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Abstract

The arrestin-related family of proteins (ARTSs) are potent regulators of membrane traffic at
multiple cellular locations in the yeast Saccharomyces cerevisiae. Several ARTs act at mul-
tiple locations, suggesting that ARTs with well-established functions at one location may
have additional, as of yet, uncharacterized roles at other locations in the cell. To more fully
understand the spectrum of cellular functions regulated by ART proteins, we explored the
localization and function of Ldb19/Art1, which has previously been shown to function at the
plasma membrane, yet is reported to localize to the frans-Golgi network (TGN). We report
that the C-terminal fusion of Ldb19 with GFP is functional and, as previously reported, local-
izes to the TGN. We further establish that Ldb19 associates with late stages of TGN matura-
tion that are enriched in the clathrin adaptor protein complex-1 (AP-1). Additionally, we
present genetic interaction assays that suggest Ldb19 acts at the late TGN in a mechanism
related to that of AP-1. However, Ldb19 and AP-1 have dissimilar phenotypes in a subset of
assays of membrane traffic, suggesting Ldb19 functions at the TGN are distinct from those
of AP-1. Together these results indicate Ldb19 functions at the TGN, in addition to its well-
established role in endocytosis.

Introduction

Membrane traffic is a critical aspect of eukaryotic cell biology. It maintains cellular homeosta-
sis by sending newly generated proteins to their correct locations, and by sending damaged
proteins to the lysosome where they are degraded. Membrane traffic is equally important in a
changing environment because it allows rapid redistribution of proteins that regulate cellular
functions including small molecule transport, secretion, and signaling.

Membrane traffic is carried out in large part by cytosolic proteins that form coats [1]. Coat
proteins coordinate with one another to sort the transmembrane protein cargo that will be
transported away from resident proteins of the organelle, form a transport carrier, and then
direct that carrier towards the correct target organelle. Different coats, which are composed of
different sets or subsets of proteins, perform distinct functions by forming at different organ-
elles, recognizing distinct cargo, and/or directing the carrier to different compartments.

Although some proteins function in a single trafficking pathway, other proteins are used in
multiple pathways. A prime example of this second group of multi-use proteins is clathrin, a
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large hexameric protein complex that can self-assemble into a cage-like structure in vitro [2].
In vivo, clathrin is the major structural component of clathrin coats, which form at the plasma
membrane and at the trans-Golgi network (TGN) and endosomes [3]. At each of these differ-
ent locations, specific clathrin adaptors play pivotal roles in recognizing cargo and initiating
clathrin coat assembly. In most organisms, clathrin adaptors that act at the plasma membrane
and those that act at internal compartments are encoded by distinct but functionally ortholo-
gous genes [4]. However, like clathrin, some of its associated proteins act in both endocytosis
and at internal compartments. Such dual functioning proteins include amphiphysin, which is
important for membrane fission, and, proteins of the arrestin family, which are important for
cargo sorting [5-7].

The budding yeast, Saccharomyces cerevisiae, contains at least 12 arrestin-related trafficking
proteins (ARTs) [8,9]. ARTs are defined by the presence of an arrestin-like domain and one or
more PY motifs that mediate direct interaction with the ubiquitin ligase Rsp5 [8]. Different
ARTS control the traffic of different cargo in response to specific environmental cues. For
example, Ldb19/Art] mediates the endocytosis of the methionine permease Mupl in response
to methionine, while Ecm21/Art2 mediates the endocytosis of the metal ion transporter Smfl
in response to extracellular heavy metals [9,10]. ARTSs can act as adaptors for Rsp5, which then
ubiquitinates cargo. This ubiquitination often allows the cargo to interact directly with clathrin
adaptors [11]. However, ARTs may also function independent of Rsp5 in some cases. The
ART proteins Alyl/Art6 and Aly2/Art3 interact with the clathrin adaptor AP-1, raising the
possibility that they may also act as physical links between cargo and the clathrin trafficking
machinery, similar to the B-arrestins [12]. Moreover, mutant forms of the ART protein Rogl,
which cannot bind Rsp5, attenuates G-protein-coupled receptor signaling, suggesting the ART
proteins may have function in addition to their roles as Rsp5 adaptors [13].

Although all ARTs appear to act primarily in membrane traffic, our understanding of the
specific function of individual ART proteins is still incomplete. In diverse yeasts, many ARTs
act in endocytosis [9,14-17]. However, ART's can have roles at internal compartments. For
example, Alyl and Aly2 localize at the trans-Golgi network (TGN) or endosomes where they
control the traffic of Gapl, a general amino acid transporter [12]. Furthermore, some ART
proteins act at more than one cellular location. These multifunctional ARTs include Alyl and
Aly2, which, in addition to controlling Gap1 at the TGN, also control the endocytosis of the
aspartic acid/glutamic acid transporter Dip5 [18]. Similarly, the ARTs Bull and Bul2 act both
at the TGN in biosynthetic sorting of the general amino acid permease, Gap1, and at the
plasma membrane for substrate induced endocytosis of Gap1 [19]. More recently, the ART
Rod1/Art4 was demonstrated to regulate sorting of the lactate permease Jen1, both at the
plasma membrane and at the TGN [20]. These findings raise the possibility that even ART's
with well-established roles in endocytosis may perform additional, as of yet, uncharacterized
roles at other cellular locations.

One prime candidate for an ART that may act in both endocytosis and traffic at internal
compartments is Ldb19/Art1 (hereafter referred to as Ldb19). Ldb19 has clearly defined func-
tions in the endocytosis of Mupl in response to methionine [21,22]. However, recent studies
suggest that loss of Ldb19 impairs the traffic of the arginine transporter Canl at the TGN, not
the plasma membrane, suggesting that Ldb19 may have functions at internal compartments in
addition to its roles at the plasma membrane [23]. In support of the possibility that Ldb19 acts
at internal compartments, a substantial fraction of fluorescently labeled Ldb19 and its Schizo-
saccharomyces pombe homolog co-localize with markers of the TGN [8,22,24,25]. However, it
is unclear whether native Ldb19 localizes to the TGN, and, if so, whether this pool is function-
ally important. Here, we explored the localization of Ldb19 using a verified functional tag of
Ldb19. We found that Ldb19 co-localized with markers of the TGN. Furthermore, Ldb19 co-

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 2/17


https://doi.org/10.1371/journal.pone.0206944

®PLOS | one

Ldb19/Art1 localization and function at the TGN

localized strongly with and came into close proximity to the non-endocytic clathrin adaptor
AP-1, further supporting the conclusion that it localizes at the TGN. We showed that Ldb19
was not required for the localization of AP-1 or other clathrin adaptors at the TGN, and that
Ldb19 localization was not affected by AP-1 or other clathrin adaptors. However, Ldb19 locali-
zation depended on the function of the small GTPase Arfl. Finally, genetic interactions and
assays of membrane traffic suggested Ldb19 performs functions at the TGN related to but dis-
tinct from those of AP-1. These results establish a role for Ldb19 at the TGN, in addition to its
well-established function in endocytosis.

Results

Although Ldb19 has strong effects on endocytosis, previous studies reported a significant frac-
tion of fluorescently tagged Ldb19 was localized at internal compartments. In one high-
throughput study, Ldb19 tagged at its endogenous locus co-localized with the clathrin heavy
chain subunit Chcl, a marker commonly used to label the TGN [25]. Similarly, in other studies
using Ldb19-GFP expressed from a plasmid, Ldb19 co-localized with the Arf-GEF Sec7,
another marker commonly used to label the TGN [8,22]. These localization results are surpris-
ing given the strong endocytic phenotype caused by lack of Ldb19. However, to our knowl-
edge, the functionality of the fluorescently tagged Ldb19 was not explored, raising the
possibility that the fluorescently labeled Ldb19 was non-functional and potentially misloca-
lized. To test the functionality of tagged Ldb19, we monitored its function in endocytosis. To
do this, we monitored methionine-induced endocytosis of Mup1-GFP in diploid cells that
expressed a single copy of wild-type Ldb19 or Ldb19-GFP from its endogenous locus. In these
cells, only Mup1-GFP fluorescence is clearly visible because Mup1 is expressed at 10-20 fold
higher levels than Ldb19 (Fig 1A) [26,27].

In all strains tested, Mupl was found exclusively at the plasma membrane in the absence of
methionine (Fig 1C-1E). After 1hr growth in the presence of methionine, in cells expressing
wild-type Ldb19 Mup1 was found exclusively in the vacuole (Fig 1C). In contrast, in cells lack-
ing Ldb19, Mupl was only observed at the plasma membrane (Fig 1D). In cells expressing
Ldb19-GFP, Mup1-GFP was found exclusively in the vacuole at levels nearly identical to wild-
type cells (Fig 1E). These data indicate that the Ldb19-GFP fusion protein is fully functional, as
measured by Mupl endocytosis.

We next explored the localization of Ldb19 in more detail. Previous studies suggested that
Ldb19 localizes to internal compartments labeled by Sec7, which is commonly considered the
TGN [28,29]. However, the emerging view is that the TGN is not a static organelle in yeast. It
is produced from the maturation of a Golgi compartment [30]. During this maturation pro-
cess, Sec7 is recruited to transitional Golgi compartments and is retained as this transitional
Golgi matures into the TGN, which itself matures and eventually dissipates due to traffic to the
plasma membrane, vacuole, and endosomes [31]. To monitor the localization of Ldb19 with
respect to Golgi maturation, we monitored the co-localization of Ldb19 with the clathrin adap-
tors Gga2, Ent5, and AP-1 that define late stages of TGN maturation [32,33]. These proteins
appear in a stereotypic order. Gga2 is the first adaptor apparent at the TGN and its appearance
is coincident with that of Sec7. Ent5 is recruited second, and AP-1 is recruited last.

Using these markers for TGN maturation, we asked whether Ldb19 was preferentially asso-
ciated with these late stages of TGN maturation. Consistent with its co-localization with Sec7,
Ldb19 internal puncta frequently co-localized with Gga2, Ent5, and the y-subunit of AP-1
(Apl4), but not with Vps35, a marker of endosomes (Fig 2). We also observed dim peripheral
localization that was not associated with Gga2, Ent5, or AP-1, consistent with previous reports
of a small pool of Ldb19 at the plasma membrane [8,22]. To quantify the co-localization
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Fig 1. Ldb19-GFP is a functional protein. (A) Comparison of fluorescence intensity of Ldb19-GFP and Mup1-GFP.
Micrographs show images collected under identical conditions but processed for optimal visualization of Ldb19 (left) or
Mupl (center). Lines indicate regions used for line-scan measurements shown in inset. (B) Line-scan measurements from A
plotted together to show difference in fluorescence intensity. (C) WT/ldb19A heterozygous diploid cells expressing
Mup1-GFP were imaged in the absence or 1hr after the addition of methionine, which induces endocytosis of Mup1-GFP.
(D), (E) Ldb19-GFP/ldb19A heterozygous diploid or Idb194 homozygous diploid cells imaged as in A. Arrowhead indicates
plasma membrane localization, arrow indicates vacuolar localization. Top row, fluorescence microscopy images with black
and white values inverted; bottom row, transmitted images.

https://doi.org/10.1371/journal.pone.0206944.9001

between Ldb19 and mCh-tagged adaptors, we measured how many of the Ldb19-GFP fluores-
cent structures or foci also contained mCherry (mCh) fluorescent adaptor proteins and vice
versa. We found that Ldb19 co-localized substantially with each of the adaptors. In each case
nearly 60% of Ldb19 structures contained Gga2, Ent5, or AP-1., There were subtle but not sta-
tistically significant differences in the co-localization of Ldb19 with each adaptor. Ldb19
showed the least co-localization with Gga2 (58%-+/- 13% SD, Fig 2A). Co-localization with
Ent5 and AP-1 was slightly higher (66%+/- 6% SD and 64% +/- 3% SD, respectively; Fig 2B
and Fig 2C). Moreover, the percentage of AP-1 structures that contain Ldb19 was higher than
the percent of Gga2 structures that contain Ldb19 (61% +/- 6% SD versus 44% +/- 9% SD,
white bars p = 0.043). These results indicate that Ldb19 is enriched during the late stages of
TGN maturation, similar to AP-1 and the other clathrin adaptors.

Clathrin adaptors are dynamically recruited to the TGN. This dynamic recruitment can be
monitored by time-lapse microscopy as the appearance and disappearance of punctate struc-
tures. To determine whether Ldb19 was dynamically recruited to the TGN like clathrin adap-
tors, we performed time-lapse microscopy on cells expressing Ldb19-GFP and Apl4-mCh (Fig
2E). Like Apl4-mCh, Ldb19-GFP was transiently localized to punctate structures. Moreover,
consistent with their co-localization in static images, Ldb19-GFP and Apl4-mCh often
appeared and disappeared at approximately the same time. Together with the co-localization
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Fig 2. Ldb19 co-localizes with TGN clathrin adaptors. (A-D) Cells expressing indicated fusion proteins from their
endogenous loci were imaged and analyzed for co-localizationArrows indicate co-localization, filled and outlined
arrowheads indicate structures with only mCh or GFP, respectively, and double arrows indicate cell surface-localized
Ldb19-GFP structures. Right, quantification of the percentage of Ldb19-GFP fluorescent structures that contained
mCh fluorescence (black bar) and the percentage of mChfluorescent structures that contained GFP fluorescence
(white bar). Error bars indicate standard deviation from the mean of three separate experiments (n = 3), each with at
least 200 puncta and 70 cells. (E) Kymograph showing dynamic recruitment of Ldb19-GFP and Apl4-mCh. Top:
Images of structures analyzed by live-cell microscopy. Boxed region indicate structures selected for Kymograph.
Bottom: kymographs of the boxed area in the top images is shown; the boxed area indicates the time point shown
above.

https://doi.org/10.1371/journal.pone.0206944.9002

data, these results suggest that Ldb19 is recruited to the TGN at approximately the same time
as AP-1.

To further explore the relationship between Ldb19 and AP-1, we employed the bimolecular
fluorescence complementation (BiFC) technique [34]. BiFC monitors the proximity of two
proteins, each tagged with half of a fluorescent protein (e.g. Venus). If the two proteins interact
or come into close proximity, the two halves of the protein fold to form a fully fluorescent moi-
ety. Thus, BiFC can show whether two proteins come into close proximity. Given the co-locali-
zation of Ldb19 with AP-1, we asked whether Ldb19 comes into close proximity with AP-1
(Fig 3B). We fused Ldb19 with the C-terminal fragment of Venus to generate Ldb19-VC. We
tested for proximity to the AP-1 y-subunit Apl4 and the B-subunit Apl2 fused the N-terminal

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 5/17


https://doi.org/10.1371/journal.pone.0206944.g002
https://doi.org/10.1371/journal.pone.0206944

®PLOS | one

Ldb19/Art1 localization and function at the TGN

Ldb19-VC Ldb19-VC Apl2-VN
Ldb19-VC Apl4-VN Apl4-VN Apl2-VN Apl4-VC
e &

% e A
;gz‘f Pl *: .
i - AT
-
A 24%.B o D E '

Fig 3. Bimolecular fluorescence complementation (BiFC) demonstrates close localization of Ldb19 with AP-1.
Cells expressing indicated fusion proteins at their endogenous loci were imaged for YFP fluorescence. Arrows point to
positive BiFC punctate structures in the cells expressing Ldb19-VC and Apl4-VN; asterisk indicates use of diploid
strain.

https://doi.org/10.1371/journal.pone.0206944.g003

fragment of Venus (VN). In cells expressing both Ldb19-VC and Apl4-VN, most cells exhib-
ited one to three bright puncta. Curiously, cells expressing both Ldb19-VC and Apl2-VN did
not exhibit fluorescence above background level (Fig 3C). This lack of fluorescence was not
due to mislocalization or poor expression of Apl2-VN, because cells expressing Apl2-VN and
Apl4-VC exhibit BiFC fluorescence (Fig 3D). This specificity may suggest a specific interaction
between Ldb19 and the Apl4 subunit of AP-1. However, we were unable to detect an interac-
tion between Ldb19 and AP-1 using immunoprecipitation, suggesting the two may nor inter-
act directly or their interaction may be transient or indirect (unpublished results). Together
these results demonstrate that Ldb19 localizes to TGN/endosome regions that also contain
AP-1.

Given the close proximity of Ldb19 to AP-1, we next asked whether Ldb19 plays a role in
the recruitment of AP-1 or other adaptors to the TGN. To do this, we performed quantitative
fluorescent microscopy on cells lacking Ldb19 and expressing GFP-tagged AP-1 or the clathrin
adaptor Gga2, which functions at the TGN before AP-1 [32,35]. In cells lacking Ldb19, both
Gga2 and AP-1 localized to multiple puncta that appeared similar to the puncta in wild-type
cells. Because cells lacking Ldb19 are morphologically abnormal, the distribution of Gga2 and
AP-1 looked qualitatively different [8]. This is because cells lacking Ldb19 are large with a
large central vacuole. This central vacuole pushes Gga2 and AP-1 containing structures to the
periphery (Fig 4). Therefore, to assess the effect of Ldb19 on Gga2 and AP-1 localization, we
monitored the intensity of puncta. In cells lacking Ldb19, the intensity of Gga2 and Apl2 struc-
tures were not significantly different from those in wild-type cells (Fig 4B). Consistent with
limited effect of Ldb19 on the localization and fluorescent intensity of the adaptors, loss of
Ldb19 did not alter the protein levels Gga2 or Apl2 as monitored by western blot (Fig 4C).
These results argue that Ldb19 does not play a major role in recruiting Gga2 or AP-1.

We next explored how Ldb19 is recruited to the TGN. We first asked whether Gga proteins
or AP-1 were important for Ldb19 localization at the TGN. To do this, we performed quantita-
tive fluorescence microscopy in cells lacking the two partially redundant Gga proteins, Ggal
and Gga2, or in cells lacking Apl2. In cells lacking Gga proteins or AP-1, Ldb19 retained its
punctate localization (Fig 4D and Fig 4E). Curiously, Ldb19 puncta were significantly brighter
in cells lacking the adaptors (Fig 4D and Fig 4E). The cause of the increased intensity is
unclear, but could be due to stalled organelle maturation or stalled assembly of specific traf-
ficking complexes leading to enrichment of Ldb19 at the TGN.

Because neither adaptor complex was required for Ldb19 localization, we next asked
whether other major regulators of protein localization at TGN contribute to Ldb19 localiza-
tion. Arfl is a major regulator of traffic at the TGN [36]. It is required for the association of
AP-1 with the TGN, but not for the association of Gga2 or Ent5 [37,38]. We asked whether
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Fig 4. TGN clathrin adaptor localization is unaffected by deletion of LDB19. (A) Wild-type and Idb19A cells expressing
Gga2-GFP or Apl2-GFP were imaged. (B) Quantification of the fluorescence intensities of the punctate structures from the
images in A. Graphs are of data points measured from a representative experiment showing the median and interquartile
ranges (25 and 75 percentile). Each data point corresponds to a single punctate structure. AU, arbitrary units. (C) Western
blot showing the protein levels of clathrin adaptor proteins in WT and Idb19A cells. Adh1 was used as a lysis control. Data is
representative of 3 repeats. (D), (E) Wild-type and ggal4gga2A or apl2A cells expressing Ldb19-GFP were imaged. Right,
quantification of Ldb19-GFP punctate structures as in B. Non parametric Mann Whitney test was performed

(****p > 0.0001). (F) erg6A cells expressing Ldb19-GFP and Gga2-mCh were imaged following treatment with DMSO (no
BFA) or 150uM Brefeldin A (+BFA). Arrowhead points to rare puncta in treated cells. (G) Quantification of the percentage
cells from F that contain Ldb19-GFP puncta in the absence or presence of BFA. Non parametric t-test was performed
(****p < 0.0001). Graphs from B, D and E were generated from at least 200 punctate structures and at least 70 cells.

https://doi.org/10.1371/journal.pone.0206944.9004

Ldb19 localization is sensitive to Brefeldin A, a potent inhibitor of Arfl function at the TGN.
In cells treated with Brefeldin A for 5 minutes, Ldb19 largely redistributed to the cytosol (Fig
4F). In most cells, no Ldb19 puncta were visible; however, in a very small fraction of cells (7%)
one large puncta was visible (Fig 4G). In contrast, Gga2 was still clearly apparent in punctate
structures in most cells, as previously reported [37]. These results suggest Arfl function is
important for Ldb19 localization. The requirement for Arfl for its localization, together with
the close proximity of Ldb19 to AP-1, strongly support the hypothesis that Ldb19 resides on
the TGN in the late stages of its maturation, coincident with AP-1.

We next asked whether Ldb19 plays functionally important roles at the TGN. To do this,
we asked whether ldb19A cells show synthetic growth defects when combined with mutations
in clathrin or clathrin adaptors at the TGN. Such synthetic growth defects can be potent read-
outs of severe trafficking defects. For example, mutations in either AP-1 or Gga2 enhance the
growth defect of cells expressing a hypomorphic allele of the clathrin heavy chain (chcI-ts)
[39-41]. Similarly, mutations in AP-1 and Ggas are synthetic lethal with one another or syn-
thetic sick depending on the specific alleles combined [42,43].

To test whether LDBI19 has genetic interactions similar to AP-1 or GGA2, we first tested
whether deletion of LDB19 enhanced the chcl-ts growth defect. Loss of LDBI19 strongly
enhanced the growth defect caused by the chct1-ts allele. At 37°C, chcl-ts cells grew slowly,
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Calcofluor white sensitivity was determined using a quantitative growth analysis approach in indicated strains.

https://doi.org/10.1371/journal.pone.0206944.9005

however the double mutant cells did not grow at all (Fig 5A). Similarly, at 32°C, chcl-ts cells
grow nearly as well as wild-type cells whereas the double mutant grew much more poorly. This
growth defect was similar to the growth defect caused by loss of AP-1 in cells carrying the
chcl-ts allele. This genetic interaction is consistent with a role for Ldb19 at the TGN. We next
asked whether LDBI19 shows genetic interactions with AP-1 or GGA2. To do this, we generated
diploid cells by crossing ldb19A cells with cells lacking either GGA2 or APL2. We then induced
sporulation, separated meiotic progeny of single diploid cells using a micromanipulator, and
monitored the growth of the colonies formed from the haploid spores. In crosses between cells
carrying deletions of LDB19 and GGA2, approximately one quarter of the spores were inviable.
This is the segregation pattern expected from unlinked synthetic lethal genes. Genotyping
revealed that none of the viable spores contained deletion of both LDBI19 and GGA2. More-
over, the genotype of the inviable spores could be deduced by the genotype of the viable sib-
lings (Fig 5B, red circle). This analysis revealed that the inviable cells carried deletion of both
LDB19 and GGA?2, indicating the two deletions are synthetic lethal as previously reported (Fig
5B and [44]). In contrast, Idb19A was not synthetic lethal with apl/2A because double mutant
cells were identified in the correct proportion from the cross between cells lacking LDB19 and
APL2, and the double mutant cells grew as well as their wild-type siblings. This indicates that
the synthetic lethality between Idb19A and gga2A was highly specific. Because Ldb19 is known
to function in endocytosis, we asked whether the synthetic lethality between Idb19A4 and gga2A
could be explained by the endocytic functions of Ldb19. To do this we crossed cells carrying
deletion END3, an endocytic gene, to cells lacking GGA2. GGA2 was not synthetic lethal with
END3 (Fig 5D). These data suggest that the synthetic lethality between LDBI9 and GGA2 is
not due to the role of Ldb19 in endocytosis and could suggest a role for Ldb19 in AP-1 depen-
dent traffic at the TGN.

To further examine the role of Ldb19 at the TGN, we monitored the effect of Ldb19 on the
calcofluor white sensitivity of cells lacking Chs6. Chsé6 is a component of a coat that mediates
the transport of the chitin synthase Chs3 from the Golgi to the plasma membrane [45]. Cells
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Fig 6. Deletion of LDB19 does not enhance chcl-ts CPY secretion. (A) Colony immunoblot to monitor CPY
secretion of the indicated strains. Shown are a representative immunoblots. (B) Corresponding quantification for the
data in A by densitometry analysis. Bar graphs are of the median with interquartile range with data points shown

(n = 5). Data were analyzed by one-way ANOVA. p-values: *** = <0.005, **** = <0.001. Full-length blots are
presented in S1 Fig.

https://doi.org/10.1371/journal.pone.0206944.9006

lacking Chs6 are resistant to calcofluor white due to reduced levels of Chs3 at the cell surface,
which reduces the binding of calcofluor white to the cell wall. Mutations that disrupt clathrin
mediated traffic at the TGN partially restore calcofluor white sensitivity [46—48]. This pheno-
type is thought to result from defective retention of Chs3 in the TGN or defective recycling
from the endosome. Deletion of LDB19 increased the sensitivity of cells lacking Chs6 to calco-
fluor white, suggesting a potential role in the retention or recycling of Chs3, similar to the role
reported for clathrin-dependent traffic at the TGN (Fig 5E). We next examined secretion of
CPY, a vacuolar protease that normally is efficiently sorted at the TGN for traffic to the vacuole
[49]. In cells with strong defects in clathrin-dependent traffic at the TGN, CPY is mis-sorted to
the plasma membrane and is secreted [37]. Cells carrying the chcl-ts allele secrete CPY. These
effects are strongly enhanced by loss of AP-1. To monitor CPY secretion, we performed colony
immunoblots using cells that express CPY-GFP (Fig 6 and S1 Fig). As expected, in WT cells
and cells lacking only LDBI19 or APL2, secreted CPY was not detected. In contrast, cells carry-
ing the chcl-ts allele secreted CPY resulting in weakly detectable CPY signal. This defect was
enhanced by deletion of APL2. Surprisingly, although the Idb19A chcl-ts double mutant grew
as slowly as the apl2A chcl-ts double mutant, the Idb19A chcl-ts had less CPY signal than cells
carrying the chcl-ts allele alone. This indicates that loss of LDB19 does not cause the same
effect on CPY sorting as loss of AP-1.
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Because ldb194 and apl2A showed dissimilar phenotypes for CPY secretion when com-
bined with the chcl-ts allele, we performed an alternative test of clathrin function at the TGN.
To do this, we monitored the secretion of unprocessed o-factor using colony immunoblot. o
factor is a secreted hormone involved in yeast cell mating. At the TGN, o-factor is cleaved
from its high-molecular weight pro-form to the mature peptide hormone [49]. This cleavage is
mediated by Kex2, a furin-like protease whose steady state localization at the TGN is disrupted
in cells with strong defects in clathrin function at the TGN [40,50]. When Kex2 localization is
disrupted, unprocessed a-factor is secreted. This unprocessed o-factor, but not the mature
form, adheres strongly to nitrocellulose allowing its detection by colony immunoblot [51]. We
found that cells carrying the chcl-ts secreted substantial levels of unprocessed o-factor and this
effect was enhanced by deletion of APL2 (S2 Fig). Similar to the effect on CPY, the a-factor sig-
nal was lower in the ldb19A chcl-ts double mutant than cells carrying the chcl-ts allele alone
(S2 Fig). These results suggest that despite their close proximity, similar requirements for local-
ization, and similar genetic interactions, Ldb19 may not be required for AP-1 mediated traffic
of CPY and Kex2.

Discussion

Here we provide several lines of evidence that Ldb19 localizes at the TGN, confirming prior
reports [22,25]. Although a small proportion of Ldb19 was visible at the plasma membrane,
the majority of Ldb19-GFP strongly co-localized with markers of the TGN. Our results extend
prior findings about Ldb19 localization by positioning Ldb19 within the dynamic lifespan of
the TGN. The TGN is now thought to be a dynamic organelle that continually forms, matures,
and dissipates due to repeated cycles of traffic [28,29]. In this maturation cycle, AP-1 labels a
late stage [32,35]. Our results indicate that Ldb19 is preferentially associated with these late-
stage, AP-1 positive TGN compartments. In fluorescence microscopy experiments, AP-1, a
marker of late stages, co-localized more strongly with Ldb19 than did Gga2, a marker of earlier
stages. Furthermore, in BiFC experiments, Ldb19 came into close proximity to AP-1 and like
AP-1, Ldb19 localization depends on the same GTPase Arfl. Although our results do not pre-
clude the possibility that Ldb19 also localizes to other locations or is recruited to the TGN
prior to the late stages, these results strongly suggest that Ldb19 is present on late stage TGN in
close proximity to AP-1.

The function of Ldb19 at this location remains elusive. Some of the phenotypes caused by
loss of Ldb19 are similar to those caused by loss of AP-1, including the genetic interactions
with chcl-ts and gga2A, and effect on calcofluor white sensitivity. This might indicate Ldb19
cooperates with AP-1 to mediate traffic of some cargo at the TGN. However, the effects of
Idb19A on the secretion of CPY and processing of a-factor differ substantially from the effects
caused by deletion of AP-1 subunits, suggesting Ldb19 may selectively modify AP-1 mediated
traffic at the TGN. Regardless of the exact functions at the TGN, our results strongly argue that
Ldb19 functions at the TGN, in addition to its well-established functions at the plasma
membrane.

The possibility that Ldb19 functions at the TGN is notable in light of recently published
work, which indicates that Ldb19 disrupts traffic at internal compartments. In one recent
study, overexpression of Ldb19 enhanced the cell surface levels of an ectopically expressed
mammalian potassium channel protein, Kir2.1 [52]. This phenotype indicates that Ldb19
functions in the recycling or biosynthetic delivery of Kir2.1 to the plasma membrane. In addi-
tion, Ldb19 is required for post-endocytic traffic of the yeast arginine permease, Canl [23]. In
this case, in cells lacking Ldb19, the endocytosis of Canl was unaffected. However, Canl did
not reach the vacuole, suggesting that Ldb19 promotes traffic of Canl1 at internal
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compartments. This finding is significant, because the TGN is the departure point for newly
synthesized proteins and serves as the early endosome in yeast [35]. Therefore, our finding
that functional Ldb19 localizes at the TGN suggests that both of these unexpected phenotypes
may be due to a direct role of Ldb19 in controlling the traffic of Kir2.1 and Canl1 at the TGN.

Our finding that Ldb19 has functions at both the TGN and plasma membrane expands the
list of ART proteins that function at multiple compartments and raise the possibility that this
is a general feature of the ART family. To date, the ARTs Bull, Bul2, Alyl, Aly2, and Rod1
have been implicated in functions at both the plasma membrane and internal compartments
[12,19,53-55]. Adding Ldb19 to this list expands the list of ARTs that function at multiple
compartments to 6 out of 12. Notably, these six ART proteins occupy all branches of the ART
family identified by sequence homology [8,10]. Based on sequence homology, Bul1&2 form
their own subfamily, Alyl, Aly2 and Ldb19 belong to a subfamily that includes a pair of highly
similar ARTs (Csr2/Art8, Ecm21/Art2), whereas Rod1 resides on the third branch that con-
tains 3 additional ART proteins. It is therefore likely that the common progenitor of the gene
family was capable of functioning at multiple compartments, and suggests that this multi-func-
tionality may be a general feature of all ART proteins. Indeed multi-functionality appears to be
a facet of ARTs in distantly related yeast, supporting this possibility [14].

Although Ldb19 strongly associates with the TGN, the direct molecular mechanism that
recruits Ldb19 to the TGN is unclear. Despite close proximity to AP-1, as monitored by BiFC,
Ldb19 does not depend on AP-1 for localization to punctate structures. We found that Ldb19
localization was sensitive to Brefeldin A, suggesting that it depends on Arf for localization. It
remains to be determined whether Ldb19 directly interacts with Arf or whether this is an indi-
rect effect. Notably, Ldb19 has broad affinity for small GTPases [56]. In GST-pulldown experi-
ments, Ldb19 bound to three unrelated GTPases Yptl, Ras2, and Rhol, raising the possibility
that Ldb19 may interact directly with Arfl. Alternatively, Ldb19 could interact with other
GTPases that localize to the TGN including Ypt31, Ypt32, and Rho3 [57,58]. Future work is
necessary to understand whether these interactions control Ldb19 localization at the TGN,
and whether similar interactions direct the intracellular localization of other ART proteins.

Materials and methods
Reagents, strains, growth conditions

Rabbit polyclonal antibodies against full-length Gga2, Ent5 and o-factor have been previously
described [59,60]. Rabbit polyclonal Adhl (RRID: RRID:AB_722702) were from Abcam
(Cambridge, MA), mouse monoclonal GFP antibodies (RRID: AB_627695) were from Santa
Cruz Biotechnology (Santa Cruz, CA), goat anti-rabbit (RRID: AB_141663) and goat anti-
mouse (RRID:AB_141698) Alexa Fluor 647 secondary antibodies were from Invitrogen (Carls-
bad, CA), goat anti-rabbit HRP-conjugated secondary antibodies (RRID:AB_258167) were
from Invitrogen (Carlsbad, CA).

Fluorescent tags, BiFC tags and gene deletions were introduced by standard PCR-based
procedures [61,62] in the S. cerevisiae BY4743 background and its progeny. Strains containing
multiple genomic modifications were generated by standard yeast genetics.

Yeast cells were grown at 30°C and aerated by rotary shaking. For non-selective growth,
cells were grown in Yeast peptone (YPD) media (1% bacto-yeast extract and 2% bacto-peptone
(Difco, Detroit, MI) supplemented with 2% dextrose and 20 ug/ml adenine, uracil, and L-tryp-
tophan. For selective conditions, cells were grown in Synthetic defined (SD) media (0.67% of
yeast nitrogen base without amino acids (Difco) and 2% dextrose. Supplemented SD media
contained 100pg/ml adenine, L-leucine, L-lysine, L-tryptophan; 50 pg/ml L-histidine, L-methi-
onine, and 20 pg/ml uracil) or in media lacking L-methionine for the expression of
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Mupl-GFP. Sporulation of diploid cells was performed by incubation of saturated cultures for
4 days in sporulation media (10mg/mL potassium acetate, Img/mL yeast extract and 0.5mg/
mL dextrose) supplemented with 10ug/ml adenine, L-leucine, L-lysine, L-tryptophan; 5 pg/ml
L-histidine, L-methionine, and 2 pug/ml uracil.

For Mup1-GFP internalization experiments, cells were grown to mid-log phase in SD
media lacking methionine. To induce internalization of Mupl, cells were resuspended in SD
media containing methionine for 1hr prior to imaging. For Brefeldin A experiments, cells
were treated with a final concentration of 150uM Brefeldin A (Acros Organics, New Jersey) for
5 minutes prior to imaging.

To determine changes in growth of chcl-ts expressing cells when combined with Idb194,
200 pl of log phase cells (ODggo = 0.5) were transferred into wells of a 96-well plate. The cul-
tures were serially diluted 5-fold in adjacent wells. The cells were replica pinned onto agar
plates using a 48-well solid pin tool (Sigma, St. Louis, MO). The plates were incubated at room
temperature until the liquid media was absorbed into the agar. The plates were incubated at
indicated temperatures for 2-3 days before imaging the plates. Experiments were repeated 3
times using two different strains for each genotype.

To monitor synthetic lethal phenotypes, diploid cells were generated by standard methods
and sporulation was induced by transferring into sporulation media and culturing at 25°C.
When fully formed tetrad were visible (3-5 days), tetrads were dissected onto YPD plates
using a microscope-mounted micromanipulator. Plates were incubated at 30°C until colonies
were visible.

Calcofluor white sensitivity was performed as previously described [63].

Immunoblotting

For immunoblots of cell extracts, cell extracts were prepared from 2 ODyg of cells. Extracts
were generated by resuspending in Laemmli lysis buffer [64], boiling, and vortexing in the
presence of glass disruption beads. The extracts were cleared by centrifugation. Proteins were
separated by SDS-PAGE, transferred to nitrocellulose, blocked with 5% milk in Tris-buffered
saline with Tween and then probed with primary (1:25,000 dilution for anti-Adh1, 1:3,000
dilution for all other antibodies) and fluorescent or HRP secondary antibodies (1:20,000 dilu-
tion). The Immobilon western chemiluminescent HRP substrate use for chemiluminescence
was from Millipore (Millipore, Billerica, MA). Fluorescence or chemiluminescence signal was
detected on an Azure c600 imaging system (Azure Biosystems, Dublin, CA).

For colony immunoblots, yeast cultures grown in YPD to mid-log phase (0.3-0.5 ODyg0)
were diluted to 0.1 ODggo and 5pL were transferred onto a YPD plate. Plates were incubated at
30°C overnight (16-18hr) to allow growth. To capture secreted proteins, a piece of nitrocellu-
lose was first wetted with sterile water and placed on top of the YPD plate. The plate was incu-
bated for a further 8-12hr at room temperature (25°C). The nitrocellulose membrane was
removed and adhered cells were removed by rinsing with water. The nitrocellulose membrane
was then immunoblotted with primary antibodies and secondary antibodies as described for
cell extracts.

Microscopy

For microscopy, cells were grown to log phase in SD supplemented with appropriate amino
acids mixes, and then briefly pelleted and resuspended to concentrate prior to imaging. Images
for Fig 2 were captured using a DeltaVision ™ Elite system (GE Healthcare Life Sciences),
equipped with an Olympus IX-71 inverted microscope, a sSCMOS CAMERA, A 100x/1.4 Oil
Super-Plan APO objective, and a DeltaVision Elite Standard Filter Set with the FITC filter
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(excitation:475/28, emission:525/48) for GFP and the TRITC filter (excitation: 542/27, emis-
sion: 594/45) for mCh. Image acquisition and deconvolution were performed with the pro-
gram soft WoRx. All other fluorescence imaging, was performed on a Nikon Ti-E inverted
microscope with a 1.4 numerical aperture, 100x oil-immersion objective and an Andor iXon3
EMCCD camera. A Lumencor LED light engine was used for fluorophore excitation. Image
acquisition was performed the MetaMorph acquisition software. For each field, 10-slice Z-
stacks (0.25 um apart) were captured. For image cropping and other figure preparation steps,
the Image] version 1.50i (National Institutes of Health) software was used.

Image processing and imaging analysis

The intensity of fluorescence puncta in cells was quantified as follows: Z-stack images were
first compressed to a single maximum-intensity image using Image]J version 1.50i. The result-
ing image was denoised using the “Denoise image” menu from the SpatTrackV2 software [65].
To define regions of GFP localization, the denoised image was thresholded using Otsu’s
method with Image] with the stacked histogram option selected. GFP positive regions of inter-
est were defined using the “Analyze Particles” menu from Image] on the binary thresholded
image. The GFP positive regions of interest were then used to measure fluorescence intensity
from the original, compressed non-denoised Z-stack. Fluorescence intensity was determined
from at least 100 cells and 200 total number of puncta. Experiments were repeated 3 times
using at least two different strains for the same genotype.

For co-localization analysis, GFP and mCherry positive regions of interest were defined
using the same process used for puncta intensity analysis. GFP structures that contain
mCherry, were defined as structures for which at least 20% of the GFP positive area of the
structure was also mCherry positive and vice versa for mCherry structures that contain GFP.
Fluorescence intensity was determined from at least 100 cells and 200 total number of puncta.
Experiments were repeated 3 times using two different strains for each genotype. Graphs were
created using GraphPad Prism v7.00 (GraphPad Software, La Jolla, CA).

Supporting information

S1 Fig. Original positions of dot blots in raw images for Fig 6. Top row, dot blot rearranged
as in Fig 6; bottom row, dot blot before rearrangements (original) for Fig 6. Arrows connect
each dot from its rearranged (top) to its original positions (bottom). The genotypes of controls
not used for the final figure are shown.

(TTF)

S2 Fig. a-factor colony immunoblot. (A) Colony immunoblot to test a-factor secretion of the
indicated strains. Shown are a representative immunoblot and the corresponding quantifica-
tion by densitometry analysis. Colony spots come from the same immunoblot, but rearranged
for clarity. (B) Original image of colony immunoblots shown in A.

(TIF)

S3 Fig. Western blot membranes used in Fig 4C. Shown are uncropped images of the mem-
brane used in Fig 4C. The top image was used to show levels of Apl2-GFP, the middle to show
levels of Gga2 and the bottom to show levels of Adhl. All three images are from the same
membrane, at different exposures.

(TIF)

S1 Table. Saccharomyces cerevisiae strains used in this study.
(PDF)
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S1 Movie. Time-lapse imaging of Apl4-mCh and Ldb19-GFP. Time-lapse movie of single
cell expressing Apl4-mCh (left) and Ldb19-GFP (middle). Color merge time-lapse video is
also shown (right). Time-lapse movie is 91 frames long with a speed of 7 frames per second.
(AVI)

Acknowledgments
We gratefully acknowledge Ajit Joglekar and Ming Li for access to and help with the micro-

scopes used for this study. Antibodies against alpha-factor were a generous gift from Gregory
S. Payne. We would like to thank Robert Fuller for insightful discussion.

Author Contributions

Conceptualization: Jorge Y. Martinez-Marquez, Mara C. Duncan.
Data curation: Jorge Y. Martinez-Marquez.

Formal analysis: Jorge Y. Martinez-Marquez.

Funding acquisition: Jorge Y. Martinez-Marquez, Mara C. Duncan.
Investigation: Jorge Y. Martinez-Marquez.

Methodology: Jorge Y. Martinez-Marquez, Mara C. Duncan.

Project administration: Jorge Y. Martinez-Marquez, Mara C. Duncan.
Resources: Mara C. Duncan.

Software: Jorge Y. Martinez-Marquez.

Supervision: Jorge Y. Martinez-Marquez, Mara C. Duncan.
Validation: Jorge Y. Martinez-Marquez, Mara C. Duncan.
Visualization: Jorge Y. Martinez-Marquez.

Writing - original draft: Jorge Y. Martinez-Marquez, Mara C. Duncan.

Writing - review & editing: Jorge Y. Martinez-Marquez, Mara C. Duncan.

References

1. Faini M, Beck R, Wieland FT, Briggs JA (2013) Vesicle coats: structure, function, and general principles
of assembly. Trends Cell Biol 23: 279-288. https://doi.org/10.1016/j.tcb.2013.01.005 PMID: 23414967

2. Pearse BM (1976) Clathrin: a unique protein associated with intracellular transfer of membrane by
coated vesicles. Proc Natl Acad SciU S A 73: 1255-1259. PMID: 1063406

3. Brodsky FM, Chen CY, Knuehl C, Towler MC, Wakeham DE (2001) Biological basket weaving: forma-
tion and function of clathrin-coated vesicles. Annu Rev Cell Dev Biol 17: 517-568. https://doi.org/10.
1146/annurev.cellbio.17.1.517 PMID: 11687498

4. Owen DJ, Collins BM, Evans PR (2004) Adaptors for clathrin coats: structure and function. Annu Rev
Cell Dev Biol 20: 153—191. https://doi.org/10.1146/annurev.cellbio.20.010403.104543 PMID:
15473838

5. HuserS, Suri G, Crottet P, Spiess M (2013) Interaction of amphiphysins with AP-1 clathrin adaptors at
the membrane. Biochem J 450: 73-83. https://doi.org/10.1042/BJ20121373 PMID: 23190214

6. Mishra SK, Agostinelli NR, Brett TJ, Mizukami |, Ross TS, Traub LM (2001) Clathrin- and AP-2-binding
sites in HIP1 uncover a general assembly role for endocytic accessory proteins. J Biol Chem 276:
46230-46236. https://doi.org/10.1074/jbc.M108177200 PMID: 11577110

7. Lauwers E, Erpapazoglou Z, Haguenauer-Tsapis R, Andre B (2010) The ubiquitin code of yeast perme-
ase trafficking. Trends Cell Biol 20: 196—204. https://doi.org/10.1016/j.tcb.2010.01.004 PMID:
20138522

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0206944.s005
https://doi.org/10.1016/j.tcb.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23414967
http://www.ncbi.nlm.nih.gov/pubmed/1063406
https://doi.org/10.1146/annurev.cellbio.17.1.517
https://doi.org/10.1146/annurev.cellbio.17.1.517
http://www.ncbi.nlm.nih.gov/pubmed/11687498
https://doi.org/10.1146/annurev.cellbio.20.010403.104543
http://www.ncbi.nlm.nih.gov/pubmed/15473838
https://doi.org/10.1042/BJ20121373
http://www.ncbi.nlm.nih.gov/pubmed/23190214
https://doi.org/10.1074/jbc.M108177200
http://www.ncbi.nlm.nih.gov/pubmed/11577110
https://doi.org/10.1016/j.tcb.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20138522
https://doi.org/10.1371/journal.pone.0206944

®PLOS | one

Ldb19/Art1 localization and function at the TGN

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Lin CH, MacGurn JA, Chu T, Stefan CJ, Emr SD (2008) Arrestin-related ubiquitin-ligase adaptors regu-
late endocytosis and protein turnover at the cell surface. Cell 135: 714-725. https://doi.org/10.1016/j.
cell.2008.09.025 PMID: 18976803

Nikko E, Sullivan JA, Pelham HR (2008) Arrestin-like proteins mediate ubiquitination and endocytosis of
the yeast metal transporter Smf1. EMBO Rep 9: 1216—1221. https://doi.org/10.1038/embor.2008.199
PMID: 18953286

Nikko E, Pelham HR (2009) Arrestin-mediated endocytosis of yeast plasma membrane transporters.
Traffic 10: 1856—1867. https://doi.org/10.1111/j.1600-0854.2009.00990.x PMID: 19912579

Hicke L, Dunn R (2003) Regulation of membrane protein transport by ubiquitin and ubiquitin-binding
proteins. Annu Rev Cell Dev Biol 19: 141-172. https://doi.org/10.1146/annurev.cellbio.19.110701.
154617 PMID: 14570567

O’Donnell AF, Apffel A, Gardner RG, Cyert MS (2010) Alpha-arrestins Aly1 and Aly2 regulate intracellu-
lar trafficking in response to nutrient signaling. Mol Biol Cell 21: 3552—-3566. https://doi.org/10.1091/
mbc.E10-07-0636 PMID: 20739461

Alvaro CG, O’Donnell AF, Prosser DC, Augustine AA, Goldman A, Brodsky JL, et al. (2014) Specific
alpha-arrestins negatively regulate Saccharomyces cerevisiae pheromone response by down-modulat-
ing the G-protein-coupled receptor Ste2. Mol Cell Biol 34: 2660-2681. https://doi.org/10.1128/MCB.
00230-14 PMID: 24820415

Dong B, Xu X, Chen G, Zhang D, Tang M, Xu F, et al. (2016) Autophagy-associated alpha-arrestin sig-
naling is required for conidiogenous cell development in Magnaporthe oryzae. Sci Rep 6: 30963.
https://doi.org/10.1038/srep30963 PMID: 27498554

Karachaliou M, Amillis S, Evangelinos M, Kokotos AC, Yalelis V, Diallinas G (2013) The arrestin-like
protein ArtA is essential for ubiquitination and endocytosis of the UapA transporter in response to both
broad-range and specific signals. Mol Microbiol 88: 301-317. hitps://doi.org/10.1111/mmi.12184
PMID: 23490137

Herranz S, Rodriguez JM, Bussink HJ, Sanchez-Ferrero JC, Arst HN Jr., Penalva MA, et al. (2005)
Arrestin-related proteins mediate pH signaling in fungi. Proc Natl Acad SciU S A 102: 12141-12146.
https://doi.org/10.1073/pnas.0504776102 PMID: 16099830

Tanaka M, Hiramoto T, Tada H, Shintani T, Gomi K (2017) Improved alpha-Amylase Production by
Dephosphorylation Mutation of CreD, an Arrestin-Like Protein Required for Glucose-Induced Endocyto-
sis of Maltose Permease and Carbon Catabolite Derepression in Aspergillus oryzae. Appl Environ
Microbiol 83.

Hatakeyama R, Kamiya M, Takahara T, Maeda T (2010) Endocytosis of the aspartic acid/glutamic acid
transporter Dip5 is triggered by substrate-dependent recruitment of the Rsp5 ubiquitin ligase via the
arrestin-like protein Aly2. Mol Cell Biol 30: 5598-5607. https://doi.org/10.1128/MCB.00464-10 PMID:
20956561

Soetens O, De Craene JO, Andre B (2001) Ubiquitin is required for sorting to the vacuole of the yeast
general amino acid permease, Gap1. J Biol Chem 276: 43949-43957. https://doi.org/10.1074/jbc.
M102945200 PMID: 11500494

Becuwe M, Leon S (2014) Integrated control of transporter endocytosis and recycling by the arrestin-
related protein Rod1 and the ubiquitin ligase Rsp5. Elife 3.

Guiney EL, Klecker T, Emr SD (2016) Identification of the endocytic sorting signal recognized by the
Art1-Rsp5 ubiquitin ligase complex. Mol Biol Cell 27: 4043-4054. https://doi.org/10.1091/mbc.E16-08-
0570 PMID: 27798240

MacGurn JA, Hsu PC, Smolka MB, Emr SD (2011) TORC1 regulates endocytosis via Npri1-mediated
phosphoinhibition of a ubiquitin ligase adaptor. Cell 147: 1104-1117. https://doi.org/10.1016/j.cell.
2011.09.054 PMID: 22118465

Gournas C, Saliba E, Krammer EM, Barthelemy C, Prevost M, Andre B (2017) Transition of yeast Can1
transporter to the inward-facing state unveils an alpha-arrestin target sequence promoting its ubiquityla-
tion and endocytosis. Mol Biol Cell 28: 2819-2832. https://doi.org/10.1091/mbc.E17-02-0104 PMID:
28814503

Nakase Y, Nakase M, Kashiwazaki J, Murai T, Otsubo Y, Mabuchi |, et al. (2013) The fission yeast
beta-arrestin-like protein Any1 is involved in TSC-Rheb signaling and the regulation of amino acid trans-
porters. J Cell Sci 126: 3972—-3981. https://doi.org/10.1242/jcs. 128355 PMID: 23813957

Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS, et al. (2003) Global analysis of
protein localization in budding yeast. Nature 425: 686—691. https://doi.org/10.1038/nature02026 PMID:
14562095

Chong YT, Koh JL, Friesen H, Duffy SK, Cox MJ, Moses A, et al. (2015) Yeast Proteome Dynamics
from Single Cell Imaging and Automated Analysis. Cell 161: 1413-1424. https://doi.org/10.1016/j.cell.
2015.04.051 PMID: 26046442

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 15/17


https://doi.org/10.1016/j.cell.2008.09.025
https://doi.org/10.1016/j.cell.2008.09.025
http://www.ncbi.nlm.nih.gov/pubmed/18976803
https://doi.org/10.1038/embor.2008.199
http://www.ncbi.nlm.nih.gov/pubmed/18953286
https://doi.org/10.1111/j.1600-0854.2009.00990.x
http://www.ncbi.nlm.nih.gov/pubmed/19912579
https://doi.org/10.1146/annurev.cellbio.19.110701.154617
https://doi.org/10.1146/annurev.cellbio.19.110701.154617
http://www.ncbi.nlm.nih.gov/pubmed/14570567
https://doi.org/10.1091/mbc.E10-07-0636
https://doi.org/10.1091/mbc.E10-07-0636
http://www.ncbi.nlm.nih.gov/pubmed/20739461
https://doi.org/10.1128/MCB.00230-14
https://doi.org/10.1128/MCB.00230-14
http://www.ncbi.nlm.nih.gov/pubmed/24820415
https://doi.org/10.1038/srep30963
http://www.ncbi.nlm.nih.gov/pubmed/27498554
https://doi.org/10.1111/mmi.12184
http://www.ncbi.nlm.nih.gov/pubmed/23490137
https://doi.org/10.1073/pnas.0504776102
http://www.ncbi.nlm.nih.gov/pubmed/16099830
https://doi.org/10.1128/MCB.00464-10
http://www.ncbi.nlm.nih.gov/pubmed/20956561
https://doi.org/10.1074/jbc.M102945200
https://doi.org/10.1074/jbc.M102945200
http://www.ncbi.nlm.nih.gov/pubmed/11500494
https://doi.org/10.1091/mbc.E16-08-0570
https://doi.org/10.1091/mbc.E16-08-0570
http://www.ncbi.nlm.nih.gov/pubmed/27798240
https://doi.org/10.1016/j.cell.2011.09.054
https://doi.org/10.1016/j.cell.2011.09.054
http://www.ncbi.nlm.nih.gov/pubmed/22118465
https://doi.org/10.1091/mbc.E17-02-0104
http://www.ncbi.nlm.nih.gov/pubmed/28814503
https://doi.org/10.1242/jcs.128355
http://www.ncbi.nlm.nih.gov/pubmed/23813957
https://doi.org/10.1038/nature02026
http://www.ncbi.nlm.nih.gov/pubmed/14562095
https://doi.org/10.1016/j.cell.2015.04.051
https://doi.org/10.1016/j.cell.2015.04.051
http://www.ncbi.nlm.nih.gov/pubmed/26046442
https://doi.org/10.1371/journal.pone.0206944

®PLOS | one

Ldb19/Art1 localization and function at the TGN

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Newman JR, Ghaemmaghami S, Inmels J, Breslow DK, Noble M, DeRisi JL, et al. (2006) Single-cell
proteomic analysis of S. cerevisiae reveals the architecture of biological noise. Nature 441: 840-846.
https://doi.org/10.1038/nature04785 PMID: 16699522

Matsuura-Tokita K, Takeuchi M, Ichihara A, Mikuriya K, Nakano A (2006) Live imaging of yeast Golgi
cisternal maturation. Nature 441: 1007-1010. https://doi.org/10.1038/nature04737 PMID: 16699523

Losev E, Reinke CA, Jellen J, Strongin DE, Bevis BJ, Glick BS (2006) Golgi maturation visualized in liv-
ing yeast. Nature 441: 1002—-1006. https://doi.org/10.1038/nature04717 PMID: 16699524

Kim JJ, Lipatova Z, Majumdar U, Segev N (2016) Regulation of Golgi Cisternal Progression by Ypt/Rab
GTPases. Dev Cell 36: 440-452. https://doi.org/10.1016/j.devcel.2016.01.016 PMID: 26906739

McDonold CM, Fromme JC (2014) Four GTPases differentially regulate the Sec7 Arf-GEF to direct traf-
fic at the trans-golgi network. Dev Cell 30: 759-767. https://doi.org/10.1016/j.devcel.2014.07.016
PMID: 25220393

Daboussi L, Costaguta G, Payne GS (2012) Phosphoinositide-mediated clathrin adaptor progression at
the trans-Golgi network. Nat Cell Biol 14: 239-248. https://doi.org/10.1038/ncb2427 PMID: 22344030

Hung CW, Aoh QL, Joglekar AP, Payne GS, Duncan MC (2012) Adaptor autoregulation promotes coor-
dinated binding within clathrin coats. J Biol Chem 287: 17398—17407. https://doi.org/10.1074/jbc.
M112.349035 PMID: 22457357

Hu CD, Chinenov Y, Kerppola TK (2002) Visualization of interactions among bZIP and Rel family pro-
teins in living cells using bimolecular fluorescence complementation. Mol Cell 9: 789-798. PMID:
11983170

Day KJ, Casler JC, Glick BS (2018) Budding Yeast Has a Minimal Endomembrane System. Dev Cell
44: 56-72 e54. https://doi.org/10.1016/j.devcel.2017.12.014 PMID: 29316441

Jackson CL, Casanova JE (2000) Turning on ARF: the Sec7 family of guanine-nucleotide-exchange
factors. Trends Cell Biol 10: 60—67. PMID: 10652516

Zhdankina O, Strand NL, Redmond JM, Boman AL (2001) Yeast GGA proteins interact with GTP-
bound Arf and facilitate transport through the Golgi. Yeast 18: 1-18. https://doi.org/10.1002/1097-0061
(200101)18:1<1::AlID-YEA644>3.0.CO;2-5 PMID: 11124697

Aoh QL, Hung CW, Duncan MC (2013) Energy metabolism regulates clathrin adaptors at the trans-
Golgi network and endosomes. Mol Biol Cell 24: 832—847. https://doi.org/10.1091/mbc.E12-10-0750
PMID: 23345590

Rad MR, Phan HL, Kirchrath L, Tan PK, Kirchhausen T, Hollenberg CP, et al. (1995) Saccharomyces
cerevisiae Apl2p, a homologue of the mammalian clathrin AP beta subunit, plays a role in clathrin-
dependent Golgi functions. J Cell Sci 108 (Pt 4): 1605-1615.

Phan HL, Finlay JA, Chu DS, Tan PK, Kirchhausen T, Payne GS (1994) The Saccharomyces cerevisiae
APS1 gene encodes a homolog of the small subunit of the mammalian clathrin AP-1 complex: evidence
for functional interaction with clathrin at the Golgi complex. Embo J 13: 1706—1717. PMID: 8157009

Bensen ES, Costaguta G, Payne GS (2000) Synthetic genetic interactions with temperature-sensitive
clathrin in Saccharomyces cerevisiae. Roles for synaptojanin-like Inp53p and dynamin-related Vps1pin
clathrin-dependent protein sorting at the trans-Golgi network. Genetics 154: 83—97. PMID: 10628971

Costaguta G, Stefan CJ, Bensen ES, Emr SD, Payne GS (2001) Yeast Gga coat proteins function with
clathrin in Golgi to endosome transport. Mol Biol Cell 12: 1885-1896. https://doi.org/10.1091/mbc.12.6.
1885 PMID: 11408593

Boman AL, Salo PD, Hauglund MJ, Strand NL, Rensink SJ, Zhdankina O (2002) ADP-ribosylation fac-
tor (ARF) interaction is not sufficient for yeast GGA protein function or localization. Mol Biol Cell 13:
3078-3095. https://doi.org/10.1091/mbc.E02-02-0078 PMID: 12221117

Zhao Y, Macgurn JA, Liu M, Emr S (2013) The ART-Rsp5 ubiquitin ligase network comprises a plasma
membrane quality control system that protects yeast cells from proteotoxic stress. Elife 2: e00459.
https://doi.org/10.7554/eLife.00459 PMID: 23599894

Ziman M, Chuang JS, Tsung M, Hamamoto S, Schekman R (1998) Chs6p-dependent anterograde
transport of Chs3p from the chitosome to the plasma membrane in Saccharomyces cerevisiae. Mol Biol
Cell 9: 1565-1576. PMID: 9614194

Valdivia RH, Baggott D, Chuang JS, Schekman RW (2002) The Yeast Clathrin Adaptor Protein Com-
plex 1 Is Required for the Efficient Retention of a Subset of Late Golgi Membrane Proteins. Develop-
mental Cell 2: 283-294. PMID: 11879634

Copic A, Starr TL, Schekman R (2007) Ent3p and Ent5p exhibit cargo-specific functions in trafficking
proteins between the trans-Golgi network and the endosomes in yeast. Mol Biol Cell 18: 1803—1815.
https://doi.org/10.1091/mbc.E06-11-1000 PMID: 17344475

Hung CW, Duncan MC (2016) Clathrin binding by the adaptor Ent5 promotes late stages of clathrin coat
maturation. Mol Biol Cell 27: 1143—1153. https://doi.org/10.1091/mbc.E15-08-0588 PMID: 26842894

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 16/17


https://doi.org/10.1038/nature04785
http://www.ncbi.nlm.nih.gov/pubmed/16699522
https://doi.org/10.1038/nature04737
http://www.ncbi.nlm.nih.gov/pubmed/16699523
https://doi.org/10.1038/nature04717
http://www.ncbi.nlm.nih.gov/pubmed/16699524
https://doi.org/10.1016/j.devcel.2016.01.016
http://www.ncbi.nlm.nih.gov/pubmed/26906739
https://doi.org/10.1016/j.devcel.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25220393
https://doi.org/10.1038/ncb2427
http://www.ncbi.nlm.nih.gov/pubmed/22344030
https://doi.org/10.1074/jbc.M112.349035
https://doi.org/10.1074/jbc.M112.349035
http://www.ncbi.nlm.nih.gov/pubmed/22457357
http://www.ncbi.nlm.nih.gov/pubmed/11983170
https://doi.org/10.1016/j.devcel.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29316441
http://www.ncbi.nlm.nih.gov/pubmed/10652516
https://doi.org/10.1002/1097-0061(200101)18:1<1::AID-YEA644>3.0.CO;2-5
https://doi.org/10.1002/1097-0061(200101)18:1<1::AID-YEA644>3.0.CO;2-5
http://www.ncbi.nlm.nih.gov/pubmed/11124697
https://doi.org/10.1091/mbc.E12-10-0750
http://www.ncbi.nlm.nih.gov/pubmed/23345590
http://www.ncbi.nlm.nih.gov/pubmed/8157009
http://www.ncbi.nlm.nih.gov/pubmed/10628971
https://doi.org/10.1091/mbc.12.6.1885
https://doi.org/10.1091/mbc.12.6.1885
http://www.ncbi.nlm.nih.gov/pubmed/11408593
https://doi.org/10.1091/mbc.E02-02-0078
http://www.ncbi.nlm.nih.gov/pubmed/12221117
https://doi.org/10.7554/eLife.00459
http://www.ncbi.nlm.nih.gov/pubmed/23599894
http://www.ncbi.nlm.nih.gov/pubmed/9614194
http://www.ncbi.nlm.nih.gov/pubmed/11879634
https://doi.org/10.1091/mbc.E06-11-1000
http://www.ncbi.nlm.nih.gov/pubmed/17344475
https://doi.org/10.1091/mbc.E15-08-0588
http://www.ncbi.nlm.nih.gov/pubmed/26842894
https://doi.org/10.1371/journal.pone.0206944

®PLOS | one

Ldb19/Art1 localization and function at the TGN

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Conibear E, Stevens TH (1998) Multiple sorting pathways between the late Golgi and the vacuole in
yeast. Biochim Biophys Acta 1404: 211-230. PMID: 9714809

Yeung BG, Payne GS (2001) Clathrin interactions with C-terminal regions of the yeast AP-1 beta and
gamma subunits are important for AP-1 association with clathrin coats. Traffic 2: 565-576. PMID:
11489214

Conibear E, Stevens TH (2002) Studying yeast vacuoles. Methods Enzymol 351: 408—432. PMID:
12073360

Hager NA, Krasowski CJ, Mackie TD, Kolb AR, Needham PG, Augustine AA, et al. (2018) Select alpha-
arrestins control cell-surface abundance of the mammalian Kir2.1 potassium channel in a yeast model.
J Biol Chem 293: 11006—11021. https://doi.org/10.1074/jbc.RA117.001293 PMID: 29784874

Becuwe M, Leon S (2014) Integrated control of transporter endocytosis and recycling by the arrestin-
related protein Rod1 and the ubiquitin ligase Rsp5. eLIFE.

Hovsepian J, Albanese V, Becuwe M, Ivashov V, Teis D, Leon S (2018) The yeast arrestin-related pro-
tein Bul1 is a novel actor of glucose-induced endocytosis. Mol Biol Cell 29: 1012—1020. https://doi.org/
10.1091/mbc.E17-07-0466 PMID: 29514933

Crapeau M, Merhi A, Andre B (2014) Stress conditions promote yeast Gap1 permease ubiquitylation
and down-regulation via the arrestin-like Bul and Aly proteins. J Biol Chem 289: 22103-22116. https:/
doi.org/10.1074/jbc.M114.582320 PMID: 24942738

Prosser DC, Pannunzio AE, Brodsky JL, Thorner J, Wendland B, O’'Donnell AF (2015) Alpha-arrestins
participate in cargo selection for both clathrin-independent and clathrin-mediated endocytosis. J Cell
Sci.

Kita A, LiC, Yu Y, Umeda N, Doi A, Yasuda M, et al. (2011) Role of the Small GTPase Rho3 in Golgi/
Endosome trafficking through functional interaction with adaptin in Fission Yeast. PLoS One 6: e16842.
https://doi.org/10.1371/journal.pone.0016842 PMID: 21304827

Wu H, Brennwald P (2010) The function of two Rho family GTPases is determined by distinct patterns
of cell surface localization. Mol Cell Biol 30: 5207-5217. https://doi.org/10.1128/MCB.00366-10 PMID:
20823269

Wilsbach K, Payne GS (1993) Vps1p, a member of the dynamin GTPase family, is necessary for Golgi
membrane protein retention in Saccharomyces cerevisiae. EMBO J 12: 3049-3059. PMID: 8344247

Aoh QL, Graves LM, Duncan MC (2011) Glucose regulates clathrin adaptors at the trans-Golgi network
and endosomes. Mol Biol Cell 22: 3671-3683. https://doi.org/10.1091/mbc.E11-04-0309 PMID:
21832155

Longtine MS, McKenzie A 3rd, Demarini DJ, Shah NG, Wach A, Brachat A, et al. (1998) Additional mod-
ules for versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevi-
siae. Yeast 14:953-961. https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AlD-
YEA293>3.0.CO;2-U PMID: 9717241

Sung MK, Huh WK (2007) Bimolecular fluorescence complementation analysis system for in vivo detec-
tion of protein-protein interaction in Saccharomyces cerevisiae. Yeast 24: 767—775. https://doi.org/10.
1002/yea.1504 PMID: 17534848

Hung CW, Martinez-Marquez JY, Javed FT, Duncan MC (2018) A simple and inexpensive quantitative
technique for determining chemical sensitivity in Saccharomyces cerevisiae. Sci Rep 8: 11919. hitps://
doi.org/10.1038/s41598-018-30305-z PMID: 30093662

Volland C, Urban-Grimal D, Geraud G, Haguenauer-Tsapis R (1994) Endocytosis and degradation of
the yeast uracil permease under adverse conditions. J Biol Chem 269: 9833-9841. PMID: 8144575

Lund FW, Jensen ML, Christensen T, Nielsen GK, Heegaard CW, Wustner D (2014) SpatTrack: an
imaging toolbox for analysis of vesicle motility and distribution in living cells. Traffic 15: 1406—1429.
https://doi.org/10.1111/tra.12228 PMID: 25243614

PLOS ONE | https://doi.org/10.1371/journal.pone.0206944 November 7,2018 17/17


http://www.ncbi.nlm.nih.gov/pubmed/9714809
http://www.ncbi.nlm.nih.gov/pubmed/11489214
http://www.ncbi.nlm.nih.gov/pubmed/12073360
https://doi.org/10.1074/jbc.RA117.001293
http://www.ncbi.nlm.nih.gov/pubmed/29784874
https://doi.org/10.1091/mbc.E17-07-0466
https://doi.org/10.1091/mbc.E17-07-0466
http://www.ncbi.nlm.nih.gov/pubmed/29514933
https://doi.org/10.1074/jbc.M114.582320
https://doi.org/10.1074/jbc.M114.582320
http://www.ncbi.nlm.nih.gov/pubmed/24942738
https://doi.org/10.1371/journal.pone.0016842
http://www.ncbi.nlm.nih.gov/pubmed/21304827
https://doi.org/10.1128/MCB.00366-10
http://www.ncbi.nlm.nih.gov/pubmed/20823269
http://www.ncbi.nlm.nih.gov/pubmed/8344247
https://doi.org/10.1091/mbc.E11-04-0309
http://www.ncbi.nlm.nih.gov/pubmed/21832155
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/9717241
https://doi.org/10.1002/yea.1504
https://doi.org/10.1002/yea.1504
http://www.ncbi.nlm.nih.gov/pubmed/17534848
https://doi.org/10.1038/s41598-018-30305-z
https://doi.org/10.1038/s41598-018-30305-z
http://www.ncbi.nlm.nih.gov/pubmed/30093662
http://www.ncbi.nlm.nih.gov/pubmed/8144575
https://doi.org/10.1111/tra.12228
http://www.ncbi.nlm.nih.gov/pubmed/25243614
https://doi.org/10.1371/journal.pone.0206944

