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Introduction

Modes of transport of soluble (or luminal) secretory proteins synthesized in
the endoplasmic reticulum (ER) could be divided into two groups. The so-
called constitutive secretory pathway (CSP) is common to all eukaryotic cells,
constantly delivering constitutive soluble secretory proteins (CSSPs) linked to
the rate of protein synthesis but largely independent of external stimuli. In
regulated secretion, protein is sorted from the Golgi into storage/secretory
granules (SGs) whose contents are released when stimuli trigger their final
fusion with the plasma membrane (Hannah et al. 1999).

In highly specialized exocrine, endocrine, and neural cells, known as
professional secretors, the SGs represent the dominant route of secretory
protein trafficking, superimposed upon other post-Golgi protein trafficking
pathways, even though regulated secretory proteins (RSPs) and some poly-
saccharides are released at low levels until exocytosis is amplified in response
to a stimulus.

In SGs, RSPs are stored at high concentration (Castle and Castle 1996) in
order to economize cytoplasmic space and prevent premature activation of
zymogen forms. The regulated secretory pathway delays release of the
secretory product under unstimulated conditions so that, upon demand,
protein release rate can quickly exceed protein synthesis rate, potentially
resulting in massive release of protein product (in most cases, regulated
secretory proteins have tobe converted fromcondensed to soluble formafter
fusionof SGswith theplasmalemma). Usually the stimulatory signal occurs via
bindingof a stimulating ligand to its cell surface receptor,which induces entry
of Ca2þ into the cytosol from the extracellular space and from internal
storage sites (see Chapter 2.8).

Regulated secretion is present in some protists but not found in plants and
yeast. However, the isolation of mutants lacking SGs in multicellular animal
organisms has never been reported, suggesting an important role of the
regulated secretory pathway (Borgonovo et al. 2006). In Tetrahymena ther-
mophila, amaster gene for SG biogenesis has not yet been found, but several
genes for SG cargoes have been identified, including a family offive proteins
all of which are essential for the normal assembly of the granule core
(Bowman et al. 2005; Cowan et al. 2005; Borgonovo et al. 2006). In endocrine,
exocrine andmast cells, it is typical to have�50%of all translation devoted to
the synthesis of SG proteins, and the SGs may occupy an overwhelming
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fraction of cytoplasm volume. Thus, there is a veritable river of protein flow
through the secretory pathway to newly made SGs.

SGsaretypicallydistinguishedbytheirmorphologicalappearanceandhigh
immunoreactivity for cell-type-specific content proteins, such as peptide
hormones, as well as other more widespread cargoes, such as chromogranin
A (CgA), B (CgB) and secretogranins II–VI (Taupenot et al. 2003) as well as
prohormone convertases 1 (PC1) and 2 (PC2) and carboxypeptidase E (CPE)
(Steiner 1998). Yet deletion of various SG genes in mice (reviewed below)
neither precludes expression of other SG genes nor the biogenesis of SGs
(although processing of cargoes and/or their secretion can be affected,
Borgonovo et al. 2006), indicating that multiple gene products contribute to
granule structure and function. One feature that tends to be shared by such
proteins is their ability to undergo multimerization/condensation under in-
traluminal conditions prevailing in young SGs, which includes a slightly acidic
pH and an increased divalent cation concentration (Laine and Lebel 1999).
Although condensation of RSPs has mostly been described in the trans-Golgi
elements (�condensing vacuoles�) and immature SGs (ISGs) (Toozeet al. 1987),
it has occasionally also been found in cis- and medial-Golgi cisternae (Ram-
bourg et al. 1984; Slot et al. 1997), and rarely in the ER (Geuze and Slot 1980).
High Ca2þ concentration and apH� 6.5 in specialized parts of the trans-Golgi
network (TGN) especially favour initiation of multimerization of selected SG
cargosuchasgranins.Theseinturnmayformanidusuponwhichcondensation
of other RSPs may follow, driven by multiple interactions among RSPs and
helper/assembly factors within SGs.

The origins of the RSP seem to derive from the constitutive secretory
pathway (CSP). Although no visible granules are apparent, Chavez et al.
(1996) suggested that constitutive secretory cells such as CHO or L cells have
acrypticregulatedpathway.Asignificantfractionof[35S]sulfate-labelledfree
glycosaminoglycan chains were stored intracellularly and showed stimulated
secretion after treatments with phorbol ester or those that increase cyto-
plasmic calcium. As for the morphological appearance of granules, the basic
message is that formationof SG structures is toa largeextent the result of self-
organizingpropertiesofRSPcargo.Moreover,althoughsurelynotanessential
feature of the regulated secretory pathway (Arvan and Halban 2004), many
RSPs are endoproteolytically processed fromproproteinprecursors by special-
ized granule processing enzymes not expressed in cells outside of the neuro-
endocrine system. Such processing can be critical for the biological activity of
the stored products (Beuret et al. 2004) and may also change the biophysical
properties of RSPs (Zhang et al. 2001), facilitating multimerization in the
intragranular ionic environment.

Once formed, the majority of SGs accumulate in the cytosol, creating an
undocked vesicle pool. ISGs then migrate to the cell periphery with cytoskel-
eton assistance (Rudolf et al. 2001). ISGs, disconnected from the TGN, acquire
at least a partial stimulated exocytosis response to secretagogues (Rindler
et al. 2001). Indeed, SGs are subsequently recruited to the plasmamembrane
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where they become tethered and primed for fusion with the plasma
membrane upon external stimulation (Martin 2003), to deliver their cargo
to the extracellular space. This is the process of regulated exocytosis, con-
trolled by Ca2þ (using synaptotagmin) and mediated by soluble N-ethylma-
leimide-sensitive factor attachment protein receptors (SNAREs), which is
similar to that occurring at neuronal synapses (DeCamilli and Jahn 1990).
Under unstimulated conditions, SGs are long-lived, resulting in cytoplasmic
accumulation (Alberts et al. 2002).

Morphology of the regulated secretory pathway

Inoverview,theformationofSGsrequiresdenovosynthesisandtranslocationof
theRSPsandmediators into theERandtransport to theGolgi andsubsequently
the TGN,where secretoryvesicles are formed.Nevertheless, themorphologyof
theRSP isdifferent indifferentcells.Thesizesand locationofgranuleformation
appears to be related to dilations of condensed material within the intercon-
nectednetworkofGolgimembranes (Rambourgetal. 1993). In theGolgi of the
epithelial cells of the lactating ratmammarygland, casein submicelles could be
seenalreadywithinthecis-Golgi,becomingmoredistendedintranscisternae.In
the Golgi of principal epithelial cells of rat seminal vesicles, the first detectable
aggregation of RSPs begins in the medial cisternae.

In neuroendocrine cells, peptide hormone precursors and helper/assembly
proteins such as granins gradually develop into an electron-dense core in the
SGlumen(ArvanandHalban2004).Thesedense-corevesiclesinneuroendocrine
and endocrine cells show considerable size variation, have a diameter >100nm
andcancontainmorethanonecargomolecule (Sollner2003). Inbovineadrenal
chromaffin cells, atrial natriuretic factor is packaged with catecholamines in
large dense-core vesicles (Nguyen et al. 1988) with amean diameter of 380nm
(Duncanetal. 2003). Theelectrondensityof thegranule coredependsuponthe
internally storedcontentsandmaybelessevident inexocrinecells.Additionally,
SGs accumulated in differentiated cell lines are typically smaller than those
found in their cognate cells in vivo (Feng and Arvan 2003).

Condensing vacuoles, still attached to the Golgi stack, contain a denser
aggregation of contents than found in the Golgi stacks, while mature SGs
(MSGs) contain compact dense cores (Clermont et al. 1993). In one group of
cellswhereSGsdonot appearassociatedwith theGolgi, Clermontet al. (1995)
observed the TGN as the tubular network connected with last two Golgi
cisternae. In a second group of cells such as prolactin-producing cells of
lactating rats (Rambourg et al. 1992) ISGs formwithin the trans-most cisterna
and the TGN is smaller. In a third group of cells, ISGs are formed as distensions
of most Golgi cisternae and the non-attached, free TGN is even smaller. TGN
tubules are almost invisible in cells inwhich the ISGs start forming fromthe cis-
most cisternae (Clermont et al. 1995).

ISGs bud from the trans-Golgi network by a process that is said to exhibit
superficial similarity to virus budding (Alberts et al. 2002). EM studies have
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found patches of both clathrin (Andresen and Moore 2001) and coatomer
(Fig. 5c in Martinez-Menarguez et al. 1999; and see Andresen and Moore
2001) on the surfaceof ISGs.Whether ISGs are connected toother elements of
the TGN is not always evident. According to Rambourg et al. (2001), �in the
trans-mostGolgi elements, nodular swellings reach theirfinal size and remain
interconnectedbyflattenedanastomosedmembranous-tubules�. Inendothe-
lial cells, connectionsbetweenformingWeibel–PaladebodiesandtheTGNare
moreevidentafterhighpressurefreezingthanafterchemicalfixation(Zenner
et al. 2007). These images imply that liberationof ISGsmayoccurby ruptureof
the tubular areas rather than by ISG budding from saccular elements
(Rambourg et al. 2001). ISGs detached from the TGN may still have some
characteristics of thatarea, including lysosomalenzymes (Kuliawatetal. 1997)
andclathrincoatsattached inpatchesonthesurface (Orci etal. 1987a,b;Tooze
and Tooze 1986). In some cell types, the size of SGs is reported to increase
during granule maturation, implying that immature SGs (ISGs) may fuse and
increase in sizewhile granule contents becomes denser (Clermont et al. 1992).

Birth of the secretory granule at the Golgi complex

Formation of MSGs has been divided into two main processes. The first is ISG
formation from the Golgi complex and its operation as an advanced sorting
station beyond the TGN. The second is the ability of ISGs to use molecular
motors to move to the cell periphery that accompanies maturation to MSGs
(Rudolf et al. 2001). Useful indicators of the MSG compartment includes
prolonged storage in unstimulated cells, the inclusion of specific v-SNAREs
(Meldolesi et al. 2004), and acquisition of special markers (e.g., cysteine string
protein (Chamberlain et al. 1996)).

As ISGs mature, their intraluminal pH becomes more acidic (Duncan et al.
2003), and Ca2þ more elevated (Winkler andWesthead 1980). This change in
ionic environment facilitates conversion of prohormones to mature peptide
hormones (Orci 1985; Orci et al. 1986) and facilitates their intragranular
storage (Cowley et al. 2000). Along with this, as described above (Dittie
et al. 1997), certain proteins present both at the TGN and in ISGs (Orci et al.
1987a,b; Beuret et al. 2004) disappear during granulematuration (Dittie et al.
1997), linked to the loss of clathrin-coated membrane (Kuliawat et al. 1997)
with a subset of removed proteins delivered to the endosome–lysosome
system (Feng and Arvan 2003).

ISGs represent aminority of granules, yet are indistinguishable fromMSGs
by lightmicroscopy (Rudolf et al. 2001).However, electronmicroscopic studies
have suggested that in some cells the dense core ofMSGs is larger in diameter
than that of ISGs (Tooze et al. 1991) consistent with homotypic ISG fusion
(Wendler et al. 2001), while in other cells MSGs are smaller than ISG (Arvan
and Halban 2004). One concept invokes the formation of small free ISGs that
undergo homotypic fusion to produce larger granules as a key step in MSG
biogenesis (reviewed in Arvan et al. 2002). This reaction can be reconstituted
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in vitro (Wendler et al. 2001), although it has been difficult to confirm in live
cells (Clermont et al. 1992; Rindler et al. 2001). A second school of thought
views the initial creation of condensing vacuoles at the TGN as larger dila-
tions,which, during andafter disconnection from theGolgi complex, proceed
to lose membrane and selected contents (i.e., maturation, Sesso et al. 1980).
Although there is a heterogeneous picture on the formation anddeployment
of SGs, a detailed staging of SG life cycle involves: 1. synthesis of RSPs at the ER
and their intra-Golgi transport to form ISGs. 2. Maturation of ISGs. 3. Delivery
of SGs to the site of the fusion. 4. Priming of SGs. 5. Fusion of SGswith the PM.
6. Elimination of SG membranes from the PM. We now review these areas in
the sections that follow (Fig. 1).

Assays of intra-Golgi transport to secretory granules

One way to follow protein transport to and through the Golgi complex is to
measure endo-H resistanceof RSPs. For glycoproteins storedwithin the lumen
of secretory granules, an endo-H-resistant pool of secretory protein generally

Figure 1. Formation of secretory granules (SGs) at the Golgi exit site (Two types of SGs are
formed. The first (ASGs) serves for the delivery of RSPs towards the apical plasma membrane
(APM). The second typeof SGs (BSGs) delivers RSPs to thebosolateral plasmamembrane (BLPM).
In some cells, the formationof SGs starts in thedistensions ofCOPI-positiveGolgi cisternae (1). In
other cells, SGs begin to form in the distensions (2) of the attached and free TGN. SGs containing
clathrin-coated buds are immature (AISGs and BISGs).Movement of SGs towards the BLPM and
their maturation involves interactions with endosomes (E) possibly using kiss-and-run mecha-
nism. APM (solid line) is separated form the BLPM (dash line) by tight junctions (TJ). The ER (the
structure with grey content) is marked by ribosomes (pictured as black dots) close to the cis-side
of the Golgi contains ER exit site (ERES).
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becomes increasingly evident, with the size of this pool at steady state
approximating the fraction of molecules stored in secretory granules (Stahl
et al. 1996). Thus, despite the slowness of ER exit for some secretory proteins
(especially those that are difficult to fold), granule half-life in unstimulated
cells is sufficiently long that the majority of intracellular regulated secretory
proteins are endo-H-resistant (Lara-Lemus et al. 2006).

Another way to follow transport is to follow synchronous granulation or
re-granulation (Handley et al. 2007). For instance in rat parotid acinar cells,
existing secretory granules are almost entirely released immediately after
isoproterenol injection, and60min later, newly formedgranules areobserved
at the concave trans-face of the Golgi apparatus. Alternatively, formation of
new SGs bearing fluorescent cargo has been followed after release from the
20�C block of protein exit from the TGN. This temperature block causes the
trans-Golgi region to become markedly extended (Tamaki and Yamashina
2002). In anotherapproach, after 60minof restored temperature,fluorescent
RSP [hCgB-GFP (S65T)] has completely exited from the TGN into ISGs (Rudolf
et al. 2001). Both approaches suggest that intra-Golgi protein transport takes
less than 60min. However, precise measurements of the rate of intra-Golgi
transport of RSPs have yet to be reported.

Severalgroupshaveattemptedtodeterminerequirements forSGformation
fromtheGolgicomplexusingcell-freesystemsandinpermeabilizedcells(Austin
andShields1996). Forexample,pro-opiomelanocortin (POMC) ispackaged into
granules before its endoproteolytic cleavage (Tooze et al. 1987; Tanaka et al.
1997;AndresenandMoore2001). The requirements identifiedtoobtainPOMC
processing(amarkerofISGmaturation)areinclusionofcytosolandacidification
of the granule lumen (at least to pH6.2). Probably this reflectsmore than just a
requirement for acidification, because processing of secretogranins II by PC2
cannot be activated merely by acidification alone. ARF1 enhances the POMC
processing(maturation)assay,duringwhichV-ATPasecontributescompartmen-
tal acidification for activation of prohormone convertases, and further incuba-
tionat37�Callowsfreegranulerelease.Granulerelease isdependentoncytosol
and ATP and is effectively inhibited by BFA or 100mM GTPgS, implicating the
activity of a high affinity GTP-binding protein (Dittie et al. 1997; Urbe et al.
1997a,b).

Membrane mechanisms for packaging regulated
secretory proteins

It is well known thatwhile transiting along the entire secretory pathway, RSPs
become progressively concentrated. Concentration is evident already upon
exit from the ER (Bendayan et al. 1980; Oprins et al. 2001), continues in the
Golgi complex, and proceeds further in cells in which the proteins are
efficiently packaged into SGs (Geuze et al. 1979; Geuze and Slot 1980; Slot
and Geuze 1983). While prolactin may be 200 times more concentrated in
dense core SGs than in the lumen of the ER (Farquhar et al. 1978), amylase
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concentration in exocrine SGs is more moderate, engaging small concentra-
tion steps at the cis-side (Postumaet al. 1988) or trans-side (Bendayan 1982) of
the Golgi stack.

In any event, formation of SGs is directly linked to ongoing transport of
RSPs from earlier stages of the secretory pathway. While brefeldin A (BFA)
does not affect already existing SGs, BFA causesmarked redistribution of RSPs
from the Golgi cluster to dilated cisternae of the RER, and blocks granule
biogenesis. After BFA washout, Golgi stacks regenerate and shortly thereaf-
ter granule formation is re-initiated (Haang and Arvan 1994; Tamaki and
Yamashina 2002).

Linked to these observations, one hypothesis has implied that concentra-
tion of RSPs might occur by COPI vesicles; however, evidence indicates that
COPI-coated membranes are mostly depleted of RSPs such as proinsulin in
pancreatic beta cells (Orci et al. 1997) or amylase in exocrine cells (Martinez-
Menarguez et al. 1999). COPI is especially enriched in the membranous
network of vesicular tubular clusters (VTCs), but this appears insufficient to
explain concentration during RSP transport along the secretory pathway
except perhaps to the extent that the concentration event may occur by
exclusion (Martinez-Menarguez et al. 1999), resulting in increased protein
concentration in the remaining cis-Golgi compartment. For amylase and
chymotrypsinogen, an increase in concentration between ER and cis-Golgi
compartment was reported as 3.7 and 57.6-fold, respectively (Oprins et al.
2001). If this were to occur solely from �concentration by exclusion� (i.e.,
without other volume-removal mechanisms), then the initial VTC volume
might need to be 57.6-fold larger than that of thefinal ER exit carriers, which
would also need to exhibit unique surface-to-volume characteristics that
render such a possibility unlikely. Indeed, after synchronization of transport,
the surface area and volume of each Golgi cisterna is equal at anymoment in
time, and the volume of the VTC compartment is equal to the volume of the
whole stack (Trucco et al. 2004). Thus, despite a definite role, Golgi cisternal
maturation–progression may not be the sole concentrating mechanism for
RSPs.

Adetailedanalysis of variousmodels of intra-Golgi transport is described in
Chapter 3.2. For thepresent discussion,webrieflynote that increasing consid-
eration isbeinggiventoa �kiss-and-run�modelof intra-Golgi transport,which
invokes a series of coordinated fusions and fission. This leads to residual
connectivity along the secretory pathway, which may account for the fact
that labelled lipids may diffuse through the Golgi complex even in aldehyde-
fixedcells– suggestingstructural continuities. Inaddition, thismodelmayhelp
to explain why SG biogenesis is blocked at 20�C (Kuliawat and Arvan 1992;
Rudolf et al. 2001; Xu and Shields 1994).

The �kiss-and-run� model may be extended to include ISG biogenesis and
maturation, implying that Golgi dilations (Ladinsky et al. 2002) fuse with the
TGN, inducing concentration and carrier maturation by removal of non-
granule resident proteins. The �kiss-and-run� hypothesis is based on the
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assumption that several separate and distinct compartments co-exist in the
secretory pathway and thatmembrane fusion events (homotypic fusionsmay
be included, but themodel especially requires heterotypic fusions) alongwith
consecutive fissions, can be used to generate compartmental maturation.

For such a system to work: (1) compartments of distinct ionic environment
must be narrowly connected to limit admixing, and (2) condensation of
different RSPs along these interconnected but distinct compartmental do-
mains must create a diffusion gradient along the tubular connections.
Certainly, long processes/tubules emanating from the TGN have indeed been
described (Polishchuk andMironov 2004; Fig. 2). If intercisternal connections
mediated by continuous fusion–fission events are used for granule formation
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and RSP concentration, then predictions of this model may include that:
(1) in properly designed studies to stage advancement of RSPs in the secretory
pathway, microinjection of mutant aSNAP should be expected to block
MSG formation, and (2) upon treatment with ONO or pyrophenone [inhibi-
tors of PLA2a (see also Chapter 3.2.)], MSG generation should similarly be
inhibited.

Sorting of RSPs to secretory granules

Secretory proteins ultimately follow regulated, constitutive, or constitutive-
like secretory pathways. The delivery of different proteins to specific post-
Golgi carriers and SGs involves processes collectively termed protein sorting
and targeting (Arvan and Castle 1998). This occurs mostly at the TGN level.
There are three principles driving this sorting: (1) selective entry of RSPs into
nascent SGsdue to their binding tomembraneor cargo receptors, (2) selective
retention of these proteins in maturing secretory granules due to multi-
merization/condensation of RSPs in the ionic environment of SGs, and (3)
refinement of membrane and content components by membrane removal
mechanisms (Shennan 1996; Martinez-Menarguez et al. 1999). It seems most
likely that amosaic of these sortingmechanismsmay contribute toRSP sorting
in various regulated secretory cell types (Gorr et al. 2001; Day and Gorr 2003;
Kim et al. 2003; Huh et al. 2003).

Figure 2. A schematic representing kiss-and-run mechanism of intra-Golgi transport of newly-
synthesized RSPs. The ER-to-post-Golgi transport pathway is pictured as a row of compartments
beginning from the ER (left, themost elongatedovalfilledwith RSPs, black dots). Golgi cisternae
are pictured as less elongated ovals in themiddle,whereas the post-Golgi compartment (oval on
the right) is placed above theGolgi cisternae. Each of these compartments could be successively
connected or disconnected from each other. Thus in this model, there is alternating fusion and
fission between Golgi cisternae and post-Golgi compartments. Initially (upper left panel), the
Golgi cisternae and the post-Golgi compartments are shown as empty such as would be seen
during a pulse-chase experiment, although in the steady state each of these compartments
contains abundant protein undergoing transit. During the second stage of transport (right upper
panel), fusion delivers cargo (black dots) to the most proximal Golgi cisterna. For ease of
understanding themodel, presentation of the ER-to-Golgi transit step is schematized and highly
simplified. During the next stage (middle left panel), the first Golgi cisternae becomes
disconnected from more proximal membranes whereas the first and second Golgi cisterna
become transiently connected with cargo flowing between them. After several further reitera-
tions (the middle right panel), as consecutive compartments become connected and discon-
nected, cargo reaches the post-Golgi compartment (black dots in the upper oval on the right). In
this post-Golgi compartment where ionic pumps would be localized, cargo undergoes precipi-
tation; the aggregated state limits cargo backflow to proximal compartments. The transient
nature of the connections between the post-Golgi compartment and other compartments helps
to prevent the specialized ionic environment from being dissipated. At the conclusion of
intracellular transport, the near-final distributions of newly-synthesized RSPs are shown in the
lower panels, with nearly all newly-synthesized cargo molecules becoming precipitated in the
post-Golgi compartment (the compartment nowcalled ISGs, or �1� in the Figure). In summary, in
this model, the combination of alternating fusion and fission between Golgi cisternae, and
aggregation of RSPs, are driving forces that facilitate transport of RSPs for storage in secretory
granules.

U
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The cargo receptor-based model called �sorting-for-entry� is analogous to
receptor-mediated endocytosis and M6PR-dependent lysosomal proenzyme
transport (Schmid 1997, see also Chapter 3.6), where cargo binds to receptors
that in turn recruit a cytosolic coat. In indirect support of this model, the
propeptide of prosomatostatin (Stoller and Shields 1989) a charged/hydro-
phobic patch (Dikeakos et al. 2007), and a disulfide-bonded loop segment of
chromogranin B (CgB) (Kromer et al. 1998; Glombik et al. 1999) and dibasic
processing sites (Felliciangeli and Kitabgi 2002) have been proposed as being
necessary and sufficient to mediate sorting, acting as putative ligands. An
amphipathic loop of POMC was also reported to be required for efficient
sorting (Cool et al. 1995). Some major caveats would exist if this were to
operate as a sole conserved sortingmechanism (Irminger et al. 1997). First, the
failure to discover a sorting signal universal to all RSPs (Halban and Irminger
1994) excludes this as a single general mechanism. Second, luminal protein
cargo abundance (often exceeding 100mg/ml) in conjunction with restricted
availability ofmembrane, limits accessible surfacearea toonly a small fraction
of luminal protein. Third, in �sorting for entry�models, CSSPs are portrayed as
excluded from granules (reviewed in Beuret et al. 2004; Lara-Lemus et al.
2006), although they may actually be selectively captured for entry into their
own export carriers (Lara-Lemus et al. 2006; Rustom et al. 2002) as is seen in
apical sorting in epithelial cells (Hansen et al. 2000; Ikonen 2001). Finally,
receptor-mediated sorting forentrywould leadone toanticipatea significant
step-up in luminal cargo concentration during ISG formation, which has not
beenfound,at leastnot in theexocrinepancreas (Oprins etal. 2001) (although
this remains to bedetermined inAtT20 cells (Dhavantari and Loh 2000)), PC12
cells (Wendleretal. 2001;Feliciangeli andKitabgi2002),orNeuro2Acells (Cool
et al. 1997)). While it does seem likely that at least some RSPs bind to specific
sites on the luminal side of the ISGmembrane, the puzzle to be solved in this
model is to understand the stoichiometry of cargo receptors to the vast
majority of RSPs stored in secretory granules.

To the extent that true cargo receptors exist, they must be membrane
proteins or luminal proteins engaged tightly with granule lipids. The lipid
composition of secretory granules is more cholesterol-rich than that of more
proximal secretorypathway compartments, and this lipid composition is likely
to be critical to proper formation of outbound membrane carriers (Wang et
al. 2000; Tooze et al. 2001). Some RSPs interact with the luminal leaflet of the
granule membrane (Dhanvantari and Loh 2000; Glombik et al. 1999; Tooze
et al. 2001), including association with �lipid rafts� (Wasmeier et al. 2002;
Dhavantari and Loh 2000; Blazquez et al. 2000, 2001).

In one example, SgIII association with cholesterol-rich microdomains can
facilitate CgA association that can in turn associate with other RSPs (Hosaka
et al. 2002; Taupenot et al. 2002a,b). The prohormone-convertases PC1, PC2,
andPC5/6Aalso associatewith lipid rafts (Blazquez et al. 2000, 2001;Dikeakos
et al. 2007a,b; Lou et al. 2007) where they can contribute to sorting prohor-
moneswith dibasic processing sites (Feliciangeli et al. 2001; Brakch et al. 2002;
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Lacombe et al. 2005; Garcia et al. 2005;Mulcahy et al. 2005). Themost studied
example is CPE, a protein that exhibits association with lipid rafts in the TGN,
interacting with membranes via its C-terminal domain (Dhanvantari and Loh
2000), and had at one time been proposed as necessary to efficiently deliver
proinsulin into newly forming ISGs (Dhavantari and Loh 2000; Cawley et al.
2003; Dhavantari et al. 2003). Indeed, CPE can co-aggregate with POMC,
prolactin, and insulin at an acidic pH in vitro (Cool et al. 1997; Rindler 1998),
which has served as a basis for proposing it as a sorting receptor for POMC
(Cool et al. 1997) andother peptide hormones. However, not only is sortingof
CgA not disturbed in Neuro-2a cells depleted of CPE (Normant and Loh
1998) but entry of proinsulin into ISGs is also not impaired in CPE-deficient
Cpefat/Cpefat mice (Irminger et al. 1997; Varlamov et al. 1997). Moreover, in
the 4 years since the homozygous CPE null mice have become available
(Niamh et al. 2004), there are no indications of an inability of secretory
granules to formor for newly synthesized prohormones to enter ISGs in these
mice. However, CPEhasmore recently beenproposed as a retention factor for
prohormones duringmaturation of ISGs (Lou et al. 2005). Thus, CPE likemany
RSPs can serve as helper/assembly factors, facilitating protein condensation
during SG biogenesis.

Granin-family members including chromogranin A (CgA) (Hosaka et al.
2005), CgB, secretogranin II (SgII), SgIII, and 7B2, are also targeted to SGs
(Winkler and Fischer-Colbrie 1992; Song and Fricker 1995; Dannies 1999;
Tooze et al. 2001; Day and Gorr 2003) and also have been implicated in RSP
condensation (Natori and Huttner 1996). Both CgA and CgB associate with
inositol 1,4,5-trisphosphate receptors in a pH-dependent manner (Thrower
et al. 2003), although the significance of this is unclear. In CgA-deficient,
POMC-expressingPC12cells, storageofPOMC inSGsappears impaired (Kimet
al. 2001), but in tissues, granin family members probably exhibit functional
redundancy. Mice lacking SgIII reveal no major obvious effects on viability,
fertility, or locomotor behaviour (Kingsley et al. 1990). Perhaps this is because
CgA is still efficiently targeted to SGs in cells, such as primary adrenal
chromaffin cells, in which SgIII is lacking (Hosaka et al. 2002; Taupenot
et al. 2002a,b). However, absence of CgA also generates a largely unremark-
able mouse phenotype (Hendy et al. 2006), again speaking to redundancy
between granins as well as non-granin RSPs.

By contrast, overexpression of CgA (Kim et al. 2001), CgB (Huh et al.
2003); or various RSPs can induce formation of SG-like structures with an
electron-dense core even in cells lacking the traditional regulated secretory
pathway (Michaux et al. 2003; Beuret et al. 2004). Indeed, transient
expression in the COS-1 fibroblast cell line of several RSPs as well as SgII
and CgB, but not alpha 1-antitrypsin, accumulate with varying efficiency in
granule-like cytoplasmic structures devoid of markers of the endoplasmic
reticulum, endosomes, and lysosomes, but partially co-localizing with
TGN46 (Beuret et al. 2004). Expression of CgA (Kim et al. 2001) or CgB
(Huh et al. 2003) induces related morphological structures, although �80%
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of CgB–GFP is released from Vero cells within 2h after synthesis (Wacker
et al. 1997) with a storage of pro-Vasopressin in heterologous cells that is
even lower (Beuret et al. 2004). While expression of granins or other RSPs in
heterologous cells does not induce gene expression of other SG compo-
nents (Kim et al. 2001; Huh et al. 2003; Beuret et al. 2004), overexpression
of CgB may increase the sorting and processing of selected RSPs in regu-
lated secretory cells (Natori and Huttner 1996). CgA forms dimers at pH 7.5
and tetramers at pH 5.5 (Yoo and Lewis 1992). The granin multimers
formed in a weakly acidic, high Ca2þ -intragranular milieu can in turn
facilitate RSP condensation (Yoo 2000; Yoo et al. 2001; Taupenot et al.
2002a,b; Dannies 1999; Thrower et al. 2003). Thus, like CPE, granins are also
SG helper/assembly factors (Kim et al. 2001, 2003; Day and Gorr 2003), but
endocrine cells clearly engage more than one gene product regulating the
process of granule biogenesis and optimizing RSP storage efficiency (Beur
et al. 2004).

RSP polymerization

RSPs appear to have evolved to lose solubility via multimerization in the
intraluminal space (Kuliawat et al. 2000; Lee et al. 2001; Arvan et al. 2002;
Song and Fricker 1995; Yoo 1996), indicating that differences in solubility may
play an important role inprotein trafficking. Themain siteofRSP condensation
istheTGNwithcontinuationin ISGs(althoughmultimerscanformwithinearlier
compartments – see above sections). Condensed proteins often accumulate in
dilated regions of the TGNpossessing tubular interconnections (Clermont et al.
1995), which can result in formation of a concentration gradient (Bauerfeind
and Huttner 1993) that, according to the �kiss-and-run�model (see above) can
lead to formation of ISGs. In such a view, one might expect no important
structural requirements for luminal protein entry into ISGs (El Meskini et al.
2001;Molineteetal. 2000)other thantheseareproteins thathadnototherwise
been removed via TGN tubule sequestration or fragmentation.

Multimeric protein assembly is one of the factors regulating efficiency of
RSP storagebymechanisms thatmightbeconsideredas theculminationof the
intra-Golgi transport process. In the extreme case, it would be plausible for
>99%of RSPs to be sortedbymultimerizationwith <1% (i.e., an undetectable
fraction) of molecules sorted by receptor interactions, underscoring the po-
tential quantitative importance of passive associations in the appropriate
intraluminal environment (reviewed in Arvan and Halban 2004). Thus, the
bioactivity of substoichiometric amounts of SG assembly/helper factors in the
Golgi complex is augmented by the predisposition of RSPs to multimerize
under intraluminal TGN conditions (Chanat and Huttner 1991; Colomer et al.
1996). However, the consequences for protein sorting in the secretory
pathway as a result of higher-order protein assembly may be less predictable
than for receptor-mediated trafficking events. This is because there may be
equilibria between soluble andmultimeric states, competitions at the luminal
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leaflet and in the soluble phase for both heterotypic and homotypic protein
interactions, mixed complexes containing similar proteins in different stoi-
chiometric ratios, and different post-translationally modified forms of the
same gene product exhibiting different properties (Zhang et al. 2001). Re-
markably, most condensed RSPs rapidly dissolve when the ionic environment
andconcentrationsof the intragranular spaceare reversed (Arvanetal. 1984).

Multimerization interactions may be homotypic or heterotypic. In endo-
crine cells, an increase in SG density is accompanied by membrane remodel-
ling (Eatonet al. 2000) andeven crystallizationof internal cargo (Greider et al.
1969; Kuliawat and Arvan 1992), although actual crystal formation is not
required for storage (Arvan and Halban 2004). In exocrine cells, certain
sulphatedproteoglycansmay facilitate efficient storageof amylase inparotid
SGs (VenkateshandGorr 2002) andmay contribute toheterotypic RSP storage
in the exocrine pancreas (De Lisle 2002; Venkatesh et al. 2004), even as they
play no clear role in sorting and storage of endocrine RSPs (Gorr 1996).
Differences in aggregationof individual proteins (Colomer et al. 1996; Kleene
et al. 1999) can result in different RSPs being sorted to distinct intracellular
locations (Klumperman et al. 1996). In exocrine cells two distinct proteins
initially appearing in ISGs atone stoichiometric ratio arefinally stored inMSGs
at a different stoichiometric ratio (Von Zastrow and Castle 1987). In soma-
tomammotrophs of the bovine pituitary, distinct prolactin and growth hor-
mone granules appear in the same cells, and occasionally appear in separate
aggregates within single granules (Fumagalli and Zanini 1985; Hashimoto
et al. 1987). In bag cell neurons of Aplysia californica, the precursor of egg-
laying hormone is cleaved into distinct C-terminal and N-terminal products
that are packaged into separate granules, with sorting that appears to occur
by homotypicmultimerization (Sossin et al. 1990). The partitioning of luminal
volume between various outbound pathways from the TGN is likely to be a
factor in these various regulated secretory cell types (Arvan and Castle 1998;
Thiele et al. 1997) and between cell lines (Rindler et al. 2001) and their
cognate cell types in vivo.

Protein structure optimized for the distinct intracompartmental ionic
environment of SGs is an important factor in RSP multimer formation and
storage. Simple engineering of hexahistidine epitope tags onto secretory
proteins can enhance calcium-induced RSP condensation within the SG
environment (Gorr 1996; Oliver et al. 1997; Jain et al. 2000). The �granin
loop� (Song and Fricker 1995) is another feature likely designed for conden-
sation in the high calcium, lower pH environment. This ability to undergo
calcium- and low-pH-induced condensation has been demonstrated for both
endocrine (Bell-Parikh et al. 2001; Jain et al. 2000), and exocrine (Dartsch et al.
1998;DeLisle 2002) RSPs.ACgA–GFP fusionprotein is trafficked todense-core
granules in PC12 cells (Taupenot et al. 2002a,b) and exposure to bafilomycin
A1 causes a substantial decrease indetectable granules (Taupenot et al. 2005),
while such treatment of pituitary cells causes POMC and prolactin to accu-
mulate in larger vacuolar structures (Henomatsu et al. 1993; Schoonderwoert
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et al. 2000). Thus, in order to induce condensation of RSPs, SGsmust generate
an acidic pH (reviewed in Wu et al. 2001). Mechanisms that SGs may use to
achieve amore acidic pH than theTGNmayalso includea lowtransmembrane
proton leak and a favourable buffering capacity at low pH. Additionally,
calcium buffering (e.g., CgB binds >90 Ca2þ /mol with a Kd of 1.5mM)
promotes RSP condensation as well as providing calcium for stimulated
release to the cytosol (Yoo et al. 2001).

Insulin storage as an example

The �sortingby retention�modelwas developed fromstudies of traffickingof
proinsulin-derived peptides (the major peptides manufactured in pancreatic
beta cells) (Arvan andHalban 2004). Proinsulin forms hexamers but they have
very poor self-association properties to form higher-order complexes (Orci
1985). Nevertheless the vast majority of newly synthesized proinsulin in beta
cells is directed into ISGs (Rhodes andHalban1987). Despite hypotheses to the
contrary (Orci et al. 1984a,b; Fredman et al. 2000; Osterbye et al. 2001), the
existence of a specific TGN-based sorting mechanism for entry into ISGs has
not been found for proinsulin (Glombik and Gerdes 2000). In pancreatic beta
cells, proinsulin rather than conversion intermediates or final processing
products) is initially packaged in ISGs. Thus the earliest detectable granules
are proinsulin-rich, replete with electron-pale material, carry a (discontinu-
ous) clathrin coat, and have a weakly acidic milieu (Orci et al. 1984b, 1986). In
the absence of stimulation, proinsulin is converted to insulin, which is
retained for storage in granules, whereas in the presence of secretagogues
there is stimulated release of both proinsulin and newly made insulin. The
majority of endogenous proinsulin is recovered in the soluble phase prior to
its conversion to insulin within ISGs. By contrast, intragranular insulin poly-
merizes as a function of both prevailing proton and zinc concentrations
(Kuliawat and Arvan 1994). Even in yeast, endoproteolytic processing in the
late Golgi to form single chain insulin from a fusion protein precursor
promotes intracellular retention, preventing rapid secretion of the precursor
(Zhang et al. 2001). In mammalian beta cells, after proteolytic processing,
insulin becomes insoluble within granules whereas C-peptide remains
completely soluble.

During the processing period, lysosomal procathepsin B, long recognized
as an insulin granule component (Docherty et al. 1984), is actively removed
from beta cell ISGs (Kuliawat and Arvan 1994). Nevertheless, the majority of
granule C-peptide is not removed from islet ISGs but remains behind in
mature granules (Kuliawat andArvan 1992) because constitutive-like protein
traffic conveys only a very minor fraction of ISG volume (reviewed in Arvan
and Halban 2004). Indeed, it has been questioned in primary beta cells
whether insulin is significantly better retained in granules than proinsulin
(Molinete et al. 2001), although such a result does seem clear in cell culture
models (Kuliawat et al. 2000). Further, a point mutant of proinsulin, His-
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B10Asp, that is defective for hexamerization, tends to be associated with
enhanced constitutive or constitutive-like secretion (Carroll et al. 1988; Gross
et al. 1989), and is found at excessive levels in the circulation of human
patients bearing themutation (Chan et al. 1987). A proinsulin inwhich dibasic
endoprotease cleavage sitesweremutated to residues that cannot be cleaved
was reported to be sorted efficiently to SGs (Halban and Irminger 2003),
consistent with another report that a mutant bearing no C-peptide whatso-
ever is efficiently sorted to SGs (Powell et al. 1988). These findings have been
used to argue in favour of selective sorting for proinsulin entry into ISGs
rather than efficient storage by condensation of insulin. However upon
further study, it was found that the latter molecules (lacking C-peptide) were
quantitatively misfolded, bearing mispaired disulfide bonds (Liu et al. 2003).
Surprisingly, this unsuspected misfolding does not prevent transit of the
mutants to the TGN and beyond (Liu et al. 2003), but it would imply that a
putativeproinsulin sorting receptor (Dhanvantari et al. 2003)wouldneedalso
to be able to recognize a completely non-native ligand. We think this is
possible, but unlikely. All in all, the insulin example tends to support the
sorting by retention model; favouring the view that polymeric assembly of
newly synthesized insulin (Huang and Arvan 1994, 1995) helps to enhance its
storage inmaturing secretorygranules (KuliawatandArvan1992). Thismodel
is discussed further in the next section.

Entrance, exit, and avoidance of non-granule proteins
in ISGs

The �sorting by retention� model invokes both multimerization/condensation
of specific RSPs to facilitate retention in ISGs alongwith membranous removal
of proteins that are not destined to be stored in SGs (Arvan and Halban 2004).
Thus, the sorting-by-retention hypothesis does not require that specific sorting
information is used at the entry step into forming SGs, thereby rendering the
SG itself as an important sorting station. Indeed, lysosomal proenzymes, and
endosomal and lysosomal membrane proteins en route, and luminal and
membrane proteins thought of as markers of the constitutive secretory path-
way, can also enter ISGs (for review see (Arvan and Castle 1998)).

Newly synthesized lysosomal proenzymes en route to the endosomal
system enter ISGs (Kuliawat and Arvan 1994; Klumperman et al. 1998; Turner
and Arvan 2000). To refine the composition of MSGs, these proteins must be
removed as ISGsmature (Kuliawat andArvan 1994); indeed, procathepsin B is
virtually quantitatively removed during ISG maturation. When lysosomal
proenzymes are defective for specific M6PR-mediated recognition, their
entry into granules is even more abundant – although removal from matur-
ing granules is blocked (Kuliawat and Arvan 1992).

Although challengedby some (Rindler et al. 2001), thebulkof theevidence
favours that there also can be substantial entrance of soluble secretory
proteins from the TGN into ISGs (Arvan and Castle 1998). This entry seems

Origins of the regulated secretory pathway * 499



to require neither N-glycans (Kelly et al. 1983) nor lipid raft association (Feng
andArvan2003). For instance, SEAP, a truncated formofalkalinephosphatase
lacking the glycosyl phosphatidylinositol membrane anchor, has been de-
scribed as a CSSP (Gorr 1996; Harrison et al. 1996; Molinete et al. 2000)
although at least in pancreatic beta cells, SEAP abundantly enters ISGs (Lara-
Lemus et al. 2006). Indeed, there are no data indicating that initial entry of
SEAP into b-cell secretory granules is any less efficient than that of endoge-
nous proinsulin, although ultimate storage of the two proteins in SGs differs
(Arvan andHalban 2004).While a CgB–eGFP fusion protein is targeted to ISGs
(Kaether et al. 1997), soluble secretory GFP (a protein that is not normally
targeted to the secretory pathway but that can be introduced thereinmerely
by virtue of the presence of a cleavable signal sequence) also abundantly
enters SGs (El Meskini et al. 2001; Molinete et al. 2006). This form of GFP not
only enters insulin secretory granules, but it also appears to be stored and
secreted with efficiency that is comparable to that of authentic insulin
(Molinete et al. 2006). However, the ability of eGFP to form disulfide-linked
oligomersmayaffect theoutcomeof theseexperiments (Jain et al. 2001; Feng
and Arvan 2003). Nevertheless, entrance from the TGN into ISGs of �marker
proteins of the constitutive pathway� is not limited to fusion proteins or
genetically engineered GFP-containing constructs (Feng and Arvan 2003).

Howwould CSSPs be prevented from entry into ISGs? Several experiments
have been performed to date (Tooze and Huttner 1990; Chanat and Huttner
1991), and thus far, only very few identifiedproteins havebeen found tomeet
the criteria of failing to enter ISGs. Recently, a genetically truncated version of
Cab45 (a protein that binds Ca2þ and normally resides in the Golgi lumen,
Scherer et al. 1996) was described as the first bona fide constitutive secretory
marker to be identified without demonstratably entering ISGs. Similar to
other members of the CREC family, loss of information encoded in the C-
terminal region of Cab45 causes the protein to lose its intracellular retention
within theGolgi complex (Honore andVorum 2000). Indeed, Cab308myc is no
longer colocalizes with the GM130 Golgi marker, but rather is distributed to
vesicular organelles at the cell periphery that are non-overlapping with the
immunoreactive distribution of insulin (SGs) or proinsulin (ISGs) (Lara-Lemus
et al. 2006). Importantly, unlike SEAP or even alpha 1-antitrypsin (Feng and
Arvan 2003), at no time does Cab308myc ever enter a stimulus-releasable
compartment – at least not in INS1 insulinoma cells, and apparently also not in
AtT20 pituitary cells (Lara-Lemus et al. 2006). How does Cab308myc avoid
entry into ISGs? Interestingly, uponpermeabilizationoforganellemembranes
with saponin, SEAP behaves as a typical soluble secretory protein, being fully
extracted by the detergent treatment, whereas Cab308myc remains associat-
ed with the luminal aspect of secretory pathway membranes destined to
become transport intermediates for the constitutive secretory pathway (Lara-
Lemus et al. 2006). At the time of exocytosis, the membrane associations of
such secretory proteins must be reversed to account for their free release to
the extracellular environment upon exocytosis (Schlegel et al. 2001).
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In addition to this constitutive secretory pathway conveyed directly from
the TGN to the cell surface in regulated secretory cells (Orci et al. 1987a,b),
the constitutive-like secretorypathway involves two limbs: one from ISGs (and
the TGN) to the endosomal system followed by a second from endosomes to
the cell surface (Turner and Arvan 2000). Constitutive-like secretion of lyso-
somal procathepsin B appears to proceed via an endosomal intermediate
(Turner and Arvan 2000), although the role of endosomes as intermediates in
the release of bona fide secretory proteins has been less well studied (Millar
et al. 2000). Inour view, the important aspect of the constitutive-like secretory
pathway is not the quantitative contribution of its contents to overall secre-
tion, but rather thenotion that amembrane traffickingpathwayout of ISGs is
likely targeted to endosomes rather than direct retrograde transport to the
Golgi/TGN. Membrane recycling between exocytic and endocytic pathways is
described in greater detail in Chapter 3.10, but here, we wish to emphasize
that these relationships are especially prominent in regulated secretory cells.

Once reaching endosomes, a fraction of secretory protein is likely to be
channelled to lysosomes for degradation (Neerman-Arbez and Halban
1993) with another fraction conveyed to the extracellular space, creating
constitutive-like secretion (Kuliawat and Arvan 1992). Support continues to
grow for the idea that unstimulated secretion of proteins that had already
traversed, but were no longer contained within, the secretory granule
compartment (Arvan et al. 1991; Huang et al. 2001) is likely to reflect
membrane trafficking events occurring via an endosomal intermediate
(Feng and Arvan 2003).

Role of clathrin

In neuroendocrine cells, there is clear concentration of clathrin at regions of
the TGN membrane engaging in granulogenesis (Orci et al. 1984a,b) and on
parts of themembrane of ISGs. In both TGNdilations anddetached ISGs,most
clathrin is accumulated on clathrin-coated buds (for review see Halban and
Irminger 1994). Clathrin coat, mannose phosphate receptors (M6PRs), furin,
andAP-1 adaptors present at the TGNand ISGs (Orci et al. 1987a,b; Dittie et al.
1996; Klumperman et al. 1998) disappear in MSGs.

Excess membranes and proteins such as the ubiquitously expressed TGN/
endosomal membrane protease furin, are thought to be removed from
maturing granules by budding of clathrin-coated ISG-derived vesicles (Dittie
et al. 1996, 1997; Klumperman et al. 1998). Indeed, a list of proteins removed
from ISGs may include some CSSPs as well as lysosomal enzymes and endo/
lysosomal membrane proteins such as M6PR. Thus, sorting of lysosomal
enzymes from the ISGs uses the same system involving theM6PR as elsewhere
in the TGN (Kuliawat et al. 1997). GGA (Golgi-associated g-ear-containing
ADP-ribosylation-factor-binding protein) is an adaptor protein recruiting
clathrin to ISGs (Kakhlon et al. 2006). Only after reaching a relatively ad-
vanced stage of morphological maturation do SGs lose the clathrin coat
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(Tooze and Tooze 1986). Neither the dominant negative clathrin hub frag-
ment (Molinete et al. 2001) nor arginine/lysine analogs (Kuliawat and Arvan
1992) block creation of new granules but both demonstrate that clathrin
function is needed for ISG maturation. What might greatly advance this
model of ISG maturation would be if clathrin-dependent vesicles after
budding from ISGs could be isolated in vitro after incubation with cytosol
and appropriate budding factors.

Clathrin might also be invoked in the sorting-for-entry model, in which
RSPs bind specific membrane receptors. However, it has been shown that
TGN and trans-Golgi-derived clathrin-coated buds contain Golgi resident
proteins (Velasco et al. 1993) but excluding secretory protein cargoes
(Salamero et al. 1990); and experiments with yeast mutants reveal that
clathrin can play a direct role in the retention of Golgi resident proteins
(Seeger and Payne 1992).

Lui-Roberts et al. (2005) have recently proposedanovel scaffolding role for
an AP-1/clathrin coat in initial endothelial cell granule formation. However,
unless we invoke significant cell type-specific differences, such a model
cannot account for the fact that expression of the dominant negative clathrin
Hub peptide does not affect the efficiency of delivery of peptide prohor-
mones to SGs (Molinete et al. 2001); and clathrin depletion does not affect
prohormone processing (Andresen and Moore 2001).

Role of cytoskeleton in transport of SG

ISGs and MSGs have somewhat different localizations. The cell cortex is the
site of priming and docking of SGs (Robinson and Martin 1998). The fraction
of granules docked at the plasmalemma varies with cell type (e.g., in PC12
cells, the majority of MSGs is localized in close proximity to the plasma
membrane (Baneriee et al. 1996)); such granules can be recruited to undergo
stimulated exocytosis (Martin and Kowalchyk 1997). While certainly not the
only factors, both microtubules and F-actin synergistically and consecutively
affect SG cortical localization.

Microtubules are implicated particularly in fast transport of ISGs from the
TGN to the PM (Rudolf et al. 2001). Newly made ISGs may leave the TGN in
straight trajectories towards the plasmalemmawith maximal velocities of up
to 2mm/s (Rudolf et al. 2001). This straight, unidirectional transport contrasts
with the anterograde transport of constitutive carriers which is also microtu-
bule-dependent but may occur in a random bidirectional manner (Wacker
et al. 1997) – although in NGF-differentiated PC12 cells, SGs may also move
both anterogradely and retrogradely (Lochner et al. 1998; Rudolf et al. 2001).
In the presence of nocodazole to disrupt microtubules, ISGs do not accumu-
late in the TGN area but reach the PM more indirectly (Rudolf et al. 2001).

Using a phogrin-dsRed fusion protein to follow SG movement (Wasmeier
and Hutton 1996), anterograde transport along microtubules was shown to
require theATP-dependent activity of the conventional kinesinmotor (Varadi

502 * A. A. Mironov and P. Arvan



et al. 2002). Using another RSP tagged with the dsRed-E5 �timer� protein
(a fluorophore that progressively shifts its fluorescence emission over 16h,
Terskikh et al. 2000), it was found that newly generated SGs are quickly
mobilized to the plasmamembrane (Duncan et al. 2003) and, as a function of
age, their speed and direction changes with some granules moving rapidly in
a saltatory manner along straight lines, indicating transport along tracks.

Actin filaments engage SGs at slightly later stages of maturation. In
neuroendocrine chromaffin and PC12 cells, completion of ISG-to-MSG matu-
ration is kinetically linked to F-actin binding (Rudolf et al. 2001). Specifically,
upon shift from 20�C (a temperature at which detachment of ISGs from the
TGN is blocked, Kuliawat and Arvan 1992) to 37�C, GFP-labelled ISGs move
within seconds in a microtubule-dependent fashion to the F-actin-rich cell
cortex where they mature as measured by progressive loss of furin signal
(Rudolf et al. 2001). SGs undergo both F-actin-dependent and independent
immobilization (Rudolf et al. 2001), and interactionof SGswith cortical F-actin
(Trifaro and Vitale 1993) remains preserved in vitro in preparations of plasma
membrane sheets (Martin and Kowalchyk 1997; Avery et al. 2000).

SNAREs and RABs in the regulated secretory pathway

A complete review of these proteins is beyond the scope of this chapter.
However, it is necessary here to at least recognize that SNARE proteins move
dynamically during compartmental genesis and maturation, while selected
Rab proteins are acquired on the cytosolic face of the organelle.

Syntaxin 6 (Syn6) is predominantly distributed in endosomes and the TGN
(Kuliawat et al. 2004) although Syn6 is also present in ISGs but notMSGs (Bock
et al. 1997; Klumperman et al. 1998; Steegmaier et al. 1999; Eaton et al. 2000;
Hinners et al. 2003). Homotypic ISG–ISG fusion, proposed as a step in MSG
biogenesis (Tooze et al. 1991; Urbe et al. 1998) engages Syn6 (Wendler et al.
2001) and synaptotagmin IV (Ahras et al. 2006). Interestingly, the process of
secretory granule maturation is SNAP-dependent (Chamberlain et al. 1995)
suggesting involvement of (forward or retrograde) membrane fusion
machinery.

Thefinal stagesof SG lifespan (Nemotoet al. 2001; Thorigrave;netal. 2004;
Sørensen 2004) require SNAREs to trigger exocytosis in the presence of Ca2þ .
Synaptotagmin (a Ca2þ – and phospholipid-binding protein) is involved in
setting the Ca2þ dependence of the fusion process (Sorensen 2004). In sea
urchineggs, SNARE complexesprimarily increase theCa2þ sensitivity of fusion
between plasma membrane and cortical exocytic vesicles (Coorssen et al.
1998; Johns et al. 2001). In turn, SNARE proteins undergo assembly into
functionally active complexes following a rise in Ca2þ , with formation of the
tSNARE complex preceding formation of the trans vSNARE–tSNARE assembly.
Thedetails of tSNARE complex formationhavenotbeen characterized in vivo,
thus it is not certain which represents the core complex precursor in vivo
(Stojikovic 2005).
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Assembly of the SG–plasma membrane SNARE complex consists of two
main steps. The first involves a high affinity syntaxin interaction with the
N-terminal SNARE motif of SNAP25 (An and Almers 2004). This complex
assembles reversibly during transient elevations in Ca2þ induced by depolari-
zation of cells and tolerates a mutation that blocks formation of other kinds
of syntaxin–SNAP25 complexes. This complex might function as the plasma
membrane �docking receptor� for SGs containing VAMP, to be followed by
trans-SNARE formation during a Ca2þ-dependent priming step of exocytosis
(Stojikovic 2005). However, at steady state, certain molecules such as VAMP4
are distributed in the TGN and ISGs but not in MSGs (Bock et al. 1997;
Klumperman et al. 1998; Steegmaier et al. 1999; Eaton et al. 2000; Hinners
et al. 2003) eliminating themfromconsiderationaspartners in thefinal stages
of SGdocking. Thus, someSNAREproteins in ISGs functiononly in a preludeto
actualstimulus-dependentexocytosis (Regazzietal.1996;Wheeleretal.1996).

Another important class of regulators are the Rabs, especially members of
the Rab3 and Rab27 families. In PC12 cells, endogenous Rab3a colocalizes
with SGII-marked SGs, and transiently expressed EGFP–Rab3a (and ECFP–Ra-
b27a) preferentially localizes to newly made ISGs dissociated from the TGN
within 20min after release of the 20�C temperature block (Handley et al.
2007). Experiments using fluorescence recovery after photo bleaching have
suggested that Rab3amight continue to rapidly exchange between granule-
bound and cytosolic forms, yet exocytosis per se does not drive immediate
release or dispersal of Rab3a from granule membranes (Handley et al. 2007).
A potentially important effector of Rab3a is Noc2, whose deficiency in
genetically altered mice results in diminished insulin secretion from pancre-
atic beta cells as well as significant defects in exocrine granule exocytosis
(Matsumoto et al. 2004).

The Rab27 subfamily consists of two homologs with closely related but
non-identical function in the regulated secretory pathway. Rab27a is known
to be important for the biogenesis and function of lysosome-related orga-
nelles such as melanosomes (Barral et al. 2002) although it has also been
implicated in endocrine SG docking at the plasma membrane (Kasai et al.
2005). Rab27bmay be expressed in a somewhatmore narrow range of tissues
than Rab27a. Loss of Rab27b function seems to be associated with a promi-
nent decrease in the numbers of platelet granules and a bleeding disorder
(Tolmachova et al. 2007; Tsuboi and Fukuda 2006), as well as abnormal
movement and secretion of mast cell granules (Mizuno et al. 2007). Never-
theless, Rab27b may also play a role in granule exocytosis in the brain and in
certain endocrine andexocrine tissues (Zhao et al. 2002; Imai et al. 2004; Gomi
et al. 2007).

Exocytosis of SGs

As with the previous section, such a topic extends well beyond the scope of
this chapter.Here,wemerelywish tonote thatdesignof the secretorygranule
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must build in how the SG will be deployed to complete the anterograde
transport pathwaywith depletion of granule contents and selective handling
of SG membranes (Borgonovo et al. 2006).

Exocytosis of SG contents to the extracellular space ismediated by complete
or partial fusion (�kiss-and-run�, with a variable durationof<1 s to>10 s (Rutter
and Tsuboi 2004) of SG continuities with the plasma membrane (Tsuboi
and Rutter 2003; Tsuboi et al. 2004). In its most minimal form, a narrow pore
allows only selective release of low-molecular-mass species (ATP, GABA, etc.)
from SGs. Electrophysiological recordings appear unable to detect fusion
events with such a minimal pore size. In a greater form, the fusion opening
proceeds to limited admixing of vesicle membrane proteins with those of the
plasmamembrane (Tsuboi et al. 2004)while constituents of thedense coreare
extruded. Live cell imaging of fluorescent probes such as the lipophilic dye
FM-1-43appears able todetect amultiplicity of such interactionsbetweenSGs
and the PM (Leung et al. 2002).

To be available for either form of fusion with the plasma membrane, SG
docking and priming events must take place first. Priming occurs in two
stages, resulting in generation of slowly releasable and rapidly releasable
pools of granules. Recentfindings indicate that all transitional stages leading
up to and including the fusion event itself have potential reversibility (Martin
2003).While priming requires only amoderate increase in Ca2þ as well as the
presence of MgATP, SG exocytosis demands a more substantial elevation in
Ca2þ and exhibits a considerably longer latency than that known for synaptic
vesicles. SG exocytosis can occur from either the slowly or rapidly releasable
primed pool of SGs, but with different rates and latency. Thus, the extent of
content release is variable with respect to both the fraction of cellular
granules involved, and the fraction of cargo of individual SGs undergoing
release –bothdependon thenature and strength of the secretagogue aswell
as key second messengers (Stojikovic 2005) and their effectors (Tsuboi et al.
2006).

One of themolecules thatmay limit full fusion and diffusional intermixing
of SG membranes with the plasmalemma is dynamin. When simultaneously
imaged with a fluorescent vesicle cargo (NPY-mRFP), dynamin-1-EGFP is
observed to arrive at sites of exocytosis synchronously with the onset of
release events, and to linger for 2–3 s after the peak of release (Artalejo et al.
2002), where itmay be engaged in closing the fusion pore (Tsuboi et al. 2004).
Dynamin recruitment is also likely to be a key feature to the nearly intact
recapture of SG membranes to the cytoplasm following exocytosis (Taraska
et al. 2003). However, the signals that recruit dynamin to SG exocytotic sites
remain unclear. Local increases in PtdIns(4,5)P2 and increased local Ca2þ

(Wiser et al. 1999; Emmanouilidou et al. 1999) might each play roles in
recruiting dynamin to the sites of potential binding partners, including
members of the SNX family (sorting nexins, especially SNX9; Soulet et al.
2005) as well as phospholipase D (Lee et al. 2006), syndapin-1/PACSIN
(Anggono et al. 2006), and syntaxin-1 (Galas et al. 2000).
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Conclusions

This chapter on origins of the SG highlights the creation and utilization of a
novel organelle that has evolved with the increasing complexity of eukary-
otic cells and been assigned a highly specialized task for regulated cargo
delivery to the cell surface. Much of the task begins in the Golgi complex, and
is critically linked to the specific biophysical behaviour of content proteins that
helps to drive protein condensation for storage (see Fig. 1). Regardless of
model invoked for the origins of the regulated secretory pathway, the
specialization and refinement of the SG membrane appears to require
ongoing membrane fusion and fission events. Herein, we present the idea
that �kiss-and-run� – a model that has grown in popularity to account for
many exocytotic events – may be equally applicable in earlier intracellular
compartments along the anterograde transport pathway, and could be
intimately associated with Golgi structure and sorting mechanisms for
granule biogenesis (Fig. 2).

Abbreviations

BFA brefeldin A
Cg chromogranin
CPE carboxypeptidase E
CS constitutive secretory
CSSP constitutive soluble secretory protein
ER endoplasmic reticulum
ISG immature SGs
MSG mature SG
PC1 prohormone convertases 1
PC2 prohormone convertases 2
POMC pro-opiomelanocortin
RSP regulatory secretory protein
SG storage/secretory granule
SgII secretogranin II
TGN trans-Golgi network
VTC vesicular tubular cluster
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