinity for divalent cations
(Ca®>*, Mg*™) and is capable of assembling
into microdomains of higher lipid packing
order (Kooijman et al. 2003; Faraudo and
Travesset 2007; Kooijman and Burger 2009). A
phospholipase A2 (PLA2) converts PA into
lyso-PA (LPA) (San Pietro et al. 2009), which
has a large positive spontaneous curvature
(Kooijman et al. 2005; Zimmerberg and Kozlov
2006) (Fig. 5E). Additionally, both PKD1 and
PKD2 contain a small stretch of hydrophobic
amino acids at the Amino terminus, which
insert into the outer lipid leaflet and it has
been suggested that shallow insertion of small
hydrophobic groups can generate membrane
curvature (McMahon and Gallop 2005; Zim-
merberg and Kozlov 2006; Campelo et al
2008). The net effect of pulling this PKD con-
taining—LPA enriched domain would thus
create a bud. DAG would be pulled at the neck
of the growing bud and stabilize the neck geom-
etry preventing fission (Shemesh et al. 2003).
Rapid conversion of DAG into the fission-
promoting lipids PA and/or LPA would ulti-
mately cause the neck to break from the TGN
membrane thus liberating a cargo filled carrier
(Kozlovsky and Kozlov 2003) (Fig. 5F). The
timing of the conversion of DAG into PA and/
or LPA could thus be used to regulate the
dimensions of the transport carrier. The carrier
formation is terminated by PKD dependent
phosphorylation of OSBP and CERT and their
dissociation from the TGN as reported (Fug-
mann et al. 2007; Nhek et al. 2010). Although
the DAG-PKD domain is used for the genera-
tion of basolaterally targeted transport carriers,
the SM- and cholesterol-enriched domain
would be used for the generation of carriers
containing the apically targeted cargo (Nhek
et al. 2010).

In other words, the recruitment of PKD to
the TGN initiates the events that create and

PKD Regulates Membrane Fission at the TGN

regulate the growth of export domains at the
TGN. These export domains at the TGN would
thus be created and consumed in a cargo
dependent manner and would be different
from the stable ER sites for export of secretory
cargo. PI4B DAG, and PA play key roles in the
events by which the PKD containing export
domain is pinched from the TGN, thus gene-
rating a transport carrier. The timing of the
production of these modified lipids is very
important and new components, in addition
to those known thus far, are likely to be involved
in membrane fission. The obvious challenge is
to reconstitute budding of cargo-filled trans-
port carriers by the addition of pure proteins
that produce the lipids described above. Quan-
titation of lipids generated and imaging of Golgi
membranes during such incubations will be the
real test of their proposed roles.
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