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Abstract

The TRAPP complexes are nucleotide exchange factors that play
essential roles in membrane traffic and autophagy. TRAPPII acti-
vates Rab11, and TRAPPIII activates Rabl, with the two complexes
sharing a core of small subunits that affect nucleotide exchange
but being distinguished by specific large subunits that are essen-
tial for activity in vivo. Crystal structures of core subunits have
revealed the mechanism of Rab activation, but how the core and
the large subunits assemble to form the complexes is unknown.
We report a cryo-EM structure of the entire Drosophila TRAPPIII
complex. The TRAPPIII-specific subunits TRAPPC8 and TRAPPC11
hold the catalytic core like a pair of tongs, with TRAPPC12 and
TRAPPC13 positioned at the joint between them. TRAPPC2 and
TRAPPC2L link the core to the two large arms, with the interfaces
containing residues affected by disease-causing mutations. The
TRAPPC8 arm is positioned such that it would contact Rabl that is
bound to the core, indicating how the arm could determine the
specificity of the complex. A lower resolution structure of TRAPPII
shows a similar architecture and suggests that the TRAPP
complexes evolved from a single ur-TRAPP.
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Introduction

Small GTPases of the Rab family are major regulators of membrane
traffic and organelle location in eukaryotic cells. Upon activation, they
recruit to specific membranes a diverse set of effectors including
molecular motors, tethering factors and regulators of both GTPases
and phosphoinositides. The internal organisation of the cell thus
depends on these GTPases being activated only in the correct location.

This activation is mediated by nucleotide exchange factors (GEFs) that
bind the inactive GDP-bound form and catalyse the release of GDP
and replacement with GTP. It has become clear that the primary deter-
minant of the spatial accuracy of GTPase activation is the location of
the relevant GEFs, and hence, understanding their structure and regu-
lation is key to understanding the organisation of the cell (Barr, 2013;
Bliimer et al, 2013). The Transport Protein Particle (TRAPP) GEFs
were discovered in yeast and subsequently found to be conserved in
all known eukaryotes (Sacher et al, 1998; Klinger et al, 2013; Brunet &
Sacher, 2014; Kim et al, 2016). In most species examined to date,
including metazoans, there are two versions, TRAPPII and TRAPPIII,
with TRAPPI now thought to be a subcomplex that appears in vitro
during isolation of the other two (Choi et al, 2011; Brunet et al, 2012;
Thomas et al, 2017). TRAPPIII activates Rab1, a master regulator of
both the early secretory pathway and autophagy, while TRAPPII
primarily activates Rab11, an essential player at the late Golgi where
it acts in recycling from endosomes, and traffic to the surface (Jones
et al, 2000; Wang et al, 2000; Cai et al, 2005). Rabl and Rabl1 are
two of the five members of the Rab family that are present in all
eukaryotes, and both are essential for the viability of all organisms so
far examined (Diekmann et al, 2011; Kloepper et al, 2012). TRAPPII
also has some activity on Rabl, although the in vivo significance of
this is unresolved (Yamasaki et al, 2009; Thomas & Fromme, 2016; Ke
et al, 2020). The TRAPP complexes have also been proposed to have
additional roles in various processes including tethering of COPII vesi-
cles, meiotic cytokinesis, ciliogenesis and lipid droplet homeostasis
(Cai et al, 2007; Robinett et al, 2009; Westlake et al, 2011; Li et al,
2017). Consistent with the TRAPP complexes acting in key cellular
processes, mutations in many of their subunits have been found in a
range of familial conditions or “TRAPPopathies”, including neurode-
velopmental disorders, muscular dystrophies and skeletal dysplasias
(Gedeon et al, 1999; Matalonga et al, 2017; Sacher et al, 2019).

The two TRAPP complexes share a core of seven small subunits,
one of which is present in two copies to make an octamer (Fig 1A).
This core is sufficient to activate Rab1 in vitro (Kim et al, 2006; Riedel
et al, 2017). In most species, TRAPPIII has four additional unique
subunits, TRAPPC8, TRAPPC11, TRAPPC12 and TRAPPC13, with the
former two being essential in metazoans for cell viability and Rabl
recruitment, indicating that the core is not sufficient to correctly
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activate Rabl in vivo (Kim et al, 2016; Lamb et al, 2016) (Wendler
et al, 2010; Riedel et al, 2017). TRAPPII has two additional unique
subunits, TRAPPC9 and TRAPPC10, that are required for Rab11 acti-
vation both in vitro and in vivo (Riedel et al, 2017; Thomas et al,
2017). Crystallographic studies of the individual core subunits and
their subcomplexes have revealed that the centre of the core
comprises two longin domain proteins, TRAPPC1 and TRAPPC4,
consistent with longin domains being present in several other Rab
GEFs (Kim et al, 2006; Cai et al, 2008; Levine et al, 2013). Flanking
these are TRAPPCS, TRAPPC6, and two copies of TRAPPC3, all of
which fold into a distinct TRAPP domain that appears to have
emerged in archaea, consistent with TRAPP being a universal feature
of eukaryotes (Kiimmel et al, 2005; Zaremba-Niedzwiedzka et al,
2017). Rabl binds to this core region, with a subcomplex of TRAPPC1,
TRAPPC3 and TRAPPC4 being sufficient for GEF activity in vitro (Kim
et al, 2006; Cai et al, 2008). Finally, TRAPPC2 and TRAPPC2L, two
longin-like proteins, are found at the two ends of the core and are
required to connect the core to the specific subunits of TRAPPII and
TRAPPIII (Montpetit & Conibear, 2009; Zong et al, 2011).

The architectures of the entire TRAPP complexes are less well
understood. Low-resolution images of budding yeast TRAPPIII
obtained with negative stain EM show that Trs85, the orthologue of
TRAPPCS, is attached to one end of the core via the orthologue of
TRAPPC2 (Tan et al, 2013). However, fungal Trs85 represents just
the N-terminal half of TRAPPC8 and it lacks the C-terminal 600-700
residues present in plants and metazoans. In addition, S. cerevisiae
is distinct from most other species including many other fungi, in
that it lacks the TRAPPIII subunits TRAPPC11, TRAPPC12 and
TRAPPC13, even though the former is essential in both Drosophila
and mammals, and so its TRAPPIII is simpler (Fig 1A) (Wendler
et al, 2010; Kim et al, 2016; Riedel et al, 2017; Kalde et al, 2019;
Rosquete et al, 2019). Negative stain EM images of yeast TRAPPII
show that the entire complex comprises Trs120 (TRAPPC9) and
Trs130 (TRAPPC10) flanking the core, with this structure then
dimerising with a second copy via Trs65 that links together the ends
of TRAPPC9 in one copy to TRAPPCI10 in the other (Yip et al, 2010;
Pinar et al, 2019). However, Trs65 seems to have evolved in the
yeast lineage as a distinct variant of TRAPPC13, with some other
fungi having both proteins, suggesting that this form of TRAPPII is
unique to a subset of fungi (Pinar et al, 2019).

To obtain insight into the architecture of the metazoan TRAPP
complexes, we expressed recombinant TRAPPII and TRAPPIII using
the Drosophila subunits. Single particle cryo-EM was used to obtain
a structure of the TRAPPIII. This structure resolves the uncertainty
about the organisation of the subunits of the core, shows how all of
the additional subunits are arranged in the complex, maps the inter-
faces between the core and these subunits, including residues
involved in genetic disease, and reveals how these additional subu-
nits could regulate Rab binding and hence allow the core to act on
different GTPases in the two different complexes.

Results
Biochemical characterisation of the metazoan TRAPP complexes

In previous work, we developed a protocol to express and purify
recombinant forms of the Drosophila TRAPP complexes (Fig 1B)
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(Riedel et al, 2017). We reported that the purified complexes are
functional, with both TRAPPII and TRAPPIII having nucleotide
exchange activity towards Rab1l, while only TRAPPII has detectable
exchange activity on Rabll. Further characterisation of these
complexes shows that they are both monodisperse and monomeric,
as indicated by both multi-angle light scattering coupled with size
exclusion chromatography (SEC-MALS) and interferometric scatter-
ing microscopy (iSCAT) (Fig EV1A-D).

The two largest subunits of TRAPPIII, TRAPPC8 and TRAPPC11,
are essential for viability of mammalian cells, and Trs85, the yeast
orthologue of TRAPPCS, has been shown to bind directly to the core
via TRAPPC2 (Brunet et al, 2013; Tan et al, 2013; Taussig et al,
2014). However, TRAPPIII has two further subunits TRAPPC12 and
TRAPPC13 whose location in the complex is unknown. Expressing
TRAPPIII without the TRAPPC12 and TRAPPC13 subunits reduces
its size by ~100 kDa, close to the combined weight of two subunits,
indicating that their absence does not affect the binding of the other
nine subunits (Fig EV1A-D). This “miniTRAPPIII” complex is still
able to activate Rabl but, like the complete complex, it has no
detectable activity on Rab11 (Fig EV1E).

Cryo-EM analysis of the TRAPPIII complex

To obtain new insights into the architecture of TRAPPII, we
applied electron microscopy (EM) to examine its structure. When
examined by negative staining, TRAPPIII particles appeared
homogeneous in overall size, and of rod-like or triangular
appearance (Appendix Fig S1A). The particles appeared similar in
cryo-EM  micrographs, and 2D class averages showed clear
elements of secondary structure (Appendix Fig S1B). However,
initial attempts to produce a reliable 3D reconstruction failed,
and we noticed that several 2D class averages had a threefold
symmetry, forming an equilateral triangle (Appendix Fig S1B).
This seemed inconsistent with TRAPPIII being a monomer rather
than a trimer in solution, suggesting that these symmetrical parti-
cles were due to overfitting of 2D projections. Moreover, in the
case of the miniTRAPPIII, similar narrow rod and triangular
particles were found in the cryo-EM micrographs, but threefold
symmetrical particles rarely appeared among the 2D class aver-
ages (Appendix Fig S1C). We could identify two main 2D classes
of rod-like particles, one of them that partially resembled the
low-resolution structure of yeast TRAPPIII obtained by negative
stain (Tan et al, 2013), and another similar to it but with an
additional density on one of its edges. We used a 3D reconstruc-
tion map of the latter as a reference map for a 3D classification
of the TRAPPIII class 2D averages. This classification resulted in
three different classes. The one with the best resolution and
highest number of particles corresponded to an irregular triangu-
lar shape which resembled that which we observed with negative
stain (Fig 1C and Appendix Fig S1A).

We reanalysed cryo-EM images of miniTRAPPIII following a
similar strategy to that used for TRAPPIIL. The comparison between
the TRAPPIII and miniTRAPPIII class 2D averages and 3D models
revealed that the flat rod was similar, but in miniTRAPPIII there
was density missing at the region of interaction between the two
arms (Fig 1C and D). We concluded TRAPPC12 and TRAPPCI13
were located in this region of TRAPPIII, forming one of the vertexes
of the triangle (Fig 1C).

© 2021 The Authors
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Figure 1. Single particle imaging of the Drosophila TRAPPIII complex.

Antonio Galindo et al

A Subunit structure of the TRAPP complexes from Drosophila, humans and S. cerevisiae. S. cerevisiae Trs65 is distantly related to TRAPPC13, but it appears to have a

paralogue of TRAPPC13 that arose in fungi, rather than a true orthologue.
B Coomassie blue-stained gel of recombinant Drosophila TRAPPIII.

C Left: representative 2D class averages of TRAPPIII and miniTRAPPIII. Right: Low-resolution 3D models of TRAPPIII and miniTRAPPIII. Density corresponding to

TRAPPC12 and TRAPPC13 is missing in miniTRAPPIII.

D Alignment of 3D models of TRAPPIII and miniTRAPPIII. Representative Z-sections of the alignment are shown. Maximum correlation is found in the core region
(bottom). A top plane from the Z-sections is enlarged. Density is missing in the absence of TRAPPC12 and TRAPPC13.

E Circos-XL plots of the DSBU cross-links for the TRAPPIII complex (core subunits: red, specific subunits: TRAPPCS, yellow; TRAPPC11, blue; TRAPPC12 and TRAPPC13,
green), inter-molecular cross-links on the outside (purple), and intra-molecular cross are on the inside (TRAPPCS8 links in yellow, TRAPPC11 links in blue, others in

grey).

Source data are available online for this figure.

Refinement of TRAPPIII density map

Following averaging and refinement, the initial density map of
TRAPPIII comprises an elongated flat rod with a small protrusion in
the middle, and two arms that are attached at the two ends of this
rod (Fig 1C). Secondary structure was better resolved inside the flat
rod rather than in the two arms, which indicated two problems.
Firstly, there is incomplete angular distribution of the particles due
to a preferred orientation of the complex on frozen grids,
(Appendix Fig S2). Secondly, the arms attached to the rod are some-
what flexible. To address the first problem, we imaged grids tilted
by 19°, and combining the tilted and non-tilted datasets gave a 3D
reconstruction with a nominal resolution of 5.8 A (Appendix Fig
S3A).

After several tests, we divided the reconstructed map into three
different bodies for focused refinement. This approach resulted in a
4.27 A resolution for a body containing the core subunits that form
the flat rod, 4.57 A for a second body containing one arm and the
TRAPPC12 and TRAPPC13 subunits, and 5.5 A for a third body
formed by the other arm (Table 1 and Appendix Fig S3A and B).

Arrangement of the subunits within the TRAPPIII complex

To help locate the 12 subunits of TRAPPIII within the density map,
we used cross-linking mass spectrometry to identify lysine residues
in proximity to each other (Fig 1E and Table EV1). As expected,
there were numerous cross-links between the small subunits of the
core. Of the large subunits, TRAPPC8 made several links to the
TRAPPC2 subunit that is expected to be at one end of the core, as
well as a link to TRAPPC3, whilst TRAPPC11 linked to TRAPPC2L
and also to TRAPPC3. Association of TRAPPC8 with TRAPPC2 is
consistent with what is known of yeast TRAPPIII from the effect of
mutations in the TRAPPC2 orthologue, Trs20 (Brunet et al, 2013;
Taussig et al, 2014). The TRAPPC12 and TRAPPC13 subunits
primarily cross-linked to the C-terminal region of TRAPPC11, indi-
cating that this part of TRAPPC11 is located in this vertex. Taken
together, these results allow an unambiguous placement of the
subunits within the TRAPPIII density map in which the core sits
between arms formed from TRAPPC8 and TRAPPC11 with
TRAPPC12 and TRAPPC13 attached at the opposite vertex. The
overall shape of the complex is that of two arched arms connected
at one vertex with TRAPPC12 and TRAPPC13, and then spreading
apart to hold the core between their other ends like a pair of tongs
(Fig 2A).
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To assign the eight small subunits within the core, we used the
crystal structures that have been obtained for several of these subu-
nits from mammals, either singly or in subcomplexes comprising up
to four subunits (Jang et al, 2002; Kim et al, 2006; Wang et al,
2014). These were used to model the seven Drosophila core subunits
which were then built into the density map. The subunits could be
readily fitted into the map with the assembly of all seven, with
TRAPPC3 being present twice, creating an octamer that forms the
central flattened rod (Figs 2B and C, and EV3). As expected,
TRAPPC1 and TRAPPC4, which form the catalytic site to activate
Rabl (Cai et al, 2008), are at the centre of the rod, flanked on either
side by a TRAPPC3 subunit (C3a and C3b). TRAPPC1 and TRAPPC4
share a longin domain fold, with TRAPPC4 also having a PDZ-like
domain that protrudes from one side. The absence of this domain in
TRAPPC1 leaves a groove on the other side of the rod, which is
partially occupied by the C-terminal region of one of the two
TRAPPC3 subunits (C3b). TRAPPCS5 and TRAPPC2 bind one
TRAPPC3 (C3b), and TRAPPC6 and TRAPPC2L bind the other
(C3a). TRAPPCI1, TRAPPCS5 and TRAPPC2 are known to be related
to TRAPPC4, TRAPPC6 and TRAPPC2L, respectively, and so the
octamer has an approximate two-fold rotational symmetry, suggest-
ing that it evolved by gene duplications adding, or altering, one half.
In the octameric assembly, the greatest divergence is between
TRAPPC5 and TRAPPC6. TRAPPCS contains a disordered N-
terminal region and an extra C-terminal o-helix that is not present in
TRAPPCG (Fig EV3).

Incorporation of the TRAPP core into the rest of the complex

There are no reported crystal structures for any of the large TRAPP
subunits from any species. However, in the regions of TRAPPC8
and TRAPPCI11 located on either side of the core the local resolu-
tion was suitable for de novo model building. In the case of
TRAPPCS8, residues 350-660 form an a-solenoid of thirteen o-
helices that includes the site of interaction with TRAPPC2 (Fig 3).
The less well-resolved C-terminal region (residues 660-1,319)
forms the arm that connects to TRAPPC12 and TRAPPC13 (Fig 2C).
This part of TRAPPCS is not present in the yeast orthologue Trs85,
consistent with it forming an armless complex (Tan et al, 2013).
An o-solenoid is also seen for TRAPPC11, with residues 181-566
forming fifteen a-helices that includes the interaction surface with
TRAPPC2L (Fig 4). This region of TRAPPC11 has been referred to
as the “foie gras domain” after the zebrafish gene in which it was
first analysed as it was noted to be particularly well conserved

© 2021 The Authors
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Table 1. Cryo-EM data collection, refinement and validation
statistics.

TRAPIII miniTRAPIII

Data collection and processing
Magnification 75,000% 105,000%
Voltage (kV) 300 300
Electron exposure (e /A% 30 456
Defocus range (um) —22/-4 —15/-25
Pixel size (A) 1.04 1.09
Movies (no.) 3671 3443
Symmetry imposed Cl C1
Initial particle images (no.) 1601314 128478
Final particle images (no.) 353400 486758
Map sharpening B factor (Az) —3432 —45.77
Map resolution (A) 5.8 4
FSC threshold 0.143 0.143
Map resolution range (A) 4-9 35-75
EMDB accession code EMD-12056 EMD-12063
PDB accession code 7B6R 7B70

Core cs8 Cl1
Refinement
Map sharpening B factor (A3) ~ —39.42 —45.48 —124.75
Model resolution (A) 42 46 5.4
FSC threshold 0.143 0.143 0.143
Model composition
Chains 8 1 1
Nonhydrogen atoms 10,470 2,205 4,904
Protein residues 1,290 269 614
Ligands 0 0 0
Protein B factors (A% 214.4 302.4 161.8
R.m.s. deviations
Bond lengths (A) 0.005 0.005 0.006
Bond angles (°) 1.090 1.018 1.030
EMDB accession code EMD-12052 EMD-12053 EMD-12054
PDB accession code 7B6d 7B6E 7B6H
Validation
MolProbity score 255 261 268
Clashscore 3213 35.59 4519
Poor rotamers (%) 0.43 0 0
Ramachandran plot
Favoured (%) 89.72 89.06 90.07
Allowed (%) 10.20 1094 9.77
Disallowed (%) 0.08 0.00 017

between species (Pfam domain PF11817) (Sadler et al, 2005). The
N-terminal part of TRAPPC11 (residues 1-180) consists of four
B-strands interspersed with four o-helices (Fig 4A). The C-terminal
part (residues 567-1,320) is less well resolved but forms the arm

© 2021 The Authors
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connecting to the vertex with TRAPPC12 and TRAPPC13 (Fig 2C).
Overall, we were able to model the core, and the N-terminal halves
of TRAPPC8 and TRAPPC11. The C-terminal halves of these subu-
nits, along with TRAPPC12 and TRAPPC13, were unmodelled as
although helices were recognisable in many regions, the sequences
could not be attributed. Nonetheless, the density map clearly
shows the overall architecture of the entire complex.

This proposed architecture of TRAPPC8 and TRAPPC11 binding
to the core and also linking to a vertex occupied by TRAPPC12 and
TRAPPC13 is further supported by the fact that these four
TRAPPIII-specific subunits are able to form a stable subcomplex
when co-expressed without the core subunits (Appendix Fig S4).
Finally, the structural model of the core with the two flanking sole-
noids can be compared with the cross-linking data. We detected
146 total cross-links, and 75 of them mapped to residues present in
the structural model-—32 cross-links were inter-molecular and 43
intra-molecular (Appendix Fig SS5A). None of these cross-links
exceeded the maximum distance constraint for disuccinimidyl dibu-
tyric urea (DSBU) of ~30 A, thus providing good validation for the
atomic model of the TRAPPIII complex (Appendix Fig S5B and
Table EV1).

TRAPPC2 and TRAPPC2L link the core to the arms of the complex
in a similar manner

The primary interactions between the core and the arms are via
binding of TRAPPC2 and TRAPPC2L to TRAPPC8 and TRAPPC11,
respectively. The interaction between TRAPPC2 and TRAPPCS8
encloses a total surface area of ~550 A with the TRAPPC2-binding
region of TRAPPC8 formed by o-helices 9 and 11 (Fig 3A).
Conserved regions in TRAPPC8 (Pro559-His567 in o-helix 9 and
Trp600-Ile607 in o-helix 11) form a hydrophobic pocket needed
for the interaction (Fig 3B and C). In addition, o-helix 9 contains
several polar and charged residues, such as Arg562 and Lys563,
that are likely to interact with key residues in TRAPPC2, includ-
ing Asp46 (Fig 3C and D). Interestingly, Asp46 appears to be
particularly critical for the assembly of TRAPP complexes as
mutation of this residue causes spondyloepiphyseal dysplasia
tarda in humans (Gedeon et al, 1999; Sacher et al, 2019) and
disrupts the TRAPP complexes in yeast (Zong et al, 2011; Brunet
et al, 2013; Taussig et al, 2014). The second conserved region is
located at the beginning of o-helix 11. It contributes to binding
through interaction with residues in TRAPPC2 in a-helix 1 and to
a lesser extent with residues located in the loop between B-
strands land 2 (Fig 3C and D).

The surface of interaction between TRAPPC2L and TRAPPCI11
has a total area of 558 A (Fig 4A and B). The overall arrangement of
the interaction is similar to that of TRAPPC2 and TRAPPCS8
(Fig EV2A). As was seen with TRAPPC2, a-helix 1 of TRAPPC2L is
central to the interface and interacts with a-helices 14 and 15 of the
TRAPPC11 a-solenoid (Fig 4C). We could identify two conserved
regions in TRAPPC11 that are involved in the interaction. o-helix 14
(Tyrd42 to Ile453) contacts TRAPPC2L between Asn33 and Lys42
(Figs 4C and D). This region is also conserved in TRAPPC2
(Fig EV2B). The other region is between residues Asp478 to Thr486
at the end of o-helix 15, where residues such as Trp484 contact
TRAPPC2L o-helix 1 and the loop between B-strands 1 and 2, similar
to TRAPPCS8 and TRAPPC2 (Fig 4C and D).
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Figure 2. Architecture of the Dr hila TRAPP 11l compl

A Cryo-EM density map coloured to show the TRAPPIII-specific subunits: TRAPPC8 (N-terminus: dark yellow; C-terminus: light yellow), TRAPPC11 (N-terminus: light
blue; C-terminus: dark blue), TRAPPC12 and TRAPPC13 (light green), and the TRAPP core (red).

B Orthogonal views of the partial TRAPPIII structural model. The subunits are depicted as pipes and planks (C1: light green, C2: orange, C2L: magenta, C3a: purple, C3b:
dark green, C4: light brown, C5: grey, C6: red, C8: yellow, C11: blue).

C TRAPPIII structural model as in (B) fitted into the cryo-EM map.
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Figure 3. The TRAPPC2-TRAPPCS interaction surface.
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A The TRAPPC2-TRAPPC8 subcomplex. TRAPPC8 (yellow) is formed by thirteen a-helices and binds TRAPPC2 via helices 9, 10 and 11. TRAPPC2 (orange) interacts with
TRAPPCS via a-helix 1 and the loop between B-strands 1 and 2. Cross-links mapped onto the model are shown as red lines.

B Surface representation of TRAPPC8 and TRAPPC2 coloured according to evolutionary conservation as calculated using over orthologues identified with a Uniref 90
search with a 35% identity threshold and analysed by Consurf (Ashkenazy et al, 2016). Top: two views of TRAPPCS8. The right one shows the surface of interaction
between the two subunits. Bottom: two views of TRAPPC2. The surface of interaction is shown on the right. The inset at the top left corner shows a surface
representation of the whole subcomplex for orientation purposes: TRAPPCS is light blue, TRAPPC2 is dark blue, and the surface of interaction is coloured in red for the

TRAPPCS residues and green for the TRAPPC2 residues.

C The TRAPPC2-TRAPPCS interface. Structural model is coloured as in (A). Main residues involved in the interaction are shown as sticks. Labels for TRAPPC8 residues are

black, for TRAPPC2 are red.

D Alignment of the two TRAPPC8 conserved regions involved in the interaction with TRAPPC2. The residues highlighted in (C) are indicated with a red dot. Bar at the

top indicates the degree of conservation.

TRAPPC3 forms a second surface of interaction with TRAPPCS
and TRAPPC11

Two additional points of interaction between the arms and the core
are visible in the TRAPPIII map as indicated by continuous densities
between the flat surface of the core and the middle regions of both
TRAPPC8 and TRAPPC11 (Appendix Fig S5C and D). TRAPPCS is
linked to density formed by the connection of the first two a-helices
of TRAPPC3b and TRAPPCS. Similarly, density from TRAPPCI1
connects to a region formed by the first two o-helices of TRAPPC3a
and TRAPPC6. We could not build a model for TRAPPC8 or
TRAPPC11 in these regions, but the cross-linking mass spectrometry

© 2021 The Authors

included cross-links between TRAPPC3a Lys4l and TRAPPC11
Lys649, and between the same lysine in TRAPPC3b and TRAPPC8
Ser1259 and Thr1263 (Fig 1E and Table EV1).

Location of the Rabl1-binding site in the TRAPPIII structure

TRAPPIII activates Rabl by catalysing the exchange of GDP for
GTP and then releasing the GTP-bound Rabl to recruit effectors
to the early secretory pathway. This exchange reaction is medi-
ated by the central subunits of the core, and a crystal structure
has been obtained for these subunits from yeast in a complex
with a nucleotide-free form of Yptl, the yeast orthologue of Rabl
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Figure 4. The TRAPPC2L-TRAPPC11 interaction surface.
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A Two views of the TRAPPC2L-TRAPPC11 subcomplex. The TRAPPC11 built model (blue) is formed by four B-strands and four a-helices at the N-terminal region that are
joined to an a-solenoid comprising a-helices 5-18. a-helices 14 and 15 form the surface of interaction with TRAPPC2L (purple), and its surface of interaction involves
a-helix 1 and the loop between B-strands 1 and 2. Cross-links mapped onto the model are shown as red lines.

B Surface representation of TRAPPC11 and TRAPPC2L coloured according to evolutionary conservation (determined as for Fig 3B). Top: two views of TRAPPC11. The right
one shows the surface of interaction between the two subunits. Bottom: two views of TRAPPC2L. The surface of interaction is shown on the right. The inset at the top
left corner shows the whole subcomplex of TRAPPC11 (light blue) and TRAPPC2 (dark blue) with the surface of interaction coloured red for the TRAPPC11 residues

and green for the TRAPPC2L residues.

C The TRAPPC2L-TRAPPC11 interface. Structural model is coloured as in (A). Main residues involved in the interaction are shown as sticks. Labels for TRAPPC11 residues

are black, those for TRAPPC2L are red.

D Alignment of the two TRAPPC8 conserved regions involved in the interaction with TRAPPC2. The residues highlighted in (C) are indicated with a red dot, and the bar

indicates the degree of conservation.

(Cai et al, 2008). Rabl is highly conserved through evolution,
and all of the 22 residues of Yptl that were found to be within
4 A of the interface with the yeast core are identical in Droso-
phila Rabl. Likewise, the residues of the core that bind Yptl
correspond to the most highly conserved part of the surface of
the Drosophila core (Fig 5A). We could thus model Drosophila
Rabl onto the equivalent region of the Drosophila core and found
that the GTPase fits into a space in the TRAPPIIl density map
(Fig 5B). Strikingly, in this position the surface of Rabl is
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precisely abutted to the arm of TRAPPC8 that arches over the
core before turning away to connect to the TRAPPC12/TRAPPCI13
vertex. The part of Rabl that contacts TRAPPC8 comprises two
a-helixes, @3 and o4, of the canonical Rab structure (Pylypenko
et al, 2018) (Fig 5B). Interestingly, one of these helixes contains
one of the three Rab subfamily-specific sequences (RabSF3) that
were defined as being conserved between Rabs of the same
family but divergent between families (Moore et al, 1995; Pereira-
Leal & Seabra, 2000). Thus, even though RabSF3 is located away
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from the switch regions that mediate binding to Rabl-specific
effectors, its sequence is none-the-less specific to the Rab1 family.
This suggests that contact with TRAPPC8 could stabilise the inter-
action between Rabl and the core and also increase specificity.
Indeed, the entire TRAPPIII complex shows significantly more
exchange activity on Rabl than does the core alone, even when
the two are compared in the absence of liposomes, consistent
with the presence of TRAPPC8 promoting the interaction of Rabl
with the complex (Fig 5C).

Finally, we investigated the relevance of the flexibility of TRAP-
PIII for Rabl binding. As noted above, the limits on the resolution
of the density map implied that the complex is not entirely rigid.
The best resolved part of the map is the core and the associated
regions of TRAPPC8 and TRAPPC11. To assess its movement rela-
tive to the rest of the complex, we used multi-body refinement to
look at variation of the particles within the dataset and analysed
the results by principle component analysis (Nakane et al, 2018).
Almost half of the variability between particles can be accounted
for by a movement vector corresponding to a rocking of the arms
relative to the core (Appendix Fig S6A and B, and Movie EV1).
This indicates that the arms have sufficiently flexibility for
TRAPPC8 to move over the Rabl-binding site to the point that it
would block binding of the GTPase to the catalytic site on the core
(Appendix Fig S6C). This provides a possible mechanism by which
the interactions formed by the four subunits of the arms could
regulate exchange activity.

GDP-bound forms of Rabs bind the cytosolic chaperone GDP-
dissociation inhibitor (GDI) that masks the C-terminal prenyl
groups. This enables the Rab to be soluble in the cytosol, and acti-
vation of Rabs is believed to occur after GDI has released the
GDP-bound form on to a membrane. This means that GEFs like
TRAPP act on the membrane rather than in the cytosol (Pylypenko
et al, 2006; Barr, 2013; Bliimer et al, 2013). Consistent with this,
the TRAPPs have greater activity towards Rabs bound to lipo-
somes, which indicates that the TRAPPs interact with the
membrane surface, an interaction that could be promoted in vivo
by other proteins present on the membrane (Thomas & Fromme,
2016; Riedel et al, 2017). Therefore, in addition to allowing Rabl
to access the catalytic site in the core, the structure of TRAPP
needs to be compatible with the substrate Rabl being connected
to a lipid bilayer via the unstructured hypervariable domain that
links the GTPase to the prenyl groups that mediate membrane
attachment (Li et al, 2014). The location of the hypervariable
domain when Rabl is bound to TRAPP is unknown as it was not
included in the form of Rabl used to generate a crystal structure
with the core subunits. However, modelling the TRAPPIII structure
on a flat surface places the Rabl-binding site 55 A above this
surface (Fig 6A), a distance that would be readily accommodated
by the ~95 A that the 27 residue hypervariable domain of Droso-
phila Rabl (Gly177-Gly203) could reach at its maximum extent. It
should be stressed that this orientation on the surface is hypotheti-
cal, based on the assumption that the vertexes of the complex
serve to mediate membrane contact. It is thus formally possible
that the complex is positioned perpendicular to the membrane,
which would move the Rab-binding site closer, but we can at least
say that earlier proposals that the sides or the underneath of the
core could contact the membrane are not sterically possible as the
vertices extend beyond the core (Kim et al, 2006; Cai et al, 2008),
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whereas having all three vertices on the membrane would be
compatible with exchange activity.

Architecture of the TRAPPII complex

The TRAPPII complex shares the core subunits with TRAPPIII but
has different additional subunits which allow it to activate Rab11
(Fig 1A). To compare the overall architecture of the two
complexes, we expressed a recombinant form of Drosophila
TRAPPII and subjected it to single particle cryo-EM imaging. A
low-resolution 3D map shows that the overall architecture of
TRAPPII is similar to that of TRAPPIII, with an elongated rod of
the dimensions of the core attached to two arms that connect at
their opposite ends to form an irregular triangle (Fig EV4A). Appli-
cation of cross-linking mass spectrometry indicates that TRAPPC9
is linked to the core through TRAPPC2, and TRAPPC10 is linked
via TRAPPC2L, with the latter showing a cross-link via the same
Lys47 residue that linked to TRAPPC11 in TRAPPIII (Fig EV4B and
C, Table EV1). This is consistent with studies in yeast where the
TRAPPC2L orthologue Tcal7 is required for association of Trs130
with the TRAPPII complex (Choi et al, 2011; Milev et al, 2018).
The pattern of cross-linking between the core subunits is similar to
that found in TRAPPIII, and TRAPPC3 Lys 41 and TRAPPCG6 Lys
104 also link to TRAPPC10, analogous to the links these core subu-
nits form to TRAPPC11. Together, these findings show that both
metazoan TRAPP complexes share an architecture that consists of
a central core held between two elongated arms.

Discussion

The TRAPP complexes have emerged as arguably the two most criti-
cal activators of Golgi Rab function, with Rabl acting as the master
regulator of entry into the early compartments of the stack, as well
as being a key player in autophagy. Biochemical and structural stud-
ies have elegantly shown that Rab activation in vitro requires only
three of the small subunits at the core of these large structures (Kim
et al, 2006; Cai et al, 2008). The presence of further, and larger,
subunits presumably reflects the need for precise temporal and
spatial control of the activation of these essential GTPases, but how
these subunits might exert control over the core GEF activity has
been unclear. The cryo-EM structure of the entire TRAPPIII complex
presented here clearly shows how the arms of the complex are
attached to the core and resolves long-standing uncertainty on this
issue. Previous structural and genetic studies have provided unam-
biguous evidence that TRAPPCS8 binds to TRAPPC2 which is present
at one end of the core (Kim et al, 2006; Brunet et al, 2013; Tan et al,
2013; Pinar et al, 2019). Likewise, it is clear that in TRAPPII,
TRAPPC9 binds to the same subunit. However, the situation for the
other arms has been less clear as TRAPPC2L is absent from yeast
TRAPPIII, and there is no crystal structure of a complex between
TRAPPC2L and other core subunits. It has been proposed that
TRAPPC2L acts in TRAPPII in yeast to attach TRAPPC11 to the core,
but this has not been universally accepted (Montpetit & Conibear,
2009; Choi et al, 2011; Lipatova & Segev, 2019). Our results unam-
biguously place TRAPPC2L at the opposite end of the core from
TRAPPC2 and show how it attaches to TRAPPC11. TRAPPC2L is
likely to have the equivalent position in TRAPPII so as to attach
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Figure 5. Rab1l-binding site in TRAPPIII.

A Left: TRAPPIII model surface coloured by evolutionary conservation (determined as in Fig 3B). A highly conserved region on one surface of the core corresponds to the
Yptl-binding region in the complex with the central subunits of the yeast TRAPP core (Cai et al, 2008).

Density map of Drosophila TRAPPIII with Rabl (pink) modelled based on the location of Yptl bound to the core of yeast TRAPP. When bound to the core, Rab1 abuts

the arm of TRAPPC8 (yellow). Enlargements with the Rabl ribbon structures showing that the canonical Rab helices o3 and a4 face the surface of TRAPPCS.

Release of mant-GDP from Rab1-Hiss (250 nM) in the absence or presence of synthetic liposomes. Rabl was loaded with mant-GDP, and fluorescence measured

following addition of GTP, either alone (black) or with 25 nM GEF (entire TRAPPIII, red; core, green) or with 10 mM EDTA (grey). In both cases, TRAPPIII increases the

rate of nucleotide exchange more than the core. Mean and SEM from three experiments.

B
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Figure 6. Comparison of metazoan and yeast TRAPPIII.

A Model of TRAPPIII with bound Rabl on a flat lipid membrane. The distance between the surface of the Rab1-binding site and the membrane is 55 A, shorter than the
predicted maximum length of the unstructured hypervariable domain of Rabl that connects it to its C-terminal lipid anchor (shown as hashed line). This location on
the bilayer is hypothetical based on the assumption that the vertexes of the complex are involved in membrane recruitment. In addition, on a curved bilayer, such as

a vesicle, the distance to the membrane would be shorter.

B Density map, with fitted structure, for the TRAPPIII core plus the N-terminal half of TRAPPCS fitted into the previously reported negative stain density map for
S. cerevisiae TRAPPIII (Tan et al, 2013). The N-terminal half of TRAPPC8 corresponds to the shorter orthologue, Trs85, present in yeast. Rabl is also modelled to show
that, unlike the case for the Drosophila TRAPPIII, the yeast orthologue is not in a position to contact the shorter version of TRAPPCS.

TRAPPCI10. Interestingly, in Drosophila or fungal mutants lacking
TRAPPC10, TRAPPC2L appears to dissociate from the core, suggest-
ing its binding is stabilised by the interaction, possibly by virtue of
the triangulation to the other end of the core via the other arm
(Riedel et al, 2017; Pinar et al, 2019). Alternatively, quality control
mechanisms in the cell may recognise the partly assembled complex
and degrade some of the subunits. The fact that the related
TRAPP2C and TRAPPC2L subunits have equivalent roles at opposite
ends of the complex is echoed by the fact that the sequence of
TRAPPC11 is distantly related to that of TRAPPC10, with the same
being true for TRAPPC8 and TRAPPC9 that bind TRAPPC2 (Wendler
et al, 2010; Scrivens et al, 2011). This indicates that a eukaryotic
precursor had a single ur-TRAPP, and gene duplication gave rise to
the two TRAPPs that appear to have been present in the last eukary-
otic common ancestor.

The TRAPPIII structure also reveals the location of TRAPPC12
and TRAPPC13 in the complex, showing that they are present at the
joint between the TRAPPC8 and TRAPPC11 arms. Unlike, the arms
themselves, these subunits do not seem to have equivalents in
Drosophila TRAPPIIL. The TRAPPII complex of budding yeast has an
additional subunit, Trs65, that was originally proposed to be a yeast

© 2021 The Authors

homolog of TRAPPC13, but now appears to be a relative that arose
by duplication in fungi, with some budding yeast then losing
TRAPPC13 itself, along with TRAPPC12 and TRAPPC11 (Choi et al,
2011; Riedel et al, 2017; Pinar et al, 2019). Interestingly, something
similar seems to have happened in some other phyla with a
TRAPPC13 relative being recently found to associate with at least a
subset of TRAPPII in plants (TRIPP), and vertebrates (C7orf43/
TRAPPC14), suggesting that the vertex of the TRAPP arms is a
convenient place to bolt on additional subunits (Cuenca et al, 2019;
Garcia et al, 2020).

Modelling of Rabl into the complex, and comparison of the
GEF activity of the whole complex with the core, both suggest
that Rabl contacts the TRAPPC8 arm positioned above the active
site. This part of TRAPPC8 is present in most species from
humans to plants and protozoa, but has been lost in some fungi.
Thus, in S. cerevisiae, Trs85 corresponds to the first ~650 resi-
dues of the 1,319 residue Drosophila TRAPPCS8. This presumably
reflects there being no TRAPPC11, TRAPPC12 and TRAPPC13 to
connect to. Indeed, the Drosophila TRAPPIII core plus the first
half of TRAPPCS fits closely into the overall shape of S. cere-
visiae TRAPPIII determined by negative stain EM (Fig 6B) (Tan
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et al, 2013). The TRAPP core in yeast is sufficient to activate the
Rabl orthologue Yptl in solution, with the presence of Trs85
increasing the activity towards the GTPase when bound to
membranes, presumably by promoting membrane recruitment of
the complex rather than via direct binding of Trs85 to Yptl
(Thomas et al, 2017).

A key question that remains is the role of the rest of the large
arms of the TRAPP complex apart from the potential binding to the
substrate GTPase. The structure of TRAPPIII reveals how the arms
could serve as regulators despite being attached via subunits that
are distal to those that mediate GEF activity. Like other GEFs, TRAP-
PIII is likely to be regulated by recruitment to the membranes where
it can access GDP-bound Rab1 (Barr, 2013; Bliimer et al, 2013). The
size of the arms provides a large surface area that components of
membrane traffic or autophagy could bind to without sterically
inhibiting exchange activity, and indeed, interactions have been
reported between TRAPPs and a wide range of potential regulators
including the Sec23/Sec24 and the Sec13/31 subunits of the COPII
coat, the COPI coat, Arfl exchange factors, the Rab GAP TBC1D14
and the autophagy proteins Atg2 and Atg9 (Kakuta et al, 2012; Tan
et al, 2013; Lamb et al, 2016; Stanga et al, 2019). In addition, yeast
TRAPPII can be activated in vitro by the small GTPase Arfl (Thomas
et al, 2018). However, the architecture of the TRAPPIII complex
indicates that the arms could also have more direct effects on activa-
tion. Firstly, TRAPPCS is positioned such that it would contact Rab1
bound to the GEF active site on the core, and this could both
enhance the rate of exchange and also improve selectivity for Rab1l
over other Rabs. Secondly, the flexibility of the arms is such that
TRAPPCS8 could move so as to interfere with, rather than augment,
access to the active site, and therefore interactions that moved the
arms could alter the activity of membrane-bound TRAPPIII. Finally,
we observe apparent contacts between both arms and the TRAPPC3
subunits near the centre of the core which raises the possibility of
allosteric regulation. Clearly, further work will be required to
address the in vivo significance of these various possible modes of
regulation, but hopefully the architecture reported here will greatly
facilitate this by guiding the construction of specific alterations to
the complex.

Materials and Methods
Expression and purification of TRAPP complexes

The TRAPP purification protocol is based on previous work (Riedel
et al, 2017). The complexes were expressed in insect cells (Sf9 or
Hi5 lines) using the MultiBac System (Nie et al, 2014). A pACEBacl
plasmid containing the seven Drosophila melanogaster core subu-
nits, pACEBacl-C1-C6, was fused using Cre recombinase (New
England Biolabs), to a pIDS vector containing TRAPPC9 and
TRAPPCI10 to generate the plasmid pACEBacl-TRAPPII-complete. A
similar strategy was followed to construct the pACEBacl-TRAPPIII-
complete: TRAPPC8 and TRAPPC11 were cloned into pIDS, and
TRAPPC12 and TRAPPCI13 were cloned into pIDC. The resulting
plasmids were recombined into pACEBac1-C1-C6 vector to express
miniTRAPPIIIL, with only TRAPPC8 and TRAPPCI11, or the complete
TRAPPIII (Riedel et al, 2017). The TRAPPC3 subunit was tagged
with Strep-Tagll, and TRAPPC11 (TRAPPII) or TRAPPCI10
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(TRAPPII) was FLAG-tagged, both at the N-terminus. An additional
PACEBacl-C1-C6 with the TRAPPC2L subunit tagged with the ZZ
domain at the N-terminus was used for the expression of the TRAPP
core. The linker sequence between each subunit and the tag
included a site for the HRV-3C protease. The pIDS and pIDC plas-
mids containing the specific TRAPP subunits were also fused to an
empty pACEBacl to express these subunits in the absence of the
TRAPP core subunits.

Bacmids were made using the EMBacY system (Nie et al, 2014).
A 500 ml suspension of Sf9 cells (2 x 10° cells/ml) was infected
with 5 ml of fresh P2 baculovirus and incubated at 27°C and
124 rpm. Cells co-expressing the TRAPP core, TRAPPII or TRAPPIII
were harvested after 66 h (at 75-80% viability) by centrifugation at
2,250x g for 10 min at 4°C. Pellet was washed once with PBS,
centrifuged again and processed immediately for the whole TRAPP
complexes, or kept at —80°C in the case of the TRAPP core. Initially,
pellets were resuspended in Buffer A (50 mM HEPES-KOH pH 7.44,
150 mM KAc, 1 mM DTT, 0.1% IGEPAL CA-630) with inhibitors
(I mM PMFS, cOmpleteTM, 0.4 uM pepstatin, 0.24 pM leupeptin,
S uM MG132) at a ratio of 30 ml per 500 ml of initial culture. The
cell suspension was vortexed and incubated at 4°C for 10 min,
before lysis by 15-20 strokes of a tight-fitting dounce homogeniser.
The lysate was clarified by centrifugation at 32,000 g for 30 min at
4°C. Cleared lysate was mixed with the appropriate equilibrated
slurry: Strep-Tactin Superflow Plus (Qiagen) (400 ul per 500 ml of
initial culture), Anti-FLAG M2 affinity gel (Sigma, A2220) (100 pl
per 500 ml culture) or IgG Sepharose (6 Fast Flow, GE Healthcare)
(500 pl per 500 ml culture), and incubated on rotation wheel for
one hour at 4°C. Beads were washed three times with ten bead
volumes of Buffer A plus 0.05% IGEPAL CA-630. Bound material
was eluted by washing the beads with five bead volumes of Buffer
A containing either 100 pg/ml FLAG peptide (anti-FLAG) or 2.5 mM
desthiobiotin (Strep-Tactin). The eluted fraction was analysed by
SDS-PAGE, concentrated and buffer exchanged. Alternatively, the
bound complexes were eluted by tag cleavage incubating the slurry
with PreScission protease (~10 U/ml) overnight at 4°C. The eluted
solution was mixed with glutathione-Sepharose to remove the PreS-
cission protease.

The TRAPP core complex was purified further by gel filtration
(SEC) using Superose 10/30 (GE Healthcare) (Appendix Fig S4) for
small samples, or Superdex200 16/100 equilibrated in Buffer A plus
0.005% IGEPAL CA-630. This protocol was escalated to 6 1 cultures
(12 x 500 ml) for TRAPPII, TRAPPIII and miniTRAPPIII. We found
that increasing the KAc concentration prevents the formation of
aggregates during SEC step purification and so the composition of
Buffer A composition was adjusted to 250 mM KAc, and the IGEPAL
CA-630 removed during the subsequent bead washing. Detergent-
free samples were concentrated up to 3-5 mg/ml, and ~100 pl frac-
tions were loaded onto a TSKgel G4000SWXL column (TOHO
Bioscience) in 50 mM HEPES-KOH pH 7.44, 250 mM KAc, 1mM
DTT (Buffer B). Eluted peaks were collected in 100 pl fractions and
analysed by SDS-PAGE and Coomassie staining (Fig EV1A). Protein
identification by mass spectrometry was used to assess the integrity
of the purified complexes. The best yield for the purification of
whole TRAPP complexes was obtained using the TRAPPCI10 or
TRAPPC11 FLAG-tagged subunits as baits for the affinity chro-
matography. There was no difference in stoichiometry or in vitro
GEF activity between complexes obtained by FLAG peptide elution
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or by HRV-3C protease cleavage, and so we continued with the
former method.

SEC-MALs and iSCAT analysis

For SEC-MALs, purified TRAPPIII and miniTRAPPIII (~100 ul at
0.5 mg/ml) were resolved on a Superose 6 10/300 column (GE
Healthcare) in Buffer B, with a flow rate of 0.5 ml/min. Protein was
detected with 280 nm UV light (Agilent Technology 1260), a
quasielastic light scattering module (DAWN-8+, Wyatt Technology),
and a differential refractometer (Optilab T-rEX, Wyatt Technology).
Molar masses of peaks in the elution profile were calculated from
the light scattering and protein concentration, quantified using the
differential refractive index of the peak, assuming dn/dc = 0.186,
with ASTRA7 (Wyatt Technology).

For iSCAT, TRAPPIII, TRAPPII and miniTRAPPIII were diluted to
a final concentration of 25, 50 and 100 nM irrespectively in Buffer
B. 10 pl of each sample was applied to 10 ul of Buffer B on a
cleaned glass coverslip (no. 1.5, 24 x 50 mm) coated with a silicone
well frame and analysed for 10 min at a rate of 600 frames/ min
with an ONEMP mass photometer (Refeyn LTD, Oxford, UK).
25 nM and 50 nM BSA solution were used as standards for calibra-
tion. For each recording of a BSA standard, a histogram was made
and fitted with Gaussians according to how many peaks are
resolved. Fitted centres of these Gaussians and the corresponding
masses that they are assigned to were plotted and fitted to a straight
line. The resulting parameters were used as conversion between
measured contrast and mass for the TRAPP samples (Cole et al,
2017). Data were acquired and analysed using AcquireMP and
DiscoverMP (v1.2.3) (Refeyn LTD, v1.1.3). Measurements were
repeated at 4°C and room temperature with similar results.

Negative stain EM

After gel filtration, TRAPPIII samples were diluted to 0.008—
0.009 mg/ml (~16-20 uM) and applied to EM grids. 3 ul of diluted
sample was deposited onto a glow-discharged (Edwards S150B,
30 s, 30-50 mA, 1.2 kV, 10-2 mbar) continuous carbon grid
(CF400-CU-UL, Electron Microscopy Sciences). After one minute at
RT, the grid was blotted and washed by immersion in a 100 pl drop
of fresh 2% uranyl acetate and blotted again. Then, the grid was
stained by two rounds of 2% uranyl acetate immersion for 30 s and
blotting, before being air-dried. Micrographs were collected on a
Tecnai T12 microscope (Thermo Fisher Scientific) operating at
120 keV with a tungsten electron source and a 2k x 2k CCD camera
(Orius SC200W, Gatan, Inc.). Nominal magnification was 15,000%,
giving a 3.50 A/pixel sampling at the object level. Images were
collected with a dose of 50 e /A? and a nominal defocus of —1 pm.
In total, 100 micrographs were collected. TRAPPIII particles were
manually picked and subjected to initial 2D classification using
Relion 3.0 (Zivanov et al, 2018). Automated particle picking was
made using EMAN2, and particle coordinates were imported into
Relion 3.0. The initial 22,986 particles were subjected to two rounds
of Class2D classification resulting in 25 class averages. 3,123 parti-
cles were sorted to build a 3D initial model de novo. This model was
used as a reference map for 3D refinement of the total subset of
10,077 good quality particles. The final model was obtained after
Class3D classification and another round of 3D refinement.
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Cryo-EM grid preparation

After gel filtration, TRAPPIII, TRAPPII or miniTRAPPIII was diluted
to 0.9-1 mM (0.5 mg/ml) in buffer supplemented with IGEPAL CA-
630 to reach a final concentration of 0.005%. Samples were applied
to freshly glow-discharged (Edwards S150B, 45s, 30-50 mA,
1.2 kV, 10-2 mbar) copper holey carbon grids (Quantifoil, Cu-R1.2/
1.3) under 100% humidity. Excess sample was blotted away, and
the grids were subsequently plunge-frozen in liquid ethane using a
Vitrobot Mark III (Thermo Fisher Scientific).

Data collection

TRAPPIIIL: A total of 3,671 movies were recorded on a Titan Krios
electron microscope (Thermo Fisher Scientific-FEI) operating at
300 kW with a calibrated magnification of 75000x and correspond-
ing to a magnified pixel size of 1.04 A. Micrographs were recorded
using a Falcon III direct electron detector in counting mode with a
dose rate of ~0.5 e/A2/s and defocus ranging from —2.2 pm to
—4 pm. The total exposure time was 60 s, and intermediate frames
were recorded in 0.8-s intervals, resulting in an accumulated dose of
~30 e/A2 and a total of 75 frames per micrographs. 1,190 movies
out of the 3,671 data sets were collected with the stage titled at 19°,
this angle chosen according to the output from the cryoEF algorithm
(Naydenova & Russo, 2017).

MiniTRAPPIII: A small data set of 385 micrographs was acquired
under the same conditions described for TRAPPIII. Data derived
from these micrographs were used for building a partial ab initio 3D
model used as a reference map for TRAPPIII and miniTRAPPIII.

A second data set of 3,443 micrographs was acquired on a Titan
Krios EM operating at 300 kW with a calibrated magnification of
105,000% and corresponding to a magnified pixel size of 1.047 A.
Micrographs were recorded using a K2 direct electron detector
(Gatan) equipped with a Cs corrector and an energy filter. Images
were collected over 12 s in counting mode with 0.3 s (Ne_/Az/s)
frame time and a slit width of 20 eV. The total exposure was 45.6
e/A?, and the defocus ranged from —1.5 pm to —2.5 pm.

TRAPPII: A total of 364 micrographs were recorded on a Titan
Krios III EM operating at 300 kW with a calibrated magnification of
75,000 and corresponding to a magnified pixel size of 1.09 A.
Settings for the acquisition were similar to those for TRAPPIII (Fal-
con III in counting mode, ~0.5 ef/.lg\z/s, defocus —2.2 pm to —4 pm,
exposure 60s, total dose ~30 ef/Az).

Image processing

Dose fractionated image stacks were subjected to beam-induced
motion correction and filtered according to the exposure dose using
MotionCor2 (Zheng et al, 2017). The sum of each movie was
applied to CTF parameters determination by CTFFIND 4.1 (Rohou &
Grigorieff, 2015). For the tilted data, the CTF was corrected accord-
ing to the focus gradient of each particle using goCTF (Su, 2019). A
custom script was written to run the goCTF v1.2.0 software in
batch. Particles were picked using cryOLO 1.5 (Wagner et al, 2019).
Particles from the small miniTRAPPIII data set were subjected to 2D
classification, and 22,897 particles were chosen to create an ab initio
3D model using the Frealign tool implemented in cisTEM (Grigori-
eff, 2016; Grant et al, 2018). This resulted in a rough 3D map at 7 A
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used for 3D classification of particles from the larger TRAPPIII and
the miniTRAPPIII data sets. In the case of TRAPPIII, tilted and non-
tilted data were CTF corrected, extracted and subjected to two
rounds of reference-free 2D classification using Relion 3.1. Selected
2D classes were used for a 3D classification resulting in three dif-
ferent classes that were similar among the different data sets. The
corresponding particles to the cleanest 3D class from each data set
were joined, reextracted and subjected to an additional round of 2D
classification. The selected particles after this round were 3D
refined. After this, 353,400 particles were subjected to 3D masked
refinement followed by map sharpening in Relion 3.1. The estimated
CTF parameters were refined, and per-particle reference-based
beam-induced motion correction was performed using Bayesian
polishing. The final map has a global resolution of 5.8 A. Reported
resolution is based on the gold-standard Fourier shell correlation
(FSC) using the 0.143 criteria. Local resolution was estimated using
the Relion 3.1 implementation. A similar strategy was followed for
miniTRAPPIII, but the global resolution was higher than the consen-
sus map for TRAPPIII, at 4 A, but with a higher range in the local
resolution. This is due to the higher number of micrographs and the
strong preferential orientation of this complex (EOD 0.62; Nayden-
ova & Russo, 2017) vIn the case of TRAPPIL; 43,161 particles were
picked using crYOLO. After several runs of 2D classification, 22,570
particles were selected to generate a rough ab initio 3D model. This
model was used as a reference map for a 3D classification. Particles
corresponding to the best 3D classes were joined and subjected to
2D classification, and 3084 good particles were selected to generate
a 3D model at 15 A resolution.

Multi-body refinement

To improve the density, increase the resolution and characterise the
conformational dynamics, we performed multi-body refinement
with RELION 3.1 (Nakane et al, 2018). TRAPPIII was divided into
three or four discrete bodies composed initially by the whole flat
rod, the TRAPPC11 arms and the TRAPPC8 arms plus the
TRAPPC12-TRAPPC13 vertex, with the latter being isolated as an
additional body for the four bodies approach. In later trials, the core
alone constituted one body, and the whole TRAPPC11 and the
whole TRAPPC8 plus TRAPPC12 and TRAPPC13 the other two.
Masks for multi-body refinement were made in UCSF Chimera 1.15
from the consensus map (Pettersen et al, 2004). The standard devia-
tion of the Gaussian prior on the rotations was set to 10 degrees for
all three bodies. The standard deviations on the body translations
were all set to two pixels. The maps for the three discrete bodies
after multi-body refinement were post-processed individually and
combined using Phenix (Liebschner et al, 2019). There was an
increase in resolution (Appendix Fig $3, body 1: core 4.2 A, body 2:
C8-C12-C13 4.4 A and body 3: C11 5.5 A), enabling interpretation
of the density for the N-terminal regions of TRAPPC8 and
TRAPPCI11.

Flexibility analysis

We used the relion_flex_analyse program to perform a principal
component analysis (PCA) on the relative orientations of the bodies
of a subset of 110,367 particles (Zivanov et al, 2018). The PCA is
performed on six variables per body (3 translations and 3 rotations).
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We analysed the variance in the rotations and translation of the
bodies explained by the different eigenvectors. UCSF Chimera 1.15
was used to generate movies of the reconstructed body densities
repositioned along these eigenvectors. Individual maps of the
bodies, positioned relative to each other according to the rotations
and translations corresponding to the centre of the amplitude along
the different eigenvectors, were used to calculate the rotation angles
and the translation distances (Pettersen et al, 2004).

Model building and refinement

The Drosophila TRAPP core subunits were modelled using Modeller
(Sali & Blundell, 1993; Webb & Sali, 2016). Previously reported crys-
tal structures for the subunits were used as homology models
(IHQ3 (Jang et al, 2002); 2J3T and 2J3W (Kim et al, 2006), 3PR6
(Wang et al, 2014)). The core subunit models were initially fitted
into the maps using UCSF Chimera 1.15, and the chains were manu-
ally adjusted in Coot 0.9 (Pettersen et al, 2004; Burnley et al, 2017;
Casanal et al, 2020). The final models were then refined in Phenix
within the real-space refinement module, using secondary structure
and Ramachandran restraints (Liebschner et al, 2019). The
TRAPPC8 and TRAPPC11 N-terminal regions were built de novo.
Initial models, generated using trRosetta (Yang et al, 2020), were
docked into the corresponding map and manually adjusted in Coot
0.9 (Casanal et al, 2020). Regions in which the sequence could be
unambiguously docked and/or supported by cross-linking data were
built and kept in the final models, which were refined against the
whole maps and evaluated in Phenix (Liebschner et al, 2019).
Figures were generated using PyMOL (version 2.0 Schrddinger,
LLC), UCSF Chimera 1.15 and UCSF Chimera X (Pettersen et al,
2004, 2020). Model geometry evaluation and half-map validation
were performed using Molprobity (Williams et al, 2018). The final
refinement statistics are provided in Table 1.

Cross-linking coupled to mass spectrometry (XL-MS)

300 pl of TRAPPIII and TRAPPII in Buffer B at ~0.8-1 mg/ml (1.8-
2 mM) were cross-linked with the N-hydroxysuccinimide (NHS)
ester disuccinimidyl dibutyric urea (DSBU, formerly BuUrBu).
Cross-linking was at 45 min at room temperature at 150 times the
protein concentration, and then quenched by the addition of
NH,HCO; to a final concentration of 50 mM, and incubating for
15 min. The cross-linked samples were precipitated with methanol/
chloroform (Wessel & Fliigge, 1984), resuspended in 8 M urea,
reduced with 10 mM DTT and alkylated with 50 mM iodoac-
etamide. Following alkylation, proteins were diluted with 50 mM
NH,HCO; to a final concentration of 2 M urea and digested with
trypsin (Promega, UK), at an enzyme-to-substrate ratio of 1:20,
overnight at 37°C or sequentially with trypsin and Glu-C (Promega,
UK) at an enzyme-to-substrate ratio of 1:20 and 1:50 at 37°C and
25°C, respectively. The samples were acidified with formic acid to a
final concentration of 2% (v/v) then split into two equal amounts
for peptide fractionation by peptide size exclusion and reverse phase
C18 high pH chromatography (C18-Hi-pH). For peptide size exclu-
sion, a Superdex Peptide 3.2/300 column (GE Healthcare) with 30%
(v/v) acetonitrile/0.1% (v/v) TFA as mobile phase and a flow rate
of 50 ul/min was used, and fractions collected every two minutes
over the elution volume of 1.0-1.7 ml. C18-Hi-pH fractionation was
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carried out on an Acquity UPLC CSH C18 1.7 pm, 1.0 x 100 mm
column (Waters) over a gradient of acetonitrile 2-40% (v/v) and
ammonium hydrogen bicarbonate 100 mM.

The fractions were lyophilised and resuspended in 2% (v/v)
acetonitrile and 2% (v/v) formic acid and analysed by nano-scale
capillary LC-MS/MS using an Ultimate U3000 HPLC (Thermo Fisher
Dionex, USA) to deliver a flow of approximately 300 nl/min. A C18
Acclaim PepMapl00 S pm, 100 um x 20 mm nanoViper (Thermo
Fisher Dionex, USA), trapped the peptides before separation on a
C18 Acclaim PepMapl00 3 pm, 75 pm x 250 mm nanoViper
(Thermo Fisher Dionex, USA). Peptides were eluted with a gradient
of acetonitrile. The analytical column outlet was directly interfaced
via a nano-flow electrospray ionisation source, with a hybrid quad-
rupole orbitrap mass spectrometer (Orbitrap Q-Exactive HF-X,
Thermo Scientific). MS data were acquired in data-dependent mode.
High-resolution full scans (R = 120,000, m/z 350-2,000) were
recorded in the Orbitrap followed by higher energy collision dissoci-
ation (HCD, stepped collision energy 30 + 3) of the 10 most intense
MS peaks. MS/MS scans (R =45,000) were acquired with a
dynamic exclusion window of 20s being applied.

For data analysis, Xcalibur raw files were converted to MGF
format by MSConvert (Proteowizard) and put into MeroX (Kessner
et al, 2008; Gotze et al, 2012). Searches were performed against an
ad hoc protein database containing the sequences of the complexes
and randomised decoy sequences generated by the software. The
following parameters were set for the searches: a maximum number
of missed cleavages of three; targeted residues K, S, Y and T; mini-
mum peptide length of five amino acids; variable modifications:
carbamidomethyl-Cys (mass shift 57.02146 Da), Met-oxidation
(mass shift 15.99491 Da); DSBU modification fragments: 85.05276 Da
and 111.03203 (precision: 5 ppm MS1 and 10 ppm MS2); false
discovery rate cut-off: 5%. Finally, each fragmentation spectrum
was manually inspected and validated. Data were analysed and fig-
ures generated using xiView (github.com/Rappsilber-Laboratory/
xiView) and Xlink Analyzer (Kosinski et al, 2015).

GEF activity assays

For GEF assays, the activity on His-tagged Rabs was determined by
the exchange of mant-GDP for GTP using a PHERASTAR plate
reader (Riedel et al, 2017). All Rabs and TRAPP complexes were
buffer exchanged into HKM (20 mM HEPES-KOH, pH 7.4, 150 mM
KOAc, 2 mM MgCl, and 1 mM DTT). Reactions containing 250 nM
mant-GDP-labelled Rab alone, Rab and 200 puM GTP, or adding to
the mix 10 mM EDTA, or 25 nM of the corresponding GEF, were set
up in 96-well black plates (Corning), and fluorescence decay was
measured at 30°C. For the comparison between the TRAPPIII and
the core effect on Rabl, 50 nM GEF was used, and the assay
performed at 37°C.

Data availability

The final reconstructed maps from each frame and the weighted sum
are deposited in the Electron Microscopy Data Bank (https://www.ebi.
ac.uk/pdbe/emdb/) (TRAPPIII consensus map: EMD-12056, mini-
TRAPPIII consensus map: EMD-12063, body 1-Core: EMD-12052,
body 2-C8/C12/C13: EMD-12053, body 3-C11: EMD-12054, TRAPPII:
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EMD-12066). The refined atomic models are deposited in the Protein
Data Bank (http://www.wwpdb.org/) (TRAPPIIL: 7B6R, MiniTRAP-
PIII: 7B70, TRAPP Core: 7B6D, C8: 7B6E, C11: 7B6H). Cross-linking
mass spectrometry data are summarised in Table EV1, and mass
spectrometry proteomic data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository (https://
www.ebi.ac.uk/pride/), with the data set identifier PXD025064.

Expanded View for this article is available online.

Acknowledgements

We thank Giuseppe Cannone, Grigory Sharov and Anna Yeates from the MRC
LMB, and the eBIC Diamond staff, for assistance in cryo-EM data collection;
Stephen McLaughlin and Chris Johnson for help with biophysics and Jake
Grimmett and Toby Darling for computational support. We are indebted to
Ester Vazquéz and Ana Casanal for advice on handling cryo-EM samples and
helping in data collection, Pavel Afanasyev and Arka Chakraborty for advice on
image processing. We are grateful to Andrea Nans, Tim Stevens, Elyse Fischer,
Alba Herrero and Ana Torroja for help with goCTF and CryoSParc software, and
to Alison Gillingham and Jérome Cattin-Ortola for comments on the text. This
study made use of electron microscopes at the MRC LMB EM Facility and the
UK’s national Electron Bio-imaging Centre (eBIC) under proposal EM17434
funded by MRC. Vicente Planelles-Herrero was supported by a Long-Term
Fellowship from the European Molecular Biology Organisation (EMBO). All
other funding was from the Medical Research Council, as part of United King-
dom Research and Innovation (also known as UK Research and Innovation)
(File reference number MC_U105178783).

Author contributions

AG and SM conceptualised and wrote—original draft; AG investigated and visu-
alised; AG and VJP-H involved in formal analysis; GD contributed to methodol-
ogy; SM involved in funding acquisition and wrote—review and editing.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose |, Pupko T, Ben-Tal N (2016)
ConSurf 2016: an improved methodology to estimate and visualize evolutionary
conservation in macromolecules. Nucleic Acids Res 44: W344 —W350

Barr FA (2013) Review series: Rab GTPases and membrane identity: causal or
inconsequential? J Cell Biol 202: 191-199

Blimer J, Rey J, Dehmelt L, Mazel T, Wu Y-W, Bastiaens P, Goody RS, Itzen A
(2013) RabGEFs are a major determinant for specific Rab membrane
targeting. J Cell Biol 200: 287 —300

Brunet S, Noueihed B, Shahrzad N, Saint-Dic D, Hasaj B, Guan TL, Moores A,
Barlowe C, Sacher M (2012) The SMS domain of Trs23p is responsible for
the in vitro appearance of the TRAPP | complex in Saccharomyces
cerevisiae. Cell Logist 2: 28—42

Brunet S, Sacher M (2014) In sickness and in health: the role of TRAPP and
associated proteins in disease. Traffic 15: 803 -818

Brunet S, Shahrzad N, Saint-Dic D, Dutczak H, Sacher M (2013) A trs20 mutation
that mimics an SEDT-causing mutation blocks selective and non-selective
autophagy: a model for TRAPP III organization. Traffic 14: 10911104

Burnley T, Palmer CM, Winn M (2017) Recent developments in the CCP-EM
software suite. Acta Crystallogr D Struct Biol 73: 469—477

The EMBO journal 10760812021 15 of 17


https://www.ebi.ac.uk/pdbe/emdb/
https://www.ebi.ac.uk/pdbe/emdb/
http://www.wwpdb.org/
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=7B6R
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=7B7O
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=7B6D
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=7B6E
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=7B6H
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
https://doi.org/10.15252/embj.2020107608

The EMBO Journal

Cai H, Yu S, Menon S, Cai Y, Lazarova D, Fu C, Reinisch K, Hay JC, Ferro-
Novick S (2007) TRAPPI tethers COPII vesicles by binding the coat subunit
Sec23. Nature 445: 941944

Cai H, Zhang Y, Pypaert M, Walker L, Ferro-Novick S (2005) Mutants in trs120
disrupt traffic from the early endosome to the late Golgi. J Cell Biol 171:
823-833

Cai Y, Chin HF, Lazarova D, Menon S, Fu C, Cai H, Sclafani A, Rodgers DW, La
Cruz De EM, Ferro-Novick S et al (2008) The structural basis for activation
of the Rab Yptlp by the TRAPP membrane-tethering complexes. Cell 133:
1202-1213

Casanal A, Lohkamp B, Emsley P (2020) Current developments in Coot for
macromolecular model building of Electron Cryo-microscopy and
Crystallographic data. Protein Sci 29: 1069—1078

Choi C, Davey M, Schluter C, Pandher P, Fang Y, Foster LJ, Conibear E (2011)
Organization and assembly of the TRAPPII complex. Traffic 12: 715725

Cole D, Young G, Weigel A, Sebesta A, Kukura P (2017) Label-free single-
molecule imaging with numerical-aperture-shaped interferometric
scattering microscopy. ACS Photonics 4: 211216

Cuenca A, Insinna C, Zhao H, John P, Weiss MA, Lu Q, Walia V, Specht S,
Manivannan S, Stauffer | et al (2019) The C7orf43/TRAPPC14 component
links the TRAPPII complex to Rabin8 for preciliary vesicle tethering at the
mother centriole during ciliogenesis. J Biol Chem 294: 15418 —15434

Diekmann Y, Seixas E, Gouw M, Tavares-Cadete F, Seabra MC, Pereira-Leal |B
(2011) Thousands of rab GTPases for the cell biologist. PLoS Comput Biol 7:
1002217

Garcia V), Xu S-L, Ravikumar R, Wang W, Elliott L, Gonzalez E, Fesenko M, Altmann
M, Brunschweiger B, Falter Braun P et al (2020) TRIPP is a plant-specific
component of the Arabidopsis TRAPPII membrane trafficking complex with
important roles in plant development. Plant Cell 32: 2424 —2443

Gedeon AK, Colley A, Jamieson R, Thompson EM, Rogers J, Sillence D, Tiller GE,
Mulley JC, Gecz ] (1999) Identification of the gene (SEDL) causing X-linked
spondyloepiphyseal dysplasia tarda. Nat Genet 22: 400—404

Gotze M, Pettelkau J, Schaks S, Bosse K, Ihling CH, Krauth F, Fritzsche R, Kithn
U, Sinz A (2012) StavroX—a software for analyzing crosslinked products in
protein interaction studies. ] Am Soc Mass Spectrom 23: 76 —87

Grant T, Rohou A, Grigorieff N (2018) cisTEM, user-friendly software for
single-particle image processing. Elife 7: e14874

Grigorieff N (2016) Frealign: an exploratory tool for single-particle Cryo-EM.
Meth Enzymol 579: 191226

Jang SB, Kim Y-G, Cho Y-S, Suh P-G, Kim K-H, Oh B-H (2002) Crystal structure
of SEDL and its implications for a genetic disease spondyloepiphyseal
dysplasia tarda. J Biol Chem 277: 49863 —49869

Jones S, Newman C, Liu F, Segev N (2000) The TRAPP complex is a nucleotide
exchanger for Yptl and Ypt31/32. Mol Biol Cell 11: 4403-4411

Kakuta S, Yamamoto H, Negishi L, Kondo-Kakuta C, Hayashi N, Ohsumi Y
(2012) Atg9 vesicles recruit vesicle-tethering proteins Trs85 and Yptl to
the autophagosome formation site. / Biol Chem 287: 44261 —44269

Kalde M, Elliott L, Ravikumar R, Rybak K, Altmann M, Klaeger S, Wiese C,
Abele M, Al B, KalbfuRR N et al (2019) Interactions between transport
protein particle (TRAPP) complexes and Rab GTPases in Arabidopsis. Plant |
100: 279-297

Ke Y, Weng M, Chhetri G, Usman M, Li Y, Yu Q, Ding Y, Wang Z, Wang X,
Sultana P et al (2020) Trappc9 deficiency in mice impairs learning and
memory by causing imbalance of dopamine D1 and D2 neurons. Sci Adv 6:
eabb7781

Kessner D, Chambers M, Burke R, Agus D, Mallick P (2008) ProteoWizard:
open source software for rapid proteomics tools development.
Bioinformatics 24: 2534 —2536

16 of 17 The EMBO Journal €107608 | 2021

Antonio Galindo et al

Kim JJ, Lipatova Z, Segev N (2016) TRAPP complexes in secretion and
autophagy. Front Cell Dev Biol 4: 20

Kim Y-G, Raunser S, Munger C, Wagner |}, Song Y-L, Cygler M, Walz T, Oh B-
H, Sacher M (2006) The architecture of the multisubunit TRAPP | complex
suggests a model for vesicle tethering. Cell 127: 817 -830

Klinger CM, Klute M, Dacks JB (2013) Comparative genomic analysis of multi-
subunit tethering complexes demonstrates an ancient pan-eukaryotic
complement and sculpting in Apicomplexa. PLoS One 8: 76278

Kloepper T, Kienle N, Fasshauer D, Munro S (2012) Untangling the evolution
of Rab G proteins: implications of a comprehensive genomic analysis. BMC
Biol 10: 71

Kosinski J, von Appen A, Ori A, Karius K, Miiller CW, Beck M (2015) Xlink
analyzer: software for analysis and visualization of cross-linking data in
the context of three-dimensional structures. J Struct Biol 189: 177 -183

Kimmel D, Miller J], Roske Y, Misselwitz R, Blissow K, Heinemann U (2005)
The structure of the TRAPP subunit TPC6 suggests a model for a TRAPP
subcomplex. EMBO Rep 6: 787793

Lamb CA, Nihlen S, Judith D, Frith D, Snijders AP, Behrends C, Tooze SA
(2016) TBC1D14 regulates autophagy via the TRAPP complex and ATG9
traffic. EMBO J 35: 281301

Levine TP, Daniels RD, Wong LH, Gatta AT, Gerondopoulos A, Barr FA (2013)
Discovery of new Longin and Roadblock domains that form platforms for
small GTPases in Ragulator and TRAPP-II. Small GTPases 4: 62 —69

Li C, Luo X, Zhao S, Siu CK, Liang Y, Chan HC, Satoh A, Yu SS (2017) COPI-TRAPPII
activates Rab18 and regulates its lipid droplet association. EMBO J 36: 441—457

Li F, Yi L, Zhao L, Itzen A, Goody RS, Wu Y-W (2014) The role of the
hypervariable C-terminal domain in Rab GTPases membrane targeting.
Proc Natl Acad Sci USA 111: 25722577

Liebschner D, Afonine PV, Baker ML, Bunkdczi G, Chen VB, Croll TI, Hintze B,
Hung LW, Jain S, McCoy AJ et al (2019) Macromolecular structure
determination using X-rays, neutrons and electrons: recent developments
in Phenix. Acta Crystallogr D Struct Biol 75: 861 —877

Lipatova Z, Segev N (2019) Ypt/Rab GTPases and their TRAPP GEFs at the
Colgi. FEBS Lett 593: 2488 —2500

Matalonga L, Bravo M, Serra-Peinado C, Garcia-Pelegri E, Ugarteburu O, Vidal
S, Llambrich M, Quintana E, Fuster-Jorge P, Gonzalez-Bravo MN et al
(2017) Mutations in TRAPPC11 are associated with a congenital disorder
of glycosylation. Hum Mutat 38: 148 —151

Milev MP, Graziano C, Karall D, Kuper WFE, Al-deri N, Cordelli DM, Haack TB,
Danhauser K, luso A, Palombo F et al (2018) Bi-allelic mutations in
TRAPPC2L result in a neurodevelopmental disorder and have an impact on
RAB11 in fibroblasts. / Med Genet 55: 753—764

Montpetit B, Conibear E (2009) Identification of the novel TRAPP associated
protein Tcal7. Traffic 10: 713-723

Moore |, Schell J, Palme K (1995) Subclass-specific sequence motifs identified
in Rab GTPases. Trends Biochem Sci 20: 10—12

Nakane T, Kimanius D, Lindahl E, Scheres SH (2018) Characterisation of
molecular motions in cryo-EM single-particle data by multi-body
refinement in RELION. Elife 7: 1485

Naydenova K, Russo CJ (2017) Measuring the effects of particle orientation to
improve the efficiency of electron cryomicroscopy. Nat Commun 8: 629 — 635

Nie Y, Bellon-Echeverria |, Trowitzsch S, Bieniossek C, Berger | (2014)
Multiprotein complex production in insect cells by using polyproteins.
Methods Mol Biol 1091: 131-141

Pereira-Leal |B, Seabra MC (2000) The mammalian Rab family of small
GTPases: definition of family and subfamily sequence motifs suggests a
mechanism for functional specificity in the Ras superfamily. j Mol Biol 301:
1077-1087

© 2021 The Authors



Antonio Galindo et al

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,
Ferrin TE (2004) UCSF Chimera—a visualization system for exploratory
research and analysis. | Comput Chem 25: 16051612

Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, Morris JH,
Ferrin TE (2020) UCSF ChimeraX: structure visualization for researchers,
educators, and developers. Protein Sci 37: W6

Pinar M, Arias-Palomo E, de Los RV, Arst HN, Penalva MA (2019)
Characterization of Aspergillus nidulans TRAPPs uncovers unprecedented
similarities between fungi and metazoans and reveals the modular
assembly of TRAPPII. PLoS Genet 15: e1008557

Pylypenko O, Hammich H, Yu I-M, Houdusse A (2018) Rab GTPases and their
interacting protein partners: structural insights into Rab functional
diversity. Small GTPases 9: 22— 48

Pylypenko O, Rak A, Durek T, Kushnir S, Dursina BE, Thomae NH,
Constantinescu AT, Brunsveld L, Watzke A, Waldmann H et al (2006)
Structure of doubly prenylated Ypt1:GDI complex and the mechanism of
GDI-mediated Rab recycling. EMBO J 25: 13—23

Riedel F, Galindo A, Muschalik N, Munro S (2017) The two TRAPP complexes
of metazoans have distinct roles and act on different Rab GTPases. J Cell
Biol 217: 601—-617

Robinett CC, Giansanti MG, Gatti M, Fuller MT (2009) TRAPPII is required for
cleavage furrow ingression and localization of Rabl1l in dividing male
meiotic cells of Drosophila. | Cell Sci 122: 4526 —4534

Rohou A, Grigorieff N (2015) CTFFIND4: Fast and accurate defocus estimation
from electron micrographs. J Struct Biol 192: 216221

Rosquete MR, Worden N, Ren G, Sinclair RM, Pfleger S, Salemi M, Phinney BS,
Domozych D, Wilkop T, Drakakaki G (2019) AtTRAPPC11/ROG2: a role for
TRAPPs in maintenance of the plant trans-Golgi network/early endosome
organization and function. Plant Cell 31: 18791898

Sacher M, Jiang Y, Barrowman J, Scarpa A, Burston J, Zhang L, Schieltz D,
Yates R, Abeliovich H, Ferro-Novick S (1998) TRAPP, a highly conserved
novel complex on the cis-Golgi that mediates vesicle docking and fusion.
EMBO ] 17: 2494 — 2503

Sacher M, Shahrzad N, Kamel H, Milev MP (2019) TRAPPopathies: an
emerging set of disorders linked to variations in the genes encoding
transport protein particle (TRAPP)-associated proteins. Traffic 20: 5—26

Sadler KC, Amsterdam A, Soroka C, Boyer |, Hopkins N (2005) A genetic screen
in zebrafish identifies the mutants vps18, nf2 and foie gras as models of
liver disease. Development 132: 3561 —3572

Sali A, Blundell TL (1993) Comparative protein modelling by satisfaction of
spatial restraints. ] Mol Biol 234: 779—815

Scrivens PJ, Noueihed B, Shahrzad N, Hul S, Brunet S, Sacher M (2011)
C4orf41 and TTC-15 are mammalian TRAPP components with a role at an
early stage in ER-to-Golgi trafficking. Mol Biol Cell 22: 20832093

Stanga D, Zhao Q, Milev MP, Saint-Dic D, Jimenez-Mallebrera C, Sacher M
(2019) TRAPPC11 functions in autophagy by recruiting ATG2B-WIP14/
WDR45 to preautophagosomal membranes. Traffic 20: 325—345

Su M (2019) goCTF: geometrically optimized CTF determination for single-
particle cryo-EM. J Struct Biol 205: 22—29

Tan D, Cai Y, Wang J, Zhang J, Menon S, Chou H-T, Ferro-Novick S, Reinisch
KM, Walz T (2013) The EM structure of the TRAPPIII complex leads to the
identification of a requirement for COPII vesicles on the macroautophagy
pathway. Proc Natl Acad Sci USA 110: 1943219437

Taussig D, Lipatova Z, Segev N (2014) Trs20 is required for TRAPP Il complex
assembly at the PAS and its function in autophagy. Traffic 15: 327 —337

Thomas LL, Fromme JC (2016) GTPase cross talk regulates TRAPPII activation
of Rab11 homologues during vesicle biogenesis. J Cell Biol 215: 499513

© 2021 The Authors

The EMBO Journal

Thomas LL, Joiner AMN, Fromme |C (2017) The TRAPPIII complex activates
the GTPase Yptl (Rabl) in the secretory pathway. J Cell Biol 217: 283298

Thomas LL, van der Vegt SA, Fromme |C (2018) A steric gating mechanism
dictates the substrate specificity of a Rab-GEF. Dev Cell 48: 100—-114.e9

Wagner T, Merino F, Stabrin M, Moriya T, Antoni C, Apelbaum A, Hagel P, Sitsel O,
Raisch T, Prumbaum D et al (2019) SPHIRE-crYOLO is a fast and accurate fully
automated particle picker for cryo-EM. Commun Biol 2: 218 313

Wang C, Gohlke U, Roske Y, Heinemann U (2014) Crystal structure of the
yeast TRAPP-associated protein Tcal7. FEBS | 281: 4195—-4206

Wang W, Sacher M, Ferro-Novick S (2000) TRAPP stimulates guanine
nucleotide exchange on Yptlp. J Cell Biol 151: 289 —296

Webb B, Sali A (2016) Comparative protein structure modeling using
modeller. Curr Protoc Bioinformatics 54: 56.1—5.6.37

Wendler F, Gillingham AK, Sinka R, Rosa-Ferreira C, Gordon DE, Franch-Marro
X, Peden AA, Vincent J-P, Munro S (2010) A genome-wide RNA interference
screen identifies two novel components of the metazoan secretory
pathway. EMBO | 29: 304 —314

Wessel D, Fliigge Ul (1984) A method for the quantitative recovery of protein
in dilute solution in the presence of detergents and lipids. Anal Biochem
138: 141-143

Westlake CJ, Baye LM, Nachury MV, Wright K], Ervin KE, Phu L, Chalouni C,
Beck JS, Kirkpatrick DS, Slusarski DC et al (2011) Primary cilia membrane
assembly is initiated by Rab1l and transport protein particle Il (TRAPPII)
complex-dependent trafficking of Rabin8 to the centrosome. Proc Natl
Acad Sci USA 108: 27592764

Williams CJ, Headd J}, Moriarty NW, Prisant MG, Videau LL, Deis LN, Verma V, Keedy
DA, Hintze BJ, Chen VB et al (2018) MolProbity: more and better reference data
for improved all-atom structure validation. Protein Sci 27: 293315

Yamasaki A, Menon S, Yu S, Barrowman ], Meerloo T, Oorschot V,
Klumperman J, Satoh A, Ferro-Novick S (2009) mTrs130 is a component of
a mammalian TRAPPII complex, a Rabl GEF that binds to COPI-coated
vesicles. Mol Biol Cell 20: 4205—4215

Yang J, Anishchenko I, Park H, Peng Z, Ovchinnikov S, Baker D (2020)
Improved protein structure prediction using predicted interresidue
orientations. Proc Natl Acad Sci USA 117: 1496 —1503

Yip CK, Berscheminski J, Walz T (2010) Molecular architecture of the TRAPPII complex
and implications for vesicle tethering. Nat Struct Mol Biol 17: 1298 —1304

Zaremba-Niedzwiedzka K, Caceres EF, Saw |H, Backstrom D, Juzokaite L,
Vancaester E, Seitz KW, Anantharaman K, Starnawski P, Kjeldsen KU et al
(2017) Asgard archaea illuminate the origin of eukaryotic cellular
complexity. Nature 541: 353358

Zheng SQ, Palovcak E, Armache J-P, Verba KA, Cheng Y, Agard DA (2017)
MotionCor2: anisotropic correction of beam-induced motion for improved
cryo-electron microscopy. Nat Meth 14: 331—332

Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJ, Lindahl E, Scheres
SH (2018) New tools for automated high-resolution cryo-EM structure
determination in RELION-3. Elife 7: 163

Zong M, Wu X-G, Chan CWL, Choi MY, Chan HC, Tanner JA, Yu S (2011) The
adaptor function of TRAPPC2 in mammalian TRAPPs explains TRAPPC2-
associated SEDT and TRAPPC9-associated congenital intellectual disability.
PLoS One 6: €23350

@ License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

The EMBO Journal 10760812021 17 of 17



