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Originally identified as Golgi stacking factors in vitro, the Golgi reassembly stacking
protein (GRASP) family has been shown to act as membrane tethers with multiple
cellular roles. As an update to previous comprehensive reviews of the GRASP family
(Giuliani et al., 2011; Vinke et al., 2011; Jarvela and Linstedt, 2012), we outline here
the latest findings concerning their diverse roles. New insights into the mechanics of
GRASP-mediated tethering come from recent crystal structures. The models of how
GRASP65 and GRASP55 tether membranes relate directly to their role in Golgi ribbon
formation in mammalian cells and the unlinking of the ribbon at the onset of mitosis.
However, it is also clear that GRASPs act outside the Golgi with roles at the ER and ER
exit sites (ERES). Furthermore, the proteins of this family display other roles upon cellular
stress, especially in mediating unconventional secretion of both transmembrane proteins
(Golgi bypass) and cytoplasmic proteins (through secretory autophagosomes).

Keywords: Golgi organization, PDZ domain, trans-oligomerization, mitosis, unconventional secretion, tether,
GRASP, crystal structure

INTRODUCTION

Mammalian GRASP65 (GORASP1) and 55 (GORASP2) were first identified as factors required
for the in vitro stacking of Golgi cisternae (Barr et al., 1997; Shorter et al., 1999) using an assay
recapitulating the reassembly of the Golgi at the end of mitosis (Rabouille et al., 1995). They are
both about 400 amino-acids long and comprise two functionally separate halves (Barr et al., 1997;
Shorter et al., 1999). The N-terminal half contains the largely conserved GRASP domain. The
crystal structure of this domain shows that it is comprised of two bona fide PDZ (Post synaptic
density protein 95, Drosophila disc large tumor suppressor and Zonula occludens-1 protein)
domains in tandem (Truschel et al., 2011; Feng et al., 2013; Figure 1A).

On the other hand, the C-terminal half of mammalian GRASP is neither conserved across
species nor between themselves, but it does share an enrichment of certain amino-acids including
serine, threonine, and proline (Vinke et al., 2011).

Both GRASP55 and GRASP65 strongly localize to the Golgi as peripheral Golgi proteins. Their
Golgi recruitment requires both myristoylation of a glycine at position 2 (in all species except yeast
and one splice variant of plasmodium) as well as binding to their Golgi receptors that, remarkably,
are also peripheral membrane proteins. Importantly, to act in tethering, both GRASP65 and 55 need
to be properly oriented on the Golgi membrane, and this is mediated by the two anchoring points,
the myristoylation of Glycine2 and the binding to a Golgin (Bachert and Linstedt, 2010; Heinrich
et al., 2014). Furthermore, neutron reflection analysis shows that, when properly anchored, the
purified GRASP domain stands on end with PDZ1 closest to the membrane (Heinrich et al., 2014;
Figure 1A). Removing the myristate allows it to freely rotate in any direction at which point it
forms cis interactions and loses the ability to tether.
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The golgin Golgin 45 is thought to be the receptor for
GRASP55 (Short et al., 2001), whereas the golgin GM130 recruits
GRASP65 (Barr et al.,, 1998; Puthenveedu et al., 2006). The
GM130 C-terminus contains a characteristic PDZ-ligand that
interacts with binding pocket of PDZ2 in GRASP65 (Bachert
and Linstedt, 2010) (Figure 1A). Mutation of PDZ2 of GRASP65
blocks both its GM130 binding and its membrane localization,
whereas mutation of PDZ1 does neither. Residues flanking
PDZ2 may stabilize the interaction of PDZ2 with GM130 as
mutation of these residues also blocks binding (Barr et al., 1998).
Surprisingly, a recent co-crystal of the GRASP65 GRASP domain
and a GM130 C-terminal peptide has the peptide forming a
canonical PDZ interaction with PDZ1 rather than PDZ2 (Hu
et al., 2015). Further work is needed to verify the significance of
this interaction.

TRANSOLIGOMERIZATION AND
MEMBRANE TETHERING: A CRYSTAL
STRUCTURE APPROACH

Mammalian GRASPs function as tethers. By virtue of their trans-
dimerization properties, they are able to tether two opposing
membrane organelles. Based on in vitro and cell-based assays,
the consensus was that trans-dimerization occurs when the
PDZ1 binding pocket interacts with a conserved sequence of
PDZ2 (Sengupta et al, 2009; Sengupta and Linstedt, 2010).
Interestingly, the crystal structure of the GRASP55 GRASP
domain (at 1.65 A) shows that this conserved sequence forms
a prominent surface projection on PDZ2 comprised of tyrosine
(Y198) and a leucine (Truschel et al., 2011). This projection has
the correct dimensions to interact with the ligand-binding pocket
of PDZ1, leading to multimerization (Figure 1B).

Recently, new crystal structures of the mammalian GRASP
domain were reported (GRASP65 at 2.2 A and GRASP55 at 2.7
A; Feng et al,, 2013) that are very similar to one another and to
the original structure (Truschel et al., 2011). However, Feng and
colleagues focused on a packing contact evident in their crystals
between adjacent PDZ2 domains as, at least, two possible means
of GRASP domain oligomerization (Figure 1C). Surprisingly,
this contact occludes the PDZ2 binding pocket, which, as noted
above, is essential for Golgi localization of GRASP65 and for
Golgi ribbon formation. Furthermore, the authors noted that
the C-terminal tails of their constructs had inserted into the
PDZ1 binding pocket. While this might reflect an additional
mode of oligomerization, it is noteworthy that the presence of
these sequences at the C-terminus is an artificial consequence
of using truncated constructs for crystallization. Given the high
protein concentrations reached in crystal trials, the interaction
could reflect the promiscuity of PDZ pockets in coordinating free
C-termini.

Taken together, more work will be needed to determine the
exact basis of mammalian GRASP oligomerization. Indeed, an
important caveat is that the structural work to date has only
been performed on the isolated GRASP domain. Furthermore,
full-length GRASP65 may exist in cells as a dimer (Wang et al.,
2003, 2005) and both of the current models can account for
multimerization during tethering (Figures 1B,C). As the GRASP

domain is well conserved across many multicellular organisms of
the animal kingdom, the transoligomerization mechanism is also
likely to take place in other species.

THE ROLE OF GRASP IN MAMMALIAN
GOLGI RIBBON FORMATION

The Golgi apparatus in mammalian cells is made of stacks of
Golgi cisternae that are linked laterally by small tubules (Képes
et al, 2005) forming an interconnected membrane network
termed the Golgi ribbon, that is positioned near the nucleus
(Klumperman, 2011).

There is still a debate as to whether GRASP65 and 55 act
as stacking factors in vivo. GRASP knockout or knockdown in
non-vertebrate species that only possess a single GRASP does
not lead to Golgi unstacking (see Vinke et al.,, 2011 for refs).
For mammalian tissue culture cells, there are conflicting reports
regarding the integrity of Golgi stacking after depletion of one
or both GRASP proteins (Xiang and Wang, 2010), which is
perhaps due to stacking involving multiple factors each of which
contributes to the adhesiveness of Golgi membranes (Lee et al.,
2014).

A less contentious role for GRASP65 and 55 is their
requirement for Golgi ribbon formation in mammals
(Figure 2A). This was first shown in HeLa cells by either
depleting GM130 to displace GRASP65 from the Golgi or
by depleting GRASP65 itself (Puthenveedu et al, 2006). A
similar result was subsequently reported for GRASP55 depletion
(Feinstein and Linstedt, 2008). In these depleted cells, the
Golgi exists as multiple non-connected, but properly positioned
stacks. The defective connectivity was confirmed using FRAP
(fluorescence recovery after photobleaching) of GFP tagged
cis and trans Golgi enzymes/residents. Whereas, the markers
freely move between bleached and non-bleached zones via the
tubular connections of an intact Golgi ribbon, their exchange
is limited if these connections are not present (Puthenveedu
et al., 2006). The dual requirement for GRASP65 and GRASP55
suggests non-redundant functions as might be expected given
their localization to distinct parts of the Golgi.

To circumvent possible drawbacks from siRNAs related
to specificity and length of time needed for depletion, two
approaches were developed. The first is to use the tagging
of GRASP65 or 55 with killer-red that allows, upon photo-
excitation, the inactivation of the tagged molecule within a couple
of minutes. This assay, coupled to the FRAP analysis described
above demonstrated that GRASP65 inactivation leads to the
Golgi ribbon unlinking specifically at the cis side (Jarvela and
Linstedt, 2014), in agreement with its localization (Barr et al.,
1997). GRASP55 inactivation, on the other hand, affected the
Golgi ribbon more at the trans side (Jarvela and Linstedt, 2014),
also in agreement with GRASP55 enrichment at the medial/trans
cisternae (Shorter et al., 1999). This supports the non-redundant
function of GRASP65 and 55 in the formation/maintenance of
the Golgi ribbon.

The second approach was to engineer a protein-null, mutant
mouse for GRASP65 (Veenendaal et al., 2014). The homozygous
mouse is alive, fertile and healthy, and none of the tissues
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interaction has not yet been solved.

FIGURE 1 | A schematic representation of mammalian GRASP trans-oligomerization mediating membrane tethering. (A) A schematic representation of
mammalian GRASPs. The zigzag represents the myristate bound to Glycine at position 2 at the N-terminal [1]. PDZ1 (dark red) has a ligand-binding pocket [2] that
faces in the opposite direction of the protruding surface around Y198 in PDZ2 (pink) [3]. PDZ2 has also a ligand-binding pocket [4] occupied by the C-terminus of a
golgin represented as blue ball and helix (the golgin is GM130 in the case of GRASP65, but less is known about the interaction of golgin45 with GRASP55). The
unstructured C-terminal comes out roughly between PDZ1 and PDZ2 [5]. (B) According to Truschel et al. (2011), the trans-oligomerization of mammalian GRASPs is
mediated by the trans-interaction of the protruding surface of PDZ2 in one GRASP molecule with the PDZ1 binding pocket of another GRASP molecule on the
opposite membrane, thus allowing multimerization. Note that the unstructured C-terminal half and the Golgin are not represented for every GRASP molecule. (C)
According to Feng et al. (2013), GRASP trans-oligomerization is mediated by interaction of two PDZ2 around their binding pockets that face and cover each other.
Furthermore, an internal part of the C-terminal tail interacts with the binding pocket of PDZ1. This leads to, at least, two multimerization models. Note that the Golgin

examined by EM present any alterations in the Golgi ribbon or
cisternal stacking. However, when MEFs from these homozygous
mutant mice were prepared and functionally tested using the
FRAP assay, a defect in Golgi linking specific to cis (but not trans)
Golgi cisternae was evidenced (Veenendaal et al., 2014).

GRASP IN MITOSIS. PHOSPHORYLATION
BY PKL1 LEADS TO GOLGI RIBBON
UNLINKING

One of the arguments strengthening the role of mammalian
GRASPs in Golgi ribbon formation is that their phosphorylation
by mitotic kinases leads to inhibition of trans dimerization. This
results in Golgi ribbon unlinking (severing of the tubules laterally
connecting the stacks), not unstacking, a feature identical to
GRASP65 and 55 knockdown.

Mammalian GRASPs are major mitotic phosphoproteins
and several kinases have been shown to lead to their
phosphorylation. For instance, ERK directly phosphorylates

GRASP55 (Feinstein and Linstedt, 2007, 2008). Similarly,
mutation of ERK phosphorylation sites in GRASP55 to mimic
the phosphorylated state blocks GRASP55 activity in both
Golgi ribbon formation and trans-dimerization (Feinstein and
Linstedt, 2008). GRASP65 is also directly phosphorylated at
multiple sites by CDK1, ERK, and PLK1, and phosphorylation
blocks its homo-oligomerization in vitro (Lin et al., 2000;
Siitterlin et al.,, 2001; Wang et al., 2003; Preisinger et al., 2005;
Yoshimura et al., 2005; Tang et al., 2012). This occurs at serine
and threonine residues situated in the C-terminal portion of the
protein (T216, T237, S241, S274, S291, S373, and S397).
However, the role of CDK1 and ERK mediated
phosphorylation in trans-oligomerization has been recently
re-assessed using an organelle tethering assay (Sengupta and
Linstedt, 2010). In this assay, GRASP65 is targeted to the
mitochondrial outer membrane resulting in mitochondria
tethering to one another (Sengupta et al., 2009). Critically,
the activity depends on the GRASP65 PDZ interaction.
Mutating the sites mentioned above to aspartic acid (7XD) in
the mito-GRASP65 did not abolish mitochondria tethering,
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FIGURE 2 | GRASP in mitosis and under stress. (A) Representation of the Golgi ribbon as seen in interphase mammalian cells with GRASP65 and 55 (drawn as a
dark red/pink bi-lobe as in Figure 1) localized at the cisternal rims (cis for GRASP65 and medial/trans for GRASP55) where they transoligomerize and mediate the
formation small tubules (red) laterally connecting adjacent stacks. At the onset of mitosis, GRASP65 and 55 are phosphorylated by ERK and/or CDK1 on residues
situated in the C-terminal half. In the case of GRASP65, this creates a binding site for PLK1 (green) that phosphorylates in turn serine 189 near the surface protrusion
of PDZ2. This alters the shape of this protrusion blocking its fit in the PDZ1 binding pocket, leading to inhibition of the trans-oligomerization and Golgi ribbon unlinking
as observed at G2 in vivo (release of disconnected stacks). (B) During interphase, GRASPs are also found associated to COPII coated vesicles (drawn as blue circles
in ERES), as well as to the ER where they have direct or indirect role in dolichol-oligosaccharide synthesis and/or transfer across the ER membrane. Furthermore,
GRASPs are involved in the ER exit of integrin subunits in Drosophila tissues (upon mechanical stress) and of mutant form of CFRT (upon ER stress) in mammals (see
text Sorting of Integrins from the ER in Drosophila: A Link to ER Stress and GRASP, and Unconventional Protein Secretion: A Link to Mechanical Stress and
Starvation). These transmembrane cargoes are represented as dark orange bars that are clustered in ERES and in COPII coated vesicles. These cargoes are delivered
to the plasma membrane without passing through the Golgi (Golgi bypass). GRASPs might mediate the tethering of carriers at the plasma membrane prior their fusion.
Last, upon glucose starvation, GRASPs are involved in the formation of, or recruited to, secretory autophagosomes that mediate the unconventional secretion of Acb1
and IL-1B (pale orange squares) to the extracellular medium. GRASPs might mediate the tethering of the autophagosome at the plasma membrane prior their fusion.

whereas aspartic acid substitution of Ser189 did (Sengupta and
Linstedt, 2010). Ser189 is a direct target of PLK1 (Sengupta
and Linstedt, 2010) and Ser189 is positioned close to the PDZ
ligand centered on Y198. Indeed, the crystal structure of the
GRASP domain containing this aspartic acid substitution
implies that phosphorylation induces a conformational shift
in the surface projection around Y198 such that it no longer
fits in the groove of the PDZ1 (Truschel et al, 2012). Since
mitotically phosphorylated GRASP65 binds PLK1 (Preisinger
et al., 2005), PLK1 may be recruited to GRASP65 by CDK1/ERK
phosphorylation so that PLK1 can phosphorylate Ser189 to
unlink the Golgi. Consistent with this, HeLa cells expressing a
version of GRASP65 that cannot be phosphorylated at Ser189 fail
to unlink their Golgi ribbons at the onset of mitosis (Sengupta

and Linstedt, 2010; Figure 2A). Accordingly, this prevents/delays
cells to enter mitosis (Siitterlin et al., 2002; Duran et al., 2008).

GRASP UNDER STRESS

GRASP at the ER. A Role in N-Linked

Glycosylation at the ER

Although GRASPs are considered Golgi proteins, they have been
observed at other locations. For instance, the yeast GRASP
(Grhl) interacts with COPII subunits in the ERES (Behnia
et al., 2007) (Figure 2B). Perhaps related to this, depletion of
the mammalian GRASPs in HeLa cells enhances COPII subunit
membrane association (Xiang et al., 2013). However, this is also
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true for the COPI and the clathrin coats, possibly suggesting a
pleiotropic effect.

Mammalian GRASPs appear to have a role to play in N-linked
glycosylation, not only at the Golgi, but also at the initial steps
of the process in the ER. Through a thorough analysis of the
N-glycans by mass spectrometry, depletion of GRASP55 (but
not GRASP65) was shown to result in a substantial decrease in
N-linked glycans borne by glycoproteins. This effect was even
more pronounced when both GRASP55 and 65 were depleted
(Xiang et al.,, 2013). There was a reduction in both complex
oligosaccharides and high mannose (ER) forms suggesting
that upon GRASP55/65 depletion, co-translational initiation of
glycoprotein glycosylation in the ER is compromised (Xiang
etal., 2013). These glycosylation defects are thought to be due to
a lack of the N-glycan donor dolichol, either because GRASP55
affects the synthesis of the donor dolichol or its transfer from the
cytoplasm to the ER lumen (Figure 2B). Defects in glycosylation
result in protein misfolding and ER stress (see below Wang et al.,
2015).

Sorting of Integrins from the ER in
Drosophila: A Link to ER Stress

GRASP family members have been shown to play a role in
the sorting of certain transmembrane proteins from the ER.
Indeed, in a Drosophila mutant for dGRASP (that encodes
the single Drosophila homolog of mammalian GRASP65 and
55), the integrin subunit aPS1 that is normally delivered to
the plasma membrane, was specifically retained in the ER of
the follicle cells covering the oocyte in Drosophila ovaries
(Schotman et al., 2008). Strikingly, the same phenotype has
been recently observed in larval muscle fibers for integrin
aPS2 (Wang et al, 2015), suggesting a role for dGRASP
in the sorting/packaging of integrin subunits from the ER
to downstream compartments in certain Drosophila tissues
(Figure 2B).

In the muscle fibers, the role of dGRASP in eliciting the exit of
aPS2 from the ER at ERES was further elucidated (Wang et al.,
2015). Interestingly, dGRASP interacts with Clueless. clueless
mutants have the same phenotype as this of dGRASP loss of
function. Although Clueless normally function in mitochondria
(Cox and Spradling, 2009), Clueless function in integrin sorting is
distinct from it and dGRASP is not involved in the mitochondria
phenotype (Wang et al., 2015).

There are three possibilities to explain the ER retention of
integrins in the ER in the absence of dGRASP: (1) GRASP65/55
interact with P24 oligomers (Barr et al., 2001) that conceivably
serve as cargo receptors for integrins at the ER and ERES
(Kuiper et al., 2001). (2) The ER retention could be due to
glycosylation defects if absence of dGRASP impairs glycosylation
(as it does in mammalian cells, see above). (3) Similar to the
situation in muscle, loss of dGRASP (and Clu) may trigger
ER stress and Sec16 degradation thereby compromising COPII
vesicle assembly (Sprangers and Rabouille, 2015) and integrin
export out of the ER. Indeed, ER stress could affect many
ER functions that contribute to impaired sorting of integrin
subunits.

GRASP and Unconventional Protein
Secretion: A Link to Mechanical Stress And

Starvation

Interestingly, it is becoming increasingly clear that in addition
to the classical ER>Golgi>plasma membrane secretory pathway,
proteins can be delivered to the plasma membrane or the
extracellular space in an unconventional manner (Rabouille et al.,
2012). Strikingly, out of the four mechanisms proposed, GRASPs
are involved in two that are elicited by cellular stress: the Golgi
bypass of transmembrane proteins and the secretion of leaderless
peptide proteins to the extracellular medium by autophagosome-
like structures (Rabouille et al., 2012).

GRASP and Golgi Bypass of Transmembrane
Proteins

Although aPS1 is normally delivered to the plasma membrane
via the classical secretory pathway, it is unconventionally secreted
at specific stages of Drosophila follicle epithelium development
where it becomes both insensitive to BFA and to the loss of
Syntaxin5 (Schotman et al., 2008), suggesting that it bypasses
the Golgi (Grieve and Rabouille, 2014; Figure2B). At the
same stages, dGRASP is needed for aPS1 exit from the ER,
suggesting that dGRASP somehow mediates its packaging into
vesicles and/or the tethering of these vesicles to specific plasma
membrane domains (Figure 2B). This is supported by the finding
that dGRASP mRNA is enriched near these plasma membrane
domains, likely leading to its local synthesis (Schotman et al.,
2008). Interestingly, the targeted localization of dGRASP mRNA
near the plasma membrane is triggered by mechanical stress
(Schotman et al., 2009; Giuliani et al., 2014), suggesting that this
might be the trigger for the integrin subunit Golgi bypass.

GRASP55 (and 65) have also been shown to mediate the
Golgi bypass of another transmembrane protein delivered to the
plasma membrane, the AF508 mutated form of CFTR (cystic
fibrosis transmembrane conductance regulator) in mammalian
cells (Gee et al, 2011). Normally, this mutated protein is
retained in the ER, but under conditions affecting Golgi function
(Syntaxin 5 depletion, Brefeldin A treatment) or exit from the
ER (expression of dominant negative Sarl), this mutant protein
bypasses the Golgi to reach the plasma membrane. All these
conditions cause ER stress and, remarkably, it is the specific
triggering of ER stress that causes mutant CFTR to reach the
plasma membrane through a Golgi bypass route. Strikingly, this
trafficking requires GRASP55, and overexpression of GRASP55
in CFTR mouse model rescues viability (Gee et al., 2011). In the
absence of GRASP55, mutant CFTR is stuck in the ER, similar to
the situation in Drosophila.

However, these data are controversial as the form of GRASP55
used to perform these experiments was tagged at the N-
terminus, which is incompatible with myristoylation of G2
(see above) and prevents GRASP55 anchoring to the Golgi
membrane (Barr et al., 1997; Shorter et al, 1999; Kondylis
et al., 2005; Heinrich et al., 2014). Whether N-terminal tagging
interferes with GRASP55 function at the ER remains unclear.
Furthermore, the conclusion that GRASP binds CFIR via a
PDZ interaction is questionable because the binding experiments
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used GRASP constructs that were mistakenly truncated such
that the key 32 strands forming the PDZ binding pockets were
excluded.

GRASP and Unconventional Secretion of
Cytoplasmic Proteins by Secretory Autophagosomes
In Dictyostelium, AcbA (acetyl CoA binding protein A) is
required to be released in the extracellular medium for stalk
formation upon starvation conditions, but this release is
inhibited in a GRASP (GrpA) mutant (Kinseth et al., 2007).
Similarly, Acbl release from starved yeast was also inhibited
in Grhl mutant (Duran et al., 2010; Manjithaya et al., 2010).
As AcbA/Acb1 are leaderless peptide small proteins, these data
suggest that GRASP family members, at least in these two species,
are required for the unconventional secretion of cytoplasmic
proteins, independently of the classical secretory pathway.

Using yeast genetics, the pathway has been dissected and
involves the formation of starvation dependent specialized
autophagosomes called CUPS (compartment for unconventional
protein secretion) near ER exit sites (ERES). CUPS are enriched
in autophagosomal markers and they require both autophagy
and ESCRT machinery for their formation (Bruns et al,
2011). Grhl is also required for CUPS formation where it
is enriched and where it could act to tether these structures
to the plasma membrane (Duran et al, 2010; Figure 2B).
Indeed, unlike classical autophagosomes, which fuse with
endosomes/lysosomes, CUPS are thought to fuse with the plasma
membrane to allow delivery of their content to the extracellular
medium.

Interestingly, a role for GRASP has also been shown
for the release of IL-1f in mammalian cells via secretory
autophagosomes. IL-183 is known to be unconventionally secreted
and one of the proposed mechanisms has been its sequestration
in endosomes by micro- or macro- autophagy (Nickel and
Rabouille, 2009). Therefore, the dual requirement for GRASP55
and Atg5, a gene essential for autophagy, strengthen the yeast
findings (Dupont et al., 2011).

However, the secretion of IL-1{3 is not simply based on the
engulfment of parts of the cytoplasm. It appears to require the
specific translocation of IL13 between the two membranes of
early autophagosomes. This translocation relies on the motif
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KFERQ, and concentrates and protects the protein before its
release in the extracellular medium (Zhang et al., 2015). Whether
Acb1/A contains such a motif will need to be determined. The
role of GRASP has further been confirmed in the secretion of
mature IL-188 (Zhang et al., 2015). But whether it plays a role in
the tethering of the secretory autophagosomes prior their fusion
with the plasma membrane or in the capture of the cargo is still
not addressed.

GRASP: A TETHER UNDER STRESS?

Given the clear evidence for numerous roles carried out by the
GRASP family members in different species, especially under
cellular stress, the question arises as to whether the GRASPs act
as membrane tethers in all of these processes. Furthermore, if
GRASPs do tether when functioning outside the Golgi, are the
tethering complexes homomeric (akin to the models in Figure 1)
or are they comprised of an entirely new set of interacting
partners? The latter is a distinct possibility given the potential of
the PDZ domains to bind diverse ligands as well as the disordered
tail domain having the flexibility to interact with many partners.
Thus, an important future direction is to elucidate the detailed
molecular mechanism underlying the many GRASP-dependent
functions.
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