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Structures of Vac8-containing protein complexes reveal
the underlying mechanism by which Vac8 regulates multiple

cellular processes
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Vac8, a yeast vacuolar protein with armadillo repeats, mediates various cellular processes
by changing its binding partners; however, the mechanism by which Vac8 differentially
regulates these processes remains poorly understood. Vac8 interacts with Nvj1 to form
the nuclear—vacuole junction (NV]) and with Atgl3 to mediate cytoplasm-to-vacuole
targeting (Cvt), a selective autophagy-like pathway that delivers cytoplasmic aminopep-
tidase I directly to the vacuole. In addition, Vac8 associates with Myo2, a yeast class V
myosin, through its interaction with Vacl7 for vacuolar inheritance from the mother
cell to the emerging daughter cell during cell divisions. Here, we determined the X-ray
crystal structure of the Vac8—Vacl7 complex and found that its interaction interfaces
are bipartite, unlike those of the Vac8-Nvjl and Vac8-Atgl3 complexes. When the
key amino acids present in the interface between Vac8 and Vacl7 were mutated, vacu-
ole inheritance was severely impaired in vivo. Furthermore, binding of Vacl7 to Vac8
prevented dimerization of Vac8, which is required for its interactions with Nvjl and
Atgl3, by clamping the H1 helix to the ARM1 domain of Vac8 and thereby preventing
exposure of the binding interface for Vac8 dimerization. Consistently, the binding affin-
ity of Vac17-bound Vac8 for Nvj1 or Atgl3 was markedly lower than that of free Vac8.
Likewise, free Vacl7 had no affinity for the Vac8-Nvjl and Vac8-Atgl3 complexes.
These results provide insights into how vacuole inheritance and other Vac8-mediated
processes, such as NV] formation and Cvt, occur independently of one another.
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Armadillo repeat-containing (ARM) proteins are characterized by the presence of a repeat-
ing ~42 amino acid motif composed of three a-helices and are expressed from yeast to
humans. They all share a closely related structure. Specifically, their tandem ARM repeat
units fold together to form a versatile platform for interactions with various protein part-
ners, which are involved in diverse cellular processes (1). P-catenin (Armadillo in
Drosophila) is one of the best-characterized ARM proteins and mediates various essential
functions, including cell adhesion and intracellular signaling (2). This single ARM protein
mediates these diverse cellular functions by acting as an intracellular hub where many
proteins are recruited and cooperate.

Vac8, a vacuolar membrane protein, is the only ARM protein found in the budding
yeast Saccharomyces cerevisiae. Identical to its metazoan cousins, Vac8 mediates diverse
cellular functions, such as interorganellar communication (3, 4), organelle inheritance
(5, 6), and autophagy (7-9). Vac8 interacts with Nvjl, a nuclear envelope protein, to
form an interorganellar membrane contact site termed the nuclear—vacuole junction (NV])
(8, 10). The NVTJ is thought to be a route through which ergosterol (yeast cholesterol)
and phosphatidylinositol 4-monophosphate are transferred between the nuclear envelope
and the vacuole (4). In addition, a unique type of nucleophagy, termed piecemeal micro-
autophagy of the nucleus (PMN)), is initiated at the NV] under nutrient-deprived condi-
tions (11-14). During PMN, part of the nucleus is directly invaginated into the lumen
of the vacuole for degradation by vacuolar hydrolases. Vac8 is involved in homotypic
vacuole membrane fusion (15-18), and Vac8 deletion causes mild vacuole fragmentation,
an in vivo phenotype of vacuole fusion defects. Vacuoles isolated from vac8A yeast cells
fuse poorly in vitro (17). Moreover, Vac8 enables a portion of vacuoles in mother cells to
interact with actin cables for their delivery to the emerging daughter cells (buds) by binding
to Vacl7, which in turn interacts with Myo2, a motor protein that moves various cargoes
along actin cables (5, 6, 19). Thus, Vac8 is essential for vacuole inheritance during mitosis,
and vac8A yeast cells largely fail to share a portion of vacuoles with their daughter cells
(5). Finally, Vac8 is involved in cytoplasm-to-vacuole targeting (Cvt) of aminopeptidase
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Significance

Armadillo repeat-containing (ARM)
proteins form an evolutionarily
conserved protein family and
participate in various cellular
processes mainly by providing
binding platforms for diverse
proteins. However, it is unknown
how a single ARM protein mediates
its interactions with multiple
binding partners so that one
process does not hinder another.
We used Vac8, the only ARM
protein found in the budding

yeast Saccharomyces cerevisiae, as a
model to investigate the mode of
action of ARM proteins. By
performing X-ray crystallography of
Vac8-containing protein complexes
in combination with biochemical
and microscopic analyses, this
study provides a working model of
how Vac8 differentially regulates
three cellular processes (formation
of an interorganellar contact site,
an autophagy-like process, and
organelle inheritance).
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I (Apel) (7). Apel is synthesized as an inactive form in the cyto-
plasm and transported to the lumen of vacuoles, where it is acti-
vated by vacuolar proteases. This Cvt pathway employs the core
machinery and components used for autophagy, but it is a biosyn-
thetic pathway that occurs constitutively even under nutrient-rich
conditions (9). Although the single protein Vac8 mediates diverse
cellular processes as described above, it is poorly characterized how
these functions are coordinated and orchestrated. We previously
reported that Vac8 adopts distinct quaternary structures depend-
ing on its binding partners and that these structures underlie the
distinct functions of Vac8 (9). Two complexes of Vac8-Nvj1 adopt
an arched shape for NVJ formation, whereas two complexes of
Vac8-Atgl3 exhibit a superhelical shape for Cvt (9).

In the current study, we determined the crystal structure of the
Vac8-Vacl7 complex, which connects vacuoles to Myo2 for vac-
uolar transport along actin cables during mitosis. One of the hall-
marks of this structure, in comparison with the Vac8-Nvjl and
Vac8-Atgl3 complexes, is that the Vac8—Vacl7 complex exists as
a heterodimer, instead of a heterotetramer, as we previously
reported for the Vac8-Nvjl and Vac8-Atgl3 complexes (9). This
structure suggests that binding of Vacl7 to Vac8 blocks Vac8
dimerization by masking the critical region involved in Vac8
dimerization. By comparing the structure of the Vac8—Vacl7 com-
plex with those of the Vac8—Nvj1 and Vac8-Atgl3 complexes, in
combination with biochemical and cell biological analyses, we
propose a working model of how the three distinct processes are
differentially regulated by Vac8 in the cell so that one does not
hinder another.

Results

Functional Dissection of the Vac8-Binding Region of Vac17.
S. cerevisiae Vacl7 functions as an adapter between the vacuolar
membrane protein Vac8 and Myo2, a class V myosin motor
protein that transports a subset of fragmented vacuoles via actin
cables from mother cells to daughter cells during cell divisions
(20, 21), and is composed of 423 amino acid residues (Fig. 1A4).
The Vac8-binding domain of Vacl7 was previously mapped
to residues 290 to 380 (19, 20). In vitro binding experiments
further narrowed down the Vac8-binding domain to residues
290 to 344 (T2; tVacl7), which bound Vac8 comparably as the
entire domain (T5; 290 to 380) (Fig. 14). These results were
confirmed by size-exclusion chromatography (SEC) (Fig. 1B and
SI Appendix, Fig. S1). Vac8 lacking the H1 helix did not associate
with tVacl7 (green line), indicating that the H1 helix is critical
for the Vac8-tVacl7 interaction. In addition, no oligomerization
of the Vac8-tVacl7 complex was observed (blue line). This is
in contrast with the Vac8-Nvjl and Vac8-Atgl3 complexes, in
which Vac8 forms a homodimer and thereby causes the complex
to be a heterotetramer (8, 9).

Structure of tVac8 Complexed with tVac17. To investigate the
interaction between Vac8 and Vacl7, we attempted to solve high-
resolution structures of the tVac8-tVacl7 complex. Truncated
Vac8 (tVac8; residues 10 to 515) was used as described in our
previous studies (8, 9). The crystals of tVac8—tVacl7 were grown
in a reservoir buffer containing SOKALAN CP 42 and sarcosine as
the primary precipitant. The structure was solved by the molecular
replacement method using the Vac8 coordinates (PDB code:
5XJG) as a search model and refined to 2.1 A resolution (see
SI Appendix, Table S1 for crystallographic details). Fig. 24 shows
the overall structure of tVac8 complexed with tVacl7 in a ribbon
diagram. The conformation of tVac8 in the tVac8—tVacl7 complex
largely resembles that in the tVac8-Nvjl and tVac8-Atgl3
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complexes with a root mean square deviation (rmsd) value of
1.665 and 1.463 A, respectively (8, 9). However, tVacl7 binds
to tVac8 in a notably different manner from Nvjl and Atgl3.
Specifically, tVacl7 makes contacts with tVac8 in an antiparallel,
bipartite manner at two binding interfaces (Interfaces I and II)
(Fig. 2 A and B). In Interface I, the N-terminal region of tVacl7
forms a short helix (referred to as Hy) consisting of residues 290
to 294 followed by an extended loop (residues 295 to 308). This
extended loop binds across the central ARM4—-ARM7 domains of
Vac8. Intriguingly, the structure of this extended loop resembles
that of the equivalent region of Nvj1 (residues 301 to 314) bound
to Vac8 (8] Appendix, Fig. S2). However, the C-terminal region of
tVacl7 (residues 332 to 340, referred to as H¢) forms an o-helix
and associates with both the ARM1 domain and the H1 helix of
tVac8. This structural feature is consistent with the SEC finding
that the absence of the H1 helix abolished the interaction of tVac8
with tVacl7 (Fig. 1B). The two interfaces are connected by a ~20
amino acid linker, which is disordered in the electron density map
(Fig. 24, green dotted line).

Interfaces of the tVac8-tVac17 Complex. In Interface I, the Hy
helix of tVac17 does not directly contact tVac8, but the following
extended stretch tightly associates with the ARM domains of
tVac8 mainly through a hydrogen-bond network between the
side-chain atoms of tVac17 and tVac8. In particular, the carbonyl
oxygen atoms of N298,T300, G302, 5304, and 1305 from tVacl7
are recognized by the side chains of R317, N318, N277, N234,
and H196 from tVac8, respectively. By contrast, hydrophobic
interactions mainly contribute to the association between tVacl7
and tVac8 in Interface II. Specifically, the side chain of F339
from tVacl7 is involved in hydrophobic interactions with the
side chains of 120 and V28 from the H1 helix as well as the
side chains of N62 and L63 from ARM1. Furthermore, L336 of
tVacl7 forms a hydrophobic core with the side chains of V28,
L31,132,Y34, and L35 of the H1 helix as well as the side chains
of L52 and L55 of ARMI1. To examine whether the hydrogen-
bond network (Interface I) and hydrophobic core (Interface II)
are critical for the tight association between tVac8 and tVac17, as
expected based on the crystal structure, we constructed a series of
full-length Vac8 mutants carrying a single amino acid substitution
and analyzed their abilities to associate with Halo-tag-conjugated
tVacl7 (Halo-tVacl7) (Fig. 2C). Mutation of N234 or N277
in Interface I of Vac8 completely abolished the Vac8—tVacl7
interaction. Similarly, mutation of V28, L31, L32 (H1 helix),
or L63 (ARM1) in Interface II of Vac8 markedly or completely
disrupted the Vac8—tVacl7 interaction. These results were further
corroborated by isothermal titration calorimetry (ITC) analysis
(Fig. 2D and SI Appendix, Table S2). Halo-tVacl7 bound to
Vac8 with a K, of 2.53 pM, but no meaningful interaction was
observed when an amino acid residue (L31 or N234) critical for
the Vac8—Vacl7 association was mutated. A similar result was
obtained when both 1336 and F339 in Interface II of Vacl7

were mutated.

The Interaction Interfaces of Vac8-Vac17 Are Crucial for Vacuole
Inheritance In Viveo. To investigate whether Interfaces I and II of
the Vac8—Vacl7 complex are critical for vacuole inheritance in vivo,
wild-type or mutant yeast cells were grown in the presence of FM
4-64, a lipophilic, fluorescent dye that selectively stains vacuoles,
and vacuole segregation into daughter cells during cell divisions was
analyzed. While most wild-type daughter cells successfully inherited
vacuoles from their mother cells during cell divisions, daughter cells
lacking Vac8 failed to receive vacuoles, as previously reported (5)

(Fig. 34 and SI Appendix, Fig. S3A). Consistent with the results of
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Fig. 1. Mapping the interaction between Vac8 and Vac17. (A) Schematic diagrams show the domain structures of S. cerevisiae Vac8 and Vac17. SDS-PAGE (Left
below) shows the result of Hisg-tag pull-down assays to characterize the Vac8-binding region of Vac17. His-SMT3-fused Vac17 was mixed with full-length Vac8
proteins (see Materials and Methods for details). The relative quantification data (n = 3) of the pull-down assays using the T7 fragment as a reference are shown
below. The series of Vac17 constructs (T1 to T11) used in the experiments are shown with bars (Right below). Constructs colored yellow bind to Vac8, while
constructs colored black do not, according to pull-down experiments. Based on the results, we crystallized tVac8 comprising residues 10 to 515 in complex
with tVac7 (residues 290 to 344). (B) Analysis of the direct interactions between Vac8 and Vac17 by SEC. The chromatograms show the behavior of Vac8 (full
length 1 to 578 and lacking the H1 helix), Halo-tVac17, and a mixture of the two. The standard molecular masses are shown above the chromatograms to
indicate the relative molecular masses of samples (ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 44 kDa; carbonic anhydrase, 29 kDa;

and ribonuclease A, 13.7 kDa).

in vitro binding experiments and I'TC analysis (Fig. 2 C and D),
severe defects in vacuole inheritance were observed in yeast cells
bearing the Vac8(L31R) or Vac8(N234R) mutant (Fig. 3A).
Similarly, mutant daughter cells expressing Vac17(L336R/F339R),
which had no detectable affinity for Vac8 (Fig. 2D), exhibited

strong defects in vacuole inheritance comparable with vacl7A

PNAS 2023 Vol.120 No.18 2211501120

cells (Fig. 3B). Consistent with the previous finding that a Vacl7
mutant defective for Vac8 binding is more resistant than wild-type
Vacl7 to Dmal-mediated ubiquitinylation followed by proteasomal
degradation (20, 22), the expression level of Vac17(L336R/F339R)
was markedly higher than that of wild-type Vacl7 (S Appendix,
Fig. S3 B and (). These results clearly show that the binding
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Fig.2. Crystalstructure of the tVac8-tVac17 complex. (A) Crystal structure of yeast tVac8 (yellow) in complex with tVac17 (green). The structure was determined
by molecular replacement using tVac8 as a search model (PDB ID: 5XJG) and refined to 2.1 A resolution. See Materials and Methods for details of the crystallographic
analysis. (B) Close-up view of the interfaces of the tVac8-tVac17 complex. In Interface |, the tVac17 peptide is drawn as a ball-and-stick representation in green,
with oxygen and nitrogen atoms colored red and blue, respectively. Vac8 residues involved in the interaction with Vac17 are shown in yellow. In Interface II, the
Hc helix of Vac17 (green) mainly makes hydrophobic contact with the H1 helix (brown) and ARM1 helices (yellow). Black dashed lines indicate intermolecular
hydrogen bonds. (C) The role of Vac8 residues in the interaction with tVac17 was assessed through GST pull-down experiments using point mutants. (D) ITC
titration curves for binding of Halo-tVac17 to wild-type or mutant Vac8. The Upper panel shows primary data. The Lower panel shows data fitted to binding

isotherms in order to calculate affinities.

interfaces between Vac8 and Vacl7 predicted by the tVac8—tVacl7
crystal structure (Fig. 2 A and B) and confirmed by in vitro binding
assays (Fig. 2 C'and D) are critical for vacuole inheritance in vivo.
Consistently, our coimmunoprecipitation experiments revealed
that the mutant Vacl7 (L336R/F339R) did not interact with
Vac8, although its expression was markedly higher than that of
wild-type Vacl7 (Fig. 3C). Likewise, nearly no interaction was
observed between wild-type Vacl7 and mutant Vac8 (L31R) or
Vac8 (N234R) (81 Appendix, Fig. S3D).

40f 10 https://doi.org/10.1073/pnas.2211501120

Structural Comparison of the Vac8-Vac17 Complex and the
Vac8-Nvj1 and Vac8-Atg13 Complexes. Structure comparison
analysis revealed that the overall structure of the tVac8—tVacl7
complex closely resembles that of the tVac8—Nvjl and tVac8—
Atgl3 complexes, but the binding mode of Vacl7 to tVac8 is
remarkably different from that of Nvjl and Atgl3. The sequences
of Nvj1 and Atgl3 important for Vac8 binding do not form any
secondary structure, such as o-helices (87 Appendix, Fig. S2A).
In the Vac8-Atgl3 complex, Atgl3 forms a long extended loop
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Fig. 3. Disruption of the interaction between Vac8 and Vac17 markedly
impairs vacuole inheritance. (A) Interaction sites of Vac8 in Interfaces | and Il
are important for vacuole inheritance. Vacuoles of yeast strains expressing
wild-type or mutant Vac8 were cultured with FM 4-64 in YPD medium at 30 °C
for 30 min. After removing free dye, cells were resuspended in fresh YPD
medium and further grown at 30 °C for 3 h. FM 4-64 fluorescence on vacuoles
was observed by fluorescence microscopy. Representative images from each
cell type are shown (Right), and the bar graph shows the quantification of
vacuole inheritance (Left). More than 100 cells per strain were examined in
each experiment. Data represent the means + SEM (error bar; n = 3). (Scale bar:
5 pm). (B) The interaction site of Vac17 in Interface Il is important for vacuole
inheritance. Experiments were performed as described in Fig. 3A. Yeast cells
expressing wild-type or mutant Vac17 were used. Representative images
from each cell type are shown (Right) and the graph shows quantification of
vacuole inheritance (Left). More than 100 cells per strain were examined in
each experiment. Data represent the means + SEM (error bar; n = 3). (Scale
bar: 5 pm). (C) The L336R/F339R mutation largely abolishes the interaction
between Vac8 and Vac17. Yeast spheroplasts were detergent-solubilized, and
detergent-insoluble material was removed by centrifugation. The resulting
postcentrifugation supernatants were precleared by incubation with protein
A Sepharose and treated with anti-myc antibodies or control mouse IgG.
Protein A Sepharose was then added, and bound proteins were eluted with
SDS sample buffer for Sodium Dodecyl Sulfate (SDS)-PolyAcrylamide Gel
Electrophoresis (PAGE) analysis followed by immunoblotting using anti-myc
and anti-Vac8 antibodies.

comprising residues 660 to 685 and this loop tightly binds across
the inner groove generated by the central ARM repeats (ARM2—
ARM10) of Vac8, thereby generating a buried surface area (BSA)
of 1781 A? (Fig. 4A4). Likewise, residues 292 to 321 of Nvj1 adopt
an elongated loop structure and extensively contact the apposed
groove generated by ARM1-ARM11 of Vac8, producing a BSA
of 2227.1 A*. However, tVacl7 (residues 290 to 344) forms two
helices (Hy and H¢) in distant regions from each other (Interfaces
I and II) (SI Appendix, Figs. S2A and S4). The extended loop
structure of tVacl7 binds exclusively to ARM4—-ARM7 of Vacs8,
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and the disordered region following the loop seems too flexible to
interact with Vac8 (Figs. 24 and 44). The interactions mediated
by ARM4-ARMY7 of Vac8 are similar among Vacl7, Nvjl,
and Atgl3, despite their low sequence similarity (S/ Appendix,
Fig. S2A). In these contact regions, the main-chain atoms of
Vacl7, Nvjl, and Atgl3 are mostly recognized by the conserved
side chains of Vac8 (81 Appendix, Fig. S2B). Although ARM2—
ARMS3 of Vac8 also contribute to its interactions with Nvj1 and
Atgl3, the region of Vacl7 close to ARM2-ARM3 seems to be
disordered (SI Appendix, Figs. S2B and S5A). Thus, structural
flexibility may explain why no interaction with Vac8 was observed
in this region of Vacl7. However, this flexibility may allow the
H¢ helix to properly associate with ARM1 in Interface II (Figs. 2
A and B and 44 and SI Appendix, Fig. S54). The reduced area
of Vacl7 that contacts the central ARMs of Vac8, compared
with those of Nvjl and Atgl3, also explains the weaker binding
affinity of Vac17 (2.53 pM) for Vac8 compared with that of Nvjl
(0.71 pM) and Atgl3 (0.60 pM) (Fig. 44).

As shown in SI Appendix, Fig. S6 and a recent study (23), vac-
uole segregation is followed by nuclear inheritance during cell
divisions in budding yeast. Interestingly, vacuole segregation
occurred independently of preformed NVJs in mother cells. In
the vast majority of mother cells, NV]Js were maintained through-
out cell division. Thus, the Vac8—Vacl7 interaction for vacuole
inheritance during cell division did not seem to affect preformed
NVJs. To provide a molecular premise for this phenomenon, we
examined whether Vacl7 could replace Nvjl in preformed Vac8—
Nvjl complexes to form the Vac8—Vacl7 complex by ITC
(Fig. 4B). The relatively low affinity of Vacl7 for Vac8 (K, =
2.53 pM, Fig. 44) may explain, at least in part, why an increase
in Vacl7 expression in early mitosis (6, 20) does not markedly
affect the integrity of preformed NVJs. In accordance with this
idea, no detectable binding was observed when Halo-tagged
tVacl7 was added to preformed Vac8—Nvj1**?*' complexes
(Fig. 4B). Consistently, Nvj1 had a much lower aflinity for Vac8—
tVacl7 complexes (K; = 10.0 pM) than for free Vac8 (K, =
0.71 pM) (Fig. 4B), suggesting that Vac8 bound to Vac17 during
vacuole inheritance can participate in NV] formation by interact-
ing with Nvj1 only after it dissociates from Vacl7 although it is
unlikely that Nvjl and Vacl7 compete for Vac8 in vivo because
the endogenous expression of Vac8 was reported to be approxi-
mately an order of magnitude higher than that of its main binding
partners (24).

Vac17 Clamps the H1 Helix and ARM1 of Vac8 and Thereby Blocks
Vac8 Dimerization. Our previous studies (8, 9) reported that the
HI helix of Vac8 plays a critical role in Vac8 self-association.
The structures of the Vac8—Nvjl and Vac8-Atgl3 complexes also
revealed that the H1 helix is flexibly connected to ARM1 via nine
amino acid residues (residues 37 to 45). Thus, dynamic organization
of the H1 helix may regulate Vac8 self-association through ARM1,
which provides the interface for Vac8 dimerization. Indeed, the
crystal structure of the Vac8—Nvjl complex showed that the H1
helix is released from ARM1 and exposed to solvent. By contrast,
the H1 helix directly contacts the ARMI helices in the structure
of the Vac8-Atg13 complex (Fig. 54 and S/ Appendix, Fig. S5).
The H helix of Vacl7 in Interface II associates with the ARM1
helices and H1 helix simultaneously (Figs. 24 and 5A4). This tight
interaction seems to prevent the H1 helix from being separated
from ARMI1, which blocks exposure of the interface for Vac8
dimerization (Fig. 5 4 and B).

Structure comparison analysis (Fig. 5B) also revealed that the
organization of the four helices (the H2 and H3 helices from
ARMI of Vac8, the H1 helix of Vac8, and the H. helix of Vac17)
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Fig. 4. Structural comparison of the Vac8-Vac17, Vac-Atg13, and Vac8-Nvj1 complexes. (A) Surface representations of the Vac8-Vac17, Vac8-Atg13 (PDB ID:
6KBM), and Vac8-Nvj1 (PDB ID: 5XJG) complexes are displayed in the same orientation. ARM domains of Vac8 involved in the interactions with its binding partners
are highlighted in yellow and the BSAs generated by the associations were calculated. Vac17, Atg13, and Nvj1 are colored green, cyan, and pink, respectively.
(B) Competitive binding assays using ITC. Halo-tVac17 was titrated into Vac8-Atg13°*"-%° or Vac8-Nvj1?2°?" complexes, and Atg13°*"-%° and Nvj12%°=2" were
titrated into Vac8-tVac17 complexes. The schematic diagrams below show the proteins used in the sample cell and syringe for experiments.

in the Vac8-Vac17 complex highly resembles that of the H2 and
H3 helices from ARM1 of one Vac8 molecule and the H2" and
H3’ helices from ARM1 of the other Vac8 molecule in a Vac8
homodimer in the structure of the Vac8-Nvjl complex. The
organization of the four helices in the Vac8—Vacl7 complex is as
if the H2" and H3’ helices of one Vac8 molecule in the Vac8-Nvjl
tetramer are replaced by the H1 helix of Vac8 and the H, helix
of Vac17 (Fig. 5B, compare Interface II of the Vac8—Vacl7 com-
plex with the dimeric interface of the Vac8-Nvjl complex). This
explains how the four-helix bundle structure forms and stabilizes
in Interface II of the Vac8—Vacl7 complex. Thus, the Vac8—Vacl7
complex cannot form a heterotetramer, unlike the Vac8-Nvjl and
Vac8-Atgl3 complexes. This conclusion is well supported by our
SEC experiment (Fig. 1B and S/ Appendix, Fig. S1).

To test whether the H helix is indeed required for interaction
between the H1 helix and ARM1 of Vac8, we performed in vitro
binding assays (Fig. 5C). In the absence of any his¢-tagged pro-
tein, only nonspecific binding was observed (Fig. 5C, lane 1).
In the presence of his¢-tagged tVac17, the H1 helix (GST-Vac8'™?)
interacted with Vac8*°"® (lane 2). By contrast, neither his,-
tagged Nvjl nor hiss-tagged Atgl3 induced binding of the H1
helix to Vac8'"® (lanes 3 and 4). The his;-tagged

tVacl7-mediated interaction between the H1 helix and Vac8*>"®
seems to depend on the He helix because the H1 helix bearing
a mutation that disrupts binding of the H helix (9) did not
associate with Vac8 even in the presence of hiss-tagged tVacl7
(lane 5). These data strongly suggest that the H helix of Vacl7
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is crucial for the stable association of the H1 helix with ARM1
of Vac8. In addition, because Vac8 dimerization is critical for its
interactions with Nvjl and Atgl3 (8, 9), these results correlate
well with the observation that the affinity of Vac8—tVacl7 for
Atgl3 or Nvjl was about 14 to 15 times lower than that of free
Vac8 for Atg13 or Nvjl, respectively (Fig. 4). Finally, to examine
whether the Vac17—Vac8 interaction affects Vac8 dimerization
in vivo, we performed coimmunoprecipitation experiments
using yeast cells expressing both GFP-conjugated Vac8 and
myc-tagged Vac8. Vac8-myc coprecipitated with Vac8-EGFP,
indicative of Vac8 dimerization (Fig. 5D). Overexpression of
myc-tagged Vacl7 in these cells markedly reduced the amount
of Vac8-myc that coprecipitated with Vac8-EGFD, suggesting
that the Vacl7-Vac8 interaction blocks Vac8 dimerization.
Consistently, overexpression of Vacl7-myc lowered the level of

the Vac8-Nvjl complex (8] Appendix, Fig. S7).

Discussion

ARM proteins are evolutionarily conserved from yeast to humans,
although their cellular roles have become different and diverse
during evolution. Even though the cellular processes in which
ARM proteins participate markedly differ between yeast and
humans (e.g., yeast Vac8 vs. human f-catenin), their ability to
interact with diverse proteins has not changed during evolution.
It remains a long-standing mystery how ARM proteins spatiotem-
porally interact with their binding partners to perform diverse
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Fig. 5. Vac17 is required for the interaction between the H1 helix and ARM1 of Vac8. (A) Structural comparison highlighting the H1 helix and ARM1 of Vac8 in
the Vac8-Vac17 (Left), Vac8-Nvj1 (Middle), and Vac8-Atg13 (Right) complexes. The color scheme is the same as in Fig. 4A. (B) Surface representations show the
crystal structures of the Vac8-Vac17, Vac8-Nvj1 (PDB ID: 5XJG), and Vac8 (AH1)-Atg13 (PDB ID: 6KBN) complexes in the crystallographic asymmetric unit. Previous
studies (8, 9) revealed that Vac8 bound to Nvj1 or Atg13 self-associates through ARM1 (highlighted by black boxes). The diagram compares the organization of
ARM1 helices at the twofold dimeric interface of Vac8. Arrows indicate the direction of the helix axis. In the Vac8-Vac17 complex, the geometry of the Hc helix
of Vac17 and the H1 helix of Vac8 highly resembles that of the H2" and H3’ helices of ARM1 from the Vac8 counter molecule in the structure of the Vac8-Nvj1
complex. (C) Pull-down experiments show that Vac17 is required for the interaction between the H1 helix and ARM1 of Vac8. The supernatants of E. coli cells
coexpressing GST-Vac8 (residues 1 to 39) and Vac8 (residues 40 to 578) with his,-tagged tVac17, Nvj122°3", or Atg13°%7%% were incubated with 10 pL Ni-NTA
agarose beads. Proteins were analyzed by 12% SDS-PAGE and Coomassie blue staining (see Materials and Methods for experimental details). The red asterisk
indicates GST-Vac8'° (H1 helix) bound to the Vac8 armadillo repeat domain in the presence of tVac17. (D) Vac8-Vac17 interaction blocks Vac8 dimerization.
Yeast spheroplasts were prepared from vac8A VACT7 yeast cells expressing both Vac8-myc and Vac8-EGFP with or without Vac17-myc overexpression from the
GPD1 promoter (see S/ Appendix, Table S3 for details of the yeast strains used). After detergent solubilization of the spheroplasts, detergent-insoluble material
was removed by centrifugation. The resulting postcentrifugation supernatants were precleared by incubation with protein A Sepharose and treated with anti-
myc antibodies or control mouse IgG. Protein A Sepharose was then added, and bound proteins were eluted with SDS sample buffer for SDS-PAGE analysis
followed by immunoblotting using anti-myc and anti-GFP antibodies.

cellular functions, some of which are completely unrelated. Vac8,
a vacuolar protein present in the budding yeast S. cerevisiae, one
of the simplest eukaryotic organisms, provides a facile tool to
investigate how ARM proteins participate in diverse cellular events
by changing their binding partners.

How does Vac8 participate in NV] formation and vacuole
inheritance simultaneously during mitosis in vivo? Nvj1-GFP
largely localized to NVJs in wild-type cells but dispersed along

PNAS 2023 Vol.120 No.18 2211501120

the nuclear envelope in vac8A cells (SI Appendix, Fig. S8), con-
sistent with previous studies (8, 10), suggesting that the vast
majority of Nvjl is involved in NV]J formation. By contrast,
Vac8-GFP was distributed all over the vacuolar membrane,
although GFP signals were stronger at NVJs (10), implying that
a considerable amount of free Vac8 molecules is present on the
vacuolar membrane and thus available for Vac17 binding. Indeed,
Vac8 was reported to be present in one order of magnitude in
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excess of its main binding partners in vivo (24). Therefore, pre-
formed Vac8-Nvjl complexes can be preserved while vacuole
inheritance is under way mediated by Vac8—Vacl7-Myo2 com-
plexes during mitosis. Consistently, live imaging of yeast cells
undergoing mitosis (S/ Appendix, Fig. S6) revealed that the por-
tions of the vacuole that did not participate in NV]s in a mother
cell started to segregate into an emerging bud as small vesicles.
Upon arrival of fragmented vacuoles at the daughter cell, Vac17
is rapidly degraded by a well-known mechanism (20), which may
further accumulate free Vac8 in the vacuole of the daughter cell.
In the meantime, the nuclear membrane was elongated and seg-
regated into the daughter cell, and free Vac8 in vacuoles of the
daughter cell became available again for binding of Nvj1 from the
segregated nuclear membrane to form a new NVJ in the daughter
cell.

Cvt is a biosynthetic pathway that constitutively delivers cyto-
plasmic Apel to the lumen of vacuoles for its activation by vacu-
olar proteases; however, nutrient starvation further stimulates the
transport of cytoplasmic Apel to vacuoles by rapidly increasing
the availability of the machinery that Cvt and autophagy share.
As shown in SI Appendix, Fig. S9, vacuole inheritance was not
affected by nitrogen starvation, which markedly enhanced vacu-
olar transport of Apel-EGFD, suggesting that Vac8 and Vacl7
can interact normally even when Atgl3 actively associates with
Vac8 for elevated Cvt. These results are consistent with our ITC
data (Fig. 4): Atgl3 had a much lower affinity for Vac8—tVacl7
complexes (K; = 9.02 pM) than that for free Vac8 (K = 0.60 pM).
In addition, Vacl7 had nearly no affinity for Vac8-Atgl3 com-
plexes. Furthermore, Vacl7 is degraded immediately after vacuole
inheritance is completed because it contains a PEST sequence, a
signal for rapid protein degradation (20), whereas Vac8 exists in
excess of Vacl7 (24). Thus, the steady-state level of Vacl7 is
unlikely to be high enough to hinder Vac8-mediated Cvt.

A Working Model of How Vac8 Coordinates Three Distinct Cellular
Processes. Based on the data presented in this study, together with
those reported in our previous studies regarding the structures of
the Vac8-Nvjl and Vac8-Atgl3 complexes (8, 9), we propose
a working model in which Vac8 mediates three distinct cellular
processes by changing its binding partners (Fig. 6). Upon binding
of Nvj1 or Atgl3 to Vac8, the H1 helix is released from ARM1
and the interaction interface for Vac8 dimerization is exposed.
Then, the Vac8-Nvjl or Vac8-Atgl3 complex self-associates to
form a heterotetramer, which in turn mediates NVJ formation
or initiates Cvt, respectively. When Vac8 binds to Vacl7, the H¢
helix of Vacl7 simultaneously interacts with both the H1 helix
and part of ARMI, bringing them into close proximity and
thereby preventing exposure of the interaction interface for Vac8
dimerization. This enables Vac8—Vacl7 complexes to form and
stably perform their functions even though the affinity of Vac17 for
Vac8 is much lower than those of Nvj1 and Atgl3. The resulting
heterodimeric Vac8—Vacl7 complexes are recruited to actin cables
through the interaction between Myo2 and Vacl7, and vacuoles
are transported to emerging daughter cells during mitosis. Once
the Vac8—Vacl7 complex has formed, Nvj1 and Atgl3 are unlikely
to disrupt it because their affinities for preformed Vac8—Vacl7
complexes are 14 to 15-fold lower than those for free Vac8 (Fig. 4).
Finally, as previously reported (24), Vac8 exists in excess of to its
main binding partners, which makes it unlikely that Vac17, Nvjl,
and Atgl3 compete for binding to Vac8 in vivo.

Vac8 belongs to a family of ARM proteins that contain several
42-amino acid repeat domains and are homologous to Drosophila
armadillo protein. Although ARM proteins of higher eukaryotic
organisms mediate cellular processes that completely differ from
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Fig. 6. A working model of how Vac8 mediates vacuole inheritance in
comparison with the Cvt and PMN pathways. This study, together with our
previous studies (8, 9), offers a working model of how the single ARM protein
Vac8 regulates three distinct cellular processes, namely, formation of NVJs
(which is a prerequisite for PMN), Cvt, and vacuole inheritance. In the presence
of Nvj1 or Atg13, Vac8 dimerizes to form a serpent column-like or arch-shaped
heterotetramer, respectively. Using different quaternary structures, Vac8 may
perform two distinct functions (formation of NVJs and Cvt). However, in the
presence of Vac17, Vac8 fails to dimerize because binding of Vac17 clamps the
H1 helix and ARM1, masking the interaction interface for Vac8 dimerization.
The Vac8-Vac17 heterodimer interacts with Myo2, which in turn moves along
actin cables for vacuole transport during mitosis.

those mediated by Vac8 in budding yeast, they have retained their
mode of action during evolution. Specifically, they provide a bind-
ing platform for diverse proteins. In higher organisms, ARM pro-
teins play critical roles in cell adhesion, signal transduction,
regulation of mitochondrial functions, and even tumorigenesis.
Several human ARM proteins, such as ARMC1-10, ARMC12,
and ARMCX1-6, have recently received increasing attention
because they are highly conserved in mammals and implicated to
function in various human diseases (25). Despite this increasing
attention, it remains poorly understood how these proteins can
change their binding partners to mediate various cellular functions
at the atomic level, mainly due to a lack of high-resolution struc-
tures of protein complexes containing these proteins and their
binding partners. The current study and our previous studies (8,
9) revealed three distinct structures of Vac8 depending on its bind-
ing partner (Vacl7, Nvj1, or Atgl3). Vac8 forms a heterotetramer
when its binds to Nvjl or Atgl3, and binding of Nvjl or Atgl3
to Vac8 seems to induce Vac8 dimerization (8, 9). Strikingly, the
overall structure of the Vac8-Nvjl heterotetramer differs from
that of the Vac8-Atgl3 heterotetramer. Specifically, the Vac8—
Nvjl heterotetramer forms an arch-shaped structure, whereas the
Vac8-Atgl3 heterotetramer has an extended helical structure.
Even more surprisingly, this study found that Vac8—Vacl7 exists
as a heterodimer. One of the modes of action by which Vac8
regulates various cellular processes is via formation of distinct
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quaternary structures depending on its binding partner. It would
be very intriguing if future studies reveal that ARM proteins also
adopt this strategy in higher eukaryotic cells.

Vacuole inheritance seems to be well coordinated with cell cycle
progression. Thus, it is reasonable to assume that the interactions of
Vac8 with various binding partners are also governed by cell cycle
regulators. These include cyclin-dependent kinases and their corre-
sponding phosphatases, which mediate phosphorylation and
dephosphorylation in a cell cycle-dependent manner, respectively.
Ptcl, a type 2C protein phosphatase, is reportedly required to main-
tain the steady-state level of vacuole-specific receptors, such as Vac8,
as well as that of Vac17. Vac8 contains two potential phosphorylation
sites in the N-terminal region; therefore, we investigated whether
mutations of these residues affect vacuole inheritance. No defect in
vacuole inheritance was observed when the phosphorylation site was
replaced by alanine (phosphorylation defective) or aspartate (phos-
phorylation mimetic) (S Appendix, Fig. S10), although these muta-
tions significantly affect NVJ formation (87 Appendix, Fig. S11) and
Cvt (8, 9). These results suggest that another phosphorylation site
in Vac8 is regulated by cell cycle—dependent signaling or that Vacl7
is the major target for cell cycle-dependent regulation of vacuole
inheritance as suggested previously (22).

Materials and Methods

Cloning, Protein Expression, and Purification. Vac8, Atg13, and Nvj1 proteins
were prepared as described previously (8, 9). ForVac17 proteins, DNAfragments
encoding Vac17 were amplified by PCR using S. cerevisiae genomic DNA and
cloned into the pET28b-SMT3 vector. For coexpression of tVac8 and tVac17, the
recombinant plasmids pGEX-6P-1-tVac8 and pET28b-SMT3-tVac17 were both
transformed into BL21 (DE3) Escherichia coli cells. Cells were grown in LB medium
at 37 °C until optical density at 600 nm (ODy,) reached 0.6 and protein expres-
sionwas induced by addition of 0.35 mM isopropyl p-D-1-thiogalactopyranoside
at 18 °C for 18 h. The proteins were purified by Ni**-chelated HiTrap column
chromatography (GE Healthcare, Chicago, IL, USA). The His,-SUMO and GST tags
were cleaved by addition of UlpT and PreScission proteases at ratios of 1:500 and
1:200 (w/v), respectively. The proteins were further purified by SEC (Superdex 200
column, GE Healthcare) in buffer A(25 mM Tris-HCI pH 7.5, 150 mM NaCl, and
5 mM DTT). All mutants were generated by PCR-based mutagenesis, confirmed
by DNA sequencing, and purified as described above.

Crystallization and Structure Determination. The tVac8-tVac17 complex was
concentrated to 10 mg/mL using Amicon centrifugal filter units (MERCK, USA).
This complex was crystallized using the hanging-drop vapor diffusion method
at 4 °C by mixing 1 pL protein solution with 1 pL reservoir buffer comprising
25% (w/v) SOKALAN cp42, 100 mM Tris-HCI pH 8.5, and 100 mM sarcosine. The
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crystals were harvested in a solution comprising well solution plus 30% (v/v)
glycerol and flash frozen in liquid nitrogen. Diffraction data were collected on
the 5C beamline of the Pohang Accelerator Laboratory at an X-ray wavelength
of 0.9919 A. Data were processed with the HKL2000 program (26). The crystal
structure was determined by molecular replacement with this program, using the
coordinates of Vac8 (PDB ID: 5XJG) as a search model (8). Following rigid-body
and positional refinement of the model with the phaser (PHENIX), the complete
sequence of tVac17 (residues 290 to 308 and residues 330 to 344) could be
positioned into residual electron density. Structures were built using Coot (27)
and refined with PHENIX (28). The final model was refined to R/R;, values of
0.1875/0.2233. Crystallographic data are summarized in S/ Appendlix, Table S1.

Accession Numbers. The coordinates and crystallographic structure factors for
the Vac8-Vac17 complex have been deposited in the Protein Data Bank (PDB)
under the accession code 7YCJ.

Yeast Strains and Vacuole Staining with FM 4-64. The yeast strains used in
this study are listed in S/ Appendix, Table S3.Vacuoles of yeast cells were labeled
with FM 4-64 as previously described (29) with minor modifications. Cells were
inoculated in 5 mLYPD medium (10 g/Lyeast extract, 20 g/L peptone, and 20 g/L
dextrose) and grown overnight at 30 °C with mild shaking. Thereafter, cells were
diluted to an 0D, of 0.3 in fresh YPD medium, mixed with FM 4-64 (Molecular
Probes) at a final concentration of 1 uM, and grown at 30 °C with mild shaking.
After 30 min, cells were harvested by centrifugation (3,000 x g) at room temper-
ature for 1 min, resuspended in fresh medium, and further grown for 3 h at 30 °C.
Finally, cells were harvested by centrifugation (3,000 x g) at room temperature
for 1 min, resuspended in PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,,
and 1.47 mM KH,PO,, pH 7.4), and analyzed using a fluorescence microscope
(Nikon Eclipse Ti-U) equipped with a Nikon Plan Apo 100x, 1.45/NA oil immer-
sion objective. Following expression of GFP-conjugated Nvj1, NVJs were analyzed
under a fluorescence microscope as described above.
Additional methods are described in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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