"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

Published in final edited form as:
Traffic. 2013 February ; 14(2): 233-246. do0i:10.1111/tra.12024.

Trs130 participates in autophagy through GTPases Ypt31/32 in
Saccharomyces cerevisiae

Shenshen Zoul, Yong Chenl, Yutao Liul, Nava Segev?, Sidney Yu3, Yan Liul, Gaoyi Minl,
Min Yel, Yan Zengl, Xiaoping Zhul, Bing Hong?, Lars Olof Bjérn®, Yongheng Liang1#,
Shaoshan Li*#, and Zhiping Xie*#

1College of Life Sciences, Key Laboratory of Agricultural Environmental Microbiology of Ministry
of Agriculture, Nanjing Agricultural University, Nanjing 210095, China

2Department of Biochemistry and Molecular Genetics, College of Medicine, University of Illinois at
Chicago, IL. 60607

3School of Biomedical Sciences, The Chinese University of Hong Kong, Shatin, New Territories,
Hong Kong SAR, China

4School of Medicine, Nankai University, Tianjin 300071, China

5Key Laboratory of Ecology and Environmental Science in Guangdong Higher Education, School
of Life Science, South China Normal University, Guangzhou 510631, China

Abstract

Trs130 is a specific component of the TRAPP 1l (Transport protein particle 11) complex, which
functions as a guanine exchange factor (GEF) for Rab GTPases Ypt31/32. Ypt31/32 is known to
be involved in autophagy, although the precise mechanism has not been thoroughly studied. In this
study, we investigated the potential involvement of Trs130 in autophagy and found that both the
cytoplasm-to-vacuole targeting (Cvt) pathway and starvation-induced autophagy were defective in
a trs130ts (trs130temperature-sensitive) mutant. Mutant cells could not transport Atg8 and Atg9
to the preautophagosomal structure/ phagophore assembly site (PAS) properly, resulting in
multiple Atg8 dots and Atg9 dots dispersed in the cytoplasm. Some dots were trapped in the trans-
Golgi. Genetic studies showed that the effect of the Trs130 mutation was downstream of Atg5 and
upstream of Atgl, Atgl3, Atg9 and Atgl4 on the autophagic pathway. Furthermore,
overexpression of Ypt31 or Ypt32, but not of Yptl, rescued autophagy defects in #rs130ts and
trs65ts (Trs130-HA Trs120-myc trs65A4) mutants. Our data provide mechanistic insight into how
Trs130 participates in autophagy and suggest that vesicular trafficking regulated by GTPases/
GEFs is important in the transport of autophagy proteins from the trans-Golgi to the PAS.
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Introduction

Rab (Ypt in yeast) GTPases are critical for vesicle trafficking in eukaryotic cells (1, 2). Rab/
Ypt is activated from the inactive GDP state to the active GTP state by guanine nucleotide
exchange factor (GEF) (1, 3). Three TRAPP complexes (I, 1l and I11) are reported for their
GEF activities for Yptl and Ypt31/32 (4-11). TRAPP I, with subunits Bet3, Bet5, Trs20,
Trs23 and Trs31, is required for endoplasmic reticulum-to-Golgi transport (12, 13). TRAPP
I11, which has the components of TRAPP | plus Trs85, functions in autophagy (6, 14).
However, the composition and function of TRAPP II is controversial. TRAPP Il was
initially thought to contain components of TRAPP | plus Trs130, Trs120 and Trs65, but the
precise subunit composition remains controversial. Trs33, originally reported to be a TRAPP
I subunit (12, 13), is suggested to be TRAPP Il-specific based on genetic data (7). Recently,
Tcal7 was also reported to be a TRAPP 1l-specific subunit (15, 16). Our genetic and
biochemical data support the idea that TRAPP |1 functions with Ypt31/32 in Golgi-to-PM
and endosome-to-Golgi transport (7, 9, 10). Mutation or deletion of a TRAPP I1-specific
subunit impairs the GEF activity of the TRAPP complex for Ypt31/32, but not Yptl.
Conversely, Ypt31 or Ypt32, but not Yptl, suppresses the growth phenotype of a mutant in
a TRAPP Il-specific subunit (7, 9, 10). Trs130 has a key role in the specificity of GEF
activity of TRAPP |1 for Ypt31/32 (10); and Trs65 affects the protein level of Trs130 (9).
There are also reports that TRAPP 11 functions with Ypt1 (not Ypt31) in ER-to-Golgi and
endosome-to-Golgi transport (5, 8, 17, 18).

Recently, several Ypt proteins have been reported to be involved in autophagy, including the
functionally redundant pair Ypt31/32 (6, 14, 19-21). However, the precise mechanism by
which Ypt31/32 functions in autophagy has not been thoroughly studied. In addition, the
role of TRAPP Il in autophagy has not been established. Here we study its role in autophagy
regardless of with which Ypt it functions.

The hallmark of autophagy is the formation of double-membrane autophagosomes. After
two decades of research, the various membrane and protein trafficking processes involved in
the formation of autophagosomes are just beginning to be elucidated. Atg8 and Atg9 are two
key proteins that function in this process. Through a reversible posttranslational
modification, Atg8 becomes associated with the precursor membrane sac at the
preautophagosomal structure/ phagophore assembly site (PAS), possibly promoting
membrane sac expansion. Some Atg8 molecules later dissociate, while the rest become
trapped in completed autophagosomes and are eventually degraded in the vacuole (the yeast
analogue of the lysosome) (22-25). Atg9 acts upstream of Atg8 (26). Atg9 is unique among
known autophagy-related proteins as the only conserved integral membrane protein. Atg9
normally travels between the PAS and other peripheral sites (27, 28). This shuttling process
is proposed to link membrane sources and the PAS. The molecular machinery of
autophagosome formation can adapt to different cellular needs. Under starvation/stress
conditions, yeasts use the molecular machinery for non-selective autophagy. Under nutrient
rich/normal conditions, the same core machinery carries out a selective autophagy process,
the cytoplasm-to-vacuole targeting (Cvt) pathway (29). This pathway is responsible for the
transport of several zymogens (including prApel) from the cytoplasm to the vacuole. The
effect of a particular gene in autophagy can be measured by monitoring the changes of the
Cvt pathway and starvation-induced autophagy in its mutant.

Here, we investigated the connection between TRAPP Il and autophagy by analyzing
autophagy in TRAPP Il-specific subunit mutants. By monitoring the transport of Atg8,
Atg9, and Apel, we uncovered a new function of Trs130 in autophagy. Mutation of Trs130
impaired both the Cvt pathway and starvation-induced autophagy. Furthermore, autophagy
defects and growth defect phenotypes in the Trs130 mutant were suppressed by Ypt31 or
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Ypt32, but not by Yptl. Our data suggested that Trs130 participates in autophagy as a
subunit of TRAPP Il, which mediates the post-Golgi vesicular transport of Atg8 and Atg9
from trans-Golgi to the PAS. This effect was mediated by Ypt31/32, the GTPase substrate of
TRAPP I, but not by Yptl.

Trs130 and other TRAPP ll-specific subunits are required for both the Cvt pathway and
starvation-induced autophagy

Mutation of TRAPP Il-specific subunit affects the GEF activity of the TRAPP complex on
Ypt31/32 (7, 9, 10) and/or the assembly of the TRAPP Il complex (7, 15). Recently,
Ypt31/32 were reported to be involved in autophagy (20). To examine the potential
participation of Trs130 and other TRAPP Il-specific subunits in the regulation of autophagy,
we constructed mutants of TRAPP I1-specific subunits and monitored the transport of Apel
and Atg8 to investigate Cvt pathway status and starvation-induced autophagy.

Under non-starvation conditions (in nutrient-rich medium) at a permissive temperature
(26°C), Atg8 existed in the cytosol, while Apel entered the vacuole in both wild-type (WT)
and #rs130ts mutant cells. Occasionally, a single Atg8 dot and/or single Apel dot per cell
can be seen. In contrast, percentages of cells with multiple (=2) Atg8 dots per cell or with
Apel dots increased in #rs130ts mutant cells at the restrictive temperature (37°C) (Figure 1A
upper). Similar results were found in WT and #rs65ts mutant cells (Figure S1A upper). Cells
with multiple Atg8 dots were observed in trs120A (trs120A+Ypt31) and #s33A (trs334
Trs130-HA) mutants under non-starvation conditions at 37°C, although few of these types
of cells were seen at 26°C, especially in the #7s334 mutant. In the fcal7ts (tcal7A Trs130-
HA Trs120-myc) mutant, cells with multiple Atg8 dots were rarely observed under non-
starvation conditions at 37°C (Figures S1A, C and E). In some #rs130tsand #rs65ts mutant
cells at 37°C, one of the Atg8 dots was seen to colocalize with Apel, indicating that
trafficking of Atg8 to the PAS was not completely stopped (Figures 1A and S1A). As a
control, we used the afgZA4 mutant. Atgl is essential for autophagosome formation, but not
for the targeting of Atg8 and Apel to the PAS. As expected, colocalization of Atg8 dots
with Apel dots was observed in the afgZA mutant. Immunoblot assays showed that
maturation of Apel in #rs120A or trs33A mutants, similar to in #rs130¢s, was not as efficient
as in WT at either temperatures under non-starvation conditions (in YPD) (Figures 1B left,
S1D and S1F left). In frs65ts mutant cells, Apel maturation was decreased at 37°C but not at
26°C, while Apel maturation in fcal7ts cells was different from the other TRAPP ll-specific
subunit mutants (Figure S1 Bleft). We also noticed that under non-starvation conditions, the
level of GFP-Atg8 protein in most mutant cells was much higher than in WT cells (Figures
1B, S1B and S1F).

We further examined cells under nitrogen starvation conditions (SD-N) (Figures 1 and S1),
which leads to enhanced autophagic flux (30). In WT cells, both Atg8 and Apel were
efficiently delivered to the vacuole. In contrast, while Atg8 and Apel in #rs130tsand trs65ts
mutants were delivered to the vacuole at 26°C, both accumulated as dots outside the vacuole
at 37°C. Similar to the results in nutrient-rich medium, Atg8 existed as multiple dots
(Figures 1A and S1A). In the afg1A4 control cells, Apel appeared as a single dot and Atg8
dots accumulated outside the vacuole (Figure 1A). Immunoblot assays showed that under
starvation conditions, the extent of Apel maturation in #rs130tsand trs65tswas similar to in
WT at 26°C, but this was partially blocked at 37°C. Consistent with the defect in vacuolar
transport, GFP-Atg8 was not degraded efficiently at 37°C in #rs130ts and #rs65ts mutants
(Figures 1B and S1B). In the control afg1A cells, Apel maturation and GFP-Atg8
degradation were blocked in all conditions tested (Figure 1B). Atg8 transport was not
impaired in fcal7ts, but was impaired in #rs120A and frs33A mutant in cells treated under
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starvation conditions for a longer time (=2 hours) (Figures S1C and S1E). When fcal7ts
cells were treated under starvation conditions for a shorter time (0.5 hour), the percentage of
cells with multiple Atg8 dots significantly increased compared to WT (Figures S1A).
Immunoblot data for GFP-Atg8 degradation in the mutants were consistent with fluorescent
microscopy data (Figures S1B, S1D and S1F).

The TRAPP IlI-specific subunit Trs85 is involved in autophagy (6, 14). To compare the
sites of action of TRAPP Il to TRAPP 11 in the autophagic pathway, we deleted 7RS85in
trs130tsand WT. In trs130ts trs85A double mutants, fewer cells had multiple Atg8 dots than
in #rs130ts mutants; however, in #rs130ts trs85A double mutants, more cells had multiple
Atg8 dots than in #rs85A mutants at the restrictive temperature (Figures 1A). Inhibition of
GFP-Atg8 degradation and maturation of prApel in frs130ts trs85A double mutants was
greater than in either #r5s130ts or trs85A mutants (Figures 1B). This suggested that the
relationship between TRAPP Ill and TRAPP Il complexes was not a strict upstream-
downstream relationship, but most likely a parallel relationship in the autphagic pathway.

We further examined the level of autophagy using a quantitative biochemical method, the
Pho8.460 assay (31). The results showed that autophagy activity significantly decreased in
trs130ts and frs65ts mutants after incubation at the restrictive temperature 36.5°C in SD-N.
Partial and full recovery autophagy activity was achieved for #rs130tsand trs65ts,
respectively, after shifting to the permissive temperature for 2 hours, All samples
consistently had low autophagy activity when cells were incubated in YPD (Figure S4A).
Additionally, we verified that #5130tsand trs65ts mutants were viable after incubation in
SD-N at 36.5°C for 2 hours (Figure S4B).

Together, these results indicated that the autophagic pathways (the Cvt pathway and
starvation-induced autophagy) were severely defective in #rs130ts mutant cells at a
restrictive temperature. Other TRAPP Il-specific subunit mutants were partially defective
under the same conditions.

To further confirm the involvement of Trs130 in both the Cvt pathway and starvation-
induced autophagy, we deleted the pathway-specific genes (A7G11and ATG17)
individually. In the absence of A7G11, only starvation-induced non-selective autophagy
operated normally (32, 33), whereas in the absence of A7G17, the Cvt pathway operated
normally (34). In WT-background cells with A7G11 knocked out, starvation led to
significant vacuolar transport and degradation of GFP-Atg8 (Figure 2). In contrast, these
processes were partially reduced at 26°C and more severely defective at 37°C in SD-N in
trs130ts atg11A cells (Figure 2), indicating that Trs130 was required for starvation-induced
autophagy. In WT-background cells with A7G17knocked out, vacuolar transport and
maturation of Apel occurred normally in YPD (Figure 2). However, in frs130ts cells with
ATGI7knocked out, vacuolar transport and Apel maturation were defective at both 26°C
and 37°C (Figure 2), indicating that Trs130 was involved in the Cvt pathway.

Site of action for Trs130 in the autophagic pathway

Next, we determined the step at which Trs130 functions in autophagy by genetic epistasis
analysis. A hallmark of the #rs130ts mutant is that Atg8 accumulates as multiple dots instead
of entering the vacuole. If these dots represent trafficking intermediates before Atg8 reaches
the PAS, deleting additional genes (such as A7GJI) that act after Atg8 recruitment to the
PAS would not change the phenotype. Alternatively, if the dots are completed
autophagosomes unable to fuse with the vacuole, knocking out A7GZ would prevent their
appearance (35). Consistent with the former possibility, we found that multiple Atg8 dots
outside the vacuole persisted in #s130ts mutant cells at 37°C in all nutrient conditions,
regardless of the presence of A7TGI (Figures 3A and S2A). Overexpression of Trs130
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rescued autophagy defects in #rs130¢s atg1A mutant cells at 37°C to be like at 26°C (Figures
3A and S2A).

To further verify that the multiple dots in #rs130ts were trafficking intermediates, we
extended the analysis to delete A7G5, ATG13, ATG9and ATG14. Atg5 is a component of
the E3-like ligase complex essential for the association of Atg8 with the precursor
membrane sac (36). Atg13 is a phosphoprotein in complex with Atgl; together they regulate
the initiation of autophagy in yeast (28). Atg9 is a transmembrane protein shuttling between
the PAS and other peripheral sites that is suggested to provide membrane resources for
autophagosomes (27, 28). Atg14 is an autophagy-specific component of class 111 PIK3
complex I that targets the complex to the PAS (37). Deletion of A7G5 completely
eliminated the formation of Atg8 dots (Figures 3B and S2B), indicating that the association
of Atg8 with these dots happens after conjugation of Atg8 to phosphatidylethanolamine
(PE). In contrast, the multiple-dot phenotype was not significantly affected by deleting
ATGI13 ATG9or ATG14 (Figures 3B and S2B), indicating that Trs130 functioned after
Atg5 and before Atgl, Atgl3, Atg9 and Atgl4.

Atg9 anterograde transport is defective in trs130ts and trs65ts mutants

The trafficking defect of Atg8 in the #r5130ts mutant prompted us to further examine Atg9
trafficking. Atg9 acts upstream of Atg8; it is required for the proper recruitment of Atg8 to
the PAS (26). As mentioned above, Atg9 normally shuttles between the PAS and several
non-PAS organelles (27, 28). The release of Atg9 from the PAS depends on several Atg
proteins, including Atgl. Accordingly, transport of Atg9 to the PAS can be examined by
knocking out A7G1 (28). When ATG1 was deleted from the WT background, Atg9 became
concentrated as a bright perivacuolar dot that colocalized with the PAS marker Apel and the
phenotype was independent of culture medium (Figure 4). In contrast, when A7GI was
deleted from the #rs130ts mutant, a typical mutant cell contained multiple Atg9 puncta at
37°C, only one of which colocalized with Apel (Figure 4). The effect on Atg9 trafficking in
the #rs130ts mutant was also observed in the #rs65¢s mutant (Figure S3). The results
suggested that the anterograde trafficking of Atg9 to the PAS was severely impaired in the
Trs130 mutant.

Subcellular localization of multiple Atg8 and Atg9 dots in the trs130ts mutant

Trs130 is reported to regulate the function of Ypt31/32 in vesicles exiting the trans-Golgi
(10). If Trs130-mediated vesicular trafficking connects the autophagic pathway with the
secretory pathway, the loss of Trs130 function might cause mislocalization of autophagy
components to the trans-Golgi. We therefore checked whether Atg8 or Atg9 colocalized
with the trans-Golgi marker Sec7 in the #rs130ts mutant. In WT cells cultured in SD-N at
37°C, most GFP-Atg8 was transported into the vacuole, with little if any colocalization with
Sec7-DsRed (Figure 5A upper). In contrast, in the #r5130ts mutant, more than 10% of the
Atg8 puncta colocalized with Sec7 puncta. Colocalization of Atg8 with Sec7 in the #rs130ts
mutant was not significantly altered when A7G1 was deleted (Figure 5A), consistent with
Trs130 acting upstream of Atgl.

We then examined whether Atg9 was trapped in the trans-Golgi in the #rs130tfs mutant at
37°C. In WT cells, about 15% of the Atg9 dots colocalized with Sec7 puncta. Deletion of
ATGIin WT caused the redistribution of Atg9 to a single dot at the PAS that no longer
colocalized with Sec7. In contrast, #rs130ts mutant cells with A7GI deleted had multiple
Atg9 dots. In these cells, although the ratio of Atg9 puncta colocalized with Sec7 puncta
decreased, it was still significantly higher than that in WT cells with A7G1 deleted (Figure
5B). These results indicated that for both Atg8 and Atg9, a small portion of the protein was
trapped in the trans-Golgi in the #rs130ts mutant at a restrictive temperature.
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Since only a small portion of Atg8 and Atg9 protein was trapped in the trans-Golgi, we next
examined whether the mislocalized Atg proteins assembled. We deleted A7GI to
immobilize Atg9 on the PAS and overexpressed Cherry-Atg8 from a plasmid to determine
the degree of Atg8 and Atg9 colocalization. Based on Atg9 puncta, about 75% of Atg8 and
Atg9 colocalized on the PAS in WT cells (Figure 5C). In contrast, the rate of colocalization
decreased significantly to about 25% in #rs130ts mutant cells (Figure 5C), which presumably
also include those Atg8 and Atg9 proteins simultaneously trapped in the trans-Golgi.

To determine whether proteins not involved in autophagy were also trapped in the trans-
Golgi of #rs130ts mutant at the restrictive temperature under different nutrient conditions, we
examined a non-Atg protein, Sncl. Sncl was trapped in the trans-Golgi independent of
nutrient conditions in #rs130ts mutant (Figure 6A). In general both Atg proteins and non-Atg
proteins might need to pass through the trans-Golgi. As the Golgi is a source of yeast
autophagosomal membranes and exiting the Golgi is important for autophagy (38-40), we
compared the roles of Trs130 and the trans-Golgi protein Sec7 in autophagy. In the sec/7-4ts
mutant, Atg8 formed multiple dots per cell but at a low percentage, while the percentage of
cells with multiple Atg8 dots in the #rs130ts sec7-4ts double mutant was not significantly
higher than in the #rs130ts mutant (Figure 6B). We concluded that Trs130 functioned at or
before Sec7 in the autophagic pathway.

Taken together, these results suggested that the loss of Trs130 function disrupted the proper
assembly of Atg9 and Atg8 at the PAS, presumably by interfering with the transit of Atg8
and Atg9 through the trans-Golgi. A minor portion of Atg8 and Atg9 proteins were on the
trans-Golgi, while a majority of Atg8 and Atg9 proteins were localized on structures in
trs130ts mutant cells that are yet to be identified.

Ypt31, but not Yptl, suppresses autophagy defects in trs130ts and trs65ts mutants

As mentioned previously, the TRAPP Il complex functions as a GEF for Ypt31/32 (7, 9,
10). The temperature-sensitive growth phenotype of a #5130¢ts mutant can be rescued by
both WT and GTP-bound forms of Ypt31/32, but not by Yptl (10, 41-43). A similar rescue
of a temperature-sensitive growth phenotype is reported for the #rs65ts mutant (9). As
autophagy is impaired in both #rs130tsand frs65ts mutants at the restrictive temperature, we
examined whether the effect of Trs130 and Trs65 on autophagy was mediated by their role
in serving as a GEF for Ypt31/32. We overexpressed WT and the GTP/GDP-bound forms of
Ypt31 and Yptl in #rs130tsand trs65ts mutants expressing GFP-Atg8, and examined the
extent of suppression by small GTPases on growth and autophagy defects. Consistently,
only the WT and the GTP-bound Ypt31 suppressed the growth defects of #5130¢tsand
trs65ts mutants (Figures S4C and D). More importantly, the overexpression of either WT or
GTP-bound Ypt31 suppressed autophagy defects in #s130tsand trs65ts mutants at the
restrictive temperature restoring the phenotype to be similar to that of WT cells, as shown by
the proper transport and degradation of GFP-Atg8. Neither Yptl nor the GDP-bound Ypt31
rescued the growth and autophagy defects of #rs130tsand frs65¢s mutants at the restrictive
temperature (Figures 7A, S4C and D). A similar suppression of growth defects by Yptl and
Ypt31 was observed in fcalztsand trs334 (trs334 Trs130-HA) mutants (Figures S4D and
E). The suppression of the autophagy defect of #rs130tsby WT and GTP-bound Ypt31 was
confirmed with the quantitative Pho8 460 assay (Figure 7B). The suppression of the
autophagy defects of #rs130¢tsand trs65ts mutants was further confirmed with an
immunoblot assay (Figure 7C). We verified the functionality of the control Yptl plasmid by
its ability to suppress both the growth (Figure S4F) and autophagy defects of yptlts (data not
shown). Like Ypt31, Ypt32 rescued the growth and autophagy defects in the #s130tsand
trs65ts mutants (Figures S5A and B; data not shown for the #r565¢s mutant). The
overexpression of TRAPP Il-specific subunits slightly suppressed the growth defect of
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Ypt31A/32ts, although suppression of Atg8 transport was limited (Figures 5C and D). These
data suggested that Trs130 participated in autophagy through Ypt31/32.

Discussion

Trs130 is a TRAPP Il-specific subunit; and TRAPP I1 is the GEF of Ypt31/32 (10). In this
study, we found that the Cvt pathway and starvation-induced autophagy were impaired in
rs130ts mutants at the restrictive temperature. Mislocalized Atg8 and Atg9 proteins in
rs130ts mutants at the restrictive temperature did not assemble at the PAS, but showed
some accumulation in the trans-Golgi. Most importantly, the defective autophagy in #rs130ts
(and #rs65ts) mutants was rescued by Ypt31(WT), Ypt31(GTP-bound form) or Ypt32, but
not by Yptl or the GDP-bound form of Ypt31. Therefore, TRAPP Il and its downstream
GTPases Ypt31/32 appear to regulate the trafficking of Atg proteins from the trans-Golgi to
the PAS (Figure 8).

Trs130 and Trs65 localize at the trans-Golgi (9, 10), while Ypt31/32 work between the
Golgi and the plasma membrane. Therefore, we hypothesized that these proteins might
participate in autophagy via regulation of vesicular trafficking of autophagic components.
Some Atg proteins, particularly integral membrane proteins such as Atg9, must follow the
secretory pathway to travel via the trans-Golgi. They cannot exit the trans-Golgi properly
when Trs130 is impaired alone or together with Trs65. We observed multiple Atg9 dots
outside the PAS in #rs130tsand trs65ts mutants (Figures 4 and S3) with some presented at
the trans-Golgi (Figure 5). Our finding of some Atg9 protein at the trans-Golgi is consistent
with recent reports of the Golgi apparatus as an Atg9 vesicle source (44) and Golgi-related
secretory pathways as a source of Atg9-containing structures (45, 46). Atg8 is not a
transmembrane protein, but needs to conjugate with PE during the autophagy process to
attach to membranes (22). Our data showed that mutation of Trs130 partially blocked Atg8
traffic at the trans-Golgi (Figure 5); these Atg8 molecules are likely conjugated to PE. The
precise identities of the many mislocalized Atg8 and Atg9 dots in #rs130ts mutant cells are
still unknown (Figure 5).

The TRAPP Il and TRAPP |1l complexes are involved in autophagy through their respective
GTPases Ypt31/32 and Yptl ((6, 14) and this study). However, the step at which TRAPP 11
is involved in autophagy is likely to be distinct from TRAPP 1l involvement. We found
multiple GFP-Atg8 dots in TRAPP Il mutants at the restrictive temperature. This is the
opposite of the observation that GFP-Atg8 dots are reduced in a 7RS85 deletion mutant or
Yptl mutant (6, 14, 47, 48). TRAPP 111/Trs85 is on the PAS, where it activates Yptl (6, 14),
while TRAPP 11/Trs130/Trs65 is not on the PAS (6). No evidence suggests that TRAPP 111
activates Yptl before TRAPP Il activates Ypt31/32 in the autophagic pathway. Our GFP-
Atg8 phenotype of the #rs130ts trs85A double mutants at a restrictive temperature was
between the frs130ts and the trs85A single mutants, suggesting that TRAPP 11l and TRAPP
I1 complexes did not have a strict upstream-downstream relationship, but a parallel
relationship in the autphagic pathway (Figure 1A). This parallel function of Trs85 and
Trs130 in the autophagic pathway synergistically inhibited the autophagy process, resulting
in more severe inhibition of Atg8 degradation and preApel maturation in trs130ts trs85A
double mutants than in #rs130ts or trs85A single mutants alone (Figure 1B). The interplay
between these two TRAPP complexes in autophagy will be a focus of our future research.

Previous genetic and biochemical data on Trs130-containing TRAPP Il shows that TRAPP
Il acts as a GEF for Yptl and Ypt31/32 (10, 41-43, 49), although there are results indicate
that Trs130-containing TRAPP 11 complex does not function as a GEF for Ypt31/32, but is a
GEF for Yptl (8, 50). The suppression of defective autophagy in #rs130tsand rs65ts
mutants by Ypt31/32 (Figures 7, S4C-D and S5) was consistent with TRAPP 1l being a GEF
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for Ypt31/23. These data support the view that TRAPP Il-specific subunits function in the
autophagic pathway by being part of the TRAPP complex that serves as the GEF for
Ypt31/32. However, the roles of Trs130 and Ypt31/32 in the autophagic pathway appear not
to be identical because #rs130tsand ypt31A/32ts cells present slightly different autophagic
defects. For example, in an atgZA background, Atg9 forms multiple dots in #rs130ts, but not
in ypt31A/32ts (our results and (20)). Either Trs130 or Ypt31/32 might have additional
independent roles in the autophagic pathway. Similarly, the mutant effects of each TRAPP
I1-specific subunit in autophagy were also variable (Figures 1 and S1). We hypothesize that
any mutation of the TRAPP complex subunit that affects its GEF activity to a Ypt/Rab
protein autophagy.

Taken together, the deletion or mutation of TRAPP Il-specific subunit resulted in severe
defects in the Cvt pathway and autophagy. Our results found that some Atg proteins
accumulated at the trans-Golgi in #rs130ts mutants, which in turn impaired normal
trafficking to the PAS. Our genetic analysis suggested that autophagy defects in TRAPP I1-
specific subunit mutants were partially caused by the reduced activity of Ypt31/32. This
suggests that the GEF-GTPase relationship between TRAPP Il and Ypt31/32 is involved in
Golgi traffic and autophagy (Figure 8).

Materials and Methods

Strains, plasmids and reagents

Yeast strains and plasmids used in this study are summarized in Table S1. The main TRAPP
I1-specific subunit mutants are #rs130ts (10) and rs65ts (9). For other TRAPP Il-specific
subunit mutants, #5220 mutants were made by adding Ypt31 and deleting 7RS120, these
strains were designated as #rs120A (trs120A+Ypt31) (43). A {rs33 mutant was made by
deleting 7RS33from a Trs130-HA background strain and designating resulting strain
1rs33A (trs334 Trs130-HA) because a 7RS33 deletion in a Trs130-HA Trs120-myc
background is lethal (7). A fcal7ts mutant was made by deleting 7CAZ7from a Trs130-HA
Trs120-myc background strain and designating the resulting strain as fcal7ts (fcal7A
Trs130-HA Trs120-myc). Desired genes from WT and #5130t/ trs65ts background were
PCR amplified and transferred to strain TN124 for Pho8 A60 activity assays. Integration
plasmids for GFP-ATG8 (URAS3), RFP-APEL (LEU2), ATGI-3XGFP (URAJ3), GFP-SNCI
(URA3) were used to generate strains. Chromosomal gene deletion was through PCR
amplification of a drug-resistance cassette with gene flanking regions for recombination. For
genetic interaction experiments, the open reading frame (ORF) of YPT71or YPT31with
1000bp of the 5”-promoter region was cloned into the pRS425 vector (2", LEU2) (51) and
mutated to different nucleotide-bound forms of Ypt31 using overlap PCR (52). The cloned
YPT1or YPT31gene in pRS425 was moved into pRS426 (2°, URA3) YPT32, TRS130,
TRS65, and TCA17were into YEp351 (41) using the same procedure as cloning YP731
into pRS425. All yeast transformations used the lithium acetate method (53). Escherichia.
colitransformation was by electroporation.

Antibodies used were mouse anti-GFP (IgG fraction; Molecular Probes, Eugene, OR), rabbit
anti-Apel (a gift from Y. Ohsumi), affinity-purified rabbit anti-Ypt31 (54), affinity-purified
rabbit anti-Yptl (21), rabbit anti-glucose-6-phosphate dehydrogenase (G6PDH, Sigma-
Aldrich, MO). Goat-anti-rabbit 1gG-horseradish peroxidase linked and an ECL kit were
from Millipore Corporation (Billerica, MA).

All chemical reagents were from Amersco (Fair Lawn, NJ), unless otherwise noted.
SynaptoRed, also known as FM4-64, was from Molecular Probes (Eugene, OR). Geneticin
was from Gibco Laboratories (Grand Island, NY). Restriction enzymes and buffers were
from Takara Biotechnology (Dalian) (Dalian, China).

Traffic. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Zou et al. Page 9

Yeast culture conditions and induction of autophagy

For live-cell fluorescence microscopy, yeast cultures were grown at permissive temperature
(26°C) in rich medium (YPD) or selection medium (when plasmid was used or as indicated
in growth conditions) to mid-log phase, and grown at 26°C or switched to restrictive
temperature (37°C) for 1.5 hours. If the cells were subjected to nitrogen starvation, they
were washed and transferred to SD-N at 26°C for 2 hours, or pretreated for 40 min at 37°C
before washing and transferring to SD-N at 37°C for 2 hours. If necessary, FM4-64 was
added to a final concentration of 1.6 M to stain the vacuole in the last hour of incubation.
Cells on slides were examined with a Nikon inverted research microscope Eclipse Ti
(Tokyo, Japan). More than five fields were collected for each sample. Each experiment was
repeated at least twice. Fluorescence microscopy data were quantitated as indicated in the
figure legends.

Immunoblot Assay

Immunoblot assays were conducted as previously described (9) and repeated at least twice.
Blots were immunoblotted with anti-Apel to determine the degree of the conversion of
Apel from preApel to mApel, with anti-GFP to determine GFP-Atg8 degradation, and anti-
G6PDH as a loading control. Blots from two independent experiments were quantified with
ImageJ software (National Institute of Health) for band density. The percentage of free GFP
(% GFP) was calculated as GFP/(GFP-Atg8 + GFP) X 100% and mature Apel (% mApel)
was calculated as mApel/(preApel + mApel) X 100%.

Pho8A60 assay

Pho8A60 assay was performed using a spectrophotometric method as previously described
(31). Briefly, cells were grown to mid-log phase in YPD, and then half the cells were grown
in rich medium for 1.5 hours at either 26°C or 36.5°C. The other half was transferred to SD-
N medium to starve at 26°C for 2 hours or pretreated at 36.5°C for 40 mins before
transferring to SD-N medium to starve at 36.5°C for 2 hours. Protein extracts were prepared
and the Pho8A60 assay was conducted as previously described (31).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cvt pathway and starvation-induced autophagy areimpaired in trs130ts mutant cells
at therestrictive temperature

(A) Atg8 and Apel were mislocalized in frs130ts mutant cells at 37°C. WT and mutant cells
were tagged with GFP-Atg8 and RFP-Apel integration plasmids. An afg1A strain from the
same background was used as a control. 7RS85 (TRAPP lll-specific subunit Trs85) was
deleted from 7RS130and trs130ts cells to compare the sites of action of Trs130 (TRAPP 1)
and Trs85 (TRAPP I11). Cells were grown and treated as stated in Materials and Methods.
Experiments were repeated twice and representative results from a single experiment are
presented. Arrowheads indicate colocalization of Atg8 and Apel. Bar, 5 um. The percentage
of cells with Atg8 dots in three categories: 0, 1 and multiple dots (=2 dots per cell) was
quantitated. NS, non-starvation; S, starvation. At least 300 cells were counted in at least
three fields for each strain. Error bars represent standard deviation. (B) Apel maturation was
blocked and GFP-Atg8 degradation was reduced in #rs130ts mutant cells at 37°C. Cells
grown as in (A) but with YPD instead of SD-Ura were subjected to immunoblot assay.
Immunoblot assay was done and blots were quantitated as stated in Materials and Methods.
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Only mean values are presented because of space limitations. The standard deviations were
less than 10% of mean values.
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Figure 2. Involvement of Trs130in the Cvt pathway and starvation-induced autophagy
ATGI11and ATG17were deleted from WT and #rs130ts mutant cells and the resulting
strains were incubated as in Figure 1A. Bar, 7 um. The percentage of cell swith Atg8 dots
was quantitated and presented as in Figure 1A. Immunoblot assay (bottom) was done as in
Figure 1B and used to indicate change in GFP-Atg8 degradation and Apel maturation. Blots
were quantified and presented as in Figure 1B.
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Figure 3. Trs130 actsin the autophagic pathway under starvation

ATG1, ATG5 ATG13 ATG9and ATG14 were deleted from WT and #r5130ts mutants as
indicated. (A) Multiple (=2 dots per cell) GFP-Atg8 dots were formed in #rs130ts atg1A
under starvation at the restrictive temperature; this was rescued by Trs130. Cells were grown
in rich medium (YPD or SD-Leu) to mid-log phase at 26°C and starved in SD-N as in
Figure 1A and stained with FM4-64 during the last hour to detect the vacuole. Bar, 5 um.
(B) Multiple GFP-Atg8 dots were seen in the frs130ts mutant with deleted A7G genes as
indicated except for deletion of A7G5 under starvation at the restrictive temperature. Cells
were cultured and examined as in Figure 1A for starvation. Bar, 5 um. The percentage of
cells with Atg8 dots was quantitated and presented as in Figure 1A.
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Figure 4. Anterograde transport of Atg9 tothe PASisaltered in trs130ts cells at therestrictive
temperature

WT and #rs130ts mutant cells tagged with Atg9-3XGFP and RFP-Apel in an afglA
background were incubated under conditions similar to those described in Figure 1A and
examined for fluorescence. (A) Multiple Atg9 dots were formed in #s130ts atg1A in rich
medium at a restrictive temperature. WT and #rs130¢ts mutant cells grown to mid-log phase
in SD-Ura at 26°C were grown at 26°C for 1.5 hours or at 37°C for 2 hours. (B) Multiple
Atg9 dots were formed in #rs130ts atg1A under starvation at a restrictive temperature. Cells
of (A) grown to mid-log phase in SD-Ura at 26°C were further starved in SD-N for 2 hours
at the indicated temperatures. Bar, 7 um. The percentage of cells with =23 Atg9 dots per cell
was quantitated and presented as in Figure 1A. Asterisks indicate P < 0.001 as highly
significant.
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Figure5. Atg8 and Atg9 are mislocalized in trs130ts mutant cellsunder starvation at the
permissive temperature

WT and #rs130ts mutant cells (with A7GI or afg1A) carrying the indicated fluorescent
fusion proteins were grown in starvation conditions as in Figure 1A and examined for
fluorescence. (A) Atg8 was partly colocalized with Sec7-DsRed (trans Golgi marker) in
trs130ts mutant cells at 37°C after starvation. (B) Atg9 was partly colocalized with Sec7-
DsRed in WT and #rs130ts mutant cells at 37°C after starvation. (C) Drastically reduced
colocalization between Atg8 and Atg9 was observed in the #s130ts mutant in afglA
background at 37°C after starvation. Atg9-3XGFP tagged WT and #rs130ts mutant cells in
atg1A background were transformed with Cherry-Atg8 plasmid (CUPI promoter, LEUZ,
2”). Cells were grown as in Figure 1A for starvation with 25 mM CuSQ4, to induce Cherry-
Atg8. The percentage of colocalization was calculated as green puncta to red puncta in (A)
and (B), and red puncta to green puncta in (C) for two repeated experiments for a total of
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about 500 cells in ten fields. Results are presented as average percentage with standard
deviation (right). Bar, 7 wm. Asterisks indicate P < 0.001 as highly significant.
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Figure 6. Trs130 functions at the trans-Golgi for both Atg and non-Atg proteins

(A) Non-Atg protein Sncl accumulated at the trans-Golgi marked with Sec7-DsRed in
trs130ts under both non-starvation and starvation conditions. Cells were grown as in Figure
1A. The percentage of cells with colocalization of Sncl and Sec7 was calculated as green
puncta to red puncta as in Figure 5A. (B) Trs130 did not function after Sec7 on the
starvation-induced autophagy pathway. WT (SEC7 background) and mutant cells with
chromosomally integrated GFP-Atg8 were grown as in Figure 1A for starvation. Cells were
examined at 34°C because the SEC7 background makes mutant cells more temperature
sensitive. The percentage of cells with Atg8 dots was quantitated and presented as in Figure
1A. Bar, 5 um.
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Figure7. Ypt31, but not Yptl, suppresses the GFP-Atg8 transport defect in trs130ts and trs65ts
mutant cells

The indicated Yptl and Ypt31 plasmids (Ypt31S for the GDP-bound form of Ypt31 and
Ypt31Q for the GTP-bound form of Ypt31, all in pRS425 vectors) were transformed into
trs130ts, trs65tsand WT strains. (A) WT and the GTP-bound Ypt31 suppressed the
autophagy defect in #rs130ts mutant cells (left) and #rs65ts mutant cells (right) containing
GFP-Atg8. Cells were grown as in Figure 1A for starvation and stained with FM4-64 for the
vacuole during the last hour. Cells were washed and examined under a fluorescence
microscope. Different plasmids in WT (7RS130or TRS65) had similar GFP-Atg8
phenotypes and only the empty vector pRS425 (@) in WT is shown. Bar, 5 um. The
percentage of cells with Atg8 dots was quantitated and presented as in Figure 1A. (B) WT
and GTP-bound Ypt31 suppressed Pho8.460 activity defect in #rs130ts mutant cells (in the
TN 1 2 4 background). For high-temperature treatment, cells were grown as in Figure 1A
except at 36.5°C, where TN124 cells are more temperature sensitive than in the 7RS130
background. Pho8A460 assay is described in Materials and Methods. Average activity of
TRS130samples from SD-N at 36.5°C was set to 100%. Data presented are average
activities (with standard deviation) of four repeats from two independent experiments.
Asterisks indicate P < 0.001 as highly significant. (C) WT and GTP-bound Ypt31
suppressed GFP-Atg8 degradation in #rs130ts mutant cells (left) and #7565t mutant cells
(right). Immunoblots were used to examine GFP-Atg8 degradation using anti-GFP for cells
in (A). Overexpression of Yptl or Ypt31 was confirmed with anti-Yptl or anti-Ypt31.
G6PDH served as a loading control. White asterisks below Ypt31 bands mark traces of Yptl
from incomplete stripping during the immunoblot assay. Blots were quantified and
presented as in Figure 1B.
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Figure 8. Schematic model for interpreting the effect of Trs130 and other TRAPP |1-specific
subunits on autophagy

Trs130 and other TRAPP Il-specific subunits assemble together with TRAPP I to form the
TRAPP II complex, which switches the small GTPases Ypt31 and Ypt32 from inactive form
to active form, modulating intra-Golgi protein trafficking through and traffic from the Golgi
to the plasma membrane (54), and autophagy (20). Mutation of 7RS130or related TRAPP
I1-specific subunits interferes with autophagy, including partial blocking of Atg8/Atg9 at the
trans-Golgi in #rs130ts. Transports of Atg8 and Atg9 from the trans-Golgi to the PAS are
shown separately because the proteins have different characteristics. No evidence indicates
that Atg8 and Atg9 move together from the trans-Golgi to the PAS. The GFP-Atg8 transport
defect in TRAPP Il-specific subunit mutants can be suppressed with Ypt31/32 but not Yptl.
We propose that Trs130/TRAPP Il regulates autophagy at least partially through Ypt31/32
with regulation of autophagy proteins.
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