L T

/

D\

L)

Check for
updates

Mechanistic insight into the nucleus—vacuole junction
based on the Vac8p—-Nvj1p crystal structure

Hanbin Jeong®®", Jumi Park®', Hye-In Kim™", Miriam Lee®, Young-Joon Ko<, Sanghwa Lee™?, Youngsoo Jun®<?,

and Changwook Lee®?2

?Department of Biological Sciences, School of Life Sciences, Ulsan National Institute of Science and Technology, 50 UNIST-gil, Ulsan 44919, Republic of
Korea; Cell Logistics Research Center, Gwangju Institute of Science and Technology, Gwangju 61005, Republic of Korea; “School of Life Sciences, Gwangju
Institute of Science and Technology, Gwangju 61005, Republic of Korea; and “Advanced Photonics Research Institute, Gwangju Institute of Science and

Technology, Gwangju 61005, Republic of Korea

Edited by James H. Hurley, University of California, Berkeley, CA, and accepted by Editorial Board Member Pietro De Camilli April 27, 2017 (received for review

January 19, 2017)

Formation of the nucleus-vacuole junction (NVJ) is mediated by
direct interaction between the vacuolar protein Vac8p and the
outer nuclear endoplasmic reticulum membrane protein Nvj1p.
Herein we report the crystal structure of Vac8p bound to Nvj1p
at 2.4-A resolution. Vac8p comprises a flexibly connected
N-terminal H1 helix followed by 12 armadillo repeats (ARMs) that
form a right-handed superhelical structure. The extended 80-A-long
loop of Nvjip specifically binds the highly conserved inner
groove formed from ARM1-12 of Vac8p. Disruption of the
Nvj1p-Vac8p interaction results in the loss of tight NVJs, which im-
pairs piecemeal microautophagy of the nucleus in Saccharomyces
cerevisiae. Vac8p cationic triad (Arg276, Arg317, and Arg359) motifs
interacting with Nvj1p are also critical to the recognition of Atg13p,
a key component of the cytoplasm-to-vacuole targeting (CVT) path-
way, indicating competitive binding to Vac8p. Indeed, mutation of
the cationic triad abolishes CVT of Ape1p in vivo. Combined with
biochemical data, the crystal structure reveals a Vac8p homodimer
formed from ARM1, and this self-association, likely regulated by
the flexible H1 helix and the C terminus of Nvj1p, is critical for
Vac8p cellular functions.
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Membrane contact sites (MCSs) between subcellular com-
partments play pivotal roles in cellular processes such as
cooperative lipid biosynthesis, ion homeostasis, and interorganellar
trafficking of molecules in eukaryotic cells (1-3). MCSs are phys-
ically formed through dynamic and direct interactions between
proteins that are located in two distinct subcompartments. The
nucleus-vacuole junction (NVJ), one of the best-characterized
MCSs, is a physical contact site between perinuclear and vacuo-
lar membranes and mediates essential cellular processes such as
piecemeal microautophagy of the nucleus (PMN) and lipid bio-
synthesis in yeast (4, 5). PMN is a selective autophagic recycling
process stimulated by carbon or nitrogen starvation through the
target of rapamycin signaling pathway in Saccharomyces cerevisiae.
Upon nutrient starvation, the region of the nucleus in the vicinity of
NVJs invaginates into the vacuolar lumen and forms a bleb-like
structure, which is released as a vesicle and eventually degraded by
vacuolar hydrolases (5, 6). Because PMN occurs at the NV sites,
their formation is essential for the initiation of the PMN process
(7). N\VJs are also involved in lipid metabolism by recruiting the
two lipid-modifying enzymes, oxystereol-binding proteins ho-
mology (Oshlp) involved in nonvesicular lipid trafficking and the
enoyl-CoA reductase Tsc13p that mediates the synthesis of very-
long-chain fatty acids (8-11).

Previous studies revealed that NVJs are generated by forming
tight interactions between Vac8p, a vacuolar membrane protein,
and Nvjlp, a nuclear membrane protein (12). Vac8p was initially
found as a key player in vacuole inheritance by cooperating with
Vacl7p, actin, profilin, and Myo2p (13). In addition, Vac8p has
a crucial role in mediating the processing of aminopeptidase I

www.pnas.org/cgi/doi/10.1073/pnas.1701030114

through interaction with Atgl3p in the cytoplasm-to-vacuole
targeting (CVT) pathway during this selective autophagy (13,
14). Sequence analyses of Vac8p predicted several armadillo
repeat (ARM) domains, each consisting of 40 residues that fold
into three characteristic short helices tandemly organized into a
superhelical structure that serves as a protein-binding platform
for interaction with other physiologically relevant molecules (15).
Whereas Vac8p is involved in various processes by providing a
protein—protein interaction module in the vacuole, Nvjlp is found
exclusively in the circumscribed area of NVJs at the nuclear
membrane (4, 10, 12, 16). It has been suggested that Nvjlp acts as
a scaffold to physically and functionally connect NVJs to lipid
metabolism by interacting with both Vac8p and Tsc13p or Osh1p.

Despite the biological importance of the Vac8p—Nvjlp inter-
action for the formation of NVJs and the PMN process, the
underlying mechanism by which Vac8p recognizes Nvjlp and
exactly how the complex is organized to form NVJs and carry
out PMN remain largely unknown. In this study, we determined
the 2.4-A resolution crystal structure of Vac8p bound to Nvjlp.
Together with biochemical analyses and in vivo functional studies
using the budding yeast S. cerevisiae, the structure provides fun-
damental insight into the structural and multifunctional roles of
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Vac8p in the formation of NVJs and physiological processes such
as PMN and CVT pathways at the molecular level.

Results

Vac8p Directly Interacts with Nvjip. Vac8p is composed of 578
residues and is predicted to have several ARM repeats spread
across the whole sequence (Fig. 14 and Fig. S1). The N-terminal
residues (1-10) are modified by lipidation in the form of myr-
istoylation and palmitoylation and are anchored into vacuolar
lipid bilayers (13), whereas the remaining regions are localized to
the cytosol. Nvj1p comprises 321 amino acids and is a typical type
I membrane protein consisting of a single transmembrane do-
main that passes through the nucleus and endoplasmic reticulum
(ER) membranes in this case, whereas the C terminus is local-
ized to the cytosol (Fig. 14). Previous studies using yeast two-
hybrid analysis and coimmunoprecipitation revealed that the
C-terminal domain (residues 281-321) of Nvjlp that is exposed
to the cytosol binds to Vac8p (12). To further examine whether
this interaction is direct, we prepared full-length recombinant
Vac8p and truncated Nvjlp comprising residues 229-321 (sub-
sequently referred to as tNvjlp) by overexpression and purifi-
cation using Escherichia coli and analyzed their binding using
size-exclusion chromatography (SEC). Fig. 1B shows that puri-
fied Vac8p directly interacts with purified tNvjlp, because the
Vac8p-tNvjlp complex was eluted from the gel-filtration column
at a volume corresponding to the molecular size of the expected
heterodimer. Furthermore, we used isothermal titration calo-
rimetry (ITC) to measure the binding affinity between the two
proteins, and the results showed that Vac8p bound to tNvjlp with
a Ky value of 0.71 uM (Fig. 1C). Both SEC and ITC indicated that
Vac8p binds to Nvjlp in a 1:1 molar ratio.

Crystal Structure of the Vac8p-Nvjip Complex. To gain structural
insight into the recognition of Nvjlp by Vac8p we crystallized the
Vac8p-Nvjlp complex. Attempts to obtain crystals from full-
length Vac8p were unsuccessful, but we were instead able to
crystallize a truncated version (residues 10-515, referred to as
tVac8p) in complex with the Vac8p-binding domain of Nvjlp
comprising residues 229-321 (referred to as tNvjlp). The N- and
C-terminal truncated variant of Vac8p showed reduced but still
substantial binding affinity for tNvjlp, suggesting that the trun-
cation did not profoundly affect the overall structure and func-
tion of Vac8p (Fig. 1C). Crystals of the tVac8p—tNvjlp complex

belong to the P2, space group and diffracted to a maximum of
2.4-A resolution using synchrotron radiation. The structure was
determined by single-wavelength dispersion (SAD) using Se-Met
derivatized crystals, and the final model was refined with native
data to 2.4-A resolution (Fig. S24). X-ray crystallographic data
and refinement statistics are listed in Table S1.

Fig. 2 A and B show the overall structure of the tVac8p-tNvjlp
complex. Crystals contained two tVac8p-tNvjlp complexes
arranged by twofold internal symmetry in the asymmetric unit
(Fig. 2C). No structural differences were found between the two
complexes, which had an rmsd of 0.8 A for all Ca atoms. Each
complex consists of one tVac8p and one tNvjlp (1:1 stoichiom-
etry), consistent with the biochemical results (Fig. 1 B and C).
Overall, the tVac8p-tNvjlp complex resembles a serpent column
in which tNvjlp represents the axis and tVac8p represents the
snake. tVac8p has an all a-helical topology with an elongated
superhelical structure of 40 x 50 x 120 A in size. The two
structural elements consisting of (i) the N-terminal amphipathic
helix spanning residues 19-33 (referred to as helix H1 through-
out) and (ii) the central core domain of 12 ARM repeats (resi-
dues 41-512) are organized into a right-handed superhelical
structure. This is a common structural feature in most ARM-
containing proteins such as p-catenin and importin a (Fig. 24)
(15). Notably, the ARM repeats start from residue 41, and the
two structural elements are connected with flexible loops com-
prising residues 34-40 that are disordered in the crystal struc-
ture. The truncated tVac8p construct used for crystallization
ends at residue 515, which might remove part of H2 and all of
H3 of the last of the ARM repeats (ARM12). Indeed, H2 and
H3 of ARM12 were vulnerable to proteolytic degradation using
limited proteolysis (Fig. S2B). The C-terminal region (residues
533-578) of Vac8p was also sensitive to digestion by trypsin,
suggesting that this region is structurally disordered. Interest-
ingly, the N-terminal amphipathic helix H1 from a neighboring
tVac8p molecule in the crystal lattice occupies the ARMI12
H3 position and may play a similar role to the H3 helix in ARM
repeats (Fig. S2 C and D).

The 30-amino acid tNvjlp forms an extended straight struc-
ture. Even though the construct used for crystallography starts at
residue 229, only residues bound to Vac8p were clearly visible in
the electron density, and residues 229-291 are disordered.

A 1 41 532 578 122 73 125 195 229 292 321
Vac8p | \ Armadillo repeat 1-12 [ | Nitp [l [ v
| Signal  Tsc13p Oship
tVacsp ! peptide binding binding
10 515 ) P

VacBpaH1 = » Ll L ]

A19-33 binding
Fig. 1. Vac8p directly interacts with Nvj1p. (A) Sche-
] ‘ matic diagram showing the domain structure of yeast
B C OTIszO ("TD] Ojflrré%.(m_ld'no) ) OT”“E%(”‘:‘(; Vac8p‘(Left). and Nvj1p (Right) truncation constructs
o 001 a7 00l = vl used in this study. TM, transmembrane domain.
mAU 440 158 75 44 13.7 E ] { 01 (B) Analysis of the direct interaction between Vac8p
= R F K g 0.2 44 ! and Nvj1p by SEC. Full-length Vac8p (residues 1-578),
80 Vac8p's 520] 0.0 e 20—} Vac8p'>*2 (residues 1-532), tNvjlp (residues 229
VacBp's® E 4 —321), Vac8p-tNvj1p, Vac8p'~>*2-tNvj1p, and the
60 = tNvj1p _§ 0] . 80| . 40, tVac8p-tNvj1p complex were injected on a Superdex
= VacBp'® + tNvj1p [thn'p]—: [Va—cép] [tNv{1p] : [Vac8p=] [INW] 200 colurr.m equilibrated with buffer containing
0 = Vac8p's* + tNvj1p [Syringe] : [Cell] 25 mM Tris-HCl, 150 mM Nacl, and 5 mM DTT (pH
= tVac8p + tNvj1p 7.5). The molecular masses of the standards are in-
3 aH S dicated above the chromatogram curves to indicate
20 (uM) N (cal mol") (cal mol” deg”) the relative molecular masses of the samples. (C) ITC
[Vac8p] 0.71 0.876+0.013 -4411+91.28 -13.3 measurements for tNvj1p binding to full-length
ok - [VacBp's?] 0.73 0.889+0.009 -9638+161.2 -4.25 Vac8p, Vac8p' %2, and truncated tVac8p. Thermody-
0 50 65 80 95 110 [tVac8p] 4.52 1.05:0.0206 -4318+129.5 9.97 namic parameters measured by ITC experiments are

Elution volume (ml)
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tabulated below the thermograms.
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Interfaces Between tVac8p and tNvjlp. The extended tNvjlp loop
of 80 A in length binds to tVac8p via the highly conserved inner
groove formed by all H3 helices from the 12 ARM repeats (Fig. 2
A and B). tNvj1p runs through tVac8p in an antiparallel fashion,
and ~2,300 A” of surface area is buried within the complex. The
two tNvjlp fragments bound to tVac8p in the asymmetric unit
could be superimposed precisely with an rmsd of 0.4 A for all
30 Co atoms, suggesting that the tVac8p-tNvjlp complex is
mediated by specific interactions rather than random recogni-
tion. We divided the contact sites into three main regions (in-
terface I-III) ordered from the N to the C terminus of tNvjlp
(Fig. 34 and Fig. S3).

In interface I, residues 292-301 of tNvj1p adopt a thunderbolt-
like structure containing two sharp bends. Residues 293-297 run
antiparallel to the axis of the H3 helices of ARM10 and ARM11.
Residues 297-300 form a loop that binds perpendicular to the
H3 helices of ARMS8-10, followed by residues 301 and 302 that
run antiparallel to the axis of helix H3 of ARMS. The main chain
atoms of Leu293, 11e295, and GIn296 are recognized by the side
chains of Arg447 and Asn443 of tVac8p through intermolecular
H-bonds, and two hydrophobic residues (Ile295 and Val297) of
tNvjlp make nonpolar contacts with hydrophobic side chains
Trp486, Ala442, His482, and 11e483 of tVac8p (Fig. 34 and
Fig. S3).

In interface II (residues 302-310) and interface III (residues
311-321), tNvjlp forms straighter p-strand-like structures. A
slight bend formed from Thr311 and Glu312 of tNvjlp at the
boundary between interfaces II and III facilitates the tight and
extended interactions with the inner groove of tVac8p. The nine-
residue loop in interface II runs through ARMS5-9 of tVac8p in a
diagonal direction relative to the axes of the H3 helices and
makes extensive contacts with H3 helices from the tVac8p re-
peats. In interface I (residues 311-321), the main chain atoms
of tNvjlp residues 313-317 form hydrogen bonds with the side
chains of Asn193, His196, and Asn152 from the H3 helices of
ARM2 to ARM7 of tVac8p. Additionally, tNvjlp Arg320 forms
a salt bridge with tVac8p Glu141 (Fig. 34 and Fig. S3). There are
also hydrophobic contacts in interfaces II and III. Particularly,
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(90~100%)

Fig. 2. Overall structure of the tVac8p-tNvjlp
complex. (A) Cartoon representation showing the
overall structure of tVac8p bound to tNvj1p. tVac8p
comprises two structural elements that contain an
N-terminal H1 helix and 12 ARM domains. The ex-
tended loop of tNvj1p (magenta) binds in an anti-
parallel manner to the inner groove generated by the
12 ARMs of Vac8p. The three helices characterizing
each ARM are shown in a different color. The crystal
structure was determined by Se-SAD phasing and
refined with native data to 2.4-A resolution. (B) Sur-
face representation of tVac8p based on the degree of
sequence conservation from nine Vac8p orthologs
generated using the Consurf website (consurf.tau.ac.
il) (34). tNvj1p bound to tVac8p is shown in stick
representation. The F, — F. difference electron den-
sity map (magenta, contoured at 3c) was calculated
in the absence of tNvj1p at 2.4-A resolution. (C) Rib-
bon diagram showing two copies of the tVac8p-
tNvjlp complex in the asymmetric unit. The two
tVac8p molecules are colored cyan and gray, and
tNvj1p molecules are colored magenta and red.

Ala307 and Val309 of tNvjlp make hydrophobic interactions
with Val237 of tVac8p in interface II. Finally, the aromatic
residues Phe319 and Tyr321 of tNvjlp make hydrophobic con-
tacts with Cys149, Vall14, Ala107, Ala72, and Leu69 of tVac8p.

To verify whether the residues involved in the tVac8p-tNvjlp
interactions in the crystal are important in solution, we made a
series of N-terminally hexa-histidine-tagged mutants of tNvjlp
and tested their ability to interact with GST-tVac8p using histi-
dine tag pull-down assays. Fig. 3B shows that the binding affinity
of 1295R, K301E, and A307R of tNvjlp for tVac8p was reduced
between two- and threefold compared with the native protein.
More surprisingly, the F319E single mutant lost almost all ability
to interact with tVac8p. Finally, the triple substitution mutant
(I295R, A307R, and F319E, referred to as tNvjlp-triple) lost all
ability to interact with tVac8p.

Disruption of the Vac8p—Nvj1p Interface Damages NVJ Formation and
PMN in Vivo. Next, we used S. cerevisiae to examine the functional
relevance of the interaction interfaces between Vac8p and Nvjlp
in vivo. Because Vac8p—Nvjlp interactions are largely responsi-
ble for the formation of NVJs that rely on the tight apposition of
a region of the nuclear envelope with the vacuolar membrane,
Nvjlp is enriched in the contact region between the nucleus and
the vacuole in wild-type yeast cells (12). Consistent with this,
when EGFP-conjugated wild-type Nvjlp was expressed in nvjlA
yeast (see Table S2), nearly all Nvjlp-EGFP proteins were lo-
calized to normal NVJs (Fig. 3C). By contrast, when Nvjlp-
EGFP (F319E), which has a reduced affinity for Vac8p, was
expressed, the mutant Nvjlp became dispersed almost evenly
along the entire outer nuclear membrane region (Fig. 3C and Fig.
S4A4). Similarly, Nvjlp-EGFP (triple), which has no affinity for
Vac8p, was also distributed over the nuclear envelope, instead of
being confined to NVJs (Fig. 3C and Fig. S44). Furthermore,
substitution of wild-type Nvjlp with the triple mutant seemed to
result in the loosening of the tight apposition between the nucleus
and the vacuole.

NVIJs are involved in various cellular functions including me-
diating PMN, a distinct form of nuclear microautophagy in budding

PNAS | Published online May 22, 2017 | E4541
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Fig. 3. Binding interface between tVac8p and
tNvj1p. (A) Schematic diagram showing the tVac8p
(blue)-tNvj1p (black line) binding interface (see Fig.
S3 for more details). Red and blue dotted lines in-
dicate hydrophobic contacts and intermolecular hy-
drogen bonds, respectively. tVac8p residue labels are
boxed. (B) Pull-down experiment demonstrating the
direct tVac8p-tNvj1p interaction in solution. The wild
type and mutant of his-tagged tNvj1p were coex-
pressed with GST-tVac8p and immobilized on Ni-NTA
resin. Proteins were analyzed by 15% SDS/PAGE and
Coomassie blue staining. The asterisk indicates the
residues included in the triple mutant. (C) The Nvj1p
mutants, Nvj1p-F319E and Nvj1p-triple, do not sup-
port the formation of a tight junction between the
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nucleus and the vacuole. Cells expressing wild-type
Nvj1p-EGFP, Nvj1p-EGFP (F319E), or Nvj1p-EGFP (tri-
ple) were labeled with FM4/64, a vacuole-specific li-
pophilic dye, in YPD media for 2 h at 30 °C. After free
dye was removed, cells were resuspended in fresh
media and allowed to grow for 2 h at 30 °C. GFP
fluorescence for wild-type or mutant Nvj1p was then
analyzed by fluorescence microscopy. Representative
images from each cell type are shown. (Magnification:
100x.) (D) PMN was largely impaired in cells express-
ing Nvj1p-F319E or Nvjlp-triple. Experiments were
carried out as in C except for treatment with 0.2 pM
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yeast (5). Upon nutrient depletion or rapamycin treatment NVJs
proliferate and subsequently undergo engulfment into the lumen
of the vacuole, leading to the eventual degradation of the
engulfed nuclear membranes (6). To test whether the interaction
interfaces between Vac8p and Nvjlp revealed by our tVac8p—
tNvjlp crystal structure are also critical for mediating PMN,
yeast cells expressing EGFP-conjugated wild-type Nvjlp or mu-
tant Nvjlp were subjected to rapamycin treatment, and PMN-
mediated engulfment of Nvjlp-EGFP into the vacuole was an-
alyzed by fluorescence microscopy. As shown in Fig. 3D, PMN
blebs or vesicles were readily observed in the vacuoles of pep4A
yeast cells (in which vacuolar proteases are inactivated and
thereby prevented from degrading PMN vesicles in the vacuole)
expressing wild-type Nvjlp. By contrast, only a few cells expressing
Nvjlp-EGFP (F319E) or Nvjlp-EGFP (triple) exhibited PMN
blebs or vesicles upon rapamycin treatment (Fig. 3D). Instead,
small nuclear fragments were often found in cells expressing
mutant Nvjlp (white arrows), suggesting that another type of
nucleophagy occurred independently of NVJ (17, 18). Taken
together, these in vivo results clearly demonstrate that the in-
teraction interfaces between Vac8p and Nvjlp revealed by the

E4542 | www.pnas.org/cgi/doi/10.1073/pnas.1701030114

F319E

rapamycin for 6 h to induce PMN. (Magnification:
100x.) GFP fluorescence for Nvjlp and red fluores-
cence for vacuoles were analyzed by fluorescence
microscopy. Representative images (Top) of each cell
type with or without rapamycin, and quantification
(Bottom) of cells with PMN blebs or PMN vesicles is
shown. The yeast strains lacked the major vacuolar
protease Pepdp to block the degradation of PMN
blebs or vesicles in the vacuolar lumen. White arrows
indicate nuclear membrane-derived fragments in the
vacuole. DIC, differential interference contrast.

Triple

crystal structure of the tVac8p—tNvjlp complex (Fig. 34) play a
critical role in NVJ formation and their cellular functions.

Competition Between Nvjip and Atg13p for Vac8p Binding. It was
previously shown that Vac8p interacts with Vacl7p and Atgl3p,
and these interactions play essential roles in vacuole inheritance
and the CVT pathway, respectively (13, 14). Additionally, p-catenin,
a structural homolog of Vac8p, shares the typical inner groove
formed from the ARM repeats that serves as an interacting
platform for their various binding partners (19). We therefore
wondered whether Vac8p would also share Nvjlp-binding regions
with Vacl7p or Atgl3p proteins. To test this, we prepared His-
tagged tNvjlp, Vacl7p (residues 290-380), and Atgl3p (residues
567-738) proteins and GST-fused tVac8p and the tVac8p triple
mutant (R276E, R317E, R359E, referred to as tVac8p-triple) by
coexpression in bacterial cells. According to our structure, a triad
of cationic residues (Arg276, Arg317, and Arg359) in the groove
of tVac8p seems to be critically involved in the recognition of
tNvjlp (Fig. 44). Fig. 4B shows the results of pull-down experi-
ments revealing interactions between wild-type tVac8p and
tNvjlp, Vacl7p, and Atgl3p, whereas the tVac8p-triple mutant
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did not interact with tNvjlp or Atgl3p. Interestingly, however,
the tVac8p-triple retained its ability to interact with Vacl7p.
Surprisingly, the pull-down data were consistent with the se-
quence conservation, because regions of Nvjlp involved in Vac8p
binding were found to be quite well aligned with those of Atgl3p,
but not strictly aligned with those of Vacl7p (Fig. 4C). Addi-
tionally, we found that Lam6p (residues 400-628) and Tco89p
(residues 401-600) specifically interact with tVac8p. These in-
teractions were not significantly affected by the tVac8p triple
mutation (Fig. S5). Taken together, these results suggest that
Atgl3p likely binds Vac8p in a similar manner to that shown for
the tVac8p—tNvjlp interaction, although additional contacts
might also occur between Vac8p and other binding partners in-
cluding Vacl7p, Lam6p, and Tco89p.

Next, we tested whether Nvjlp could compete with Atgl3p for
interaction with Vac8p using ITC experiments. Atgl3p was ti-
trated into Vac8p alone and also into the Vac8p—tNvjlp complex
prepared by coexpression. As shown in Fig. 4C, Vac8p alone
bound Atg13p with an affinity (K,) of 0.5 pM, whereas previously
liganded Vac8p was unable to further associate with Atgl3p.
Likewise, Vac8p already bound to Atgl3p was not able to interact
with tNvjlp, suggesting that Vac8p exclusively and competitively
interacts with its specific ligand. Competitive interaction of li-
gands to ARM-containing proteins has also been reported for
B-catenin (20-22), which interacts exclusively with E-cadherin,
Tcf-1, and APC in accordance with their molecular functions
through a positively charged inner groove formed from H3 ARM

relevance.
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Fig. 4. Nvj1p and Atg13p share a binding interface
of Vac8p. (A) Cartoon representation of the cationic
triad of tVac8p comprising R276, R317, and R359
that are involved in the interaction with tNvj1p.
Critical hydrogen bonds are indicated by dotted lines
between important residues shown in stick represen-
tation. (B) His-tag pull-down experiments revealing
tVac8p interactions with tNvj1p, Vac17p, and Atg13p
via the conserved cationic triad. Wild-type and triple
mutant (R276E/R317E/R359E) GST-tagged tVac8p
were coexpressed with his-tagged tNvj1p, Vac17p
(residues 290-380), and Atg13p (residues 567-738)
and immobilized on Ni-NTA resin. Copurified pro-
teins were separated by 15% SDS/PAGE and stained
with Coomassie blue. Quantitative data are shown
below the gel. (C) Sequence alignment of S. cerevisiae
Nvj1p (residues 284-321) and Atg13p (residues
631-670). The visible residues of Nvj1p in the structure
of tVac8p-tNvj1p is highlighted in yellow. The identi-
cal and similar residues between Nvjlp and Atg13p
sequences were indicated by bold font and red text,
respectively. The alignment suggests that the in-
teraction mode of Vac8p and Atg13p might resemble
that of Vac8p and Nvj1p. Upper black bars indicate the
relative surface area of Nvj1p buried by tVac8p-tNvj1p
complexation calculated using the PISA program (35).
The bottom figure shows ITC measurements of Vac8p
and binding partners Atg13p®%’~73® and tNvj1p.
Atg13p°%7® or tNvjlp was titrated into Vac8p
alone, the Vac8p-tNvjlp complex, and the Vac8p-
Atg13p°%’738 complex at 25 °C as indicated. The re-
sults suggest that Vac8p exclusively and competitively
binds to Nvj1p and Atg13p.

helices. Similarly, we suggest that Vac8p interacts exclusively with
Nvjlp or Atgl3p, in agreement with their known physiological

Mutation of Vac8p Cationic Residues Disrupts the CVT Pathway. To
examine whether the differential affinity of the Vac8p triple
mutant to Atgl3p and Vacl7p revealed by the in vitro binding
experiments is relevant to their in vivo functions, we attempted
to observe the CVT pathway of Apelp and vacuole inheritance
in budding yeast cells expressing wild-type or the mutant Vac8p.
Atgl3p is known to mediate the transport of cytoplasmic Apelp
to the vacuole lumen through the CVT pathway upon starvation
(14, 23). In yeast cells expressing wild-type Vac8p, Apelp-EGFP
was dispersed in the lumen of vacuoles upon starvation (Fig. 54),
suggesting that cytoplasmic Apelp-EGFP was transported to the
vacuole via the CVT pathway. By contrast, Ape1p-EGFP formed
punctate structures in the cytoplasm of yeast cells lacking Vac8p,
indicating a defective CVT pathway (Fig. 5 4 and B and Fig.
S4B). A similar result was obtained with yeast cells expressing
the Vac8p-triple (Fig. 5 4 and B and Fig. S4B), suggesting that the
triad of cationic residues (Arg276, Arg317, and Arg359) in the
groove of Vac8p are also critical for the in vivo interaction be-
tween Vac8p and Atgl3p, and thus for the CVT pathway.
Vacl7p interacts simultaneously with Vac8p and Myo2p, the
yeast class V myosin motor, and this trimeric complex moves the
vacuole to the bud, mediating vacuole inheritance during yeast
cell budding (24). To examine whether the Vac8p-triple mutant
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could support vacuole inheritance, yeast cells expressing wild-
type or mutant Vac8p were stained with the vacuole-specific
dye FM4/64 and analyzed for vacuole inheritance in newly
formed buds. As shown in Fig. S6, no obvious defect in vacuole
inheritance was observed in cells expressing the Vac8p-triple
mutant, consistent with the finding that Vac8p-triple retained
significant affinity for Vacl7p (Fig. 4B). However, Vac8p-triple
undoubtedly abolished the formation of NVIJ as shown in the
Nvjlp-triple mutant (Fig. 5C).

Vac8p Self-Associates Through ARM1. The crystal structure revealed
two tVac8p-tNvjlp complexes arranged via twofold rotation
symmetry into a four-helix bundle structure comprising H2 and
H3 of ARMI in the asymmetric unit (Fig. 64). The tVac8p
homo-dimeric interface buries 622 A? of surface area in the di-
meric tVac8p-tNvjlp complex and is mediated by van der Waals
contacts between H2 and H3 of ARMI. In particular, the side
chains of Ala51, Leu52, and Leu55 from H2 and Leu63, Ala70,
and Ile74 from H3 make hydrophobic contacts with the same
side chains of the opposing molecule in the homodimer. In ad-
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Fig. 5. Mutation of the cationic triad in Vac8p cau-
ses disruption of the NVJ and CVT pathway. (4) The
Vac8p-triple mutant fails to support cytoplasm-
to-vacuole transport of Apelp-EGFP upon starva-
tion. The vacuoles of wild-type, vac8A, and vac8-
triple mutant cells expressing Apelp-EGFP were
labeled with FM4/64 in YPD media for 2 h at 30 °C.
After free dye was removed, cells were resuspended
in nitrogen starvation medium (SD-N) and allowed to
grow for 2 h at 30 °C. GFP signals for Ape1p and FM4/
64 signal in vacuoles were then analyzed by fluores-
cence microscopy. Representative images from each
cell type are shown. (Magnification: 100x.) (B) Graph
showing quantitative data for cytoplasmic and vacuo-
lar Ape1p-EGFP obtained as described in A. (C) The
Vac8p-triple mutant does not support the formation
of a tight junction between the nucleus and the
vacuole. Experiments were performed as in A with-
out starvation, and GFP fluorescence for Nvj1p was
analyzed by fluorescence microscopy. (Magnifica-
tion: 100x.) DIC, differential interference contrast.

dition to hydrophobic interactions, Ser66 and Glu73 make hy-
drogen bonds with Thr54 and Gly47 from the opposing molecule,
respectively (Fig. 6B).

At first, we assumed that the self-association of tVac8p might
be an artifact of crystal contacts and not a biologically relevant
interface because the Vac8p-tNvjlp complex migrated as an ap-
parent heterodimer rather than a heterotetramer in gel-filtration
chromatography (Fig. 1B). However, the following biochemical
data strongly indicated the possibility that Vac8p self-associated in
solution. First, the flexibly connected H1 helix was not vulnerable
to proteases such as subtilisin or trypsin, and if Vac8p complexed
Nvjlp as a monomer this would likely not be the case. However, a
dimeric form of Vac8p would likely restrict access of proteases
through steric hindrance, as shown in the crystal structure (Fig.
2C). Second, truncated Vac8p (residues 40-515, referred to as
Vac8p*0—> 15) that included only the ARM repeats formed a tight
heterotetramer based on both gel-filtration chromatography and
analytical ultracentrifugation (Fig. 6 C and D). Surprisingly, the
single mutation AS1R or L55R interfered with the dimer interface
to the extent that the mutant forms of Vac8p**—'> were unable to
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Fig. 6. The first ARM of tVac8p mediates self-association of Vac8p. (A) Cartoon representation of the tVac8p-tNvj1p complex in the crystal asymmetric unit.
Two copies of the tVac8p-tNvj1p heterodimer are organized via twofold symmetry, forming a four-helix bundle from ARM1. The black box highlights the
orientation of helices from ARM1 repeats in the tVac8p homo-dimeric interface, and black arrows indicate the direction of the helices. (B) Close-up view of
the four-helix bundle in the tVac8p homo-dimeric interface (Left). Blue dotted lines indicate intermolecular H-bonds. (Right) A schematic helical wheel
showing the organization of the four helices that form the twofold interface. Blue and red dashed lines indicate hydrogen bonds and hydrophobic contacts,
respectively. (C) SEC profiles of Vac8p*®~>'-tNvj1p, Vac8p?0->15 (A5TR or LSSR_tNyj1p, and Vac8p®®~—>"5-tNvj1p23'8-32! complexes. The results reveal the be-
havior of wild-type Vac8p and its variants in solution. Experiments were performed as shown in Fig. 1B. (D) Analytical ultracentrifugation measurement of the
molecular mass of wild-type and mutant Vac8p*°~>"> in complex with tNvj1p using the sedimentation equilibrium method. The upper panel shows the re-
siduals, and the results are summarized on the bottom. (E) Chromatograms comparing the SEC behaviors of Vac8pAH1-tNvj1p, Vac8pAH1 alone, and
Vac8pAH1(A51R or L55R)-tNvj1p. Proteins at three different concentrations (1, 2, and 6 mg/mL) were injected into a Superdex 200 column and analyzed as
shown in B. M.W., molecular weight.
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self-associate, suggesting that residues at the dimer interface are
important for self-association in solution (Fig. 6 C and D). Col-
lectively, the results strongly suggest that the Vac8p-Nvjlp com-
plex self-oligomerizes in solution into the assembly shown in the
crystal structure (Fig. 2C and Fig. 64), and this may be related to
the molecular function. This raises the question of why full-length
Vac8p complexed with tNvjlp eluted as a monomer in gel-
filtration chromatography. One explanation is that the flexibly
linked H1 helix might interact with H2 and H3 of ARM1 from
Vac8p to sterically mask the dimerization interface in solution.
Indeed, a fold-back mechanism operating through the interaction
between ARM repeats on the N- or C-term helices has been
previously proposed for p-catenin (25-27). To test this hypothesis,
we generated a truncated mutant lacking helix H1 (residues 19-33,
referred to as Vac8pAH1) for the otherwise full-length Vac8p.
Because the H1 helix is flexibly connected to ARMs by disor-
dered residues, we predicted that the removal of H1 would not
affect the overall structure of Vac8p. Surprisingly, we observed
that Vac8pAH1 complexed with tNvjlp to form a dimer in a
concentration-dependent manner. However, Vac8pAH1 mutants
with the AS1R or L55R mutation could not form a dimer at all,
suggesting that self-association of Vac8p might be regulated by
the H1 helix in the presence of tNvjlp (Fig. 6F).

Under appropriate cellular conditions, other (unknown) cellular
factor(s) might induce a conformational change of helix H1 that
causes it to dissociate from H2 and H3 of ARM1 to promote the self-
association of Vac8p through the exposed H2 and H3. Structural
analysis showed that the highly conserved final four residues (PFRY)
of Nvjlp are directly oriented away from the H2 and H3 helices of
tVac8p ARM1 (Fig. 7D). In particular, Tyr321 of tNvjlp forms an
H-bond with the conserved Glu76 of tVac8p and also forms hydro-
phobic contacts with conserved Leu69 and Ala72 of tVac8p. Re-
markably, we found that truncated Nvjlp lacking the last four
residues (tNvj1p”¥'¥32!) could still bind to Vac8p™>" but could
not induce the dimerization of Vac8p**~"* (Fig. 6 C and D). We
tested whether Nvjlp could affect the self—oli%omerization of
Vac8p by comparing Vac8p**>™ alone and Vac8p**>" complexed
with tNvjlp using gel-filtration chromatography. We expected
that Vac8p**>!> without tNvjlp may elute as a monomer if
Nvjlp served as a regulatory factor. However, partially consistent
with our expectations, Vac8p40‘515 alone was not soluble and
aggregated in solution and eventually eluted from the column in
the void volume. From this observation, we speculate that H2 and
H3 from ARM1 of Vac8p*®>' are highly disordered in the ab-
sence of Nvjlp and unable to form the four-helix bundle struc-
ture, which exposes the hydrophobic residues from H2 and H3,
culminating in aggregation. Consistently, VacSpAH1 was unable
to form a dimer at even a high concentration when not complexed
with Nvjlp (Fig. 6E). Taken together, our results led us to
propose that binding of Nvjlp organizes the H2 and H3 helices
of Vac8p and induces them to form a four-helix bundle struc-
ture when required, rather than directly initiating the self-
oligomerization of Vac8p (Fig. 7D).

Vac8p Dimerization Is Required for Normal NVJ Formation. Our in
vitro experiments (Fig. 6) strongly suggest that Vac8p forms a
dimer under the regulatory control of Nvjlp. To confirm whether
Vac8p dimerizes in vivo, EGFP-conjugated Vac8p and myc-
tagged Vac8p were coexpressed in yeast cells, and their inter-
actions were analyzed by coimmunoprecipitation. As shown in
Fig. 74, Vac8p-EGFP was coprecipitated with Vac8p-myc, sug-
gesting that Vac8p forms a homodimer in vivo. To examine
whether Vac8p dimerization is critical for its functions, in par-
ticular NVJ formation, Nvj1p-EGFP was expressed in wild-type
VACS yeast cells or vac8A cells expressing Vac8p(A51R) or
Vac8p(L55R). Whereas endogenous Vac8p supported the for-
mation of normal NVJs in wild-type VACS cells, Nvjlp-EGFP
fluorescence was dispersed over the entire nuclear membrane in
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Vac8p(A51R)- and Vac8p(L55R)-expressing cells (Fig. 7B and
Fig. S4C). Consistently, EGFP-conjugated Nvjlp**'®=32! a mu-
tant that cannot induce Vac8p dimerization, failed to form normal
NVIs (Fig. 7C). Thus, these data strongly suggest that Vac8p
homodimerization is critical for its function in NVJ formation.

Discussion

In this study we determined the crystal structure of the tVacS8p—
tNvjlp complex and established the protein organization mediating
NVJs at the molecular level. To obtain diffraction-quality crystals of
the Vac8p—Nvjlp complex we truncated both the N and C termini of
Vac8p. It is noteworthy that truncation of the C terminus of Vac8p
was critical to producing crystals because the flexibly connected
H1 helix of Vac8p was plausibly located in the H3 helix position of
ARM12 of neighboring molecules that stabilized lattice contacts and
crystal packing (Fig. S2 C and D). Indeed, the binding affinity of
tVac8p for tNvjlp was reduced by around eightfold compared with
the native protein. We assumed that the reduced affinity might be
because the truncated regions are somewhat involved in the Nvjlp
interaction, and/or because the truncations affected protein stability
by generating incomplete ARM repeats for ARMI2. Structural
analysis revealed that ARM12 itself is not directly associated with the
Nvjlp interaction. Interestingly, we found that the binding affinity (Ky
of 0.7 pM) between tNvjlp and Vac8p (residues 1-532), in which all
12 ARMs are intact, was almost comparable to that of tNvjlp and
full-length Vac8p based on ITC measurements (Fig. 1C). This sug-
gests that no additional binding energy would be gained from the
presence of the C terminus of Vac8p. Rather, the ARMI12
H3 truncation likely affects the stability of tVac8p. From this
observation, we suggest that the structural integrity resulting from
the correct formation of all 12 ARM repeats in Vac8p might be
important for protein stability and interaction with Nvjlp (13).

As expected, the overall architecture of the tVac8p—tNvjlp com-
plex resembles the p-catenin/E-cadherin complex (rmsd = 4.3 A) and
the importin o/Heh2 complex (rmsd = 2.4 A) and has similar
structural features, despite the low sequence similarity between them
(Fig. S7) (15, 28-30). First, the central domains of Vac8p and
fB-catenin are composed of 12 tandem ARM repeats that are orga-
nized into a right-handed superhelical structure. Second, Vac8p binds
Nvjlp in an antiparallel fashion, and p-catenin interacts with
E-cadherin, Tcf-1, and APC exclusively or partially in an antiparallel
manner. Third, the interacting partners of ARM domain proteins
adopt a mainly extended loop structure within the groove formed by
the ARM repeats. Additionally, client ligands compete for the same
ARM domain-mediated binding platform formed. Finally, the self-
interaction referred to as the fold-back mechanism that involves the
N- and C-terminal ARM repeats is present in both Vac8p and
f-catenin. Because these structural features may be common among
all ARM-containing proteins, we propose that the Vac8p-Nvjlp
complex might be evolutionarily conserved with B-catenin. Despite
the structural similarity, some unique features were apparent.
First, the binding affinity of the Vac8p-Nvjlp complex is weaker
than that between f-catenin and E-cadherin (22). Second,
whereas charged interactions are stronger in the p-catenin/
E-cadherin interface, the Vac8p-Nvjlp interface is formed from
both H-bonds and nonpolar contacts, and the charged buttons
shown in p-catenin are not conserved. Finally, self-association of
ARM domains is a unique feature of Vac8p. In summary, although
it has been reported that Vac8p and p-catenin do not share all
functions, they clearly share some biologically important features
in common, specifically the formation of a structural platform
through ARM repeats that can interact with other functional
molecules and that responds to cellular demands.

The self-association of Vac8p through a specific ARM repeat
was unexpected, and the functional implications of this self-
association in the working model of Vac8p require further
investigation (Fig. 7D). Our accumulated biochemical data
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Fig. 7. Vac8p forms a homo-dimer in vivo for NVJ formation. (A) Vac8p-EGFP coprecipitates with Vac8p-myc. Vacuoles isolated from BY4742 expressing both
Vac8p-EGFP and Vac8p-myc were detergent-solubilized and incubated with either anti-myc antibodies or control mouse IgG, or with either anti-GFP anti-
bodies or control rabbit IgG in the presence of protein A Sepharose. Protein A Sepharose-bound material was then analyzed by immunoblotting using the
indicated antibodies. The asterisk indicates degradation products of Vac8p-EGFP. All experiments were performed multiple times with similar results, and the
data shown are representative of all results. (B) Normal NVJs do not form in cells expressing the dimerization-defective mutant Vac8p(A51R) or Vac8p(L55R).
The experiment was carried out as described in Fig. 5C. (C) The Nvj1p mutant Nvj1p (A318-321) fails to support the formation of a tight junction between the
nucleus and the vacuole. The experiment was performed as Fig. 3C. (D) Schematic representation showing the putative working model of the self-association
of the Vac8p-Nvj1p complex regulated by both the H1 helix and Nvj1p. Unknown factors likely cause dissociation of the flexible H1 helix of Vac8p from the
ARM repeats, and binding of Nvj1p might induce the reorganization of helices H2 and H3 of ARM1 to form the four-helix bundle structure at the complex
interface. These conformational changes eventually establish a Vac8p-Nvj1p hetero-tetramer that could be functionally critical for NVJ formation and/or PMN
signaling. DIC, differential interference contrast; ER, endoplasmic reticulum; IB, immunoblotting; IP, immunoprecipitation.

suggest that the self-association of Vac8p is dependent on the
interaction with Nvjlp, indicating that the oligomerization of
Vac8p is associated with a particular function such as forming
NVIJs or PMN pathway signaling (Fig. 7 B-D). Future work
should therefore focus on other potential binding partners
such as Atg13p or Vacl7p that could drive the self-association
of Vac8p.

Recently, several proteins have been suggested to mediate nu-
clear-vacuolar junctions (31-33). Ltclp (also known as Lam6p),
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an ER integral membrane protein, is localized to NVIJ via its
binding to Vac8p (31, 33). Another integral ER membrane pro-
tein, Mdmlp, binds vacuolar phosphatidylinositol-3-phosphate
through its PX domain, forming NVJs (32). Although the mo-
lecular composition or architecture of NVJs formed by these
proteins remains unknown, their contribution to the formation of
a tight NVJ is likely to be limited because disruption of the Nvjlp—
Vac8p interaction largely impaired the tight apposition between
the nucleus and the vacuole (Fig. 3C, Nvjlp-triple). Thus, it is very
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likely that the NVJ mediated by Nvjlp-Vac8p constitutes the
main contact site between the two organelles whereas other NVJs
may play a complementary or even a redundant role.

In conclusion, this study provides insight into understanding
how Vac8p recognizes Nvjlp, and how the resulting protein
complex physically mediates this organelle contact site and
promotes the molecular events that occur at these specialized
intracellular zones.

Materials and Methods

Cloning. The full-length Vac8p gene was amplified by PCR using S. cerevisiae
genomic DNA and fused into the pGEX-6P-1 vector. DNA fragments
encoding S. cerevisiae Nvj1p and Atg13p were cloned into the pCDFDuet-
1 vector that had been modified previously to include a tobacco etch virus
(TEV) protease cleavage site before the first residues of Nvj1p and Atg13p.
Each plasmid was transformed into competent E. coli BL21 (DE3) cells, and
protein expression was induced with 0.4 mM isopropyl p-p-1-thio-
galactopyranoside when the cell density reached an Agoo value of 0.6. After
culturing for a further 18 h at 18 °C, cells were harvested by centrifugation
at 3,200 x g for 15 min at 4 °C. Cells expressing Vac8p were resuspended in
PBS, and cells expressing Nvj1p, Atg13p, or Vac8p-Nvj1p were resuspended
in buffer A (25 mM sodium phosphate, pH 7.8, 400 mM sodium chloride, and
10 mM imidazole).

Protein Production. Nvj1p and Atg13p were purified by Ni**-immobilized
metal affinity chromatography (Ni**-IMAC). Hiss-tags were removed by TEV
protease during dialysis against buffer B comprising 25 mM Tris-HCl, pH 7.5,
150 mM NacCl, and 5 mM B-mercaptoethanol (3-ME). After cleavage, reac-
tions were subjected to subtractive Ni**-IMAC to remove tags and un-
digested protein, followed by SEC with a Superdex 200 (16/600) column (GE
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Healthcare) preequilibrated with buffer C comprising 25 mM Tris-HCl, pH
7.5, 150 mM NacCl, and 5 mM DTT. Vac8p proteins were purified by GST
affinity chromatography, and the GST tag was removed using PreScission
protease. Proteins were further purified using ion-exchange chromatogra-
phy on a HiTrap Q HP column and gel-filtration chromatography on a Superdex
200 column.

For purification of the tVac8p-tNvjlp complex, plasmids encoding GST-
tagged tVac8p and Hisg-tagged tNvjlp were cotransformed and overex-
pressed in E. coli BL21 (DE3) cells. Proteins were purified by Ni?*-IMAC (GE
Healthcare), and tags were cleaved by TEV and PreScission protease, followed
by dialysis overnight against buffer B at 4 °C. Proteins were subsequently
subjected to subtractive Ni**-IMAC and GST affinity chromatography to
remove cleaved tags and then further purified using SEC with a Superdex
200 column (GE Healthcare) in buffer C.

Selenomethionine-labeled tVac8p—tNvjlp complex was expressed in
E. coli B834 (DE3) cells using M9 minimal media and purified using the same
procedure as described above for the native protein. All mutants used in this
study were generated by PCR-based site-directed mutagenesis. Mutations
were confirmed by DNA sequencing, and proteins were purified as described
previously.

Additional methods are described in S/ Materials and Methods.
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