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Structure of a TRAPPII-Rab11 activation intermediate 
reveals GTPase substrate selection mechanisms
Saket R. Bagde and J. Christopher Fromme*

Rab1 and Rab11 are essential regulators of the eukaryotic secretory and endocytic recycling pathways. The trans-
port protein particle (TRAPP) complexes activate these guanosine triphosphatases via nucleotide exchange using 
a shared set of core subunits. The basal specificity of the TRAPP core is toward Rab1, yet the TRAPPII complex is 
specific for Rab11. A steric gating mechanism has been proposed to explain TRAPPII counterselection against 
Rab1. Here, we present cryo–electron microscopy structures of the 22-subunit TRAPPII complex from budding 
yeast, including a TRAPPII-Rab11 nucleotide exchange intermediate. The Trs130 subunit provides a “leg” that 
positions the active site distal to the membrane surface, and this leg is required for steric gating. The related 
TRAPPIII complex is unable to activate Rab11 because of a repulsive interaction, which TRAPPII surmounts using 
the Trs120 subunit as a “lid” to enclose the active site. TRAPPII also adopts an open conformation enabling Rab11 
to access and exit from the active site chamber.

INTRODUCTION
Protein and membrane traffic in eukaryotic cells is controlled by 
Rab guanosine triphosphatases (GTPases) that function by recruit-
ing effector protein machinery to generate, transport, and tether 
membrane vesicles and tubules (1, 2). Rab1 and Rab11 have been 
described as the gatekeepers of the Golgi complex (3). Rab1 and its 
close paralogs enable traffic to enter the Golgi from the endoplas-
mic reticulum by recruiting vesicle tethers (4–6). Rab11 and its close 
paralogs regulate anterograde traffic out of Golgi and recycling 
endosome compartments by recruiting effectors to make and transport 
vesicles (7–10). Targeted activation of Rab1 and Rab11 at distinct com-
partments is therefore an essential feature of eukaryotic cells.

The key upstream regulators of Rab GTPase pathways are GEFs 
(guanine nucleotide exchange factors) that determine where and when 
their substrate GTPases are activated. There are at least three re-
ported GEFs for Rab11 (3, 11–15); the Rab11 GEF distributed most 
broadly throughout the eukaryotic kingdom appears to be the 
multisubunit transport protein particle II (TRAPPII) complex (16, 17). 
TRAPPII shares a set of core subunits with the related TRAPPIII 
complex, yet the TRAPPIII complex activates a different substrate, 
Rab1 (18, 19). Mutations in TRAPP subunits are known to be asso-
ciated with a diverse array of human diseases (20).

Previous work using the budding yeast (Saccharomyces cerevisiae, 
hereafter “yeast”) model determined that the same active site was 
used by both TRAPP complexes (21, 22) and that the C-terminal 
HVD (hypervariable domain) tails of the two Rabs play a key role in 
TRAPP complex specificity (23). As the basal specificity of the TRAPP 
core is toward Rab1, it was hypothesized that TRAPPII-specific 
subunits must make additional contact with Rab11 to enable its 
activation. In contrast, TRAPPII counterselection against Rab1 was 
proposed to be enforced via a steric gating mechanism, in which the 
shorter Rab1 HVD tail prevented Rab1 from accessing the TRAPPII 
active site. The key finding supporting the steric gating model was 
the observation that the addition of a ~10-residue Gly-Ser linker to 

the Rab1 HVD tail enabled Rab1 to be activated by TRAPPII both 
in vitro and in vivo (23).

Earlier studies led to an atomic model of the core TRAPP com-
plex and revealed the structural basis for Rab1 nucleotide exchange 
(22, 24). Recently, cryo–electron microscopy (cryo-EM) structures of 
the intact yeast and fly TRAPPIII complexes were reported (25, 26); 
these studies elucidated the architecture of TRAPPIII and deter-
mined how it binds membranes during the Rab activation reaction. 
Low-resolution structures of TRAPPII from multiple organisms have 
also been determined (26–29), yet the central question of how the 
same active site can activate different Rab substrates in different con-
texts remains unresolved. It is not known why TRAPPIII does not 
activate Rab11, how TRAPPII is able to activate Rab11, or how 
TRAPPII counterselects against Rab1 by steric gating.

Here, we report cryo-EM structures of the yeast TRAPPII com-
plex, including the structure of a TRAPPII-Rab11 activation inter-
mediate. These structures reveal the architecture of the complex, 
how the complex binds and activates Rab11, and the orientation of 
the complex on the membrane. We use the structure to guide func-
tional experiments that further determine why TRAPPIII is unable 
to activate Rab11 and why TRAPPII is unable to activate Rab1. We 
describe two different conformations of TRAPPII: an open state that 
allows Rab11 to access the active site chamber and a closed state in 
which the Trs120 lid encloses the chamber to enable Rab11 activation. 
Our findings provide a structural and mechanistic understanding 
of how distinct GTPases can be differentiated by different protein 
complexes sharing a common active site.

RESULTS
Molecular architecture of the yeast TRAPPII complex
Yeast TRAPPII comprises 22 subunits encoded by 10 genes, and 
yeast have two Rab11 paralogs, named Ypt31 and Ypt32. We purified 
endogenous TRAPPII from yeast and prepared a stable TRAPPII- 
Rab11 complex by incubating purified TRAPPII with purified Rab11/
Ypt32 in the presence of alkaline phosphatase (fig. S1). We then 
used single-particle cryo-EM to determine structures of TRAPPII 
by itself and bound to Rab11/Ypt32 (figs. S2 to S4 and tables S1 and 
S2). Because of the flexibility of the complex and the presence of 
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multiple conformational states, we made extensive use of symmetry ex-
pansion, focused refinement, and three-dimensional (3D) classification 
approaches. The resulting focused reconstructions had 0.143-Fourier 
shell correlation (FSC) resolutions ranging from 3.4 to 3.9 Å. The res-
olutions of the consensus monomer and dimer reconstructions were 
3.7 and 4.1 Å, respectively. To facilitate interpretation and model 
building of the entire complex, we produced composite maps using 
density-modified reconstructions of the focused refinements. We were 
able to confidently build over 84% of the residues in the complex, 
representing virtually all of the conserved elements and domains.

Within the dimeric TRAPPII particles, individual monomers 
exhibited two major conformations, which we refer to as the open 
and closed states. TRAPPII monomers bound to Rab11 adopted only 
the closed conformation. We initially focus our description and 
analysis on the Rab11-bound closed conformation and will describe 
the open conformation further below.

Viewed from the “top,” the shape of the TRAPPII dimer is rem-
iniscent of a butterfly (Fig.  1,  A  and  B). Each of the 11-subunit 
monomers forms a triangle shape in which the TRAPP core sub-
units appear to be grasped by tongs composed of the TRAPPII- 
specific Trs120 and Trs130 subunits. The arrangement and struc-
tures of the core subunits are essentially identical to their arrange-
ment and structure within the TRAPPIII and isolated TRAPP core 
complexes (22, 24–26). In the TRAPPII structure, Trs130 is linked 
to the core via Tca17, which serves as a bridge to the Trs33 core sub-
unit, consistent with previous biochemical analyses (30, 31). Trs120 
connects to the core by binding to Trs20 at the site of a human disease 
mutation that is known to disrupt both TRAPPII and TRAPPIII 
assembly (32–34). The arrangement of Trs120 and Trs130 in the com-
plex relative to the core (figs. S5 and S6) fits well with published 
experimental data (30–34) but is different from that inferred from 
negative-stain analysis reported previously (28). Trs65 forms an ex-
tensive interface between the two monomers (fig. S7), confirming its 
established role in dimerization of the TRAPPII complex (28, 30). 
As the structures of Trs65, Trs120, and Trs130 have not been previ-
ously reported, we provide more details regarding their folds and 
comparisons to structural homologs in figs. S5 to S7.

Viewed from the “edge,” TRAPPII is shaped like an arch. This 
curved shape was not observed in published negative-stain analysis, 
perhaps because of staining artifacts (28). Viewed from the “side,” 
each monomer forms a chamber in which Rab11 is sandwiched be-
tween the core and Trs120. The N-terminal portion of Trs120 con-
tains a GTPase fold and bears a strong resemblance to the TRAPPIII 
subunit Trs85. Trs120 interacts with Trs20  in a manner that is 
remarkably similar to the interaction between Trs85 and Trs20 in 
TRAPPIII (fig. S5, B and E).

Trs130 interacts with Tca17 (fig. S6) in a manner identical to 
that recently predicted computationally (35), at the site of a muta-
tion in the human Tca17 paralog TRAPPC2L that disrupts this 
interaction and is associated with a neurodevelopmental disorder 
(36). Notably, the N-terminal region of Trs130 extends a substantial 
distance down below the core of the complex, and we refer to this 
extension as a “leg.” This leg region appeared to be somewhat flexi-
ble, requiring our use of focused refinements to produce reasonable 
density maps that facilitated model building. The “foot” of this leg 
adopts a GTPase fold, akin to the GTPase folds also found in Trs120 
of TRAPPII and Trs85 of TRAPPIII, although we note that none of 
these GTPase-like domains appear able to bind nucleotide. We de-
scribe the importance of the Trs130 leg region further below.

Interaction with Rab11 and orientation of TRAPPII 
on the membrane
As expected from previous work, the nucleotide-binding domain 
(NBD) of Rab11/Ypt32 binds to the TRAPP core in the same active 
site used to bind the Rab1/Ypt1 NBD (Fig. 2 and fig. S8A) (21, 22). 
GEFs exchange nucleotide by destabilizing nucleotide binding to 
the GTPase, resulting in a nucleotide-free, GEF-bound intermedi-
ate. Superposition of the published structure of inactive, guanosine 
diphosphate (GDP)–bound Rab11/Ypt32 (37) onto the nucleotide- 
free activation intermediate indicates that the GTPase “switch I” region 
has undergone a marked opening concomitant with nucleotide re-
lease (Fig. 2A). To compare TRAPP activation of Rab1 versus Rab11, 
we superimposed TRAPPII-bound Rab11/Ypt32 onto the published 
structures of Rab1/Ypt1 bound to the isolated TRAPP core (fig. 
S8A) (22) and Rab1/Ypt1 bound to TRAPPIII (fig. S8B) (25). This 
comparison indicates the structures of the Rab1 and Rab11 nucleotide-
free intermediates, and their interfaces with the TRAPP core of 
their corresponding GEF are quite similar. As found for Rab1/Ypt1, 
Rab11/Ypt32 makes contact with the Bet3, Bet5, Trs31, and Trs23 
subunits, and we observed density corresponding to the C terminus 
of one of the Bet3 subunits interacting with the opened nucleotide- 
binding site. Together, these observations suggest that the core ac-
tive sites of both TRAPPII and TRAPPIII use the same mechanism 
to disrupt nucleotide binding as was first determined for the isolated 
TRAPP core (22).

Somewhat unexpectedly, we observed that the HVD of Rab11/
Ypt32 binds to the same pocket on the Trs31 core subunit (Fig. 2B) 
that binds to the HVD of Rab1/Ypt1 in TRAPPIII (25). Given the 
twofold symmetry of the TRAPPII complex and the fact that acti-
vated Rab11 is anchored to the membrane via hydrophobic prenyl 
modifications of C-terminal cysteine residues, we can confidently predict 
the orientation of the complex on the membrane surface (Fig. 2C).

Rab11 is a poor substrate for the TRAPP core 
due to an unfavorable interaction
To understand why Rab11 is a poor substrate of the TRAPP core, 
we compared the core-Rab1 and core-Rab11 interaction interfaces. 
We identified a potentially unfavorable repulsive interaction of 
the core with Rab11 due to a negatively charged surface of Rab11 
(Fig. 2D and fig. S8, C and D). The corresponding surface of Rab1 is 
less anionic and therefore expected to be more favorable (Fig. 2E 
and fig. S8, E and F). To test whether this surface of Rab11 was re-
sponsible for the inability of the TRAPP core to activate Rab11, we 
grafted the corresponding surface of Rab1 onto Rab11. We found 
that this grafted Rab chimera (fig. S8G) gained the ability to interact 
stably with TRAPPIII in the “GRab-IT” (GEF-Rab Interaction Test) 
ectopic localization assay (23), in which Rab11 does not normally 
interact with TRAPPIII (Fig. 2, F and G). This indicates that Rab11 
is a poor substrate of the core due, at least in part, to this unfavorable 
interaction surface.

Trs120 forms a lid that encloses the active site chamber
Our group previously proposed that TRAPPII is able to activate Rab11 
because the TRAPPII-specific subunits provide additional unknown 
interaction(s) with Rab11 (21, 23). The structure of the TRAPPII- 
Rab11/Ypt32 activation intermediate supports this proposal, as we 
now observe that Trs120 makes multiple direct contacts with Rab11/
Ypt32 on a surface of the GTPase that is distal to its interaction with 
the core (Fig. 3A). We identified three different ordered loops of 
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Trs120 that contact Rab11. One of these loops (“loop 1”) interacts 
with Rab11/Ypt32 by adopting a  strand that binds to the edge of the 
GTPase  sheet (Fig. 3A). The other loops (“loop 2” and “loop 3”) 
make primarily electrostatic interactions with Rab11/Ypt32 (Fig. 3B).

To determine the importance of the interactions between Trs120 
and Rab11, we tested mutants in conserved residues that we expected 
might disrupt this interaction. In the GRab-IT assay, charge-reversal 
mutants of Rab11/Ypt32 expected to introduce repulsive interac-
tions lost the ability to interact stably with Trs120 (Fig. 3, C and D). 
These mutants were also unable to provide the essential function 
of the YPT31/32 genes in a complementation assay (Fig. 3E and fig. 
S9A), although we cannot rule out the possibility that their loss of 
function was due to disruption of effector binding. We therefore 
tested the ability of trs120 loop deletion mutants to complement the 
essential function of the TRS120 gene. We found that deletion of 
any single loop resulted in only a minor growth phenotype, while 
deletion of all three loops resulted in a substantial growth defect 
(Fig. 3F and fig. S9, B and C). Our interpretation of this set of results 
is that, although some specificity is likely contributed by these inter-
actions, these ordered loops may be more important for providing 

steric bulk than for providing specific interactions with Rab11. We 
therefore propose that Trs120 serves as a lid to enclose the active site, 
creating an active site chamber (Fig. 3G). By lowering the off-rate of 
Rab11 from the TRAPP core, the Trs120 lid may enable TRAPPII to 
catalyze nucleotide exchange despite the otherwise unfavorable in-
teraction between Rab11 and the core described above.

Trs130 provides a leg that lifts the active site above 
the membrane to enforce steric gating
The cryo-EM density for the portion of the Rab11/Ypt32 HVD 
bound to the TRAPP core was clear enough that we could confi-
dently model HVD residues 202 to 207 bound to Trs31 (fig. S8H), 
and this modeled sequence is consistent with the established HVD 
sequence requirements for Rab11 activation by TRAPPII (23). The 
residues of the Rab1/Ypt1 HVD required for binding to the equiva-
lent pocket of Trs31  in TRAPPIII have also been mapped (25). 
There is little sequence homology shared between the portions 
of the Rab1 and Rab11 HVDs bound to Trs31 (fig. S8I), yet both 
sequences include the “CIM” motif required for posttranslational 
prenylation (38). Furthermore, in both cases, the HVD adopts a  

90° 90°

70° 70°

A BTop view

Edge view

Side view

Fig. 1. Cryo-EM structure of a TRAPPII-Rab11/Ypt32 activation intermediate. (A) Cryo-EM density of the TRAPPII-Rab11/Ypt32 complex. Subunits are labeled, and the 
complex is shown from top, edge, and side views. (B) Atomic model of the complex.
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strand structure that makes backbone contacts with the  sheet in 
Trs31 [fig. S8H and (25)].

The relative positions of the HVD residues bound to Trs31  in 
each Rab-TRAPP complex (fig. S8I) support the steric gating model 
in which the Rab1 HVD is not long enough for the Rab1 NBD to 
reach the TRAPPII active site (Fig. 4A). To continue probing the steric 
gating model, we aimed to further test the HVD length requirement of 
Rab11. Previous analysis of Rab11 tested the impact of truncations 

of a more N-terminal portion of the HVD, residues 186 to 200 (23), 
which our structure reveals to lie in between the Trs31-binding se-
quence (residues 202 to 207) and the NBD. We therefore produced 
a new truncation of the HVD, removing residues 208 to 215, which 
are C-terminal to the Trs31-binding sequence and are therefore ex-
pected to be required for spanning the gap between Trs31 and the 
membrane surface. This eight-residue truncation resulted in a loss 
of cell viability, which was rescued by substitution of the truncated 
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Fig. 2. Interactions between the TRAPPII core and Rab11/Ypt32. (A) Close-up view of the interaction between the catalytic core (yellow) and nucleotide-free Rab11/
Ypt32 (orange). The structure of inactive, GDP-bound Rab11/Ypt32 (37) is superimposed (green) to show the conformational changes associated with nucleotide release. 
(B) Close-up view of the Rab11/Ypt32 HVD binding site on the Trs31 core subunit. (C) Model for orientation of the complex on the membrane surface. (D) Close-up view 
of TRAPPII-bound Rab11/Ypt32, colored by electrostatics. The anionic patch on the Rab is highlighted with a dashed circle. (E) Close-up view of TRAPPIII-bound Rab1/Ypt1 
(25), colored by electrostatics. The equivalent patch, which is more neutral in Rab1/Ypt1, is highlighted with a dashed circle. (F) Imaging data from a GRab-IT (GEF-Rab 
Interaction Test) experiment testing the association of indicated Rab constructs with TRAPPIII. Note that all Rab constructs harbor a mutation that prevents nucleotide 
binding (see Materials and Methods). Scale bar, 2 m. wt, wild type. (G) Quantification of the GRab-IT data. **P < 0.01.
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residues with an eight-residue Gly-Ser linker (Fig. 4B). The trunca-
tion lost its ability to interact with TRAPPII in the GRab-IT assay, 
but the interaction was restored by the same Gly-Ser linker (Fig. 4, 
C and D). The eight-residue truncation also prevented activa-
tion of fluorescently tagged Rab11/Ypt32 in cells, as monitored by 
its colocalization with the late Golgi marker Sec7, and this phe-
notype was also rescued by addition of an eight-residue Gly-Ser 
linker (fig. S9D). These data provide additional evidence support-
ing the existence of an HVD length constraint for Rab activation by 
TRAPPII.

The N-terminal leg of Trs130 appeared likely to serve as a struc-
tural element responsible for lifting the active site away from the 
membrane (Fig. 4A). To test this possible role of the Trs130 leg, we 
designed an internal truncation of this leg that preserved the putative 
membrane-binding foot region, which includes the GTPase-like 
domain, at the N terminus of Trs130 (Fig. 4E). The truncation re-
moved five ⍺ helices (residues 201 to 340, helices II to VI) from the 
⍺-solenoid portion of Trs130 to generate a “short-leg” construct. As 
predicted by the steric gating hypothesis, truncation of the Trs130 

leg resulted in a gain-of-function phenotype: The short-leg mutant 
gained the ability to stably interact with Rab1/Ypt1 in the GRab-IT 
assay (Fig. 4, F and G). Therefore, the Trs130 leg is required to en-
force counterselection against Rab1.

TRAPPII conformational change may enable Rab11 to access 
the active site
A mixture of open and closed states was present in the TRAPPII- 
only (lacking Rab11/Ypt32) cryo-EM data, and 3D classification 
resulted in classes representing four different conformations of the 
TRAPPII dimer (fig. S3): ~30% of particles sorted into a class in 
which both monomers were closed (“closed/closed”), ~50% of particles 
sorted into two classes in which one monomer was closed and the 
other monomer was either open (“closed/open”) or partially open 
(“closed/partially open,” a state with a conformation that is inter-
mediate between the open and closed states), and ~20% of particles 
sorted into a class in which one monomer was open and the other 
monomer was partially open (“open/partially open”). A state re-
sembling the closed/open state appears to have also been previously 
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Fig. 3. Trs120 forms a lid required for Rab11/Ypt32 interaction. (A) View of the Rab11/Ypt32 binding interface with Trs120. Ordered loops that contact Rab11/Ypt32 
are indicated. (B) Close-up view of (A), with residue conservation indicated. (C) Imaging data from a GRab-IT experiment monitoring the association between TRAPPII and 
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Trs130 leg structure. (F) GRab-IT imaging data to test the interaction of Rab11/Ypt32 with TRAPPII harboring the short-leg Trs130 construct. (G) Quantitation of the data 
in (F). Scale bars, 2 m (C and F). **P < 0.01.
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observed in a subset of particles imaged during negative-stain EM 
analysis of TRAPPII (28).

Classification of the TRAPPII-Rab11/Ypt32 cryo-EM data re-
sulted in three different classes (fig. S2): ~30% of particles sorted 
into the closed/closed state, ~40% of particles sorted into the closed/
partially open state, and ~30% of particles sorted into the closed/
open state. Rab11/Ypt32 was not bound to the open or partially 
open monomers in any of the classes. This is consistent with the 
idea that closing of the Trs120 lid is required for productive binding 
and subsequent nucleotide exchange of Rab11.

Further 3D classification of the closed/open class of the 
TRAPPII-Rab11/Ypt32 cryo-EM data resulted in a subset (~50%) 
of the particles sorting into a class in which Rab11/Ypt32 bound at 
full occupancy to the closed monomer (fig. S2). Among classes con-
taining at least one open or partially open monomer, this class 
resulted in the highest resolution reconstruction (4.5 Å). We therefore 
used this class for further focused refinements and obtained focused 
maps ranging in overall resolution values of 3.8 to 4.2 Å, which 
aided in model building and analysis of the open conformation-
al state (Fig. 5, A and B).

Compared to the closed state, in the open state, the catalytic core 
has rotated 16°, and the active site chamber has undergone substantial 
expansion. This expansion is accomplished by two major structural 
changes. First, Trs130 has undergone a bending motion in which 
the leg region has moved more distal to its position in the closed 
state (Fig. 5C). Second, Tca17 adopts a completely different set of 
interactions with the core in the open and closed states. In the closed 
state, Tca17 interacts with core subunits Bet3 and Trs33 (Fig. 5D 
and fig. S10, A and B), while in the open state, Tca17 has lost its 
interaction with Bet3 and interacts with a different surface of Trs33 
(Fig. 5E and fig. S10, C and D). The Tca17-Bet3 interactions and 
each of the two different Tca17-Trs33 interactions involve con-
served surfaces of Bet3, Tca17, and Trs33 (although the surface of 
Tca17 involved in the open-state interaction appears somewhat less 
conserved) (fig. S10, E to I). A mutation in TRAPPC6A, one of the 
two human paralogs of Trs33, is associated with a neurodevelop-
mental syndrome (39) and occurs at a position in the structure that 
appears important for stabilizing the open conformation (fig. S10D).

In the closed state, nucleotide-free Rab11 is tightly sandwiched 
in between the TRAPP core and the Trs120 lid, suggesting that con-
formational change is necessary to enable Rab11 to diffuse into or 
out of the TRAPPII active site (Fig. 5, F and G). In the open state, 
the distance between the Trs120 lid and the TRAPP core has in-
creased by ~10 Å relative to the closed state (Fig. 5, H and I). This 
expansion of the active site chamber is expected to more easily ac-
commodate initial binding of Rab11/Ypt32 to the catalytic core. We 
therefore propose that the open state facilitates Rab11 entrance to 
and exit from the active site chamber (movie S1).

DISCUSSION
The structures presented here provide a structural basis for Rab11 
activation by the TRAPPII complex, shed light on diseases associated 
with TRAPP genes, and explain the roles of each of the TRAPPII-
specific subunits. Trs120 acts as a lid to enclose the active site, 
which is necessary for Rab11 activation because Rab11 is a relatively 
poor substrate for the TRAPP core. Trs130 provides a leg to lift the 
active site away from the membrane surface, enforcing counter
selection against Rab1 by steric gating. Tca17 forms two different 

interfaces with Trs33, enabling the complex to adopt both closed 
and open conformations. The open state presumably allows Rab11 
to enter and exit the active site chamber, while the closed state ap-
pears to be required for catalysis.

In the yeast TRAPPII complex, Trs65 creates an extensive inter-
face to dimerize the complex. Metazoan TRAPPII complexes lack a 
homolog of the Trs65 subunit and are correspondingly monomeric 
(26, 27, 30, 32, 40). Dimerization may be important for enforcing 
the orientation of yeast TRAPPII on the membrane surface, so 
it is an open question whether the metazoan TRAPPII complex also 
uses steric gating to counterselect against Rab1. Nevertheless, com-
parison of our findings to published low-resolution structures, cross- 
linking data, and structural predictions of TRAPPII from other 
organisms (figs. S5 and S6) (26, 27, 29) indicates that the overall orga-
nization of the TRAPPII monomer is conserved across eukaryotes. 
We therefore expect the mechanisms used by TRAPPII to identify 
and activate Rab11 to be conserved.

An additional factor may be involved in enforcing the orienta-
tion of TRAPPII on the membrane in both yeast and metazoans. 
Our group previously identified the GTPase Arf1 as a key recruiter 
of TRAPPII (21), and we speculate that Arf1 may bind to a con-
served surface on the bottom of the Trs120 subunit (fig. S5H). This 
would provide an additional leg for TRAPPII, opposite to the 
Trs130 leg. Support for this conjecture comes from biochemical re-
constitution experiments in which Arf1 was required for enforcing 
TRAPPII substrate specificity toward Rab11 and against Rab1 (23). 
Future studies are needed to experimentally identify the Arf1 bind-
ing site on TRAPPII.

Our analysis of the structural data indicates that Tca17 plays a 
key role in conformational switching between the open and closed 
states of TRAPPII. However, although TRS120 and TRS130 are both 
essential genes, TCA17 is not essential in yeast. Examination of the 
structures suggests that in the absence of Tca17, TRAPPII could still 
adopt both the open and closed states, but the complex would be 
more flexible and less stable. Although viable, cells lacking Tca17 
appear to be significantly defective in activating Rab11 at the Golgi 
(31). Further analysis of the implications of switching between the 
open and closed states will require development of mutants that are 
trapped in either state.

More than one conformation was also observed for the fly TRAPPIII 
complex (26). This movement involved changes in the position of 
the TRAPPC8 subunit, which occupies a location in TRAPPIII sim-
ilar to that of Trs120 in TRAPPII. The observed motion of TRAPPIII 
appears quite different from what we observe for TRAPPII. In one 
conformation, TRAPPC8 was predicted to prevent Rab1 binding to 
the core, and in the other conformation, TRAPPC8 was predicted 
to make direct contact with Rab1. Relative to the core binding site 
on the “bottom” face of the Rab, TRAPPC8 appeared to be posi-
tioned to interact with the side of Rab1, whereas we observe that 
the Trs120 lid interacts with the top of Rab11. Therefore, although 
TRAPPC8 was found to be important for Rab1 activation, on the 
basis of the structural data, it appears that TRAPPIII does not use 
TRAPPC8 as a lid (26). Additional studies are required to fully 
define the mechanisms used by metazoan TRAPPIII to distinguish 
and activate its substrate.

Rab GTPases interact with their effectors and regulators on the 
surface of organelle and vesicle membranes. The C-terminal HVD 
tails of Rabs create spacing between the effector-binding NBDs and 
the membrane surface. This spacing and flexibility is thought to be 
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Fig. 5. The open state of TRAPPII may facilitate access to the active site chamber. (A and B) Structure of the closed/open state in which Rab11/Ypt32 is bound to the 
closed monomer. (C) Superposition of Trs130 from the closed and open states. (D) Close-up view of the interactions between Tca17 and the core in the closed state. 
(E) The same as (D) but for the open state. (F) Close-up view of the of Rab11/Ypt32-bound monomer in the closed state. (G) Schematic of the closed state in (F). (H) Close-up 
view of Rab11/Ypt32 superimposed onto the core of the open monomer to demonstrate the increased distance between the core and Trs120. (I) Schematic of the super-
imposed open state model in (H).
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important for the function of Rab effectors such as motors and teth-
ering factors. It is now clear that both the sequence and length of the 
HVD can also be critical determinants used by GEFs to identify their 
Rab substrates. Our work explains how a key Rab regulator meets its 
GTPase substrate where it is—at a distance from the membrane. Our 
findings support the idea that geometrical constraints imposed by 
organelle and vesicle membranes may be a general feature used by 
proteins that interact on membrane surfaces to enforce specificity.

MATERIALS AND METHODS
Antibodies
Mouse monoclonal anti-mNeonGreen antibody was obtained from 
ChromoTek (catalog number 32f6) and used at 1:1000 dilution. 
Rabbit polyclonal anti–glucose-6-phosphate dehydrogenase antibody 
was obtained from Sigma-Aldrich (catalog number SAB2100871) 
and used at 1:25,000 dilution. Mouse monoclonal anti-HA antibody 
(Roche, 12CA5) was used at 1:1000 dilution. Rabbit and mouse im-
munoglobulin G (IgG) horseradish peroxidase–linked whole anti-
bodies were both obtained from Sigma-Aldrich (GE Healthcare; 
catalog numbers NA934 and NA931, respectively) and used at 
1:5000 dilution.

Protein expression and purification
TRAPPII
Endogenous TRAPPII was purified from 48 liters of yeast with Trs130 
tagged at the C terminus with a tandem affinity purification tag 
using the procedure described previously (23) and summarized here 
briefly. Yeast cells were homogenized using a freezer mill (SPEX 
SamplePrep), and the clarified cell lysate was applied to Sepharose 
6B (Sigma-Aldrich) to remove protein that binds to Sepharose non-
specifically. Sepharose 6B purified cell lysate was incubated with IgG 
Sepharose (GE Healthcare) followed by buffer wash steps to remove 
nonspecifically binding proteins. TRAPPII bound to IgG resin was 
incubated with Tobacco Etch Virus (TEV) protease overnight to 
remove the protein A–tag. IgG purified protein was further subjected 
to affinity purification using Calmodulin Sepharose (GE Health-
care). Purified TRAPPII was further subjected to size exclusion 
chromatography (SEC) using a Superdex 200 Increase 3.2/300 col-
umn (GE Healthcare). The final protein buffer was 10 mM tris (pH 8.0), 
150 mM NaCl, 0.1% CHAPS, 1 mM Mg acetate, and 1 mM dithio-
threitol. Peak elution fractions were pooled, concentrated, and 
directly used for cryo-EM analysis of the TRAPPII complex. An 
additional step was used to prepare the TRAPPII-Ypt32 complex as 
described below.
Rab11/Ypt32
A Rab11/Ypt32 construct harboring a glutathione S-transferase (GST) 
tag at the N terminus was expressed recombinantly in Rosetta2 cells 
(EMD Millipore) and purified using the procedure described previ-
ously (21). The C-terminal cysteines (residues 221 and 222), which 
are prenylated in vivo, were substituted with a 7×His tag in this con-
struct. The final purified protein retained the C-terminal 7×His tag, 
while the GST tag was cleaved during the course of the purification.

Preparation of the TRAPPII-Rab11/Ypt32 complex
Tenfold molar excess of purified Rab11/Ypt32-7×His was added to 
the TEV cleavage reaction mixture in the TRAPPII purification 
procedure described above. Calf intestine alkaline phosphatase (In-
vitrogen) was added to the reaction mixture and incubated at 4°C 

overnight to hydrolyze the nucleotide and facilitate stable associa-
tion of nucleotide-free Rab11/Ypt32 with TRAPPII. The TRAPPII- 
Rab11/Ypt32 complex was further purified using the affinity 
chromatography with Calmodulin Sepharose and SEC as de-
scribed above.

Cryo-EM sample preparation, data collection, data 
processing, and model building
Cryo-EM grids for TRAPPII and TRAPPII-Rab11/Ypt32 complexes 
were prepared using the same procedure. Three microliters of sam-
ple (TRAPPII at 6.8 mg/ml and TRAPPII-Rab11/Ypt32 at 5.5 mg/ml) 
was applied to a plasma-cleaned UltrAuFoil R1.2/1.3 (Quantifoil) grid 
inside a Vitrobot IV (Thermo Fisher Scientific) at 4°C and 100% 
humidity. The sample was incubated on the grid for 10 s, followed 
by blotting for 5 s using blot force 3, and then immediately plunged 
into liquid nitrogen–cooled liquid ethane.

Cryo-EM data (tables S1 and S2) were collected using a Talos 
Arctica operating at 200 kV and equipped with a K3 detector and 
BioQuantum energy filter. For the TRAPPII-Rab11/Ypt32 dataset, 
4998 50-frame movies were collected in super-resolution mode (0.62 Å 
per super-resolution pixel). Frame alignment was carried out using 
MotionCor2 (41), and initial defocus estimation was carried out using 
Patch CTF in cryoSPARC (42). A total of 4906 micrographs showing 
CTF resolution estimates higher than 6 Å were selected for further 
processing. The first 200 micrographs were used to pick particles 
using a reference-free particle picker (“Blob picker”). These parti-
cles were subjected to 2D classification and classes showing 
sharp protein-like features were selected as templates for reference-
based particle picking (“Template picker”) to obtain an initial set 
of 979,187 particles, which were Fourier-cropped to 1.43 Å per 
pixel. Additional steps of 2D classification and two-class ab initio 
refinement followed by a two class heterogeneous refinement were 
carried out to remove junk particles, which gave a clean set of 
524,578 particles. This clean particle set was then imported into 
RELION 3.1 (43, 44) and subjected to iterative rounds of 3D refine-
ment with C2 symmetry and CTF refinement followed by a Bayesian 
polishing step to obtain a consensus 3D reconstruction at 3.9 Å. To 
assess the heterogeneity of the dataset, unmasked 3D classifica-
tion was carried out using C1 symmetry, which revealed multiple 
conformational states of the TRAPPII-Rab11/Ypt32 complex as 
summarized in fig. S2. We observed three distinct classes for the 
TRAPPII-Rab11/Ypt32 complex: one in which both the monomers 
were in the “closed” state (closed/closed dimer), one in which one 
monomer was in the closed while the other monomer was in the 
“open” state (closed/open dimer), and a third state in which one 
monomer was in the closed state and the other monomer was in a 
“partially open” state (closed/partially open dimer). The particles in 
the closed/closed dimer class were then subjected to 3D refinement 
using C2 symmetry to obtain a 4.1-Å final reconstruction of the 
symmetric dimer. In this map, the local resolution of the central 
region was higher than that of the regions furthest from the central 
region. We suspected that this could be due to relative movement 
between the two monomers, and therefore, we carried out symme-
try expansion of the particle set in which each particle image was 
superposed on itself after applying a rotation of 180°. We then sub-
tracted the signal for one of the monomers from this symmetry 
expanded dataset and carried out 3D refinement on the subtracted 
particle images to obtain a reconstruction of the closed monomer. 
Further 3D classification was used to select for Rab11/Ypt32-bound 
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closed monomers to obtain a final reconstruction of the closed 
Rab11/Ypt32-bound monomer at 3.7 Å.

The particles in the closed/open and closed/partially open states 
were combined and subjected to 3D refinement to obtain a consen-
sus map of the asymmetric dimer. These particles were then sub-
jected to 3D classification with fixed alignment, which gave two 
closed/partially open classes and two closed/open classes. The class-
es with a partially open monomer showed loss of map density at the 
interface between Trs130, Tca17, and the catalytic core, possibly 
because of the high conformational heterogeneity of this region. 
Among the two closed/open classes, one class showed map density 
for Ypt32 bound to the closed monomer, and this class was further 
refined to obtain a 4.5-Å-resolution reconstruction (asymmetric 
dimer “state A”). The other closed/open class was refined to 4.8 Å 
(asymmetric dimer “state B”). We then subtracted the signal for the 
closed monomer from both the closed/open dimer classes to obtain 
focused maps for the open monomers from these classes. To further 
improve the resolution, the signal-subtracted particles of open mono-
mers from both the classes were combined to obtain a final recon-
struction of the open monomer at an overall resolution of 4.2 Å. A 
4.2-Å reconstruction for the closed Rab11/Ypt32-bound monomer 
from asymmetric dimer state A was obtained upon subtraction of 
signal for the open monomer. Substantial improvements in resolu-
tion for portions of the open and closed monomers and the sym-
metric and asymmetric dimer maps were obtained by doing more 
focused refinements as shown in fig. S2.

For the TRAPPII-only dataset, 3333 50-frame movies were col-
lected in super-resolution mode (0.62 Å per super-resolution pixel). 
A similar procedure to that described for the TRAPPII-Rab11/Ypt32 
dataset was used to obtain a clean set of 303,062 particles (1.43 Å per 
pixel). Unlike the TRAPPII-Rab11/Ypt32 dataset, all further pro-
cessing steps were carried out in cryoSPARC (fig. S3 and table S2). 
These particles were further subjected to 3D classification (hetero-
geneous refinement), which yielded four distinct populations of 
TRAPPII: a closed/open state, a closed/closed state, a partially open/
open state, and a closed/partially open state. Particles in each of these 
states were subjected to homogeneous 3D refinement followed by 
nonuniform 3D refinement to obtain reconstructions of the closed/
open, closed/closed, partially open/open, and closed/partially open 
states at 4.7, 4.2, 4.9, and 4.9 Å, respectively.

Model building and refinement
The symmetric dimer map, the monomer map, and the correspond-
ing focused maps were used for building the symmetric TRAPPII- 
Rab11/Ypt32 model. For the asymmetric TRAPPII-Rab11/Ypt32 
model, the asymmetric dimer state A map, the map for the closed 
monomer from asymmetric dimer state A, the open monomer map, 
and the corresponding focused maps were used. Density modifica-
tion (45) was performed on these maps in Phenix (46) to facilitate 
interpretation during model building. Individual models for the 
catalytic core subunits Trs23, Trs31, Bet5, and Bet3 from Protein 
Data Bank (PDB) 3CUE; the predicted models for Trs20 and Trs33 
obtained using trRosetta; the model for Rab11/Ypt32 from PDB 
3RWO; and the model for Tca17 from PDB 3PR6 were fitted into 
the focused maps for the core/Ypt32 region in Chimera (47) and rebuilt 
in Coot (48). Predicted models for Trs120, Trs130, and Trs65 were 
initially obtained using trRosetta (49). The predicted models for 
Trs120, Trs130, and Trs65 did not fit well in the cryo-EM maps 
because of differences in the overall organization of domains in the 

predicted models versus that observed in our cryo-EM maps. 
Hence, the predicted models for Trs120, Trs130, and Trs65 were 
split into individual domains that fit well into the focused maps and 
were further rebuilt in Coot. Notably, the low local resolution of 
map density for parts of the N-terminal domains of Trs65 (residues 
1 to 120 and 198 to 210) and Trs130 (1 to 239) precluded accurate 
side-chain modeling, and therefore, we built these regions as poly-
alanine models. A model for the closed and open monomers was 
made by fitting the rebuilt models for the individual subunits and 
domains into the closed and open monomer maps, respectively. 
These composite monomer models were further rebuilt into the re-
spective monomer maps to ensure that residues at the focused map 
interfaces were built correctly. Composite models for the symmet-
ric (closed/closed) and the asymmetric (closed/open) dimers were 
made by fitting the respective monomer models into the consensus 
maps for the symmetric and asymmetric dimers, respectively. The 
overall models were then subjected to real-space refinement against 
composite maps for the symmetric (closed/closed) and the asymmetric 
(closed/open) dimers. The composite maps were generated with 
combine focused maps in Phenix (46) using the density-modified 
focused maps together with the monomer and dimer consensus 
maps. For the Trs130 N-terminal regions, unsharpened focused 
maps were low-pass–filtered to 7 Å before combining these in the 
composite maps. Real-space refinement was carried out in Phenix 
using secondary structure and Ramachandran restraints (50). Model- 
map validation statistics of the refined models were calculated using 
the Comprehensive validation tool in Phenix (50). The 0.143 model- 
map FSCs are reported in fig. S4, and cryo-EM data collection, re-
finement, and model validation statistics are reported in table S1.

Software
The structural biology software that we used is maintained by 
SBGrid (51).

Fluorescence microscopy
Cells (table S3) were grown in appropriate synthetic dropout media 
at 30°C to mid-log phase [OD600 (optical density at 600 nm) of ~0.5] 
and imaged using DeltaVision Elite system (GE Healthcare Life 
Sciences) equipped with an Olympus IX-71 inverted microscope, DV 
Elite complementary metal-oxide semiconductor camera, a ×100/1.4 
numerical aperture oil objective, and a DV Light SSI 7 Color illumi-
nation system with Live Cell Speed Option with DV Elite filter sets. 
Images were acquired and deconvolved (conservative setting, six 
cycles) using DeltaVision software softWoRx 6.5.2 (Applied Precision). 
All fluorescence microscopy images shown in the figure panels are 
single focal planes.

GEF-Rab Interaction Test
GRab-IT assays were performed as described previously (23). 
N-terminal mRFPmars-tagged Rab baits were expressed as 
nucleotide-free mutant constructs [Rab1/Ypt1(D124N) and Rab11/
Ypt31/32(D129N)] and were ectopically localized to the mitochon-
drial membrane by substituting the C-terminal cysteine residues 
with the transmembrane domain of Fis1 (residues 129 to 155). The 
endogenous copy of the GEF (Trs130 or Trs85) was tagged with a 
C-terminal mNeonGreen tag for data shown in Figs. 2F, 3C, and 4C 
(table S3). Trs130 and Trs130-201–340 with a C-terminal mNeo-
nGreen tag were expressed as an additional copy using the pRS415 
vector (leucine selection) for data shown in Fig. 4F. Recruitment of 
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the GEF on Rab constructs localized to the mitochondria was quan-
tified using Manders overlap analysis in ImageJ (JACoP plugin). 
Images were cropped to contain 3 to 5 cells and Manders overlap 
coefficient was calculated for ≥30 cells. Statistical significance was 
determined using a one-way analysis of variance (ANOVA) with 
Tukey’s post hoc test for multiple comparisons (*P < 0.05, **P < 0.01, 
and ***P < 0.001).

Complementation tests
Plasmid shuffling assays were performed to test whether Rab11/
Ypt32 mutants support growth in the absence of a wild-type gene 
using the procedure described previously (23). A similar procedure 
was used to test Trs120 mutants. ypt31ypt32 and trs120 null 
mutant yeast (table S3) were maintained by a copy of YPT31 and 
TRS120, respectively, expressed using the pRS416 vector (uracil 
selection). These strains were transformed with pRS415 vectors (leucine 
selection) containing the mutant and wild-type versions of YPT32 
and TRS120. Transformed cells were serially diluted and grown on 
synthetic dropout media supplemented with 3.9 mM 5-fluoroorotic 
acid at 30°C.

Sequence conservation analysis
Sequence alignments for Rab1 and Rab11 homologs were performed 
using Clustal Omega. ConSurf analysis (52) was performed using 
the default settings for Trs120, Trs130, and Trs65 for closely related 
homologs. For ConSurf analysis of Rab11/Ypt32, custom sequence 
alignment of Rab11 homologs across the model organisms described 
above was provided to prevent contamination with non-Rab11 pro-
tein sequences.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abn7446

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