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Abstract: Vesicle-mediated transport of proteins is a highly regulated, multi-step process. When the vesicle is approaching its target
membrane compartment, many factors are required to provide specificity and tethering between the incoming vesicle and the target
membrane, before vesicle fusion can occur. Tethering factors, which include multisubunit complexes, coiled-coil proteins, with the
help of small GTPases, provide the initial interaction between the vesicle and its target membrane. Of the multisubunit tethering fac-
tors, the transport protein particle (TRAPP) complexes function in a number of trafficking steps, including endoplasmic reticulum
(ER)-to-Golgi transport, intra- and post-Golgi traffic and autophagosome formation. In this review, we summarize the updated prog-

ress in structure and function of TRAPP complexes as well as human diseases caused by genetic mutations in TRAPP.
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1 Introduction multi-subunit protein complex involving at various

steps in vesicle transport capable of binding coat pro-

Eukaryotic intracellular vesicle trafficking is a highly teins, promoting the organization of SNARE proteins

regulated process mediated by many different factors,  ang functioning as guanine nucleotide exchange factors

including soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs), tethering fac-
tors, coat proteins and small GTPases!'*l. The transport
protein particle (TRAPP) complex, initially identified
as the tethering factor for endoplasmic reticulum (ER)-
derived coat protein complex II (COPII) vesicles, is a

(GEF) for Rab/Ypt GTPases [°.

Three forms of TRAPP complex, TRAPPI, II and III,
have been identified in yeast, but only the crystal struc-
ture of TRAPPI was solved 1%, In the mammalian
context, the composition and the structure of TRAPP
complexes are still far beyond elucidation. In this
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review, we summarize the updated progress in structure
and function of TRAPP as well as human diseases
caused by genetic mutations in TRAPP subunits.

2 The structures and functions of TRAPP

The TRAPPI complex consists of seven subunits
named Trs20, Trs23, Trs33, Trs31, Bet5 and two copies
of Bet3 in yeast. Their mammalian orthologs are
TRAPPC2, TRAPPC4, TRAPPC6, TRAPPCS, TRAP-
PC1 and TRAPPC3 respectively. In the TRAPPI com-
plex, the subunits were organized through lateral juxta-
position into a flat and elongated particle with two
lobes: the Trs20-Trs31-Bet3 heterotrimer constitutes
one lobe, while the Bet3-Trs33-Bet5 heterotrimer con-
stitutes the other lobe, linked together by the subunit
Trs230'1, TRAPPI plays an essential role in ER-to-Golgi
transport. The major functions of TRAPPI include: (1)
COPII vesicle tether; (2) Yptl/Rabl GEF activity; and
(3) Regulation of the v- and t-SNARE pairing M"'!. Thus
far, there are two models proposed to explain how
TRAPPI mediates vesicle tethering. In one model (Fig.
14), TRAPPI assembles onto COPII vesicle through
the interaction between Bet3/TRAPPC3 and Sec23.
Then COPII vesicle-docked TRAPPI activates Yptl/
Rabl via the GEF activity. The activated Yptl/Rabl
recruits tethering factor Usol/p115 onto the COPII
vesicles through an interaction with COPII vesicle-
associated SNARE. Finally, Usol/p115 brings the vesicle
close to target membrane to prepare fusion and the
TRAPPI complex is released from the COPII vesicle 2.
This model is consistent with the observation that the
TRAPP subunit Bet3/TRAPPC3 can directly interact
with the COPII coat subunit sec23 "3, and Bet3 acts af-
ter COPII budding but before Rabl and a-SNAP during
ER-Golgi transport ¥, In addition, this model may also
explain how TRAPPI appears to act in homotypic
fusion of COPII vesicles in mammalian cells since a
copy of TRAPPC3 in each of the two lobes of the com-
plex interacts with sec23 from two different COPII
vesicles and bring them together ! In the second model,
the TRAPPI complex was proposed lying flat on Golgi
membrane and interacts with the incoming vesicle. In
this model, TRAPPI complex is anchored through the
Bet3 subunit to the Golgi, where it catalyzes nucleotide
exchange on membrane bound Yptl/Rab1-GDP, then
the Yptl/Rab1-GTP recruits Usol/p115 to tether with
COPII vesicles. Usol/p115 brings the COPII vesicle
closer to the Golgi membrane and promotes TRAPPI
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vesicle tethering mediated by interaction between Bet3
and Sec23. The Trs20/TRAPPC2 subunit may also
interact with SNARE proteins to regulate v- and t-
SNARE pairing!-'l. The localization of Bet3 to the cis-
Golgi complex!'?), as well as biochemical studies show-
ing that Bet3 functions on this compartment support
this model (Fig. 1B). It is noteworthy that in yeast,
TRAPPI complex stably binds to the Golgi even under
conditions disrupting membrane traffic and causing the
Golgi apparatus to disperse. It was also indicated that
the Golgi-bound TRAPPI complex did not recycle
between the Golgi and the ER compartments. However,
in the mammalian context, significant amount of
TRAPPC3 (about 85%), the most conserved TRAPPI
subunit, was found in the cytosol comparing the rela-
tively small fraction (about 15%) associated with mem-
brane!'. The cytosolic TRAPPC3 also exists in two
distinct pools, a high molecular weight pool represent-
ing the TRAPP complex bound pool and a low molecu-
lar weight pool reflecting the free form of TRAPPC3.
Based on this finding, we suppose that in mammalian
cells, the assembled TRAPPI complexes exist in both
the cytoplasm and the Golgi apparatus but with differ-
ent functions. The cytosolic TRAPPI binds to COPII
vesicle at ER exit sites through direct interactions be-
tween TRAPPC2 and Sarl1-GTP as well as TRAPPC3
and Sec23, whereas the membrane-localized TRAPPI
complex activates Usol/Rab1-GDP. The GTP-bound
Yptl/Rab1 binds to Usol/p115, which brings the COPIL
vesicle close to the target membrane to enable fusion
(Fig. 1C). TRAPPC?2 binds Sar1-GTP prior to TRAPPC3-
sec23 interaction to control the active state of Sarl,
thus accelerating dissociation of Sarl from membranes.
The TRAPPC3-sec23 interaction may stabilize the
COPII vesicles by preventing the sec23 phosphorylated
by other kinases until they were close enough to Golgi
membrane in which the TRAPPC3 was replaced by
Hrr25p, a sec23 kinase 7.

In yeast, TRAPPII consists of all TRAPPI subunits
and three additional large proteins, Trs65, Trs120
(TRAPPC9) and Trs130 (TRAPPC10). It was proposed
that the mammalian ortholog of Trs65 is C5o0rf44 but
such notion has yet to be extensively tested. Much less
is known about the structure of TRAPPII complex.
Cryo-electron microscopy (EM) revealed that yeast
TRAPPII forms dimer in which the TRAPPII-specific
subunits are sandwiched between two TRAPPI com-
plexes. With the outer layer on both sides containing
the TRAPPI cores, Trs120 and Trs130 cap opposite
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Fig. 1. Models of TRAPPI tethering COPII vesicles. 4: TRAPPI binds to COPII vesicle via Bet3 and sec23 interaction. Then TRAPPI
catalyzes nucleotide exchange of Rab1/Ypt1-GDP. Rab1/Ypt1-GTP binds to the long coiled-coil tethering protein (p115/Usol), which
brings the vesicle close to the Golgi membrane. B: Membrane bound TRAPPI catalyzes nucleotide exchange of Rab1/Ypt1-GDP. The

Ypt1/Rab1-GTP recruits Usol/p115 to tether with COPII vesicles. p115/Usol brings the vesicle close to the target membrane to inter-
act with TRAPPI. C: Cytosolic TRAPPI binds to COPII vesicle via Bet3 and sec23 interaction first. Then membrane-bound TRAPPI
catalyzes nucleotide exchange of Rab1/Ypt1-GDP. Rab1/Ypt1-GTP binds to the long coiled-coil tethering protein (p115/Usol), which

brings the vesicle close to the Golgi membrane.
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ends of TRAPPI forming the middle layer, where two
Trs65 molecules dimerize into a twofold symmetry!'®!,
In this model, Trs120 is attached to the Trs33-end of
TRAPPI. However, recent studies show that Trs20 binds
to Trs120 both in yeast and in mammalian cells .
Therefore, two other models were given based on this
finding™”. In one model, Trs120 binds to Trs20 in one
TRAPPI monomer and Trs33 in the other anti-parallel
TRAPPI monomer to bridge the two TRAPPI complexes,
and Trs130 and Trs65 stabilize the dimer. In the second
model, Trs120 interacts with Trs20 and Trs33 in one
TRAPPI complex, and then the TRAPPII complex is
formed via Trs130 and Trs65. The mammalian TRAPP-
II does not appear to form dimer since it has a molecu-
lar weight of 600 kDa in a gel filtration column, identi-
cal to the size of yeast TRAPPII isolated from Trs65-
deleted strain. TRAPPII also has the GEF activity
towards Yptl/Rabl, suggesting that it preserves the
same catalytic site as TRAPPI, and this activity has
been found both in yeast and in mammalian cells(® 2!,
However, TRAPPI and TRAPPII serve as GEFs for
Yptl and Ypt31/32 (orthologs of human rabl and rab11)
respectively!'”, The Ypt31/32 GEF activity may be
related to the TRAPPII-specific subunits because: first,
mutations in Trs120 and Trs130 abolished this activity
while increased the Yptl GEF activity; second, Trs130
interacts with the nucleotide-free form of Ypt31 in a
yeast two-hybrid assay!'"; third, the Ypt31/32 intracel-
lular distribution has been altered in Trs130 mutant
cells!'”. As a tethering factor, TRAPPII complex has
been reported to interact with COPI coat complex and
to be involved in multiple transport pathways. In yeast,
Trs120 mutation blocked the transport from early endo-
some to Golgi, while Trs130 mutation displays general
defects beyond ER-to-Golgi step?. Similar results
were obtained from mammalian cells?!.

Accumulating evidence indicates that TRAPP is also
involved in many other cellular processes. The TRAPP-
I complex is required for the centrosomal trafficking
of Rabin8 and ciliogenesis. TRAPPC9 can directly
bind to p150°"" to inhibit the interaction between
p1509d and Sec23/Sec24 both in vitro and in vivo 3.
On the other hand, novel components of mammalian
TRAPP are continually identified. For instance, the
mammalian TRAPPC11 and TRAPPC12, which have
no homologues in yeast, have been identified to regu-
late ER-to-Golgi trafficking at a very early stage 24,

It has been proposed that TRAPPIII complex con-
tains TRAPPI core subunits plus Trs85/TRAPPCS 23],
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but the Trs85-containing complex in yeast was detected
in the range of 1.3 MDa, far bigger than the sum of
TRAPPI and Trs85. Trs130, a TRAPPII-specific sub-
unit, is also co-fractionated with Trs85-containing com-
plex, suggesting the exact subunit composition of
TRAPPIII needs further characterization. This complex
is specifically localized to the preautophagosomal
structure (PAS) through a direct interaction of Trs85
and Atgl7 as well as Atg9. TRAPPIII participates in
autophagy formation by activating Yptl to recruit the
Atgl kinase 121,

3 TRAPP and diseases

3.1 TRAPPC2 and spondyloepiphyseal dysplasia
tarda (SEDT)

At least three TRAPP subunits have been shown to be
associated with human diseases. Mutations in TRAP-
PC2 cause an X-linked recessive osteochondrodyspla-
sia named SEDT (MIM 313440), occurring almost
exclusively in males. Therefore, TRAPPC2 is also
named Sedlin. Individuals with this disorder have a
short trunk and neck, with short stature caused by
impaired growth of the spinal bones. According to The
Human Gene Mutation Database (HGMD, http://www.
hgmd.org/), more than 40 mutations in TRAPPC2 gene
related to SEDT have been reported, including splice
site mutations, nonsense mutations, deletions and mis-
sense mutations. Most of these mutations, except the
mutation D47Y, result in truncation of the protein or
cause protein misfolding and therefore induce the loss
of normal physiological functions. Since TRAPPC2
works as an adaptor for the formation of TRAPPII and
TRAPPIII by direct interaction with TRAPPCY or
TRAPPCS respectively, it was speculated that the loss
of functional TRAPPC2 will significantly affect intrac-
ellular membrane trafficking mediated by TRAPPII and
TRAPPIII, resulting in serious consequences in skeletal
development. Of note, the D47Y mutation in TRAP-
PC2 also impairs the interaction between TRAPPC2
and TRAPPC9 or TRAPPCS although the mutant pro-
tein is normally folded. However, there is no evidence
that the patients of SEDT have any other membrane
traffic related defects. It seems only the collagen traf-
ficking in chondrocytes affected®”). There are several
possibilities to explain this phenomenon: First, there
are homologs of TRAPPC2 at three chromosomal loci.
Among them, the homolog on chromosome 19 can be
expressed® ?1, Second, another gene, TCA17, which
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has homology to TRAPPC2, may substitute the func-
tion of the missing TRAPPC2. Last, in the TRAPPII
complex, TRAPPC9 binds to TRAPPC2 and TRAPPC6
simultaneously, therefore, TRAPPII complex may not
completely disintegrated when the function of TRAP-
PC2 is defective. Recently, Venditti et al. compared the
impact of TRAPPC2 knockdown on trafficking of pro-
collagen type II (PCII) and type I (PCI) with other car-
goes including the temperature-sensitive variant of
vesicular stomatitis virus G (ts045-VSV-G), CDS8a,
albumin and al-antitrypsin. They found that PCI and
PCII were the only cargoes whose ER exit was affected
by TRAPPC2 depletion. They further explored the mo-
lecular mechanisms of TPAPPC2-regulated ER exit of
PC and suggested that TANGO1, a receptor required
for packing PC into COPII vesicles, recruited TRAP-
PC2 to ER exit through physical interaction. At ER
exit, TRAPPC2 binds to Sar1-GTP to control the active
state of Sarl. Therefore, TRAPPC2 dysfunction in
SEDT patients may induce an increase in Sarl-GTP
which in turn leads to the formation of abnormal carri-
ers that are not suitable to form megacarriersP”,

3.2 TRAPPCI and intellectual disability (ID)

The genetic lesions in TRAPPC9 displayed a distinct
phenotype characterized by moderate to severe ID and
brain anomalies®". All the TRAPPC9 pathogenic vari-
ants reported so far are loss-of-function mutations with
a premature stop codon, resulting in nonfunctional,
truncated proteins. These truncated TRAPPC9 lose the
TRAPPC2 and TRAPPC10 binding domain, suggesting
that the assembly and function of TRAPPII complex
must have been impaired. Since the exact intracellular
transport pathway(s) that TRAPPII involved in has
remained unclear, it is hard to elucidate the pathological
mechanism at the molecular and cellular levels.

3.3 TRAPPCI11 and limb girdle muscular dystrophy
(LGMD)

Two mutations in TRAPPC11 have been reported re-
cently. Three individuals with homozygous ¢.2938G >
A(p.Gly980Arg) missense mutation in the gryzun do-
main present with LGMD while five individuals with
the homozygous ¢.1287+5G>A splice-site mutation re-
sulting in a 58 amino acid in-frame deletion (p.Ala372
Ser429del) in the foie gras domain present with myo-
pathy, infantile hyperkinetic movements, ataxia, and
intellectual disability?®?!. At the cellular level, immuno-
staining of Golgi marker proteins showed punctate Golgi
dispersal in cells from affected individuals similar to
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the Golgi pattern in TRAPPC11 knockdown Hela cells 4.
In cells from individuals with in-frame deletion of
TRAPPCI11, normal ER to Golgi traffic along with de-
layed Golgi to cell surface traffic was seen when using
vesicular stomatitis virus G (VSVG) as a transport
marker. Moreover, the late endosomal/lysosomal com-
ponent LAMP1 showed a reduced, centriolar distribu-
tion in cells from affected individuals while in control
cells LAMP1 was seen in puncta throughout the cells.
This phenomenon suggests that TRAPPCI11 is involved
in the formation of or the trafficking in late endosomes/
lysosomes. It will be of interest in the future to exam-
ine the role of TRAPPC11-containing TRAPP complex
on membrane transport from early endosome to late
endosome/lysosome and from trans-Golgi to late endo-
some/lysosome.

4 Future perspective

In the last five years, we have witnessed increasing re-
ports of genetic diseases with mutations identified in
different TRAPP subunits. For SEDT, the first genetic
disease associated with TRAPP identified almost fifteen
years ago, we are beginning to understand that the
cause of skeletal developmental defects in these indi-
viduals is impairment of ER export of PCII. TRAPPC2
can regulate the GTP-binding status of Sarl. These
findings bring new concepts and excitement to the
TRAPP research field. For mutations in TRAPPC9 and
TRAPPCI11, the molecular etiology remains elusive.
However, as with the story of SEDT, new concepts and
excitement will be expected as we move forward to un-
ravel the disease mechanism.
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