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Abstract During biosynthesis many membrane and
secreted proteins are transported from the endoplasmic
reticulum, through the Golgi and on to the plasma mem-
brane in small transport vesicles. These transport vesicles
have to undergo budding, movement, tethering, docking,
and fusion at each organelle of the biosynthetic pathway.
The transport protein particle (TRAPP) complex was ini-
tially identified as the tethering factor for endoplasmic
reticulum (ER)—derived COPII vesicles, but the functions
of TRAPP may extend to other areas of biology. Three
forms of TRAPP complexes have been discovered to date,
and recent advances in research have provided new insights
on the structures and functions of TRAPP. Here we provide
a comprehensive review of the recent findings in TRAPP
biology.

Keywords TRAPP - COPII vesicle - Autophagy -
ER exit sites - Vesicular transport

Introduction
The trafficking of protein transport vesicles requires a pro-

cess called vesicle tethering, an initial interaction between
the incoming vesicle and its native target membrane [1].

S. Yu (X))

School of Biomedical Sciences and Epithelial Cell Biology
Research Center, The Chinese University of Hong Kong, Shatin,
N.T., Hong Kong SAR, People’s Republic of China

e-mail: sidney.yu@cuhk.edu.hk

Y. Liang

Key Laboratory of Agricultural Environmental Microbiology
of MOA, College of Life Sciences, Nanjing Agricultural
University, Nanjing 210095, China

In ER-to-Golgi vesicle transport, ER-derived COPII vesicles
are tethered by a protein complex called TRAPP [2]. It has
been postulated that this complex works in concert with
vesicle tethering mediator p115 to bring COPII vesicles to
the ERGIC and/or cis-Golgi membrane surface in prepara-
tion for vesicle fusion [3, 4]. The TRAPP complex was first
identified as a protein complex consisting of 7—10 subunits
that is bound to Bet3 in yeast [5]. Subsequent biochemical
and genetic studies showed that TRAPP has functions in
multiple membrane trafficking pathways [6], and other
aspects of biology. A summary of the functions of TRAPP in
various membrane trafficking pathways, and the evidence
for such functions is presented in Fig. 1. In this review, we
provide an updated summary of the reported functions of
TRAPP and outline challenges we are facing and the direc-
tions we take on how one should further study these
functions.

The structures of TRAPP

Structural studies of yeast TRAPP have elucidated the most
solid conclusions, although evidence for the structures of
mammalian TRAPP complexes is emerging. Figure 2
shows the structures of yeast and mammalian TRAPP
complexes identified to date. In yeast, three forms of
TRAPP complexes, TRAPPI, II, and III, have been iden-
tified [2, 7-9]. TRAPPI contains six subunits, Trs20, Trs23,
Trs31, Bet5, two copies of Bet3, and perhaps Trs33 (dis-
cussion below). X-ray crystal structures of the six-subunit
TRAPPI core reveal that the complex forms a flat and
elongated structure [4, 10]. TRAPPII contains all the sub-
units of TRAPPI plus three additional subunits: Trs65,
Trs120, and Trs130. EM structure of this complex showed
that TRAPPII is a dimer, consisting of two sets of every
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Fig. 1 TRAPP complexes function in various membrane trafficking
pathways. TRAPPI tethers COPII vesicles at ERGIC but its role in
this part of the vesicular transport may start at the ER exit sites.
TRAPPII mediates intra-Golgi traffic, Golgi exit, endosome-to-Golgi
traffic, and the trafficking of autophagy proteins Atg8 and Atg9 from
Golgi to PAS. TRAPPIII has function in anterograde transport at the
Golgi and also regulates autophagy. For each of the functions of
TRAPP (numbered in the figure), supporting evidence is listed as
follows: /. TRAPPC3/Bet3 interacts with Sec23. Many TRAPP
subunits are localized in the ERGIC. TRAPPI acts as GEF for Rab1/
Yptl at ERGIC. RNAi depletion or yeast genetic studies showed
blocks in early transport [2, 17, 20, 21, 24, 26, 39]. 2. TRAPPC9 and
TRAPPCI10 interact with COPI coat subunit and possible retrograde
vesicular transport. Yeast genetic studies on the TRAPPII-specific
subunits showed defects in intra-Golgi transport. TRAPPII serves as

TRAPP subunit (four for the subunit Bet3). It forms a
three-layered structure in three dimensions (Fig. 1 for a
schematic drawing of yeast TRAPPII) [11]. The outer
layers on both sides contain the TRAPPI cores, connected
by Trs120 and Trs130 at either side to form the middle
layer, where two Trs65 molecules are located and dimerize
in a twofold symmetry. TRAPPIII contains TRAPPI core
plus Trs85 [7, 12]. Its structural information has not been
obtained to date.

Discrepancies regarding the structure of TRAPP have
also been reported. For example, Trs33 has been reported
to be essential for the assembly of TRAPPII, and therefore,
it has been regarded as a member of the TRAPPII complex
[8, 9, 13]. The less studied TRAPPIII is thought to contain
TRAPPI and Trs85. However, using gel filtration Choi
et al. [14] have detected at least three independent profiles
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GEF for Ypt31/32 and plays a critical role in mediating the traffic
exiting the Golgi toward the plasma membrane in yeast [2, 9, 17, 53,
85]. 3. RNAIi depletion of TRAPPIII-specific subunit, TRAPPCS,
blocked transport at the Golgi. Trs85 mutation slightly impaired
anterograde transport at the Golgi [20, 40]. 4. Yeast Trs120 mutants
showed defect in endosome to Golgi traffic [77]. 5. TRAPPIII-specific
subunit Trs85 is required for the localization of Yptl to PAS. RNAi
depletion of TRAPPC8 demonstrated this subunit (possibly mamma-
lian TRAPPIII) negatively regulates autophagy. TRAPPIII subunits
physically interact with other proteins in the autophagic protein
network [7, 22]. 6. Mutations of yeast TRAPPII-specific subunit Trs130
impaired the transport of Atg8 and Atg9 to PAS [40]. EE Early endosome,
LE late endosome, PAS pre-autophagosomal structure, /M isolation
membrane, PM plasma membrane, ER endoplasmic reticulum, ERGIC
ER-Golgi intermediate compartment

of TRAPP subunits, including a higher-molecular-weight
TRAPP complex containing Trs85. This complex is 4,000
kD and is distinct from TRAPPII or the TRAPPIII pro-
posed by Lynch-Day et al. [7]. Trs130 has two peaks on gel
filtration, which correspond to 4,000-kD TRAPP and
TRAPPII, respectively. Trs31, a subunit present in all
forms of TRAPP, has three peaks corresponding to 4,000-
kD TRAPP, TRAPPII, and TRAPPIL Interestingly, the
newly identified TRAPP subunit, Tcal7, as well as the
TRAPPII-specific subunits Trs65 and Trs130, comigrate on
gel filtration. These results raise the possibility that
TRAPPIII may contain more than just the TRAPPI core
plus Trs85. The higher-molecular-weight complex may
contain Trs31, perhaps Trs130, and other proteins such as
coat proteins, cargo, or regulatory proteins [14]. Its func-
tion is unclear at this point. Tcal7 is a homolog of Trs20. It
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Fig. 2 Structure of TRAPP complexes. Three forms of TRAPP
complexes have been revealed from structural studies of the yeast
complexes. The structures of mammalian complexes are more
preliminary, particularly TRAPPII and TRAPPIIL. In both systems,
additional proteins have been assigned to TRAPPII or TRAPPIII but
not presented in the drawings because the evidence is still preliminary

has been proposed to bind to TRAPPI on the side of the
complex opposite of Trs20 as a part of TRAPPII [15, 16].
Whether Tcal7 exists in TRAPPII at equimolar or sub-
stoichiometric ratio to other subunits and its exact inter-
acting partner within the complex remains to be
determined. Nonetheless, it is clear that Tcal7 and its
mammalian ortholog TRAPPC2L are intimately associated
with TRAPP.

The structure of mammalian TRAPP is less well
understood. In mammalian cells, initially only one form of
TRAPP complex was identified by gel filtration chroma-
tography and co-immunoprecipitation but we begin to
believe there are multiple TRAPP complexes co-migrating
at a similar molecular weight on gel filtration columns [17,
18]. When endogenous TRAPPC9 was immuno-isolated,
TRAPPCI10, but not TRAPPCS, was detected, suggesting
the mammalian TRAPPC9-containing complex is similar
to yeast TRAPPII and contain no TRAPPC8 [12]. The
TRAPPCS8-containing complex also migrates at similar
molecular weight on the gel filtration column ([15] and our
unpublished observation). Both TRAPPC9 and TRAPPC8
can interact with TRAPPC2 but not at the same time.
Therefore, it is apparent that at least two distinct TRAPP
complexes must exist in mammalian cells. Furthermore,
TRAPPC?2 appears to be the principle subunit that mediates
the interaction between the TRAPPI core and TRAPPCS or
TRAPPC9 [12]. Unlike yeast TRAPPII, the mammalian
TRAPPII equivalent has TRAPPC2 serving as an adaptor
to form different types of TRAPP complex in mammals.
Neither yeast nor mammalian TRAPPI requires this subunit
for the core complex to serve as the guanine nucleotide

exchange factor (GEF) for Rabl/Yptl [10], making
TRAPPC?2 an ideal subunit for its adaptor function.

The complexity of mammalian TRAPP is compounded
by the presence of multiple TRAPP homologs, alterna-
tively spliced variants of the large subunits, and novel
subunits or binding proteins that are not part of the yeast
TRAPP complexes. More and more proteins have been
found to interact with the established TRAPP subunits, an
observation that brings excitement as well as challenge to
the field. There is no simple way to define whether a new
binding protein to TRAPP is a functional subunit of the
complex. Determining the stoichiometry of the proteins
within the TRAPP complex is a good approach to define
subunits. However, precise quantification of each subunit
within a complex is usually difficult in practice, due to the
lack of high-quality antibodies, highly purified TRAPP
complex, and the presence of subcomplexes in yeast and
mammalian cells alike. Nonetheless, a current perspective
of the TRAPP subunits, their homologs, interacting pro-
teins, and the associated biochemical functions, is
presented in the Table 1. In particular, both TRAPPC6a
and 6b can complex with TRAPPC3, suggesting distinct
TRAPP complexes may be present in mammals [19].
Recently, a homolog to TRAPPC3, called TRAPPC3L, has
been discovered [15]. A Trs130-related protein, now des-
ignated as TRAPPC11, has been proposed to be part of the
mammalian TRAPP that form oligomers, much like the
yeast TRAPPII [20]. The ortholog of TRAPPCII is
required for general secretion in Drosophila [21]. Other
novel TRAPP subunits include TTC-15 (now designated as
TRAPPC12), which was first identified to be associated
with mammalian TRAPP in two independent proteomic
studies and has been implicated as a part of the machinery
of the autophagy network [22, 23]. The gene product of
C5orf44 is distantly related to Trs65 and has, therefore,
been proposed to be the mammalian ortholog of Trs65 [14].
This protein can interact with other TRAPP subunits when
overexpressed in mammalian cells. How precisely these
new subunits are arranged in the mammalian TRAPP and
what exactly are their biochemical functions remain to be
determined, but it is possible that the large number of TRAPP
subunit homologs in mammalian system will create many
more combinations of subunit composition, allowing for more
diversified functions of mammalian TRAPPs.

Many of the large subunits have been found to have
variants caused by alternatively spliced mRNAs. It is very
likely that these splicing variants have different tissue
distribution and that they are involved in vesicle tethering
at their native tissues. Multiple alternatively spliced mRNA
variants of TRAPPC10 have been identified in a mamma-
lian cell line, suggesting that the splicing variants may also
have distinct functions at the subcellular level. In particu-
lar, some of the TRAPPCI10 splicing isoforms lack the
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Table 1 Information of TRAPP subunits, biochemical functions, and their interacting proteins

TRAPP subunits
(yeast/mammals)

Biochemical functions

Interacting proteins identified and other notes

Trs20/TRAPPC2
Homolog:

TRAPPC2L or Tca 17

Part of TRAPPI, not required for Yptlp/Rabl
GEF activity [4, 10]

As adapter for TRAPPCS8 or TRAPPCY for
TRAPPIII or TRAPPII assembly,

TRAPPC2.13 respectively [12]
Trs23/TRAPPC4 Part of TRAPPI, interacts extensively with
Yptlp/Rabl to catalyze nucleotide
exchange [4, 10]
Trs31/TRAPPC5 Part of TRAPPI
Trs33/TRAPPC6 Part of TRAPPI
Homolog:
TRAPPC6a, C6b
Bet3/TRAPPC3 Part of TRAPPI
Homolog:
TRAPPC3L
Bet5/TRAPPC1 Part of TRAPPI
Trs120/TRAPPCY Part of TRAPPII
Intra-Golgi and endosome-to-Golgi traffic
TRAPPC9 links TRAPPC10 to TRAPPCII in
mammalian cells [12]
Potentiate NF-xB transactivation
Binds to p150°™
Binds to y-COP
Trs130/TRAPPC10 Part of TRAPPII
Intra-Golgi and endosome-to-Golgi traffic
Trs65/C5orfd44 Part of TRAPPII, required for dimerization of
two sets of TRAPP in yeast
Trs85/TRAPPC8 Part of TRAPPIII

TRAPPCI11 (C40rf41)
TRAPPCI12 (ak.a. TTC-15, CGI-87)

Play a role in autophagy

ER-to-Golgi traffic in mammalian cells
Part of mammalian TRAPP

Part of mammalian TRAPP

Intracellular chloride channel proteins CLICI,
CLIC2 [92]

Nuclear protein PAM14 [90]
Transcription factors MBP1, PITX1, SF1 [91]

Syndecan-2 [88]

ERK1/2; TRAPPC4 modulates ERK1/2 nuclear
localization

Auto-acylate at cystein 68 [83]

NF-«kB signaling pathway molecules NIK, IKK
(78]

Dynactin subunit p150°™°? [56]

Rabin8 [42]

COPI coat subunit y-COP [17]

COPI coat subunit y-COP [17]

Och 1 transcription is activated by Trs130
deletion [87]

Genetic interaction with Arfl and Ypt31 [86]
Gea2 [85]

Binds to TECPR-1 in autophagy network
proteomic study [22]

domain that interacts with other TRAPP subunits, sug-
gesting that these isoforms may function as a free subunit
independently (Sidney Yu, unpublished observation).

The functions of TRAPP

TRAPPI as COPII tether

TRAPPI binds to COPII vesicles in vitro. The subunit
TRAPPC3 was localized to the ER exit sites in mammalian
cells and is required for COPII vesicle tethering in vitro

[24]. It was previously demonstrated to be essential for
function of the early secretory pathway in mammalian cells
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[25]. Subsequently, Bet3/TRAPPC3 was shown to bind to
Sec23 specifically in both yeast and mammalian systems
[26]. The binding of COPII vesicles by TRAPPI was
inhibited by the presence of excess recombinant Bet3/
TRAPPC3 in both systems. These observations not only
confirm TRAPPI as a COPII vesicle tether but also pin-
point the interaction to Bet3/TRAPPC3 and Sec23. Since
the X-ray crystal structure of TRAPPI (yeast and mam-
malian) revealed two copies of Bet3/TRAPPC3 (designated
as Bet3A and Bet3B, Fig. 2) occupying both ends of an
elongated, rod-like structure, it has been proposed that the
two copies of TRAPPC3 may bring together two COPII
vesicles to facilitate their subsequent homotypic vesicle
fusion [10]. We do not think this is a likely mechanism
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Fig. 3 Hypothetic model of how TRAPP tethers COPII vesicles.
a TRAPPI binds to COPII vesicle via Bet3/TRAPPC3 and Sec23
interaction. The interaction is mediated either by Bet3B away from
where Yptl/Rabl binds, or by Bet3A on the same side of Yptl/Rabl
interaction. b When COPII vesicle approaching the target membrane,
Yptl/Rabl exchange is catalyzed by TRAPPIL ¢ (a) Yptl/Rabl-GTP
interacts with tethering mediator Usol/p115. (bl) Usol/p115 brings

because both the yeast and mammalian TRAPPI core have
the same subunit arrangement but yeast COPII vesicles
fuse heterotypically to the cis-Golgi, suggesting the pres-
ence of two Bet3/TRAPPC3 in the structure should not be
regarded as structural characteristic needed for homotypic
fusion. Since TRAPPI, but not TRAPPII, can bind the
COPII vesicle [2], the interaction between Bet3/TRAPPC3
and Sec23 must be blocked by the presence of TRAPPII-
specific subunits. We propose the binding of Sec23 is
located either in Bet3B on the side of the TRAPPI complex
that accommodates the TRAPPII-specific subunits, or in a
part of Bet3A that also interacts with Trs120 (Fig. 3a). The
molecular events taking place during the tethering of a
COPII vesicle may happen as follows: Through the inter-
action between Bet3/TRAPPC3 and Sec23, TRAPPI is
assembled onto COPII vesicle. When the COPII vesicle
approaches the target membrane, the vesicle-bound
TRAPPI activates Yptl/Rabl via nucleotide exchange
activity (Fig. 3b). GTP-bound Yptl/Rabl binds to the

b1) Partial uncoating of COPII coat.
Bending of Usol/pl15 to orient
vesicle onto target membrane.
Formation of SNARE pair for vesicle
fusion.

a) Yptlp/Rabl-GTP binds
to Usolp/pl15 to initiate its
function as vesicle tethering
mediator.

b2) TRAPPI is released from vesicle.

¢} TRAPPI binds o
TRAPPII-specific subunits
and dimerize to become
TRAFPII

d) TRAPPII can no longer bind
COPII vesicle due to steric
hindrance by the bound
TRAPPII-specific subunits

TRAFPII

e} Downstream molecular events

i

COPII vesicle to close proximity to the target membrane. Partial
uncoating of COPII vesicle and SNARE pair occur to facilitate fusion.
(b2-d) TRAPPI is released from COPII vesicle and TRAPPII-specific
subunits are assembled onto TRAPPI to become TRAPPIL. The
complex dimerizes; and (e) performs downstream TRAPPII specific
functions

tethering mediator Usol/p115, which brings the vesicle
close to target membrane in preparation of fusion (Fig. 3c,
a, bl). At this stage, TRAPPI is released from the COPIIL
vesicle (Fig. 3c, b2). It can bind to TRAPPII-specific
subunits, dimerize to form TRAPPI (Fig. 3c, c¢), and
performs TRAPPII-specific functions, including the inter-
actions with p150°"™, molecules functioning in COPI
vesicles like GBF1 and y-COP, and serving as GEF for
Ypt31/32/Rabl1 (Fig. 3¢, d—e). To account for how
homotypic tethering and fusion occur in mammalian COPII
vesicles, we imagine the “target membrane” depicted in
Fig. 3b, ¢ as just another COPII vesicle. While COPII
vesicles may not contain all the constituents of the cis-
Golgi or ERGIC membrane, p115, ER/Golgi SNAREs and
other proteins essential to the tethering process are present
on COPII vesicles and are required for homotypic COPII
tethering and fusion [27, 28].

A subsequent study indicates that TRAPPI binds to
Sec23 at the same site as Sarl does, suggesting the COPII
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tethering occurs only after Sarl has been released from the
coat upon GTP hydrolysis [3]. The site can be phospho-
regulated by Hrr25, the yeast homolog of casein kinase 1
(CKI9). It has been proposed that the Golgi-associated
CKId regulates the uncoating of COPII vesicles at the
target membrane to ensure no back fusion of nascent
COPII vesicles with the ER. The role of CKIJ in the early
secretory pathway may not be as simple as proposed,
particularly in mammalian cells. In mammals, there are at
least five homologs of CKI. CKI¢ and ¢ belong to a sub-
family and are the closest ortholog to yeast Hrr25. CKle, §
and ¢ have been reported to participate in Wnt signaling
[29]. CKI¢ and, to a lesser degree, CKle¢ are involved in the
regulation of the circadian cycle [30]. As the activities of
CKIs are heavily influenced by other signaling activities in
homeostasis and development, it is difficult to image that
CKI is needed for the uncoating of COPII vesicles in every
budding and fusion cycle. Therefore, unlike the situation in
yeast, perhaps mammalian CKI regulates COPII vesicle
transport at a global level. Its kinase activity toward Sec23
might remove the phorsphorylated pool of Sec23 from
taking part in COPII budding. Therefore, an additional
layer of regulation on the early vesicular transport is
installed at the steps of COPII budding and tethering, so
that the constitutive secretory pathway can be coordinated
with the overall physiological conditions in a multicellular
organism. The status of the circadian cycle, the stages of
body development and tissue differentiation, and possibly
other homeostatic events all have an effect on the activity
of the constitutive secretory pathway. Of note, it has long
been observed that membrane trafficking is strongly
influenced by the circadian cycle. The densities of synaptic
vesicles at the nerve termini, internal granulated vesicles
and other endomembranes, e.g., the Golgi, in tissues such
as suprachiasmatic nucleus and pinealocytes, change
rhythmically according to the status of light—dark cycle
[31-34]. In plants, the Arfl ortholog is transcriptionally
regulated by circadian cycle [35]. These findings have
established a circadian effect on various aspects in mem-
brane trafficking, but provide no clue whether such an
effect is direct or via the actions of other circadian-regu-
lated hormones. The observation that CKIo regulates the
COPII vesicle transport may represent the first evidence of
a direct regulation by circadian cycle. Furthermore, the role
of CKIJ in the early secretory pathway is not limited to the
COPII vesicle transport because CKId also phosphoregu-
lates the membrane binding of ARFGAP1 [36], one of the
Golgi-localized GTPase-activating proteins for ARFI.
ARF1 is a small GTPase essential to the formation of
COPI-coated vesicles [37]. Furthermore, CKId also phos-
phoregulates actin foci dynamics, most likely via
ARFGAPI1 ([38] and Sidney Yu, unpublished observation).
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TRAPP is a GEF for Rab1/Yptl and Ypt31/32

All three forms of yeast TRAPP have GEF activity toward
Yptl, the yeast homolog of Rabl [7, 39]. However, only
TRAPPII, but not TRAPPI or TRAPPIII, has GEF activity
toward Ypt31/32 [9, 40]. Supported by solid genetic and
biochemical data, these investigators showed that when
TRAPPI is converted to TRAPPII, the specificity of the
Rab also changed from Yptl to Ypt31/32 [9, 13, 40]. This
notion remains controversial [41]. Recent studies on EM
structure of TRAPPII revealed that the TRAPPII-specific
subunits are located away from the Yptl binding site on
TRAPPI. A co-complex of TRAPPII and Yptl observed
under EM suggests the TRAPPII-specific subunits provide
no steric hindrance to prevent Yptl from interacting with
TRAPPI core [11]. As there is no evidence to demonstrate
that the specificity conversion from Yptl to Ypt31/32
comes from the TRAPPII-specific subunits, it is quite
possible that there might be other associated factor(s) that
provide(s) the specificity conversion, i.e., blocking Yptl
from TRAPPI and helping Ypt31/32 to bind to the
TRAPPII-specific subunit(s). Since in the studies suggest-
ing that TRAPPII is specific for Ypt31/32, GST-tagged
TRAPP subunits were introduced to yeast cells and Rab
exchange assays were performed using a preparation of
TRAPP complex purified by GST pull-down [9], associated
factor(s) besides the TRAPPII complex may have been
brought down to serve as specificity conversion factor. We
propose there must either be additional factor(s) that
change the Rab specificity of TRAPPII so that it can serve
as Ypt31/32 GEF or the associated factor is in fact the GEF
for Ypt31/32. An example of a TRAPPII-specific subunit
being associated with a Rab GEF has been reported [42]. In
zebrafish, assembly of ciliary vesicles at the centrosome
requires a number of molecules including TRAPPC9, Ra-
bin8 and Rab11 [42]. TRAPPCY binds to Rabin8, the GEF
of Rab8. Furthermore, Rabin8 interacts with Rabl1, the
ortholog of Ypt31/32.

Mammalian TRAPP isolated by immunoprecipitation
using antibodies against TRAPPC9 or TRAPPC10 was
able to demonstrate GEF activity toward Rabl [17]. The
activity is relatively weak compared to a bacterial gene
product DrrA/SidM that also serves as a GEF for Rabl
[43]. Nonetheless, the GEF activity of mammalian TRAPP
toward Rabl is functionally significant as Rabl-GTP
interacts with tethering mediator pl115, which in turn
recruits SNARESs for vesicle fusion [27, 28].

Involvement of TRAPP in autophagy

Trs85 has been implicated in autophagy in yeast [44, 45].
Subsequent study has identified the TRAPPIII complex, a



A trapper keeper for TRAPP, its structures and functions

3939

complex distinct from TRAPPI and TRAPPII, as the form
of TRAPP that specifically mediates the effect on autoph-
agy. TRAPPIII directs Yptl to the pre-autophagosomal
structure (PAS) [7]. In mammalian cells, Rabl1 is required
for autophagy, as the overexpression of constitutively
active Rabl promotes and its dominant negative mutant
inhibits autophagy [46]. Rabl is localized with autophagic
vesicles that do not contain hydrolytic enzymes. A major
concern for these observations is that Trs85 and its mam-
malian ortholog TRAPPCS8 are also involved in early
secretory pathway. While a relationship between TRAPP
and autophagy is unquestioned, the inter-related roles of
Trs85/TRAPPC8 on these two processes are difficult to
dissect. In yeast, although Trs85 deletion did not have
pronounced effect on the early secretory pathway [7], a
Trs85 deletion strain containing a tagged version of Bet3
was synthetically impaired for early vesicle transport [2].
Further, Trs85 deletion in a different genetic background
produced a secretion defect ([40]. Overall, it appears that
yeast strains with Trs85 deleted are very close to the
threshold of having a secretion defect, implying that Trs85
functions in the early secretory pathway. It is, therefore,
premature to designate TRAPPIII or Trs85 as autophagy-
or secretion-specific at present. Second, it is well known
that defects in the early secretory pathway also result in
defects in autophagy. Mutants of Sec12, Sec23, and Sec24
are also defective in autophagy in addition to their well-
characterized functions on early vesicle transports [47, 48].
On the other hand, in mammalian cells, depletion of a
number of TRAPP subunits, including TRAPPCS and
TRAPPC12, impairs ER-to-Golgi transport [20]. Both
subunits have been implicated in mammalian autophagy
[22]. Recently, a TRAPPII-specific subunit, Trs130, has
also been demonstrated to play a role in the Cvt pathway
and starvation-induced autophagy (Zou et al., in revision).
This effect is mediated by Ypt31/32, which was previously
shown to take part in yeast autophagy [49]. Therefore,
TRAPPII may exert its effect on autophagy through its
functions in the endosome and frans-Golgi. Overall, we
think that TRAPP may play a role in autophagy but it
remains to be determined whether the effect is specific or
just an indirect consequence of impaired secretion.

Involvement of TRAPP in microtubule-related
processes

Accumulating evidence indicates that TRAPP is involved
in such microtubule-related processes as cytokinesis,
ciliogenesis, and dyneine/dynactin-mediated vesicle
movement. In all cases, the subunit TRAPPC9 appears to
be the first subunit reported to be involved in these pro-
cesses. Its exact role, however, is not clear at this stage.

Cytokinesis

It has been well documented that cytokinesis requires a
number of molecules important in membrane trafficking
because active delivery of membrane to the boundaries of
the dividing cells is a necessary step for cytokinesis [50,
51]. In Drosophila male meiotic cells, cytokinesis is
dependent on the gene product of brunelleschi [52], sub-
sequently revealed to be the Drosophila ortholog of
Trs120/TRAPPCY9 [52]. dTRAPPCY genetically interacts
with dRabl11 and dPI4KJf;. Both proteins are required for
the proper localization of dRab11 to the cleavage furrow in
spermatocytes. Interestingly, spermatocytes are the only
tissue affected in brunelleschi mutants, suggesting the
involvement of dTRAPPCY in cytokinesis is tissue-specific
and may require spermatocyte-specific factor(s). Although
the precise relationship between TRAPPC9 and PI4K}f has
not been elucidated, these molecules, together with the
yeast ortholog of Rabll, Ypt31/32, are required for the
normal function and the integrity of Golgi structure in yeast
[53].

Trs120/TRAPPC9 has also been implicated in cytoki-
nesis in plants. Endosome-derived vesicles failed to
assemble into a cell plate in dividing cells in Arabidopsis
carrying a mutation in Trs120/TRAPPC9 [54]. Although
the precise mechanism in cytokinesis in plant cells must be
distinct from that of mammalian cells, the accumulation of
vesicles at the site of cleavage is a necessary process, SO
that sufficient plasma membrane is available to divide the
daughter cells. It is likely that Trs120/TRAPPCY plays a
role in the tethering of these vesicles during cytokinesis in
plants and animals alike.

Ciliogenesis

Another close relationship between TRAPPC9 or TRAPPII
and Rabl1 is found in the process of ciliogenesis. Rabin8
and Rabl11 are required for the formation of ciliary vesicles.
The membrane assembly of primary cilia requires a number
of proteins including Rab8, its GEF Rabin8, upstream
GTPase Rab11 and certain TRAPP subunits [42, 55]. Rab11
activates Rabin8, which catalyzes the nucleotide exchange
for Rab8. Rabin8 interacts with TRAPPC9 and Rabl1 via
distinct domains within the protein [42], although the exact
relationship between TRAPPCY9 and Rabl1 has yet to be
elucidated in this context. TRAPP is required in this process
because siRNA depletion of TRAPP subunits, e.g.,
TRAPPC9, TRAPPC10, andTRAPPC3, impaired the cen-
trosomal localization of Rabin8 and therefore ciliogenesis.
As has been the situation in yeast and the cytokinesis, the
simultaneous involvement of both TRAPPII and Rabl1/
Ypt31/32 has been a recurrent theme.
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Table 2 Physiological functions of TRAPP in multicellular organisms

TRAPP subunits (yeast/mammals)

Mutants or genetic diseases in multicel organisms

Trs20/TRAPPC2

X-Linked spondyloephiphyseal dysplasia tarda [64—73] (multiple epiphyseal abnormalities,

early onset of osteoarthritis, short trunk and barrel-shaped chest, platyspondyly)

Trs33/TRAPPC6
Trs120/TRAPPC9

Hypomorphic TRAPPC6a causes pigmentation defect in mutant mice [82]
Intellectual disability with neonatal microcephaly [74-76]

Brunelleschi mutant in Drosophila [52] (defect in cytokinesis in male meiotic cells)

TRAPPCI11 (C4orf41)

Foie gras mutant in zebrafish [79, 80] (steatosis and hepatomegaly in mutant fish;

ER stress, accumulation of lipid droplets in mutant hepatocytes)

The physiological functions of TRAPP in multicellular organisms are inferred from the phenotypes of the TRAPP mutants or the clinical

presentations of the genetic lesions found in TRAPP subunit gene loci

p150°"““vesicle trafficking

Overexpression of TRAPP subunits disrupts astral micro-
tubule arrays in mammalian cells [56]. All of the TRAPP
subunits, when overexpressed, disrupt astral arrays to a
varying degree, resulting in a circular array instead. This
effect is mediated by a novel interaction between a subunit
of dynactin p150%"*? and TRAPPCY9 [56]. Dynactin has
been implicated in various aspects of membrane trafficking
including the movement of COPII from ER to Golgi [57].
The cargo-binding domain of p1509"°? physically interacts
with Sec23 and Sec24. TRAPPCY reportedly binds to
p1509™¢d on the same domain at higher affinity [56].
Overexpressing TRAPPCY reduced the colocalization
between endogenous p1509"*® and Sec23, and depletion of
TRAPPCY increased the colocalization. It has been well
established that cytoplasmic dynein is required for the
movement of vesicles from the ER to Golgi [58, 59], and
p1509™4 is a subunit of dynactin that increases the pro-
cessivity of the dynein motor [60]. p150°"*? binds directly
to COPII coat subunits Sec23 and Sec24 and mediates the
movement of COPII vesicles. The precise mechanism of
how p1509"? executes this is not clear [61]. TRAPPCY is
localized to the ERGIC, the target membrane for COPII
vesicles [56]. The observation that TRAPPC9 can “out-
muscle” Sec23 and Sec24 for the interaction with
p1509"¢d suggests that TRAPPC9 may mediate the
movement of COPII vesicles that have been tethered at, or
just fused with, the ERGIC. Complete uncoating of COPII
coat is not a pre-requisite for the subsequent fusion step [3,
62]. In fact, COPII coat subunits have been observed par-
tially localized to the ERGIC [63].

Physiological functions of TRAPP
Often mutations that severely interfere with the function of
genes essential to basic cellular functions result in early

embryonic lethality. For many genes, functional redun-
dancy due to the existence of multiple homologs ensures
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the well-being of the individual. However, mutations that
only slightly compromise these essential genes can have
functional consequences in specific physiological settings.
Often, the elucidation of disease mechanisms not only
affirms the importance of the gene toward a cellular
function but also provides new insight that stimulates fur-
ther research. Good examples that illustrate this concept
are the mutations found in TRAPP subunits in humans. A
summary of the pathological and physiological functions of
TRAPP based on either the phenotypes of TRAPP subunit
mutant animals or the clinical conditions of human indi-
viduals having genetic lesions in TRAPP subunits is
presented in Table 2. Since these phenotypes are far milder
than the biochemical functions of TRAPP would have
predicted, we believe functional redundancies must have
play a role in limiting the severity of the TRAPP mutant
phenotypes. Detailed discussions are presented in the
following.

X-linked spondyloepiphyseal dyslasia tarda (SEDT)

SEDT is a genetic disease associated with the onset of
osteoarthrosis [64]. Mutations in TRAPPC2 (human Trs20)
have been identified in these patients, and therefore,
TRAPPC2 was independently named sedlin [65]. In
humans, the homologs of TRAPPC2 can be found at three
chromosomal loci. TRAPPC2 was the first identified dis-
ease gene for SEDT and is located on the X chromosome
[65]. However, the same sequence is duplicated on chro-
mosome 19. Initially regarded as a pseudogene, the locus
from chromosome 19 can be expressed and, therefore, has
been named TRAPPC2.19 [15, 66]. The ortholog of Tcal7
is called TRAPPC2-like protein or Sedlin-like protein
(TRAPPC2L or SEDLP, respectively) [15, 52]. Given the
secretory function of TRAPPC2, it has been speculated that
defective secretion of collagen could be the cause of the
abnormal skeletal development in SEDT patients [67], but
the exact molecular mechanism of why mutations in
TRAPPC2 can cause such a defect has not been elucidated.
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It has been hypothesized that the loss of TRAPPC2 func-
tion in SEDT patients is compensated by its homologs,
SEDLP/TRAPPC2L or TRAPPC2.19. Therefore, the loss
of TRAPPC2 function shows a much milder clinical
expression. Of note, most of the disease-causing mutations
isolated result in truncation of the protein [68—72]. The
partially translated mutant protein is not stable and ends up
in the degradation pathway. So far, there are only five
missense mutations identified [68, 73], three of which
(S73L, F83S, V130D) cause protein misfolding and invoke
proteosome-mediated degradation [73]. The D47Y muta-
tion did not cause protein misfolding but this mutation
impairs the interaction between TRAPPC2 and TRAPPC9
or TRAPPCS [12]. Therefore, it is very likely the formation
of mammalian TRAPPII and TRAPPIII must have been
impaired in chondrocytes, resulting in a mild defect in
general secretion. When reaching a developmental stage
where rapid secretion of collagen or protein hormones by
chondrocytes is needed, cells defective in TRAPPII and/or
TRAPPIII simply cannot meet the demand for general
secretion, resulting in a clinical expression as SEDT. So
far, it remains unclear why other tissues that demand heavy
secretion are not affected by the TRAPPC2 mutation.

TRAPPC9-associated intellectual disability

Intellectual disability (ID) with microcephaly is sometimes
associated with genetic lesions in TRAPPC9/Trs120 [74—
76]. Individuals identified with such mutations have partial
deletion of the TRAPPCY at the carboxyl terminus. These
mutant proteins no longer have the portion of the molecule
that interacts with TRAPPC2 and TRAPPCI10 [38], sug-
gesting that the assembly and function of TRAPPII must
have been compromised in these patients. In SEDT
patients, the mutant TRAPPC2 can be compensated by
TRAPPC2L and TRAPPC2.19 in most other tissues.
Unlike the situation in SEDT patients, there is no obvious
homolog for TRAPPCY9, and the function of mutant
TRAPPC9 found in ID individuals is probably not com-
pensated. This phenomenon not only raises doubt that
mammalian TRAPPII is essential for secretion but also
creates a dilemma for the current view of the mammalian
TRAPP as a single biochemical entity. If the mammalian
TRAPP is the TRAPPII equivalent but still functions as a
COPII vesicle tether, this essential function must be com-
promised in the TRAPPC9-associated ID individuals. If so,
the tissues affected due to impaired early vesicle transport
should have been more wide-spread and the effects more
severe. The fact that individuals with TRAPPC9 mutations
are normal in most tissues except neurons suggests that the
function of TRAPP as a COPII tether must be normal in
these individuals. In other words, the TRAPPI function is
not affected in these individuals. Therefore, it is logical to

assume that the genetic lesion in TRAPPCY only affects
TRAPPII, which, reportedly, plays roles in intra-Golgi or
endosome-to-Golgi traffic in yeast [2, 77]. Distinct forms
of mammalian TRAPP complexes must exist, just like the
situation in yeast, with each form of TRAPP having spe-
cific functions. In TRAPPC9-associated ID individuals, the
TRAPPI function is not affected while the non-vital
TRAPPII function is slightly affected in certain neurons.
Of note, TRAPPC9 has also been found to interact with the
NF-«B signaling pathway [78]. It has also been shown that
this pathway is slightly affected in TRAPPC9-mutant
patient fibroblasts [74]. The precise function of TRAPPC9
or TRAPPII in neurodevelopment is currently unknown.

Other functions

Foie gras The zebrafish foie gras mutant develops stea-
tosis and hepatomegaly, among other developmental
defects 5 days after fertilization [79]. The mutant hepato-
cytes showed accumulation of lipid droplets and dilated
ER. The pathological state is mediated by ER stress, as the
depletion of ATF6, a key mediator of the unfolded protein
response in the ER, can partially rescue the steatosis phe-
notype [80]. Excessive protein unfolding in the ER lumen
will trigger a response that increases, via transcriptional
regulation, the abundance of ER membrane and the
machinery essential for protein folding within this orga-
nelle [81]. Such a process, called the unfolded protein
response, is intimately related to ER stress. The foie gras
mutant gene encodes TRAPPC11, a distantly related pro-
tein to TRAPPC10. The mechanism of how TRAPPCI11
regulates ER stress and lipid metabolism in hepatocytes
remains to be determined. As the ER is the major organelle
for lipid synthesis, any defect caused by the protein vesicle
trafficking pathway may affect the lipid metabolism and/or
cause ER stress.

Pigmentation and melanosome biogenesis A mouse
strain with mosaic hypopigmentation was created by a
proviral integration at a site near TRAPPC6a [82]. This
event reduced expression of TRAPPC6a mRNA in mutant
mice to about 1 % of that in normal mice. Defective
melanosomes were observed in the retinal pigmented epi-
thelium in the mutant mice. The question of how directly
TRAPPC6a participates in melanosome biogenesis and the
mechanism of how TRAPPC6a plays a role in this novel
and unexpected function awaits further investigation.

Other protein interactions and potential functions Vari-
ous TRAPP subunits have been implicated in many cellular
functions and the precise roles require further character-
ization. Bet3/TRAPPC3 has the ability to self-acylate at
cysteine 68 [83]. The need for such lipid modification is
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unknown, but potentially this effect helps dimeric Bet3/
TRAPPC3 localized to the Golgi membrane [84]. TRAP-
PC9 and TRAPPC10 have been demonstrated to bind to the
COFPI coat subunit y-COP in the COS cell overexpression
system [17]. This interaction was later confirmed in yeast
[85]. The GEF for Arfl, Gea2, was also shown to interact
with TRAPPII [85]. Yeast two-hybrid assays demonstrated
that Trs65 binds directly with Gea2. Furthermore, TRAP-
PII failed to interact with Gea2 in a Trs65 deletion strain.
Whether Trs65 binds directly to Gea2 needs further
investigation because there is the potential caveat that the
deletion of Trs65 could reduce the stability of Trs130 [13].
Nonetheless, the interaction between TRAPPII and Gea2
appears solid and the functional relationship between
TRAPPII and COPI components has been documented [86,
87]. These data, though preliminary, raise the possibility
that the transport of COPII and COPI vesicles are coordi-
nated. The tethering factor for COPII could somehow
regulate COPI vesicles.

Besides the interaction between TRAPPII and the pro-
teins of the COPI system, other TRAPP subunits have also
been reported to have binding proteins. TRAPPC4 binds to
Syndecan-2, a molecule implicated in stimulating the for-
mation of dendritic spines in hippocampal neurons [88].
Recently, TRAPPC4 is also reported to interact with the
kinase ERK1/2 and modulate the nuclear localization of
ERK1/2 [89]. TRAPPC2 has been demonstrated to interact
with a number of proteins including transcription factors
[90, 91], and ion-channel proteins [92]. TRAPPC9 was
implicated in potentiating the NF-xB signaling pathway
leading to an increase of the NF-xB transactivation by
interacting with IKK and NIK [78]. These reports point to
the potentially exciting and novel functions of TRAPP
subunits in the nucleus, but effort must be made to clarify
whether such effect is direct and its functional significance
must be further investigated.

Conclusions

As is the case for most scientific research, there are
unexpected discoveries in TRAPP research. It is safe to say
that, since the discovery of TRAPP almost 15 years ago,
the structures and functions of TRAPP have been
expanding in ways that were not expected by any of the
researchers in this field. As we gradually open up the
Trapper Keeper for TRAPP, each piece of discovery is
filled with something novel, unexpected, and often puz-
zling. Our challenge ahead is to find the answer.
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