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Inactivation of Tor proteins affects the dynamics
of endocytic proteins in early stage of endocytosis

BranDON TENAY, EVIN KIMBERLIN, MICHELLE WILLIAMS, JULIETTE DENISE, JoSHUA FAKILAHYEL
and KyounGgTae Kiv*

Department of Biology, Missouri State University, 901 South National Ave, Springfield,
MO 65897, USA

*Corresponding author (Fax, 417-836-5126; Email, kkim@missouristate.edu)

Tor2 is an activator of the Rom2/Rhol pathway that regulates a-factor internalization. Since the recruitment of
endocytic proteins such as actin-binding proteins and the amphiphysins precedes the internalization of a-factor, we
hypothesized that loss of Tor function leads to an alteration in the dynamics of the endocytic proteins. We report here
that endocytic proteins, Abpl and Rvs167, are less recruited to endocytic sites not only in for2 but also for/ mutants.
Furthermore, we found that the endocytic proteins Rvs167 and Sjl2 are completely mistargeted to the cytoplasm in
tor] Ator2” double mutant cells. We also demonstrate here that the efficiency of endocytic internalization or scission
in all for mutants was drastically decreased. In agreement with the Sj12 mislocalization, we found that in tor! Ator2"
double mutant cells, as well as other tor mutant cells, the overall PIP, level was dramatically increased. Finally, the
cell wall chitin content in tor2” and torl Ator2ts mutant cells was also significantly increased. Taken together, both
functional Tor proteins, Torl and Tor2, are essentially required for proper endocytic protein dynamics at the early
stage of endocytosis.

[Tenay B, Kimberlin E, Williams M, Denise J , Fakilahyel J and Kim K 2013 Inactivation of Tor proteins affects the dynamics of endocytic proteins

in early stage of endocytosis. J. Biosci. 38 351-361] DOI 10.1007/s12038-013-9326-7

1. Introduction

Target of rapamycin (TOR) proteins are found across
eukaryotic organisms, including mammals and yeast. In
mammals, it is known as mTOR (mechanistic TOR) and
forms two complexes: mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2) (Hall 2008; Laplante and
Sabatini 2012). mTOR functions by modulating the activities
of a diverse array of downstream effector proteins to control
many specific signaling events within the cell (Kim et al. 2002;
Loewith et al. 2002; Manning and Cantley 2007). In particular,
it has been shown that mTORCI is involved in controlling
biosynthesis of proteins and growth (Laplante and Sabatini
2012), while mTORC2 plays a role in regulating cellular
processes including cytoskeletal organization (Jacinto et al.
2004).

Keywords. Abpl; endocytosis; PIP,; scission; Tor2

In S. cerevisiae, there are two known Tor proteins, Torl
and Tor2, which were identified while screening mutants
that showed resistance to rapamycin (Cafferkey et al.
1993). Tor proteins share a high homology (67%) at the
nucleotide level (Helliwell e al. 1994). There are two dis-
tinct Tor complexes: TORC1 and TORC2. TORC1 is com-
posed of Torl (or Tor2), Kogl and Lst8, while TORC2
contains Tor2, Avol, Avo2, Avo3, Bit61 and Lst8
(Loewith et al. 2002; Wedaman et al. 2003). Torl is a
PIK-related protein kinase and, similar to its mammalian
counterpart mTor, regulates the synthesis of proteins, which
is required for the cell cycle progression from Gl to S phase
(Barbet et al. 1996). Although it has been known that Torl
and Tor2 share many biological functions, a unique feature
of Tor2 similar to mTORC?2 is that Tor2 regulates the reor-
ganization of the actin cytoskeleton (Schmidt et al. 1996).
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Consistent with the functional divergence between the two
kinases, their subcellular locations were found to be different
from each other: Torl at the vacuole and Tor2 at the plasma
membrane (Aronova et al. 2007; Berchtold and Walther
2009; Cardenas and Heitman 1995; Sturgill ef al. 2008).

It is known that the actin cytoskeleton is required for the
proper function of endocytosis in yeast (Kaksonen et al. 2005).
Once an endocytic site has been selected, actin-independent
endocytic proteins, including clathrin, are recruited first, which
is followed by the recruitment of actin and actin-binding
proteins, Abpl and Arp2/3 complex (Kaksonen et al. 2003,
2005; Newpher et al. 2005). Abpl and Arp2/3 complex
stimulate actin polymerization, which facilitates the invagi-
nation of the plasma membrane (Kaksonen et al. 2005).
Scission of the invagination takes place at the neck of the
invagination with the help of Rvsl61, Rvs167 and Vpsl
(Idrissi et al. 2008; Kaksonen et al. 2005; Smaczynska-de
et al. 2012). During and after scission of the endocytic
vesicle, it appears that SjlI2 plays a role for the proper
uncoating of endocytic proteins from the vesicle (Toret
et al. 2008). With the known functional significance of
the actin cytoskeleton in endocytosis, it has been suggested
that the severity of actin defect correlates tightly with the
severity of endocytic defect (Engqvist-Goldstein and
Drubin 2003). For instance, cells containing mutant alleles
of TOR2 gene exhibited depolarization of the actin cyto-
skeleton and defects in their ability to internalize o-factor
pheromone via receptor-mediated endocytosis (deHart et al.
2003; Schmidt et al. 1996). However, the specific roles of
Tor2 in the dynamics of endocytic proteins during early
receptor-mediated endocytosis have not yet been document-
ed. Recently, research has focused on quantitating the
effects of gene mutations on the dynamics of endocytic
proteins at the site of receptor-mediated endocytosis. In
particular, with the help of real-time live-cell imaging of
GFP-fusion proteins, researchers are able to quantitate the
dynamic recruitment and internalization events of endocytic
proteins, occurring at the endocytic sites. Using a similar
approach we investigated effects of partial and complete
loss of Tor function on the dynamics of Abpl-GFP,
Rvs167-GFP and Sjl2-GFP, and here present that intact
Tor proteins are required both for proper dynamics of
these endocytic proteins and efficient internalization event.

2. Materials and methods
2.1 Yeast strain construction and media

Yeast strains used in this study are listed in table 1. Strains
expressing GFP-fused proteins were constructed by integrat-
ing respective GFP sequence at the 3’ end of the gene of
interest as described previously (Longtine ef al. 1998; Kim et
al. 2006; Nannapaneni et al. 2010). Mutant strains zor/ A in
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which TOR! locus is replaced by a LEU?2 cassette (Helliwell
et al. 1994), tor2” (a Tor2 PI kinase temperature-sensitive
mutant harbouring the tor2" allele) (Schmidt e al. 1996),
torl1Ator2” and Tor2 overexpression (Schmidt et al. 1996)
were obtained from Michael Hall’s lab. Since TOR2 is an
essential gene, Kunz et al. (1993) replaced the TOR2 with a
ADE? and introduced a plasmid with a mutation in the
kinase domain of Tor2 to produce for2” strain. Tor2
overexpression strain (Schmidt et al. 1996) was constructed
to overexpress Tor2 under the control of a GAL-promoter,
and ror2” cells overexpressing Tor2 were able to grow even
at the restricted temperature. Tor2 overexpression strain was
gift from Dr. Michael Hall (University of Basel). All yeast
strains except Tor2 overexpressing cells were grown in yeast
peptone dextrose (YPD) and cultured at either 30°C or 38°C.
Tor2 overexpressing cells were grown in SD-URA-media-
containing galactose (2%) in order to induce overexpression
of Tor2. Cells expressing a PIP,-binding GFP-2XPH domain
were constructed by introducing the GFP-2XPH PLCd plas-
mid (Kindly provided by Scott Emr, Cornell University) by
following one-step transformation protocol (Chen et al. 1992).

2.2 Spinning confocal microscopy

Time-lapse movies and still images of GFP labeled cells
were made with a spinning disk confocal microscope. The
system included an inverted Olympus 1X81 microscope, a
Yokogawa CSUX1 spinning disk head, a 100x numerical
aperture (NA) 1.4 PlanApo oil objective, and an electron
amplified CCD (ImageEM, Hamamatsu). The temperature at
the stage was maintained at 30°C or 38°C. Images were
focused at an equatorial plane of the cells. Time-lapse
movies of GFP labeled proteins were captured at 2 frames/
s for movie duration time of 1 min. PIP, was labeled by
expressing GFP-2xPH (PLCJ) as previously described
(Stefan et al. 2002). To quantitate PIP, expression levels,
13 small-budded cells from each strain expressing GFP-
2xPH (PLCd) were randomly chosen to determine the aver-
age total GPF fluorescence per cell. To visualize yeast
cell wall, cells were stained with calcofluor as previously
described (Bickle et al. 1998).

2.3 Measurement of patch lifetime at the membrane
and kymograph

Patch lifetime at the membrane was determined by calculat-
ing the time spent by a GFP-fused protein at the membrane
(from the time the patch appeared to the time at which the
patch was internalized from its origin or disappeared), as
previously described (Murphy et al. 2011). Mean patch
lifespan of GFP-fused proteins at the membrane was deter-
mined by averaging lifespan of the florescences from more



Tor protein inactivation affects dynamics of endocytic proteins

353

Table 1. Yeast strains used for this study
Strain Genotype Source

KKY 917 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa torl::LEU,_4 (Schmidt et al. 1996)

KKY 918 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade2 tor2::ADE>_; /YCplacy...or2-2" (Schmidt et al. 1996)

KKY 919 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 torl::HIS; ;3 tor2::ADE, 3 / (Schmidt et al. 1996)

s

YCplacl1l1::tor2-21

KKY 920 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade? tor2::ADE,_; /pJK5 (Schmidt et al. 1996)
(pSEYC68galp::TOR2)

KKY 0051 Mata his3 leu2 ura3 , ABP1-GFP-HIS3 Invitrogen

KKY 0960 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa torl::LEU,_;, ABP1-GFP-TRPI This study

KKY 0961 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade2 tor2::ADE,_; /[YCplacy1.1or2-2," This study
ABPI1-GFP-TRPI

KKY 0962 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 torl::HIS;.; tor2::ADE, 5 / This study
YCplacl1 l::tor2—211sa ABPI-GFP-TRPI

KKY 0963 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 tor2::ADE>_3 /pJK5 This study
(pSEYC68galp::TOR2), ABP1-GFP-TRP1

KKY 0661 Mata his3 leu2 lys2 ura3, RVS167-GFP-HIS This study

KKY 1009 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa torl::LEU,_ 4 RVS167-GFP-TRPI This study

KKY 1010 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade2 tor2::ADE,_; [YCplacy.or2-21" This study
RVS167-GFP-TRPI

KKY 1011 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 torl::HIS;.3 tor2::ADE; 5 / This study
YCplaclll::er-thS: RVS167-GFP-TRP1

KKY 455 Mata his3 leu2 metl5 ura3, SJL2-GFP-HisMx6 This study

KKY 1014 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 torl::HIS;.3 tor2::ADE;_3 / This study
YCplaclll::torZ-thS’ SJL2-GFP-TRPI

KKY 1075 Mata his3 ura3 leu2 trpl lys2 pRS426GFP-2 PH(PLCO) (URA3) This study

KKY 1077 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa torl::LEU,_4 pRS426GFP-2 This study
PH(PLC) (URA3)

KKY 1079 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 tor2::ADE>_3 / This study
YCplaclll::,arg_Hts, pRS426GFP—2 PH(PLCé) (URA3)

KKY 1081 Mata leu2-3,112 ura3-52 rmel trpl his4 GAL+ HMLa ade?2 torl::HIS;.5 tor2::ADE; 5 / This study

YCplaclll::m,}Hts, pRS426GFP—2 PH(PLC&) ((]RA3)

than at least 20 patches. Patches that at any time appeared too
close to another patch were excluded from our analysis. In order
to directly visualize the duration and fluorescence intensity of
the patch on the membrane, a kymographic representation of
GFP-fused proteins in a single patch over time was made using
Slidebook (v.5). Average fluorescence intensity of the
GFP-patches was determined using Image J (v.1.4).

3. Results
3.1 Partial and complete loss of Tor function affects
Abpl dynamics

It has been previously described that the rate of a-factor
internalization by receptor-mediated endocytosis (RME)
was attenuated in for29?/?*R kinase mutant cells that express
arginine instead of glycine at the 2128th residue within the
Tor2 protein (deHart e al. 2003). In order to investigate how
Tor2 plays a role in both the recruitment dynamics of
endocytic proteins and the scission efficiency during RME,

a well-characterized RME marker Abp1 was fused with GFP
and the dynamic behavior of Abpl-GFP in cells was
analysed at both 30°C and 38°C, after recording time-lapse
fluorescence images. Actin-binding protein Abpl arrives at
endocytic sites approximately 5-8 s before scission event,
moves in a directed manner away from the endocytic site,
and dissociates from the post-internalized endocytic patch to
be reused at future endocytic sites (Kim et al. 2006; Toret et
al. 2008). Representative fluorescent images of Abpl-GFP
patches in Wt and tor mutant cells (torl A, tor2”, torl Ator2"
and tor2 overexpressing) are shown in figure 1A. We found
that the mean membrane lifespans of Abpl-GFP in all tor
mutant cells except Tor2 over expressing cells were similar
to that of Wt cells at both 30°C and 38°C (8.2+2.2 s)
(figure 1B and C). These results suggest that Torl and
functional Tor2-kinase domain are not required for both the
targeting of Abp1-GFP to endocytic sites and its subsequent
maturation event. However, overexpression of Tor2 led to a
robust increase in Abp1-GFP lifespan (~30 s), more than 3-
fold when compared with Wt, indicating that the
overexpression negatively affects the maturation event of

J. Biosci. 38(2), June 2013
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Figure 1. Partial or complete inactivation of Tor proteins is accompanied by defects in endocytic internalization and relatively low amount of
Abp1-GFP at endocytic sites. (A) Representative images of Abp1-GFP in Wt (KKY 0051), torl A (KKY 0960), tor2” (KKY 0961), tor1 Ator2”
(KKY 0962), and Tor2 overexpression (KKY 0963) cells. (B and C) Mean membrane lifespan of Abp1-GFP at 30°C and 38°C. Abpl-GFP
patches were analysed to determine the mean membrane lifespan as described in the methods section (n = number of patches). (D and E) Percent
internalization or scission failure of Abp1-GFP patches at 30°C and 38°C. Patches were counted as internalized if they moved away from the site
of recruitment. Patches that failed to show internalization were counted as unsuccessful patches in scission. Scission efficiency decreases in all
tested for mutant cells. (F) Kymograph representation of Abp1-GFP patch at the cell membrane over time in Wt and for! Ator2"” cells. As shown
in the kymograph, lifespans of both patches are similar, but the patch in for1 Ator2” cell is dimmer. Fluorescence intensity of ten to twenty Abpl-
GFP patches was analysed to get the mean fluorescence intensity. The mean fluorescence intensity of Abp1-GFP in Wt cells was normalized to
100%. An asterisk (*) indicates a statistically significant difference (p<0.05) as compared to the mean fluorescence intensity of Wt Abp1-GFP
patch.

J. Biosci. 38(2), June 2013
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Abp1-GFP. After recruited to endocytic sites, endocytic pro-
teins that are physically associated with the endocytic vesi-
cles are internalized. We, therefore, determined the extent to
which Abp1-GFP patches undergo successful internalization
or scission in for mutant cells. Abp1-GFP patches that fail to
move away from the site of recruitment were considered to
be ‘scission failure patches’. In most cases, Abpl-GFP ap-
pears to be dissociated from patches that fail to internalize,
thereby those can also be considered as aborted patches.
Thus, we concluded that the low rate of scission success in
the for mutants is attributed to abortion in endocytosis that
might be caused by premature disassembly of Abpl.
Strikingly, scission failure increased 4- to 9-fold at both
30°C and 38°C in for mutant cells, with the highest failure
rate in torl Ator2” cells (~40%) (figure 1C and D). In addi-
tion to the low efficiency in endocytic scission, the fluores-
cence intensity of Abpl-GFP patches in for mutants was
dimmer than the patches observed in Wt cells, manifested
by Kymographic representation shown in figure 1F and by a
colocalization assay shown in supplementary figure 1A. We
thus further quantitated average fluorescence intensity of
Abpl1-GFP per patch and found that the extent of Abpl-
GFP fluorescence intensity in tor mutant cells decreased
significantly (figure 1F). In particular, the fluorescence in-
tensity of scission failure patches in for mutant cells was far
lower than that of a successfully internalizing Abpl-GFP
patch in the same mutant cells (figure 1F). These results
suggest that less Abpl-GFP is recruited to the endocytic
sites in for mutant cells than Wt. All together, we came to
the conclusion that loss of Tor protein activities affects
receptor-mediated endocytosis by significantly decreasing
endocytic scission efficiency, which may be partially attrib-
utable to a suboptimal recruitment of Abpl to the endocytic
sites.

3.2 Impaired membrane targeting of Rvs167 in tor mutant
cells

Upon observing the decrease in scission efficiency of Abpl-
GFP in tor mutant cells both at 30 and 38°C, we set out to
examine whether or not Tor proteins affect the dynamics of
endocytic protein Rvs167, since Rvs167 has been shown to
help membrane invagination and scission events (Kaksonen et
al. 2005). Consistent with previous findings (Balguerie ef al.
1999; Kaksonen et al. 2005), Rvs167-GFP in Wt cells was
localized to cortical membrane patches. It was also observed
that Rvs167-GFP, in torl A and tor2” mutant cells, is recruited
to the cortical endocytic sites (figure 2A). However, it appears
that the number of Rvs167-GFP patch recruited to the cortex
was decreased (see below and supplementary figure 1B).
However, surprisingly, we found that in torl Ator2” mutant
cells, Rvs167-GFP was completely mislocalized to the cyto-
plasm as punctate structures (figure 2A and supplementary
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figure 1B). Often we observed patches that appeared asso-
ciated to the cell cortex in the double mutant, but no
patches were formed de novo at the cortex. The average
membrane lifespans of Rvs167 in all for mutant and Wt
cells were similar to each other at 30°C (figure 2C).
Although the membrane lifespans in tor/A and tor2” cells
were slightly decreased at 38°C, the time difference was not
statistically significant. The extent to which Rvs167-GFP
patches undergo successful internalization or scission in
tor mutant cells was determined as described above. At
both 30°C and 38°C, the averaged rate of scission failure
was drastically increased both in for/A and tor2” cells
(figure 2D and E), 2-fold (~20% at 30°C) and 4-fold
(36% in tor2” at 38°C), respectively, when compared to
that of Wt (8.9%). However, the difference in scission rate
between those cells was not statistically significant at 30°C,
due to a high standard deviation in for/A and tor2”. The
experimental results in figure 2E show that at 38°C the
drastic difference in averaged scission rate between Wt
and mutant strains is supported by a statistical analysis, as
manifested by p-values being <0.05. Next, we quantified
the number of Rvs167-GFP patches formed at the membrane
cortex of a cell within a minute. Our analysis showed that the
average numbers of Rvs167-GFP patches at the membrane
both in torlA and tor2” cells were ~5, thus 25% of that of
Wt (20£2.3 patches/min) (figure 2F and G). Kymograph
representations of Rvs167-GFP patches in for mutant cells
showed a significant decrease in the fluorescence intensity of
Rvs167-GFP (figure 2H). The quantification of Rvs167-GFP
fluorescence intensity revealed that there was significantly less
Rvs167-GFP being recruited to the endocytic sites in tor
mutant cells when compared to Wt (figure 2I).

3.3 SjI2 mislocalization in torl Ator2” mutant cells
had a significant effect on membrane PIP, levels

Because Abpl is known to be an important factor for the
recruitment of SjI2 to endocytic sites (Stefan et al. 2002,
2005), we examined Sjl2 localization in tor mutant cells that
show defects in the proper dynamics of Abpl and Rvs167
(figures 1 and 2). SjI2 has been implicated in endocytosis via
optimization of the plasma membrane PIP, levels (Stefan et
al. 2002). As shown in figure 3, Sjl2-GFP was properly
targeted to membrane cortex in Wt. In order to visualize
SjI2-GFP in torlA and tor2” cells, we introduced the GFP
sequence at the 3’ end of SJL2, but found that all colonies
grown on selective media were found to be false-positives
according to our analytical colony PCR (data not shown).
Expression of SjI2-GFP in torlAtor2” mutant cells was
successful, and in these, SjI2-GFP was exclusively
mistargeted to the cytoplasm, where it was seen as punctate
patches (figure 3A and supplementary figure 1C). We also
studied the localization of another synaptojanin-like protein,

J. Biosci. 38(2), June 2013
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Figure 2. Internalization defect of Rvs167-GFP and a significant reduction of Rvs167-GFP fluorescence intensity in for mutant cells. (A)
Representative images of Rvs167-GFP in Wt (KKY 0061), tor/ A (KKY 1009), tor2” (KKY 1010), and torl Ator2” (KKY 1011). (B and
C) Mean membrane lifespan of Rvs167-GFP patches at 30°C and 38°C. 20 to 70 Rvs167-GFP patches were analysed to determine the mean
membrane lifespan as described in the methods section. No significant defect in membrane lifespan was observed. (D and E) Percent
scission failure of Rvs167-GFP patches at 30°C and 38°C. Scission efficiency decreases in all for mutant cells. An asterisk (*) indicates a
statistically significant difference (p<0.05) as compared to the mean scission failure percentage of Wt Rvs167-GFP patch. (F and G) Mean
number of Rvs167-GFP patches that form at the plasma membrane during 1 min movie duration. 20 to 70 Rvs167-GFP patches were
analysed to determine the mean number of membrane patches that formed. In for mutant cells, a significant reduction in number of Rvs167-
GFP patches when compared to that in Wt (* indicating p<0.05). (H) Kymograph representation of Rvs167-GFP patch at the cell
membrane over time in Wt, for/A, and tor2”. (I) The mean fluorescence intensity of Rvs167-GFP patches (n=20-70). An asterisk (*)
indicates a statistically significant difference (p<0.05) as compared to the mean fluorescence intensity of Wt Rvs167-GFP patch.

Sjll, in the tor double mutant, and found a similar abnormal  level of membrane PIP, (Stefan er al. 2002). Based on our
Sjll localization in the cytoplasm (data not shown). It was  finding of the severe mislocalization of Sjll and Sjl2 in the
shown that synaptojanins deficient cells (for example, for double mutant cells, we predicted that the double mutant
sjll1 AsjI2A double mutant) exhibit a robust increase in the  cells would express an increased level of membrane PIP,,

J. Biosci. 38(2), June 2013
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Figure 3. Mistargeting of SjlI2 and hyperaccumulation of PIP, in
tor mutant cells. (A) Representative images of SjI2-GFP in Wt
(KKY 455) and toriAtor2” (KKY 1014) mutant cells. Noticeable
cytoplasmic mistargeting of Sjl2-GFP in tor! Ator2" was observed.
(B) Representative images of membrane PIP,. In order to visualize
PIP,, the GFP-2xPH (PLC3) plasmid was expressed in Wt (KKY
1075), torl A (KKY 1077), tor2”® (KKY 1079), and torl Ator2"
(KKY 1081) cells. (C) The fluorescence intensity of PH-GFP for
each bar was quantified in 13 randomly selected cells. The mean
fluorescence intensity of PH-GFP in Wt cells was normalized to
100%. An asterisk (*) indicates a statistically significant difference
(p<0.05) as compared to the mean fluorescence intensity of Wt.

and found that this was the case; approximately a 11-fold
increase in the fluorescence levels of GFP fused pleckstrin
homology (PH) domain of PLCJ, a fluorescent reporter that
binds PIP,, in the double mutant cells as shown in figure 3B
and C. In addition, we found the average GFP fluorescence
intensity from forlIA and tor2™ cells was significantly
increased.

3.4 Significant chitin accumulation in tor2"
and torl Ator2" mutant cells

Given that an endocytic blockade leads to an accumulation
of cell wall chitin (Reyes et al. 2007), we examined cell wall
chitin levels, using calcofluor white, in for mutant cells.
Representative images of calcofluor stained cell are
shown in figure 4A. No change in the fluorescent inten-
sity of calcofluor stained for/A cells was observed when
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compared to that of Wt cells, while chitin levels in for2” and
torl Ator2” even in a permissive condition (at 30°C) were
increased by 32% (p=0.056) and 94% (p<0.0001), respec-
tively (figure 4B). In the non-permissive condition (at
38°C), both for2” and torl Ator2” mutant cells, as well as
torl A cells, exhibited significantly increased levels of chitin.

4. Discussion

Results from our study provide the first evidence that Tor
proteins, Torl and Tor2, are implicated in the proper recruit-
ment of certain endocytic proteins and the subsequent scis-
sion efficiency of endocytic vesicles based on the following
observations. First, upon partial and complete loss of Tor
activity, Abpl appears to arrive at endocytic sites normally,
but scission efficiency was decreased (figure 1D and E),
which could be partly attributed to less recruitment of
Abpl to the sites (figure 1F). Second, we observed that in
all tor mutants, including torlA, tor2”, and torl Ator2”
double mutants, amphiphysin Rvs167 recruitment to the
endocytic site was affected, manifested by a drastic reduc-
tion (~75%) in the number of de novo endocytic site forma-
tions (figure 2F and G), as well as lower levels of Rvs167-
GFP fluorescence intensity at the site (figure 2H and I). In
addition, the phosphoinositide phosphatase SjI2 was exclu-
sively mistargeted to the cytoplasmic patch-like puncta in
tor] Ator2” mutant cells (figure 3). Third, we concluded that
the endocytic defects we observed are most likely due main-
ly to downregulation of Rom2 pathway via partial or com-
plete Tor2 inactivation in our tor2 mutant cells (tor2™ and
torl Ator2”), which also leads to an increase in cell wall
chitin level (figure 4).

4.1 Less scission efficiency of endocytic vesicles carrying
Abp1-GFP in tor mutants

Abpl, a late marker for receptor-mediated endocytosis, is
recruited to endocytic sites after the early endocytic adaptor
Slal has been recruited. Abpl-carrying endocytic vesicles
are pinched off from the plasma membrane within 10 s after its
recruitment. Then, Abpl departs from the post-internalized
vesicles for re-use (Kaksonen et al. 2003; Kukulski et al.
2012). Abpl is known to be an activator of the Arp2/3 com-
plex that alone weakly nucleates actin assembly (Goode et al.
2001). However, it has been postulated that Abpl helps Arp2/
3 complex to be recruited to the actin filaments, thereby
promoting the nucleation activity of Arp2/3 complex
(Quintero-Monzon et al. 2005). Unlike mammalian cells,
where chemical disruption of actin assembly only partially
inhibits endocytosis (Lunn et al. 2000; Moskowitz et al.
2003), actin polymerization in yeast has been shown to be
essential for endocytosis, based on the fact that cells treated
with Latrunculin A exhibited no endocytic invagination
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Figure 4. ror mutant cells have increase amount of cell wall
chitin. (A) Wt (KKY 0343), torlA (KKY 0917), tor2” (KKY
0918), torl Ator2"” (KKY 0919) cells were stained with calcofluor
white to visualize chitin under the confocal microscopy at different
temperatures. (B) The mean fluorescence intensity of calcofluor
white per cell (n=10). An asterisk (*) indicates statistically signif-
icant difference (p<0.05) between the calcofluor mean intensity in
Wt and each for mutant. A triple asterisk (***) indicates statistically
significant difference, where p<0.0001.

(Kukulski ef al. 2012). Interestingly, as shown in figure 1F, it
was obvious that less Abpl protein was found at endocytic
sites in all for mutant cells (torl A, tor2” and torl Ator2”). In
particular, in those mutants we observed nearly 70-80%
reduction in fluorescence intensity of Abpl-GFP at
endocytic patches that showed endocytic failure, pointing
to a correlation between the amount of Abpl with the
scission success of endocytic patches in those cells.
Nevertheless, it is not plausible to assert that the observed
defects are simply attributed to the reduced amount of Abpl
at the endocytic site due to the fact that cells deficient in
Abpl exhibited no severe endocytic defects (Galletta ef al.
2008). Rather, in the case that the total amount of the Arp2/
3 activator Abpl is less than the threshold level, one can
expect that other functionally redundant Arp2/3 activators
compensate for the partial loss of Abpl, possibly inducing
the final step of the endocytic event, namely, the pinching-
off process. However, knowing that Abpl physically
interacts with many endocytic factors, including Slal
(endocytic adaptor), Rvs167 (amphiphysin), and actin-
regulating kinases Arkl and Prkl (Colwill et al. 1999;
Cope et al. 1999; Lila and Drubin 1997; Warren et al
2002), it is more reasonable to propose that Abpl in general
plays a significant role in serving as an organizer of effi-
cient endocytic machinery at the endocytic site. In this
view, it is highly likely that for mutant cells exhibit
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aberration in recruitment of key endocytic proteins (for
example, Rvs167 and Sjl2, see below), which may result
in building a functionally less competent endocytic machin-
ery, and thereby conferring low scission success (figures 1
and 2). Given that, in addition to its overlapping function
with Torl, Tor2 is uniquely implicated in organization of
the actin cytoskeleton (Schmidt et al. 1996), it is surprising
to observe a similar scission defect in for/A cells compa-
rable to that of for2” cells. An aberration in actin organi-
zation in yeast is tightly correlated with endocytic defect,
which is the case for tor2” cells (Schmidt et al. 1996).
Because no actin organization defect in for/ mutant cells
has been reported (Schmidt e al. 1996), our explanation for
the observed scission defect in the background of tor/A
would be an indirect effect of the loss of TORI.
Nonetheless, the question of how a lesser amount of Abpl
is recruited to endocytic sites in for mutant cells remains
elusive. Unexpectedly we observed a significant increase in
Abpl-GFP lifespan upon Tor2 overexpression (figure 1B
and C). Our explanation for this phenotype would be that
Tor2 overexpression causes a dominant negative effect on
Abp1-GFP dynamics at the endocytic site. This effect could
be attributed to one or both of the following conditions.
Given Tor2 acts as a potent protein kinase, the
overexpression of Tor2 may result in phosphorylation of
endocytic factors non-specifically, which affects endocytic
protein maturation. Alternatively, it may be that Tor2 in-
teracts with endocytic factors non-specifically due to the
excessive amount of Tor2, and thereby sequestering them
not to be readily recruited to the endocytic site.

4.2 Drastic reduction of Rvs167-GFP carrying endocytic
sites in tor mutant cells

Yeast genome contains the amphiphysins homologs, Rvs161
and Rvs167, which form a heterodimer, playing an important
role in endocytosis (Douglas et al. 2009; Ren et al. 2006).
Endocytic function of Rvs167 resides in its BAR domain
since expression of BAR domain alone in rvs/67A cells
leads to the restoration of functional endocytosis (Sivadon
etal. 1997). Rvs167 is recruited to endocytic sites 23 s after
Abpl has been recruited (Kaksonen et al. 2005), and the
targeting appears to be mediated via its BAR domain, which
contain positive amino acid residues that bind to the anionic
plasma membrane (Peter et al. 2004). Due to the fact that
purified BAR domain proteins are able to induce membrane
curvature or tubulation in vitro and that a significant fraction
of endocytic patches in rvs/67A cells exhibits a ‘retraction
phenotype’, Rvs167 was thought to promote endocytic scis-
sion (Peter et al. 2004; Kaksonen et al. 2005; Takei et al.
1999). But this idea is currently being challenged by a recent
report which suggests Rvs167 is not essentially required for
endocytic scission based on electron tomography results that
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most of invaginated endocytic pits undergo pinching-off
process in the absence of Rvs167 (Kukulski et al. 2012).
Rather, the study showed that Rvs167 is recruited to newly-
formed shallow invaginations, determined to be ~50 nm
deep in length and after its recruitment further invagination
(up to 100 nm) occurs, concluding that Rvs167 functions in
stimulating membrane tubulation. This important finding
may provide a plausible explanation for our observations in
this report; the inefficient recruitment of Rvs167-GFP
(supplementary figure 1B) and reduced scission in for mutant
cells (figure 2). As stated earlier, Arp2/3 complex-mediated
actin assembly stimulated by its activators including Abp1 at
endocytic sites is essential for formation of invaginating pits.
Due to a significant loss in the amount of Abpl and a
potential subsequent defect in forming functional endocytic
machinery, we, to put it simply, speculate that the invag-
inated pit in for mutant cells, especially in for2” and
torl Ator2” cells, might be shorter (< 50nm) on average
than in Wt cells. As a result, Rvs167 could not readily be
recruited to those shallow invaginations of the plasma
membrane, and in turn further induction of invagination
may be ceased. The complete dislocation of Rvsl167-GFP
into the cytoplasm in the double mutant (tor Ator2”) cells
(figure 2 and supplementary figure 1B) may then arise
from a condition where the vast majority of endocytic
invaginations in the double mutant cells are too short in
depth to be recognized by Rvs167.

4.3 Tor mutants exhibited a drastic increase in PIP; levels
and significant chitin accumulation

Sjl2-GFP, which normally localizes to endocytic sites, was
completely mislocalized to the cytoplasm of the for double
mutant cells (figure 3 and supplementary figure 1C), as is the
case for Rvs167-GFP. Sjl2 is a yeast synaptojanin-like pro-
teins that hydrolyses phosphates of inositol ring of PIP, to
form PI (phosphoinositide), and yeast genome contains two
more Sjl2 homologs, Sjll and Sjl3 (Srinivasan et al. 1997,
Stolz et al. 1998; Guo et al. 1999). Previously, a group of
researchers reported that loss of Sjl2 leads to its cytoplasmic
homolog Sjll to be recruited to endocytic sites to compen-
sate for the loss of SjI2, concluding that both proteins share
the same enzymatic activity (Sun et al. 2007). In light of
finding that the severe mislocalization of Sjl2 in the for
double mutant cells (figure 3), we investigated the localiza-
tion of Sjll and found that the GFP-fused-Sjll is mainly
located in the cytoplasm (data not shown). As such, we
reasoned that membrane PIP, levels in the double mutant
should increase due to both Sjl1 and Sjl2 not being detected
at the membrane cortex. Indeed, according to our GFP-
2XPH fluorescence intensity results (figure 3), there was a
drastic elevation in PIP, level in all for mutant cells (forl A,
tor2”, and torlAtor2™) compared to that in Wt cells.
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Inappropriate balance in membrane PIP, levels can adverse-
ly affect endocytosis. Since many actin-binding endocytic
proteins are known to physically interact with PIP, at
endocytic sites, low levels of PIP; result in an actin assembly
defect, accompanied by a significant blocking of endocytosis
(Abe et al. 2008; Logan and Mandato 2006). High levels of
PIP, are in general associated with hyperstimulation of actin
assembly, which also causes endocytic deficiency (Sun et al.
2007). Intriguingly, the observed hyperaccumulation of PIP,
appears not to be correlated with less recruitment of
endocytic proteins (Abpl and Rvs167) in our for mutant
cells (figures 1 and 2). We, at the moment, are not able to
adequately explain the molecular basis of this discrepancy.
However, given the fact that PIP, binds and activates the
Rom2-Rhol pathway that controls endocytosis, we speculate
that abnormally high accumulation of PIP, in for mutant
cells may dysregulate the Rom2-mediated endocytosis. The
yeast cell wall comprised mostly of chitin is implicated in
protecting the cell from rapid changes in osmotic pressure
and against environmental stresses. Upon sensing of cell
wall weakening (or damage), yeast cells up-regulate chitin
synthesis to stabilize the cell wall (Dallies et al. 1998). In
conditions where the mutant Tor2 protein is partially and
completely inactivated, we found that cell wall chitin levels
are significantly increased up to 100% (figure 4). Given the
fact that an endocytic blockade impairs internalization of
Chs3, the chitin synthase subunit, leading to a significant
increase in chitin synthesis (Reyes et al. 2007), it is plausible
to postulate that the drastic increase in chitin levels in the for
mutant (tor2" and torl Ator2”) might be due to an incom-
petent endocytosis, at least, of Chs3.
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