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ABSTRACT
Rab GTPases act as molecular switches to regulate organelle homeostasis and membrane

trafficking. Rab6 plays a central role in regulating cargo flux through the Golgi and is activated

via nucleotide exchange by the Ric1-Rgp1 protein complex. Ric1-Rgp1 is conserved throughout

eukaryotes but the structural and mechanistic basis for its function has not been established.

Here we report the cryoEM structure of a Ric1-Rgp1‐Rab6 complex representing a key

intermediate of the nucleotide exchange reaction. This structure reveals the overall architecture

of the complex and enabled us to identify interactions critical for proper recognition and

activation of Rab6 on the Golgi membrane surface. Ric1-Rgp1 interacts with the

nucleotide-binding domain of Rab6 using an uncharacterized helical domain, which we establish

as a novel RabGEF domain by identifying residues required for Rab6 nucleotide exchange.

Unexpectedly, the complex uses an arrestin fold to interact with the Rab6 hypervariable domain,

indicating that interactions with the unstructured C-terminal regions of Rab GTPases may be a

common specificity mechanism used by their activators. Collectively, our findings provide a

detailed mechanistic understanding of regulated Rab6 activation at the Golgi.
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INTRODUCTION
The Golgi complex is the central hub for protein modification and sorting in eukaryotic

cells. Membrane trafficking at the Golgi is regulated by Rab GTPases that function as molecular

switches on the cytoplasmic surface of Golgi compartments by recruiting effector machinery to

promote vesicle budding, docking, and fusion1–3. Rab GTPases are activated by guanine

nucleotide exchange factors (GEFs), which are necessary and sufficient for determining where

and when Rab proteins are active3.

Once activated, Rab proteins are bound to their target membranes via hydrophobic

prenyl modifications of an unstructured C-terminal region referred to as the hypervariable

domain (HVD)4. The HVD is so named to denote how its sequence varies between different Rab

proteins, belying the fact that these HVDs tend to be conserved among the same Rab paralogs

across different species.

Rab6 is a central regulator of Golgi trafficking and cellular homeostasis. Rab6 is known

to regulate endosome-to-Golgi trafficking and autophagy in both budding yeast and

metazoans5–13. In metazoans Rab6 has also been implicated in secretory traffic from the

trans-Golgi network14. Loss of Rab6 function is embryonic lethal in mice15 and renders budding

yeast temperature sensitive16.

The Ric1-Rgp1 protein complex is a conserved guanine nucleotide exchange factor

(GEF) that is known to activate Rab6 in budding yeast8 and humans17. Dissection of the human

complex determined that both the RGP1 subunit and a C-terminal region of the RIC1 subunit

interact with human RAB6A, while the middle region of RIC1 interacts with RGP1. In addition,

Ric1-Rgp1 was identified as a potential effector of Rab3317.

It remains unresolved how Ric1-Rgp1 specifically recognizes Rab6 and the mechanism

by which it catalyzes Rab6 nucleotide exchange. Furthermore, little is known about the structure

and domain organization of Ric1-Rgp1. Other Rabs, including Rab1, Rab7, and Rab11, are also

activated by multi-subunit GEFs18–21, but Ric1-Rgp1 does not share any sequence similarity with

these other GEF complexes.

To understand how Ric1-Rgp1 activates Rab6 at the Golgi, we used nucleotide depletion

to trap a key intermediate step of the nucleotide exchange reaction and then determined its
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structure by cryo-electron microscopy (cryoEM). The structure reveals the overall architecture of

the complex, which is distinct from other known RabGEFs, and has enabled us to identify

interactions that are critical for proper recognition and activation of Rab6 on the membrane

surface. Ric1 is composed of two β-propellers and a C-terminal 𝛼-solenoid domain that

remodels the Rab6 nucleotide binding pocket in order to facilitate nucleotide exchange. Rgp1

posseses an arrestin domain that binds directly to a portion of the otherwise unstructured HVD

of Rab6. Accordingly, we find that the Rab6 HVD is important for robust activation of Rab6 in

vivo. We identify a predicted amphipathic helix within the Rgp1 subunit that is important for

Golgi localization. Our findings provide a detailed understanding of the molecular mechanisms

underlying regulated Rab6 activation by the Ric1-Rgp1 complex and identify conserved

structural elements in both subunits that are required for proper localization, function, and

specificity.

RESULTS
Architecture of the Ric1-Rgp1-Rab6 activation intermediate complex

To enable structural studies of the Ric1-Rgp1 complex and its interaction with Rab6, we

purified the endogenous Ric1-Rgp1 complex from S. cerevisiae using C-terminal affinity tags.

We then prepared a stable complex with full-length Rab6 encoded by the S. cerevisiae YPT6

gene by depleting its bound guanine nucleotide. We determined the structure of the resulting

nucleotide exchange intermediate complex using cryoEM (Fig. 1a, Table 1, and Supplementary

Figs. S1-S2). The global resolution of the cryoEM map is 3.3 Å (using the 0.143 FSC cutoff),

enabling confident model building (Fig. 1b-d). We used the resulting model to assign structural

domains to the primary structure of both subunits (Fig. 1e).

The structure reveals that the Ric1-Rgp1 complex adopts a two-lobed structure. The

larger lobe consists of the bulk of both proteins, including the two β-propeller domains of Ric1

that adopt a clamshell arrangement. Rgp1 adopts an arrestin fold that wraps around the Ric1

β-propellers, burying a large (~3800 Å2) surface area. The arrestin-C subdomain forms a groove

that interacts with the HVD of Rab6 (Fig. 1a,b,d) and will be discussed further below.
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Figure 1: Architecture of the Ric1-Rgp1-Rab6 activation intermediate complex
a) CryoEM reconstruction of the Ric1-Rgp1 complex ‘caught in the act’ of performing nucleotide exchange on Rab6.
b) Atomic model of the complex built using the cryoEM density, shown in cartoon format, and highlighting several
structural elements including some newly defined in this work (see panel e). c) Same as in (b), from a different
perspective. d) Same as in (b) and (c), from a different perspective. e) Structural elements of the three proteins in the
complex. Newly established elements are the GEF domain, the GBE (GEF binding element); and an amphipathic
helix (AH).
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The small lobe of the Ric1-Rgp1 complex contains the C-terminal portion of Ric1, which

adopts an 𝛼-solenoid fold. This domain of Ric1 is bound to the nucleotide-binding domain of

Rab6 (Fig 1a-d), consistent with the previous finding that the C-terminal portion of human RIC1

was sufficient for interaction with RAB6A17. We refer to this C-terminal 𝛼-solenoid domain of

Ric1 as the GEF domain (Fig. 1e) as we have biochemically established its nucleotide

exchange activity as described further below. The small lobe also contains two 𝛼-helices of

Rgp1 that serve to cap the C-terminus of Ric1, burying ~600 Å2 surface area. These two

conserved 𝛼-helices are embedded within a flexible linker region that lies between the Rgp1

arrestin-N and arrestin-C subdomains in the primary sequence and extends from the large lobe.

We refer to these two 𝛼-helices of Rgp1 as the GEF domain binding element (GBE) (Fig 1b,e).

The basis for Ric1-Rgp1 catalysis of Rab6 nucleotide exchange
Rab GTPases adopt distinct conformations in their inactive and active states. In the

GTP-bound active state, ‘switch’ regions adopt a conformation that functions as a binding site

for effectors22. In the nucleotide-free state captured in the cryoEM structure, Ric1 wraps around

the surface of Rab6 and makes extensive contacts with the switch regions of the GTPase,

burying ~1350 Å2 surface area at the GEF domain interface (Figs. 1a-c, 2a). While most of the

interaction involves the GEF domain, the second β-propeller of Ric1 also contacts Rab6,

creating a smaller interface of ~350 Å2.

The ‘switch I’ region observed in the structure of the nucleotide-free complex adopts a

conformation that is dramatically different from known structures of Rab6 in the active and

inactive states23,24. The interaction with the GEF domain has peeled switch I away from the

guanine nucleotide binding-site, with several residues involved in nucleotide binding displaced

by ~25 Å compared to their positions in the GDP-bound state (Fig 2b, Video S1). This

displacement effectively eliminates the nucleotide-binding pocket, explaining how Ric1-Rgp1

releases the bound nucleotide. Accordingly, residues comprising the P-loop and a portion of the

switch II region are not visible in the cryoEM density.

At the core of the interface between Ric1 and Rab6, residues Phe860 and Arg912 of the

GEF domain make direct contact with the switch I region of Rab6 (Fig. 2c). To test whether

these Ric1 residues are required for nucleotide exchange we utilized a physiological in vitro

RabGEF activity assay25,26. This assay utilizes a fluorescent GDP analog to measure the
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Figure 2: Structural basis for Rab6 activation by nucleotide exchange
a) View of the interface between the Ric1 GEF domain (blue) and Rab6 (gold), with the Rab6 ‘switch I’ element
(residues 32-44) colored red. The GBE of Rgp1 is colored gray. b) Overlay of the crystal structure of Rab6 in its
GDP-bound state (colored purple, PDB: 1D5C)23, with the nucleotide-free state from the Ric1-Rgp1-bound cryoEM
structure (colored gold). Equivalent positions in primary sequence are marked with asterisks. c) Close-up view of the
Rab6-GEF domain interface, highlighting the Ric1 residues subjected to mutational analysis. d) Results from an in
vitro GEF assay using purified Ric1-Rgp1, prenylated-Rab6-GDI complex, and liposomes. The change in
fluorescence is due to exchange of the Rab6-bound mant-GDP for GTP, representing activation of Rab6. n = 3 traces
are shown for each condition (WT or F860A/R912A Ric1-Rgp1 complex). e) Complementation test (cells lacking
Ric1-Rgp1 function are temperature sensitive). f). Comparison of the localization patterns of WT and F860A/R912A
Ric1-mNeonGreen.
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kinetics of nucleotide exchange of Rab6 in the presence of synthetic liposome membranes with

a lipid composition that mimics that of the Golgi27. In vivo, Rab6 is geranylgeranylated on both of

its C-terminal cysteines and inactive Rab6-GDP is kept soluble in the cytosol via masking of

these hydrophobic prenyl groups by the chaperone protein GDI28,29. We therefore used a

prenylated Rab6-GDI complex prepared by enzymatic synthesis (Supplementary Fig. S1c) as

the Rab substrate for the in vitro GEF reactions. While such physiological GEF assays have

been performed for other RabGEF-Rab pairs25,30, to our knowledge this is the first time such a

physiological GEF assay has been established for Rab6.

Using this assay, we found that the purified wild-type Ric1-Rgp1 complex exhibited

robust GEF activity on the prenylated Rab6-GDI complex in the presence of liposomes (Figs.

2d, S1d). In contrast, the Ric1 F860A/R912A mutant complex was catalytically dead, indicating

Ric1 residues Phe860 and Arg912 together play a critical role in Rab6 nucleotide exchange by

the Ric1-Rgp1 complex.

Rab6 activation is required for growth of S. cerevisiae at high temperatures,

consequently cells lacking Rab6, Ric1, or Rgp1 are temperature sensitive16. To test the

importance of Phe860 and Arg912 in vivo we examined the growth of yeast cells harboring

mutant Ric1 constructs. We found that the Ric1 F860A/R912A mutant was also

temperature-sensitive (Fig. 2e), indicating this mutant has lost Ric1 function in vivo. This mutant

was expressed, albeit at reduced levels (Supplementary Fig. S1e). Similar to the wild-type, the

mutant protein appeared to localize to punctate Golgi compartments, but these puncta appeared

smaller and more numerous compared to the wild-type (Fig. 2f). Loss of Rab6 function is known

to result in smaller and more numerous Golgi compartments31, so our interpretation of these

results is that the F860/R912A mutant Ric1-Rgp1 complex is able to bind to the Golgi membrane

but unable to activate Rab6, thus altering Golgi morphology. Taken together, these results

indicate that Phe860 and Arg912 of Ric1 together are required for the Rab6 nucleotide exchange

function of the Ric1-Rgp1 complex in vivo, and confidently establish the C-terminal Ric1

𝛼-solenoid as a Rab6 GEF domain.

Comparison of the Ric1-Rgp1 complex to other GEFs
Based on primary sequence, the Ric1 and Rgp1 subunits do not share any obvious

homology to any of the other known RabGEFs. Correspondingly, the cryoEM structure indicates
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Figure 3: Comparison of Ric1-Rgp1 to other RabGEF domains
a) Comparison of the Ric1 GEF-Rab6 structure to structures of other known RabGEF domain-Rab structures. Note
for many of these structures, while the structure of the GEF domain is known, the structure of the intact GEF has not
been determined. Each Rab is colored gray and positioned in the same orientation. Ric1-Rgp1 (this work, PDB
9AYR), Sec2/Rabin832, (PDB 2OCY); DrrA/SidM33, (PDB 3JZA); Mon1-Ccz134, (PDB 5LDD); TRAPP complexes35–38,
(PDB 7U05); DENND1B-S39, (PDB 3TW8); RABEX-540,41, (PDB 4Q9U); ARA7/Vps9a42, (PDB 4G01); SH3BP543,
(PDB 6DJL). b) Comparison of the Rab6-bound Ric1 GEF domain to the Arf1-bound Sec7 GEF domain (PDB:
1RE0)44. c) Overlay of the nine GEF-bound Rab structures shown in panel (a), with switch I regions colored red and
switch II regions colored blue.
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that the overall architecture of the complex does not resemble that of any of the structurally

characterized RabGEFs. To assess whether the Ric1 GEF domain might share any structural

similarity with other RabGEFs, we compared the structure of the Ric1 GEF domain-Rab6

complex to the structures of several other RabGEFs in complex with their substrate Rab

GTPases (Fig. 3a). This comparison illustrates the diversity of GEF-domain folds that cells have

evolved to destabilize the nucleotide-binding sites of Rab GTPases. The 𝛼-solenoid fold of the

Ric1 GEF domain is distinct from other known RabGEF domain structures, and more closely

resembles the “Sec7” Arf-GEF domain, which also adopts an 𝛼-solenoid fold but engages with

its substrate GTPase in a distinct manner. (Fig. 3b)44,45.

The precise conformations adopted by each of the Rabs when bound to its GEF in the

nucleotide-free state also varies among the different structures (Fig. 3c), highlighting the distinct

mechanisms used by different RabGEFs to perturb nucleotide binding.

The Rab6 HVD is important for activation at the Golgi
In addition to the interaction between the Ric1 GEF domain and the Rab6

nucleotide-binding domain, the arrestin-C subdomain of the Rgp1 subunit interacts with a

portion of the Rab6 HVD (Fig. 4a-c), consistent with the finding that the human RGP1 subunit

was able to interact with human RAB6A in vitro17. Residues 195-204 of the Rab6 HVD are

visible in the cryoEM density, bound to a pocket on the surface of Rgp1 and structured as a

β-strand integrated on the edge of a β-sheet within the β-sandwich fold of the arrestin-C

subdomain (Fig. 4b,c).

While the sequence of the HVD varies between different Rab GTPases, the HVDs of

individual Rabs have regions of sequence that are conserved across different organisms

(Supplementary Fig. S3a). The sequence of the Rab6 HVD that is bound to Rgp1 includes the

‘CIM’ motif required for prenylation of Rabs by the geranylgeranyl transferase machinery46.

There are two other RabGEFs known to bind directly to the HVDs of their substrates, the

TRAPPII and TRAPPIII complexes26,36,37,47. The TRAPP complexes use their shared Trs31

subunit to bind to the Rab1 and Rab11 HVDs, also encompassing their CIM motifs, similar to the

Rgp1-HVD interaction (Supplementary Fig. S3b).
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Figure 4: The Ric1-Rgp1 complex binds to the HVD of Rab6
a) Surface view of the Ric1-Rgp1-Rab6 atomic model. b) Close-up view of the portion of the Rab6 HVD bound to the
arrestin-C subdomain of Rgp1. The HVD adopts a β-strand conformation to integrate into the β-sheet on the surface
of the arrestin-C subdomain β-sandwich fold. c) Same view as in panel (b), with the surface of Rgp1 colored by
sequence conservation. d) Live-cell imaging to measure the colocalization of WT and chimeric GFP-tagged Rab6
constructs with endogenous RFP-Rab6. Scale bar, 5 microns. e) Quantitation of the data in (c), with all individual data
points overlaid on box-and-whiskers plots. ***, p=2.6x10-9. WT: n=13 images; mutant: n=16 images.

To test the importance of the HVD sequence for the activation of Rab6 by Ric1-Rgp1 at

the Golgi in vivo, we generated a chimeric GFP-Rab6 construct in which the Rab6 HVD was

replaced by the HVD from Rab5 (encoded by the yeast VPS21 gene). We then visualized the

localization of this construct expressed from a centromeric plasmid in cells also expressing

endogenously tagged wild-type RFP-Rab6. Previous studies have found that loss of Rab
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activation in vivo results in diffuse localization and/or ectopic localization of the Rab to the

endoplasmic reticulum48. The wild-type GFP-Rab6 construct exhibited normal punctate

localization and colocalized very well with endogenous RFP-Rab6, indicative of localization to

the Golgi complex and therefore robust activation (Fig 4d,e). In contrast, the chimeric

GFP-Rab6-HVDRab5 construct was significantly mis-localized, with a localization pattern that

primarily resembled that of the endoplasmic reticulum, with only very faint and occasional

co-localization with RFP-Rab6 (Fig 4d,e). Therefore the sequence of the Rab6 HVD is important

for robust activation of Rab6 in vivo, likely by contributing to RabGEF specificity.

To determine the impact of swapping the Rab6 HVD on cell viability we introduced the

chimeric Rab construct into rab6Δ mutant cells. We observed no growth defects at 38°C

(Supplementary Fig. S3c), indicating that the low level of GFP-Rab6-HVDRab5 chimera activation

was sufficient to support growth at high temperature. We note that previous studies have

documented examples of cells with a dramatic loss of essential Rab activation at the Golgi in

vivo that were nevertheless viable49–51. Interestingly, the chimeric construct also exhibited

reduced protein levels, perhaps suggesting increased degradation of the inactive Rab chimera

(Supplementary Fig. S3d). Taken together, our results indicate that the identity of the HVD is

important for robust Rab6 activation in cells but is not essential for activation of the Rab6 pool to

a level that supports growth at high temperature.

Model for Ric1-Rgp1 orientation on the membrane surface
The position and orientation of the Rab6 HVD bound to Rgp1 indicates the

membrane-inserting prenyl moieties covalently linked to the C-terminal cysteine residues of

Rab6 are located at the ‘bottom’ of the complex as viewed in Fig. 1a. This suggests that the

bottom surface of the Ric1-Rgp1 complex may interact directly with Golgi membrane lipid

headgroups. The overall electrostatic potential of this surface appears to be somewhat acidic

(Supplementary Fig. S4a), rather than possessing a basic character more typical of many

peripheral membrane proteins. However, there are several loops projecting from this surface

that are disordered and therefore not included in the electrostatic potential calculation of the

cryoEM model. Intriguingly, a projection from this surface of the Rgp1 subunit is visible in the

cryoEM density at lower thresholds (Fig. 5a). This projection was also apparent in 2D class

averages of the cryoEM particle images (Fig. 5b). Analysis of the AlphaFold52 structural
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prediction of Rgp1 suggests that this projection corresponds to two 𝛼-helices extending from the

arrestin-N domain (Fig 5c).

Figure 5: A predicted amphipathic helix in Rgp1 is important for Golgi membrane association
a) CryoEM density map shown at low threshold, together with the atomic model of the Ric1-Rgp1-Rab6 complex. The
arrow denotes unmodeled density projecting from the Rgp1 subunit. b) CryoEM 2D class average representing the
2D projection of the complex from the same approximate orientation as the perspective depicted in panel (a). The
arrow corresponds to the unmodeled density in the 3D reconstruction. c) AlphaFold predicted structure of the Rgp1
subunit, colored by confidence score. The arrow corresponds to the region of the prediction that is unmodeled in the
cryoEM structure due to the low-resolution of that portion of the cryoEM density. d) A conserved amphipathic helix
lies at the distal tip of this structural element. e) Live-cell imaging of WT and ΔAH Rgp1-GFP constructs. Scale bar, 5
microns. f) Quantitation of the experiment shown in panel (e) with all individual data points overlaid with
box-and-whiskers. ***, p=2.2x10-16. WT: n=50 cells; mutant: n=83 cells. See Methods for descriptions of statistics.

12

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


The AlphaFold prediction also suggests the presence of a conserved amphipathic helix

located at the distal end of these extended helices (Fig. 5d). Given its conserved amphipathic

nature, lack of observable density (even at low cryoEM map thresholds), and its flexible

connection to the rest of the complex, we viewed this amphipathic helix as a strong candidate

for a potential membrane-binding element.

To investigate the functional significance of this amphipathic helix, we generated a

mutant version of Rgp1-GFP lacking residues 84-95, which encompass the helix. When

introduced into rgp1Δ cells, this construct (Rgp1-ΔAH) was significantly mislocalized to the

cytoplasm in comparison to the wild-type construct (Fig. 5e,f). Although some punctate

localization of the mutant was observed, both the number of puncta and their intensity was

significantly diminished. This suggests that the conserved amphipathic helix in Rgp1 is

important, but not essential for Golgi localization of the Ric1-Rgp1 complex. The Rgp1-ΔAH

construct was able to complement the temperature sensitive phenotype of rgp1Δ mutant cells

(Supplementary Fig. S4b), and exhibited a somewhat reduced protein level (Supplementary Fig

S4c). Although we cannot rule out the possibility that this helix is important for some other

aspect of Ric1-Rgp1 GEF function, our interpretation of these results is that the amphipathic

helix serves as a membrane binding element, and other factors are also involved in localizing

Ric1-Rgp1 to the Golgi.

Based on the locations of the Rab6 C-terminus and the Rgp1 amphipathic helix in the

cryoEM structure of the complex, we are able to propose a plausible model for a specific

orientation of the Ric1-Rgp1 complex when it is performing Rab6 nucleotide exchange on the

membrane surface (Fig. 6).

Figure 6: Structural model for Rab6
activation on the Golgi membrane
surface
The expected orientation of the
Ric1-Rgp1 complex relative to the Golgi
membrane surface is shown. GDI must
transiently release inactive, GDP-bound
Rab6 before it can be activated by the
Ric1-Rgp1 complex. The GDI-Rab-GDP
complex is depicted using the crystal
structure of a GDI-Rab1/Ypt1 complex
(PDB: 2BCG)53.
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DISCUSSION
Regulated Rab6 activation is essential in eukaryotes for maintaining normal intracellular

trafficking and Golgi homeostasis. Rab6 is one of only six Rabs conserved from budding yeast

to humans54–56. This conservation across distant organisms highlights its importance as a

fundamental component of the eukaryotic endomembrane system (Pereira-Leal & Seabra,

2001). Ric1-Rgp1 is known to serve as the GEF for Rab6 but prior to this study its structure and

mechanism were unknown. A previous study identified a region at the C-terminus of Ric1 that

preferentially binds Rab6-GDP and was able to catalyze nucleotide exchange in vitro17. In cells

however, both Ric1 and Rgp1 are required for Rab6 activation and the nature of the

protein-protein interactions between Ric1, Rgp1, and Rab6 has remained unknown.

In this study we have determined the cryoEM structure of the Ric1-Rgp1 complex bound to

Rab6 and dissected the mechanisms underlying activation of Rab6 on the Golgi membrane

surface. Our cryoEM data reveals the subunit and domain architecture of the Ric1-Rgp1

complex and captures its interaction with Rab6 in the nucleotide-free state.

Structural analysis of the Ric1-Rgp1-Rab6 complex revealed that Ric1 and Rgp1 form a

unique architecture that is distinct from other known GEF proteins. We found that Ric1 consists

of two β-propellers and an 𝛼-solenoid repeat domain at the C-terminus. A larger region of Ric1

encompassing this C-terminal domain was previously identified to bind Rab6-GDP17. The

structure presented in this work reveals that a portion of Rgp1, which we term the “GBE”, folds

together with the 𝛼-solenoid of Ric1. Using mutational analysis we have now established the

role of this structurally distinct RabGEF domain in activation of Rab6 via nucleotide exchange.

We identified an interface formed between the GEF domain and the surface of Rab6 at

the switch I loop. We determined that within this interface, residues F860 and R912 of Ric1

together play a critical role in the nucleotide exchange mechanism. Expressing a Ric1 F860A

R912A mutant failed to rescue the temperature sensitive growth phenotype of a ric1Δ yeast

strain. These results are supported by the complete lack of in vitro GEF activity exhibited by the

corresponding purified mutant protein complex. Taken together, our results indicate the

interaction of Ric1-Rgp1 with the Rab6 switch I region destabilizes the nucleotide binding pocket

to catalyze guanine nucleotide exchange.
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Amphipathic helices are common membrane-binding elements used by regulatory

proteins that function at the Golgi. Several Arf and Rab GEFs and GAPs are known to use

amphipathic helices to bind to the Golgi membrane36,57–60. Our data suggest that the Rgp1

amphipathic helix is involved in Golgi membrane binding, yet it remains unclear how the

Ric1-Rgp1 complex is recruited specifically to the surface of the Golgi, rather than another

organelle. We observed that removing the Rgp1 amphipathic helix dramatically reduced, but did

not completely eliminate, the punctate localization of Rgp1 in cells, implying the presence of an

additional interaction with an unknown partner that serves to localize the complex. A previous

report identified a direct interaction between the human RIC1 C-terminus and GTP-bound

RAB33B17, suggesting Rab33B might serve to recruit the Ric1-Rgp1 complex to the Golgi.

However, this region of human RIC1, which lies C-terminal to the GEF domain identified here, is

not present in budding yeast Ric1. Therefore another mechanism appears to be responsible for

controlling the precise localization of Ric1-Rgp1 in budding yeast, and perhaps in metazoan

cells as well, which will be important to investigate in future studies.

A distinguishing feature of all Rab GTPases is the flexible, C-terminal tail referred to as

the hypervariable domain (HVD). The HVD consists of a stretch of ~30 unstructured residues

that are conserved among species but divergent between Rabs. The HVD is typically

post-translationally modified by the addition of prenyl groups to the C-terminal cysteines which

insert into the membrane, flexibly tethering the Rab to the membrane surface upon activation.

Given the divergence of HVD sequences between different Rabs, they are capable of providing

recognition specificity for their regulators. The HVD has been reported to be important for some,

but not all, Rab proteins61–65. Structural and functional analysis of the TRAPP complexes

revealed that direct interactions with the HVDs of their Rab substrates are important for their

substrate specificity26,36,37,47. The architecture of the Mon1-Ccz1 GEF complex bound to Rab766,67

suggests this GEF may also directly bind to the HVD of its substrate, although an interaction

with the Rab7 HVD has not yet been visualized. For other structurally characterized interactions

between Rab GTPases and their GEFs, the constructs used for structural studies did not

include the Rab HVD, and often did not include the entire GEF protein. Therefore, the available

structural data suggest a common mechanism in which the HVDs of many GTPases contribute

to the specificity of their GEFs via direct interactions with these otherwise unstructured regions.
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METHODS

Plasmid and strain construction
Standard molecular biology techniques were used to construct strains (Table 2) and

plasmids (Table 3).

Protein purification
The Ric1-Rgp1 complex was purified using tandem affinity purification from yeast. 12-24

liters of yeast strains with chromosomally tagged Ric1-TAP or Rgp1-TAP were grown at 30°C

shaking in YPD and harvested at an O.D. of ~2. Cell pellets were washed once then

resuspended in a 1:1 ratio with CHAPS lysis buffer + protease inhibitors (Roche Complete) and

frozen dropwise in liquid nitrogen before freezer-mill lysis. Clarified lysate was incubated with

Sepharose 6B resin to remove non-specific binding proteins prior to incubation with IgG resin.

Bound IgG resin was transferred to a gravity chromatography column to wash and buffer

exchange. For cryoEM samples Rab6 was added in excess together with calf intestine alkaline

phosphatase (Invitrogen) to hydrolyze bound GDP. Ric1-Rgp1 or Ric1-Rgp1-Rab6 was cleaved

from the resin by overnight incubation with TEV protease at 4°C. Eluate from the IgG resin was

collected and subjected to a second affinity purification with calmodulin resin followed a wash

and elution in 150ul fractions. Fractions containing protein complex were concentrated then

further enriched and buffer exchanged by gel filtration using a Superdex 200 Increase 3.2/300

column. The final buffer contained 25 mM HEPES pH 7.4, 150 mM NaCl, 1 mM dithiothreitol.

Pooled fractions were concentrated to 1-2 mg/ml. 12 L of yeast resulted in a typical yield of

roughly 20 μg of purified complex.

All recombinant proteins from E. coli were freshly transformed and expressed in

Rosetta2 cells. Rab6, Gdi1, Mrs6, Bet2, and Bet4 were purified following previously established

methods 25. Yeast Rab6 and Gdi1 tagged with GST were purified with glutathione affinity resin

and eluted by cleavage with PreScission protease to produce an untagged final product.

6xHis-tagged Mrs6 and 6xHis-Bet2-Bet4 were purified following standard procedures with nickel

affinity resin. All recombinant proteins were aliquoted and flash frozen in liquid nitrogen.

CryoEM sample preparation
3 μl of sample from freshly concentrated gel filtration fractions was applied to

glow-discharged Quantifoil or UltrAufoil R1.2/1.3 300-mesh gold-support grids. For datasets
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imaged with detergent, octyl-ꞵ-glucoside was added shortly before applying sample to a final

concentration of 0.07%-0.1%. Grids were blotted for 2-5 seconds with blot force 0 at 4°C and

100% humidity and immediately plunge-frozen in liquid ethane using a FEI Mark IV Vitrobot.

CryoEM data collection, processing, and model building
CryoEM data collection was performed using a Thermo Fisher Scientific Talos Arctica

operated at 200 keV equipped with a Gatan K3 detector operated in counting mode with

0.5X-binning (super-resolution mode) and a Gatan BioQuantum energy filter with a slit width of

20 eV.

Microscope alignments were performed on a gold diffraction cross-grating following

published procedures for a 2-condenser instrument68,69. Parallel conditions were determined in

diffraction mode at the imaging magnification. A 50 μm C2 aperture size was chosen and the

spot size was set so that the dose rate at the detector was ~25 e-/physical pixel/sec over

vacuum. A 100 μm objective aperture was used during data collection.

SerialEM 70 was used for automated data collection of six independent datasets of 50

frame fractionated exposures with a total dose of ~50 e-/Å2 so that the dose per frame was ~1

e-/Å2. Data were collected at defocus values ranging from -0.8um to -1.5um with a nominal

magnification of 63,000x resulting in a physical pixel size of 1.25 Å. Preliminary screening

identified a strong preferred orientation bias that precluded 3D reconstruction of an interpretable

map. We therefore collected data from both flat and tilted grids. A total of 2931 exposures were

used for data processing, with 2142 of those exposures obtained from grids tilted to 30°.

The cryoEM data processing tools RELION71,72, MotionCor252,73, GCTF52,73,74, and

CryoSPARC75 were used to correct beam-induced motion, estimate CTF parameters, pick and

sort particles, and to perform refinements, classifications, and reconstructions. An ab inito

reference model for Ric1-Rgp1-Rab6 was generated with cryoSPARC by combining select 2D

class averages from flat and tilted datasets. For tilted datasets, per particle defocus estimates

were refined using local GCTF. All refinement and classification steps were carried out in

RELION. Initial high-resolution refinements exhibited Rab6 density only at a low threshold.

Signal subtraction and fixed angle 3D classification were used to further isolate particles of the

Rab-bound complex. The final refinement resulted in a reconstruction with a resolution of 3.3 Å
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(FSC 0.143 cut-off). Local-resolution filtering76 was used to generate the map used for model

building and figures.

The initial atomic model for Ric1-Rgp1-Rab6 was built de novo using ‘Map-to-Model’77 in

Phenix78. The output from map to model was rebuilt manually in Coot79. Model refinement and

validation was performed using Phenix real-space refinement80 and Phenix cryoEM

validation81,82.

Liposome preparation
Liposomes were prepared with a membrane composition similar to the lipid profile

observed at late secretory pathway and TGN derived vesicles (Table 4)27. Lipids solubilized in

chloroform were mixed and dried under a stream of argon or nitrogen. Unilamellar vesicles were

prepared by hydrating the dried film in HK buffer (25 mM HEPES pH 7.4, 150 mM KOAc, 1 mM

DTT) at 37°C with occasional mixing for 1 hour followed by 2 minutes of sonication in a bath

sonicator then 3-5 freeze thaw cycles. As a final step, the liposomes were extruded for a total of

15 passes through a 100nm filter (Whatman).

Prenylated Rab6-mantGDP-Gdi1 preparation
The prenylated Rab6-GDI complex bound to fluorescent mant-GDP was prepared as

previously described25. Recombinant Rab6 was first loaded with the fluorescent nucleotide

analog mantGDP. A 1ml exchange reaction was prepared by combining purified full length Rab6

at a final concentration of 40 μM with 200 μM mantGDP and 20mM EDTA in prenylation buffer

(20 mM HEPES, 150 mM NaCl, 2 mM MgCl2, 1 mM DTT) and incubated for 30 min at 30°C.

Exchange was completed by adding MgCl2 to a final concentration of 25 mM. Excess mantGDP

and MgCl2 was removed by buffer exchange with a 5 mL Zeba spin desalting column

(ThermoFisher) following standard procedures. The C-terminal cysteines of Rab6 were

prenylated by combining Rab6-mantGDP, Gdi1, 6xHis-Bet2-Bet4, and 6xHis-Mrs6 in a 10:10:1:1

ratio in prenylation buffer containing a final concentration of 120 μM geranyl-geranyl

pyrophosphate and 25 μM mantGDP. After allowing the reaction to proceed for 1 hour at 37°C,

Ni-NTA resin was added to remove the tagged geranylgeranylation machinery proteins.

Stoichiometric prenylated Rab6-mantGDP in complex with Gdi1 was subsequently buffer

exchanged and isolated by gel filtration.
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GEF activity assay
Rab6 nucleotide exchange was monitored using an established physiological in vitro

RabGEF assay25,26. MantGDP exhibits increased fluorescence (365-nm excitation/440-nm

emission) when bound to Rab GTPases. Exchange reactions were prepared in a total volume of

150 μl with HKM buffer (20mM HEPES pH 7.4, 150 mM KoAc, 2 mM MgCl2, 1 mM DTT) by first

combining all of the components except the GEF in a quartz cuvette at 30°C. The reaction was

allowed to equilibrate for four minutes before adding wild type or mutant Ric1-Rgp1, and

measuring fluorescence change over time. The reaction concentrations of each component

were 333 μM lipids, 200 μM GTP, 1 μM Rab6-mantGDP-Gdi1, and 250 nM Ric1-Rgp1 complex.

Antibodies
For immunoblots, the following antibodies were used at the following concentrations:

mouse anti-HA (Roche 12CA5), 1:500; rabbit anti-TAP (Invitrogen CAB1001), 1:1000; mouse

anti-GFP (Santa Cruz sc-9996), 1:500; HRP-conjugated anti-rabbit (Cytiva NA934V) 1:10,000;

HRP-conjugated anti-mouse (Cytiva NXA931V), 1:10,000.

Fluorescence microscopy
Cells were grown to early log phase at 30°C in synthetic drop out media. All images

were collected with a DeltaVision RT widefield deconvolution microscope using a 100x 1.35

N.A. oil immersion objective lens. Acquisition and deconvolution were performed in the

SoftWoRx software.

Image analysis
Deconvolved images were preprocessed in FIJI to generate 200 pixel cropped

unnormalized 16-bit image stacks containing 1-2 budding cells using a custom plugin

(https://github.com/ryanfeathers/Stack_Box.git). For visualization all histograms were normalized

to the same intensity range for each channel and inverted in FIJI. Colocalization analysis was

performed in CellProfiler 4.2.1. A single z-slice from each cropped stack was first subjected to

subtraction of the median raw intensity value to reduce background followed by Manders’

correlation coefficient measurement.

Statistical analysis
Statistical significance was calculated in R using an unpaired two-tailed t-test with

Welch’s correction. For box and whisker plots the median is denoted by a line, and the box
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extends from the first quartile to the third quartile of the data. The whiskers extend from the box

to the farthest data point lying within 1.5x of the inter-quartile range from the box. All individual

data points are also shown.

Data Deposition
CryoEM maps have been deposited in the EMDB (EMD-43997) and structure

coordinates have been deposited in the RCSB PDB (9AYR).
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TABLES

Table 1: CryoEM data and model statistics

Nominal magnification 63,000
Voltage (kV) 200
Total dose (e-/Å) 50
Defocus range (microns) - 0.8 to -1.5
Pixel size 1.25
Symmetry C1
Initial particle images 3.3 million
Final particle images 69,399

Average map resolution (0.143 FSC) 3.3 Å
Map sharpening B factor -74
Model-Map correlation (masked) 0.8
Model-map FSC, 0.143 cutoff 3.3
Chains 3
Atoms (non-Hydrogen) 24620
Residues 1501
Average atomic B factor 64
r.m.s.d., bond length (Å) 0.002
r.m.s.d., bond angles (°) 0.536
Molprobity score 1.65
Clash score 5.29
Rotamer outliers (%) 0
Ramachandran plot

Favored (%) 94.67
Allowed (%) 5.33
Outliers (%) 0
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Table 2: Yeast strains used in this study

Name Genotype Source

SEY6210 MAT𝛼 ura3-52 his3-Δ200 leu2-3,112 lys2-801 trp1-Δ901
suc2-Δ9

Ref. 83

BY4741 MATa his3-Δ1 leu2-Δ0 met15-Δ0 ura3-Δ0 Ref. 84

CFY1198 SEY6210 ypt6Δ::KANMX This study

CFY3207 BY4741 RGP1-TAP::HIS3 Dharmacon

CFY4616 BY4741 RIC1-TAP::HIS3 Dharmacon

CFY4609 SEY6210 mScarlet-YPT6::HIS3 This study

CFY4950 SEY6210 ric1Δ::KANMX This study

CFY4951 SEY6210 rgp1Δ::KANMX This study

CFY4953 SEY6210 ric1(F860A R912A)-TAP::HIS3 This study
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Table 3: Plasmid reagents used in this study

Name Composition Source

pCM14 Rab6/Ypt6 with C-terminal His7 tag and cleavable
N-terminal GST tag

Ref. 85

pLT82 Full length Rab6/Ypt6 with cleavable N-terminal GST tag Refs. 25,85

pLT40 Gdi1 with cleavable N-terminal GST tag Ref. 25

pLT35 Mrs6 with cleavable N-terminal His6 tag Ref. 25

pLT41 Bet2 with cleavable N-terminal His6 tag and Bet4 Ref. 25

pRC650 Centromeric LEU2 plasmid with GFP-Rab6/Ypt6 Ref. 86

pRS416 Centromeric URA3 plasmid Ref. 87

pRF018 pRS416 with Ric1(F860A R912A)-mNeonGreen-3xHA This study

pRF009 pRS416 with Rgp1-mNeonGreen-3xHA This study

pRF026 pRS416 with Rgp1-(Δ84-95)-mNeonGreen-3xHA This study

pRF019 pRS416 with GFP-Rab6/Ypt6(HVD:Rab5/Vps21) This study

pRF020 pRS416 with GFP-Rab6/Ypt6(HVD:Rab7/Ypt7) This study

pRF025 pRS416 with GFP-Rab6/Ypt6(HVD:Rab11/Ypt31) This study
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Table 4: TGN lipid mix

Lipid mol%

DOPC 25

POPC 6

DOPE 7

POPE 3

DOPS 1

POPS 2

DOPA 1

POPA 2

Liver or Soy PI 29

PI(4)P 1

CDP-DAG 2

PO-DAG 4

DO-DAG 2

Ceramide (C18) 5

Cholesterol 10
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SUPPLEMENTARY INFORMATION

Supplementary Figure S1: Complex preparation and cryoEM imaging data
a) Gel-filtration chromatography trace and corresponding coomassie-stained SDS-PAGE gel for the final purification
step of the Ric1-Rgp1-Rab6 complex. b) Example cryoEM micrograph of the purified complex. c) Coomassie-stained
SDS-PAGE gel of the purified prenyl-Rab6-GDI complex used as a substrate for the in vitro GEF assays. d)
Coomassie-stained SDS-PAGE gel of the purified WT and mutant Ric1-Rgp1 complexes used for the in vitro GEF
assays. e) Immunoblot to determine the protein levels of WT and mutant endogenously tagged Ric1-TAP proteins.
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Supplementary Figure S2: CryoEM data processing, refinement, and reconstruction
a) CryoEM data collection and processing workflow, including images of the 3D reconstructions at different stages of
data processing. b) Example 2D class averages calculated from data collected on flat and tilted grids. c) FSC curves
for half-map/half-map from the final refinement and model/map of the final atomic model. The dotted line indicates the
0.143 FSC cutoff. d) View of the sharpened cryoEM density superimposed on the final atomic model.

26

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


Supplementary Figure S3: Binding to the HVD may be a general feature of RabGEFs
a) Sequence alignment of the HVDs from several Rab6 paralogs. The ‘CIM’ motif known to bind to the
geranyl-geranyl transferase machinery is denoted, and the residues of S. cerevisiae Rab6 that interact with Rgp1 in
the cryoEM structure are outlined with a red box. b) Comparison illustrating how the Trs31 subunit of the TRAPPII
and TRAPPIII complexes binds to the HVD of Rab11 and Rab1, respectively (PDB: 7U05 and 7KMT)36–38. c) Rab6
complementation test. d) Immunoblot to determine the protein levels of WT and chimeric mutant GFP-tagged
Rab6/Ypt6 proteins expressed as an extra copy from a centromeric plasmid in yeast cells.
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Supplementary Figure S4: Analysis of Ric1-Rgp1 surface electrostatics
a) Electrostatic surface representation of the Ric1-Rgp1-Rab6 atomic model determined by cryoEM. The “bottom”
surface which we predict faces the membrane is indicated. b) Complementation test (cells lacking Ric1-Rgp1 function
are temperature sensitive). c) Immunoblot to determine the protein levels of WT and mutant
mNeonGreen-3xHA-tagged Rgp1 proteins expressed on a centromeric plasmid in rgp1Δ yeast cells.
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Video S1: Rab6 activation by the Ric1-Rgp1 complex
Initially, Rab6, colored in yellow, is shown bound to GDP, colored in red, representing the GTPase in the inactive
state. Rab6 is shown diffusing in and "morphing" to the nucleotide free conformation upon association with the GEF
domain of Ric1 colored in blue. In this conformation, the GDP freely diffuses and is exchanged for GTP which is
colored in green. Rab6 undergoes a conformational change once again and is shown transitioning to the GTP bound
state. The GTP-bound Rab6 conformation is not compatible with stable binding to the Ric1-GEF domain, so activated
Rab6 dissociates from the GEF. This video was made in ChimeraX88 using models generated in SWISS-MODEL89

based on PDB 2FE4 (human Rab6B-GDP)90, PDB 5LEF (human RAB6A-GTP)91, and PDB 9AYR (the
Ric1-Rgp1-Rab6 structure reported in this work).

29

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


REFERENCES

1. Pfeffer, S. R. Rab GTPases: master regulators that establish the secretory and endocytic

pathways. Mol. Biol. Cell 28, 712–715 (2017).

2. Hutagalung, A. H. & Novick, P. J. Role of Rab GTPases in membrane traffic and cell

physiology. Physiol. Rev. 91, 119–149 (2011).

3. Barr, F. A. Review series: Rab GTPases and membrane identity: causal or inconsequential?

J. Cell Biol. 202, 191–199 (2013).

4. Goody, R. S., Rak, A. & Alexandrov, K. The structural and mechanistic basis for recycling of

Rab proteins between membrane compartments. Cell. Mol. Life Sci. 62, 1657–1670 (2005).

5. Lee, P. L., Ohlson, M. B. & Pfeffer, S. R. Rab6 regulation of the kinesin family KIF1C motor

domain contributes to Golgi tethering. Elife 4, (2015).

6. Martinez, O. et al. The small GTP-binding protein rab6 functions in intra-Golgi transport. J.

Cell Biol. 127, 1575–1588 (1994).

7. Dickson, L. J., Liu, S. & Storrie, B. Rab6 is required for rapid, cisternal-specific, intra-Golgi

cargo transport. Sci. Rep. 10, 16604 (2020).

8. Siniossoglou, S., Peak-Chew, S. Y. & Pelham, H. R. Ric1p and Rgp1p form a complex that

catalyses nucleotide exchange on Ypt6p. EMBO J. 19, 4885–4894 (2000).

9. Li, B. & Warner, J. R. Mutation of the Rab6 homologue of Saccharomyces cerevisiae,

YPT6, inhibits both early Golgi function and ribosome biosynthesis. J. Biol. Chem. 271,

16813–16819 (1996).

10. Siniossoglou, S. & Pelham, H. R. An effector of Ypt6p binds the SNARE Tlg1p and

mediates selective fusion of vesicles with late Golgi membranes. EMBO J. 20, 5991–5998

(2001).

11. Day, K. J., Casler, J. C. & Glick, B. S. Budding Yeast Has a Minimal Endomembrane

System. Dev. Cell 44, 56–72.e4 (2018).

30

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


12. Yang, S. & Rosenwald, A. G. Autophagy in Saccharomyces cerevisiae requires the

monomeric GTP-binding proteins, Arl1 and Ypt6. Autophagy 12, 1721–1737 (2016).

13. Ayala, C. I., Kim, J. & Neufeld, T. P. Rab6 promotes insulin receptor and cathepsin

trafficking to regulate autophagy induction and activity in. J. Cell Sci. 131, (2018).

14. Miserey-Lenkei, S. et al. Rab and actomyosin-dependent fission of transport vesicles at the

Golgi complex. Nat. Cell Biol. 12, 645–654 (2010).

15. Bardin, S. et al. Phenotypic characterisation of RAB6A knockout mouse embryonic

fibroblasts. Biol. Cell 107, 427–439 (2015).

16. Strom, M., Vollmer, P., Tan, T. J. & Gallwitz, D. A yeast GTPase-activating protein that

interacts specifically with a member of the Ypt/Rab family. Nature 361, 736–739 (1993).

17. Pusapati, G. V., Luchetti, G. & Pfeffer, S. R. Ric1-Rgp1 complex is a guanine nucleotide

exchange factor for the late Golgi Rab6A GTPase and an effector of the medial Golgi

Rab33B GTPase. J. Biol. Chem. 287, 42129–42137 (2012).

18. Wang, W., Sacher, M. & Ferro-Novick, S. TRAPP stimulates guanine nucleotide exchange

on Ypt1p. J. Cell Biol. 151, 289–296 (2000).

19. Jones, S., Newman, C., Liu, F. & Segev, N. The TRAPP complex is a nucleotide exchanger

for Ypt1 and Ypt31/32. Mol. Biol. Cell 11, 4403–4411 (2000).

20. Nordmann, M. et al. The Mon1-Ccz1 complex is the GEF of the late endosomal Rab7

homolog Ypt7. Curr. Biol. 20, 1654–1659 (2010).

21. Poteryaev, D., Datta, S., Ackema, K., Zerial, M. & Spang, A. Identification of the switch in

early-to-late endosome transition. Cell 141, 497–508 (2010).

22. Vetter, I. R. & Wittinghofer, A. The guanine nucleotide-binding switch in three dimensions.

Science 294, 1299–1304 (2001).

23. Chattopadhyay, D. et al. Structure of the nucleotide-binding domain of Plasmodium

falciparum rab6 in the GDP-bound form. Acta Crystallogr. D Biol. Crystallogr. 56, 937–944

(2000).

31

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


24. Eathiraj, S., Pan, X., Ritacco, C. & Lambright, D. G. Structural basis of family-wide Rab

GTPase recognition by rabenosyn-5. Nature 436, 415–419 (2005).

25. Thomas, L. L. & Fromme, J. C. GTPase cross talk regulates TRAPPII activation of Rab11

homologues during vesicle biogenesis. J. Cell Biol. 215, 499–513 (2016).

26. Thomas, L. L., van der Vegt, S. A. & Fromme, J. C. A Steric Gating Mechanism Dictates the

Substrate Specificity of a Rab-GEF. Dev. Cell 48, 100–114.e9 (2019).

27. Klemm, R. W. et al. Segregation of sphingolipids and sterols during formation of secretory

vesicles at the trans-Golgi network. J. Cell Biol. 185, 601–612 (2009).

28. Beranger, F. et al. Determination of structural requirements for the interaction of Rab6 with

RabGDI and Rab geranylgeranyltransferase. J. Biol. Chem. 269, 13637–13643 (1994).

29. Beranger, F., Paterson, H., Powers, S., de Gunzburg, J. & Hancock, J. F. The effector

domain of Rab6, plus a highly hydrophobic C terminus, is required for Golgi apparatus

localization. Mol. Cell. Biol. 14, 744–758 (1994).

30. Langemeyer, L., Perz, A., Kümmel, D. & Ungermann, C. A guanine nucleotide exchange

factor (GEF) limits Rab GTPase-driven membrane fusion. J. Biol. Chem. 293, 731–739

(2018).

31. Chen, Y.-T. et al. Action of Arl1 GTPase and golgin Imh1 in Ypt6-independent retrograde

transport from endosomes to the trans-Golgi network. Mol. Biol. Cell 30, 1008–1019 (2019).

32. Dong, G., Medkova, M., Novick, P. & Reinisch, K. M. A catalytic coiled coil: structural

insights into the activation of the Rab GTPase Sec4p by Sec2p. Mol. Cell 25, 455–462

(2007).

33. Schoebel, S., Oesterlin, L. K., Blankenfeldt, W., Goody, R. S. & Itzen, A. RabGDI

displacement by DrrA from Legionella is a consequence of its guanine nucleotide exchange

activity. Mol. Cell 36, 1060–1072 (2009).

34. Kiontke, S. et al. Architecture and mechanism of the late endosomal Rab7-like Ypt7

guanine nucleotide exchange factor complex Mon1-Ccz1. Nat. Commun. 8, 14034 (2017).

32

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


35. Cai, Y. et al. The structural basis for activation of the Rab Ypt1p by the TRAPP

membrane-tethering complexes. Cell 133, 1202–1213 (2008).

36. Joiner, A. M. et al. Structural basis of TRAPPIII-mediated Rab1 activation. EMBO J. 40,

e107607 (2021).

37. Bagde, S. R. & Fromme, J. C. Structure of a TRAPPII-Rab11 activation intermediate

reveals GTPase substrate selection mechanisms. Sci Adv 8, eabn7446 (2022).

38. Mi, C. et al. Structural basis for assembly of TRAPPII complex and specific activation of

GTPase Ypt31/32. Sci Adv 8, eabi5603 (2022).

39. Wu, X. et al. Insights regarding guanine nucleotide exchange from the structure of a

DENN-domain protein complexed with its Rab GTPase substrate. Proc. Natl. Acad. Sci. U.

S. A. 108, 18672–18677 (2011).

40. Zhang, Z. et al. Molecular mechanism for Rabex-5 GEF activation by Rabaptin-5. Elife 3,

(2014).

41. Delprato, A. & Lambright, D. G. Structural basis for Rab GTPase activation by VPS9

domain exchange factors. Nat. Struct. Mol. Biol. 14, 406–412 (2007).

42. Uejima, T. et al. Direct metal recognition by guanine nucleotide-exchange factor in the initial

step of the exchange reaction. Acta Crystallogr. D Biol. Crystallogr. 69, 345–351 (2013).

43. Jenkins, M. L. et al. Structural determinants of Rab11 activation by the guanine nucleotide

exchange factor SH3BP5. Nat. Commun. 9, 3772 (2018).

44. Mossessova, E., Corpina, R. A. & Goldberg, J. Crystal structure of ARF1*Sec7 complexed

with Brefeldin A and its implications for the guanine nucleotide exchange mechanism. Mol.

Cell 12, 1403–1411 (2003).

45. Renault, L., Guibert, B. & Cherfils, J. Structural snapshots of the mechanism and inhibition

of a guanine nucleotide exchange factor. Nature 426, 525–530 (2003).

46. Rak, A. et al. Structure of the Rab7:REP-1 complex: insights into the mechanism of Rab

prenylation and choroideremia disease. Cell 117, 749–760 (2004).

33

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


47. Bagde, S. R. & Fromme, J. C. The TRAPP complexes: discriminating GTPases in context.

FEBS Lett. 597, 721–733 (2023).

48. Cabrera, M. & Ungermann, C. Guanine nucleotide exchange factors (GEFs) have a critical

but not exclusive role in organelle localization of Rab GTPases. J. Biol. Chem. 288,

28704–28712 (2013).

49. Thomas, L. L., Joiner, A. M. N. & Fromme, J. C. The TRAPPIII complex activates the

GTPase Ypt1 (Rab1) in the secretory pathway. J. Cell Biol. 217, 283–298 (2018).

50. Liang, Y., Morozova, N., Tokarev, A. A., Mulholland, J. W. & Segev, N. The role of Trs65 in

the Ypt/Rab guanine nucleotide exchange factor function of the TRAPP II complex. Mol.

Biol. Cell 18, 2533–2541 (2007).

51. Montpetit, B. & Conibear, E. Identification of the novel TRAPP associated protein Tca17.

Traffic 10, 713–723 (2009).

52. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,

583–589 (2021).

53. Pylypenko, O. et al. Structure of doubly prenylated Ypt1:GDI complex and the mechanism

of GDI-mediated Rab recycling. EMBO J. 25, 13–23 (2006).

54. Pereira-Leal, J. B. & Seabra, M. C. Evolution of the Rab family of small GTP-binding

proteins. J. Mol. Biol. 313, 889–901 (2001).

55. Brighouse, A., Dacks, J. B. & Field, M. C. Rab protein evolution and the history of the

eukaryotic endomembrane system. Cell. Mol. Life Sci. 67, 3449–3465 (2010).

56. Elias, M., Brighouse, A., Gabernet-Castello, C., Field, M. C. & Dacks, J. B. Sculpting the

endomembrane system in deep time: high resolution phylogenetics of Rab GTPases. J.

Cell Sci. 125, 2500–2508 (2012).

57. Bigay, J., Casella, J.-F., Drin, G., Mesmin, B. & Antonny, B. ArfGAP1 responds to

membrane curvature through the folding of a lipid packing sensor motif. EMBO J. 24,

2244–2253 (2005).

34

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


58. Muccini, A. J., Gustafson, M. A. & Fromme, J. C. Structural basis for activation of Arf1 at

the Golgi complex. Cell Rep. 40, 111282 (2022).

59. Manzer, K. M. & Fromme, J. C. The Arf-GAP Age2 localizes to the late-Golgi via a

conserved amphipathic helix. Mol. Biol. Cell 34, ar119 (2023).

60. Brownfield, B. A., Richardson, B. C., Halaby, S. L. & Fromme, J. C. Sec7 regulatory

domains scaffold autoinhibited and active conformations. Proc. Natl. Acad. Sci. U. S. A.

121, e2318615121 (2024).

61. Chavrier, P. et al. Hypervariable C-terminal domain of rab proteins acts as a targeting

signal. Nature 353, 769–772 (1991).

62. Brennwald, P. & Novick, P. Interactions of three domains distinguishing the Ras-related

GTP-binding proteins Ypt1 and Sec4. Nature 362, 560–563 (1993).

63. Stenmark, H. et al. Distinct structural elements of rab5 define its functional specificity.

EMBO J. 13, 575–583 (1994).

64. Ali, B. R., Wasmeier, C., Lamoreux, L., Strom, M. & Seabra, M. C. Multiple regions

contribute to membrane targeting of Rab GTPases. J. Cell Sci. 117, 6401–6412 (2004).

65. Li, F. et al. The role of the hypervariable C-terminal domain in Rab GTPases membrane

targeting. Proc. Natl. Acad. Sci. U. S. A. 111, 2572–2577 (2014).

66. Klink, B. U. et al. Structure of the Mon1-Ccz1 complex reveals molecular basis of

membrane binding for Rab7 activation. Proc. Natl. Acad. Sci. U. S. A. 119, (2022).

67. Herrmann, E. et al. Structure of the metazoan Rab7 GEF complex Mon1-Ccz1-Bulli. Proc.

Natl. Acad. Sci. U. S. A. 120, e2301908120 (2023).

68. Herzik, M. A., Jr, Wu, M. & Lander, G. C. Achieving better-than-3-Å resolution by

single-particle cryo-EM at 200 keV. Nat. Methods 14, 1075–1078 (2017).

69. Herzik, M. A., Jr, Wu, M. & Lander, G. C. High-resolution structure determination of sub-100

kDa complexes using conventional cryo-EM. Nat. Commun. 10, 1032 (2019).

70. Schorb, M., Haberbosch, I., Hagen, W. J. H., Schwab, Y. & Mastronarde, D. N. Software

35

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


tools for automated transmission electron microscopy. Nat. Methods 16, 471–477 (2019).

71. Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure determination

in RELION-3. Elife 7, (2018).

72. Kimanius, D., Dong, L., Sharov, G., Nakane, T. & Scheres, S. H. W. New tools for

automated cryo-EM single-particle analysis in RELION-4.0. Biochem. J 478, 4169–4185

(2021).

73. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for improved

cryo-electron microscopy. Nat. Methods 14, 331–332 (2017).

74. Zhang, K. Gctf: Real-time CTF determination and correction. J. Struct. Biol. 193, 1–12

(2016).

75. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for

rapid unsupervised cryo-EM structure determination. Nat. Methods 14, 290–296 (2017).

76. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local resolution of cryo-EM

density maps. Nat. Methods 11, 63–65 (2014).

77. Terwilliger, T. C., Adams, P. D., Afonine, P. V. & Sobolev, O. V. A fully automatic method

yielding initial models from high-resolution cryo-electron microscopy maps. Nat. Methods

15, 905–908 (2018).

78. Liebschner, D. et al. Macromolecular structure determination using X-rays, neutrons and

electrons: recent developments in Phenix. Acta Crystallogr D Struct Biol 75, 861–877

(2019).

79. Casañal, A., Lohkamp, B. & Emsley, P. Current developments in Coot for macromolecular

model building of Electron Cryo-microscopy and Crystallographic Data. Protein Sci. 29,

1069–1078 (2020).

80. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM and crystallography.

Acta Crystallogr D Struct Biol 74, 531–544 (2018).

81. Afonine, P. V. et al. New tools for the analysis and validation of cryo-EM maps and atomic

36

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/


models. Acta Crystallogr D Struct Biol 74, 814–840 (2018).

82. Prisant, M. G., Williams, C. J., Chen, V. B., Richardson, J. S. & Richardson, D. C. New tools

in MolProbity validation: CaBLAM for CryoEM backbone, UnDowser to rethink ‘waters,’ and

NGL Viewer to recapture online 3D graphics. Protein Sci. 29, 315–329 (2020).

83. Robinson, J. S., Klionsky, D. J., Banta, L. M. & Emr, S. D. Protein sorting in Saccharomyces

cerevisiae: isolation of mutants defective in the delivery and processing of multiple vacuolar

hydrolases. Mol. Cell. Biol. 8, 4936–4948 (1988).

84. Brachmann, C. B. et al. Designer deletion strains derived from Saccharomyces cerevisiae

S288C: a useful set of strains and plasmids for PCR-mediated gene disruption and other

applications. Yeast 14, 115–132 (1998).

85. McDonold, C. M. & Fromme, J. C. Four GTPases differentially regulate the Sec7 Arf-GEF to

direct traffic at the trans-golgi network. Dev. Cell 30, 759–767 (2014).

86. Buvelot Frei, S. et al. Bioinformatic and comparative localization of Rab proteins reveals

functional insights into the uncharacterized GTPases Ypt10p and Ypt11p. Mol. Cell. Biol. 26,

7299–7317 (2006).

87. Sikorski, R. S. & Hieter, P. A system of shuttle vectors and yeast host strains designed for

efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 122, 19–27 (1989).

88. Meng, E. C. et al. UCSF ChimeraX: Tools for structure building and analysis. Protein Sci.

32, e4792 (2023).

89. Waterhouse, A. et al. SWISS-MODEL: homology modelling of protein structures and

complexes. Nucleic Acids Res. 46, W296–W303 (2018).

90. Garcia-Saez, I., Tcherniuk, S. & Kozielski, F. The structure of human neuronal Rab6B in the

active and inactive form. Acta Crystallogr. D Biol. Crystallogr. 62, 725–733 (2006).

91. Miserey-Lenkei, S. et al. Coupling fission and exit of RAB6 vesicles at Golgi hotspots

through kinesin-myosin interactions. Nat. Commun. 8, 1254 (2017).

37

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 6, 2024. ; https://doi.org/10.1101/2024.05.06.592747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.06.592747
http://creativecommons.org/licenses/by-nc/4.0/

