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Two subunits of the exocyst, Sec3p and Exo70p,
can function exclusively on the plasma membrane

Dongmei Liu, Xia Li, David Shen, and Peter Novick*
Department of Cellular and Molecular Medicine, University of California, San Diego, La Jolla, CA 92130

ABSTRACT The exocyst is an octameric complex that tethers secretory vesicles to the plasma
membrane in preparation for fusion. We anchored each subunit with a transmembrane (TM)
domain at its N- or C-terminus. Only N-terminally anchored TM-Sec3p and C-terminally an-
chored Exo70p-TM proved functional. These findings orient the complex with respect to the
membrane and establish that Sec3p and Exo70p can function exclusively on the membrane.
The functions of TM-Sec3p and Exo70p-TM were largely unaffected by blocks in endocytic
recycling, suggesting that they act on the plasma membrane rather than on secretory vesi-
cles. Cytosolic pools of the other exocyst subunits were unaffected in TM-sec3 cells, while
they were partially depleted in exo70-TM cells. Blocking actin-dependent delivery of secre-
tory vesicles in act1-3 cells results in loss of Sec3p from the purified complex. Our results are
consistent with a model in which Sec3p and Exo70p can function exclusively on the plasma
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membrane while the other subunits are brought to them on secretory vesicles.

INTRODUCTION

Vesicular traffic is used to transport material between the various
compartments of the exocytic and endocytic pathways. Each stage
of transport requires the selective incorporation of cargo from a do-
nor compartment into vesicular carriers followed by the accurate
targeting of those vesicles to an appropriate acceptor compart-
ment. Recognition of the acceptor compartment by the vesicle in-
volves several components that act sequentially. Tethers form the
initial link, binding to the cytoplasmic surface of both the vesicle and
the acceptor compartment (Brown and Pfeffer, 2010). Known tethers
include both long coiled-coil molecules as well as multi-subunit
complexes (Yu and Hughson, 2010). Most multi-subunit tethers con-
tain components that share a common structural feature: helical
bundles linked in series to generate a rod-like element (Dong et al.,
2005; Tripathi et al., 2009; Vasan et al., 2010). After vesicle-target
recognition by the tether, a SNARE complex, involving membrane-
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anchored components on both the vesicle ('SNARE) and target
compartment (tSNARE), is assembled. SNARE complex assembly
provides an additional layer of specificity to the targeting reaction
and drives membrane fusion (McNew et al., 2000). Several lines of
evidence suggest that tethers provide more than a passive linkage
between the vesicle and acceptor compartment and can play an
active role in catalyzing SNARE complex assembly (Ren et al., 2009;
Yue et al., 2017).

Here we focus on the exocyst, a large, conserved, multi-subunit
tethering complex required for fusion of secretory vesicles with the
plasma membrane at sites of polarized cell surface growth. All eight
subunits (Sec3p, Sec5p, Secbp, Sec8p, Sec10p, Sec15p, Exo70p,
and Exo84p) are present at one copy per complex (TerBush et al.,
1996). In yeast, all but one of the structural genes are essential and,
while deletion of SEC3 is not lethal, sec3A cells grow very slowly at
25°C, and above 30°C growth is blocked (Finger and Novick, 1997).
Several exocyst subunits interact with components on the vesicle
surface; Sec15p binds to the GTP-bound form of the secretory ves-
icle-associated Rab GTPase, Secdp (Guo et al., 1999), while Secép
binds to the vSNARE, Snc1p (Shen et al., 2013). In addition, several
subunits interact with components on the cytoplasmic face of the
plasma membrane. The amino-terminal domain of Sec3p and the
carboxy-terminal domain of Exo70p bind PI(4,5)P, (He et al., 2007;
Zhang et al., 2008), a lipid predominantly associated with the cyto-
plasmic leaflet of the plasma membrane. The amino-terminal do-
main of Sec3p also binds to Cdc42p and Rho'1p (Guo et al., 20071;
Zhang et al., 2001) while Exo70p binds to Cdc42p and Rho3p, all
members of the Rho GTPase family that play key roles in polarity
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establishment at the cell cortex. In addition, Exo70p also binds to
the cortical polarity scaffold protein Bem1p (Liu and Novick, 2014),
while Secép binds to the tSNARE, Sec9p, the assembled SNARE
complex (Dubuke et al., 2015) and the SNARE regulator, Seclp
(Morgera et al., 2012). Collectively, these interactions serve to link
incoming secretory vesicles to specialized sites on the plasma mem-
brane, defined by the cell polarity machinery, in preparation for exo-
cytic fusion. Recently an interaction of Sec3p with the Sso2p tSNARE
has been implicated in catalyzing assembly of the Sso-Sec9 binary
tSNARE complex (Yue et al., 2017).

At steady state, all components of the exocyst are concentrated
at sites of polarized cell surface growth (TerBush and Novick, 1995;
Finger et al., 1998; Boyd et al., 2004). These include the tips of small
buds early in the cell cycle and the necks of large budded cells near
the time of cytokinesis. Most components of the exocyst arrive at
these sites by riding on secretory vesicles as they are delivered
along polarized actin cables by the type V myosin, Myo2p, and thus
their polarized localization is sensitive to the disruption of actin fila-
ments by latrunculin A or by mutations in tropomyosin (Finger et al.,
1998; Boyd et al., 2004). Several studies have found that the local-
ization of Sec3p and Exo70p is at least partially resistant to these
conditions but sensitive to the loss of Cdc42p or Rho function (Guo
et al., 2001; Zhang et al., 2001). The actin-independent localization
of Exo70p relies on its interaction with the polarity scaffold protein,
Bem1p (Liu and Novick, 2014). These findings have led to the
proposal that the exocyst may undergo cycles of assembly and dis-
assembly in which most components ride on vesicles to polarized
exocytic sites at the cell cortex that are marked by Sec3p and
Exo70p (Boyd et al., 2004). Exocyst assembly would then serve to
tether the incoming vesicle to these sites. Disassembly would pre-
sumably be required for additional rounds of function. Aspects of
this model have been questioned. One study found that Sec3p
localization, like that of the other subunits, is sensitive to the disrup-
tion of actin filaments (Roumanie et al., 2005) while another failed to
detect the pool of partially assembled exocyst subcomplexes pre-
dicted by the model (Heider et al., 2016). Here we explore several
aspects of exocyst function relating to these issues. To evaluate the
requirement for the cytosolic and vesicular pools of the exocyst, we
determine if the exocyst can fulfill all of its essential functions when
irreversibly anchored to the plasma membrane. We also determine
the effects of a temperature-sensitive mutation in the actin structural
gene on exocyst assembly and stability.

RESULTS

Sec3p is the only exocyst subunit that can function when
anchored to the membrane through an N-terminal
transmembrane domain

To assess the effects of anchoring exocyst subunits to the membrane,
we first fused the TM domain from Tos2p to the N-terminus of each
exocyst component, individually. Tos2p contains a single predicted
transmembrane (TM) domain within its N-terminal region and local-
izes to polarized growth sites, such as the bud cortex in small-budded
cells and as a double-ring structure at the bud neck in large-budded
cells (Drees et al., 2001; Gandhi et al., 2006). This localization re-
sembles that of the exocyst complex and colocalization is seen at
bud tips or bud necks in about two thirds of cells expressing both
Tos2p-3xGFP (green fluorescent protein) and Secé6p-2xmCherry
(Supplemental Figure S1). To allow for the possibility that adding a
TM domain to an exocyst subunit would cause loss of function and
thus impair cell viability, we introduced the Tos2TM (amino acids
2-74) to one copy of each gene locus in the presence of either a
balancing wild-type (WT) copy (in a diploid strain or on a URA3, CEN
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vector) or a high copy number bypass suppressor. To reveal the phe-
notype, the balancing copy of the exocyst gene or the suppressor
plasmid was removed, either by sporulation and tetrad dissection or
by selection against the Ura3 plasmid by growth on 5-fluoroorotic
acid (5"-FOA).

In the case of Sec3p, we introduced a CEN vector that expresses
Tos2?74-Sec3p-4xHA (hemagglutinin) into a sec3A strain that was
complemented with WT SEC3 on a URA3, CEN vector (NY3237).
After the balancing plasmid was removed, the resulting yeast strain
had only one copy of SEC3 and it was fused to the tos2TM domain
at its N-terminus. Deletion of SEC3 is not lethal; however sec3A
strains grow very slowly at 25°C and fail to grow at temperatures
above 30°C (Finger and Novick, 1997). In contrast, strains express-
ing tos2TM-sec3-4xHA grow similarly to WT (Figure 1A). To confirm
the result and to exclude the possibility of an extragenic suppressor,
we backcrossed the strain to WT (NY1210) and performed growth
tests with the resulting progeny. Some of the tos2TM-sec3-4xHA
spores were slightly smaller than their WT counterparts (Figure 1B)
and showed a growth rate similar to WT at 34° and 37°C but some-
what slower growth at 25° and 30°C (Figure 1C).

We further performed secretion assays to analyze the efficiency of
vesicular transport in the TM-sec3 mutant strain. Invertase and Bgl2p
are delivered to the cell surface through two distinct populations of
secretory vesicles (Harsay and Bretscher, 1995). As shown in Supple-
mental Figure S2, at 37°C TM-sec3 accumulated a slightly larger-
than-normal internal pool of both invertase (8% vs. 1%) and Bgl2p
(4% vs. 3%). However, in comparison with secé-4, a well-known exo-
cyst mutant with a severe secretion defect or various alleles of SEC3
(Finger and Novick, 1997), this effect was negligble. Consistent with
the growth test results (Figure 1C), the TM-sec3 strain accumulated a
slightly larger internal pool of Bgl2p at 25°C than at 37°C (6% vs.
4%). These data indicate that adding a transmembrane domain to
the N-terminus of Sec3p does not seriously diminish its function.

Using a similar approach, we tested the effect of anchoring
Exo70p by taking advantage of the fact that the lethality of exo70A
can be rescued by overexpression of SECT (Wiederkehr et al., 2004).
After introducing a tos2TM-Exo70 construct into an exo70A strain,
we tested the ability of the strain to survive without the SECT plas-
mid. Unlike the situation with Sec3p, adding Tos2TM to the amino
terminus of Exo70p proved lethal to the cells, as did loss of EXO70
(Figure 1D).

For the other six exocyst subunits, Sec5p, Secép, Sec8p, Sec10p,
Sec15p, and Exo84p, as they are all essential for cell viability, we
introduced Tos2TM to the N-terminus of one copy of the exocyst
open reading frame tagged with an HA or myc tag at the C-terminal
end to facilitate detection, while keeping another intact WT copy as
a balancer in a diploid strain (Figure 1E). Tetrad dissection was per-
formed to obtain spores expressing, as the sole copy, exocyst sub-
units fused at their N-termini to Tos2TM (Figure 1F). For all tetrads
resulting from the dissection of tos2TM-sec5/SEC5, tos2TM-secé/
SEC6, tos2TM-sec8/SEC8, tos2TM-sec10/SEC10, and tos2TM-
sec15/SEC15 diploids, there were two viable spores and two dead
spores. Since all the viable spores were WT, the dead spores would
have expressed Tos2TM fused to the N-terminus of the exocyst sub-
unit. In the case of the tos2TM-exo84/EXO84 dissection, although
there were two viable tos2TM-ex084 spores in most tetrads, they
were very small and grew too slowly to propagate and analyze.
Therefore, among this group, we have only focused on tos2TM-sec3
in the following studies and consider Sec3p to be the only subunit
that can function effectively with an N-terminal TM domain.

To further test whether Tos2TM-Sec3p is stably anchored to the
membrane, we performed subcellular fractionation by differential
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Sec3p is the only exocyst subunit that can function when
anchored to the membrane through an N-terminal transmembrane
(TM) domain (A) WT, sec3A, and tos2TM-sec3-4xHA yeast strains with
a complementing SEC3 CEN URA vector (NY3298, NY3236, and
NY3237) were grown to early log phase in SC-Ura liquid medium at
25°C, serially diluted, and spotted on SC-Ura or SC with 5-FOA. The
plates were then incubated for 3 d at 25°C. (B) Yeast strain tos2TM-
sec3-4xHA was backcrossed to WT NY1210. Diploid yeast cells were
sporulated and dissected on YPD plates, then spores were incubated
for 4 d at 25°C. Mutant spores (tos2TM-sec3-4xHA) are marked with
circles. (C) Two mutant spores of tos2TM-sec3-4xHA obtained from the
above dissection were grown to early log phase in YPD medium at
25°C, serially diluted, and spotted on YPD plates. The plates were then
incubated for 2 d at 25°C, 30°C, 34°C, and 37°C, respectively. (D) WT,
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centrifugation. We subjected lysates to centrifugation at 50,000 x g
to resolve the membrane bound exocyst pool from the soluble
pool. We chose this speed rather than 100,000 x g because the as-
sembled exocyst complex is so large (19.5S) that a portion of the
soluble pool will sediment at the higher speed (Bowser et al., 1992).
As shown in Figure 2A, Tos2TM-Sec3p-4xHA is almost completely
excluded from the 50,000 x g supernatant. In contrast, WT Sec3p-
4xHA has a significant fraction that distributes into the 50,000 x g
supernatant. A plasma membrane marker, Ssolp, or a secretory
vesicle marker Snc1p are found exclusively in the 50,000 x g pellet.
This confirms that fusing Tos2TM to the N-terminus of Sec3p stably
anchors it to the membrane. Since this construct functions quite ef-
fectively, with no evidence of proteolytic cleavage (Supplemental
Figure S3, lane 3) we conclude that the cytosolic pool of Sec3p is
largely, if not entirely dispensable.

All N-terminally anchored exocyst subunits

are well expressed

The failure of most exocyst subunits to function when fused at their
N-termini to the Tos2TM could be due to either their irreversible
association with the plasma membrane, a lack of expression, or fail-
ure to exit the endoplasmic reticulum (ER). We evaluated the ex-
pression of Tos2TM-Sec3p as the sole copy and the other Tos2TM-
tagged exocyst subunits expressed in the presence of either a
bypass suppressor (SECT) or a WT balancer copy. As shown in
Figure 2, B and C, all of the exocyst subunits fused at their N-termini
to Tos2TM were expressed at roughly equivalent levels, except for
Tos2TM-Exo84p, which was expressed at a somewhat lower level.
We used both immunofluorescence microscopy and subcellular
fractionation to assess the extent to which the nonfunctional
Tos2TM-anchored constructs were able exit the ER and reach the
plasma membrane. In five of seven cases, we were able to detect
the tagged constructs by immunofluorescene (Supplemental Figure
S4), and in each case we observed either localization to the cell
cortex or concentration at cortical sites of polarized growth. No as-
sociation with the nuclear envelope, indicative of ER retention, was
evident. We also used differential centrifugation to resolve the ER
from the plasma membrane. Following gentle lysis, the ER marker
Sec61p largely sediments at 3000 x g while the plasma membrane
marker Sso1/2p remains largely in the supernatant (Supplemental
Figure S5). Tos2TM-anchored Exo70p, Exo84p, and Sec15p were
found predominantly in the 3000 x g supernantant, while Tos2TM-
anchored Sec8p and Sec10p were about equally split between the
supernatant and pellet. Only Tos2TM-anchored Sec5p and Secép
showed a larger fraction in the 3000 x g pellet, yet in both of these
cases immunofluorescence indicated association with the cell

ex070A, and tos2TM-exo70-3xHA yeast strains carrying a SEC1 2p
URA3 vector (NY3239, NY2478, and NY3240) were grown to early log
phase in SC-Ura liquid medium at 25°C, serially diluted, and spotted
on SC-Ura or SC with 5"-FOA. The plates were then incubated for 3 d
at 25°C. (E) Schematic representation of the approach used to
generate tos2TM-sec6-3xHA. Similar approaches were used for
EXO84, SEC8, SEC10, SEC15, and SEC5. A yeast strain with 3xHA at
the C-terminal end of SEC6 was crossed with WT. The resulting diploid
strain was transformed with a vector containing the SEC6 promoter,
tos2TM, and a short, N-terminal fragment of SECé. Transformants in
which recombination had occurred with the HA-tagged chromosomal
copy were selected by PCR. The selected diploid was then sporulated
and tetrads were dissected on YPD plates, which were incubated for
4 d at 25°C. (F) Diploid strains as indicated (NY3243, 3245-3248, 3250)
were sporulated and tetrads were dissected on YPD plates, which
were then incubated for 4 d at 25°C.
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FIGURE 2: (A) Sec3p with an N-terminal TM anchor was largely absent from the 50,000 x g
supernatant. Total cell lysates (T) from WT (NY2128; left panel) and the tos2TM-sec3-4xHA
mutant (NY3238; right panel) were centrifuged at 50,000 x g for 20 min, separated into
supernatant (S) and pellet (P) fractions, and then analyzed by Western blot analysis on a 6%
SDS-PAGE gel with anti-HA antibody, anti-Sso1/2, or anti-Snc1/2 serum. (B, C) All exocyst
subunits fused at their N-termini to tos2-TM were expressed well. The expression of all exocyst
subunits fused at their N-termini to tos2-TM and tagged at their C-termini to either HA (Sec3p,
Exo70p, Secép, Exo84p) or myc (Sec5p, Sec8p, Sec10p, Sec15p) tail were examined by western
blot using either anti-HA or anti-myc antibody. All strains are heterozygous diploids except for
tos2TM-sec3-4xHA, which is viable as a homozygous haploid, and tos2TM-exo070-3xHA, which
contains a 2p SECT plasmid to bypass the requirement of the essential EXO70 gene. All WT
counterparts are haploids expressing an exocyst subunit tagged with either HA or myc tag as

functions in exocytosis (Aalto et al., 1993).
We used the Sso1p C-terminal region from
amino acids 257-290, which includes a short
hydrophilic linker (amino acids 257-265), a
single transmembrane domain (amino ac-
ids 266-287), and a short extracellular tail
(amino acids 288-290), as a C-terminal an-
chor to attach to each of the eight exocyst
subunits. Since adding a TM tail to an
exocyst subunit might impair its essential
function, we integrated, by homologous re-
combination, an N-terminally truncated, C-
terminally anchored construct into a WT
diploid yeast strain to fuse the Sso1TM onto
one full-length copy of the exocyst gene
and leave the other WT copy intact as a bal-
ancer (Figure 3A). Except in the case of
exo070-sso1TM/EXO70, sporulation and tet-
rad dissection of all diploid strains yielded
two viable colonies and two inviable spores
(Figure 3B). In all seven of these dissections
the two viable spores proved to be WT,
indicating that C-terminally anchoring any
exocyst subunit other than Exo70p to the
membrane is severely detrimental to its
function. Dissection of the exo70-sso1TM/
EXO?70 diploid yielded two large and two
small progeny from each tetrad. Large colo-
nies proved to be WT while the small ones
expressed Exo70p-Sso1TM (Figure 3B, sec-
ond panel from left). This indicates that
Exo70p can function when irreversibly an-
chored to the membrane through its C-ter-
minus. Growth tests at 25°C confirmed that
the ex070-2xHA-sso1TM strain is viable, al-
though with a slower growth rate than WT
(Figure 3C).

We next tested whether increased ex-
pression of Sec3p-Sso1TM could restore vi-

indicated. Adh1p was used as a loading control.

periphery rather than the ER (Supplemental Figure S4). The some-
what greater low-speed sedimentation of Tos2TM-anchored Sec5p
and Secbp relative to the others may reflect the greater fraction of
the plasma membrane marker that pelleted at low speed in these
strains (Supplemental Figure S5). After normalizing for the distribu-
tion of Sso1/2p, all Tos2TM-tagged subunits showed a predominant
cofractionation with the plasma membrane (Supplemental Figure
S5). Thus, it appears unlikely that the failure of these constructs to
function is due to a failure to exit the ER.

Exo70p is the only exocyst subunit that can function when

anchored to the membrane through a C-terminal TM domain
The various exocyst subunits presumably have a preferred orienta-
tion with respect to the membrane. This preference might allow
them to function when anchored at their C-termini even if they were
found to be nonfunctional when anchored at their N-termini. To ex-
plore this possibility, we added a carboxy-terminal TM tail to all
eight exocyst subunits. Sso1p is a tail-anchored t-SNARE of the
syntaxin family that is predominantly located on the plasma mem-
brane. It forms a complex with Sec?p and the v-SNARE Snc2p that
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ability and whether increased expression of
Exo70p-Sso1TM could improve its function.
When we expressed Sec3p-4xHA-Sso1TM
from the ADH1 promoter as the sole copy of SEC3, the cells were
inviable (Figure 3D, top right panel rows 5 and 6), suggesting that
lethality was not due to insufficient expression. In fact, expression of
Sec3p-4xHA-Sso1TM, either at normal or elevated levels, appears
to have an inhibitory effect since the sec3A strain grew, albeit slowly,
at 25°C (Figure 3D, top right panel rows 2-4), while cells expressing
Sec3p-4xHA-Sso1TM did not. Expression of Exo70p-2xHA-Sso1TM
from the ADHT promoter yielded a modest improvement in cell
growth relative to strains expressing it from the endogenous pro-
moter (compare Figure 3, D, bottom right panel row 6, and C, row
2). Western blotting confirmed that, relative to its own promoter, the
ADH1 promoter did induce a much higher expression level of
ex070-2xHA-sso1TM (Figure 3E, lanes 2 and 3 vs. lanes 4 and 5).
The increased level of expression appears similar to that of WT
EXO70 expression from its own promoter (Figure 3E, lanes 4 and 5
vs. lane 8); however, due to differences in the copy number of HA
tags and the position of the tags within the protein, it is difficult to
make a direct comparison between WT and mutants of exo70.
There was no evidence of proteolytic cleavage products (Supple-
mental Figure S3, lane 7).
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Exo70p is the only exocyst subunit that can function when
anchored to the membrane through a C-terminal transmembrane (TM)
domain. (A) The Sso1TM sequence was integrated at the C-terminal
end of each exocyst subunit in one of the chromosomal copies in a
WT diploid yeast strain. (B) The resulting diploid strains as indicated
(NY3251, NY3253-3259) were sporulated and tetrads were dissected
onto YPD plates, which were then incubated for 4 d at 25°C. The only
viable mutant spores, exo70-2xHA-sso1TM, are marked with circles.
(C) WT and exo070-2xHA-sso1TM strains (NY1210 and NY3260) were
grown to early log phase in YPD medium at 25°C, serially diluted,
spotted onto a YPD plate, and then incubated for 2 d at 25°C. (D) Top
panel: WT, sec3A, and pADH-sec3-4xHA-sso1TM yeast strains with a
complementing SEC3 CEN URA vector (NY3263, 3262, and 3261)
were grown to early log phase in SC-UraLeu liquid medium at 25°C,
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We performed both invertase and Bgl2p secretion assays to ana-
lyze the efficiency of vesicular transport in the exo70-TM mutant
strain. As shown in Supplemental Figure S2, exo70-TM cells accu-
mulated a somewhat larger-than-normal internal pool of both
invertase (13% vs. 1%) and Bgl2p (10% vs. 3% at 37°C), which is,
however, relatively minor in comparison with secé-4, a well-known
exocyst mutant with a severe secretion defect. These data indicate
that adding a transmembrane domain to the C-terminus of Exo70p
does not seriously diminish its function. In summary, of the eight
exocyst subunits, only Exo70p can function with a C-terminal TM
domain.

To determine whether the exocyst subunits fused to the Sso1TM
were actually anchored to the membrane, we performed fraction-
ation by differential centrifugation. As shown in Figure 4A, a signifi-
cant fraction of WT Exo70p, Sec3p, and Secép distributed to the
50,000 x g supernatant. However, all proteins bearing a C-terminal
Sso1TM tail were almost completely excluded from the supernatant
(Figure 4A, right panel), indicating that the TM tail had altered their
subcellular distribution. Owing to the high quality of the anti-Sec10p
and anti-Sec15p sera, we were able to use them to simultaneously
detect both WT Sec10p or Sec15p and the alleles fused to Sso1TM
in crude cell lysates of heterozygous diploid strains. This analysis
clearly shows that the expression levels of WT and the correspond-
ing allele anchored with a Sso1TM tail are similar and that the
tail-anchored subunits are largely absent from the 50,000 x g super-
natant, while the WT subunits were easily detected in this fraction
(Figure 4B). We also compared the cellular distribution of overex-
pressed Exo70p-2xHA-Sso1TM (Figure 4C). As with all of the other
tail-anchored exocyst subunits, it was absent from the supernatant.
We noticed many degradation products in the lysate of cells overex-
pressing Exo70p-2xHA-Sso1TM (Figure 4C, top right panel). How-
ever, a more rapid lysis method did not yield these degradation
products (Figure 3E, lane 4 and 5, and Supplemental Figure S3, lane
7), indicating that degradation had occurred predominantly after
lysis. Therefore it appears that the subunits with a TM tail are largely
intact in vivo and are stably anchored to the membrane.

The seven nonfunctional tail-anchored subunits might be inac-
tive due to retention within the ER. Localization by immunofluores-
cence microscopy was not possible because the tags were not
detected at their position between the open reading frame and the
membrane anchor. However, subcellular fractionation by differential
centrifugation (Supplemental Figure S6) demonstrated that tail
anchored Sec3p, Sec10p, Sec15p, and Sec8p were predominantly
in the 3000 x g supernatant, like the plasma membrane marker
Sso1/2p and unlike the ER marker Sec61p. Tail anchored Sec5p
and Exo84p were split between the supernatant and pellet, while
only tail anchored Secé6p was predominantly in the pellet, like
Sec61p. After normalizing for the distribution of Sso1/2p, all
Sso1TM-anchored subunits except Sec6-Sso1TM showed a pre-
dominant cofractionation with the plasma membrane (Supplemen-
tal Figure S6). Thus, it appears unlikely that the failure of these
constructs to function is due to a failure to exit the ER.

serially diluted, and spotted onto SC-Ura Leu or SC-Leu with 5-FOA
to select against the SEC3 CEN plasmid. The plates were then
incubated for 4-5 d at 25°C; bottom panel: WT, pADH-EXO70-2xHA,
exo70A, and pADH-ex070-2xHA-sso 1TM yeast strains carrying a
bypass suppressor, 2y SECT URA3 plasmid (NY3267, 3266, 3265, and
3264) were analyzed as described above regarding the top panel.

(E) Yeast strains as indicated (NY1210, NY3260, NY3268, NY3269,
NY3241) were lysed quickly with NaOH (Materials and Methods).
Tagged proteins were detected with anti-HA antibody.
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secretory vesicles. To test this possibility, we
examined the viability of TM-sec3 or exo70-
TM yeast strains in which endocytosis had
been compromised. To simplify the analysis,
we selected two gene deletions that inhibit
endocytosis at different stages yet exhibit
no obvious growth defect of their own.
Syp1p is an endocytic adaptor protein that
arrives early at endocytic sites and functions
in endocytic site turnover and placement
(Stimpson et al., 2009; Apel et al., 2017).
Tlg2p is a t-SNARE that mediates fusion of
endosome-derived vesicles with the late
Golgi (Abeliovich et al., 1998; Lewis et al.,
2000). The tos2TM-sec3 and exo70-sso1TM
yeast strains were crossed with syp1A and
tlg2A strains and double mutants were iso-
lated by tetrad dissection. We then per-
formed growth tests to compare the effects
of TM-sec3 or exo70-TM on growth in a WT
background relative to the syp1A or tig2A
strain backgrounds (Figure 5 and Table 1).
We found that sypTA did not exhibit any

Exo70p (a-HA)
Sec3p (a-HA)

Sec6p (a-HA)

| a-Sec10p

‘Q—Sed 5p

75 KD - T S P T S P

63 KD -
48 KD -

35KD -

17 KD -

FIGURE 4: Exocyst subunits with a carboxy terminal TM tail were largely absent from the
50,000 x g supernatant. (A) Total cell lysates (T) from WT strains expressing 3xHA or 2xHA-
sso1TM at the C-terminal end of EXO70, SEC3, or SEC6 (NY3241, NY3252, NY3242, NY3253,
NY3251, and NY3255) were centrifuged at 50,000 x g, separated into supernatant (S) and pellet
(P) fractions, and analyzed by Western blot analysis on an 8% SDS-PAGE gel. Tagged proteins
were detected with anti-HA antibody. Mutant strains are heterozygous diploids with one intact
WT copy. (B) Total cell lysates (T), 50,000 x g supernatant (S) and pellet (P) fractions from
heterozygous diploid strains, SEC10-2xHA-sso 1TTM/WT (NY3257) or SEC15-2xHA-sso1TM/WT
(NY3258), were analyzed by Western blot with anti-Sec10p or anti-Sec15p serum. Total lysate
from WT (NY1210) was used as a control. (C) Total cell lysates (T), 50,000 x g supernatant (S),
and pellet (P) fractions from pEXO70-EXO70-3xHA (NY3241) or pADH-ex070-2xHA-sso1TM
(NY3268) were analyzed by Western blot with anti-HA antibody. Control membrane protein
Sso1/2p was detected with anti-Sso1/2 and Snc1/2p was detected with anti-Snc1/2 sera.

In summary, Exo70p is the only subunit that can function when
anchored to the membrane through a C-terminal transmembrane
(TM) domain. Higher levels of expression improved cell growth
somewhat. These findings imply that Exo70p can perform its func-
tion at the membrane and that the cytosolic pool is not essential.

Endocytosis is dispensable for the viability of the TM-sec3
or exo70-TM strains

Sec3p is the only exocyst subunit that can function well when an-
chored to the membrane at its N-terminus, while Exo70p is the only
one that can function when anchored at its C-terminus. These re-
sults suggest that Sec3p and Exo70p function exclusively on the
membrane, presumably the plasma membrane, rather than in the
cytosol. Nonetheless, endocytosis could be utilized by TM-sec3 or
exo70-TM expressing cells to recycle them from the plasma mem-
brane, through endosomes and the Golgi so that they could act on
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synthetic growth effects in combination with
tos2TM-sec3-4xHA (Figure 5A, compare
rows 3 and 4), exo70-2xHA-sso1TM (Figure
5C, compare row 1 and 3), or exo70-2xHA-
sso1TM expressed from the ADHT pro-
moter (Figure 5E, compare rows 1 and 2). In
the case of crosses to tlg2A, we observed
relatively mild synthetic effects in several
situations, for example, tos2TM-sec3-4xHA
tlg2A double mutants are slow growing at
37°C (Figure 5B, right panel, compare rows
3 and 4). Another exception is that when
exo070-2xHA-sso1TM was overexpressed, it
showed a mild synthetic negative effect with
tlg2A at 25°C, 30°C, and 34°C and a stron-
ger effect at 37°C (Figure 5F, compare rows
1 and 2). Endocytosis can be used by mem-
brane proteins to maintain their polarity,
countering the effects of diffusion, which
would otherwise allow membrane proteins
to move away from their site of insertion.
Therefore, endocytosis can be an impor-
tant contributory mechanism, even for a
protein that functions exclusively at the plasma membrane, such as
Sso1p (Valdez-Taubas and Pelham, 2003). However, if a protein
also functions on secretory vesicles or the cytosol and requires
rapid recycling from the plasma membrane, the addition of a
transmembrane domain in combination with a partial endocytic
block would be expected to cause a severe loss of function. The
weak or negligible genetic interactions observed between TM-
sec3 or exo70-TM and syp1A or tlg2A suggest that Sec3p and
Exo70p function predominantly at the plasma membrane. Syp1p
functions at a very early step of endocytosis and is an adaptor only
for a subset of cargo proteins (Stimpson et al., 2009; Apel et al.,
2017). Deletion of SYP1 causes defects in the lifetime of endocytic
sites, but does not prevent their internalization, whereas deletion
of TLG2 has a more severe effect on endocytosis, blocking vesicu-
lar traffic from the endosome to the late Golgi (Abeliovich et al.,
1998).

a-HA

a-Sso1/2

a-Snc1/2
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Endocytosis is dispensable for the viability of TM-sec3 or exo70-TM yeast stains. (A-F) Strains as indicated
were grown to early log phase in SC medium at 25°C, serially diluted, and spotted on SC plates. The plates were then

incubated for 2 d at 25°C, 30°C, 34°C, and 37°C, respectively.

TM-anchored Exo70p reduces the cytosolic pool of the
other exocyst subunits, but TM-anchored Sec3p does not
The viability of tos2TM-sec3 and exo70-sso1TM strains in both a WT
background and in endocytosis-deficient backgrounds suggests
that Sec3p and Exo70p can function exclusively at the plasma mem-
brane. Next we examined the subcellular distribution of the other
exocyst subunits in these cells in which Sec3p or Exo70p were stably
anchored to the membrane through TM domains. By taking advan-
tage of the high quality of anti-Sec10p and anti-Sec15p sera, we
were able to examine the distribution of untagged Sec10p and
Sec15p in TM-sec3 or exo70-TM yeast lysates. We performed frac-
tionation by differential centrifugation and found that, in addition to
the loss of Exo70p-2xHA-sso1TM from the 50,000 x g supernatant
(Figure 4C), Sec10p and Sec15p were also depleted from this super-
natant (Figure 6A, lane 2). This suggests that the linkage between
Exo70p and these other exocyst subunits is robust. However, the
linkage with Sec3p appeared to be weaker, as the cellular distribu-
tion of Sec10p and Sec15p was normal when Sec3p was stably an-
chored to the membrane through an N-terminal TM anchor (Figure
6A, compare lanes 5 and 8).

To gain a more complete understanding of the subcellular distri-
bution and assembly state of the exocyst subunits in TM-sec3 or
exo70-TM yeast strains, we added a FLAG tag to another exocyst

Mutants syp1A
tos2TM-sec3-4xHA No effect
exo0/0-2xHA-sso1TM  No effect

PADH-exo70-2xHA-
sso1TM

tlg2A
Synthetically sick at 37°C
No effect

No effect  Synthetically sick, mildly at

25-34°C, strongly at 37°C

Summary of genetic interactions between sec3 or exo70
mutants and syp 1A or tIg2A.
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subunit and then performed a FLAG-IP to purify the tagged subunit
together with all associated proteins from the 50,000 x g supernatant
(Figure 6B). The immunoprecipitation efficiency is ~30-50% (Supple-
mental Figure S7). The supernatant would potentially include any
free soluble monomers, a fully assembled exocyst complex, and sub-
complexes; however, membrane-associated proteins or protein
complexes should be largely excluded since no detergent was
added prior to centrifugation. The level of each of the exocyst
subunits was determined by Western blotting with all available anti-
exocyst sera or anti-FLAG antibody. To simplify the comparison be-
tween WT lysate and lysates expressing a TM-anchored subunit, we
adjusted the loading to have an equal amount of the FLAG-tagged
subunit and then compared the level of all of the other subunits.
When we precipitated Sec8p-3xFLAG from the supernatant of an
exo/0p-sso1TM lysate, we found that the relative amounts of four of
the exocyst subunits (Exo70p-Sso1TM, Sec3p, Sec15p, and Exo84p)
were dramatically decreased relative to WT. Sec10p was partially re-
duced, and Secép was the least affected, consistent with the notion
that Sec6p and Sec8p are closely associated (Figure 6B, compare
lanes 1 and 2). Furthermore, the absolute amount of exocyst sub-
units present in the exo70-sso1TM supernatant was low relative to
WT since we had to load twice as much to detect a similar amount of
Sec8p-3xFLAG in the precipitate. We also precipitated another
FLAG-tagged exocyst subunit, Sec5p, from the exo070-sso1TM
supernatant. To detect a similar amount of Sec5p-3xFLAG, we had to
load almost four times as much of the precipitate for exo70-sso1TM
as for WT. We observed that under this condition, all exocyst sub-
units, except for Exo70p-Sso1TM itself, showed a normal relative
abundance in WT and the Exo70p-Sso1TM supernatant (Figure 6B,
compare lanes 3 and 4). Together, these two sets of data suggest
that the association between Exo70p and the other exocyst subunits
is strong. When Exo70p is stably anchored, substantial fractions of
the other subunits are also depleted from the cytosol.

Molecular Biology of the Cell
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FIGURE 6: The cellular distribution of exocyst subunits when Exo70p or Sec3p are irreversibly
anchored to the membrane. (A) Total cell lysates (T) and 50,000 x g supernatant (S) and pellet (P)
fractions from exo070-sso1TM and tos2TM-sec3 (NY3268 and NY3238) were analyzed by
Western blot with anti-Sec10p or anti-Sec15p serum. Heterozygous sec10-sso1TM diploid strain
(NY3257, top panel) and sec15-sso1TM diploid strain (NY3258, bottom panel) were used as
control. Proteins were detected with anti-Sec10p (top panel) or anti-Sec15p (bottom panel)
serum. (B) Yeast strains as indicated (left panel: NY3271, NY3275, NY3276, and NY3277; right
panel: NY3276, NY3278, NY3279, and NY3280) were lysed and the 50,000 x g supernatant was
used in precipitations with anti-Flag beads. Eluted proteins were detected with anti-Flag,
anti-Sec3p, anti-Sec8p, anti-Sec15p, anti-Sec10p, anti-Exo84p, anti-Secép, and anti-Exo70p
antibodies. Loading was normalized to have an approximately equal amount of the FLAG-
tagged subunit, and then the level of all of the other subunits was compared. The relative
loading for each sample is listed. Using the same loading ratio, Adhp levels in the 50,000 x g
supernatants were examined to reflect the differences in loading.

When we immunoisolated  Sec5p-
3XFLAG or Exo70p-3xFLAG from TM-sec3
supernatants, the results were quite differ-
ent. Other than TM-Sec3p itself, all subunits
showed similar abundance in the precipi-
tates derived from the WT and TM-sec3
supernatants, regardless of which subunit
was tagged (Figure 6B, compare lanes 5
and 6 and lanes 7 and 8) and no adjustment
to the loading was needed. Therefore, even
though Sec3p was stably anchored to the
membrane, the distribution of the other
subunits between the membrane and cyto-
sol was unaffected and the cytosolic pools
assembled well without Sec3p. This sug-
gests that the association between Sec3p
and the other subunits is relatively loose.
Taken together, our data suggest that
Exo70p and Sec3p can function when stably
bound to the plasma membrane. The other
subunits associate with them; however, the
association with Exo70p is tighter than with
Sec3p.

Additional exocyst subunits are
recruited to the cell cortex when either
Exo70p or Sec3p is membrane
anchored

When either Exo70p or Sec3p was an-
chored to the membrane with a transmem-
brane domain, differential centrifugation
fractionation experiments showed that they
were nearly absent from the 50,000 x g su-
pernatant, suggesting a stable association
with the membrane. To examine their sub-
cellular localization in vivo, we added a GFP
tag to the N-terminus of Exo70p-2xHA-
Sso1TM and to the C-terminus of Tos2TM-
Sec3p-4xHA since detection by immuno-
fluorescence was less sensitive. These
constructs conferred the same growth
properties as those lacking the GFP tag
(Supplemental Figure S8). As shown in
Figure 7A, in contrast to the typical bud tip
or bud neck localization of WT Exo70p-GFP
(top panels 1 and 2), GFP-Exo70p-2xHA-
Sso1TM showed a fairly uniform distribu-
tion along the entire cell periphery (top
panels 3 and 4), similarly to that of Sso1p
(Brennwald et al., 1994; Valdez-Taubas and
Pelham, 2003). A minor fraction of the GFP-
fluorescence was observed on internal
structures that colocalized with the fluores-
cent dye FM4-64 marking the vacuole (Sup-
plemental Figure S9). Several other exocyst
subunits, including Sec5p, Sec8p, and
Exo84p, also localized to the cell periphery
in cells expressing Exo70p-2xHA-Sso1TM
(Figure 7B, columns 3 and 4), consistent
with the finding from FLAG IP experiments
that when Exo70p is membrane anchored,
other subunits are also depleted from the
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cytosol (Figure 6). Membrane-anchored Tos2TM-Sec3p-4xHA-GFP,
localized to the cell periphery, in addition to bud tips and bud
necks (Figure 7A, bottom panels 3 and 4). Intriguingly, although
FLAG IP data suggest a relatively loose association between Sec3p
and the other exocyst subunits in lysates (Figure 6), in vivo, Sec5p-
GFP, Sec8p-GFP, and Exo84p-GFP display some relocalization to
the cell periphery in response to Tos2TM-Sec3p-4xHA expression
(Figure 7B, columns 5 and 6é). It is possible that, in vivo, the other
subunits are bound to Tos2TM-Sec3p-4xHA; however, after lysis,
they dissociate and can therefore be found in the cytosol fraction.

Sec3p is unstable in act1-3 lysates

Several studies have found that the localization of Sec3p to sites of
polarized surface growth is at least partially resistant to the disruption
of actin cables, while the localization of the other exocyst subunits is
predominantly actin dependent (Finger et al., 1998; Boyd et al.,

A

2004). This has led to a proposal that Sec3p can be recruited directly
to these sites by binding to cortical polarity determinants, while the
other subunits are delivered to these sites by riding on secretory
vesicles as they are actively transported along actin cables by the
Myo2p motor. To reveal the effects of the loss of actin function on
exocyst assembly, we isolated the complex from a temperature-sen-
sitive actin mutant, act7-3. We used FLAG tags to immunoisolate the
complex from lysates that had been generated by grinding flash-fro-
zen yeast under liquid nitrogen, conditions that have been shown to
stabilize the complex (Heider et al., 2016). At the permissive
temperature, 20°C, both WT and act1-3 cells expressing Sec8p-
His-3xFlag yielded a complex containing all eight subunits in approxi-
mately equal stoichiometry (Figure 8A, left panel). Following a 2 h
shift from the permissive temperature, 20°C, to 37°C, WT cells
yielded the same set of exocyst subunits and in a similar amount.
In contrast, act1-3 cells yielded a complex in which Sec3p was

GFP-ex070-2xHA-sso1TM*72

Exo70p-GFP

DIC

Sec3p-GFP

tos2TM?*7*-sec3-4xHA

Sec8p-GFP Sec5p-GFP

Exo84p-GFP

FIGURE 7: Localization of exocyst subunits in membrane anchored Exo70p or Sec3p strains. (A) A GFP tag was added
to Exo70p or Sec3p in WT and TM anchored EXO70 or SEC3 strains. Yeast cells were grown to early log phase in
selection medium at 25°C and harvested, and the live cells were directly examined by fluorescence microscopy. Bars,

5 pm. (B) A GFP tag was added to Sec5p, Sec8p, or Exo84p in WT and TM-anchored EXO70 or SEC3 strains. Yeast cells
were grown to early log phase in selection medium at 25°C and harvested, and the live cells were directly examined by

fluorescence microscopy. Bars, 5 pm.
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FIGURE 8: Sec3p is unstable in act1-3 lysate. (A) SDS-PAGE and Coomassie staining of exocyst complexes purified
using Sec8p-His-3xFlag from WT and act1-3 mutant yeast lysates (NY3271 and NY3272). Left panel shows the
purification from yeast strains growing at permissive temperature 20°C. Right panel shows the purification from yeast
strains shifted to nonpermissive temperature 37°C for 2 h before harvesting. WT strains with Sec8p-TAP tagged or
Sec8p untagged were used as negative controls respectively. For comparison, the loading ratio for the purified samples
from WT and act1-3is 1:1. (B) SDS-PAGE and Coomassie staining of exocyst complexes purified with Sec3p-His-3xFlag
from WT and act1-3 mutant yeast strains (NY3273 and NY3274). For comparison, the loading ratio for the purified
samples from WT and act1-3is 1:2. (C) Western blot analysis of immunoisolated exocyst with Sec3p-His-3xFlag from WT
and act1-3 mutant yeast strains (NY3273 and NY3274) on a 6% SDS-PAGE gel. Proteins were detected with anti-Flag,
anti-Sec3p, anti-Sec8p, anti-Sec15p, anti-Sec10p, anti-Exo84p, anti-Secép, and anti-Exo70p antibodies. For comparison,
the loading ratio for the purified samples from WT and act1-3is 1:2. (D) Total cell lysates by quick NaOH lysis from WT
and act1-3 mutant yeast strains were analyzed by Western blot with anti-Flag antibody and anti-Sec15p serum.
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significantly underrepresented relative to the other subunits (Figure
8A, right panel). To determine whether Sec3p was present as a
monomer, independent of the exocyst, or in some alternate com-
plexes, we isolated Sec3p-His-3xFlag from WT and act1-3 cells. Al-
though the amount of the exocyst complex isolated from act1-3 cells
was dramatically reduced since we had to load twice as much to de-
tect a similar amount of most exocyst subunits, it appeared to consist
of the same components as in WT cells (Figure 8, B and C). However,
the yield of Sec3p-His-3xFlag itself from act1-3 lysates was further
reduced relative to the other seven subunits. This finding prompted
us to question whether the apparent loss of Sec3p-His-3xFlag
occurred in vivo or during the immunoisolation protocol. A rapid al-
kaline lysis method revealed a similar ratio between full-length Sec3p-
His-3xFlag and Sec15p in act1-3 and WT samples at both 20° and
37°C (Figure 8D). Thus we deduce that the loss of Sec3p-His-3xFlag
in act1-3 samples must take place during the immuno-isolation pro-
cedure. This suggests that either the proteolytic activity is increased
in act1-3 lysates relative to WT or that Sec3p-His-3xFlag is more ac-
cessible to proteases in act1-3 lysates. In either case, the effects are
limited to Sec3p as the other subunits were unaffected.

DISCUSSION

We have shown that Sec3p and Exo70p are unique among the exo-
cyst subunits as they alone can function well when irreversibly an-
chored to the plasma membrane by a transmembrane domain. To
preserve functionality, Sec3p must be anchored at its N-terminus,
while Exo70p must be anchored at its C-terminus. A structure of the
assembled exocyst has been recently proposed based on trilatera-
tion using end-to-end dimensional measurements made by light
microscopy (Picco et al., 2017). We can now orient the proposed
structure relative to the plasma membrane with both the N-termi-
nus of Sec3p and the C-terminus of Exo70p facing toward the
plasma membrane (Supplemental Figure S10). This orientation also
allows the N-terminus of Exo84p to face the plasma membrane,
consistent with our observation that tos2TM-exo084 cells are viable,
albeit just barely. The orientation agrees well with studies showing
that both the N-terminus of Sec3p and the C-terminus of Exo70p
can bind to PI(4,5)P,, a lipid predominantly associated with the cy-
toplasmic leaflet of the plasma membrane (He et al., 2007; Zhang
et al., 2008). This orientation would also permit Sec3p and Exo70p
to interact with cortical polarity determinants Cdc42p, Rholp,
Rho3p, and Bem1p (Guo et al., 2001; Zhang et al., 2001; Liu and
Novick, 2014).

The ability of Tos2TM-Sec3p and Exo70p-Sso1TM to function
without any significant cytosolic pool indicates that their essential
functions can be fulfilled exclusively on the membrane. Further-
more, the absence of any strong synthetic effect in combination with
endocytic mutants suggests that these subunits do not need to re-
cycle from the plasma membrane onto secretory vesicles. These
observations are consistent with the proposal that Sec3p and
Exo70p serve to mark specialized exocytic sites on the plasma
membrane (Finger et al., 1998; Boyd et al., 2004).

Whether or not the other six exocyst subunits can also act exclu-
sively on the plasma membrane is not yet clear. Although they are
nonfunctional when directly anchored to the membrane, this could
reflect an inappropriate orientation rather than a requirement for a
cytosolic pool. Immunofluorescence microscopy and fractionation
by differential centrifugation suggest that the nonfunctional con-
structs are, with the exception of Sec6-Sso1TM, delivered to the
plasma membrane with an efficiency of at least 50%. In the case of
Secép, the proposed orientation does place the N-terminus near
the membrane (Supplemental Figure S10); nonetheless, Tos2TM-
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Secép-expressing cells were found to be inviable. Hence, it is
plausible that the cytosolic pool of Secép, unlike that of Sec3p or
Exo70p, plays an essential function. In tos2TM-sec3 cells, the re-
maining seven subunits can still be found at normal levels in the
cytosolic fraction within an assembled complex, while in exo70-
sso1TM cells the other subunits are depleted from the cytosol, yet
are still present at about one quarter to one half of their normal
levels. Thus, our data are consistent with an essential role for the
cytosolic pools of these subunits, perhaps in recycling from the cell
cortex onto newly formed secretory vesicles, yet other explanations
could also account for these observations.

To address the possibility of an assembly cycle, we have exam-
ined the composition of the exocyst in act1-3 cells. This mutant is
blocked in the active delivery of secretory vesicles to the polarized
exocytic sites typically marked by Sec3p, although vesicles continue
to fuse with the plasma membrane in a depolarized manner with a
kinetic delay (Novick and Botstein, 1985). The observed loss of
Sec3p from the isolated complex in act1-3 cells is consistent with a
cycle in which Sec3p normally joins the complex as vesicles arrive at
exocytic sites and then dissociates following vesicle fusion. None-
theless, our inability to isolate a free, unassembled pool of Sec3p
from act1-3 lysates leaves the issue unresolved. Sec3p is present at
normal levels relative to other exocyst subunits in act1-3 cells, yet is
apparently degraded after lysis during affinity purification. The
heightened sensitivity of Sec3p to degradation in actl-3 lysates
could reflect an increase in its accessibility to proteases due to a
failure in exocyst assembly. While we cannot exclude an alternate
possibility in which proteolytic activity is increased in act1-3 lysates,
none of the other subunits were similarly affected.

In total, our findings help orient the exocyst complex with re-
spect to the membrane and provide important clues regarding the
site of action of its various components.

MATERIALS AND METHODS

Plasmid and yeast strain construction

The plasmids and yeast strains used in this study are listed in Sup-
plemental Tables S1 and S2. To generate a Sec3 CEN yeast expres-
sion vector, pRS316-Sec3 (NRB1623), full-length SEC3, including its
231-base pair 5'UTR and 488-base pair 3'UTR, was PCR amplified
from WT yeast genomic DNA and inserted into BamHI-Kpnl linear-
ized pRS316 by gap repair. To generate the HemiZap vector,
pRS305-pSec3-Tos2?74-Sec3-4xHA-Adh1t (NRB1624), Sec3 5" UTR
772 base pairs, Tos2 ORF for amino acids 2-74, and Sec3-4xHA
were sequentially PCR amplified from WT or NY2128 yeast genomic
DNA and cloned into Xhol-BamH| linearized pRS305-Adh1t. To add
GFP to the C-terminal end of the above construct (NRB1650), GFP
was PCR amplified, digested with Bglll/BamHI, and inserted
into  Bglll/BamHI linearized pRS305-pSec3-Tos2%74-Sec3-4xHA-
Adh1t. To generate pRS305-pExo70-Tos2274-Ex070-3xHA-Adh1t
(NRB1625), Exo70 5" UTR 1180 base pairs, Tos2 ORF for amino
acids 2-74, and Exo70-3xHA were sequentially PCR amplified from
WT or NY3241 yeast genomic DNA and cloned into Xhol-Sacll lin-
earized pRS305-Adh1t.

To construct a yeast strain with a transmembrane (TM) domain at
the N-terminus of Sec3 (NY3237), a HemiZAP vector (NRB1624) was
transformed into the SEC3 promoter region in a sec3A yeast strain
that was complemented with a SEC3 expression CEN vector carry-
ing the URA3 marker (NY3236). After spotting on a 5’-FOA plate,
the complementing CEN vector was removed, resulting in a single
copy of SEC3 fused to the N-terminal TM domain from Tos2
(NY3238). A similar method was used to generate a yeast strain ex-
pressing Tos2274-Exo70-3xHA (NY3240).
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To generate pRS306-pSec6t-Tos2?74-Sec6N (NRB1626), the
Sec6 5" UTR 999 base pairs, Tos2 ORF for amino acids 2-74, and
Secé N-terminal 678 base pairs were sequentially PCR amplified
from WT yeast genomic DNA and cloned into Xhol-Sacll linear-
ized pRS306-Adh1t. Similar approaches were used to generate
Exo84, Sec8, Secl10, Sec15, and Sec5 HemiZAP constructs
(NRB1627-1631).

To construct a yeast strain with a TM domain at the N-terminus of
Secé, a Sec6é C-terminal HA-tagged yeast strain (NY3242) was first
mated with a WT strain to generate a diploid, which was then trans-
formed with the integration vector described above (NRB1626).
Transformants in which integration had occurred in the tagged chro-
mosome were selected by PCR. These transformants have one WT
copy of SEC6 and another copy of secé with an N-terminal TM do-
main from TOS2 (NY3243). After sporulation and tetrad dissection,
a spore was selected that carried only one copy of secé with an N-
terminal tos2TM anchor. Similarly, N-terminal tos2TM anchored
EXO84, SEC8, SEC10, SEC15, and SECS5 yeast strains were gener-
ated (NY3245-3248, NY3250).

To construct yeast strains with a TM domain at the C-terminal
end of the exocyst subunits, a set of HemiZAP integration vectors
(NRB1633-1640) were first generated. For example, to create
PRS305-Ex070-2xHA-Ss01TM?257-2%0 (NRB1633), the Sso1 C-terminal
34 codons (257-290) were PCR amplified from WT genomic DNA
with BamHI and Xbal sites on either side. It was then double di-
gested with BamHI/Xbal and inserted into pRS305-Exo70-3xHA
(NRB1632) linearized with the same two enzymes. Similar ap-
proaches were used to generate Secé, Sec15, Exo84, Sec10, Sec5,
Sec8, and Sec3 HemiZAP constructs (NRB1634-1640). These
HemiZAP vectors were then linearized with a unique enzyme (see
Supplemental Table S1) and transformed into a WT diploid yeast
strain (NY2696) to integrate into one WT copy of the gene locus.
The other copy was kept as WT (NY3251, 3253-3259). PCR-verified
diploid transformants, which have one WT copy and one copy
with a C-terminal Sso1TM tail, were sporulated and dissected to
isolate a haploid with only one copy of the gene, which has the
Sso1TM tail.

To generate the overexpression CEN vector p415ADH-Sec3-
4xHA-Sso1TM257-290 (NRB1641), Sec3-4xHA and Sso1TM?257-290
were sequentially PCR amplified using NY2128 genomic DNA as
template and cloned into the p415ADH (NRB867) BamHI/Xhol
site. To generate the overexpression CEN vector p415ADH-Exo70-
2xHA-Ss01TM%7-2%0 (NRB1642), Exo70-2xHA-Sso1TM257-2%0 \as
PCR amplified from NY3260 genomic DNA with Xbal and Pstl sites
on either side and cloned into the p415ADH (NRB867) Xbal/Pstl
site. To add GFP to the N-terminal end of Exo70 (NRB1649), GFP
was PCR amplified, digested with Xbal, and inserted into Xbal-
linearized p415ADH-Ex070-2xHA-Sso01TM?%7-2%0, The correspond-
ing WT construct p415ADH-Exo70-2xHA  (NRB1643) was
generated by introducing a stop codon after the 2xHA sequence
by site-directed mutagenesis. These CEN vectors were transformed
into sec3A or exo70A yeast strains that were balanced by
SEC3:CEN (URA3) or SECT::2u (URA3), respectively (NY3261,
3264). The balancing constructs were then removed by growth on
5’-FOA to generate C-terminal TM anchored Sec3 or Exo70 over-
expression yeast strains.

To construct HemiZAP vectors for adding a 3xFlag tag to the
C-terminal end of exocyst subunits (NRB1646-1648), 909, 653,
and 1637 nucleotides of the C-terminal end of Sec8, Sec5,
and Exo70, respectively, were cloned into Xhol/Xmal sites in
pRS306-3xFlag-Adh1t. For Sec3 and Sec8 (NRB1644-1645),
886 and 1569 nucleotides of the C-terminal end of Sec3 and
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Sec8 were cloned into Xhol/Notl or BamHI/Notl sites in
pRS305-His-3xFlag-Adh1t.
The syp 1A and tlg2A yeast deletion strains (NY3290-3291) were

generated by the method of Longtine et al. (1998).

Growth test

Yeast cells were grown overnight in yeast peptone dextrose (YPD) or
synthetic complete (SC) dropout medium to stationary phase. Cells
were washed once with sterile water and diluted to an ODggg of 0.5.
Cells were spotted in fivefold serial dilutions starting with an ODgqg
of 0.5 onto YPD, SC dropout, or SC with 5’-FOA plates. Plates were
incubated at the indicated temperature for 2 to 4 d.

Rapid protein extraction from yeast

Yeast cells were grown to ODggg ~ 1 at 25°C, and 2.5 ODgqg units of
cells were harvested. Cell pellets were resuspended in 100 pl of
water and then mixed with 100 pl of 0.2 M NaOH. After 5 min incu-
bation at room temperature (RT), cells were pelleted, resuspended
in 50 pl of 1 x SDS sample buffer, and boiled for 3 min (Kushnirov,
2000). Proteins were subjected to Western blot analysis with mouse
monoclonal anti-HA antibody (Covance; HA.11 clone 16B12) at
1:1000 dilution or mouse monoclonal anti-Flag antibody (Sigma;
F3165) at 1:2000 dilution.

Low-speed fractionation

Low-speed fractionation was performed to separate ER and
plasma membrane-associated proteins (Ruohola and Ferro-Novick,
1987; Walworth and Novick, 1987). Yeast cells were grown at 25°C
to mid-log phase in YPD medium. About 100 ODgqq cells were
harvested by centrifugation at 1500 x g for 10 min. Pellets were
washed once with 10 mM NaNj3 and then resuspensed in 5 ml of
spheroplast medium (1.4 M sorbitol, 50 mM KPi, pH 7.5, 10 mM
NaN3, 56 mM B-mercaptoethanol, zymolyase 0.2 mg/ml). After in-
cubation at 37°C in a water bath with gentle shaking for 30 min,
the spheroplast mixture was layered onto 10 ml of sorbitol cushion
(1.7 M sorbitol, 20 mM KPi, pH 7.5) and centrifuged for 10 min at
1500 x g. The spheroplasts were resuspended in 1.2 ml lysis buffer
(0.8 M sorbitol, 10 mM triethanolamine, pH 7.2, 1 mM EDTA,
10 mM NaNs, 1 mM phenylmethanesulfonyl fluoride [PMSF], 2x
protease inhibitor cocktail), homogenized 10 times using a 1-ml
Wheaton tissue grinder, and then centrifuged at 500 x g for 3 min
to remove unbroken cells. An aliquot (75 pl) of supernatant was
mixed with 75 pl of 2 x sample buffer (total fraction [T]) and heated
at 100°C for 5 min. Of the remaining portion, 500 pl was centri-
fuged for 6 min at 3000 x g at 4°C. Of the supernatant (S), 75 pl
was mixed with 75 pl of 2x sample buffer and heated at 100°C for
5 min. The pellet (P) was resuspended in 500 pl of lysis buffer, and
75 pl was mixed with 75 pl of 2x sample buffer and heated at
100°C for 5 min. Exocyst proteins were detected by SDS-PAGE
followed by Western blotting with anti-HA mouse monoclonal an-
tibody (Covance HA.11 clone 16B12 or Sigma H3663) or anti-myc
mouse monoclonal antibody (?E10). Sso1/2p was detected with
anti-Sso1/2 serum (1:5000; Novick lab collection). Secé61p was
detected with anti-Secé1 serum (1:1000; kindly provided by Jef-
frey L. Brodsky, University of Pittsburgh, Pittsburgh, PA).

High-speed fractionation

A total of 100 ODggp units of yeast cells were pelleted and resus-
pended in 1.2 ml of lysis buffer (10 mM Tris HCI, pH 7.4, 150 mM
NaCl, T mM EDTA, 1 mM dithiothreitol (DTT), 1 mM PMSF, 2x pro-
tease inhibitor cocktail). The cell suspension was transferred into a
2-ml screw cap tube (Thermo Fisher Scientific) with 2 g zirconia/silica
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0.5-mm beads (Biospec Products) that had been prewashed with
ice-cold lysis buffer without protease inhibitor and shaken twice for
3 min with a 1-min interval. The lysate was centrifuged for 2 min at
500 x g at 4°C. An aliquot (75 pl) of supernatant was mixed with
75 pl of 2x sample buffer (total fraction [T]) and heated at 100°C for
5 min. Of the remaining portion, 800 pl was centrifuged for 20 min
at 50,000 x g at 4°C. The lipid layer was removed, and 75 pl of the
supernatant (S) was mixed with 75 pl of 2x sample buffer and heated
at 100°C for 5 min. The pellet (P) was resuspended in 800 pl of lysis
buffer, and 75 pl was mixed with 75 pl of 2x sample buffer and
heated at 100°C for 5 min. Exocyst proteins were detected by SDS—
PAGE followed by Western blotting with anti-HA mouse monoclonal
antibody (Covance HA.11 clone 16B12), anti-Sec10p, or anti-Sec15p
sera (Novick lab collection) at 1:1000 dilution. Control membrane
protein Sso1/2p was detected with anti-Sso1/2 (1:5000) and
Snc1/2p was detected with anti-Snc1/2 sera (1:1000; Novick lab
collection).

Coimmunoprecipitation

One-liter cultures of yeast strains expressing flag-tagged exocyst
subunits (NY3271, NY3275-3280) were grown at 25°C to ODgqg
around 1.5. For yeast strains NY3271-3274, cells were grown at
20°C and then shifted to 37°C for 2 h. Cells were then pelleted,
washed once with water, and flash frozen in liquid nitrogen before
storage at -80°C for future use. A mortar and pestle, prechilled with
liquid nitrogen, were used to grind the cell pellet submerged in
liquid nitrogen until it became a fine powder. Cells were resus-
pended in 5 ml of lysis buffer (20 mM PIPES [piperazine-N,N-bis(2-
ethanesulfonic acid], pH 6.8, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 10 mM B-mercaptoethanol, T mM PMSF, 2x protease
inhibitor cocktail) and then centrifuged for 2 min at 500 x g at 4°C.
The supernatant was subjected to either ultracentrifugation or de-
tergent solubilization followed by centrifugation. For ultracentrifu-
gation, the lysate was transferred to tubes and subjected to 50,000
x g for 20 min at 4°C. The cleared cell lysate was transferred to a
15-ml Falcon tube, and NP40 was added to a 0.1% final concentra-
tion. For solubilization prior to centrifugation, NP40 was first added
to the above crude cell lysate to final 0.1%, incubated at 4°C for
15 min and then subjected to 20,000 x g for 30 min at 4°C. Cleared
cell lysates from either direct ultracentrifugation or solubilization
followed by centrifugation were incubated with 80 pl 50% anti-
FLAG beads slurry (Sigma) at 4°C for 2 h. Beads were washed three
times with lysis buffer containing 0.5% NP40. Bound proteins were
eluted by incubating with 0.5 mg/ml 3xFLAG peptide (Sigma) at
4°C for 1 h and detected by gel-code blue staining on SDS-PAGE
or by Western blot with rabbit polyclonal anti-Sec3p, anti-Secép,
anti-Sec8p, anti-Sec10p, anti-Sec15p, anti-Exo84p (Novick lab
collection; 1:1000), anti-Exo70p (1:1000; provided by P. Brennwald,
University of North Carolina School of Medicine, Chapel Hill, NC),
anti-Adh1p (1:10,000; EMD Millipore AB1202), and mouse mono-
clonal anti-Flag antibody (Sigma; 1:1000).

Fluorescence microscopy

Yeast strains harboring a GFP-tag were grown at 25°C to early log
phase (ODggg 0.4-0.6) in selective SC medium. Fluorescence imag-
ing was performed as described previously (Liu and Novick, 2014).
In brief, images were acquired with a 100x oil immersion objective
lens (Plan Apochromat 100x/1.4 NA oil DIC lens; Carl Zeiss) on a
spinning disk confocal microscopy system (Yokogawa Electric Cor-
poration), which includes a microscope (Observer Z1; Carl Zeiss)
equipped with an electron multiplying charge-coupled device
camera (QuantEM 512SC; Photometrics). Excitation of GFP or
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mCherry was achieved using 488-nm argon and 568-nm argon/
krypton lasers, respectively. Images were analyzed using AxioVision
software 4.8 (Carl Zeiss).

Immunofluorescence

Immunofluorescence was performed as described previously with
minor modifications (Pringle et al., 1991). Basically, yeast strains
expressing a TM-anchored exocyst subunit were grown at 25°C to
early log phase (ODggg 0.5-0.6) in selective SC medium. Cells
(about 10 ml) were harvested and then resuspended in 2 ml of
phosphate-buffered formaldehyde (100 mM KPi, pH 6.5, 0.5 mM
MgCl,, 3.7% formaldehyde). After 2-4 h incubation at RT with
gentle shaking, cells were pelleted and washed twice with 5 ml of
100 mM KPi (pH 7.5) and once with 1 ml of 100 mM KPi, pH 7.5,
and 1.2 M sorbitol and resuspended in 1 ml of the above solution
containing 2 pl of B-mercaptoethanol and 30 pg/ml Zymolyase
100T. Cells were incubated in a 37°C water bath for 30 min with
occasional inversion. Cells were then washed three times with
100 mM KPi, pH 7.5, and 1.2 M sorbitol and finally resuspended in
1 ml of the same solution. Of the cell suspension, 10-15 pl was
placed in each well of an eight-well multitest slide, which has been
pretreated with polylysine. Cells were rinsed once with 1x phos-
phate-buffered saline (PBS) and then incubated with one drop of
1xPBS/0.5% SDS for 10 min. After five washes with PBS/bovine
serum albumin, cells were blotted with anti-HA (1:1000) or anti-
myc (1:1000).

Yeast vacuole staining with FM4-64

Yeast strains were grown at 25°C to early log phase (ODggg 0.5-0.8)
in selective SC medium. Cells (about 1 ml) were harvested and then
resuspended in 100 pl of YPD media with 16 pM of FM4-64. After
incubation at 25°C for 1 h, cells were pelleted and washed once with
1 ml of YPD media. Cells were finally resuspended in SC medium.
After ~10 min, cells were mounted and examined by fluorescence
microscopy.

Invertase secretion assay

The invertase secretion assay was performed as described by Liu
and Novick (2014) with minor modification. Basically, yeast cells
were grown overnight at 25°C in SC medium with 5% glucose to
early log phase (0.3-0.8 OD,pp/ml). Units of cells (0.5 ODgqo) were
transferred to a 15-ml Falcon tube, pelleted, washed once with
1 ml of 10 mM NaNj3, and kept on ice. This was the 0-h sample.
Another 0.5 ODggg units of cells were washed once with sterile
water, resuspended in 1 ml of SC medium with 0.1% glucose, and
incubated at 37°C with shaking for 1 h. Cells were pelleted, resus-
pended in 1 ml of 10 mM NaN3, and kept on ice. This was the 1-h
sample. For each O- and 1-h sample, the external invertase was
measured directly. The internal invertase was measured after cells
were converted into spheroplasts, pelleted, and lysed with 0.5 ml
of 0.5% Triton X-100. The fraction of invertase secreted was
calculated by [Ext (1 h) — Ext (0 h)l/<[Ext (1 h) — Ext (O h)] + [Int (1 h)
~Int (0 h)J>.

Bgl2p secretion assay

The Bgl2p secretion assay was performed as described by Kozminski
et al. (2006) with minor modification. In brief, yeast cells (30 ml)
were grown at 25°C in SC medium overnight to early log phase
(0.3 ODggo/ml). About 4.5 ODg¢qq units of cells were transferred to
a new flask. Two sets were prepared for each strain. One set was
incubated at 25°C, and the other set was incubated at 37°C with
shaking for 90 min. Cell cultures from both temperatures were
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then harvested by centrifugation at 900 x g for 5 min. Cell pellets
were resuspended in 1 ml of ice-cold 10 mM NaNj3 and 10 mM
NaF, followed by a 10-min incubation on ice. The suspension was
transferred to microfuge tubes, pelleted, and resuspended in 1 ml
of fresh prespheroplasting buffer (100 mM Tris-HCI, pH 9.4, 50 mM
B-mercaptoethanol, 10 MM NaNj3, and 10 mM NaF). After a 15-min
incubation on ice, cells were pelleted and washed with 0.5 ml of
spheroplast buffer (50 mM KH,;PO4-KOH, pH 7.0, 1.4 M sorbitol,
and 10 mM NaN3). Cells were resuspended in 1 ml of spheroplast
buffer containing 167 pg/ml zymolyase 100T (Nacasai Tesque Inc.).
Cells were incubated in a 37°C water bath for 30 min. Spheroplasts
were then pelleted at 5000 x g for 10 min, and 100 pl of the super-
natant was transferred into a new tube and mixed with 100 pl of 2x
SDS sample buffer. This was the external pool. All the remaining
supernatant was removed, and the pellet (spheroplast) was rinsed
once with 1T ml of spheroplast buffer and then resuspended in
200 pl of 1x SDS sample buffer. This was the internal pool. Five
microliters of each intoernal pool sample (2.5% of total) and exter-
nal pool sample (0.25% of total) were loaded ont a 10% SDS-PAGE
gel. Bgl2p was visualized by Western blotting with anti-Bgl2p rab-
bit polyclonal antibody at 1:10,000 dilution (provided by R. Schek-
man, University of California, Berkeley, CA). The amount of Bgl2p
in both internal and external pools was determined by ImageJ
software. The fraction of Bgl2p accumulated was calculated by Int/
(Int+Ext).
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