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Using confocal microscopy, we observed ring-like organelles, similar in size to nuclei, in the hyphal tip of the filamentous fungus
Neurospora crassa. These organelles contained a subset of vacuolar proteins. We hypothesize that they are novel prevacuolar
compartments (PVCs). We examined the locations of several vacuolar enzymes and of fluorescent compounds that target the
vacuole. Vacuolar membrane proteins, such as the vacuolar ATPase (VMA-1) and the polyphosphate polymerase (VIC-4), were
observed in the PVCs. A pigment produced by adenine auxotrophs, used to visualize vacuoles, also accumulated in PVCs. Solu-
ble enzymes of the vacuolar lumen, alkaline phosphatase and carboxypeptidase Y, were not observed in PVCs. The fluorescent
molecule Oregon Green 488 carboxylic acid diacetate, succinimidyl ester (carboxy-DFFDA) accumulated in vacuoles and in a
subset of PVCs, suggesting maturation of PVCs from the tip to distal regions. Three of the nine Rab GTPases in N. crassa,
RAB-2, RAB-4, and RAB-7, localized to the PVCs. RAB-2 and RAB-4, which have similar amino acid sequences, are present in
filamentous fungi but not in yeasts, and no function has previously been reported for these Rab GTPases in fungi. PVCs are
highly pleomorphic, producing tubular projections that subsequently become detached. Dynein and dynactin formed globular
clusters enclosed inside the lumen of PVCs. The size, structure, dynamic behavior, and protein composition of the PVCs appear
to be significantly different from those of the well-studied prevacuolar compartment of yeasts.

he vacuolar compartments in cells of fungi and plants have

many of the same functions as the lysosomal compartments of
animal cells (1-5). The defining characteristics of vacuoles and
lysosomes are (i) the presence of a variety of hydrolytic enzymes
such as proteases and phosphatases that help to degrade and recy-
cle macromolecules and (ii) the maintenance of an acidic internal
pH. An electrochemical gradient for protons is generated across
vacuolar/lysosomal membranes by the vacuolar ATPase, a large
complex enzyme (1, 6).

We have been investigating the structure and function of the
vacuolar compartments in filamentous fungi, using Neurospora
crassa as our model organism. In fungi, vacuoles have multiple
functions in addition to the degradation of macromolecules. They
are involved in the regulation of arginine and ornithine metabo-
lism, osmoregulation, and cytosolic ion and pH homeostasis.
Fungal vacuoles contain high concentrations of basic amino acids,
calcium, and polyphosphate (1, 4, 5).

The vacuolar compartment in filamentous fungi has a complex
structure and is highly dynamic (3, 7, 8). Many vacuoles have
internal contents with a different refractive index than that of the
cytosol, allowing them to be visualized with Nomarski optics.
These vacuoles, prominent in older parts of the hypha, are spher-
ical, ranging in size from <0.5 pm to >10 pm. Other vacuoles,
prominent in the first hyphal segment, take the form of a dense
network of interconnected tubules (9, 10). For N. crassa, previous
work showed that the first hyphal segment can be described as
having four regions containing different distributions of organ-
elles (11, 12). Region I, extending 2 to 3 wm behind the apex,
contains the Spitzenkorper, a structured collection of vesicles that
delivers material to the growing hyphal tip. Region II, 20 to 30 pm
beyond region I, contains small vesicles and mitochondria but few
nuclei or vacuoles. Nuclei are added to the mix of organelles in
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region I, 30 to 40 um beyond region II. Region IV, which extends
to the first septum, is characterized by having an increased density
of mitochondria, nuclei, and vesicles, and it is in this region that
the tubular vacuolar network appears.

Several years ago, we examined the structure and distribution
of organelles in N. crassa by using enzymes tagged with green
fluorescent protein (GFP) and red fluorescent protein (RFP) as
markers (13). Subunits of the vacuolar ATPase (VMA-1 and
VMA-5) and a vacuolar calcium transporter (CAX) were abun-
dant in structures that had not been previously described. These
structures were roughly spherical, 1 to 3 wm in diameter, and
located only at the boundary of regions Il and IV (~50 to 200 pm
from the hyphal tip). Unlike other spherical vacuoles, the struc-
tures were not visible with Nomarski optics. They appeared to
contain only a subset of vacuolar proteins. PEP-12, a vacuolar
SNARE protein (misidentified as VAM-3 in reference 13), and the
calcium transporters NCA-2 and NCA-3 were not observed in the
new organelle. In that initial report, we speculated that the new
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organelle could be a specialized type of vacuole that controlled
calcium levels at the hyphal tip. Observations presented in this
report have led us to hypothesize that the new organelle is in-
volved in the formation of the tubular vacuolar network. There-
fore, we tentatively call it a prevacuolar compartment (PVC).

The biogenesis of the vacuole has been studied extensively in
yeast (3, 14, 15). Vacuolar proteins are initially synthesized by
ribosomes attached to the endoplasmic reticulum (ER) and trans-
ported via small vesicles to the Golgi complex. At least three path-
ways have been described for the subsequent transport of Golgi-
derived vesicles to the vacuole/lysosome. Some proteins, such as
alkaline phosphatase (product of PHOS in Saccharomyces cerevi-
siae), travel directly to the vacuole (16, 17). Other proteins, such as
carboxypeptidase Y (CPY) and the vacuolar ATPase, are trans-
ported first to an intermediate compartment called the late endo-
some/multivesicular body (MVB) (18). The MVB is so named
because it is a membrane-bound compartment that contains ves-
icles in its interior. MVB proteins travel to and fuse with existing
vacuoles. In the third pathway, proteins from the Golgi complex
travel via two intermediate compartments, the early endosomes
and the late endosomes/MVBs (19, 20). In addition to the proteins
that come from the Golgi complex, many proteins of the plasma
membrane are also transported to the vacuole via a series of trans-
port vesicles, including the late endosome/MVB. The complex set
of proteins that controls the identity of the compartments in-
volved in protein transport includes several Rab GTPases (21, 22),
which we investigate in this report.

For filamentous fungi, much less is known about the biogene-
sis of vacuoles. The structure and biogenesis of the vacuole have
been examined in Aspergillus species, where deletion strains lack-
ing homologs of proteins predicted to play a role in forming vac-
uoles in S. cerevisiae were generated. vpsA is the Aspergillus nidu-
lans homolog of S. cerevisine VPS1, which encodes a dynamin-like
protein involved in vesicle budding from the Golgi complex and
endosomes (23, 24). Aovps24 encodes the Aspergillus oryzae ho-
molog of S. cerevisiae VPS24, involved in vesicle transport from
endosomes to the MVB (25, 26). avaA is the A. nidulans homolog
of S. cerevisiae YPT7 (Rab7 in animal cells) and is required for
vesicle fusion with the vacuole (27, 28). Deletion of any of these
three genes in Aspergillus caused fragmentation of the spherical
vacuoles. A detailed study of early and late endosomes in A. nidu-
lans has shown that, as in S. cerevisiae, homologs of Rab5 facilitate
the transport of cargo to the early endosome, while Rab7 is in-
volved in traffic from the early endosome to the late endosome
and then to the vacuole (29). These studies of Aspergillus indicate
that the transport of proteins to the vacuole in filamentous fungi is
similar to that observed in S. cerevisiae. However, significant dif-
ferences have been reported (reviewed in reference 1), and the
genomes of N. crassa and other filamentous fungi contain ho-
mologs of at least two Rab GTPases that are found in animal cells
butnotin S. cerevisiae (30-32). In this report, we provide evidence
that a subset of vacuolar proteins and Rab GTPases are compo-
nents of a novel prevacuolar compartment in N. crassa.

MATERIALS AND METHODS

Construction of plasmids and Neurospora crassa strains. We used four
plasmids to generate proteins with fluorescent tags: pMF272 for enhanced
GFP (eGFP) at the C terminus (33); pCCG::N-GFP for eGFP at the N
terminus (34); pMF334 for tdimer2, a variant of dsRED, at the N terminus
(35); and pTSL48b for mCherry at the N terminus (gift from T. Starr and
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L. Glass, University of California, Berkeley). The genes of interest (see
Table SI in the supplemental material) were amplified by PCR, using
DNA from wild-type strain 74A and using either the Pfu Turbo DNA
polymerase (Agilent Technologies) or Phusion polymerase (Life Technol-
ogies). The primers were designed with restriction endonuclease sites to
facilitate insertion into the multiple-cloning-site region of the plasmids.
DNA amplified from the PCRs was initially inserted into the vector
pJET1.2 (Fermentas Life Sciences), which facilitates cloning of PCR prod-
ucts with blunt ends. The pJET1.2 plasmid containing the insert was di-
gested with the two restriction endonucleases that recognized the sites in
the primers. In this way, a DNA fragment with a high likelihood that each
end had been cut with the correct enzyme was obtained. This fragment
was ligated with a plasmid digested with the same pair of restriction en-
donucleases. All plasmids listed in Table S1 in the supplemental material
are available from the Fungal Genetics Stock Center, Kansas State Univer-
sity, Manhattan, KS (36). To incorporate the tagged genes into N. crassa,
we transformed the his-3 mus-51 mat A strain by electroporation as pre-
viously described (13). Three strains from previous studies were used, the
GFP-YPT-1 (51), PEP-12-dsRED (13), and eGFP-dynactin-P150 (55)
strains.

Microscopy. N. crassa strains were inoculated with conidia on
100-mm petri plates containing Vogel’s minimal medium (VMM) (39)
with 2% sucrose plus 2% agar and grown for 16 to 18 h at 30°C. An agar
block of ~1 by 2 cm was cut from the leading edge of the colony and
mounted onto a glass coverslip as described previously (9). To visualize
GFP-tagged and RFP-tagged proteins in the same hypha, we prepared
heterokaryons. Conidia from each strain were suspended in water and
counted. Typically, 4 pwl or 12 pl of each strain (10,000 conidia per pl) was
coinoculated at ratios of 1:1, 1:3, and 3:1. For most samples, the best
images were obtained with a 1:1 ratio. As a control experiment, hetero-
karyons were made by using wild-type strain 74A and the VMA-1-dsRED
A strain. As described in Results, for this experiment, the ratio of conidia
varied from 0.8% to 100% VMA-1-dsRED.

Confocal laser scanning microscopy was performed by using a Leica
TCS SP5 system with a Leica DMI6000 inverted microscope. GFP images
were obtained by excitation at 488 nm with emission collected at 500 to
600 nm. RFP images were obtained with excitation at 543 nm and emis-
sion at 555 to 700 nm. Lasers were set with a scan speed of 100 to 200 Hz,
and the camera resolution was typically 1,024 by 1,024 pixels. The micro-
scope objective was 63X, oil, and images were typically digitally magnified
4 times. To obtain two-color images, the sample was scanned sequentially
line by line, and emission was collected at 500 to 535 nm for GFP and at
570 to 640 nm for RFP. In one experiment, the intensity of fluorescence
was quantitated by measuring the mean gray value. In each hypha, four
adjacent 100-um? regions of the tubular vacuolar network were scanned,
and the values were averaged.

For experiments with the ad-3B strain, mycelia were grown on Vogel’s
medium with 2% sucrose and 0.1 mM adenine. In some experiments,
organelles were visualized by using Oregon Green 488 carboxylic acid
diacetate (carboxy-DFFDA) (Life Technologies). A 30-pl drop ofa 3 uM
solution was placed onto a coverslip, and an inverted agar block with
mycelia was placed onto the coverslip and immediately examined with a
microscope. For both the ad-3B strain and the carboxy-DFFDA experi-
ments, the microscope settings were the same as those for GFP-tagged
strains.

RESULTS

Structure of the vacuole in N. crassa hyphae. Vacuolar mem-
branes were visualized in a strain expressing RFP-tagged subunit
A of the vacuolar ATPase (VMA-1-dsRED). The vacuoles were
highly diverse in size and shape (Fig. 1A). Regions I and IT had few
visible vacuoles. Region IIT had small, roughly spherical organelles
(typically 2 to 3 wm in diameter) and tubular elements, which
then merged into region IV containing the tubular vacuolar net-
work. Small organelles and tubules persisted in more distal parts
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FIG 1 Visualization of the vacuolar ATPase in different regions of the hypha. The hypha was transformed with VMA-1-dsRED. (A) Composite image made
from four overlapping photos of the hypha. The structures seen in different regions are described in the text. (B) Enlargement of the boxed area of the hyphal tip
in panel A. Regions I, II, III, and IV are separated by white lines, with white arrows pointing to examples of PVCs.

of the hypha, and large spherical vacuoles were observed in hyphal
segments distal to the first septum. The round organelles in region
I1I (Fig. 1B) resembled spherical vacuoles in more distal regions of
the hypha, but they also differed significantly. Unlike most spher-
ical vacuoles, they were not visible with Nomarski optics, indicat-
ing a different internal content. In addition, as evidenced below,
they were highly dynamic and pleomorphic (see Movie S1 in the
supplemental material). Most importantly, these organelles were
composed of only a subset of the proteins found in the spherical
vacuoles and the tubular vacuolar network. We propose that these
organelles are prevacuolar compartments (PVCs).

PVC morphology and distribution are not affected by
changes in the levels of expression of tagged proteins. The PVCs
were initially observed in hyphae expressing vacuolar ATPase or a
vacuolar calcium transporter (CAX) tagged with RFP or GFP (13).
We used previously developed vectors containing the ccg-1 pro-
moter in front of the fusion protein (13, 33, 35, 40). These vectors
have been widely used because they have allowed visualization of
many proteins, including some that could not be seen when ex-
pressed under the control of their endogenous promoter. The
ccg-1 promoter was first isolated as part of a glucose-repressible
gene (41) and subsequently reisolated as a clock-controlled gene,
ccg-1(42). The level of expression of the ccg-I transcript is elevated
after 1 h when cells are deprived of glucose or are grown on xylose
(41). The level of expression of ccg-I-controlled genes in cells
grown overnight on Vogel’s medium has not been rigorously ex-
amined. This medium typically contains glucose or sucrose, sug-
ars that repress the expression of ccg-I-controlled genes. One way
to control the level of expression of a gene in N. crassa is to gener-
ate heterokaryons with different nuclear ratios. To test whether
the size and distribution of PVCs varied with the level of expres-
sion of the tagged protein, we inoculated agar plates (Vogel’s me-
dium with 2% sucrose) with a mixture of wild-type and VMA-1-
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dsRED conidia of the same mating type. Germlings quickly fuse
and form heterokaryons in which a single hyphal compartment
can have as many as 100 nuclei (43). We used conidial mixtures in
which 0.8% to 100% of the conidia were from the VMA-1-dsRED
strain. The amount of red fluorescence was quantified by measur-
ing the pixel intensity in regions of the hyphae with the tubular
vacuolar network. The strength of the red fluorescence signal was
proportional to the percentage of VMA-1-dsRED conidia (see
Fig. S1A in the supplemental material). By digitally enhancing the
signal, it was possible to visualize the organelles in the heterokary-
ons with few VMA-1-dsRED nuclei. The size and distribution of
the PVCs were the same in all samples, even in those with the
smallest proportion of VMA-1-dsRED (Fig. 1B). In another ex-
periment, the VMA-1-dsRED strain was grown on medium with
2% xylose. The level of red fluorescence was ~4-fold higher than
when grown on the usual sucrose medium, and the size and dis-
tribution of the PVCs were not different (data not shown). Thus,
the expression of VMA-1-dsRED could be varied by >100-fold
without causing an observable difference in the size and distribu-
tion of the PVCs.

Visualization of PVCs in an adenine-requiring auxotroph.
We recently discovered an alternative way to visualize the vacuolar
compartments without using GFP or RFP. It has long been known
that ADE2 mutant strains of S. cerevisiae accumulate a red fluores-
cent pigment in vacuoles (44). Mutant strains of ad-3B, the N.
crassa homolog of ADE2, also accumulate this pigment (45). Us-
ing confocal microscopy, we observed fluorescence in large spher-
ical vacuoles, in the tubular vacuolar network, and also in the
PVCs (Fig. 2; see also Movie S2 in the supplemental material). It
was interesting that the pigment filled the interior of the large
vacuoles but only formed a ring in the PVCs.

Colocalization of RAB-7 and VMA-1. If the PVC is indeed a
vacuolar compartment, we might expect RAB-7, a GTPase in-
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FIG 2 Visualization of the pigment in the adenine auxotroph ad-3B strain
grown on medium with 0.1 mM adenine. (A) Hyphal tip region with arrows
pointing to the PVCs. (B) Region of the hypha ~200 wm from the tip where
the tubular vacuolar network appears. (C) Region of the hypha several milli-
meters from the tip with a large spherical vacuole.

volved in targeting proteins to the vacuole (29), to localize to
PVCs. The fluorescence from RAB-7—dsRED almost completely
overlapped the fluorescence from VMA-1-GFP (Fig. 3). The only
subtle difference observed was that in regions closest to the hyphal
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FIG 4 Localization of the nuclear envelope and endoplasmic reticulum with
NCA-1-GFP compared with the localization of RAB-7—dsRED. The region of
the hypha shown is ~100 wm from the hyphal tip.

tip, small red puncta corresponding to RAB-7 were seen on the
PVCs (Fig. 3). In observations of 10 different hyphae, 26 of 39
PVCs (67%) had these small red puncta. Many of the PVCs were
somewhat similar in size and shape to nuclei. As we reported pre-
viously, the nuclear envelope can be observed with proteins of the
endoplasmic reticulum, such as the calcium ATPase NCA-1 (13).
Cells coexpressing NCA-1-GFP and RAB-7-dsRED showed that
these proteins are clearly located in different compartments
(Fig. 4).

Localization of vacuolar proteins VIC-4, PHO-8, and CPY.
We examined the cell locations of several other proteins predicted
to be in the vacuole. The vtc-4 gene encodes an integral membrane
subunit of polyphosphate polymerase (46, 47). When we looked at
the localization of VTC-4—dsRED and VMA-1-GFP, we found
both tagged proteins in the PVCs and the tubular vacuolar net-
work (Fig. 5A) as well as in the large spherical vacuoles (data not

merge

RAB-7-dsRED

VMA-1-GFP

FIG 3 Localization of Rab-7 GTPase (RAB-7) compared to the localization of the vacuolar ATPase (VMA-1) at the hyphal tip. Some small red puncta, marked

by arrowheads, occur at the edges of the PVCs.
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FIG 5 (A) Localization of the vacuolar polyphosphate polymerase (VITC-4) compared to the localization of the vacuolar ATPase (VMA-1). (B) Localization of
the vacuolar alkaline phosphatase (PHO-8) compared to the localization of the vacuolar ATPase (VMA-1). (C) Localization of carboxypeptidase Y (CPY)
compared to the localization of the vacuolar ATPase (VMA-1). In each panel, arrows point to examples of PVCs.

shown). The trafficking of the vacuolar alkaline phosphatase en-
coded by the PHOS8 gene has been studied in detail in S. cerevisiae
(17,48). We tagged the N. crassa homolog of PHOS8 and examined
its cellular location. PHO-8 -GFP was observed in large spherical
vacuoles (not shown) and in the tubular vacuolar network but not
in PVCs (Fig. 5B). Carboxypeptidase Y, a soluble protein, has also
been used to investigate protein trafficking to the vacuole (49). In
N. crassa, we observed CPY-GFP fluorescence in large spherical
vacuoles and in the tubular vacuolar network but not in PVCs
(Fig. 5C).

Visualization of vacuoles with carboxy-DFFDA. Another
good way to visualize vacuolar compartments in N. crassa is to use
the molecule carboxy-DFFDA, which becomes fluorescent when
cleaved by an esterase in the lumen of the vacuole (9). The fluo-
rescent molecule accumulated in the tubular vacuolar network
(Fig. 6). In hyphae that also expressed VMA-1-dsRED, carboxy-
DFFDA and the red-tagged protein were in the same tubular net-
work. However, we consistently observed a gradient of accumula-
tion of carboxy-DFFDA in the PVCs. The PVCs nearest the hyphal
tip had little carboxy-DFFDA, while some PVCs furthest from the
tip had both red and green fluorescence. As observed for the pig-
ment produced by ad-3B strains, the green fluorescence was con-
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sistently seen in the periphery of the PVC and not in the central
space.

Localization of Rab GTPases. Rab GTPases are an important
part of the cellular machinery by which proteins are sorted to the
correct organelles (21, 37, 50). As described above, we observed
that RAB-7, predicted to be located in vacuoles, was also localized
to the PVCs. We tested eight other Rab proteins identified in N.
crassa. The nomenclature that we used and the relationship to Rab
proteins of other organisms are shown in Table 1. Rab-1 and -11
are involved in the early steps of protein targeting, associating with
the ER, Golgi complex, and early endosomes. We previously re-
ported that in N. crassa, these Rabs are seen in different popula-
tions of vesicles at the Spitzenkorper (51). RAB-1 (YPT-1) and
RAB-11 (YPT-31) did not appear to associate with the PVCs (see
Fig. S2A and S2B in the supplemental material). Two orthologs of
Rab-5 have been identified in N. crassa (52). These orthologs are
predicted to associate with vesicles that carry proteins between
endosomes and the plasma membrane. Neither Rab-5A nor
Rab-5B appeared to associate with the PVCs (see Fig. S2Cand S2D
in the supplemental material).

Rab-6 is predicted to be associated with the Golgi complex and
possibly late endosomes. The RAB-6—-mCherry strain gave a weak
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VMA-1-dsRED

carboxy-DFFDA

FIG 6 Visualization of carboxy-DFFDA a soluble dye that localizes to vacuoles, compared to the localization of the vacuolar ATPase (VMA-1). The VMA-1-
dsRED strain was incubated with carboxy-DFFDA as described in Materials and Methods. Arrows point to examples of PVCs.

signal, largely in the cytosol, and did not appear to be located in
the PVCs (see Fig. S3A in the supplemental material). Rab-8 is
involved in the transport of proteins from the Golgi complex to
the plasma membrane. No PVCs were visible in the RAB-8—
mCherry strain; only small vesicles and tubules were visible. How-
ever, in a heterokaryon with both RAB-8 —-mCherry and VMA-1-
GFP, the RAB-8 protein appeared to be associated with PVCs
although not mixed with VMA-1-GFP (see Fig. S3B in the sup-
plemental material). The two proteins appeared to form a chime-
ric structure with distinct red and green regions. Also visible were
tubular elements with distinct red and green regions.

N. crassa and other filamentous fungi contain at least two Rab
proteins, RAB-2 and RAB-4, that are present in mammalian cells
but not in S. cerevisiae (30-32). The function of these proteins in
fungi has not been reported. We were surprised to find that both
of these proteins localized to the PVCs. In N. crassa, we observed a

TABLE 1 Genes used in this study

N. crassa S. cerevisiae
gene Product Locus tag homolog
yma-1 V-ATPase, subunit A NCU01207  VMAI

vma-5 V-ATPase, subunit C NCU09897 VMA5

cpy Carboxypeptidase Y NCU00477  CPYI

pho-8 Alkaline phosphatase NCU08997  PHOS8

vic-4 Polyphosphate polymerase =~ NCU08110  VTC4
ypt-1/rabl ~ Rab GTPase 1 NCU08477  YPTI

rab-2 Rab GTPase 2 NCU01647  None

rab-4 Rab GTPase 4 NCU08477  None

rab-5A Rab GTPase 5A NCU00895  YPT51/52/53
rab-5B Rab GTPase 5B NCU06410  YPT51/52/53
rab-6 Rab GTPase 6 NCU05234  YPT6

rab-7 Rab GTPase 7 NCU06410  YPT7

rab-8 Rab GTPase 8 NCU06404  SEC4

rab-11 Rab GTPase 11 NCU01523 YPT31/32
tlg-1 t-SNARE, endosomes NCU01199 TLGI

atg-8 Autophagosome protein NCU01545  ATG8

pep-12 t-SNARE, vacuole NCU06777  PEP12/VAM3
ro-3 Dynactin subunit P150 NCU03483  NIP100/PACI3
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complex pattern of localization for RAB-2. Virtually all PVCs con-
tained some RAB-2-mCherry, but the ratio of RAB-2-mCherry to
VMA-1-GFP varied with distance from the tip (compare PVCs
marked with arrows in Fig. 7). Closest to the tip were structures
that appeared all red, further away were PVCs with little red, and
in between were PVCs that were roughly equally red and green.
Other structures appeared as chimeras with red and green regions
(Fig. 7, arrowheads). In mammalian cells, Rab-4 has been ob-
served on early endosomes. In N. crassa, RAB-4—mCherry colo-
calized strongly with VMA-1-GFP (Fig. 8). Like RAB-7, in the

\
-

VMA-1-GFP™ >,
\ v

mer%f tlp

RAB-2-dsRED
|

VMA-1-GFP

FIG 7 Localization of the Rab-2 GTPase (RAB-2) compared to the localiza-
tion of the vacuolar ATPase (VMA-1). Arrows point to examples of PVCs.
Arrowheads point to structures that contain both RAB-2—dsRED and VMA-
1-GFP. Panels A and B show examples of different hyphae from the same
heterokaryon.
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FIG 8 Localization of the Rab-4 GTPase (RAB-4) compared to the localiza-
tion of the vacuolar ATPase (VMA-1). Some small red puncta, marked by
arrowheads, were observed at the edges of the PVCs.

merged images, we also observed some tiny red-only particles as-
sociated with PVCs (Fig. 8, arrowheads). Observation of 10 differ-
ent hyphae showed that 17 of 36 PVCs (47%) had these small red
puncta.

Localization of TLG-1 and ATG-8. Another protein reported
to be associated with the early endosomes/late-Golgi complex is
the t-SNARE encoded by TLGI (53). In N. crassa, TLG-1-dsRED
strongly localized at the Spitzenkorper, like RAB-11 (see Fig. S4A
in the supplemental material). It was also seen as small puncta
near the tip and in the tubular vacuolar network. TLG-1-dsRED
did not appear to localize to the PVCs.

Some features of the PVCs are reminiscent of the features of
autophagosomes. Both can have irregular shapes, and the au-
tophagosomes are formed with a double-lipid bilayer, a feature
that could be shared with the PVCs. The product of the ATG8 gene
has been shown to be a marker of autophagosomes (54). In N.
crassa, we observed ATG-8—dsRED in small puncta near the hy-
phal tip and in the tubular vacuolar network (see Fig. S4B in the
supplemental material). It did not appear to be associated with
PVCs.

Dynamic behavior of PVCs. An important characteristic of
the PVCs is the rapid change in their size and shape, as shown in
the four movies in the supplemental material. This dynamic be-
havior was observed with proteins tagged with fluorescent mark-
ers (e.g., VMA-1-GFP or RAB-7-mCherry) and with the ad-3B
strain, which accumulates a red pigment in the vacuole. We fre-
quently observed a blebbing phenomenon in which a roughly
spherical PVC would extend a tubular projection that subse-
quently became detached. Figure 9 shows frames from Movie S3
in the supplemental material. The blebbing was fast, typically
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complete within 10 to 60 s. However, because these structures can
move out of the focal plane, it was not possible to determine their
fate definitively. In roughly 1 to 2% of hyphae, with both tagged
proteins and the ad-3B strain, we observed unusually large and
bright PVCs (see Movie S4 in the supplemental material). Blister-
like distortions formed on the surface of these large PVCs and
appeared to be the site at which spherical and tubular projections
formed. We noted that the boundary envelope forming these large
PVCs was nearly 1 pm thick, much larger than would be expected
for a single lipid bilayer.

In our observations, we did not see vesicles or other organelles
such as mitochondria within PVCs (data not shown). However,
an unrelated investigation of the cytoskeleton in N. crassa led to
the serendipitous observation that dynein and dynactin were as-
sociated with the PVCs (55). As shown in Fig. 10A, dynactin-GFP
was observed on filaments at the hyphal tip (presumably attached
to microtubules) and also as roughly spherical globules in the
region of the hyphae where PVCs were observed. VMA-1-dsRED
appeared to surround and enclose the dynactin-GFP. However, as
shown in Fig. 10A and B, not all PVCs appeared to contain dyn-
actin-GFP. In other experiments, “empty” PVCs were consistently
seen. Ata higher magnification, it appeared that the dynactin-GFP
was inside the spherical PVCs (Fig. 10B and C). We were fortunate
to catch a few PVCs in the process of blebbing, one of which is
shown in Fig. 10C. Dynactin-GFP had the altered shape of the
PVC and appeared to be enclosed within.

DISCUSSION

Several years ago, while using confocal microscopy to identify or-
ganelles in N. crassa, we observed a cellular compartment that
appeared to be different from anything described in the research
literature (13). The information in this report allows us to hypoth-
esize a function for this unidentified organelle. We propose that it
is a prevacuolar compartment that is involved in the formation of
the tubular vacuolar network in N. crassa.

PVCs are enriched in a subset of vacuolar proteins (Table 2).
These include the vacuolar ATPase, a calcium transporter, the
polyphosphate polymerase, and the Rab-7 GTPase. The PVCs ei-
ther lack or have small amounts of other vacuolar proteins such as
carboxypeptidase Y and alkaline phosphatase. In previous reports,
vacuoles have been shown to contain significant amounts of pro-
teins that function in the plasma membrane, such as the plasma
membrane proton pump (PMA-1) and two plasma membrane
calcium pumps (NCA-2 and NCA-3) (13, 38). These plasma
membrane proteins were not observed in the PVCs. Tagged
marker proteins for other organelles—nuclei, the ER, the Golgi
complex, peroxisomes, and mitochondria—were not observed in
vacuoles or PVCs.

PVCs can be visualized without the use of fluorescently tagged
proteins. Adenine auxotrophs of N. crassa, such as the ad-3B
strain, accumulate a red pigment in vacuoles when grown with
low concentrations of adenine (45). For S. cerevisiae, it has been
shown that these adenine auxotrophs accumulate an intermediate
in the synthesis of adenine. This compound is conjugated to glu-
tathione in the cytosol and then moved into the vacuole by at least
two specific transport proteins in the vacuolar membrane (56).
The envelope that forms the N. crassa PVC apparently contains at
least one such transporter, because PVCs were easily observed in
ad-3B strains grown with low concentrations of adenine. Of inter-
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FIG 9 Changes in the shape of PVCs visualized with RAB-7—dsRED. The figure shows successive frames taken at 5.4-s intervals from a movie (see Movie S3 in

the supplemental material).

est, the red pigment filled the lumen of spherical vacuoles but did
not fill the lumen of round PVCs.

Observation of the localization of another soluble vacuolar
marker, carboxy-DFFDA, was informative. This molecule be-
comes fluorescent when activated by esterases within the vacuole.
As shown previously, it is an excellent dye for visualizing the tu-
bular vacuolar network and spherical vacuoles (9, 57). Some
PVCs, but not all, fluoresced in the presence of carboxy-DFFDA.
Aswith the ad-3B strains, fluorescence was seen at the periphery of
the PVCs (i.e., as aring). Most PVCs, those nearest the hyphal tip,
did not fluoresce, but the most distal ones did. A possible expla-
nation is that PVCs acquire other vacuolar proteins, such as the
esterases that hydrolyze carboxy-DFFDA, with the most “mature”
PVCs in the most distal position. The idea that the composition of
PVCs varies with their distance from the hyphal tip is also sug-
gested by the localization of RAB-2—dsRED. This protein is asso-
ciated with PVCs at the hyphal tip but is less abundant in the most
distal PVCs. S. cerevisiae has no homolog of RAB-2. Although
present in filamentous fungi, its function in these organisms has
not been reported.

Our observations of the N. crassa PVC are consistent with the
hypothesis that this compartment has a function analogous to that
of the late endosome or the multivesicular body in S. cerevisiae.
Analysis of the cellular location of RAB proteins supports this
idea. RAB proteins that function in earlier steps in the protein
targeting pathway, RAB-1, -5A, -5B, -6, and -11, do not appear to
colocalize with PVCs. RAB-7, a well-documented component of
late endosomes and vacuoles/lysosomes in yeast and animal cells,
colocalizes with other PVC proteins.

1260 ec.asm.org

Eukaryotic Cell

We did not know what to expect with Rab-2 and -4 because
these proteins are not present in most yeasts and, to our knowl-
edge, have not been investigated in any fungus (30-32). RAB-2
appeared to associate with PVCs, although partly in a chimeric
fashion. Hyphae expressing RAB-2—dsRED and VMA-1-GFP had
PVCs with distinct red and green regions. The localization of
RAB-4 was virtually the same as that of RAB-7 or VMA-1. It was
clearly a component of PVCs. An investigation of the evolution of
fungal rab genes reported difficulty in identifying the orthologues
of this pair of fungal RAB GTPases (32). The protein encoded by
NCU00889, named RAB-4, is likely an ortholog of mammalian
RAB-4, but we suspect that NCU01647, named RAB-2, is not an
ortholog of mammalian RAB-2. When we aligned the sequences
of N. crassa and mouse Rab proteins, we found that N. crassa
RAB-2 and RAB-4 are more closely related to each other and to
mouse RAB4 than they are to any of the other Rab proteins. Our
observations suggest that RAB-4, like RAB-7, has a role in target-
ing proteins to the vacuole. RAB-2 may have a similar role, but it
appears to be partially absent from the PVCs that are most distal
from the hyphal tip.

The association of RAB-7 with N. crassa PVCs is consistent
with these compartments functioning as a multivesicular body
(MVB). However, the size, shape, and protein components of the
N. crassa PVC are different from those of the well-studied MVB in
S. cerevisiae in several ways. The MVB is a much smaller organelle,
<0.5 pm in diameter (14). N. crassa PVCs are highly variable in
shape, with many about the size of nuclei, ~3 pwm. We have not
seen vesicles within the PVCs, but small vesicles that would be
observable in electron micrographs may not be resolvable with a
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FIG 10 Localization of dynactin compared to the localization of the vacuolar ATPase (VMA-1). (A) Low-magnification image of the heterokaryon. Arrows point
to the PVCs. The red arrowhead points to a PVC that does not appear to contain dynactin-GFP. (B) Boxed regions of panel A at a higher magnification. (C) Two

PVCs from other hyphae at a higher magnification.

confocal microscope. In S. cerevisiae, alkaline phosphatase and
carboxypeptidase Y take different routes to the vacuole, the latter
going via the MVB. In N. crassa, neither of these proteins localized
to the PVC. A well-characterized component of the MVB of S.
cerevisiae is the t-SNARE Pep12p, which interacts with another
t-SNARE with a very similar sequence, Vam3p (58). In fact, over-
expression of Pep12p can suppress the phenotype of AVam3p and
vice versa (59, 60). The genomes of N. crassa and other filamen-

TABLE 2 Proteins localized by confocal microscopy

Presence of protein in:

Protein PVC Vacuole

Plasma membrane ATPase (PMA-1)
Calcium ATPase (NCA-2)

Calcium ATPase (NCA-3)
t-SNARE (PEP-12)
Carboxypeptidase Y (CPY)

Alkaline phosphatase (PHO-8)
V-ATPase subunit A (VMA-1)
V-ATPase subunit C (VMA-5)
Calcium/H™ transporter (CAX)
Polyphosphate polymerase (VTC-4)
RAB-2 GTPase

RAB-4 GTPase

RAB-7 GTPase

NSNS SNSSSSNANANSN

AN NN NN

December 2015 Volume 14 Number 12

Eukaryotic Cell

tous fungi encode only one protein with a similar sequence, which
has led to an inconsistent naming of this gene. Kitamoto’s group,
working with Aspergillus oryzae, named the gene Aovam3 (61). We
used the N. crassa ortholog (NCU06777) and named it vam-3.
Previous to our initial publication (13) and that of Kitamoto et al.,
Gupta and Brent Heath analyzed the genomes of multiple fungi
and concluded that VAM3 was almost universally absent; they
named the gene pep-12, the name that we have subsequently used
(31, 62). Kitamoto et al. reported that AoVam3-GFP localized to
vacuoles and to small punctate structures adjacent to large spher-
ical vacuoles (8). Unlike the vacuoles, the small punctate struc-
tures did not stain with the molecule CMAC (7-amino-4-chlo-
romethylcoumarin), suggesting that these puncta could be
prevacuolar compartments. Our observations with N. crassa were
different: PEP-12 was seen only in the tubular vacuolar network
and in large vacuoles but not in the PVCs (13). For proteins like
PEP-12, carboxypeptidase, and alkaline phosphatase, we cannot
conclude absolutely that they are not present in the PVC, but they
are not visible with a confocal microscope, whereas other proteins,
like VMA-1 and RAB-7, appear to be more abundant in PVCs
than in the vacuole.

Perhaps the most striking features of the N. crassa PVC are its
large size and dynamic structure. All the tagged proteins that mark
the PVC and the red pigment of the ad-3B strain are seen in tu-
bules and rings of various sizes. Although roughly spherical, these
structures sometimes appear to have an open side. A split mem-
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brane was occasionally observed with very large PVCs (see Movie
S4 in the supplemental material). The images suggest that PVCs
can be folded or distorted, an observation that merits further in-
vestigation. The movies in the supplemental material show that
PVCs can change shape rapidly, with round structures blebbing to
produce long tubules. These dynamic shape changes occur in a
very small region of the hypha, near the apical end of the tubular
vacuolar network. We found one report of similar organelles. Hy-
phal tips of the basidiomycete Phanerochaete velutina, when
stained with carboxy-DFFDA, were observed to have dynamic,
ring-like structures in the tip region just in front of the tubular
vacuolar network (57). The authors of that report suggested that
these structures were either a distinct subcompartment of the vac-
uole or some other organelle.

Our observations generate many questions. For example, we
have not yet looked at the role of molecular motors and the cyto-
skeleton in positioning and shaping the PVCs. The fact that dy-
nein and dynactin are associated with the PVCs is consistent with
the findings in other organisms that these proteins associate with
effectors of RAB-7 (29, 63). At this stage of the investigation, our
data allow us to formulate a testable hypothesis. The hypothesis is
that the N. crassa PVC functions like a late endosome/multivesicu-
lar body. A subset of vacuolar proteins, especially integral mem-
brane proteins, is delivered to the PVC. Subsequent reorganiza-
tion of the PVC envelope produces tubular elements that either
fuse to or mature into elements of the tubular vacuolar network.
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