


(Figure 3.13A). We then incubated this fraction either with or without the crosslinking
reagent DSP and fractionated the sample in 300mM salt, conditions where all three TRAPP
complexes are detected (see Figure 3.5A). As shown in Figure 3.13B, while the untreated
sample did indeed show a TRAPPI peak, the crosslinked sample did not. Importantly, no
intermediate peak between TRAPPII/IIl and TRAPPI was detected in the untreated sample.
These results suggest that TRAPPI is a subcomplex of one or both of the larger (TRAPPII

and III) complexes that forms in the presence of increasing salt in vitro.

Figure 3.13 TRAPPI can form from TRAPPII/IIIL (A) Lysates of wild type yeast were
prepared in buffer containing 50mM, 150mM or 300mM NaCl and fractionated by size
exclusion chromatography on a Superose 6 column in buffer containing identical salt. The
fractions were analyzed by Western blotting for the presence of Trs23p. (B) The
TRAPPII/IlI-containing fraction from wild type lysate that was fractionated in the presence
of 50mM NaCl was incubated with 2ZmM DSP or DMSO, quenched with Tris pH 7.5 and re-
fractionated on a Superose 6 column in buffer containing 300mM NacCl. Fractions were
probed for the presence of Trs33p. Note that a cross-reactive band appears just above the
Trs33p band in fractions 32-34 with the anti-Trs33p antibody in the DMSO-treated sample
and the dash to the right of the Trs33 panel indicates the position of Trs33p. I, Il and III
above the wild type and trs23ASMS blots indicate the location of TRAPPI, II and III,
respectively, under conditions where they separate from each other.
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3.3.9 TRAPPI appearance is SMS domain-dependent

TRAPPI, as defined by the co-fractionation of the TRAPP core subunits on a gel
filtration column, is readily seen in S. cerevisiae but not in human cells (Menon et al., 2006;
Scrivens et al., 2009, 2011; Yamasaki et al., 2009). We speculated that this may be due to
added stability afforded to this complex by the SMS domain of Trs23p. Like the human
protein, Trs23p in other yeast such as P. pastoris do not have the SMS domain. Thus, if our
hypothesis is correct, we would expect that P. pastoris would not display a TRAPPI peak.
We found that our antibody raised against the human TRAPPC3 protein, the most
conserved subunit in TRAPP, was cross-reactive with P. pastoris Bet3p providing us with a
means to address whether this yeast has a TRAPPI peak. Lysate from P. pastoris and S.
cerevisiae was fractionated by size exclusion chromatography on a Superdex 200 column to
better resolve the smaller molecular size region where TRAPPI fractionates. In S. cerevisiae,
TRAPPI is detected in fraction 13 while TRAPPII/III is detected in fractions 8-9 (Figure
3.14). In the P. pastoris lysate, a high molecular weight pool of Bet3p was detected that
most likely corresponds to TRAPPII/III (Figure 3.14). Based on the size of the P. pastoris
TRAPP subunits, a TRAPPI complex would be expected to be only 30kD smaller than the S.
cerevisiae complex. While a second peak of Bet3p was detected, it eluted in a fraction
(fraction 17) with a molecular size much smaller than that expected for TRAPPI and no
other peak of P. pastoris Bet3p was seen. The absence of a TRAPPI-equivalent was also
noted for human cells, whose Trs23p homolog does not contain an SMS domain (Loh et al,
2005; Scrivens et al., 2009, 2011; Yamasaki et al., 2009). This result is consistent with the
notion that the SMS domain of Trs23p stabilizes S. cerevisiae TRAPPI.

1I/111 |
669kD 443kD ZOC}D 1?kD/66kD 29kD
8 9 10 11 12 13 1415 16 17 18
S. cerevisiae |[ipe» — - 1 |-Trs33p
P. pastoris | - o = aueiliee® - Bet3p

Figure 3.14 P. pastoris does not contain a TRAPPI peak. Lysates in 150mM NacCl from P.
pastoris and S. cerevisiae were fractionated by size exclusion chromatography on a
Superdex 200 column. The fractions were probed for Trs33p (S. cerevisiae) or P. pastoris
Bet3p using anti-TRAPPC3 IgG. The positions of TRAPPII/III and I are indicated above the
top panel.
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3.4 Discussion

Here we demonstrate that the Saccharomycotina-specific (SMS) domain of S.
cerevisiae Trs23p is not required for Ypt1lp-directed GEF activity but is important for the
stable interaction between Trs23p and other TRAPP subunits. Our data suggest that cells
devoid of this domain of Trs23p contain two large TRAPP complexes called TRAPPII and III
and do not contain the smaller TRAPPI complex. These cells resemble wild type with
respect to four different membrane trafficking assays both in vivo and in vitro and in terms
of their growth characteristics. Based on our study, we suggest that the SMS domain of

Trs23p stabilizes fragments (TRAPPI) of TRAPPII and/or III.

Collectively, our data may suggest that S. cerevisiae contain a single Golgi-localized
TRAPP complex (TRAPPII) that is capable of supporting ER-to-Golgi traffic. This is based on
a number of observations including: (i) removal of the SMS domain of Trs23p in S.
cerevisiae results in a loss of the TRAPPI peak with no corresponding reduction in Yptlp
GEF activity or noticeable growth phenotype; (ii) ER-to-Golgi traffic is normal both in vivo
and in vitro; (iii) a TRAPPI peak can be formed by incubating the TRAPPII/III peak with
high salt in vitro. Since TRAPPII, but not TRAPPII], localizes to the Golgi we propose that
TRAPPII can function in ER-to-Golgi transport. Since we cannot separate TRAPPII from III,
we cannot rule out the possibility that TRAPPIII is the complex that functions in ER-to-
Golgi traffic. In this respect it is noteworthy that depletion of Trs85p, the TRAPPIII-specific
subunit, was reported to be defective in ER-to-Golgi traffic (Sacher et al., 2001) and
autophagy may use membranes derived from the ER (Tooze and Yoshimori, 2010)
suggesting the possibility that the role of TRAPPIII in autophagy may be an indirect result
of its role in ER-to-Golgi traffic.

An important next step will be to characterize the TRAPPII and III superstructures
that we report. We have shown an identical fractionation pattern to that seen in Figure
3.5A in the presence of Triton X-100 for the TRAPPII subunit Trs130p (S.B. and M.S,,
unpublished observation), suggesting that these structures are either bound to detergent-
insoluble membranes, they oligomerize to greater than a dimer or are bound to a large

protein structure as previously suggested (Sacher et al.,, 2000). In addition, uncharacterized
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subunits may be present in the complex. An alternative explanation for our data is that in
the trs23ASMS cells, TRAPPI is more tightly associated with the TRAPP superstructures and
would require higher salt to be liberated. We do not favour this possibility since increasing
the salt concentration in trs23ASMS redistributes TRAPP core proteins from the higher
molecular size fractions to a smaller fraction. The resulting peak is significantly smaller
than TRAPPI and, at physiological salt, is devoid of Trs23p. It is evident that data
addressing the existence and function of TRAPPI (which has only been demonstrated in
vitro) as an independent TRAPP complex must be cautiously interpreted in light of our in

vitro data.

Our results implicate the SMS domain of Trs23p in the stability of TRAPPI. The
added stability afforded to TRAPPI by the SMS domain may explain why a recombinant
form of human TRAPPI could not be assembled like that seen for the S. cerevisiae subunits
(Kim et al., 2006). Although it remains a formal possibility that small amounts of TRAPPI
can support growth with no observable phenotype, given the very low levels of TRAPPIn
cells to begin with (Sacher et al.,, 2000) and the amounts of TRAPPI needed to support ER-
to-Golgi transport in vitro(Sacher et al., 2001), as well as the lack of GEF activity in the
TRAPPI fraction of trs23ASMS (Figure 3.7) we do not favour this possibility.

Consistent with the notion that TRAPPI may be a fragment of TRAPPII or Il is the
fact that TRAPPI is not detected in live yeast cells (Montpetit and Conibear, 2009). In
addition, it has previously been shown that the relative distribution of core subunits
between the two TRAPP peaks on a Superdex 200 size exclusion column (which does not
resolve TRAPPII and III) is highly variable but TRAPPII/III levels of these subunits are
generally higher than those in TRAPPI (Sacher et al, 2001; Menon et al., 2006; Montpetit
and Conibear, 2009; Choi et al., 2011). The only exceptions to this are when high salt
(500mM) is used in the preparation of the lysate (Montpetit and Conibear, 2009) or when
certain trs120 or trs130 (TRAPPII) mutants are used (Menon et al.,, 2006). The former is
consistent with the notion that TRAPPI is an in vitro, salt-dependent fragment of TRAPPII

and/or III, and the latter is consistent with the role of Trs120p and Trs130p in the overall
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architecture of TRAPPII (Yip et al., 2010). The notion that TRAPPI results from TRAPPII/III
is analogous to a recent study that suggested that there were two Trs85p peaks on a size
exclusion column (confirmed in the present study), where the low molecular weight peak

may represent a breakdown product or an assembly intermediate of the higher molecular

weight TRAPPIII peak (Choi et al., 2011).

If our suggestion of TRAPPI being an in vitro, salt-dependent fragment of
TRAPPII/III is correct, this has strong implications for the role of tethering factors as
determinants of specificity and for the mechanism of action of TRAPPIn ER-to-Golgi traffic
in particular. The Golgi would in fact have a single TRAPP complex (TRAPPII) that could
function in traffic at both ends of the organelle. In mammalian cells the early secretory
pathway is more complex with a pre-Golgi ERGIC compartment (Schweizer et al., 1990)
and the need to transport diverse-sized cargo (Schmidt and Stephens, 2010). Whether the
mammalian TRAPP complex functions at both ends of the Golgi is still unknown. However,
it has been shown to function in the early secretory pathway (Loh et al, 2005; Yu et al,,
2006; Scrivens et al., 2009, 2011; Yamasaki et al., 2009) and only a single complex
containing all S. cerevisiae TRAPP subunit homologs has been reported, suggesting that if
mammalian TRAPP does indeed function at the late Golgi then a single complex would be
expected to perform both of these functions. Indeed, parallels between S. cerevisiae and
human TRAPP proteins with respect to their interactions with vesicle coat proteins have
already been made (Cai et al, 2005, 2007b; Yamasaki et al., 2009). We suggest that factors
on the vesicles (e.g. GTPases and SNARESs) in combination with coat proteins and tethers
contribute to the overall specificity of vesicle transport. This notion helps to explain why
some GTPases such as Yptlp can function at multiple steps in membrane traffic (Bacon et
al., 1989; Jedd et al., 1995; Lynch-Day et al., 2010; Sclafani et al., 2010) and why some yeast
SNARESs such as Sed5p, Ykt6p and Vtilp can also function in multiple membrane trafficking
processes (McNew et al., 1997; von Mollard et al., 1997; Ungermann et al., 1999; Tsui et al.,
2001). In this respect, S. cerevisiae TRAPPII and mammalian TRAPP would be no different,
with the particular combinations of factors and the combined effect of multiple layers of

partial specificity dictating the overall specificity of the process.
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Whether S. cerevisiae TRAPP functions on the Golgi where it interacts with incoming
vesicles or binds to vesicles and interacts with a Golgi-localized protein is not clear and
needs to be resolved.However, recent studies suggest the latter may be possible (Cai et al.,
2005, 2007b; Yamasaki et al., 2009) and the mammalian Bet3p homolog, TRAPPC3, has
been shown to be required for homotypic vesicle fusion suggesting that at least this subunit
can bind to vesicles independent of the Golgi (Yu et al,, 2006). In addition, other MTCs or
parts of these complexes such as the exocyst and the COG complex have been reported to
localize to vesicles (Boyd et al.,, 2004; Vasile et al., 2006; Pokrovskaya et al., 2011) leaving
open the question of whether MTCs bind first to vesicles or target organelles. If TRAPP

were to function analogously, it would have the ability to bind to both COP I and II vesicles.

Given the large size of TRAPPII and III, and the fact that the core subunit Bet3p
binds to the inner Sec23/24p layer of the COP II coat, how can we envision TRAPPII or III
functioning in ER-to-Golgi transport? The dimensions of a TRAPPII dimer (225A x 2504)
(Yip et al, 2010) may in theory have access to the Sec23/24p layer since the outer layer,
composed of Sec13/31p, has openings of ~3004 (Stagg et al., 2006). However, TRAPPII
superstructures, such as those we presently demonstrate to occur at physiological salt,
would seem to be prohibitively large to have similar access. In addition, it is unlikely that
the openings presented by the COP II cage are completely unobstructed given the density
and numbers of proteins that can be found on vesicles (Takamori et al., 2006). In the case
of COP Il vesicles formed in vitro, the extent to which the outer layer of the coat remains
intact is unclear (Lord et al, 2011) and it has been suggested that either a portion of each
vesicle has lost its outer layer or a portion of the vesicle population has lost its entire outer
layer (Conibear, 2011). In this case, the question of access of either TRAPPII or III to the
Sec23/24p layer would be mitigated. It is important to stress that the extent to which the

vesicle coat remains intact in vivo is not known.

92



Chapter 4: TRAPPII mediates Ypt6p dynamics at the late Golgi

This Chapter is unpublished. I am responsible for the following all figures presented

in this Chapter.

4.1. Introduction

Vesicles containing lipids and protein cargo are transported throughout the cell in a
highly regulated manner in a process called membrane trafficking. (Palade, 1975; Novick et
al., 1980; Balch et al., 1994). Several factors cooperate to ensure that vesicles arrive at the
correct compartment, among them small Rab GTPases and tethering factors (Bonifacino
and Glick, 2004; Cai et al., 2007a). A number of different Rabs and tethering factors are
located throughout the endomembrane system. Rabs act as molecular switches to activate
or inactivate membrane trafficking pathways while tethers act to physically anchor vesicles
to a specific target membrane (Zerial and McBride, 2001; Seabra and Wasmeier, 2004; Yu

and Hughson, 2010).

Different proteins or complexes act as guanine nucleotide exchange factors (GEFs)
to activate specific Rabs by inducing conformational changes that promote the loss of GDP
and the uptake of GTP while GTPase accelerating proteins (GAPs) inactivate Rabs by
accelerating their intrinsic rate of GTP hydrolysis (Bourne et al.,, 1990; Bos et al.,, 2007; Barr
and Lambright, 2010). The coordinated recruitment of Rabs and their modifier proteins
(GEFs and GAPs) to specific intracellular locations regulates the initiation and termination
of membrane trafficking pathways. Rab GEF and Rab GAP cascades have been proposed to
proceed in opposite directions and mediate sequential Rab activation and inactivation,
respectively (Nottingham and Pfeffer, 2009). Each Rab within these cascades recruits the
GEF for the next Rab and the GAP for the previous Rab in the pathway, providing
directionality and limiting the localization of Rabs to specific compartments. Examples of
these cascades have been described in secretory and endosomal trafficking pathways
(Ortiz et al., 2002; Wang and Ferro-Novick, 2002; Rivera-Molina and Novick, 2009; Suda et
al., 2013). In addition to Rabs, several other factors have been identified that contribute to
the correct localization of Rab GEFs, including vesicle coat proteins and SNAREs (soluble N-
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ethylmaleimide-sensitive factor attachment protein receptor)(Barr, 2013).In contrast,
aside from their interaction with Rabs, very few factors have been identified that mediate
the recruitment of Rab GAPs to specific compartments. Rab GEFs are interesting candidates
to promote Rab GAP recruitment to the correct location as they are diverse in their
structure and composition and are directly involved in Rab activation. A GEF-GAP
interaction could also create cross-talk between opposing Rab GAP and Rab GEF cascades,
providing an additional layer of control to ensure that Rabs are turned “on” and “off” in a

coordinated manner.

Ypt6p is a non-essential Rab in yeast that is implicated in several trafficking
pathways including post-Golgi trafficking, endosome to Golgi transport, retrograde
transport through the Golgi, ER to early Golgi transport, early Golgi to ER transport, and
autophagy (Bensen et al.,, 2001; Luo and Gallwitz, 2003; Liu et al.,, 2006; Ohashi and Munro,
2010; Benjamin et al., 2011). Ypt6p is activated by the heterodimeric Riclp/Rgp1lp
complex, and inactivated by the GAP protein Gyp6p (Strom et al.,, 1993; Siniossoglou et al.,
2000; Will and Gallwitz, 2001). The GAPs Gyp2p and Gyp3p have also exhibited activity
towards Ypt6p in vitro (Albert and Gallwitz, 1999). Like Ypt6p, Riclp, Rgp1lp and Gyp6p are
all not essential for cell viability (Strom et al., 1993; Siniossoglou et al., 2000).

A Rab GAP cascade was recently described involving the recruitment of Gyp6p by
active Ypt31/Ypt32p, a redundant Rab pair localized to the late Golgi, to promote the
dissociation of Ypt6p from these membranes (Suda et al., 2013). The multisubunit
tethering complex (MTC) TRAPPII acts as a GEF for the early Golgi Rab Yptlp as well as a
putative GEF for the Ypt31/32p Rab pair (Jones et al, 2000; Wang et al., 2000; Morozova et
al., 2006; Cai et al.,, 2008; Lynch-Day et al., 2010; Yip et al, 2010). There is overlap between
TRAPPII- and Ypt6p-regulated membrane trafficking pathways as TRAPPII acts in post-
Golgi trafficking from the late Golgi to the plasma membrane (PM) and early endosome to
late Golgi transport (Sacher et al., 2000, 2001; Cai et al.,, 2005; Montpetit and Conibear,
2009; Yip et al., 2010; Choi et al., 2011). This Chapter presents evidence that the TRAPPII
complex promotes the dissociation of Ypt6p from the late Golgi through the recruitment of

the Ypt6p GAP Gyp6p. Destabilization of the TRAPPII complex disrupts its association with
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Gyp6p and causes Ypt6p to become enriched at the late Golgi, a phenotype also observed in
a gyp6A mutant. The interaction between TRAPPII, a Yptlp and putative Ypt31/32p GEF,
and the Rab GAP Gyp6p, is a novel mechanism for the recruitment of a GAP to the
appropriate membrane and may also be an example of cross talk between a Rab GAP and

Rab GEF cascade.

4.2 Materials and methods
Table 4.1 Plasmids used in Chapter 4.

MSB238  pRS425
MSB247  pRS425-BETS
MSB248  pRS425-TRS20
MSB281  pRS425-TRS23
MSB290  pRS425-BET3
MSB271  pRS425-TRS31
MSB250  pRS425-TRS33
MSB473  pRS425-TCA17
MSB291  pRS425-TRS65
MSB284  pRS425-TRS85
MSB285  pRS425-TRS120
MSB474  pRS425-TRS130

MSB1063 pRS315-GFP-YPT6 Received from Ruth Collins (RCB650)

MSB1319 pRS316-ADH1pr-SEC7-mRFP  Received from Akihiko Nakano(Suda et al,, 2013)

MSB1321 pRS306-ADH1pr-mRuby- Received from Akihiko Nakano (Suda et al., 2013)
SED5

Table 4.2 Yeast strains used in Chapter 4.

MSY135 MATa his341 leu240 lys2A0 ura340

MSY540 MATa his341 leu2A0 lys2A0 ura340 ypt6A::KanMX

MSY609  MATa his341 leu2A0 lys2A0 ura340 ric1A::KanMX

MSY611  MATa his341 leu2A0 lys2A0 ura340 rgp1 A::KanMX

MSY646  MATa his341 leu2A0 lys2A0 ura340 GYP6-3xHA::HIS3 BY4742.
MSY647  MATa his3A1 leu2A0 lys2A0 ura340 YEL048cA::KanMX GYP6-3xHA::HIS3
MSY658  MATa his341 leu2A0 lys2A0 ura340 ricl1A::KanMX GYP6-3xHA::HIS3
MSY659  MATa his341 leu240 lys2A0 ura340 ypt6 A::KanMX GYP6-3xHA::HIS3
MSY660  MATa his341 leu2A0 lys2A0 ura340 rgpl A::KanMX GYP6-3xHA::HIS3
MSY677  MATahis341 leu2A0 lys2A0 ura3A40 trs65A::KanMX GYP6-3xHA::HIS3
MSY678  MATahis341 leu2A0 lys240 ura3A40 trs85A::KanMX GYP6-3xHA::HIS3
MSY679  MATahis341 leu2A0 lys2A0 ura3A40 trs33A::KanMX GYP6-3xHA::HIS3
MSY680  MATahis341 leu2A0 lys2A0 ura3A0 vps51A::KanMX GYP6-3xHA::HIS3
MSY771  MATa his341 leu2A0 lys2A0 ura340 pRS315-GFP-YPT6
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MSY772  MATahis341 leu2A0 lys2A0 ura3A40 trs65A::KanMX pRS315-GFP-YPT6
MSY775  MATahis3A1 leu2 A0 lys2A0 ura3A0 ric1A::KanMX pRS315-GFP-YPT6
MSY776  MATahis341 leu2A0 lys2A0 ura340 gyp6A::KanMX pRS315-GFP-YPT6
MSY777  MATa his341 leu2A0 lys2A0 ura340 pRS315-GFP-Ypt6 pRS316-ADH1pr-SEC7-

mRFP

MSY778  MATahis341 leu2A0 lys2A0 ura3A0 trs65A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP

MSY779  MATa his341 leu2A0 lys2A0 ura340 YEL048cA::KanMX pRS315-GFP-YPT6
pRS316-ADH1pr-SEC7-mRFP

MSY781  MATcahis3A1 leu2 A0 lys2A0 ura3A0 ric1A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP

MSY782  MATcahis341 leu2A0 lys2A0 ura340 gyp6A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP

MSYB806  MATcahis341 leu2A0 lys2A0 ura3A0 trs85A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP

MSY786  MATa his341 leu2A0 lys2A0 ura340 pRS315-GFP-YPT6pRS306-ADH1pr-mRuby-
SED5

MSY787  MATahis341 leu2A0 lys2A0 ura3A0 trs65A::KanMX pRS315-GFP-YPT6pRS306-
ADH1pr-mRuby-SED5

MSY790  MATcahis3A1 leu2 A0 lys2A0 ura3A40 gyp6A::KanMX pRS315-GFP-YPT6pRS306-
ADH1pr-mRuby-SED5

MSYB00 MATahis341 leu2A0 lys2A0 ura3A0 trs65A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP pRS313

MSY801  MATahis341 leu2A0 lys2A0 ura3A0 trs65A::KanMX pRS315-GFP-YPT6pRS316-
ADH1pr-SEC7-mRFP pRS313-TRS65

MSY366 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7-
BET5

MSY367 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1tata-lacZpGADT7-
TRS20

MSY368 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7-
BET3

MSY369 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7-
TRS23

MSY370 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7-
TRS31

MSY371 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1tata-lacZpGADT7-
TRS33

MSY372  MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GAL17aTa-HIS3, GALZyas-GAL21ata-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT?7-
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TRS65

MSY373 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GALI171a1a-HIS3, GALZ2yas-GALZ2TaTa-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7-
TRS85

MSY374  MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GAL17aTa-HIS3, GALZyas-GAL21ata-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT?7-
TRS120

MSY375 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GAL17aTa-HIS3, GALZyas-GAL21ata-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT?7-
TRS130

MSY376  MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GAL17aTa-HIS3, GALZyas-GAL21ata-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT?7-
TCA17

MSY377 MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4A, gal80A, LYS2::GAL1yas-
GAL17aTa-HIS3, GALZyas-GAL21ata-ADEZ2, URA3::MEL1yas-MEL1 tata-lacZpGADT7

MSY538  MATa, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, met-, gal4D, galS0D,
URA3::GALIy4s-GALI rqr4-lacZ pGBKT7(gateway modified)-GYP6

4.2.1 Strain construction

In wild type and mutant strains GYP6 was tagged at the carboxy terminus with a
hemagglutinin (HA) epitope by genomic insertion of a cassette amplified from pFA6a-3HA-
His3MX6 (Longtine et al., 1998). Insertion at the correct location was verified by PCR and
Western blot.

4.2.2 Tandem affinity purification (TAP) and mass spectrometry

Yeast cells were grown to log phase in YPD medium and ~20g of cells were collected
and flash frozen in liquid nitrogen and stored at -80°C. Pellets were resuspended in an
equal volume of lysis buffer (6mM Na;H;P04/4mM NaH>P04/1% CHAPS/100mM
NaCl/2mM EDTA/1mM EGTA/50mM NaF/0.1mM Na3V04/20mM f3-
mercaptoethanol/1mM PMSF/2mM benzamidine/leupeptin/pepstatin), lysed by bead
beating (10s on and 10s off for a total of 10 times) and centrifuged at 21 000g for 25min in
a JA25.50 rotor. The resulting supernatant was incubated with 300uL of a 50% slurry of
IgG beads for 2 hours at 4°C while nutating. The lysate and bead mixture was transferred to
a polyprep column and washed three times with 10mL of wash buffer (10mM Tris-HCl, pH
8.0/100mM NaCl/0.1% CHAPS/1mM DTT), one time with 10mL of TEV-C buffer (10mM
Tris-HCI, pH 8.0/100mM NaCl/0.1% CHAPS/0.5mM EDTA/5% glycerol/1mM DTT) and
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one time with 200uL of TEV-C buffer with 5ug/mL of recombinant TEV protease. Beads
were then incubated with 1mL of TEV-C buffer with 5ug/mL of recombinant TEV protease
and for 2h at 16°C while nutating. The eluate combined with two 1mL TEV-C buffer washes
was transferred to a new polyprep column and the following was added: 6mL of CAM-B
buffer (10mM Tris-HCI pH 8.0/100mM NaCl/0.1% CHAPS/1mM MgOAcz/1mM
imidazole/2mM CaClz/5% glycerol/10mM B-mercaptoethanol), 9uL of 1M CaClz, and
250pL of a 50% slurry of calmodulin beads. The mixture was nutated for 2h at 4°C and the
beads were washed 3 times with 1.5mL of CAM-B buffer. The beads were incubated with
250pL of CAM-E buffer (10mM Tris-HCl pH 8.0/100mM NaCl/0.1% CHAPS/1mM
MgOAcz/1mM imidazole/10mM EGTA/5% glycerol) for 5 min and eluate was collected. A
total of five fractions were collected, pooled and TCA precipitated. The total amount of
precipitated protein was resuspended in sample buffer and loaded onto an SDS-PAGE gel.
Peptides were extracted from gel slices and injected into an LTQ-Orbitrap Velos ETD mass

spectrometer. Data was analyzed using SEAQUEST software.

4.2.3 Immunoprecipitations

Yeast strains were grown to log phase in YPD medium approximately 50 ODsoo units
of cells were converted to spheroplasts in spheroplast buffer (1.4M sorbitol/50mM KPi/
36mm B-mercaptoethanol/33ug/ml zymolyase) for 30 min at 37°C. Spheroplasts were
washed with wash buffer (1.4M sorbitol/50mM KPi) and lysed in 1mL of lysis buffer
(20mM Hepes, pH. 7.3/150mM NaCl/1mM DTT/2mM EDTA/1% triton/1xPIC) and lysates
were cleared by centrifugation at 16000g for 15 min. Lysates were diluted to 1mg/mL and
500uL was incubated with or without 0.5ug of anti-HA (Sigma clone 7) antibody for 60 min
on ice. Lysates were incubated with 20uL of a 50% slurry of protein-G beads while nutating
at 4°C for 30 min. Beads were washed 2 times with 500uL of lysis buffer and eluted by
boiling in 25uL of sample buffer for 3 minutes. Eluted proteins were separated on an SDS-

PAGE gel and detected by Western blot analysis.
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4.2.4 Serial dilutions

Yeast strains were inoculated into 3mL of minimal medium and grown in a shaker
incubator overnight at 30°C. The ODsoo was normalized to the lowest value and 10-fold
serial dilutions were spotted (2uL) onto minimal selective medium. Yeast were placed at
the permissive temperature of 30°C to serve as a growth control and at the restrictive

temperatures of 37°C.

4.2.5 Microscopy and Quantification of microscopy

Yeast strains were inoculated into 3mL of minimal medium and grown overnight at
30°C to log phase. Cells were pelleted and resuspended in fresh medium to an ODsgo of 10-
15 and visualized on a Nikon Eclipze TiE inverted epifluorescence microscope using a 100x
objective. Images were deconvoluted using AutoQuant X3 software and co-localization
between punctae was manually quantified. All images were captured under the same
microscope settings and the area of GFP-Ypt6p punctae was measured manually using the

Freehand selection tool in Image].

4.2.6 Yeast two hybrid

Genes were cloned into the yeast two hybrid vectors, pGADT7 or pGBKT7, and
transformed into AH109 and Y187 yeast strains, respectively. Diploids were selected from
matings between AH109 and Y187 strains carrying the appropriate genes on minimal
medium not supplemented with leucine or tryptophan. Growth of diploids on medium not

supplemented with histidine was used to indicate a positive or negative interaction.

4.2.7 Subcellular fractionation

Cells were grown to log phase overnight and approximately 50 ODsoo units of cells
were spheroplasted (as above). Spheroplasts were resuspended in lysis buffer (50mM Tris-
HCl, pH.7.4/200mM sorbitol/1mM EDTA /protease inhibitors), homogenized with a Dounce
homogenizer (10 strokes) and lysates were centrifuged at 500g for 5 min. The resulting
supernatant was centrifuged at 13 000g for 10 min to generate a pellet (P13) and
supernatant (S13). S13 was then centrifuged at 100 000g for 60 min with a TLA100 rotor
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to generate a pellet (P100) and a supernatant (S100). Pellets were resuspended in sample
buffer and equivalent amounts of pellets and supernatants were loaded onto an SDS-PAGE

gel and analyzed by Western blot.

4.3 Results
4.3.1 TRAPPII interacts directly with Gyp6

TRAPPII is a large complex with 10 unique subunits that likely interact with a
variety of proteins. To identify what factors the TRAPPII complex interacts with, native
yeast TRAPPII was purified from a haploid yeast strain whose endogenous copy of Trs120p
was fused to a Tandem Affinity Purification (TAP) tag at the carboxy terminus and co-
precipitating proteins were identified by mass spectrometry (Figure 4.1A). In addition to 7
of the 10 TRAPPII subunits, peptides from many proteins were identified including several
proteins involved in TRAPPII-associated pathways including cell wall synthesis,
endocytosis and exocytosis (Figure 4.1B, Table 4.3). Several of these proteins have been
shown to interact either physically or genetically with TRAPPII subunits. Notably, four of
the seven COPI coat subunits co-purified with TRAPPII, in support of previous studies
showing an association between TRAPPII and COPI vesicles (Cai et al., 2005; Chen et al.,
2011). Three GAP proteins functioning in membrane trafficking pathways also co-purified
with TRAPPII: the Arf-GAPs Glo3p and Gcs1p, and the Ypt6p Rab-GAP, Gyp6p. Gyp6p has
been previously shown to interact with the TRAPPII complex in two independent studies
using tandem-affinity purification followed by mass spectrometry, and we chose to

characterize this interaction further (Ho et al., 2002; Krogan et al., 2006).

Proteins that co-purified with TRAPPII are likely a combination of proteins
interacting directly and indirectly with the complex. To determine whether Gyp6p is
directly interacting with the complex, a yeast two-hybrid experiment between full length
Gyp6p and all TRAPPII subunits was conducted (Figure 4.1C). Gyp6p interacted solely with
Trs130p, suggesting that Gyp6p does in fact interact directly with the TRAPPII complex and
it is via the TRAPPII specific subunit, Trs130p.
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Figure 4.1 Gyp6p interacts with the TRAPPII complex through Trs130p. (A) Trs120p-
TAP was purified from cells, separated on an SDS-PAGE gel and stained with blue silver.
Peptides were extracted from sections of the stained gel (indicated by square brackets on
the side) and analyzed by mass spectrometry. (B) Peptides from various proteins
regulating different membrane trafficking pathways were identified as TRAPPII interactors
by this method. Genes known to have synthetically lethal interactions with mutations in
TRAPPII subunit genes are indicated in red. Proteins reported to physically interact with
subunits of the TRAPPII complex are indicated in blue. (C) In a yeast two hybrid assay,
Trs130p (fused to the DNA binding domain of Gal4p) is the only TRAPP subunit showing a
positive interaction with Gyp6p (fused to the activation domain of Gal4p) indicated by
growth on a plate lacking histidine (-H). L/-T = plates lacking leucine and tryptophan; L/-
T/-H = plates lacking leucine, tryptophan and histidine.
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Accession | Common name |# Peptides | # Unique peptides
YDR407C TRS120 72 54
YMR218C TRS130 52 31
YDR472W TRS31 19 14
YDL055C PSA1 14 9
YGR166W TRS65 12 5
YCRO009C RVS161 11 5
YMR307W GAS1 10 3
YBR059C AKL1 9 1
YCRO030C SYP1 8 6
YDR238C SEC26 7 2
YNL267W PIK1 6 1
YPL232W SSO1 6 1
YGR143W SKN1 6 1
YER122C GLO3 6 &
YKR068C BET3 6 2
YGR009C SEC9 5 3
YPR159W KRE6 5 2
YGL137W SEC27 5 2
YJL044C GYP6 5 1
YLR342W FKS1 4 1
YNL287W SEC21 4 1
YDL226C GCS1 4 1
YOR322C LDB19 3 1
YFR024C-A LSB3 3 1
YIL105C SLM1 3 1
YKR001C VPS1 3 1
YOR132W VPS17 3 1
YBR102C EXO84 3 1
YOR115C TRS33 3 1
YDR246W TRS23 2 1
YILO76W SEC28 1 1

Table 4.3 (legend on next page)
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Table 4.3 Summary of a subset of TRAPPII interactors by tandem affinity purification
and mass spectrometry. Selected genes identified by mass spectrometry are listed in
order of greatest # of peptides recovered to smallest and color coded according to their
classification in Figure 4.1b (blue = endocytosis; pink = exocytosis; green = cell wall; olive-
gray = GAPs; purple = COPI coat) TRAPP subunits recovered from the mass spectrometry
analysis are colored in white.

4.3.2 YPT6 and its GEF interact genetically with TRAPPII subunits

In high throughput screens several genetic interactions have been documented
between YPT6 pathway genes and TRAPPII subunits (Tong et al.,, 2004; Costanzo et al.,
2010; Hoppins et al.,, 2011). To examine how YPT6 pathway genes genetically interact with
essential and non-essential TRAPPII subunits, a high copy suppression screen was
conducted (Figure 4.2). Included in this study were the RIC1 and RGP1 genes that encode
the subunits of the heterodimeric Ypt6ép GEF. TRAPPII subunits expressed in high copy
plasmids were transformed into ypt6A, ric1A and rgp1A mutants that are unable to grow at
37°C. The core TRAPP subunit gene, TRS31, suppressed temperature sensitivity in all three
mutants while another core subunit gene, BETS5, suppressed the phenotype only in rgp1A.
There was a much stronger phenotypic suppression by TRS31 in ric1A and rgp1A mutants
when compared to ypt6A, indicating that the requirement for active Ypt6p is being
bypassed. Overexpression of YPT1 permits the growth of ypt6A at restrictive temperatures
and rescues trafficking defects associated with this mutant (Li and Warner, 1998; Ye et al.,
2014). The suppression of ricIA and rgp1A seen with TRS31overexpressionandrgp1A
withBETS5 overexpression may be indirect and mediated throughYPT1. Interestingly,
overexpression of the TRAPPII specific gene TRS120 made all three strains very sick even
at permissive temperature, with the strongest effect seen in ricIA and rgp1A mutants.
Overexpression of TRS33, a gene important for TRAPPII stability, mirrored the effect of
TRS120, but to a lesser extent. This effect is specific to the YPT6 pathway, as overexpression
of TRS120 and TRS33 had no effect on a wild type strain (data not shown) and the same
constructs were able to suppress other mutant phenotypes (Scrivens et al., 2009).
Redundantpathways likely exist to compensate for the absence of Ypt6p and one possibility
is that Trs120p interacts with proteins required for these redundant pathways and

sequesters them when it is overexpressed (Li and Warner, 1998; Benjamin et al., 2011).
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Figure 4.2 TRAPPII subunits genetically interact with YPT6 pathway genes. TRAPP
subunits were overexpressed in ypt6A, rgp1A and ric1A strain backgrounds and serial
dilutions were plated and grown at permissive (30°C) and restrictive (37°C) temperatures.

4.3.3 The integrity of TRAPPII is important for interacting with Gyp6

In order to continue characterizing the interaction between Gyp6p with TRAPPI],
co-immunoprecipitation experiments were conducted in wild type and mutant yeast
strains. Of the 10 TRAPPII subunits, Trs33p, Tcal7p and Trs65p are non-essential and gel
filtration experiments have shown that these subunits are important for complex assembly
(Tokarev et al., 2009; Choi et al., 2011). To examine whether the assembly of the TRAPPII
complex is important for its interaction with Gyp6p, the endogenous copy of GYP6 was
tagged at the carboxy terminus with a triple hemagglutinin (HA) tag and
immunoprecipitated from cell lysates. Bet3p, a core TRAPP subunit, was detected by
Western analysis to assay for the presence of TRAPPII (Figure 4.3). In wild type cells,
TRAPPII co-precipitates with Gyp6p-HA, confirming Gyp6p as an interacting partner of the
TRAPPII complex. This interaction is abrogated in lysates from trs65A, tcal7A and
trs33A mutants, indicating that proper assembly of the TRAPPII complex is important for
its association with Gyp6p (Figure 4.3a).The deletion of TRS33 and TCA17 have been shown
to destabilize the TRAPPII complex, while deletion of TRS65 specifically interferes with
TRAPPII dimerization and intact TRAPPII monomers can be purified from trs65A cells (Yip
etal, 2010). It is surprising that Gyp6p would not be able to associate with TRAPPII
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monomers which contain one copy of Trs130p. It is possible that disrupting TRAPPII
dimerization indirectly affects its association with Gyp6p. For example, dimerization may
be important for TRAPPII localization to the site of Gyp6p interaction, or be required for
upstream events. Deleting the TRAPPIII-specific subunit TRS85has no effect on the amount
of Bet3p co-precipitated with Gyp6p-HA (Figure 4.3A). A small percentage of Bet3p
(<0.05%) co-precipitated with Gyp6p-HA despite a very efficient pull-down (not shown),
suggesting that the interaction between TRAPPII and Gyp6p is transient, supported by the

small number of peptides seen by mass spectrometry (Table 4.3).

Genetic interactions between TRAPPII and YPT6 pathway genes suggest that the
interaction between TRAPPII and Gyp6p may be important for regulating Ypt6p pathways.
Gyp6p is a GAP for Ypt6p and to determine whether active Ypt6p must be present for
TRAPPII to interact with Gyp6p, the same co-immunoprecipitation experiment was
conducted in ypt6A, ricl1A and rgp1A mutant strains. TRAPPII and Gyp6p interacted to the
same degree in these mutants as wild type, indicating that Ypt6p, active or not, is not
required for TRAPPII and Gyp6p to interact (Figure 4.3B). A possible interpretation of this
result is that Gyp6p interacts with TRAPPII upstream of its association with Yptép.
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Figure 4.3 TRAPPII co-precipitates with endogenous Gyp6p-HA. (A) A small amount of
TRAPPII (Bet3p is used as a marker) co-precipitates with Gyp6p-HA immunoprecipitated
from yeast lysates. This interaction is disrupted in mutants (tcal7A, trs65A and trs33A)
that affect assembly of the TRAPPII but not the TRAPPIII (trs85A) complex. (B) TRAPPII
continues to interact with Gyp6p-HA when non-essential components of the Ypt6p
pathway are absent. Co-immunoprecipitations were performed in strain backgrounds
harboring deletions of either YPT6, RIC1), or VPS51, a Ypt6p-effector.
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4.3.4 Yptép is enriched at the late Golgi in a trs65A mutant

Recent work showed that Gyp6p is a putative effector of Ypt32p and in a gyp6A
mutant, Ypt6p remains at the late Golgi for a longer time and has increased co-localization
with Ypt32p (Suda et al., 2013). We speculated that TRAPPII is involved in a similar
mechanism, and may also recruit Gyp6p to the late Golgi to promote Ypt6p inactivation and
dissociation from this organelle. Wild type and mutant strains were transformed with 2
plasmids, one expressing GFP-Ypt6p (Ypt6p) and another expressing Sec7p-mRFP (Sec7p),
a marker for the late Golgi. Ypt6p and Sec7p showed a punctate localization pattern, shown
in representative fields for each strain (Figure 4.4A). The percentage of co-localized
punctae was quantified and in wild type cells, 29% of Ypt6p co-localized with Sec7p (Figure
4.4B), which is consistent with a previous study (Kawamura et al., 2014). Co-localization
increased almost 3-fold to 79% in a trs65A mutant (Figure 4.4B). A less dramatic increase
in co-localization was observed in the TRAPPII mutant tcal7A (49%) and in a gyp6A
mutant (61%) (Figure 4.4B). The absence of Trs85p, a TRAPPIII-specific subunit, had no
effect on co-localization (31%) (Figure 4.4B).

To confirm that the dramatic increase in localization of Ypt6p to the late Golgi
observed in trs65A is caused by the deletion of TRS65 we attempted to rescue this
phenotype. A plasmid expressing the wild type copy of TRS65 was transformed into the
trs65A strain and co-localization between Ypt6p and Sec7p was quantified. When wild type
TRS65 was introduced into trs65A cells, the level of co-localization approached wild type
levels (39%) suggesting that increased co-localization between Ypt6p and Sec7p was

caused by the deletion of TRS65 (Figure 4.4C).

106



GFP-Yptép Sec7-mRFP merge

80% I
= 10%
N 60% I
50% I
40%
30% { I el
20%
10%
. . . 0% wT trs65A tcal7A  trs85A  gyp6A
C
80%
"~ s 70% *
= 60%
50%
. . . - |
10%
. . . )
empty TRS65

30%
20%

Figure 4.4 GFP-Ypt6p becomes enriched at the late Golgi in a trs65A mutant. (A) The
localization of GFP-Ypt6p was examined in different strain backgrounds and compared to
Sec7-mRFP localization, a late Golgi marker. A representative field of 1-2 cells is shown for
each strain background. (B) The percentage of GFP-Ypt6p punctae co-localizing with Sec7-
mRFP was quantified in each strain. (C) Co-localization of GFP-Ypt6p and Sec7-RFP was
quantified in a trs65A strain transformed with either empty vector (empty) or wild type
TRS65. (For (B) and (C), 56-96 cells, representing 10-15 fields with 3-10 cells each, was
counted for each strain. Error bars represent standard error of the mean (SEM)).
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Sec7 and Ypt6 colocalization

Ypt6p localizes to both the early and late Golgi, making it plausible that a portion of
the punctae not co-localizing with Sec7p represent early Golgi structures (Suda et al., 2013;
Kawamura et al.,, 2014). To verify this, co-localization between Ypt6p and the early Golgi
marker Sed5p was examined (Figure 4.5A). The opposite trend as Sec7p was observed as
Ypt6p co-localized with Sed5p more often in wild type (54%) than trs65A (32%) and
gyp6A (34%) cells (Figure 4.5B). These results, together with the co-localization data for

Sec7p, suggest that the punctate localization of Ypt6p is caused by its association with Golgi
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compartments, and de-stabilization of TRAPPII oligomers by the deletion of TRS65 causes
an enrichment of Ypt6p at the late Golgi.
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Figure 4.5 Co-localization of GFP-Ypt6p with the early Golgi is decreased in a trs65A
and gyp6A mutant. (A) The localization of GFP-Ypt6p was examined in wild type (WT),
trs65A and gyp6A cells and compared to mRuby-Sed5 localization, an early Golgi marker. A
representative field of 1-2 cells is shown for each strain. (B) The percentage of GFP-Ypt6p
punctae co-localizing with mRuby-Sed5p was quantified in each strain. (31-38 cells
representing 5-6 fields of 3-10 cells, were counted for each strain). Error bars represent
SEM.
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4.3.5 The localization pattern of GFP-Ypt6p varies between wild type and mutant
strains

In addition to differences in co-localization with Sec7p, Ypt6p punctae in trs65A and
gyp6A mutants appear larger and more prominent when compared to wild type. Large
variation was seen in the measured area for punctae but interestingly, 21% of punctae in
both trs65A and gyp6A were larger than 0.5 pm?2, whereas only 2% of wild type punctae
met this criterion (Figure 4.6A). An increased frequency of larger punctae is consistent

with an enrichment of Ypt6p to the late Golgi compartment relative to wild type.

Another more striking difference in the distribution of Ypt6p can be observed in

ric1A cells, as GFP-Ypt6p is not punctate but is diffusely localized throughout the cell
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(Figure 4.4A). The same phenotype was seen in rgp1A cells (data no shown). This diffuse
localization suggests that Ypt6p is cytosolic but membrane fractionation showed no
increase in the ratio of cytosolic to membrane-bound Ypt6p relative to wild type (Figure
4.6B). In the absence of its GEF, Ypt6p does not associate with punctate Golgi structures but
does remain associated with membranes. The original study characterizing Riclp/Rgp1p
also observed this localization and hypothesized that inactive Ypt6p localizes to smaller

membrane structures such as vesicles (Siniossoglou et al., 2000).
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Figure 4.6 Higher frequencies of large punctae are seen in trs65A and gyp6A mutants.
(A) The area of GFP-Ypt6p punctae was measured with Image], divided into three
categories (<0.2um?, 0.2-0.5 um?2 or >0.5 um?) and the frequency of each category was
plotted for WT, trs65A and gyp6A strains. Between 107 and 154 punctae were counted for
two experiments. Error bars represent SEM. (B) Subcellular membrane fractionation was
performed in WT and mutant strains and GFP-Ypt6p was probed for in each fraction.

4.4 Discussion

Ypt6p is a non-essential Rab protein that has been implicated in several trafficking
pathways in both yeast and higher eukaryotes. This study has shown that the TRAPPII
complex interacts directly with the Ypt6p GAP Gyp6p, and when this interaction is
disrupted in vivo, Ypt6p becomes enriched on late Golgi compartments. Several studies
have examined the subcellular localization of Ypt6p by microscopy and have found that it
localizes to the early/medial/late Golgi compartments, COPI vesicles and late endosomes
(Suda et al,, 2013; Kawamura et al., 2014). The level of early Golgi localization and late

Golgi localization reported varies from ~50 - 80% and ~30% -50%, respectively. The
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results in this study fall within this range: in wild type cells Ypt6p punctae localized to the
early and late Golgi with a frequency of 54% and 29%, respectively. Ypt6p appears to
reside in more than one subcellular compartment, consistent with it regulating several

trafficking pathways.

Gyp6p recruitment to different organelles by various protein factors could be a
mechanism to promote the exit of Ypt6p from a specific compartment and maintain its
homeostatic distribution throughout the cell. In this case, preventing the recruitment of
Gyp6p would skew the localization of Ypt6p towards one compartment at the expense of
another. This does indeed occur in the TRAPPII mutant trs65A, as Ypt6ép co-localization
with the early Golgi is reduced, while it is enriched more than 2-fold at the late Golgi. A
similar pattern of re-distribution was observed in a gyp6A mutant, suggesting that the
change in Ypt6p localization in trs65A is the result of TRAPPII no longer efficiently
recruiting Gyp6p to the late Golgi.

The inactivation of Rabs is associated with a non-membrane-bound, cytosolic state,
but in the absence of its GEF, the ratio of membrane bound to cytosolic Ypt6p does not
change. However, there is a striking difference in Ypt6p localization in ric1IA and rgp1A
mutants compared to wild type. It was recently shown that Yptép, Ypt7p and Vps21p re-
localize to the ER in the absence of their GEFs, suggesting that GEFs are required for
localization to the correct organelle, and not necessarily required for association with
membranes (Cabrera and Ungermann, 2013). It is likely that several factors coordinate the
spatial and temporal localization of Ypt6p by ensuring that its modifying proteins are also

correctly localized.

In addition to the TRAPPII complex (this study), Ypt32p has also been shown to
interact with Gyp6p and recruit it to the late Golgi, and the Na+/H+ exchanger Nhx1p
interacts with Gyp6p on late endosomes (Ali et al., 2004; Suda et al.,, 2013). In both cases,
this association was proposed to be important for the regulation of Yptép. It is interesting

that both TRAPPII and Ypt32p interact with Gyp6p, as TRAPPII is a putative Ypt32p GEF
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and has been shown to act upstream of the Rab in autophagy and post Golgi trafficking
pathways (Sciorra et al.,, 2005; Tokarev et al., 2009; Zou et al., 2013). Ypt6p, TRAPPII, and
Ypt31p/32p have all been shown to be important for trafficking of the exocytic SNARE
Snclp through the endocytic pathway (Lafourcade et al., 2003; Cai et al., 2005; Chen and
Tokarev, 2005). Interestingly, the overexpression of TRS120 and TRS33 significantly reduce
the viability of ricIA and rgp1A, and to a lesser extent ypt6A cells (this study). Both
subunits are important for the function of TRAPPII in endocytic recycling suggesting that
both TRAPPII and Ypt32p may interact with Gyp6p to regulate this pathway (Cai et al.,
2005; Montpetit and Conibear, 2009). A Rab GAP cascade has already been proposed
between Ypt32p and Gyp6p to regulate a not yet specified membrane trafficking pathway
(Suda et al., 2013). The double recruitment of Gyp6p by TRAPPII and Ypt32p could act as a
positive feedback loop, whereby TRAPPII acts to both recruit Gyp6p directly and indirectly
through the activation of Ypt32p. It also remains possible that TRAPPII and Ypt32p interact
with Gyp6p to regulate Ypt6p in distinct trafficking pathways that intersect with the late

Golgi compartment.

In future experiments, the localization of Ypt6p should be examined in a strain with
mutations in both YPT31/32 and TRAPPII to determine whether there is an additive effect
and assess whether they are recruiting Gyp6p within the same pathway. Alternatively, co-
localization of Ypt6p with additional markers could be examined. Ypt31p/32p are enriched
on secretory vesicles and late Golgi compartments in the bud and bud neck of dividing
yeast cells, whereas TRAPPII is associated with Sec7-positive membranes distributed more
broadly throughout the cell. Examining co-localization with late secretory pathway
markers such as Ypt31p and Sec4p could clarify whether TRAPPII regulates Ypt6p earlier
in the secretory pathway than Ypt31/32p.
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Chapter 5: Discussion

This thesis provides novel information about the structure of the yeast TRAPP
complexes and the contribution of specific subunits, Trs20p and Trs23p in particular, to
that structure. This work also provides insight into how a specific mutation in TRAPPCZ2
leads to the skeletal disorder SEDT through destabilization of the TRAPPIII complex.
Finally, the interaction between TRAPPII and a GAP protein was shown to be important for
the regulation of its cognate Rab, and may represent a novel mechanism for how TRAPP

coordinates membrane trafficking pathways.

5.1 Distinct TRAPP complexes can be resolved biochemically and functionally
5.1.1 Resolution of the yeast TRAPP complexes is dependent upon lysis conditions
At the onset of this thesis work, the TRAPP complex had been extensively
characterized in yeast and two complexes were believed to exist, TRAPPI or the core
complex, and a larger TRAPPII complex. A third yeast TRAPP complex, TRAPPIII, was
discovered through functional studies and employing a different matrix for gel filtration
chromatography (Lynch-Day et al., 2010; Choi et al,, 2011). Work in Chapter 3 of this thesis
showed that under less stringent lysis conditions (150mM NaCl) TRAPPII and TRAPPIII
were not resolved by gel filtration chromatography raising the possibility that TRAPPII/III
complexes are part of the same complex and dissociate under more stringent (300mM
Nac(l) lysis conditions. However the TRAPPII subunit Trs130p and TRAPPIII subunit
Trs85p failed to co-precipitate under less stringent lysis conditions, even in the presence of
a cross linker, supporting the conclusion that TRAPPII and III are indeed separate
complexes with distinct roles in membrane trafficking. A similar combination of
experiments showed that equivalent TRAPPII and TRAPPIII complexes also exist in
mammalian cells and are distinct complexes carrying out independent functions (Bassik et

al,, 2013).

Although all subunits from yeast TRAPPI have mammalian homologues, a smaller
mammalian TRAPPI complex has not been observed nor reconstituted in vitro. Intriguingly,
like yeast TRAPPII and III, yeast TRAPPI cannot be resolved by size exclusion
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chromatography under less stringent lysis conditions, raising the possibility that it is not a
separate complex in vivo, but an artifact of lysis. A challenging aspect of this question is that
TRAPPI has no unique subunits with respect to TRAPPII and III, making affinity purification
experiments not useful in determining whether TRAPPI is a complete complex and not a
fragment of TRAPPII or TRAPPIII. Interestingly, when a Saccharomycotina specific (SMS)
domain of the central TRAPPI subunit Trs23p is deleted the TRAPPI complex does not
assemble in vitro and a peak for TRAPPI is shifted to a much smaller molecular size when
yeast lysates are fractionated by size exclusion chromatography (Chapter 3). Importantly,
essential functions attributed to the TRAPPI complex in yeast are not compromised in this
mutant, suggesting that these functions can be performed by TRAPPII or TRAPPIII. Non-
lethal mutations have also been discovered that disrupt the integrity of TRAPPII and
TRAPPIII complexes but unlike deletion of the SMS domain, they also compromise the
function of these complexes to varying degrees (Montpetit and Conibear, 2009; Choi et al.,
2011; Brunet et al.,, 2013; Taussig et al., 2013). The appearance of an intact TRAPPI
complex may be an artifact of lysis: the SMS domain of Trs23p may stabilize the TRAPP
core, allowing it to dissociate as an intact unit when yeast cells are lysed whereas the
TRAPP core would fall apart in the absence of this domain, such as in mammalian cells
(Figure 5.1). Alternatively, TRAPPI in the SMS mutant may be intact in vivo and only
become destabilized upon cell lysis. Perhaps only trace amounts of intact TRAPPI are
adequate for it to satisfy its role within the cell. The possibility that TRAPPI could be an

artifact of lysis should be considered when interpreting data from future experiments.
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Figure 5.1 The SMS domain of Trs23p stabilizes the TRAPP core in yeast. (A) The
appearance of a yeast TRAPPI complex when lysates are separated by size exclusion
chromatography may be caused by the TRAPP core being released from the two larger
complexes. (B) The mammalian homologue of Trs23p, TRAPPC4, lacks the SMS domain.
When mammalian cells are lysed the TRAPP core would not dissociate as an intact
fragment.

5.1.2 TRAPPIII mediates the tethering of Atg9p vesicles in non-selective and selective
autophagy pathways

Evidence presented in Chapter 2 further distinguishes TRAPPII and TRAPPIII as two
separate complexes and provides insight into how TRAPPIII associates with membranes
functioning in autophagy. Size exclusion chromatography and sucrose density gradient
experiments demonstrated that TRAPPIII, but not TRAPPII, remained associated with
membranes under equivalent lysis conditions. Furthermore when cells were starved, the
association of TRAPPIII with membranes was dependent on the presence of Atg9p, a
transmembrane protein essential for formation of the PAS. This result suggests that Atg9p
mediates the recruitment of TRAPPIII to membranes and is consistent with another study
showing that the TRAPPIII specific subunit, Trs85p, interacts directly with Atg9p and

localizes to Atg9p-containing membranes (Kakuta et al., 2012).
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Atg17p is a scaffolding protein that is essential for non-selective autophagy and in
one report was shown to be required for the localization of TRAPPIII to the PAS under
starvation conditions (Wang et al., 2013). The recruitment of TRAPPIII to Atg9p vesicles,
and recruitment of TRAPPIII to the PAS by Atg17p is a potential mechanism for TRAPPIII
mediated tethering at the PAS (Figure 5.2). PAS-localized Ypt1p can recruit the Atglp
kinase as an effector following Ypt1p activation by TRAPPIII and Atglp in turn will recruit

downstream factors required for the non-selective autophagy pathway (Figure 5.2).

Non-selective autophagy is not completely blocked in a trs85A mutant suggesting
that alternative pathways are functioning alongside TRAPPIII. Atg17p, Atg31p and Atg29p
form a crescent shaped complex that interacts directly with the Atglp kinase and its
dimerization is proposed to mediate the homotypic tethering of Atg9p vesicles to form the
PAS and autophagosomes (Ragusa et al.,, 2012). The recruitment of TRAPPIII and Atglp by
Atg17p and activated Yptlp, respectively, could be a way to reinforce this pathway while
not being essential for it to occur. Consistent with this hypothesis, the Atg17p-Atg31p-
Atg29p complex is not active in selective autophagy, a process for which the TRAPPIII
complex is absolutely required (Ragusa et al., 2012).

Similar to Atglp, the scaffold protein Atg11p which is required for selective
autophagy, has been identified as a Ypt1p effector (Lipatova et al., 2012). Upon activation
of Yptlp by TRAPPIII at the PAS, Atg11p is brought to the PAS and can recruit downstream
factors required for the selective autophagy pathway (Figure 5.2). However in nutrient rich
conditions TRAPPIII remains associated with membranes in the absence of Atg9p
suggesting that a factor(s) other than Atg9p links TRAPPIII to membranes in normal
growth conditions (Chapter 5.2). Furthermore, in nutrient rich conditions TRAPPIII still
localizes to the PAS but an upstream recruitment factor analogous to Atg17p has not yet
been identified (Figure 5.2). Future experiments should focus on identifying what factors

are required for recruiting TRAPPIII to membranes and to the PAS.
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Figure 5.2 Yptlp recruits effectors specific to non-selective and selective autophagy
pathways. TRAPPIII is associated with Atg9p vesicles destined for the PAS. During non-
selective autophagy its association with membranes is mediated by Atg9p and is recruited
to the PAS by Atg17p. The factors mediating the association of TRAPPIII with membranes
and its recruitment to the PAS as part of the selective autophagy pathway have not been
identified. In both pathways, TRAPPIII activates Yptlp at the PAS leading to the
recruitment of Atglp and Atgl1p as Yptlp effectors, during non-selective and selective
autophagy respectively.

5.1.3 Bet3p palmitoylation is important for TRAPPIII function

Although Bet3p and its mammalian homologue TrappC3 have been shown to be
palmitoylated on a highly conserved residue, this modification is not essential and its
purpose was not known. Results in Chapter 2 showed that palmitoylated Bet3p is enriched
in the yeast TRAPPIII complex and that this modification is important for the function of
TRAPPIII in autophagy. In the absence of this modification autophagy is delayed but not
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completely blocked. Bet3p palmitoylation can increase the efficiency of TRAPPIII by
several possible mechanisms: (i) it could induce structural changes in the TRAPPIII
complex; (ii) it could facilitate interactions with other proteins or aid in recruiting the
complex to membrane subdomains. Further experiments are needed to distinguish
between these possibilities. It would also be interesting to examine whether palmitoylated
TrappC3 is also enriched in mammalian TRAPPIII and whether blocking this modification
affects autophagy pathways in mammalian cells. The importance of palmitoylation in other
trafficking processes regulated by TRAPPIII should also be examined such as endosomal

trafficking in yeast and in ER-Golgi transport in mammals.

5.1.4 A mutation that causes SEDT in humans prevents the association of Trs85p
with the TRAPP core in yeast

The understanding that TRAPPII and TRAPPIII are two distinct complexes in yeast was
necessary for the work carried out in Chapter 2 where evidence was presented that a
mutation in the core subunit, Trs20p, disrupts the assembly of TRAPPIII without impacting
the stability of TRAPPII or TRAPPI. The equivalent mutation in humans has been implicated
in the skeletal disorder SEDT, providing insight into the etiology of this disease. In yeast,
this mutation disrupted the interaction of Trs20p with TRAPPIII and TRAPPII specific
subunits but only the integrity of TRAPPIII was compromised in yeast lysates (Chapter 2).
Furthermore, cells with this mutation were defective in functions associated with the
TRAPPIII complex, including endosomal recycling and autophagy, but did not show any
phenotypes previously observed for TRAPPI or TRAPPII mutants. These observations in
yeast suggest that the analogous disease-causing mutation in humans may also disrupt
TRAPPIII function. Furthermore, a defect in collagen secretion was observed upon the
depletion of both TRAPPC2 and the core subunit TRAPPC3, suggesting that TrappC2
regulates collagen export in the context of a TRAPP complex (Venditti et al., 2012). Four
complex-specific subunits are present in mammalian TRAPPIII and TRAPPII complexes.
Measuring how the depletion of each of these subunits affects collagen secretion could
determine whether TrappC2 regulates collagen secretion in the context of either of these

complexes.
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5.2 TRAPP regulates membrane trafficking pathways by interacting with GTPases
and their modifying proteins

The TRAPP core is a GEF for Yptlp and this activity is required for TRAPP-mediated
membrane trafficking pathways. TRAPP complexes have also been shown to interact with
other GTPases and their modifier proteins. In human cells, TrappC2 mediates collagen
secretion by interacting directly with Sar1, a GTPase that is required for COPII vesicle
formation (Venditti et al., 2012). In yeast, the TRAPPII specific subunit Trs65p interacts
directly with GeaZ2p, an Arflp GEF (Chen et al, 2011). In Chapter 4 I presented evidence
that the TRAPPII complex recruits the RabGAP protein Gyp6p to promote Ypt6p
dissociation from the late Golgi. Proteins that interact with GTPases are typically classified
as GEFs, GAPs or effectors but a separate category of proteins could be responsible for
mediating the interaction between GTPases and their modifier proteins. It is not clear
whether the interaction of TRAPP with these proteins directly alters their enzymatic
activity, and reconstituted in vitro experiments would have to be performed to address this
possibility. The interaction of TRAPP with these proteins could serve to facilitate the
interaction of GTPases with their modifier proteins and vice versa. In the case of Gyp6p, its
interaction with TRAPPII seems to be important for recruiting this GAP to a specific

compartment (Chapter 4).

Aside from Gyp6p, two additional GAPs, Glo3p and Gcs1p, were identified as
potential TRAPPII interactors by pull downs and mass spectrometry (Chapter 4). Glo3p and
Ges1p are ArfGAPs for Arflp, a GTPase required for the formation of retrograde COPI
vesicles (Poon et al., 1996, 1999). Although they have overlapping functions, Glo3p is
primarily associated with Golgi-ER transport, while Gcs1p also regulates post Golgi
trafficking by acting on the Arf-like GTPase Arl1p (Poon et al,, 1999; Robinson and Poon,
2006). In future experiments, it will be important to determine whether TRAPPII interacts
directly with these GAP proteins and if so, whether this interaction impacts the dynamics of
Arflp. TRAPPII may regulate membrane trafficking pathways by acting as a GEF for Yptlp
and Ypt31/32p as well as by coordinating the association between Rabs and their

modifying proteins. RabGAP and RabGEF cascades have been proposed to mediate the
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sequential inactivation and activation of Rabs in membrane trafficking pathways.
Additional factors such as MTCs may be necessary to bridge specific RabGAP and RabGEF
pairs in these cascades as well as other classes of GTPases, such as Arfs, and their
modifying proteins. The requirement for additional factors could provide another layer of

regulation to oversee the activation and inactivation of these molecular switches.

5.3 Conclusions and future directions:

In recent years a considerable amount of information has been gathered concerning
the structure of TRAPPIn yeast and mammals. Three separate yeast complexes have been
described which can be separated both physically and functionally, and for each the EM
structure has been solved. There is also strong evidence that two distinct TRAPP complexes
exist in mammals and their subunit composition is known. Future work should focus on
mechanistic studies to gain a better understanding of how the distinct subunit composition
and structure of each complex contributes to its function in different membrane trafficking
pathways. For example, in yeast the TRAPPII complex forms a dimer but the purpose for
this oligomerized state is not yet clear. Furthermore, an interaction between TRAPPII and
the COPI coat has been demonstrated but it remains to be seen whether this association is

required for the physical tethering of these vesicles.

As in yeast, mammalian TRAPPII and TRAPPIII have recently been distinguished as
two separate complexes. It will be important to study how these complexes are
differentially involved in membrane trafficking processes such as selective and non-
selective autophagy, endosomal recycling, and collagen secretion. This thesis work has
contributed to further our structural and functional understanding of the yeast TRAPP
complexes, which serves as a basis to study how these complexes regulate membrane

trafficking pathways in higher eukaryotes such as humans.
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