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Abstract

Summary—Traffic through the Golgi complex is controlled by small GTPases of the Arf and

Rab families. Guanine nucleotide exchange factor (GEF) proteins activate these GTPases to

control Golgi function, yet the full assortment of signals regulating these GEFs is unknown. The

Golgi Arf-GEF Sec7 and the homologous BIG1/2 proteins are effectors of the Arf1 and Arl1

GTPases. We demonstrate that Sec7 is also an effector of two Rab GTPases, Ypt1 (Rab1) and

Ypt31/32 (Rab11), signifying unprecedented signaling cross-talk between GTPase pathways. The

molecular basis for the role of Ypt31/32 and Rab11 in vesicle formation has remained elusive. We

find that Arf1, Arl1, and Ypt1 primarily affect the membrane localization of Sec7, whereas

Ypt31/32 exerts a dramatic stimulatory effect on the nucleotide exchange activity of Sec7. The

convergence of multiple signaling pathways on a master regulator reveals a mechanism for

balancing incoming and outgoing traffic at the Golgi.

Introduction

The Golgi complex is the primary sorting organelle of the eukaryotic secretory pathway.

Traffic through the Golgi depends on the action of small GTPases of the Arf and Rab

families (Barr, 2009; Donaldson and Jackson, 2011). Arf proteins primarily regulate

outgoing vesicle biogenesis pathways by recruiting vesicle coat proteins and lipid-modifying

enzymes. Rab proteins primarily regulate the transport, tethering, and fusion of incoming

vesicles. Notable exceptions include Rab6 and the Rab11 homologs Ypt31/32, which also

appear to play direct roles in vesicle biogenesis (Benli et al., 1996; Jedd et al., 1997;

Miserey-Lenkei et al., 2010), although the role of Ypt31/32 in vesicle biogenesis is

unknown. GEFs activate Arf and Rab proteins to govern incoming and outgoing traffic at

the Golgi (Mizuno-Yamasaki et al., 2012), but it is unknown how these GEFs are regulated

by organelle status and cargo flux. In particular, there is scant evidence of significant

coordination between Arf and Rab pathways at the Golgi.
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Multiple Arf-dependent vesicle pathways sort cargos from the trans-Golgi network (TGN) to

endosomes, the lysosome, and the plasma membrane (PM). Cargo sorting at the TGN

depends upon Arf activation by the Arf-GEF Sec7 in yeast and its homologs BIG1/2 in

mammalian cells (Casanova, 2007). Sec7 is regulated through positive feedback by Arf1

(Richardson et al., 2012), and BIG1/2 is regulated by both Arf and Arl1 GTPases (Christis

and Munro, 2012; Lowery et al., 2013).

Here we report that in addition to being an effector of Arf1 and Arl1, Sec7 is also an effector

of two Rab proteins, Ypt1 (Rab1) and Ypt31/32 (Rab11). Therefore, four distinct GTPases

directly regulate Sec7. We show that Ypt1 primarily affects the localization of Sec7 and

exerts a modest affect on Sec7 activity. In contrast, Ypt31/32 exerts a dramatic stimulatory

effect on the activity of Sec7. We find that TGN cargo sorting in yeast appears to occur

sequentially, and levels of Ypt31/32 peak during cargo sorting. Disrupting either Ypt31/32

function or decreasing Golgi Arf levels lowers the fidelity of cargo sorting, but to different

extents. Our findings indicate that Ypt31/32 stimulation of Sec7 activity is a critical driver

of cargo sorting at the TGN, providing an explanation for the role of Ypt31/32 and Rab11

family members in vesicle biogenesis. Given the roles of Arl1 and Ypt1 in vesicle tethering,

we propose that Sec7 serves as a master regulator to balance incoming and outgoing traffic

at the Golgi.

Results

Sec7 localization and activity is regulated by several conserved C-terminal HDS (Homology

Downstream of Sec7) domains. The HDS1 domain exerts an autoinhibitory effect that is

relieved by binding to Arf1-GTP on the membrane surface. The HDS2-4 domains are also

autoinhibitory, but it is unknown how this autoinhibition is relieved (Richardson et al.,

2012). An unknown protein might bind to this region to relieve autoinhibition; therefore, we

performed a targeted screen of candidate Golgi-localized proteins, testing for factors that

either affected Sec7 membrane localization in vivo or could recruit Sec7 to membranes in

vitro.

Sec7 is an effector of the Ypt1 and Ypt31/32 Rab GTPases

Both Rab and Arf GTPases are active at membrane surfaces. Using purified membrane-

anchored GTPases to mimic the physiological context of Rab and Arf function, we found

that both Ypt1 and Ypt31 Rab proteins recruited a purified Sec7 construct, Sec7f (encoding

residues 203-2009, the essential primary sequence (Richardson et al., 2012)), to liposomes

in a nucleotide-dependent manner (Figures 1A and S1A-D). Arl1 also recruited Sec7f to

liposomes (Figure 1B), confirming the conservation of the interaction between Arl1 and

BIG1/2 (Christis and Munro, 2012). Another Golgi-localized Rab, Ypt6, did not recruit

Sec7f to liposomes. This result, together with the observed nucleotide-dependence,

establishes the specificity of the interactions (Figure 1B).

We imaged Sec7 in mutant strains (Figure S1E) to assess the importance of these

interactions for localization to the TGN. Sec7-GFP was largely mislocalized to the

cytoplasm in a ypt1-3 temperature sensitive (ts) strain at the restrictive temperature (Figures

1C and S1F); however, this mutation has many effects on the Golgi, so it is possible that this
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effect is indirect. Sec7-GFP exhibited normal localization in ypt31-101 ypt32Δ cells at the

restrictive temperature (Figures 1C and S1F), indicating that the Ypt31/32 interaction is not

required for Sec7 localization to the TGN membrane.

A previous study found allele-specific genetic interactions between Sec7 and both Ypt1 and

Ypt31/32: overexpression of Ypt1 suppressed the ts-growth phenotype of the sec7-1 mutant,

and overexpression of Ypt31 or Ypt32 suppressed the ts-growth phenotype of the sec7-4

mutant (Jones et al., 1999). We confirmed these results and also tested whether

overexpression of the other Sec7-interacting proteins, Arf1 and Arl1, was able to suppress

the growth phenotypes. Arf1 overexpression partially suppressed the sec7-1 but not the

sec7-4 mutant (Figure 1D,E); interpretation of this result is complicated because Arf1-GTP

is both a regulator and product of Sec7. The sec7-4 mutant encodes a G883D substitution

within the catalytic GEF domain (Deitz et al., 2000), and the isolated GEF domain harboring

this mutation exhibits reduced catalytic activity (Jones et al., 1999). We sequenced the

sec7-1 mutant and determined that it encodes a single S402L amino acid substitution in the

DCB (Dimerization and Cyclophilin Binding) domain (Figure 1F).

At the restrictive temperature, we observed that GFP-sec7-4 localized to punctate structures

similar to the TGN localization of wild-type GFP-Sec7. In contrast, GFP-sec7-1 was

mislocalized to the cytoplasm under the same conditions (Figures 2A and S1G).

Remarkably, overexpression of Ypt1 suppressed the mislocalization phenotype of GFP-

sec7-1, restoring the punctate appearance (Figure 2B). The primary established role of Ypt1

is to regulate the tethering of ER-derived vesicles with the cis-Golgi (Bacon et al., 1989;

Segev, 1991; Cao et al., 1998; Wang et al., 2000). However, Ypt1 alleles that specifically

affect fusion of endosomal vesicles with the late Golgi have been described (Sclafani et al.,

2010), providing evidence that Ypt1 acts at both early and late Golgi compartments. Our

results suggest that Ypt1 also plays a role in Sec7 localization to the TGN through a direct

physical interaction.

Mutations in the SEC7 or YPT31/32 genes result in similar enlarged Golgi morphology

phenotypes (Novick et al., 1980; Benli et al., 1996; Jedd et al., 1997). Given the suppression

of the sec7-4 growth defect by Ypt31/32 overexpression, we tested whether Ypt31/32 could

alleviate the catalytic deficiency of the sec7-4 mutant. We introduced the sec7-4 mutation

into the purified Sec7f construct (Figure S1B). Using an in vitro GEF activity assay

measuring the kinetics of Arf1 activation, we observed that the sec7-4f mutant protein

exhibits considerably reduced catalytic activity relative to the wild-type protein at the

permissive temperature (30°C) (Figure 2C,D). Arf1 activation by sec7-4f displayed

sigmoidal kinetics (Figure 2C), indicative of a positive feedback effect under these

conditions. Strikingly, the presence of activated Ypt31 in the reaction increased the activity

of sec7-4f to a level exceeding that of the wild-type Sec7f construct (Figure 2D). Ypt31 also

exerted a strong stimulatory effect on the activity of the wild-type Sec7f protein (Figures 2D

and 3A). These data indicate that overexpression of Ypt31/32 suppressed the sec7-4 growth

defect by rescuing its catalytic activity. Taken together, our results demonstrate that Sec7 is

an effector of both Ypt1 and Ypt31/32 and that these interactions are physiologically

relevant.
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The four GTPase regulators exert different effects on Sec7 activity

To gain mechanistic insight into the regulation of Sec7, we compared the activity of Sec7f in

the presence of each regulator. Ypt31 and Ypt32 exerted a strong stimulatory effect on

Sec7f, and Ypt1 also stimulated Sec7f to a significant degree (Figures 3A and S2A-D). Ypt6

had no effect on Sec7f activity (Figure S2B). Stimulation by Arf1 is most evident at higher

concentrations of Arf1 or when the autoinhibitory HDS2-4 domains are removed (Figure 3B

and (Richardson et al., 2012). The stimulatory effect of Ypt31 was dependent upon

nucleotide activation and was reduced by introduction of the ypt31-101 mutation (Figure

3C,D). These results establish Ypt31/32 as a potent regulator of Sec7 catalytic activity.

Removing the membrane anchor from Ypt31 eliminated its stimulatory activity (Figure 3D).

This result indicates that either proximity of the Rab to the membrane is important for this

effect or that the Sec7-Ypt31 interaction is diminished if Ypt31 is not membrane anchored.

Ypt1 and Ypt31 both require the HDS2-3 domains for binding to Sec7f, suggesting that they

bind directly to this region (Figure 3E,F). The effects of Ypt1 and Ypt31 combine to

generate an additive stimulatory effect (Figure S2E), implying that Ypt1 and Ypt31 bind

simultaneously to different sites within the HDS2-3 domains.

Removal of the HDS4 domain resulted in a Sec7 construct (Sec7ΔHDS4) with activity

similar to that of a construct lacking the HDS2-4 domains (Sec7ΔC+HDS1) (Figure 3B,G),

indicating that the HDS4 domain is the primary determinant for autoinhibition within the

HDS2-4 domains.

Arf1, Arl1, and Ypt31 stimulated the activity of Sec7ΔHDS4, whereas Ypt1 did not (Figure

3G). This indicates that the stimulatory effect of Ypt1 is not observable once autoinhibition

by the HDS4 domain is relieved, whereas stimulation by Arf1 or Arl1 is more significant in

the absence of HDS4 domain autoinhibition. Arf1 and Arl1 stimulated the activity of

Sec7ΔC+HDS1 (Figure 3B), whereas Ypt31 exerted no effect, consistent with the lack of

Ypt31 binding to this construct (Figure 3E).

In light of the in vivo localization data reported here and previously published (Richardson

et al., 2012), the in vitro GEF assay results (summarized in Figure S2C) signify that Arf1

and Ypt1 mediate recruitment of Sec7 to the TGN and partially relieve autoinhibition (of the

HDS1 and HDS4 domains, respectively). Arl1 was weaker than Arf1 in relieving HDS1

domain autoinhibition (Figure 3B,G), and did not increase the activity of Ypt1-stimulated

Sec7f (Figure S2F). These results are consistent with a role for Arl1 in recruitment of Sec7

to the membrane surface, which appears weaker than the roles of both Arf1 and Ypt1. Given

its function in localization of the Sec7 homologs BIG1/2 (Christis and Munro, 2012), Arl1

may provide TGN compartment specificity for Sec7 through coincidence with Arf1 and

Ypt1.

Ypt31 likely exerts an allosteric effect, perhaps inducing Sec7 to adopt a hyperactive

conformation. To test this hypothesis, we measured the activity of Sec7f anchored to the

membrane via a histidine tag. Membrane anchoring almost doubled the activity of the Sec7f

construct (Figure S2G). Ypt1 and Ypt31 each provided further stimulation of the activity of
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membrane-anchored Sec7f (Figure 3H), consistent with both Ypt1 and Ypt31 inducing more

active conformations of Sec7. Taken together, these results allow us to construct a model for

how the four GTPases recruit Sec7 to the TGN and regulate its activity: Sec7 is initially

recruited to the TGN membrane by Ypt1, Arf1, and Arl1 in coincidence, resulting in a basal

level of Sec7 activity. Subsequent binding to Ypt31/32 stimulates Sec7 activity (Figure 3I).

Ypt31/32 levels peak during Sec7-dependent cargo sorting events

Our data indicate that Ypt31 is the key regulator of Sec7 GEF activity for Arf1 activation at

the TGN. If true, then the appearance of Ypt31 at the TGN should be coincident with Arf1-

dependent cargo sorting events. We therefore used live-cell imaging to establish the

dynamics of Sec7 at the TGN relative to its regulators and relative to cargos whose sorting

depends upon Sec7 activity. As others have reported (Jian et al., 2010), we found that

tagging Arf1 or Arl1 inactivated these proteins, so we limited our analysis of regulators to

Ypt1 and Ypt31.

The yeast Golgi is very dynamic, with a lifetime of a few minutes (Losev et al., 2006;

Matsuura-Tokita et al., 2006; Rivera-Molina and Novick, 2009). Two waves of cargo

adaptors are recruited to the TGN, separated by only a few seconds (Daboussi et al., 2012).

Our time-lapse imaging revealed that ~500 nm TGN compartments, labeled by Sec7,

disintegrate into several smaller structures (Figure 4A-C, Movie S1). These structures

appear to be membranous, as they co-label with the integral membrane v-SNARE protein

Snc1 (Figure 4D), which marks secretory vesicles destined for the PM. We interpret these

small, highly mobile structures to be nascent vesicles or vesicle precursors.

In support of the role of Ypt1 in Sec7 recruitment, we observed that Ypt1 levels peak before

Sec7 levels, whereas Ypt31/32 levels peak soon after Sec7 levels (Figures 4E,F, S3A,D,

Movie S2, and (Suda et al., 2013). We examined three cargos: Kex2, a furin protease that

cycles between the TGN and endosomes; Tlg1, a Golgi t-SNARE that also cycles between

the TGN and endosomes, and Snc1. Kex2 (and presumably Tlg1) is sorted by the Arf1-

dependent GGA and AP-1 clathrin adaptors (Abazeed and Fuller, 2008); the sorting

machinery for Snc1 is unknown. For each cargo, we measured the time between its

disappearance from a Golgi compartment (interpreted as sorting) and the ultimate

disintegration of the same compartment. We observed a pattern in which Kex2 was sorted

first, followed by Tlg1, then Snc1 (Figures 4E,G, and S3B, Movie S3). Sorting of all three

cargos occurred within 15 seconds, consistent with the timing reported for clathrin adaptor

progression (Daboussi et al., 2012). Thus, Sec7-dependent cargo sorting events appear to

occur sequentially, as previously proposed (Daboussi et al., 2012), with the bulk of sorting

to endosomes occurring before sorting to the PM.

Our analysis indicates that Kex2 and Tlg1 sorting occurs soon after Sec7 levels peak, when

Ypt31 levels are rising. Disruption of Ypt31/32 function alters the steady-state distribution

of Kex2 and Snc1 (Chen et al., 2005). Similarly, we found that lowering Golgi Arf levels by

~90% alters the steady state localization of Kex2 and the kinetics of Tlg1 cargo sorting

(Figure S4A-D). Our results lead to a model in which abundant Arf1-GTP, generated by

Ypt31/32 stimulation of Sec7 and enhanced by positive feedback, is required for the fidelity

of sequential cargo sorting events (Figure 4H). Vesicles formed later in the sequence would
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carry more Ypt31/32, enriching these Rab proteins specifically on secretory vesicles. An

attractive feature of this model is that after vesicle biogenesis, Sec7 dissociation from a

secretory vesicle would allow Ypt31/32 to recruit its known effectors Sec2 and Myo2 (Ortiz

et al., 2002; Lipatova et al., 2008; Daboussi et al., 2012), priming the vesicle for motor-

driven transport and eventual fusion with the PM.

Discussion

Crosstalk has previously been demonstrated between Arf and Rab pathways during

endocytosis (Chesneau et al., 2012), on endosomes (Inoue et al., 2008; Kobayashi and

Fukuda, 2012; D'Souza et al., 2014), and at the early Golgi (Chen et al., 2011). Our findings

reveal an unprecedented level of crosstalk between Arf and Rab GTPase pathways at the

TGN and establish Sec7 as a GTPase signaling hub.

Previous studies identified a role for Ypt31/32 and Rab11 in vesicle formation (Benli et al.,

1996; Ullrich et al., 1996; Jedd et al., 1997). Our results provide a mechanistic explanation

for Ypt31/32 function in vesicle biogenesis through direct stimulation of Sec7 activity. Cells

therefore use a single regulator (Ypt31/32) to drive two coupled events at the TGN: vesicle

formation and motor-dependent transport of secretory vesicles. Given the high degree of

homology between Ypt31/32 and Rab11-family members (including Rab4 and Rab14), and

between Sec7 and the BIG1/2 Arf-GEFs in other organisms, we expect that a similar

mechanism operates to generate vesicles at the TGN and recycling endosomes in metazoan

cells.

We have also identified Ypt1 as a key regulator of Sec7 membrane localization and activity,

underscoring the importance of Ypt1 and Rab1 in regulating multiple aspects of Golgi

function. As other known effectors of both Ypt1 and Arl1 mediate tethering of incoming

vesicles at the Golgi (Cao et al., 1998; Panic et al., 2003; Setty et al., 2003), direct regulation

by these GTPases suggests that Sec7 provides a mechanistic link between incoming and

outgoing vesicle traffic (Figure S4E,F).

We found that the sec7-1 allele encodes a mutation that results in cytoplasmic

mislocalization. It is possible that this mutation disrupts the interaction between Sec7 and

one of the regulatory GTPases or between Sec7 and the membrane surface. Ypt1

overexpression likely restores membrane localization of the sec7-1 protein by strengthening

the Ypt1-Sec7 interaction, compensating for whichever interaction is diminished by the

sec7-1 mutation. However, we cannot rule out the possibility that Sec7 function is also

regulated indirectly by the effect of Ypt1 on Golgi morphology.

The regulation of Sec7 GEF activity is complex. Both the HDS1 and HDS4 domains exert

autoinhibitory effects (this work and (Richardson et al., 2012)). Relief of HDS1 domain

autoinhibition appears to require recruitment to the membrane surface by binding to either

Arf1-GTP or Arl1-GTP, while relief of HDS4 domain autoinhibition appears to require

binding of either Ypt1-GTP or Ypt31/32-GTP. The stimulatory effect of Ypt31/32 is greater

than that obtained by removal of the HDS4 domain, implying that Ypt31/32 triggers

allosteric activation in addition to relief of autoinhibition. Our previous work demonstrated
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that the membrane surface itself plays an important role in stimulating Sec7 activity

(Richardson et al., 2012), but so far no specific lipid requirement has been identified. Future

studies will be needed to determine the mechanistic details underlying membrane

recruitment and progression of Sec7 from inactive to fully active states.

Our data, together with previous reports (Christis and Munro, 2012; Richardson et al., 2012;

Lowery et al., 2013), indicate that Arf1, Arl1, and Ypt1 each play a role in recruiting Sec7 to

the Golgi. Subsequent binding to Ypt31/32 further stimulates the activity of Sec7, and this

appears necessary to faithfully drive Sec7-dependent cargo sorting events. This idea is

supported by the loss of cargo-sorting fidelity in both ypt31/32 and arf1 mutant cells.

Regulation by multiple GTPases is a mechanism to ensure precise spatiotemporal regulation

of Sec7 activity. We envision that the integration of four different GTPase signals by Sec7

may enable regulation of TGN cargo sorting in response to various cellular stimuli,

including stresses such as nutrient deprivation or changes in secretory cargo load. A full

understanding of the signaling logic of the Golgi complex will require mechanistic

investigations of each of the Arf and Rab GEFs that together control the function of this

organelle.

Experimental Procedures

Plasmid constructs, yeast strains and genetic methods

Plasmids and strains were constructed using standard techniques and are described in

Supplemental Experimental Procedures.

Protein purification

Sec7f and Sec7ΔC+HDS1 constructs were purified as previously described (Richardson et

al., 2012), with the addition of treatment by TEV-protease to remove the 6xHis-tag prior to

the final chromatography step. The sec7-4f and Sec7ΔHDS4 constructs were purified using

the same procedure as Sec7f. We were not able to purify a well-behaved construct for the

HDS2-3 domain region. In our experience, the N-terminal domains of Sec7 appear to be

required for the expression and purification of truncation constructs.

C-terminal 7xHis-tagged yeast Rab constructs were created using the pGEX-6P vector

backbone and designed so that the C-terminal cysteine residues (prenylated in vivo) were

replaced with a 7xHis-tag for membrane anchoring. These constructs were purified using the

GST tag, which was removed by PreScission protease treatment. Further purification details

are included in Supplemental Experimental Procedures. We note that there are two distinct

species in some of the Rab purifications. Analysis by anti-His-tag immunoblot indicated that

the faster migrating species are likely N-terminal proteolytic products (Figure S1C).

Myristoylated-Arf1 was purified as reported (Ha et al., 2005). For purification of

myristoylated-Arl1, a plasmid encoding full-length yeast Arl1 was introduced into

BL21(DE3) E. coli cells together with the Nmt1 plasmid encoding the N-myristoyl

transferase enzyme. Growth and expression was the same as for Arf1. Further purification

details are included in Supplemental Experimental Procedures. We note that the purified

Arl1 protein runs as three species on an SDS-PAGE gel.
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Liposome preparation

TGN-like liposomes were prepared as described (Richardson et al., 2012), except they also

contained 5% Ni2+-DOGS for binding His-tagged proteins. Liposomes were extruded

through 100 nm filters.

Liposome flotation (binding) assays

Flotation assays were performed as described (Richardson et al., 2012), using 4 ug of each

protein and 0.3 mM of liposomes per 75 ul binding reaction.

GEF activity assays

Tryptophan fluorescence GEF assays were performed at 30°C as described (Richardson et

al., 2012). Figure S2A presents an example of a single replicate.

Microscopy

See Supplemental Experimental Procedures for which strains and plasmids were used for

each experiment. Images in the same figure panel are shown at the same light levels.

Cells were grown in synthetic media and imaged in log phase (OD600 ~ 0.4) on glass

coverslips or in glass-bottomed dishes. Images shown in Figures 1,2, and S1 were obtained

using a DeltaVision RT wide-field microscope (Applied Precision). Single focal planes are

shown after deconvolution in softWoRx.

Images shown in Figures 4, S4, and all Supplemental Movies were obtained using an Andor

Revolution spinning disk confocal microscope with dual cameras for simultaneous red/green

image acquisition. A single focal plane was imaged under reduced laser power to minimize

photobleaching. 500 ms exposures were acquired every second for four minutes at 26oC.

Image processing for these data was done using SlideBook software (3I).

Peak-to-peak times were determined similar to a previous report (Daboussi et al., 2012),

being careful to only analyze compartments that remained spatially resolved from other

compartments and within the observed focal plane for the duration of the analysis time. Peak

times were determined after photobleach correction and normalization of the fluorescence

signal. The typical amount of photobleaching during a 4 minute time course was ~15% for

Sec7-6xDsRed, and ~40-50% for the GFP-tagged proteins. Relative disappearance times

were determined using compartments which met the above criteria and for which the

disintegration of the Sec7 marker was observable during the observation period. For

compartments meeting this criteria, the time of disappearance was chosen as the timepoint

when the normalized fluorescence signal dropped below 20% of its maximum value for the

duration of the analysis time. We note that although we were only able to quantify several

compartments due to the selection criteria, we observed that virtually all compartments

exhibited qualitatively similar maturation kinetics.

We tested two different GFP-Ypt31 constructs, one with an expression level much lower

than endogenous Ypt31, and another with an expression level that was higher (Figure S3C).

Both constructs exhibited similar dynamics relative to Sec7 (Figure S3D), despite differing

McDonold and Fromme Page 8

Dev Cell. Author manuscript; available in PMC 2015 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



in expression level by an order of magnitude. The data shown in Figure 4 was collected

using the strain with higher GFP-Ypt31 expression level. Both the GFP-Ypt1 and GFP-

Ypt31 fusions were previously shown to be functional (Buvelot Frei et al., 2006).

We were concerned that the measured disappearance times might simply be an artifact of

either photobleaching or the intensity of the fluorescence signal (i.e., cargos with weak

fluorescent signal may appear to be sorted earlier). Photobleaching was judged not to be a

concern based on the total amount of photobleaching (as described above), and considering

that other compartments within the same cell remained fluorescent after the disappearance

of signal from the measured compartment. To test the possibility of artifacts due to

fluorescence intensity, we plotted relative disappearance time versus maximum fluorescence

intensity values, averaged for each cargo or mutant strain. There was no significant

correlation between compartment fluorescence intensity and disappearance time (Figure

S3F), although Snc1 was the most intense and had the latest disappearance. For example, the

intensity of GFP-Tlg1 at Golgi compartments is increased in the arf1Δ strain relative to

wild-type cells, likely owing to the enlargement of the Golgi in this strain, yet the

disappearance of GFP-Tlg1 occurs earlier in this strain relative to the wild-type strain.

Statistical tests

For Figures 2, 3, 4G, and S2D-F, significance was determined by one-way ANOVA with

Tukey’s test for multiple comparison. For the data in Figure 3A,D,H the variances were not

equal among the samples, presumably due to the much faster rates in the Ypt31-stimulated

reactions. Therefore, these data were log10 transformed for statistical analysis to equalize the

variances prior to performing the ANOVA/Tukey’s test. For Figures 4F and S4D,

significance was determined by an unpaired T-test with Welch’s correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sec7 is an effector of the Ypt1 (Rab1) and Ypt31/32 (Rab11) GTPases

• Ypt1 mediates recruitment of Sec7 to the TGN

• Ypt31/32 dramatically stimulates Sec7 activity

• Ypt31/32 levels peak during Sec7-dependent cargo sorting events
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Figure 1. Sec7 is an effector of four different Golgi GTPases
(A) Liposome flotation assays showing activated Ypt1 and Ypt31 recruit purified Sec7f to

liposomes. GTP* = GMP-PNP (active GTPase).

(B) Activated Arf1 and Arl1, but not Ypt6, recruit purified Sec7f to liposomes. *,

contaminant. Purified Rab GTPases bind to membranes regardless of their nucleotide state

via a 7xHis tag, which is not present on purified Arf1 or Arl1.

(C) Localization of an extra copy of GFP-Sec7 in yeast cells harboring the indicated

mutations. For temperature-sensitive mutants, images are shown for both permissive (30°C)

and restrictive (37°C) temperatures.

(D-E) Overexpression of indicated GTPases via 2-μm plasmids in temperature-sensitive

yeast cells carrying (D) GFP-sec7-1 or (E) RFP-sec7-4 mutant alleles.

(F) Schematic diagram of the Sec7 conserved domain structure and Sec7 truncated

constructs; stars denote the approximate locations of the specified mutations. See also Figure

S1.
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Figure 2. Overexpression of Ypt1 and Ypt31 rescues Sec7 allele-specific phenotypes
(A) Localization of GFP-tagged Sec7, sec7-1, and sec7-4 after 20 min incubation at

restrictive temperature (37°C).

(B) Localization of GFP-sec7-1 in cells overexpressing Ypt1 at both permissive (30°C) and

restrictive (35°C) temperatures.

(C) Activation of Arf1 (measured via tryptophan fluorescence) by 100 nM WT Sec7f,

sec7-4f, or sec7-4f in the presence of 500 nM activated Ypt31. Dark lines represent the

average of 3 normalized reactions; lighter shaded areas represent the corresponding 95%

confidence intervals (CI); dashed lines represent data not captured but inferred from curve-

fitting.

(D) Quantification of Arf1 activation rates from curves in (C). Data for WT Sec7f + Ypt31 is

included for comparison. The activation curve for this sample is not shown in (C) because it

was acquired using a different concentration (30 nM) of the GEF. Error bars represent 95%

CIs for n=3.
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Figure 3. Each GTPase plays a distinct role in Sec7 activation, with Ypt31 exerting the largest
stimulatory effect
(A) Rates of Arf1 activation by Sec7f in the presence of membrane-bound, activated

GTPases or buffer (“mock”). n=3.

(B) Arf1 activation by purified Sec7ΔC+HDS1. n=3.

(C) Arf1 activation by Sec7f in the presence of GDP-bound or GTP-bound Ypt31. n=4.

(D) Arf1 activation by Sec7f in the presence of activated membrane-bound Ypt31 or

ypt31-101, or soluble Ypt31. n=3.

(E,F) Liposome floatation assays showing Ypt1- and Ypt31-dependent recruitment of

purified Sec7f (E) and Sec7ΔHDS4 (F), but not of purified Sec7ΔC+HDS1 (E); GTP* =

GMP-PNP (active GTPase).

(G) Arf1 activation by purified Sec7ΔHDS4. n=3.

(H) Arf1 activation by membrane-anchored Sec7f. n=3.

(I) Model of Sec7 recruitment to the TGN and regulation of GEF activity by four GTPases.

Sec7 is dimeric, but a monomer is shown for simplicity. This model is based on the findings

from this study and previous reports (Christis and Munro, 2012; Richardson et al., 2012).

See also Figure S2.

In (A)-(D),(G),(H), error bars represent 95% CIs for the indicated n.
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Figure 4. Sec7-dependent cargo sorting events are sequential and coincide with the peak of
Ypt31 levels
(A) Live-cell imaging of GFP-Sec7-labeled TGN compartments disintegrating into smaller,

fast-moving structures.

(B) Timelapse subseries (1 sec intervals) of the box from (A), a single Golgi compartment.

(C) Normalized quantification of the GFP-Sec7 signal in the box from (A).

(D) Timelapses (5 sec intervals) from strains expressing Sec7-6xDsRed and different Sec7-

dependent cargos, aligned by measured Sec7 disappearance time. A strain expressing both

GFP-Sec7 and Sec7-6xDsRed serves as a control.

(E) Timelapses (1 sec intervals) from strains expressing Sec7-6xDsRed and GFP-Ypt1 or

GFP-Ypt31.

(F) Quantification of the peak-to-peak times. Error bars represent s.e.m. for n=5.

(G) Quantification of the relative disappearance time for cargos. Error bars represent s.e.m.

for n=4 to 6.

(H) Model for the dynamics of Sec7-dependent events at the late Golgi. Sec7 disappearance

is set to t=0. Peak times and sorting times are set relative to t=0. Sorting times denote when

>80% of the cargo has exited the TGN. For simplicity, a single time (−11 s) is used to

denote sorting of Kex2 (−13.5 s) and Tlg1 (−9 s). Times are denoted as approximate (~)

when derived from two sequential relative comparisons. For example, the timing of Sec7

peak levels was measured relative to Sec7 disappearance (Figure S3E), while the peak levels

of the Rab proteins were measured relative to the peak of Sec7 (Panel F). Dotted lines and

arrows represent events not measured, but inferred from this study and others, for example,

the timing of PI(4)P appearance relative to Sec7 (Ortiz et al., 2002; Daboussi et al., 2012).

We envision that Sec7 must leave the membrane surface of a secretory vesicle (perhaps
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triggered by inactivation of Arf1 and Arl1 by the Gcs1 ArfGAP) before Ypt31/32 can recruit

Sec2, leading to Sec4 activation and recruitment of the Myo2 (Myosin V) motor.

See also Figures S3, S4, and Movies S1-S3.
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