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S T R U C T U R A L  B I O L O G Y

Structural basis for assembly of TRAPPII complex 
and specific activation of GTPase Ypt31/32
Chenchen Mi1†, Li Zhang1†, Guoqiang Huang1†, Guangcan Shao2,  
Fan Yang1, Xin You1, Meng-Qiu Dong2, Shan Sun1*, Sen-Fang Sui1,3*

Transport protein particle (TRAPP) complexes belong to the multiprotein tethering complex and exist in three 
forms—core TRAPP/TRAPPI, TRAPPII, and TRAPPIII. TRAPPII activates GTPase Ypt31/Ypt32 as the guanine nucleotide 
exchange factor in the trans-Golgi network to determine the maturation of Golgi cisternae into post-Golgi carriers 
in yeast. Here, we present cryo-EM structures of yeast TRAPPII in apo and Ypt32-bound states. All the structures 
show a dimeric architecture assembled by two triangle-shaped monomers, while the monomer in the apo state 
exhibits both open and closed conformations, and the monomer in the Ypt32-bound form only captures the 
closed conformation. Located in the interior of the monomer, Ypt32 binds with both core TRAPP/TRAPPI and 
Trs120 via its nucleotide-binding domain and binds with Trs31 via its hypervariable domain. Combined with func-
tional analysis, the structures provide insights into the assembly of TRAPPII and the mechanism of the specific 
activation of Ypt31/Ypt32 by TRAPPII.

INTRODUCTION
In eukaryotic cells, vesicles act as the cargo carriers by transporting 
proteins, lipids, and other materials between various membrane- 
bound compartments (1). Vesicle transport is a highly sequential 
process, and each step along the pathway, from the vesicle budding 
at the donor compartment, via vesicle transporting in cell, to the 
tethering and fusion with the membrane of the acceptor compartment, 
is precisely regulated by corresponding factors (2). Tethering refers 
to the initial interaction between a vesicle and its target membrane 
(2). It promotes the organization of the soluble N-ethylmaleimide–
sensitive factor attachment protein receptor (SNARE) proteins in 
vesicle fusion (3) and thus is a crucial step in determining the speci-
ficity of vesicle trafficking (2). The tethering is highly regulated by 
the tethering factors, including the conserved guanosine triphos-
phatases (GTPases) of the Ypt/Rab family, their guanine nucleotide 
exchange factors (GEFs), and their downstream effectors (4–7). 
How the different types of tethering factors work together to achieve 
the overall specificity of the tethering process still remains elusive.

Transport protein particle (TRAPP) complexes belong to the 
multisubunit tethering complexes and are a highly conserved family 
of proteins found in all eukaryotes, from yeast to humans. TRAPP 
complexes from yeast are well studied among this family and have 
three forms—core TRAPP/TRAPPI, TRAPPII, and TRAPPIII, which 
function in various vesicle trafficking pathways (8). Core TRAPP/
TRAPPI mediates transport from endoplasmic reticulum to cis-Golgi 
by tethering COPII (coat protein complex II)-coated vesicles (5, 9); 
TRAPPII interacts with COPI-coated vesicles in mammalian cells 
and aids in endosome- to-Golgi transport (6, 10, 11); TRAPPIII plays 
a unique role in autophagy (12). The TRAPP complexes attract particular 
attention in the vesicle transport because they act as GEFs and play 

an essential role in catalyzing nucleotide exchange for Ypt/Rab 
GTPase. All the three complexes share a core of six different proteins 
(Bet3, Bet5, Trs20, Trs23, Trs31, and Trs33) that make up core 
TRAPP/TRAPPI (13). TRAPPII contains four additional proteins 
(Trs120, Trs130, Trs65, and Tca17) (14), and TRAPPIII has one 
additional Trs85 (15) in yeast. A proportion of Aspergillus nidulans 
TRAPPIII contains Tca17, as well as TRAPPC11, TRAPPC12, and 
TRAPPC13 (16), same as metazoan TRAPPIII (table S3) (17, 18). A 
common core suggests common functions with all complexes acting 
as GEFs. Core TRAPP/TRAPPI and TRAPPIII are specific to Ypt1 
(19–21), whereas TRAPPII activates Ypt31/32 in vivo (11, 22–24). 
So far, the detailed mechanisms underlying the transition from core 
TRAPP/TRAPPI and TRAPPIII’s GEF activity for Ypt1 to TRAPPII’s 
GEF activity for Ypt31/32 and the functions of the specific subunits 
of TRAPPII in this transition are insufficiently understood.

Because core TRAPP/TRAPPI is the common element of TRAPP 
complexes, it has been a subject of various in-depth studies on its 
structure. A combination of x-ray crystallography and single-particle 
electron microscopy (EM) showed an elongated rod-shaped struc-
ture of core TRAPP/TRAPPI, containing seven subunits (two copies 
of Bet3 and one copy of each of the other five proteins) arranged 
side by side (25). The crystal structure of the yeast core TRAPP/
TRAPPI core in complex with Ypt1 revealed that four subunits 
(Bet5p, Trs23, and two Bet3 subunits) interact directly with Ypt1, 
stabilizing it in an open conformation, facilitating nucleotide 
exchange (26). Saccharomyces cerevisiae TRAPPII is the largest 
member in the TRAPP family, and its architecture was proposed on 
the basis of the negatively stained single-particle EM. The data 
showed that TRAPPII dimerizes into a three-layered, diamond- 
shaped structure, with two TRAPPI complexes forming the outer 
layers and the TRAPPII-specific subunits forming the middle layer 
(27). Core TRAPP/TRAPPI is preserved in both TRAPPII and 
TRAPPIII, but TRAPPII and TRAPPIII activate different Rab 
substrates: TRAPPII activates Ypt31/32, and TRAPPIII activates 
Ypt1 (28). Thus, several questions such as whether TRAPPII uses the 
same catalytic site as TRAPPIII, and/or how Ypt31/32 is specifically 
activated by TRAPPII instead of TRAPPI, remain unanswered. 
Several contradictory results have been reported explaining some of 
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these aspects, but the key fundamental aspect mentioned above 
remains elusive (11, 20, 29, 30).

To address these questions and the fundamental mechanism of 
TRAPPII in vesicle trafficking, we resolved the structures of the 
intact TRAPPII and its complex with Ypt32 from S. cerevisiae at 
average resolutions of 3.79 and 3.80 Å, respectively, by single-particle 
cryo-EM. Combined with biochemistry analyses, structures revealed 
the detailed interactions between the subunits within TRAPPII and 
also between TRAPPII and Ypt32, as well as the different conforma-
tions of TRAPPII. On the basis of these results, the potential working 
mechanism for TRAPPII in the vesicle trafficking is discussed.

RESULTS
Overall structure of the TRAPPII complex
The intact TRAPPII complex with an approximate molecular mass 
of about 1052 kDa was purified from a yeast strain containing 
FLAG-tagged Trs120. SDS–polyacrylamide gel electrophoresis (PAGE) 
analysis and mass spectrometry (MS) indicated that all 10 different 
proteins, including 6 different proteins (Bet5p, Bet3p, Trs20p, Trs23p, 
Trs31p, and Trs33p) of core TRAPP/TRAPPI and 4 TRAPPII- 
specific proteins (Tca17, Trs65p, Trs120p, and Trs130p), are present 
in the purified TRAPPII complex (fig. S1, A and B). One notable 
improvement is that Tca17, which is one subunit of TRAPPII 
(16, 31) but was not detected in the previously published structure 
(27), appears to be a stoichiometric component in our sample 
(fig. S1A). Initial reconstruction led to a structure showing an 
apparent twofold symmetry (fig. S1, C to E), consistent with the 
low-resolution negative-stain EM structure indicating TRAPPII as 
a dimeric complex (27) and the negative-stain two-dimensional 
(2D) averages of TRAPPII from Aspergillus (16). However, only 
one-half of this reconstruction displayed clear density and the other 
half exhibited very poor density, suggesting its heterogeneity 
(fig. S1E). We used symmetry expansion to deal with this as detailed 
in Materials and Methods (fig. S1F) (32, 33). Through this strategy, 
two distinct conformations of monomer were identified, and 3D 
refinement yielded the closed and open structures at resolutions of 
3.79 and 4.18 Å, respectively (figs. S1, F to H, and S2A). The 2:1 
ratio of the particles between the closed and open conformation 
likely suggests that the closed conformation is more stable (fig. S1F). 
We further assigned each monomer back to its original dimeric par-
ticle, resulting in the reconstruction of TRAPPII structure in three 
different states (fig. S1F). State I contains both monomers in closed 
conformation, and state III contains both monomers in open con-
formation (figs. S1F and S2B). State II consists of one monomer in 
open conformation and the other in closed conformation (figs. S1F 
and S2B). On the basis of these maps, the atomic models of TRAPPII 
in open and closed conformations were built (fig. S1, I and J).

The overall structure of TRAPPII looks like a single-arch bridge 
with about 160 Å height from the side view and has a parallelogram 
outline from the face view with dimensions of approximately 290 Å 
by 260 Å (Fig. 1A). The dimeric complex is assembled by two triangle- 
shaped monomers that are associated with each other through the 
longest edge composed of Trs120 and Trs65 (Fig. 1A and fig. S2B). 
Core TRAPP/TRAPPI and Trs130 connected by Tca17 form the 
middle and shortest edges of the triangle, respectively (Fig. 1A). For 
monomers in the complex, the major difference between the open 
conformation and the closed conformation lies in the position of 
core TRAPP/TRAPPI (Fig.  1D). Superposing Trs120, Trs65, and 

Trs130 (fig. S2C) shows that, compared to the open conformation, the 
core TRAPP/TRAPPI in the closed conformation rotates 16.6° toward 
the Trs120, pivoting around the core TRAPP/TRAPPI-Trs120 junc-
tion, together with a slight turn (8.9°) on its own axis, which leads to 
a smaller angle between core TRAPP/TRAPPI and Trs120 by about 10° 
(from 47.3° to 36.9°) (Fig. 1D) and also a larger space of the interior of 
TRAPPII in the open conformation than in the closed conformation.

Structures of core TRAPP/TRAPPI and Tca17 in TRAPPII
The structure of TRAPPI was well resolved in our EM map, and the 
complete atomic model was built with all seven subunits assigned 
accurately (Fig. 1, B and C, and figs. S2A and S3). Core TRAPP/
TRAPPI looks like a flat rod about 180 Å long and is formed by the 
arrangement of Trs33, Bet3-A, Bet5, Trs23, Bet3-B, Trs31, and 
Trs20 in turn (Fig. 1, B and C), which is in agreement with the 
previously reported organization of core TRAPP/TRAPPI based on 
the crystal structures and the low-resolution EM structure (25). 
Most of the structures are well matched upon superimposing with 
the existing crystal structures, and some loops that were absent in 
crystal structures are resolved in our maps (fig. S4A). In addition to 
the interactions between subunits revealed by the crystal structures 
of subcomplexes, the most notable finding in our cryo-EM structure 
is that Trs31 extends its long N-terminal loop (residues 25 to 54) 
first passing through the hole between loop 1-2 and the C-terminal 
end of helix 4 of Bet3-B, and then wandering around the surface of 
Trs20 (fig. S4B), which functions like an arm to hold Trs20 firmly. 
Compared to human Trs33, yeast Trs33 has extra two  strands and 
one short  helix (residues 87 to 109) (fig. S4C). The two  strands 
are docked to the groove formed by helices 3 and 5, and  strand 
1 of Bet3-A. The short  helix contacts with the loop 2-3 of Bet5 
(fig. S4C). Together, these interactions could enhance the associa-
tions among subunits of core TRAPP/TRAPPI, thus making the 
whole complex more stable and rigid.

After docking core TRAPP/TRAPPI into the EM map, we can 
still observe some clear extra density next to Trs33 (fig. S2A). We 
attributed this density to Tca17. The crystal structure of Tca17 
[Protein Data Bank (PDB) ID: 3PR6] fits into the density with high 
confidence (fig. S2D). Thus, Tca17 is located on the opposite end of 
the core TRAPP/TRAPPI rod to Trs20 and interacts with Trs33 in 
the TRAPPII complex (Fig. 1, B and C) (16). On the other side, 
Tca17 also interacts with Trs130, as described in detail below.

Structure of Trs120 in TRAPPII
Because Trs120 and Trs130 have the similar overall domain arrange-
ment, one N-terminal -solenoid (NTS) domain followed by four 
immunoglobulin (Ig)–like domains (IgDs) according to the second-
ary structure predictions (Figs. 2A and 3A), we performed chemical 
cross-linking of the TRAPPII complex coupled with MS (CXMS) 
analysis and pull-down experiment to further identify the loca-
tions of Trs120 and Trs130. The results of CXMS using both BS3 
(bis(sulfosuccinimidyl)suberate) and DSS (disuccinimidyl suberate) 
showed cross-links between Trs120 and Trs31, suggesting that 
Trs120 is close to Trs31 (fig. S5). Moreover, several works have 
reported the interaction between Trs120 and Trs20 (16, 34). Because 
the map quality of the N-terminal region (residues 1 to 264) is very 
poor, we could only build the atomic models of the NTS (residues 
264 to 644) and four IgDs (IgD1 to IgD4) of Trs120 (Fig. 2, A and B, 
and fig. S6A). The NTS domain is a slightly curved spiral consisting 
of approximately 380 residues arranged into 13 helices (residues 
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264 to 644) and contacts with Trs20  in the core TRAPP/TRAPPI 
(Figs. 1, B and C, and 2B). IgD2 to IgD4 contribute to the most 
stable regions of Trs120 (Fig. 2B) and have contacts with both Trs130 
and Trs65 (Fig. 1, B and C). Different from the basic structure of 
IgD, the two helices, 1 in IgD2 and 2 in IgD3, inserted into the 
loop 2-3 (loop connecting strands 2 and 3) in IgD2 and loop 
6-7 in IgD3, respectively (Fig. 2C). These decorations in loops 
lead to two long loops, loop 1-3 of IgD2 and loop 2-6 of IgD3, 
stretching toward the interior of the triangle (Fig. 2C). The large 
gap between these two loops and core TRAPP/TRAPPI is supposed 
to be the position of the bound Ypt31/32, which was confirmed 
by the resolved structure of the TRAPPII-Ypt32 complex de-
scribed below.

Helices 7, 9, and 11 from Trs120-NTS make extensive inter-
actions with Trs20 (Fig. 2, D and E). In detail, two highly positively 
charged surfaces of Trs120-NTS contact two acidic patches formed 
by residues from helix 1 and loops between strands 1 and 2 and 

between strands 4 and 5 of Trs20 (Fig. 2D). D46, whose mutation 
causes spondyloepiphyseal dysplasia tarda (SEDT) in humans (35, 36), 
is right at one of these two surfaces and contacts with amino acids 
K527, R528, and K529 from Trs120-NTS (Fig. 2D). Hydrophobic 
interactions also contribute to the binding between Trs120-NTS 
and Trs20, as exemplified by the close distances between residues 
F532, W584, L587, and I591 from Trs120-NTS and I8, P14, F39, 
I40, L41, A43, and F95 from Trs20 at the interface (Fig. 2E). To 
further evaluate the physiological relevance of the interaction be-
tween Trs120 and Trs20 in vivo, we performed growth assays with 
truncated Trs120. According to our structure, N-terminal 457 amino 
acids of Trs120 have no interactions with Trs20. Truncating this 
region slightly affected the yeast growth at various temperatures 
(Fig. 2F and fig. S6B). In contrast, deleting the N-terminal 643 amino 
acids that cover all residues interacting with Trs20 caused yeast 
death at all temperatures (Fig.  2F and fig. S6B). These results 
suggest that the interactions between Trs120 and Trs20 are essential 

Fig. 1. Structures of the yeast TRAPPII complex. (A) Overall structure of the intact yeast TRAPPII in state I. All subunits are color-coded and shown in cartoon representation. (B) Structure 
of the yeast TRAPPII monomer in the closed conformation. All subunits are color-coded and shown in cartoon representation. (C) Structure of the yeast TRAPPII monomer in 
the open conformation. All subunits are color-coded and shown in cartoon representation. (D) Structural comparison of the closed (light blue) and open conformations (pink).
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for yeast survival, probably by maintaining the proper function of 
TRAPPII, which is in alignment with the essential role of Trs20 for 
the TRAPPII function (34, 37).

Structure of Trs130 in TRAPPII
CXMS analysis also identified seven cross-links between Trs130 
and Tca17 (fig. S5) (14), indicating that the super-helical structure 
near Tca17 belongs to Trs130. According to the density map at this 
location, we built an almost complete atomic model of Trs130 
except for the N-terminal region (residues 1 to 250) that exhibited 
no EM density (Fig. 3, A and B, and fig. S6C). The NTS of Trs130 
consisting of about 280 residues arranged into 11 helices (residues 
250 to 529) is curved more spiral than Trs120-NTS (Figs. 2B and 
3B). The four IgD domains are connected sequentially and have 
similar structures except IgD3. IgD3 is distinguished from others by 
the insertion of a four-helix bundle into the loop 6-7 (Fig. 3B). 
This bundle further bridges IgD1 to IgD3 to stabilize the whole 
structure of IgD1 to IgD3 (Fig. 3B).

Trs130 exhibits wide contacts with the surrounding proteins. 
First, similar to the interaction between Trs120-NTS and Trs20, 

Trs130-NTS contacts with Tca17 (Figs. 1, B and C, and 3B). Helix 
1 of Tca17 is wrapped by a barrel formed by helices 5, 7, and 9 
of Trs130-NTS and all four  strands of Tca17 (Fig. 3, B and C). In 
addition, W464 of Trs130-NTS is embedded in a hydrophobic pocket 
formed by residues L44, I11, and P17 of Tca17, which is similar to 
the interaction of W584 of Trs120-NTS with L41, I8, and P14 of Trs20 
(Figs. 2E and 3D). Second, IgD3 and IgD4 make up an L-shaped 
structure holding IgD4 of Trs120 (Fig. 3B). Specifically, the loop be-
tween strands 4 and 5 of Trs120-IgD4 extended into the hydrophobic 
interior (Y819 and F835) between the two  sheets of Trs130-IgD3 
(Fig. 3E). Third, the loop between strands 4 and 5 of Trs130-IgD4 
interacts with the loop between strands 3 and 4 of Trs65-IgD2 
(Fig. 3F). Deletion of Trs130-IgD4 in S. cerevisiae led to tempera-
ture sensitivity (10), and further truncating IgD3 resulted in its 
death, suggesting that IgD3 was more important than IgD4 to the 
function of TRAPPII (Fig.  3G). Truncating the N-terminal 249 
amino acids of Trs130 affected the growth of S. cerevisiae slightly 
in various temperatures (Fig. 3H and fig. S6D), which suggested 
that this unsolved part also plays some physiological role on the 
function of TRAPPII.

Fig. 2. Structure of Trs120 in TRAPPII. (A) Schematic representation of the domain structures of Trs120. Color codes for domains are indicated. Numbers indicate the 
domain boundaries. (B) Overall structure of Trs120. (C) Interaction between Trs120-IgD2 and Trs120-IgD3. (D) Electrostatic surface representation of the interface between 
Trs120-NTS and Trs20. The surface potentials are complementary. The amino acid residues involved in the interactions are exhibited as sticks and balls. (E) Hydrophobic 
interactions between Trs120-NTS and Trs20. The amino acid residues involved in the interactions are exhibited as sticks and balls. (F) Viability of N-terminal deletion 
mutants of Trs120 tested by yeast survival and growth assays. Cells were grown at 30°C. Truncating N-terminal 457 amino acids of Trs120 that have no interactions with 
Trs20 slightly affected the yeast growth, while deleting the N-terminal 643 amino acids that cover all residues interacting with Trs20 caused yeast death. WT, wild type.
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Structure of Trs65 in TRAPPII
Trs65 is composed of three IgDs according to the structure predic-
tion (fig. S7A). CXMS analysis indicated extensive interactions 
between Trs65 and Trs120 as well as Trs130 (fig. S5).

Negative-stain images of TRAPPII containing N-terminally His– 
green fluorescent protein (GFP)–tagged Trs65, which is labeled by 

anti-His antibody, showed the Y-shaped antibodies flanking TRAPPII, 
suggesting that the N-terminal IgD1 of Trs65 was located on the 
lateral side of the TRAPPII complex (fig. S7B). However, its density 
was too poor to build the atomic model (fig. S7C), likely reflecting 
its dynamic location due to the long linker between IgD1 and IgD2. 
Thus, only atomic models of IgD2 and IgD3 of Trs65 were built 

Fig. 3. Structure of Trs130 in TRAPPII. (A) Schematic representation of the domain structures of Trs130. Color codes for domains are indicated. Numbers indicate the 
domain boundaries. (B) Overall structure of Trs130. The interacting protein Tca17 and protein domains of Trs120-IgD4 and Trs65-IgD2 are also shown. (C) Interaction 
between Trs130-NTS and Tca17. (D) W464 of Trs130-NTS is embedded in a hydrophobic pocket formed by residues L44, I11, and P17 of Tca17. (E) Interaction between 
Trs130-IgD3 and Trs120-IgD4. (F) Interaction between the loop 4-5 of Trs130-IgD4 with the loop 3-4 of Trs65-IgD2. (G) Viability of C-terminal deletion mutants of 
Trs130 tested by yeast survival and growth assays. (H) Viability of N-terminal deletion mutant of Trs130 tested by yeast survival and growth assays.
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(fig. S7C). Detailed analysis of the interactions between Trs65 with 
surrounding proteins suggests that Trs65 could play a critical role 
in the dimeric complex formation because it interacts with subunits 
in both monomers (fig. S7D). In one monomer, besides the inter-
action between Trs65-IgD2 and Trs130-IgD4 as described above 
(Fig. 3F and fig. S7D), Trs65-IgD3 also interacts with both IgD3 and 
IgD4 of Trs120. The interaction between Trs65-IgD3 and Trs120-
IgD3 is mainly mediated by hydrophobic residues (fig. S7, D and E). 
In addition, helix 1 of Trs65-IgD3 binds to a groove formed by 
strands 3, 6, and 7 and loop 7-8 of Trs120-IgD4, in which 
Y487 of Trs65-IgD3 forms - interactions with both F1216 and 
F1279 of Trs120-IgD4 (fig. S7, D and F). Besides these interactions 
within the same monomer, Trs65-IgD3 is also very close to the 
IgD2′ and IgD3′ of Trs120′ in the neighboring monomer, suggesting 
the existence of interactions between them (fig. S7, D and G). Mean-
while, Trs65-IgD2 contacts with Trs120-IgD2′ via the interactions 
between the loops 3-4 of Trs65-IgD2 and 2-1 of Trs120-IgD2′ 
(fig. S7, D and G). Consistent with the extensive interactions be-
tween Trs65-IgD3 and subunits in both monomers, deletion of 
Trs65-IgD3 from the yeast genome reduced dimer formation, result-
ing in predominance of monomers (fig. S7H). Similarly, Drosophila 
TRAPPII, which lacks Trs65, is also a monomer (18). Together, 
Trs65 is essential in the stability of TRAPPII in yeast (14, 27).

Structure of the TRAPPII-Ypt32 complex
Furthermore, to explore how TRAPPII acts as a GEF to activate 
Ypt32, we resolved the structure of the Ypt32-bound TRAPPII 
complex (fig. S8, A to D). Similar with the Ypt32-free TRAPPII, the 
TRAPPII-Ypt32 complex is also a dimer assembled by two triangle- 
shaped monomers (Fig. 4A), but unlike the Ypt32-free TRAPPII in 
which two distinct conformations of monomer were identified, 
only one stable conformation of monomer was observed (fig. S8B). 
The monomer was resolved at the resolution of 3.80 Å, which leads 
to the accurate assignment of all subunits of TRAPPII and Ypt32 
(figs. S8, B to E, and S9, A to C). The subunit arrangement of 
TRAPPII in the TRAPPII-Ypt32 complex is almost identical to that 
of Ypt32-free TRAPPII (Fig. 4, A and B). As expected, Ypt32 locates 
inside the triangle-shaped TRAPPII and at the gap between core 
TRAPP/TRAPPI and Trs120 (Fig. 4B). Both the nucleotide-binding 
domain (NBD) and the C-terminal region of Ypt32 contribute to 
interactions with TRAPPII (Fig. 4B).

For interactions between NBD of Ypt32 and TRAPPII, there are 
three contact sites between Ypt32’s NBD and TRAPPII (Fig. 4B). 
One binding site lies at the interface between NBD of Ypt32 and core 
TRAPP/TRAPPI (Fig. 4B), which is very similar with the interac-
tion between core TRAPP/TRAPPI and Ypt1 (26). The most 
notable observation is that two additional binding sites are formed 
between NBD of Ypt32 and the TRAPPII-specific component 
Trs120. We name them TRAPPII-specific binding sites 1 and 2, 
respectively (Fig. 4B).

For the TRAPPII-specific binding site 1, the loop (residues N694 
to K703) between strands 1 and 2 of Trs120-IgD1, namely, 
Trs120-IgD1-Loop, precisely fits in the groove formed by strand 5 
and helices 4 and 5 of Ypt32 through both hydrophobic and 
polar interactions (Fig. 4, C to E, and fig. S9D). The C-terminal part 
of the Trs120-IgD1-Loop including four hydrophobic residues (V698, 
F699, P701, and F702) is nestled in a hydrophobic surface constituted 
by A120, A145, M146, L151, F152, A166, and A173 of Ypt32 
(Fig.  4,  D  and  E). Three hydrogen bonds (H-bonds) between 

Trs120-IgD1-Loop and helix 5 of Ypt32 are observed including 
the interactions of Q696/Trs120 and N159/Ypt32, Q696/Trs120 
and N162/Ypt32, and N700/Trs120 and E169/Ypt32 (Fig. 4E). In 
addition, the main-chain amide group of N694 and carbonyl 
oxygen (C═O) of F699 from Trs120-IgD1-Loop make H-bonds with 
the side group of T138 and the main-chain amide group of F152 
from Ypt32, respectively (Fig. 4E). Moreover, the positively charged 
Ypt32-K142 forms one cation- interaction with the aromatic group 
of Trs120-F699 (Fig.  4E). Sequence alignment of Ypt31/32 and 
Trs120 from different species indicates that the hydrophobic resi-
dues involved in the interaction between Trs120-IgD1-Loop and 
Ypt32 are more conserved than the charged and polar residues, 
suggesting that the hydrophobic contacts may play a dominant role 
in this interaction (fig. S10).

For the TRAPPII-specific binding site 2, a long loop between 
helix 2 and strand 6 of Trs120-IgD3 (Trs120-IgD3-Loop), which 
stretches toward the interior of the triangle-shaped TRAPPII, also 
interacts with Ypt32 (Fig. 4, B and F). Arg134 in Ypt32 contributes 
two H-bonds at this interface. One is formed by the guanidinium 
group of Arg134 with the main-chain C═O of Gln1103 in Trs120, and 
the other is between the main-chain C═O of Arg134 and the main-
chain amide groups of Gln1106 in Trs120. In addition, potential 
hydrophobic interaction occurs between Pro137 in Ypt32 and Ile1105 
in Trs120 (Fig. 4F).

When we examined the conformational change induced by the 
binding of Ypt32 to TRAPPII by superposing the TRAPPII-Ypt32 
complex with the open and closed conformations of Ypt32-free 
TRAPPII, the results indicate that the Ypt32-bound TRAPPII exhibits 
the closed conformation (Fig. 4G). Moreover, binding with Ypt32 
brings core TRAPP/TRAPPI and Trs120 closer (Fig. 4, G and H), be-
cause Ypt32 contacts with both of them (Fig. 4B). Therefore, core 
TRAPP/TRAPPI moved slightly toward Trs120, leading to a more 
compact conformation of the TRAPPII-Ypt32 complex (Fig. 4, G and H).

For interactions between the C-terminal region of Ypt32 and 
TRAPPII, in our map of the TRAPPII-Ypt32 complex, the density 
for the C-terminal region including the hypervariable domain 
(HVD) of Ypt32 could be observed, although only partial sequence 
(186 to 200) was modeled with polyalanine due to the low resolu-
tion. The structure shows that this C-terminal region of Ypt32 
extends as a rope to attach to the surface of Trs31 (Fig. 5A). CXMS 
analysis further indicated the cross-linking between Lys211 of Ypt32 
and Lys168 of Trs31 pairs (fig. S8F). Meanwhile, the Ypt1 C-terminal 
region connecting with Trs31 was observed in the yeast TRAPPIII- 
Ypt1 complex (38). To further investigate the interaction between 
HVD and TRAPPII, we constructed several C-terminally truncated 
Ypt32 mutants and tested their binding abilities with TRAPPII 
(Fig. 5, B to H). Deleting the last 10 (Ypt32 1 to 212) or 15 (Ypt32 1 
to 207) residues at the C-terminal region of Ypt32, the protein could 
still bind to TRAPPII, and the binding ability was similar to that 
of wild-type Ypt32 (Fig. 5, G and H). However, further deleting 
six more residues (Ypt32 1 to 200) led to a significant decrease of 
the binding ability (Fig. 5F). After deleting the whole HVD (Ypt32 1 
to 187), the protein completely lost its ability to bind with TRAPPII 
(Fig. 5E). These results indicate that HVD plays an essential role in 
the binding of Ypt32 with TRAPPII, and the conserved residues 201 
to 207 of HVD are critical to this interaction. This result is con-
sistent with an earlier study showing that conserved residues of the 
Ypt31/32 HVD are important for TRAPPII-mediated nucleotide 
exchange (39).
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Fig. 4. Structure of the TRAPPII-Ypt32 complex. (A) Density map and atomic model of the intact dimeric TRAPPII-Ypt32 complex. All subunits are color-coded, and the 
coloring scheme is the same as in Fig. 1A. Ypt32 is colored by green. Two perpendicular views are shown. (B) Overall structure of the TRAPPII-Ypt32 monomer. TRAPPII is 
shown in cartoon representation, and Ypt32 is displayed in surface representation. TRAPPII-specific binding sites 1 and 2 are boxed by dashed lines. Red circle indicates 
the interaction between the C-terminal region of Ypt32 (186 to 200) and Trs31. This region is zoomed in Fig. 5A. (C) Cryo-EM densities (mesh) for Trs120-IgD1-Loop (sticks). 
(D) Trs120-IgD1-Loop is embedded in one groove of Ypt32. Ypt32 is displayed in the electrostatic surface representation. (E) Interactions between Trs120-IgD1-Loop and 
Ypt32. The amino acid residues involved in the interactions are exhibited as sticks. (F) Interactions between Trs120-IgD3-Loop and Ypt32. The amino acid residues 
involved in the interactions are exhibited as sticks. (G) Structural comparison of the Ypt32-bound TRAPPII and the closed conformation of the Ypt32-free TRAPPII. 
(H) Schematic diagram showing the conformational change between the Ypt32-bound TRAPPII and the closed conformation of the Ypt32-free TRAPPII.
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Mechanism of Ypt32 activation
To investigate the role of interactions of the TRAPPII-specific loops 
with Ypt32, we compared the structures of Ypt32 in the TRAPPII- 
Ypt32 complex, in the guanosine diphosphate (GDP)–bound state 
(PDB: 3RWO) (40) and in the GppNHp (guanosine-5′ -(γ-imino)
triphosphate) [a nonhydrolyzable analog of guanosine triphosphate 
(GTP)]–bound state (PDB: 3RWM) (40) by superposing them 
(Fig. 6A). We found that the presence of Trs120-IgD1-Loop causes 
steric clashes of N694, Q696, and V698 from Trs120-IgD1-Loop 
with T138, N162, K165, and E169 on helices 4 and 5 from Ypt32 in 
the GDP-bound state as evident by the overclose distances between 
them (Fig. 6B, inset), thus pushing helices 4 and 5 outward to 
overcome the steric hindrances (Fig. 6B). Because helix 5 is con-
nected to the Ser-Ala-Leu (SAL) motif (residues 156 to 158) that 
is involved in the interaction with the guanine base (26, 41, 42), its 
movement causes the shift in SAL motif position. In addition, the 
movement of helix 4 changes the position of the loop 4-5, which 
is also affected by binding with Trs120-IgD3-Loop (Fig. 6B). Because 

the loop 4-5 also interacts with the SAL motif (Fig. 6B), its move-
ment also leads to the change of SAL position. Thus, all of these in-
teractions drive the relocation of the SAL motif (Fig. 6B). In detail, 
Ala157 of Ypt32 moves toward to the nucleotide-binding pocket, 
leading to an overclose distance between Ala157 and the guanosine 
base, which could interfere with the nucleotide binding (Fig. 6B). 
Moreover, L158, which stabilizes the guanosine base via the hydro-
phobic interaction with the guanine ring in the GDP-bound state 
(40, 43), moves away from the binding pocket and no longer inter-
acts with the guanosine base of the ligand (Fig. 6B). All these results 
suggest that binding with Trs120 loops induces a conformational 
change affecting the position of the SAL motif of Ypt32, which facili-
tates GDP release.

Along with the movement of the SAL motif detailed above, 
notable differences also occur in switch I and II motifs upon TRAPPII 
binding (Fig. 6, C and D). Because of the steric clash with the C 
terminus of Bet3-A, switch I motif (residues 34 to 48, SWI) of the 
TRAPPII-bound Ypt32 moves away from the nucleotide-binding 

Fig. 5. Attachment of the C-terminal region of Ypt32 to Trs31. (A) Zoomed view of the interaction between the C-terminal region of Ypt32 to Trs31. (B) Sequence 
alignment of the C-terminal region of Ypt32, Ypt31, and Ypt1 from S. cerevisiae. (C) Fast protein liquid chromatography (FPLC) curves of the mixtures of TRAPPII incubated with 
indicated C-terminal deletion mutants of Ypt32. UV, ultraviolet; mAU, milli-absorbance unit. (D to H) Peak fractions of the FPLCs were analyzed by SDS-PAGE. Purified 
wild-type and truncated Ypt32 proteins are displayed in different amounts (1 and 2 l) in two lanes on the gels. The position of Ypt32 protein in FPLC fractions is marked by a 
red dotted box.
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pocket, which opens the nucleotide-binding pocket in a favorable 
conformation for the nucleotide release (Fig. 6, C and D). Additional 
difference occurs on the switch II motif (residues 68 to 86, SWII), 
which adopts an intermediate position between SWII positions 
seen in the GTP- and GDP-bound states (Fig.  6D). All of these 
structural features indicate that Ypt32  in the TRAPPII-Ypt32 
complex is in open conformation, which is consistent with the fact 
that no nucleotide density was observed in the map of the TRAPPII- 
Ypt32 complex.

From our structure of the TRAPPII-Ypt32 complex, Ypt32 makes 
contacts with core TRAPP/TRAPPI in TRAPPII, in a very similar 
fashion to that of Ypt1 and core TRAPP/TRAPPI. However, previous 
studies have shown that core TRAPP/TRAPPI alone could not acti-
vate Ypt31/32 both in vitro and in vivo (11, 26, 28). This phenome-
non suggested that interaction of Ypt1 with core TRAPP/TRAPPI is 
sufficient for Ypt1 activation, but interaction of Ypt31/32 with core 
TRAPP/TRAPPI is not enough to make core TRAPP/TRAPPI acti-
vate Ypt31/32. To uncover the possible reason behind the different 
GEF activity between core TRAPP/TRAPPI for Ypt1 and TRAPPII 
for Ypt32, we analyzed several related structures. In the cytosol, the 
inactive Ypt GTPase is bound with a GDP dissociation inhibitor (GDI) 
(41, 44). Once the GDI-bound Ypt is recruited to the membrane 

and interacts with GEF, GDP is released, followed by GTP loading. 
Thus, we compared the structure of Ypt1 in the GDI-bound state 
(PDB: 2BCG) (45) with its structure in the core TRAPP/TRAPPI-Ypt1 
complex (PDB: 3CUE) (26). We also compared the structure of 
Ypt31 in the GDI-bound state (PDB: 3CPJ) (46) with the Ypt32’s 
structure in the TRAPPII-Ypt32 complex, because only the struc-
ture of the Ypt31-GDI complex has been resolved and Ypt31 shares 
more than 80% sequence identity with Ypt32 (Fig. 7A). We found 
that the loop 2-3 of Ypt1 moves toward the core TRAPP/TRAPPI 
upon binding to this complex (Fig. 7B), whereas the equivalent loop 
of Ypt32 does not change at all upon binding to TRAPPII (Fig. 7C). 
In Ypt1, such a change drives the movement of helix 5 via the 
polar interaction between D53 in the loop 2-3 and K170 in helix 
5, which further causes the relocation of the SAL motif to facilitate 
the nucleotide release (Fig. 7B). Similar conformational change of 
Ypt1 was observed when we compared the structure of Ypt1 in 
the GDI-bound state (PDB: 2BCG) (45) with its structure in the 
TRAPPIII-Ypt1 complex (PDB: 7KMT) (38). Different from Ypt1, 
the loop 2-3 of Ypt32 remains unchanged upon binding to core 
TRAPP/TRAPPI of TRAPPII (Fig. 7C). However, binding of TRAPPII 
to Ypt32 leads to the repositioning of the SAL motif similar to core 
TRAPP/TRAPPI-Ypt1 (Fig. 7C). This is found to be due to Trs120, 

Fig. 6. Mechanism of Ypt32 activation. (A) Structural comparison of Ypt32 bound to TRAPPII, to GDP (PDB: 3RWO), and to GTP (GppNHp; PDB: 3RWM). (B) Binding with 
Trs120 loops causes the movement of helices 4 and 5, and loop 4-5 of Ypt32, and the relocation of residues in the SAL motif (red arrows). Inset: Steric clashes are 
observed between N694, Q696, and V698 from Trs120-IgD1-Loop and T138, N162, K165, and E169 on helices 4 and 5 from Ypt32 in the GDP-bound state, thus pushing 
helices 4 and 5 of Ypt32 outward to overcome the steric hindrances. The numbers near the lines indicate the distances (Å). (C) Different positions of SAL and SWI motifs. 
The residue A157 in the SAL motif, the last residue D193 at the C terminus of Bet3-A, and the magnesium cation are presented as spheres. (D) Different positions of SWI 
and SWII motifs.
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Fig. 7. Model of TRAPPII-mediated Ypt32 activation. (A) Sequence alignment of Ypt31 and Ypt32 from yeast. (B) Structural comparison of Ypt1 bound to GDI 
(PDB: 2BCG) and to TRAPPI (PDB: 3CUE). (C) Structural comparison of Ypt31 bound to GDI (PDB: 3CPJ) and Ypt32 bound to TRAPPII. (D) First, TRAPPII is recruited onto the 
trans-Golgi network (I). Then, direct recognition of the Ypt32 HVD by TRAPPII ensures the specific interaction between Ypt32 and TRAPPII. The residues of G201-T207 (red) 
are indispensable for this binding. As the space of the interior of TRAPPII in the open conformation is larger than that in the closed conformation, Ypt32 may be more 
likely to bind to the open conformation (II). Upon binding to Ypt32, the open conformation changes to the closed conformation (III). Along with this transition, Ypt32 
interacts with Trs120 (III), which is coordinated with the interaction of Ypt32 with core TRAPP/TRAPPI to make Ypt32 adapt to a favorable microenvironment for the 
nucleotide release (IV).
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the TRAPPII-specific subunit, which plays a role in the relocation 
of Ypt32’s SAL motif. As shown in Fig. 6B, binding with Trs120-
IgD1-Loop causes the conformational change of Ypt32’s SAL motif 
to adapt to a favorable microenvironment for nucleotide release. 
Thus, these results may explain why core TRAPP/TRAPPI alone is 
incapable of activating Ypt32, and reveal the critical role of Trs120 in 
TRAPPII’s activation of Ypt32.

DISCUSSION
In this work, we resolved structures of yeast TRAPPII in apo and 
Ypt32-bound states. These structures reveal the positions and the 
structures of the four TRAPPII-specific subunits, Trs120, Trs130, 
Tca17, and Trs65. According to our structure, the TRAPPII monomer 
resembles a triangle, and the three edges are formed by core TRAPP/
TRAPPI, Trs120, and Trs130, respectively. Such an assembly way 
suggests the importance of Trs120 and Trs130 for the integrity and 
stability of TRAPPII, which is consistent with the lethality resulting 
from loss of Trs120 or Trs130 in yeast (47). The other two TRAPPII- 
specific subunits, Tca17 and Trs65, are not essential to yeast cell 
viability (30, 47). In our structure, Tca17 is located at one end of the 
core TRAPP/TRAPPI rod and stabilizes the interaction of TRAPPII- 
specific subunit Trs130 with the core TRAPP/TRAPPI subunit 
Trs33. Previous study indicated that loss of Tca17 does not abolish 
the formation of TRAPPII but reduces its assembly by approxi-
mately 40% (31). Thus, it is possible that, without Tca17, TRAPPII 
could still be assembled, as evidenced by the observation of the 
structure of TRAPPII lacking Tca17 reported by Walz and col-
leagues (27). It should be noted that Tca17 is essential in A. nidulans 
and lethality rescue analysis tracked down this essentiality to its role 
in TRAPPII (16). However, TRAPPII is assembled in Tca17-deleted 
mutants, meaning that Tca17-deleted TRAPPII in A. nidulans is 
not functional (16). According to our structure and others’ reports 
(16, 27), yeast TRAPPII is a dimer and Trs65 is essential to the 
formation of TRAPPII dimer. Although Trs65 is not essential for 
viability (30, 47), yeast cells with Trs65 deletion have low levels of 
Trs130 protein, are defective in the GEF activity of TRAPPII and 
the intracellular distribution of Ypt31/32, and are sensitive to three 
agents that induce oxidative stress (30, 48–50). Therefore, it is 
reasonable to deduce that the monomer of TRAPPII may be able to 
function in the cells, allowing cells to grow under normal condi-
tions. However, TRAPPII dimer might be more stable and efficient 
than the monomer, which is important for the cells to resist stresses.

The monomer in the Ypt32-free TRAPPII exhibits both open 
and closed conformations, while the monomer in the Ypt32-bound 
TRAPPII only captures the closed conformation. According to the 
structures, the space of the interior of TRAPPII in the open confor-
mation is larger than that in the closed conformation and the bind-
ing site for Ypt32 is more exposed in the open conformation; 
therefore, the open conformation could possibly accommodate the 
Ypt32 more favorably than the closed conformation (Fig. 1, B to D). 
Then, the flexible nature of TRAPPII varying between open and 
closed conformations leads to the closed conformation of Ypt32-
bound TRAPPII. The switch from the open conformation to the 
closed conformation causes Ypt32 to move closer to Trs120 and 
eventually interact with Trs120, which induces the conformational 
change of Ypt32 for activation (Figs. 6 and 7C).

According to the different conformations of Ypt32-free TRAPPII 
and Ypt32-bound TRAPPII and the previously reported steric gating 

mechanism for substrate selection (39), we proposed a hybrid model 
of TRAPPII-mediated Ypt32 activation (Fig. 7D). First, TRAPPII is 
recruited as a whole onto the trans-Golgi network by anion charge 
and other factors, such as the regulatory GTPase Arf1 (28, 51). 
Then, direct recognition of the Ypt32 HVD by TRAPPII, together 
with steric exclusion of the shorter Ypt1 HVD, ensures the specific 
interaction between Ypt32 and TRAPPII (39). As discussed above, 
the open conformation could be readier to bind Ypt32 than the 
closed conformation (Fig. 1, B to D). However, binding of Ypt32 to 
TRAPPII in the open conformation appears unstable, as suggested 
by the fact that only the closed conformation is observed in the 
TRAPPII-Ypt32 complex (Fig.  4G and fig. S8B). Thus, in the 
following step, the open conformation changes to the closed 
conformation upon binding to Ypt32. Along with this transition, 
Ypt32 interacts with Trs120, which induces the conformational 
change of the SAL motif. The interaction of Ypt32 with the core 
TRAPP/TRAPPI leads to the relocation of SWI and SWII. All of 
these structural changes make Ypt32 adapt to a favorable micro-
environment for the nucleotide release.

MATERIALS AND METHODS
Clones and plasmids
Strains with C-terminal Flag-tagged Trs120 or with gene sequence 
deletion or truncation were constructed by lithium acetate method 
(52). The genome of S. cerevisiae cells was used as the polymerase 
chain reaction (PCR) template for all plasmid construction. Gene 
sequence of Trs20 and residues 406 to 644 of Trs120 were optimized 
for exogenous expression of Escherichia coli.

Purification of TRAPPII
The Trs120-3xFLAG–tagged S. cerevisiae (44 liters) were grown in 
YPD (yeast extract peptone dextrose) medium at 30°C overnight 
until an OD600 (optical density at 600 nm) reached 5 to 6. The cells 
were pelleted by centrifugation and resuspended using the lysis 
buffer [20 mM Hepes-NaOH (pH 7.4), 150 mM NaCl, 10% glyc-
erol, 1% CHAPS, 1 mM EDTA, 2 mM dithiothreitol (DTT), 1 mM 
phenylmethylsulfonyl fluoride (PMSF)] supplemented with a 
protease inhibitor cocktail (Roche). The cell pellets were frozen 
by liquid nitrogen and then lysed with Freezer Mill 6875 (SPEX 
CertiPrep). The lysate was centrifuged at 142,400g for 40 min using 
a Type 45 Ti rotor (Beckman). All supernatants were incubated with 
anti-Flag affinity resin (Sigma-Aldrich) at 4°C for 2 hours. The resin 
was then washed by the washing buffer [20 mM Hepes-NaOH 
(pH 7.4), 300 mM NaCl, 10% glycerol, 0.1% CHAPS, 1 mM EDTA, 
2 mM DTT] and eluted with the washing buffer supplemented with 
Flag peptide (0.1 mg/ml; Sigma-Aldrich). The eluate was concen-
trated and applied to Superose 6 Increase 3.2/300 (GE Healthcare) 
equilibrated with the sample buffer [20 mM Hepes-NaOH (pH 7.4), 
150 mM NaCl, 2 mM DTT, 0.05% digitonin]. The peak fractions were 
analyzed by SDS-PAGE and the MS analysis.

Preparation of the TRAPPII-Ypt32 complex
E. coli BL21 (DE3) transformed by His-sumo-Ypt32 plasmid 
were grown at 37°C and then induced by 0.5 mM isopropyl- -d-
thiogalactopyranoside (IPTG) at 16°C overnight. The cells were 
collected by centrifugation at 5000g for 10 min using the F8-6 × 1000y 
rotor (Thermo Fisher Scientific), washed once with double-distilled 
H2O, and resuspended in the basic buffer [20 mM Hepes-NaOH 
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(pH 7.4), 300 mM NaCl, 5% glycerol] with 1 mM PMSF. Then, the cells 
were homogenized twice at 4°C using French Press (EmulsiFlex-C3, 
Avestin) at 1000 bar. The lysate was centrifuged at 18,000g for 
30 min using the JA25.50 rotor (Beckman). The supernatants were 
incubated with Ni-beads (GE Healthcare) at 4°C for 1 hour. Then, 
the beads were washed by the basic buffer with 20 mM imidazole 
and eluted with the basic buffer supplemented with 300 mM 
imidazole (Sigma-Aldrich). The elute was then applied to Superdex 
200 Increase 3.2/300 (GE Healthcare) equilibrated with the incubation 
buffer [20 mM Hepes-NaOH (pH 7.4), 150 mM NaCl, 5% glycerol, 
2 mM DTT] with 20 mM EDTA and 0.05% digitonin. The TRAPPII 
complex was changed into the same buffer by gel filtration. To 
prepare the TRAPPII-Ypt32 complex, the TRAPPII complex and 
his-sumo-Ypt32 were mixed in a molar ratio of 1:1.5 at 4°C for 1 to 
2 hours, and then the mixture was loaded onto a Superose 6 Increase 
3.2/300 (GE Healthcare) equilibrated with the elution buffer [20 mM 
Hepes-NaOH (pH 7.4), 150 mM NaCl, 2 mM DTT] with 0.05% 
digitonin. Peak fractions were collected and analyzed by SDS-
PAGE. His-sumo-Ypt32 with C-terminal truncation in various lengths 
were prepared as above and analyzed by SDS-PAGE.

Cryo-EM sample preparation and processing
Aliquots (~4 l) of the TRAPPII complex (~1.5 mg/ml) or the 
TRAPPII-Ypt32 complex (~1.7 mg/ml) were applied to freshly 
glow-discharged holey carbon grids (Quantifoil Au R1.2/1.3 400 mesh) 
and blotted for 3.5 s in 100% humidity at 8°C. The grids were 
plunged into liquid ethane with Mark IV Vitrobot (FEI). Raw 
micrographs of the TRAPPII complex were collected using a Titan 
Krios microscope (Thermo Fisher Scientific) operated at 300 kV 
and equipped with a K2 Summit direct electron detector (Gatan) 
and a GIF Quantum energy filter (Gatan). The cryo-EM images 
were automatically collected using AutoEMation (53) with a slit 
width of 20 eV on the energy filter and a preset defocus range 
of −1.8 to −1.3 m in super-resolution mode at a nominal magnifi-
cation of ×105,000. A total dose of approximately 50 electrons per 
Å−2 for each movie stack was fracted into 32 frames over 5.6-s expo-
sure time. The stacks were motion-corrected with MotionCor2 (54) 
and binned twofold, resulting in a pixel size of 1.091 Å. Raw micro-
graphs of the TRAPPII-Ypt32 complex were collected using the 
same microscope (FEI) equipped with a K3 Summit direct electron 
detector (Gatan). The cryo-EM images were automatically collected 
using AutoEMation with a slit width of 20 eV on the energy filter 
and a preset defocus range of −1.8 to −1.3 m in super-resolution 
mode at a nominal magnification of ×81,000. A total dose of 
approximately 50 electrons per Å−2 for each movie stack was fracted 
into 32 frames over 2.56-s exposure time. The stacks were motion- 
corrected with MotionCor2 and binned twofold, resulting in a pixel 
size of 0.8697 Å.

Image processing
Nearly all steps of image processing were performed using RELION 
(55–57). Contrast transfer function (CTF) parameters were esti-
mated by CTFFIND4 (58). For the TRAPPII complex, we first 
manually picked and extracted about 2000 particles, which were 
applied to the reference-free 2D classification. The obtained class 
averages were used as templates for automatic particle picking in 
RELION. All autopicked particles were subjected to several rounds 
of 2D classification to remove obvious poor particles including ice 
contaminants and aggregates and further checked manually, after 

which a set of 809,002 particles was retained. A total of 2400 particles 
from 2D classification were selected to generate an initial model 
using RELION, which was low pass–filtered to 60 Å to be used as the 
template for 3D classification. After two rounds of 3D classification, 
178,627 particles were selected and produced a 3D reconstruction 
with an average resolution of 3.87 Å without imposing any symmetry. 
A local mask of center region was applied during the refinement 
and improved the resolution to 3.46 Å (fig. S1E). The density map 
showed an apparent twofold symmetry, but only one-half displayed 
clear density and the other half exhibited very poor density, sug-
gesting its heterogeneity. We used symmetry expansion to deal with 
this (32, 33). This approach is developed by S. H. W. Scheres, the 
developer of RELION software. The developer first used this ap-
proach (called symmetry expansion) to solve the structure of a 
human apoptosome complex that has a pseudo-symmetric C7 point 
group in 2015 (32) and later detailed it in the article “Processing of 
structurally heterogeneous cryo-EM data in RELION” of Methods 
in Enzymology in 2016 (33). Since then, this method has been widely 
used to deal with pseudo-symmetric complexes with heterogeneity. 
For example, the recently work published by Kudryashev and 
colleagues in Nature Communications reported the application of 
symmetry expansion to deal with the homopentameric 5-HT3A 
serotonin receptor that has a C5 pseudo-symmetry axis (59). By the 
symmetry expansion approach, they observed five different mono-
mer conformations (59). Therefore, we think that this approach is 
effective for the conformational classification of the heteroge-
neous structure and could not result in a mistake. For our case, 
first, we expanded the dataset by rotating one monomer (half of the 
entire dimer) 180° along the C2 symmetry axis by adding 180 to 
the value of the column _rlnAngleRot in the star file of particles so 
that both monomers are reoriented onto a single position. We 
then performed classification by applying an extraordinarily soft mask 
around the reoriented monomers. The mask was created by relion_
mask_create with the --ini_threshold set to 0.003, --extend_inimask 
set to 3, and --width_soft_edge set to 10. Through this strategy, two 
distinct conformations of monomer were identified, and 3D re-
finement yielded the open and closed structures at 4.18- and 3.79-Å 
resolutions, respectively (fig. S1F). We further assigned each mono-
mer back to its original dimeric particle, resulting in the reconstruc-
tion of TRAPPII structure in three different states at resolutions of 
4.36, 4.67, and 6.54 Å for states I, II, and III, respectively (fig. S1F). 
Local resolution was estimated by ResMap (60).

For the TRAPPII-Ypt32 complex, particles were automatically 
picked up using the same templates as TRAPPII in RELION. After 
2D classification, all particles were checked manually and resulted 
in a set of 162,668 particles. After 3D classification, 56,658 particles 
were selected. Using the same expanded symmetry 3D classification 
strategy, we obtained one stable conformation of monomer at 
3.80 Å (fig. S8B). By assigning each monomer back to its original 
dimeric particle, the whole structure of the TRAPPII-Ypt32 com-
plex was resolved at 4.31 Å with imposing C2 symmetry (fig. S8B). 
Local masks of different subunits were applied to improve the quality 
of map density for model building.

Model building
The density maps of the TRAPPII monomer in different conforma-
tions and the TRAPPII-Ypt32 complex were used for the model 
building. The atomic models were generated by a strategy combining 
rigid body fitting, homology modeling, and de novo modeling. 
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Briefly, the crystal structures of core TRAPP/TRAPPI subcomplexes 
(PDB: 3CUE, 2J3T, and 2J3U) and Tca17 (PDB: 3PR6) were docked 
into the map using CHIMERA (61), and then the structure was 
manually rebuilt and adjusted on the basis of the density map in 
Coot (62). Atomic models of Trs65, Trs120, and Trs130 were built 
de novo. The results of MS analysis of the cross-linked TRAPPII 
complex provided hints for identifying those three important com-
ponents. Secondary structure prediction by Phyre2 (63) aided the 
main-chain tracing. After poly-Ala backbones were built manually, 
different domains were searched by DALI server (64) to find ideal 
homolog models. Sequence assignments were guided mainly by 
bulky residues such as Trp, Tyr, Phe, Arg, and Lys. Models were 
refined using phenix.real_space_refinement against masked map 
by applying secondary structure restraints and stereochemical 
constraints (65). In case of possible clashes between different do-
mains, combine_focused_map in Phenix was used (65). Last, most 
residues were assigned for all subunits with some residues were 
presented as poly-Ala. Residues 1 to 211 of Trs65, 1 to 263 of Trs120, 
1 to 249 of Trs130, and 674 to 693 and 704 to 728 of Trs120 could not 
be modeled due to the poor density maps. For the TRAPPII-Ypt32 
complex, Ypt32 in GDP/GTP form (PDB: 3RWM and 3RWO) and 
TRAPPII of closed conformation were docked into the map and 
manually rebuilt and adjusted in Coot. The final atomic models of 
TRAPPII in closed conformation and open conformation and the 
TRAPPII-Ypt32 monomer were cross-validated according to previ-
ously described procedures (66,  67). Briefly, atoms in the model 
were randomly shifted by up to 0.5 Å and then refined against one 
of the two independent half maps generated during the final 3D 
reconstruction. Then, the refined model was tested against the other 
map. To obtain the atomic models of the intact TRAPPII and 
TRAPPII-Ypt32 complex, atomic models of monomers were docked 
into the density maps of the dimeric TRAPPII in different states 
and the dimeric TRAPPII-Ypt32 complex. The data collection, 
model refinement, and validation statistics are presented in table 
S1. The model building is summarized in table S2. The statistics of 
the geometries of the models were generated using MolProbity (68). 
The sequence alignments were performed by Clustal W (69) and 
created by ESPript (70). All figures and movies were prepared using 
CHIMERA or PYMOL (www.pymol.org).

Chemical CXMS analysis
Following procedures previously described in (71), we performed 
CXMS analysis. About 10 g of TRAPPII was cross-linked with 1 mM 
DSS or BS3 for 1 hour at 25°C, and about 10 g of the TRAPPII-Ypt32 
complex was cross-linked with 1 mM DSS for 1 hour at 25°C. The 
reactions were quenched with 20 mM NH4HCO3. Proteins were 
precipitated with ice-cold acetone, resuspended in 8 M urea and 
100 mM tris (pH 8.5), and then digested by trypsin (Promega) in 
2 M urea and 100 mM tris (pH 8.5). The liquid chromatography–
MS/MS analysis was performed on an Easy-nLC 1000 II HPLC 
(Thermo Fisher Scientific) coupled to a Q-Exactive HF mass 
spectrometer (Thermo Fisher Scientific). Peptides were loaded on a 
precolumn [75 m inside diameter (ID), 6 cm long, packed with 
ODS-AQ 120 Å, 10-m beads from YMC Co. Ltd.] and further sep-
arated on an analytical column (75 m ID, 13 cm long, packed with 
Luna C18 1.9 m, 100-Å resin from Welch Materials) with a linear 
reversed-phase gradient from 100% buffer A (0.1% formic acid in 
H2O) to 30% buffer B (0.1% formic acid in acetonitrile) for 56 min 
at a flow rate of 200 nl/min. The top 15 most intense precursor ions 

from each full scan (resolution, 60,000) were isolated for HCD 
(higher energy collision dissociation) MS2 (resolution, 15,000; nor-
malized collision energy, 27) with a dynamic exclusion time of 30 s. 
Precursors with 1+, 2+, 7+ or above, or unassigned charge states 
were excluded. The pLink (72) software was used to identify cross-
linked peptides with precursor mass accuracy at 20 ppm and frag-
ment ion mass accuracy at 20 ppm, and the results were filtered by 
applying a 5% false discovery rate cutoff at the spectral level and 
then an E value cutoff at 0.001 (73).

Antibody labeling
A yeast strain, in which Trs65 gene was deleted from the genome 
and contained C-terminal 3xFlag-tagged Trs120, was constructed 
and named Trs65del.

The construction of 6xHIS-GFP-Trs65 driven by GAL1 promotor 
was transformed into yeast strain Trs65del. Twelve liters of trans-
formed yeast cells was cultured in minimal medium lacking leucine 
with supplement of raffinose until the OD600 reached logarithmic 
growth phase, and then galactose was added to the final concentra-
tion of 100 mM. After 6 hours of culture, the cells were pelleted and 
proteins were purified by anti-Flag affinity resins (Sigma-Aldrich). 
Anti-HIS antibodies (ZSGB-BIO) were added at a 1:1.5 molar ratio 
(antibody to protein) into the purified protein and incubated for 
30 min at room temperature. The sample was concentrated and 
applied to Superose 6 Increase 3.2/300 (GE Healthcare). The peak 
fraction was analyzed by negative-stain EM.

Dilution plating assays
Yeast strains with N-terminal or C-terminal truncation of Trs120 
or Trs130 were produced via plasmid shuffling. TRS120 and TRS130 
were separately constructed into P414/P416 plasmid under the control 
of the alcohol dehydrogenase (ADH) promoter and the CYC1 ter-
minator. The chromosomal genes TRS120 and TRS130 were disrupted 
with a HIS3 cassette. For growth analysis, cells were grown at 30°C, 
then washed by sterilized water, and diluted to OD600 of 1.25. The 
cells were plated at fivefold serial dilutions on SC-HIS/TRP [syn-
thetic complete supplement mixture (SC) without L-Histidine or 
L-Tryptophan] plates with or without 5-FOA (5-fluoroorotic acid) 
at 25°, 30°, and 37°C for 72 hours. Three independent experiments 
were performed, and one representative is presented in the figure.

Spotting assay quantification
Spotting assays were quantified by ImageJ, as described in the 
protocol (74). All acquired agar plate images were preprocessed by 
background subtraction to ensure uniformity, and then the appro-
priate third dilution was chosen for quantification. Using the same 
circle selection tool, we measured the gray values of background 
and each spot in third dilution under different temperature 
conditions for three times. Images of two independent biological 
replicates were used for quantification, and the raw values were 
recorded and normalized to a control on the same plate. Statistical 
analysis was performed using a one-way analysis of variance 
(ANOVA), followed by Tukey’s test with a 95% confidence interval 
in Origin 8.0.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5603

View/request a protocol for this paper from Bio-protocol.
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