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Many of the mechanisms by which organelles are inherited by spores during meiosis are not well understood. Dra-
matic chromosome motion and bouquet formation are evolutionarily conserved characteristics of meiotic chromosomes.
The budding yeast bouquet genes (NDJ1, MPS3, CSM4) mediate these movements via telomere attachment to the nuclear
envelope (NE). Here, we report that during meiosis the NE is in direct contact with vacuoles via nucleus-vacuole junc-
tions (NVJs). We show that in meiosis NVJs are assembled through the interaction of the outer NE-protein Nvj1 and the
vacuolar membrane protein Vac8. Notably, NVJs function as diffusion barriers that exclude the nuclear pore complexes,
the bouquet protein Mps3 and NE-tethered telomeres from the outer nuclear membrane and nuclear ER, resulting in
distorted NEs during early meiosis. An increase in NVJ area resulting from Nvj1-GFP overexpression produced a moder-
ate bouquet mutant-like phenotype in wild-type cells. NVJs, as the vacuolar contact sites of the nucleus, were found to
undergo scission alongside the NE during meiotic nuclear division. The zygotic NE and NVJs were partly segregated into
4 spores. Lastly, new NVJs were also revealed to be synthesized de novo to rejoin the zygotic NE with the newly synthe-
sized vacuoles in the mature spores. In conclusion, our results revealed that budding yeast nuclei and vacuoles exhibit
dynamic interorganelle interactions and different inheritance patterns in meiosis, and also suggested that nvj1A mutant
cells may be useful to resolve the technical challenges pertaining to the isolation of intact nuclei for the biochemical

study of meiotic nuclear proteins.

Introduction

Meiosis is critical for sexual reproduction as it reduces the chro-
mosomal complement to haploidy in preparation for fertilization.
Haploidization is achieved by a single round of premeiotic DNA
replication followed by various interactions (pairing, recombi-
nation, and synapsis) between homologous chromosomes dur-
ing meiotic prophase. An important feature of meiosis in many
organisms is that meiotic chromosomes undergo rapid prophase
movements (RPMs)."'? These chromosomal movements are
mediated by nuclear envelope attachment, the clustering of telo-
meres or centromeres, and physical linkage to the cytoskeleton in
the cytosol. The meiosis-specific telomere clustering on the NE
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defines the bouquet stage, so named for its resemblance to the
stems from a bouquet of cut flowers.**

In the budding yeast Saccharomyces cerevisiae, several bouquet
proteins mediate RPMs and bouquet formation, including the
meiosis-specific telomere-associated protein Ndjl/Tam1,"'¢ the
essential spindle pole body (SPB) component Mps3,” and the
tail-anchored endoplasmic reticulum (ER), and the outer nuclear
membrane (ONM) protein Csm4."* Mps3 is localized to the
SPB before the onset of premeiotic S-phase and then re-localizes
into the inner nuclear membrane (INM) to mediate telomere-NE
attachment during mid-prophase.*>”* Csm4 was originally iden-
tified as a critical protein for accurate chromosome segregation
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during meiosis.*?* Together, Csm4 and Mps3 link telomeres to
cytosolic actin bundles.>”® It is also notable that the budding
yeast NE is “flattened” along one side during meiotic prophase.”’

The vacuole is the most prominent organelle in the cytoplasm
of the budding yeast S. cerevisiae. It is also the final destination
of cytoplasmic proteins and organelles delivered via macro-
autophagy. These proteins or organelles are then degraded by
vacuolar proteases. The vacuole is also subjected to “piecemeal
microautophagy of the nucleus” (PMN), which degrades and
recycles portions of the nucleus without killing the cell. PMN
occurs at nucleus-vacuole junctions.” NV]Js are formed through
specific interactions between the ONM/ER protein Nvjl and
the vacuolar membrane protein Vac8, particularly during starva-
tion.?! Vac8 also has additional roles in protein targeting from
the cytoplasm to the vacuole and in vacuole inheritance.? NV]Js
function as diffusion barriers to exclude the nuclear pore complex
(NPC)*% and the vacuolar proton-ATPase (V-ATPase).*

Progress in biochemical studies on budding yeast meiosis
has been significantly impeded due to the high levels of vacu-
olar protease activity in the sporulating cells.?”?® These vacuolar
proteases (e.g., Pep4, Prbl, and Prcl) are highly induced upon
starvation and are essential for sporulation.”” Furthermore, it is
technically difficult to exclude vacuoles in efforts to isolate intact
meiotic nuclei.

Here, we applied genetic and live-cell imaging analyses to
reveal the behavior and functional impact of NV]Js on the NE
and vacuoles throughout sporulation. We report that in meio-
sis the NE is in direct contact with vacuoles via the NV]Js. We
showed that NVJs are assembled through the interaction of the
outer NE-protein Nvjl and the vacuolar membrane protein Vac8
in meiosis. NV]Js underwent scission alongside the NE during
meiotic nuclear division, and a portion of the zygotic NE and
NV]s were segregated into the 4 mature spores. We further sug-
gest that the presence of NV]s in meiotic cells can (at least partly)
account for the technical difficulties encountered in isolating
intact meiotic nuclei, and therefore 7y7IA mutant cells whose
nuclei are not physically associated with the vacuoles, may be use-
ful for the future biochemical study of meiotic nuclear proteins.

Results

Occurrence of NV]J during meiosis and sporulation

We performed live-cell imaging analyses to visualize NV]Js,
the NE and vacuoles with Nvjl-GFP, Nup49-tidmer2 (tdm2),
and Vma2-tdm2 using a DeltaVision high-resolution fluores-
cence microscope (Fig. 1). Vma2 is a component of the 8-sub-
unit V1 peripheral membrane domain of V-ATPase’® Nup49 is
an essential NPC subunit that is often used to mark the NE,
and tdm?2 is a monomeric variant of the red fluorescent protein
DsRed.?" GFP fused to Zipl, a meiosis-specific structural com-
ponent of the synaptonemal complex,** was used to monitor mei-
otic cells at early- and mid-prophase.” The addition of tdm2 or
GEFP to these yeast proteins did not result in any apparent defect
in sporulation efficiency, spore viability, or meiotic progression
(data not shown). All GFP and tdm?2 fusion proteins described
here were expressed from their native promoters at their normal
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chromosomal locations. An amphiphilic fluorescent dye, FM
4-64, was also applied here to visualize vacuolar membranes
in live meiotic cells that expressed Zipl-GFP, Nvjl-GFP, and
Nup49-tdm?2 (Fig. S1).

The heterozygous zygotes NVJI-GFPINV]I, ZIPI-GFP/
ZIP1, NUP49-TDM2|NUP49, and VMA2-TDM2]VMA2 were
incubated in a rich acetate-based medium (YPA) to temporarily
arrest them in G, phase and were then transferred into sporu-
lation medium (SPM) at 0 h to induce relatively synchronous
meiosis. We found that the Nvjl-GFP patch appeared at the
NVJsin G, (t = 0 h; Fig. 1A) and during meiotic prophase (t =
4 h; Fig. 1B). Notably, all the cells with Zip1-GFP also displayed
Nvjl-GFP, indicating that NV]s indeed exist during meiotic pro-
phase. Similar results were found in live meiotic prophase cells
NVJI-GFPINV]1, ZIPI-GFPIZIPI, NUP49-TDM2/NUP49,
and VMA2/VMA2 stained with the vital dye FM4-64 (Fig. S1)
except that only vacuolar membranes (Fig. S1) but not Vma2-
tdm?2 (Fig. 1A and B) were present in the NV]Js.

Next, 2 Nvjl-GFP patches with nearly identical fluorescent
intensities were detected at NV]Js in cells undergoing their first
nuclear division (MI) (Fig. 1C), suggesting that NV]s might
undergo scission alongside the NE during MI. The Nvjl-GFP
signals gradually diminished during the second nuclear division
(MII) (Fig. 1D). Lastly, after the completion of sporulation, the
tetrads of these heterozygous zygotes contained 2 mature spores
with 1 prominent Nvjl-GFP patch each, whereas the other 2
spores showed 1 much weaker Nvjl-GFP patch each (t = 8 h;
Fig. 1E). In contrast, the tetrads of the homozygous zygote NVJI-
GFPINVJI-GFP displayed 1 strong prominent NVJ1-GFP patch
per spore (see below). These results suggest that new Nvjl-GFP
proteins were also synthesized de novo in the NV/I-GFP spores
after MII (Fig. 1D) or during spore maturation (Fig. 1E).

We then performed quantitative imaging analysis to com-
pare the relative Nvjl-GFP fluorescent intensity in the 4 mature
spores of homozygous NVJI-GFP/NV]I-GFP tetrads and hetero-
zygous NVJI-GFP/NV]I tetrads (Fig. 2). For each tetrad, the
mature spore with the strongest Nvjl-GFP fluorescent signal was
set to “1” as an internal fluorescent intensity reference. The rela-
tive average Nvjl-GFD fluorescent intensity of the other 3 spores
in NVJI-GFP/NV]I-GFP homozygous tetrads (n = 20) was 0.86
+ 0.02, 0.74 + 0.03 and 0.62 + 0.03, respectively. In contrast,
the relative average of Nvjl-GFP fluorescent intensity in the
20 heterozygous NVJI-GFP/NV]I tetrads (n = 20) was 0.80 +
0.03, 0.32 = 0.04, and 0.29 + 0.02, respectively. Thus, in each
mature spore, one-third to one-half of the Nvjl directly derives
directly from the zygote.

We also visualized 2 SPB components (Mps3-GFP and
Spc29-CFP) along with Nup49-tdm2 and Vma2-tdm?2 using the
heterozygous zygotes MPS3-GFP/MPS3, SPC29-YFP/SPC29,
NUP49-TDM2/NUP49, and VMA2-TDM2/VMA2. Mps3-
GFP and Spc29-CFP were also expressed from their native pro-
moters at their normal chromosomal locations. Mps3-GFP and
Spc29-CFP colocalized at the SPB in G, phase (t = 0 h; Fig. 1F).
During meiotic prophase, Mps3-GFP relocalized to the NE,
whereas Spc29-CFP was retained at the SPB (t = 4 h; Fig. 1G).
Immediately before MI, the SPB underwent duplication and
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Figure 1. The vacuole is in contact with the NE via NVJs during meiosis and sporulation. Live-cell imaging analysis of the heterozygous zygotes NVJ1/
NVJ1-GFP, ZIP1-GFP/ZIP1, NUP49-TDM2/NUP49, and VMA2-TDM2/VMA2 (A-E) and the heterozygous zygotes MPS3-GFP/MPS3, SPC29-CFP/SPC29, NUP49-
TDM2/NUP49, and VMA2-TDM2/VMA?2 (F-J) at indicated sporulation time points. Z-section images were captured of 27 slices spaced at 0.3 um; a GFP
image was taken every 0.3 s. mCherry was taken every 0.8 s. Single and stacked Z-section images are shown. N, nucleus; V, vacuole; NVJ: nucleus-vacuole
junction. For 3D reconstruction, Z-section images were captured of 35 slices spaced at 0.2 wm. Mps3-YFP was taken every 1.5 s by GFP filter. Mps3-GFP
was taken every 1.5 s by CFP filter. Nup49-tdimer and Vma2-tdimer were taken in 0.5 s by mCherry filter. Scale bar: 1 pm.

Mps3-GFP was localized to the 2 newly formed SPBs (t =
5 h; Fig. 1H). After MI, the 2 newly formed nuclei moved in
the opposite directions on the exterior of the vacuole (t = 6 h;
Fig. 1I). Lastly, at MII, the 2 nuclei and the 2 SPBs proceeded to
undergo an additional round of duplication at the opposite poles
of the vacuole, respectively (t = 6 h; Fig. 1J).

NV]J behavior during meiotic nuclear division and
sporulation

We next applied the CellASIC ONIX microfluidic plates that
were optimized for time-lapse live-cell imaging analysis to visual-
ize NVJs after the heterozygous zygotes (NV/I-GFP/NV]I and
NUP49-TDM2/NUP49) were incubated in SPM for 5 h. A stack
of z-section images that covered the entire depth of the cell was
assembled every 15 min. All z-section images at each time point
were stacked and are presented side-by-side in Figure 3 and Figure
§2. The Nvj1-GFP patches indeed underwent scission during MI
(t = 6.5-7 h) and MII (t = 9.5-11 h). In addition, the Nvjl-GFP
patches that colocalized with the Nup49-tdm?2 signals gradually

www.landesbioscience.com

diminished during the MI-MII transition. Meanwhile, the Nvjl-
GFP signals also scattered in the zygote interior (t = 11.5 h).
There was some concern about the Nup49-tdm2 signals
observed here, because it was previously reported that chromo-
somes are not surrounded by the NE during telophase II or in
mature spores.> To clarify this point, we performed additional
live-cell imaging experiments. The results from these additional
experiments differed from those of the previous report.” First,
the chromosomes (visualized by DAPI staining) at telophase
IT were surrounded by Nup49-tdm2 and/or Nvjl-GFP, and
Nup49-tdm2 and Nvjl-GFP were also detected in the lume-
nal spaces (Fig. 4). Second, Nup49-tdm2 showed an even dis-
tribution throughout the 4 mature spores of the heterozygous
zygotes (NUP49-TDM2/NUP49 and FOBI-GFP/FOBI-GFP)
(Fig. 5A). Fobl is a nucleolar protein that is required for the
programmed replication fork block in the rDNA.** We also
showed that Nup49-tdm2 and Nup49-GFP were evenly dis-
tributed throughout the 4 mature spores of the heterozygous
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Figure 2. A portion of Nvj1 in the mature spores is directly derived from
the zygotes. (A) Strategy used for quantitative analysis of the relative
Nvj1-GFP fluorescent intensity in all 4 mature spores (a—d). The order
of Nvj1-GFP fluorescent intensity was a > b > ¢ > d, and the fluorescent
intensity of the spore “a” was set to 1. (B) Relative Nvj1-GFP fluorescent
intensity of all 4 mature spores. The data represent mean values + SEM
(error bars). n = 20.

zygote NUP49-TDM2/NUP49-GFP (Fig. 5B). Contrary to the
previous report,”® our data indicate that the NE was not only
eliminated (in part) into the ascus lumen but was also segregated
evenly into the 4 spores. These discrepancies are likely due to
the use of a different cytology method for monitoring NPCs
and the NE in the earlier report, i.e., by immunostaining of the
fixed meiotic cells with an antibody against Nspl, a NPC com-
ponent.” We inferred that the NPC became inaccessible to the
anti-Nspl antibody during or after MII due to the presence of
prospore membranes over the nuclear surfaces. Consistent with
this hypothesis, it was previously reported that the closure of the
prospore membranes begins at anaphase II (or before telophase
IT) and is completed in the mature spores.*3¢

Because N'VJs are the vacuolar contact sites of the NE, we
next monitored Vma2-tdm?2 and the vacuolar protease Pep4-YFP
in the mature tetrads by live-cell imaging. We found that in the
tetrads of PEP4-YFP/PEP4-YFP homozygous zygotes, Nup49-
tdm?2, Pep4-YFP, and Vma2-tdm?2 filled the entire lumen of the
ascus (Fig. S3). In addition, Pep4-YFP was enclosed inside the
vacuoles (Vma2-tdm?2) of the mature spores (Fig. S3A and S3B).
Moreover, the NE (Nup49-tdm?2) was in close contact with the
vacuole (Pep4-YFP) (Fig. S3C). In contrast, in the tetrads of
PEP4-YFP|PEP4 VMA2-TDM2/VMA2-TDM?2 heterozygous
zygotes, Pep4-YFP existed not only in the ascus lumen but also
exclusively in the vacuoles of 2 (not 4) mature spores (Fig. S3B).
These results are consistent with previous reports that zygotic
vacuolar materials are discharged into the ascus lumen and that
new vacuolar materials are regenerated inside the spores during

spore maturation.””

Notably, in the tetrads of NV/I-GFPINV]1 VMA2-TDM2/
VMA2 heterozygous zygotes, all 4 spores displayed Vma2-tdm?2

merge

Nup49-tdm2 Nvj1-GFP

Figure 3. Time-lapse, live-cell imaging of Nvj1-GFP and Nup49-tdm2 from mid-prophase to MIl. The NVJ1-GFP/NVJ1, NUP49-TDM2/NUP49 heterozygous
zygotes were transferred into SPM for 5 h, and then applied to a CellASIC ONIX microfluidic plate for time-lapsed live-cell imaging. For time-lapse imag-
ing analyses of single, equatorial planes, Z-section images were captured of 18 slices spaced at 0.4 ,.m; a GFP image was taken every 0.25 s. mCherry was
taken every 0.3 s. All z-section images at each time point were stacked and presented. Scale bar: 2 um. Representative images at 5 h, 5% h, 62 h, 63 h,
7 h, 8%2 h, and 9 h time points are shown. All 18 images are shown in Figure S2.
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signals (Fig. S4A). Thus, the Vma2-tdm2 proteins of the 2
VMA2 spores apparently came from the zygotic vacuoles. The
zygotic Vma2-tdm?2 likely segregated alongside the NE and chro-
mosomes and was then enclosed by the prospore membranes after
MIL.%3¢ In contrast, in the tetrads of NV/I-GFP/NV]I NUP49-
TDM2/NUP49 heterozygous zygotes, Nvjl-GFP existed in all 4
mature spores but the GFP signals were much stronger in 2 of the
4 spores (Fig. S4B).

In summary, our results indicated that the majority of the
zygotic NE, NVJs, and vacuolar materials are discharged into
spore lumens. However, a portion of the zygotic NE, NV]Js, and
vacuolar membranes is retained and segregated alongside the
chromosomes into the 4 mature spores. After the completion of
prospore membrane closure and/or during spore maturation, new
Nvjl proteins and vacuolar materials (e.g., Pep4) were also syn-
thesized de novo.

Nvjl and Vac8 mediate the formation of NVJs in meiotic
cells

The ONM/ER protein Nvjl and the vacuolar membrane
protein Vac8 form NVJs in haploid vegetative cells, particularly
during starvation.’ We therefore next examined the genetic
requirement of NVJs during meiosis. Thin-section transmis-
sion electron microscopy (TEM) was applied to visualize the
nuclei and vacuoles in P, . -cde5 (Fig. SSA-S5D), wild-type
(Fig. SSE-S5G), nyjIA (Fig. SSH and S5I) and vac8A (Fig.
S5J and S5K) zygotes. Ninety to 100 thin serial sections (each
75 nm in thickness) were cut and negatively stained. P, -cdc5 is
a diploid mutant whose sole CDC5 polo-like kinase gene is under
the control of the MCDI promoter. The P, . -cdc5 mutant dis-
plays a classical pachytene arrest phenotype.?” In the presence of
Vac8 and Nvjl, 3 layers of membrane (INM, ONM, and vacu-
ole membrane) were found at the NVJs (Fig. S5A-S5G; white

Figure 5. Distribution of Fob1-
GFP, Nup49-tdm2, and Nup49-
tdm2 in the mature tetrads of
indicated zygotes. The mature
spores were visualized by DIC
microscopy (top-left panel).
Z-section images were cap-
tured of 24 slices spaced at 0.3
pm; a GFP image was taken
every 0.6 s. mCherry was taken
every 0.3 s. Three representa-
tive Z-sections (i.e., plane 1-3)
and stacked Z-section images
(bottom panel) are shown.
Scale bar: 1 pm.
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DAPI

Figure 4. Distribution of chromosomes (DAPI), NVJs (Nvj1-GFP), and
NPC (Nup49-tdm?2) at telophase Il. Live-cell imaging of the DAPI-stained
NVJ1-GFP/NVJ1, NUP49-TDM2/NUP49 heterozygous zygote. The cell was
visualized by differential interference contrast (DIC) microscopy (top left
panel). Z-section images were captured of 33 slices spaced at 0.3 pum;
an FITC image was taken every 1 s. TRITC was taken every 1 s. DAPI was
taken every 0.05 s. Three representative Z-sections images (plane 1-3)
and stacked Z-section images (bottom panel) are shown. The 4 nuclei are
indicated with white arrows. Scale bar: 1 wm.
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Figure 6. NVJs exclude NPC, V-ATPase, and Mps3 during meiosis. (A and B) Nup49-GFP, Vma2-tdm2, and Nup49-tdm2 are excluded from NVCs.
(C) Sec61-GFP can be seen in the nuclear ER (including the NVC) and the cortical ER (indicated with white arrows). (D) In wild-type cells, Mps3-GFP
appears as patches in the nuclear envelope but is excluded from NVJs. (E) In nvj1A zygotes, Mps3-GFP could be seen over the entire nuclear envelope
(including NVC). For time-lapse imaging analyses of single, equatorial planes, 1 color image was taken every 0.33 s. For 3D reconstruction, Z-section
images were captured of 30 slices spaced at 0.2 wm, or 14 slices at 0.6 wm in 1 s. Scale bar: 1 um.

arrows), whereas only the INM and the ONM were observed in
the non-NV]J regions of the NE (Fig. S5A-S5G; yellow arrows).
In contrast, the NE was not in direct contact with the vacuoles
in the ny7IA zygote (Fig. SSH and S51) or the vac8A zygote (Fig.
S5J and S5K) during meiosis. Accordingly, to mark the distinc-
tion, in 7vjIA and vac8A, the contact sites between the nucleus
and vacuoles visualized by fluorescence microscopy are referred
to as the nucleus-vacuole contacts (N'VCs) rather than N'V]Js.

As was previously reported for vac8A haploid cells under star-
vation conditions,?® we also found that Nvjl-GFP failed to con-
centrate at the NVCs but, instead, encircled the entire NE of the
vac8A zygotes (Fig. S6, top panels). Together, our results indi-
cate that Nvjl and Vac8 mediate the formation of NV]Js during
meiosis. In contrast, Nvjl-GFP was recruited into the NVJs in
esm4A cells during sporulation (Fig. S6, bottom panels), indicat-
ing that the bouquet gene CSM4 is not required for the formation
of NV]Js.

Mps3 and telomere-led chromosomes are excluded from
NV]Js during meiotic prophase

The NPC and V-ATPase are excluded from NV]Js in starved
haploid cells.?% Here, we report that, although they were not
present at the NVJs, Nup49-GFP and Nup49-tdm?2 localized
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around the NE and Vma2-tdm?2 localized around the vacuolar
membranes in the wild-type zygotes (Fig. 6A and B). These
results readily explain why the NE (revealed by Nup49-GFP) is
distorted during meiotic prophase,”’ because the NV] is shaped
like a flat dish. We also showed that GFP fused to Sec61, an
essential component of the Sec61 polypeptide translocon com-
plex in the ER, was not excluded from the NVCs (Fig. 6C). The
Sec61-GFP protein was expressed from its native promoter by
using a 2 expression vector. The ER consists of a reticulum that
underlies the plasma membrane (cortical ER) and a reticulum
that is associated with the NE (nuclear ER).%° The nuclear ER is
continuous with the ONM. Sec61-GFP was found in both the
cortical and nuclear ER (Fig. 6C).

Our results also indicated that Mps3-GFP was preferentially
excluded from the NVJs in wild-type zygotes (Fig. 6D). In con-
trast, Mps3-GFP, like Nup49-tdm2, was detected all around
the NE in the nvjIA zygotes (Fig. 6E). In addition, the Mps3-
GFP dots underwent normal RPMs along the NE in the nyjIA
zygotes, as were observed in wild-type cells (Vids. S1-S4). We
conclude that the NV]s are responsible for the exclusion of Mps3,
the NPC and V-ATPase from NVCs in wild-type meiotic cells
but apparently do not affect RPMs.

Volume 10 Issue 2



We next assayed telomere clustering (bouquet formation) by
imaging of Rapl-GFP signals in a single zygote.” Nuclei that
were subjectively identified as bouquets showed a single promi-
nent Rapl-GFP/telomere cluster (Fig. 7A). Bouquet formation
frequency was slightly higher in the ny/IA zygotes (11.6%, n =
800) than in wild-type zygotes (9.9%, n = 800) (Fig. 7B). In
addition, we found no telomere cluster at NV]s in the wild-type
zygotes. In contrast, telomere clusters were found all around the
NE, including the NVCs, in the nyjIA zygotes (Fig. 7C). These
results indicate that NVJs, acting as a physical barrier for Mps3,
have a negative role in regulating NE-tethered chromosome
movement during meiotic prophase.

NV]Js are not essential for budding yeast meiosis or
sporulation

It was reported that the 7vj/A mutant is similar to the wild-
type with respect to vacuole number, vacuole inheritance, and
sporulation.” In contrast, because Vac8 has additional functions
in vacuole inheritance and protein targeting from the cytoplasm
to the vacuole,” the v2c8A mutant is defective in sporulation.
We found in the SK1 background, the wild-type zygotes resulted
in 70% tetrads, 23% triads, and 7% dyads. The vac8A zygotes
generated 7% tetrads, 31% triads, and 59% dyads (Table 1). The
nvjIA zygotes also exhibited alternation in the number of spores
(i.e., 27% tetrads, 44% triads, and 28% dyads). The results of
our tetrad dissection analyses further revealed that the nyjIA
zygotes produced as many viable spores (98%) as the wild-type
cells did, whereas the vac8A zygotes generated only 91% viable
spores (Table 1).

We next applied live-cell imaging to examine Vma2-tdm2
and Nup49-tdm?2 in the mature spores of the nvjIA zygotes. We
found that Nvjl does not affect vacuole inheritance (Fig. S7A)
or NE segregation (Fig. S7B). The nvjiA/nvjIA FOBI-GFP/
FOBI-GFP zygotes produced tetrads with a single Fobl-GFP
per spore (Fig. S7A). In contrast, the tetrads generated by the
nvjIA/nyjIA FOBI-GFP/FOBI heterozygous strain had only 2
spores with Fobl-GFP (Fig. S7B). Strong Fob1-GFP signals were
also detected in the ascus lumens of these 2 zygotes, which is
consistent with previous reports that budding yeast eliminates
nucleolar proteins (e.g., Fobl) during spore packing and then
synthesizes new nucleolar proteins de novo during spore matura-
tion.***! We conclude that both Nvjl and N'V]Js are not essential
for spore viability, vacuole inheritance, NE segregation or nucleo-
lus regeneration.

Loss of NV]J partly rescues abnormal sporulation of the
csm4A mutant

RPMs and bouquet formation during meiotic mid-prophase
may serve as stringency factors to eliminate unwanted inter-chro-
mosomal associations during the homolog pairing process.’”!?
Thus, we next examined whether N'VJs contribute to the meiotic
defects observed in the csm4A mutant, which exhibits the slowest
RPMs among various mutants of the bouquet genes CSM4, NDJ1,
and MPS3.2 We found that the csm4A nvjIA double zygotes pro-
duced 35% tetrads, 35% triads, and 27% dyads, whereas the
esm4A zygotes resulted in 14% tetrads, 33% triads, and 49%
dyads (Table 1). These results indicate that the additional 7yjIA
deletion in the esm4A zygotes reduced the number of dyads but
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not that of triads. In addition, the esm4A nvjIA zygotes generated
slightly more tetrads with 4 viable spores (54%) than the csm4A
zygotes (51%). Although the NE-tethered meiotic chromosomes
in the csm4A nvjIA double mutant were defective with respect to
their RPMs, they could explore a larger nuclear surface area due
to the absence of NV]Js. The wider distribution of NE-tethered
chromosomes might reduce unwanted inter-chromosomal entan-
glements, as the 727IA deletion partly restored the csm4A mutant.

Nvjl-GFP overexpression in wild-type zygotes results in
moderate sporulation and chromosome disjunction defects

It was previously reported that total NV]J area is limited by
NVJI, not VACS, and that the overexpression of Nvjl-GFP
increases the NVJ area.”? We therefore hypothesized that the
overexpression of Nvjl-GFP (or together with Vac8) in wild-type
zygotes would result in a meiotic phenotype that is similar to that
of the bouquet mutants (i.e., csm4A) using a plasmid containing
the P, promoter. Redl, like Zipl, is a meiosis-specific struc-
tural component of the synaptonemal complex.** We first con-
firmed that Nvj1-GFP overexpression in the wild-type meiotic
cells moderately increased the NV] area (Fig. 7D). Consistent
with our hypothesis, we found that Nvjl-GFP overexpression in
the wild-type cells moderately decreased the bouquet formation
frequency (Fig. 7E) and sporulation efficiency (Table 1), as well
as resulting in more tetrads (9-11%) with 2 or less viable spores

(Table 1).

Discussion

The current study reveals 4 novel characteristics of NV]Js
during meiosis. First, NVJs form before the onset of premei-
otic DNA replication and are retained throughout most of the
sporulation process. Second, zygotic NV]Js undergo scission
alongside the NE during the 2 rounds of meiotic nuclear divi-
sion. New Nvjl proteins are also synthesized de novo during
late meiosis and/or during spore maturation. As a result, NV]Js
exist in all 4 mature spores. Third, NV]s function as diffusion
barriers to exclude Mps3, the NPC and V-ATPase, but not the
polypeptide translocon Sec6l complex from the ONM and
nuclear ER. Accordingly, Mps3-tethered chromosomes and
bouquet formation rarely occurs at NV]Js during meiotic mid-
prophase. Lastly, the negative role of NV]s in regulating Mps3/
telomore-tethered chromosome movement contributes to the
meiotic defects of the csm4A mutant. In addition, the increase
in N'V] area resulting from the overexpression of Nvj1-GFP (or
with Vac8) in wild-type zygotes produced a moderate bouquet
mutant-like phenotype.

The results of our live-cell imaging experiments are consis-
tent with previous reports that a large portion of zygotic NE and
vacuolar materials are discharged into the ascus lumen, and that
vacuolar materials (e.g., the Pep4 proteases) are nearly completely
regenerated during spore maturation.*?”3® However, notably and
contrary to results reported previously,” we found that the NEs
of all 4 mature spores, rather than emerging from de novo synthe-
sis, are mainly segregated from the zygotic NE. Our data revealed
that as the vacuolar contact sites of the NE, a significant fraction
of zygotic NV]Js undergo scission alongside the zygotic NEs and
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Figure 7. NVJs affect telomere clusters (bouquets). (A) NVJs exclude telomere clusters (bouquets). Representative images of telomere clusters or bou-
quets. For time-lapse imaging analyses of single, equatorial planes, 1 color image was taken every 0.33 s. For 3D reconstruction, Z-section images were
captured of 30 slices spaced at 0.2 um, or 14 slices at 0.6 wm in 1 s. Two-color, 3D, deconvolved, merged images of whole cells marked with a single
prominent Rap1-GFP dot were scored as “bouquet.” Bouquet formation rarely occurs at NVJs in wild-type cells, but was found over the entire nuclear
envelope in nvj1A zygotes (bottom panel). (B) The nvj1A mutant is not defective in bouquet formation. Whole cells labeled and imaged as in (A) were
assayed for bouquet formation, defined as a local maximum above a pre-defined threshold in the Rap1-GFP signal. (C) Wild-type and nvjTA samples of
a given phenotype were taken at 2, 3, 4, and 5 h of sporulation and the data pooled and averaged. The total number of cells scored for each strain was
800. Open bar, percentage of nuclei showing a single prominent Rap1-GFP dot. Filled bars, percentage of nuclei showing a single prominent Rap1-GFP
dot at the NVJ in wild-type zygotes or at the NVC in nvj1A zygotes. Scale bar: 1 um. (D) Nvj1-GFP overexpression increased the NVJ area in wild-type cells
during meiotic prophase. Method used to quantify the ratio of the NVJ area and the NE area. Mean values = SEM (error bars) are shown from 120 meiotic
cells (see Materials and Methods) (E) Nvj1-GFP overexpression decreased bouquet formation. Cells were imaged at 2, 3,4, and 5 h of sporulation and the
data pooled and averaged. The total number of cells scored for each strain was 2152 and 1737, respectively.

vacuolar membranes during the 2 rounds of meiotic division. As Budding yeast vacuoles have several physiological functions

a result, NVJs frequently segregate together with the zygotic NE  including regulation of pH and osmosis, the hydrolysis of mac-
and vacuolar membranes into the mature spores. romolecules, storage of amino acids, ions, polyphosphates, and
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deleterious compounds.* Proteolysis is one of
the best-known functions of the vacuole. Several
vacuolar lumenal proteases have been known for
many years, including Pep4/proteinase A, Prbl/
proteinase B, and Prcl/carboxypeptidase Y. The
vacuole is also the final destination of cytoplas-
mic proteins and organelles delivered via macro-
autophagy, a ubiquitous process that occurs in all
eukaryotic cells. These proteins or organelles are
then degraded by vacuolar proteases. Importantly,
autophagic proteins and vacuolar proteases are
highly induced during budding yeast sporula-
tion.””* Mutation of autophagy-related genes
(ATGI to ATGIO and ATGI2) leads to severe
defects in sporulation.** The pep4 mutant exhib-
its cell-cycle arrest before the first meiotic nuclear
division and the prbl mutant sporulates poorly
producing unusually small spores that remain
embedded in a dense matrix.?*¥® In this report,
we have demonstrated that the vacuole is continu-
ously connected with the nucleus via NVJs dur-
ing budding yeast meiosis. Intriguingly, NV]s are
known to mediate PMN to degrade and recycle
nuclear components.”’ The continuous connec-
tion between the nucleus and vacuoles via the
NV]Js, together with the indispensability of auto-
phagic proteins and vacuolar proteases, indicate
the need for a “cleaning” mechanism for the
nucleus and/or chromosomes during sporulation.
However, unlike the core autophagic proteins and
vacuolar proteases, it seems that Nvjl and Vac8
are not absolutely required for meiosis or sporu-
lation. The roles of NVJ-independent macro-
autophagy and/or nucleophagy in meiosis require
further investigation.

Finally, a potential implication of this study
is that 7vj/A mutant cells may be used to solve
the technical difficulties found in isolating intact
nuclei for the biochemical study of meiotic nuclear
proteins because 7vj/A nuclei are not physically
associated with the vacuoles. Furthermore, the

Table 1. Spore viability and sporulation efficiency

Strai Ascus with 4, 3, 2, and 1 or 0 spores
train
4 3 2 1 0 n
wild type 70% | 23% 7% 0% 0% 600
vac8A 7% 31% | 59% 3% 0% 600
nvj14 27% | 44% | 28% 1% 0% 600
csm4A 14% | 33% | 49% 4% 0% 600
csm4Anvj1A 35% | 35% | 27% 3% 0% 600
wild type
mock P plasmid 47% | 24% | 23% 4% 2% 600
RED1
wild type 38% | 29% | 27% | 6% 0% 600
P aei-NVJ1-GFP plasmid
wild type
Poeo-NVJ1-GFP plasmid | 16% | 40% | 32% | 4% 8% 600
P eo,"VAC8 plasmid
Tetrads with 4, 3, 2, 1 or 0 viable spores
Strain Overall viability
4 3 2 1 0
wild type 91% 5% 4% 0% 0% 98% (n =300)
vac8A 79% 13% 6% 1% 1% 92% (n =300)
nvj1A 95% 4% 1% 0% 0% 98% (n =300)
csm4A 51% 6% 22% 4% 17% 67% (n=300)
csm4Anvj1A 54% 8% 17% 4% 17% 69% (n =300)
mod‘("’F',Id typpI:smi g |9z | e% | 2% | 0% 0% 98% (n = 512)
RED1
Wlld type V) 0, 0 0 0, 0, —
p,.. -NVJI-GFP plasmid 81% | 10% 5% 2% 2% 91% (n=519)
wild type
Poeo”NVJT-GFP plasmid | 81% | 8% | 7% [ 2% 2% 91% (n = 521)
Pepi-VAC8 plasmid

loss of N'V]Js as a result of the 7vjI/A deletion only slightly reduces
the sporulation efficiency and does not significantly affect spore
viability, vacuole inheritance, nucleolus regeneration, or NE
segregation.

Materials and Methods

Yeast strains and sporulation cultures

All meiosis experiments were performed using diploid cells
from isogenic SK1 strains. Yeast strains expressing fluorescent
proteins were constructed as described previously.” Synchronous
sporulation cultures were performed as described previously.?*
Fluorescence microscopy
Yeast cells were attached to a slide coated with 200 pg/ml con-

canavalin A. Z-section images were captured by the DeltaVision
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system (Applied Precision) with a 100x objective lens (NA
1.4), a CoolSNAPTM HQ2 charge-coupled device camera
(Photometrics) and filters for GFP (525 + 25 nm), mCherry (632
+ 30 nm), CFP (470 + 12 nm), DAPI (455 + 25 nm), FITC
(525 + 18 nm), and TRITC (605 + 26 nm). Deconvolution was
processed using SoftWoRx, followed by 3D reconstruction with
Imaris 7.0 (Bitplane). Images were processed using Photoshop
(Adobe). For time-lapse imaging analyses of single, equatorial
planes, one color image was taken every 0.33 s. For 3D recon-
struction, Z-section images were captured for 30 slices spaced at
0.2 pm, or 14 slices spaced at 0.6 pm in 1 s.

Imaris software V.7.6.1 (Bitplane AG) was used to quantify
relative Nvjl-GFP fluorescent intensity of the 4 mature spores
in each tetrad. In short, for 3D reconstruction, Z section images
were converted to the Imaris format and viewed in Surpass view.
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After surface creation (based on fluorescence signals) intensity
in each tetrad can be determined and compared as described in
Figure 2A.

The NVJ area and the NE area in meiotic prophase cells were
also determined by using Imaris software V.7.6.1 (Bitplane AG).
Z section images were converted to Imaris format and viewed in
Surpass model for 3D reconstruction. Surfaces of NE and NV]J
were created by volumes occupied by the fluorescence signals.
As described in Figure 7D, a sphere model was applied to deter-
mine the center (0) and the radius (r) of the nucleus. The distance
between “0” and the NV] surface was referred to as “h.”

Statistical analyses were performed with the unpaired Student
¢ test or by 2-way analysis of variance. Data are presented as mean
+ SEM (standard errors), and 7 indicates the number of meiotic
prophase cells analyzed in each experiment.

Electron microscopy

All electron microscopy procedures were performed at 4 °C or
on ice. Cells were cultured in SPM and then prefixed with pre-
fixation solution consisting of 2% glutaraldehyde in 0.1 M caco-
dylate buffer (0.1 M sodium cacodylate, pH 6.8), 1 mM MgCl,,
and 1 mM CaCl,. After removal of the cell wall by zymolase, the
cells were rinsed with 0.1 M cacodylate buffer, post-fixed in 0.5%
osmium tetroxide and 0.8% potassium ferrocyanide, pre-stained
with 1% uranyl acetate, dehydrated in a graded ethanol series, and

embedded in Spurr resin. Ninety to 100 serial sections (each 75
nm in thickness) were cut, double-stained with 1% uranyl acetate
and lead citrate, and then viewed on a Tecnai G2 Spirit TWIN
transmission electron microscope (FEI Company) with a Gatan
794.10.BP2 MultiScan charge-coupled-device (CCD) camera.
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