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The Plasma Membrane Proton Pump PMA-1 Is Incorporated into
Distal Parts of the Hyphae Independently of the Spitzenkorper in
Neurospora crassa
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Most models for fungal growth have proposed a directional traffic of secretory vesicles to the hyphal apex, where they temporar-
ily aggregate at the Spitzenkorper before they fuse with the plasma membrane (PM). The PM H™ -translocating ATPase (PMA-1)
is delivered via the classical secretory pathway (endoplasmic reticulum [ER] to Golgi) to the cell surface, where it pumps H* out

of the cell, generating a large electrochemical gradient that supplies energy to H*-coupled nutrient uptake systems. To charac-
terize the traffic and delivery of PMA-1 during hyphal elongation, we have analyzed by laser scanning confocal microscopy
(LSCM) strains of Neurospora crassa expressing green fluorescent protein (GFP)-tagged versions of the protein. In conidia,
PMA-1-GFP was evenly distributed at the PM. During germination and germ tube elongation, PMA-1-GFP was found all around
the conidial PM and extended to the germ tube PM, but fluorescence was less intense or almost absent at the tip. Together, the
data indicate that the electrochemical gradient driving apical nutrient uptake is generated from early developmental stages. In
mature hyphae, PMA-1-GFP localized at the PM at distal regions (>120 pum) and in completely developed septa, but not at the
tip, indicative of a distinct secretory route independent of the Spitzenkérper occurring behind the apex.

ne of the main features of filamentous fungi is their apical

mode of growth. In filamentous fungi, cell wall growth and
exocytosis are linked processes that involve the highly polarized
traffic of cell wall-building secretory vesicles to apical areas, where
they deliver proteins and lipids. One of the most widely accepted
models for fungal growth, the vesicle supply center for fungal
morphogenesis, postulates a unidirectional traffic of vesicles to
the hyphal apex, where they aggregate temporarily at an apical
structure, the Spitzenkorper, prior to fusion with the apical
plasma membrane (PM) by the process of exocytosis (1). How-
ever, some PM proteins, such as the H"-ATPases, essential for
hyphal growth, have been previously predicted to be absent or
inactive at the hyphal apex (2—4), suggesting the existence of ves-
icle delivery routes other than the above and independent of the
Spitzenkorper that reach nonapical regions of the hyphal PM. H™ -
ATPases are involved in pumping protons out of the cell, gener-
ating a large electrochemical gradient and supplying energy to
H"-coupled nutrient uptake systems (5). This electrochemical
gradient has been studied in several fungal species by diverse
methods, including vibrating probes, microelectrodes, and pH in-
dicators. The results showed that current normally flows inward at
the hyphal apical regions and flows outward at distal areas (3, 4,
6-9).

PMAI, the H'-ATPase-encoding gene in Saccharomyces
cerevisiae (SCRG_01016 [10]), has a single homolog in Neurospora
crassa (NCU01680 [11, 12]). In S. cerevisiae, Pmalp is one of the
most abundant proteins of the cell surface (25 to 50%), while in N.
crassa, it constitutes about 5 to 10% of the PM total protein con-
tent (13, 14).

In S. cerevisiae, Pmalp is delivered to the cell surface via the
classical endoplasmic reticulum (ER) to the Golgi secretory path-
way defined by the SEC genes (15-17), where specialized proteins
ensure the efficient transport of Pmalp through the secretory
pathway. For instance, Lst1p (Sec24p homolog) is involved in the
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export of Pmalp from the ER. Together with Sec23p, Lstlp is
necessary for the efficient packing of Pmalp into ER-derived
COPII vesicles (18, 19). Furthermore, Ast1p and Ast2p participate
in the transport of Pmalp from Golgi to the PM (20). Upon arrival
to the PM, Pmalp is very stable (with a half-life of >12 h [21]).
Lipid rafts have a role in sorting Pmalp to the PM. Upon lipid raft
disruption, Pmalp is missorted to the vacuole, where it is de-
graded (22). In Aelo3 and Alcbl mutants, defective in lipid rafts,
mutant pmal-7is not degraded in vacuoles. Instead, it is delivered
to the PM (23, 24).

As part of an ongoing project to characterize the relationship
between the secretory pathway and hyphal growth in filamentous
fungi, we have analyzed the biogenesis and trafficking of the PM
H™ -translocating ATPase in N. crassa by fusing the gene pma-1 to
gfp and studying the location of PMA-1 in living cells during veg-
etative development.

MATERIALS AND METHODS

Culture conditions. N. crassa cells were grown on Vogel’s minimal me-
dium agar (VMM [25]) supplemented with histidine (0.1 mg/ml) when
needed. Liquid cultures were grown in Vogel’s complete medium (VCM;
1X Vogel’s salts, 1.5% sucrose, 0.5% yeast extract, 0.5% Casamino Acids)
at 30°C and 200 rpm for 16 h. For transformation, conidia were spread
directly on plates containing FGS medium (0.05% fructose, 0.05% glu-
cose, 2% sorbose) or mixed with top agar (1X Vogel’s salts, 1 M sorbitol,
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TABLE 1 Plasmids and strains used or generated in this study

Reference or

Plasmid or strain ~ Characteristics or genotype source
Plasmids
pMF272 Pccg-1:sgfp™ 29
PZERO-GFP  Pccg-1:10Xgly::gfp™ :loxp ™ :hph ™ :loxp™ 30
pMRO01 Pccg-1:: pma-1::sgfp™ This study
Strains
N1 mata FGSC#988
N150 matA FGSC#9013
SMRP277 mata sad-2A::hph™ FGSC#20680
SMRP278 matA sad-2A:hph™ 32
N39 matA fl FGSC#4317
N40 mata fl FGSC#4347
VMA-1-RFP matA vma-1-rfp* FGSC#10169
SMRP24 matA his-3 mus-51A:bar™* FGSC#9717
SMRP25 mata mus-51Az:bar™ FGSC#9718
TESMO001-3° matA his-3"::Pccg-1:pma-1:sgfp ™ This study
TRAF6-5° mata native promoter pma-1::sgfp ™ This study
TRAF9-1° mata native promoter pmb::sgfp™ This study
NRAF6-11 mata native promoter pma-1::sgfp " This study
NRAF9-1 mata native promoter pmb::sgfp ™ This study

@ Heterokaryon.

1% agar, 1 X FGS) and spread onto 3 petri dishes containing FGS medium
supplemented with hygromycin (300 pg/ml).

For confocal microscopy, transformants of N. crassa expressing green
fluorescent protein (GFP) and/or red fluorescent protein (RFP) were rou-
tinely grown on VMM overnight at 30°C. For imaging, the inverted agar
block method was used as previously described (27). Strains used or gen-
erated in this study are listed in Table 1.

TABLE 2 Oligonucleotides used or generated in this study

Recombinant DNA techniques and plasmid constructions. Since
pma-1 is an essential gene, PMA-1-GFP, under the control of the ccg-1
promoter, was targeted to the his-3 locus. Standard methods were used
for cloning procedures to fuse GFP to the carboxy terminus of PMA-1
(28). PCR was performed in a Bio-Rad thermal cycler using Platinum
Pfu polymerase (Invitrogen) according to the manufacturer’s instruc-
tions. The predicted pma-1 gene (3,077 bp; NCU01680.4) was ampli-
fied from N. crassa genomic DNA by PCR using custom-designed
primers. Forward primer PMA-1-Xbal-F at the 5" end of the gene
contained an introduced Xbal restriction site; reverse primer PMA-1-
PacI-R at the 3’ end of the gene sequence, excluding the stop codon,
contained a Pacl restriction site (Table 2). The amplified and purified
PCR product was digested with Xbal and PacI and cloned into Xbal-
and Pacl-digested plasmid pMF272 (NCBI GenBank accession num-
ber AY598428 [29]), yielding plasmid pMROO1. All plasmids were
propagated in Escherichia coli strain DH5a supercompetent cells (In-
vitrogen). Sequencing of plasmid pMR001 was carried out at the Core
Instrumentation Facility of the Institute for Integrative Genome Biol-
ogy at the University of California, Riverside.

To overcome potential mislocalization of GFP-tagged PMA-1 due to
overexpression driven by the ccg-1 promoter, we constructed a strain in
which the 3’ end of the endogenous prma-1 was fused to the gfp gene, using
fusion PCR (see Fig. S1 in the supplemental material) (M. Riquelme, E. L.
Bredeweg, O. Callejas-Negrete, R. W. Roberson, S. Ludwig, A. Beltran-
Aguilar, S. Seiler, and M. Freitag, unpublished data). Primer pairs
ORFS54-F P1-ORFS55-R P2 and ORFS56-F P3—ORFS57-R P4 (Table 2)
were used to amplify 1 kb of the pma-1 open reading frame (ORF) and 3’
untranslated region (UTR), respectively, from N. crassa genomic DNA.
The cassette gfp-hph was amplified using primers 10XGlyF P7 and loxPR
P8 (Table 2) from plasmid pCCG-1::Gly::GFP (30). Both fragments (ORF
or 3’ UTR) and the cassette gfp-hph were fused by PCR using primers pairs
ORFS54-F P1-hph SMR P6 (Table 2) to amplify 1 kb of the ORF fused to
gfp-hph and hph SMF P5—ORFS57-R P4 (Table 2) to amplify hph fused to
1 kb of the 3" UTR. PCRs were performed in a Lab Line thermal cycler

Oligonucleotide Sequence Source or reference
PMA-1-Xba-F 5'- AATCTAGACGCCAATGGCGGACCACTC-3’ This study
PMA-1-Pacl-R 5'-CGTTAATTAATTGCGACTTCTCATGCTGAG-3’ This study
ORFS45-F P1 5'-CGAGCCGGGTGCTTTTGCTCCCTA-3’ This study
ORFS46-R P2 5'-TCCGCCTCCGCCTCCGCCGCCTCCGCCACCCATGATACCCGTTCC-3' This study
ORFS47-F P3 5'-TATACGAAGTTATGGATCCGAGCTCGGGGGATGGTATAATGGAAGG-3' This study
ORFS48-R P4 5'-CGCTTTCCGTCCTTCTGCAACCAC-3' This study
ORFS54-F P1 5'-GCCCGGCTCTGAGGTCTACGAC-3' This study
ORFS55-R P2 5'-CCGCCTCCGCCTCCGCCGCCTCCGCCTTGCGACTTCTCATGCTGAG-3' This study
ORES56-F P3 5'-GCTATACGAAGTTATGGATCCGAGCTCGGCGATATAATGATTTTCC-3' This study
ORFS57-R P4 5'-CCACAAACCAGAAATAACCGTGCC-3' This study
ORFS87-F Plseq 5'-CCTCCCCGTCACGATACCTAC-3’ This study
OREFS88-F P2seq 5'-CCGTATCTGGATCTTCTCCTTC-3' This study
ORFS89-F Plseq 5'-GTCATTTTCGTCATCAACCTG-3' This study
ORFS90-F P2seq 5'-CAAGGCTTCACCGCGTTCATGC-3’ This study

hph SMR P6
hph SMF P5
10XGlyF P7
loxPR P8
OMF1651-R
MRpl10 F
MRpl1 R
MRp12 F
MRp13 R
pMF272F
pMF272 R

5'-TCGCCTCGCTCCAGTCAATGACC-3’
5'-AAAAAGCCTGAACTCACCGCGACG-3'
5'-GGCGGAGGCGGCGGAGGCGGAGGCGGAGG-3'
5'-CGAGCTCGGATCCATAACTTCGTATAGCA-3’
5'-CGGCTGAAGCACTGCACGCCG-3'
5'-AGAGACAAGAAAATTACCCCCTTCTT-3’
5'-AACTACAACAGCCACAACGTCTATATC-3’
5'-ATAATGAACGGAAGGTAGTTGTAGAAAG-3'
5'-ATGGATATAATGTGGCTGTTGAAAG-3’
5'-CAAATCAACACAACACTCAAACCA-3'
5'-GGCACCACCCCGGTGAACAGCTCC-3’

Riquelme et al., unpublished
Riquelme et al., unpublished
Riquelme et al., unpublished
Riquelme et al., unpublished
Freitag lab

31

31

31

31

31

31
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using TaKaRa DNA polymerase (TaKaRa Inc.). pmb, the basic amino acid
permease-encoding gene (NCU05168.4), was gfp tagged using the same
strategy with primer pairs ORFS45-F P1 and ORFS46-R P2 and ORFS47-F
P3 and ORFS48-R P4.

Neurospora genetic methods. Transformation of N. crassa strain
FGSC#9717 conidia (his-3; Amus-51 matA) with plasmid pMRO001 (Dral
linearized) was carried out by electroporation on a Bio-Rad Gene Pulser
(25-F capacitance, 1.5-kV voltage, and 600-) resistance). his-3" pro-
totrophic transformants showing fluorescence were selected (TESM003).
The correct integration of the recombinant cassette in the selected trans-
formant, TESMO001-3, was verified by PCR using primers MRp10 F,
MRpl1 R, MRp12 F, and MRp13 R as previously reported (31).

For transformation with DNA fragments obtained from fusion PCR,
conidia of N. crassa strain FGSC#9718 (Amus-51 mata) were used. Hy-
gromycin (300 pg/ml)-resistant heterokaryon transformants (PMA-1-
GFP or PMB-GFP) showing fluorescence were selected (TRAF6-5 and
TRAF9-1, respectively).

To obtain homokaryon strains expressing PMA-1-GFP or PMB-GFP,
we crossed N. crassa heterokaryon strains TRAF6-5 and TRAF9-1 with N.
crassa Asad-2 (matA [32]). Hygromycin (300 pg/ml)-resistant colonies
that showed fluorescence were selected (NRAF6-11 and NRAF9-1).

Correct integration in NRAF6-11 and NRAF9-1 strains was verified by
PCR using primer pairs ORFS87-F P1 seq/OMF1651-R and ORFS88-F P2
seq/hph SMR P6 and primer pairs ORFS89-F P1 seq/OMF1651-R and
ORFS90-F P2 seq/hph SMR P6, respectively (see Fig. S2 in the supplemen-
tal material). Mycelium for genomic DNA extraction was grown at 28°C
for 7 days on liquid medium with no shaking and no light, filtered, sub-
merged in liquid nitrogen, and lyophilized. DNA was extracted with the
DNeasy plant extraction kit (Qiagen).

Sucrose gradient and Western blot analysis. Liquid Vogel’s complete
medium (VCM) was inoculated with NRAF6-11 (1 X 10° conidia/ml)
and incubated for 16 h at 30°C and 200 rpm. Mycelia were filtered by
vacuum, triturated with liquid nitrogen, and homogenized with 1 volume
of glass beads (0.5 mm; Sigma) and 2 volumes of 33 mM phosphate buffer
pH 8.2 (38) in a Braun MSK homogenizer for 4 pulses for 30 s each time in
the presence of CO, flow as the coolant. The homogenate was centrifuged
at 5,000 X g for 5 min at 4°C. The total extract was loaded onto a sucrose
gradient as described previously (33). Density (Abbe refractometer; Carl
Zeiss, Gottingen, Germany) and absorbance (280 nm, 6505 UV-visible
[UV-Vis] spectrophotometer; Jenway) were determined for each fraction.

For Western blot analysis, 30 pl of each fraction was loaded per lane.
The samples were heated at 37°C for 30 min and run in a 7% SDS-poly-
acrylamide gel. Anti-GFP (1:500; Santa Cruz Biotechnology) and goat
anti-mouse IgG conjugated to horseradish peroxidase (1:1000; Roche)
were used as primary and secondary antibodies, respectively.

Fluorescence microscopy and image processing. Cells expressing
GFP were imaged using an inverted Zeiss laser scanning confocal micro-
scope (LSM-510; Carl Zeiss) and an Olympus FluoView FV1000 confocal
microscope (Olympus, Japan), both fitted with an argon ion laser with a
GFP filter set with a 488-nm excitation wavelength and a 505- to 550-nm
emission wavelength and an He/Nel laser with an RFP filter set with a
543-nm excitation wavelength and a 560-nm emission wavelength. A
100X (PH3), 1.3-numerical aperture (NA) Plan-Neofluar oil immersion
objective was used for LSM-510. For FV1000, a 60X, 1.42-NA Plan-Apo-
chromat oil immersion objective was used. A photomultiplier module
allowed us to combine the confocal with phase-contrast or differential
interference contrast (DIC) to provide us with a simultaneous view of the
fluorescently labeled proteins and the entire cell. The imaging parameters
used produced no detectable background signal from any source other
than from GFP. Time-lapse imaging was performed at scan intervals of 1.5
to 30 s for periods up to 40 min and captured with a combination of low
energy, high attenuation, and a less concentrated excitation laser beam
caused by the low-NA objective, to avoid photobleaching during repeti-
tive imaging. Confocal images were captured using LSM-510 (version 3.2;
Carl Zeiss) or Olympus Fluoview (version 4.0a; Olympus) software and

August 2013 Volume 12 Number 8

Distribution of H*-ATPase in Neurospora crassa

FIG 1 PMA-1-GFP expression under the control of the pma-1 native pro-
moter in conidia and germlings of N. crassa. (A) In conidia, PMA-1-GFP was
evenly distributed along the PM; (B to F) in young germlings, ranging from 7
to 49 pm in length, PMA-1-GFP accumulated all along the PM, although with
less intensity at the apex. Bars = 5 pm.

evaluated with an LSM-510 image examiner (version 3.2) or Olympus
Fluoview viewer (version 4.0a), respectively. Some of the time series were
converted into animation movies using the same software.

To analyze the distribution of the PMA-1-GFP fluorescence, a recon-
struction was made with Adobe Photoshop CS5 for 20 hyphae, taking 10
frames for each hypha along its longitudinal axis. The first captured frame
included the hyphal apex up to the region starting to show fluorescence;
the next 9 frames included the region behind the first frame to the region
where fluorescence could be observed in the PM. After incubation for 5 h,
germinated conidia of strains expressing PMA-1-GFP (under the control
of native or ccg-1 promoters) were imaged and the fluorescence of the
PMA-1-GFP driven by Pccg-1 was measured from the base of the conid-
ium to the region of the germ tube PM where fluorescence was no longer
observed.

For fluorescence recovery after photobleaching (FRAP) analysis, a re-
gion of interest was selected, and 500 repetitions at 90% laser intensity
were applied during a time series sequence acquisition. Triplicate experi-
ments were performed. For fluorescence intensity measurements before
and after photobleaching, ImageJ (National Institutes of Health, USA)
software was used. FRAPAnalyser (University of Luxembourg) was used
to obtain fluorescence recovery plots and fitted curves. All analyses were
submitted to a background subtraction. Nonadjacent unbleached PM re-
gions were used as reference controls.

Cells stained with FM4-64 [N-(3-triethylammoniumpropyl)-4-(6-
(4(diethylamino) phenyl) hexatrienyl) pyridinium dibromide; Molecular
Probes] were imaged with the argon ion laser (excitation wavelength, 514
nm, and emission wavelength, 670 nm).

For each treatment, agar blocks containing hyphae were inverted onto
a coverslip containing a 10-pl drop of the corresponding solution. Cells
were imaged 5 to 10 min after that.

Inhibitors and fluorescent dyes. An inhibitor of the classical
ER-Golgi secretory pathway, brefeldin A (BFA; Sigma), was added to
growing hyphae at a final concentration of 200 pg/ml in VMM from a
20-mg/ml stock solution in dimethyl sulfoxide (DMSO). FM4-64 was
used at a final concentration of 10 wuM in VMM. Cytoskeleton inhibitors
were used to disturb the Spitzenkorper. Stock solutions of cytochalasin A
(Sigma; 1 mg/ml) and latrunculin A (Sigma; 400 pg/ml), both actin in-
hibitors, were prepared in DMSO and diluted in VMM to working con-
centrations of 50 pg/ml and 20 g/ml, respectively. A stock solution of
methyl 1-(butylcarbamoyl)-2-benzimidazolecarbamate (benomyl; Sig-
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FIG 2 Distribution of PMA-1-GFP in a mature hypha of N. crassa. (A) Reconstruction of a growing hypha imaged by LSCM; (B to D) magnifications of boxes
in panel A. (B) At the hyphal subapex (>50 pwm from the tip), PMA-1-GFP localized at individual vesicles (arrows); (C) behind the subapex, PMA-1-GFP
localized at the tubular endomembrane system; (D) in distal areas (>120 wm under the native promoter), PMA-1-GFP localized at the PM of septa. Bars = 50

pm (A) and 20 pm (B to D).

ma; 500 pg/ml), a microtubule inhibitor, was prepared in ethanol and
diluted in VMM to a working concentration of 100 pg/ml.

RESULTS

Selection of strains expressing PMA-1-GFP. Strains showing flu-
orescence were selected by screening prototrophic transformants
by laser scanning confocal microscopy (LSCM). The integration
of the pma-1-gfp cassette at the his-3 locus was confirmed by PCR,
yielding the predicted 3.2-kb amplicon with primers MRp10 F and
MRpl1 R and a 2.1-kb amplicon with primers MRp12 F and
MRp13 R (data not shown). The correct integration of the pma-
1-gfp-hph and pmb-gfp-hph cassettes was confirmed by PCR with
primers sets ORFS87-F Plseg—-OMF1651-R and ORFS88-F
P2seq—-OMF1651-R to pma-1 and with primers sets ORFS89-F
Plseq—OMF1651-R and ORFS90-F P2seq—-OMF1651-R to pmb,
obtaining the expected 1.5-kb and 2.1-kb amplicons (data not
shown). Strains TESM003, NRAF6-11, and NRAF9-1 showing
stable fluorescence were selected for subsequent analyses.

Although the strain expressing PMA-GFP under the control of
the endogenous promoter grew slower than the corresponding
parental strain (see Fig. S3 in the supplemental material), it
showed wild-type hyphal morphology. pma-1 is an essential gene;
therefore, the viability of the strain with the replacement of the
native gene with a pma-1-gfp version indicated that the recombi-
nant protein was functional. Therefore, all subsequent micros-
copy analyses were conducted using the strain in which PMA-1-
GFP was expressed under the control of the native promoter.

The molecular mass of N. crassa PMA-1 is 99.88 kDa (920
amino acids), but when the protein is tagged with GFP, the mo-
lecular mass increases to 126.8 kDa, as confirmed by Western
blotting (see Fig. S4B in the supplemental material). We used a
sucrose gradient to identify PMA-1-GFP-containing vesicles ac-
cording to their buoyant densities and to compare the buoyant
densities with those of previously reported markers of the secre-
tory pathway. PMA-1-GFP was detected in fractions 7 to 19, cor-
responding to densities ranging between 1.103 and 1.213 g/ml.
The strongest signal was observed for high-density fractions 15
and 16 (see Fig. S4A and B), corresponding to 1.155 and 1.158
g/ml. This indicated that PMA-1 travels in high-density vesicles
and is found at the PM (34, 35).

PMA-1-GFP is absent in the apical plasma membrane. PMA-
1-GFP was practically absent at the apex of the PM of germlings.
The distribution of PMA-1-GFP was analyzed during the different
germination phases, previously established (36, 37): phase I,
conidia during hydration; phase II, germ tube emergence; phase
111, germ tube elongation, and phase IV, mature hyphae. In non-
germinated conidia growing isotropically during phase I, PMA-1-
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GFP fluorescence was evenly distributed throughout the PM (Fig.
1A). In the next phases of germination (II and III), expression of
PMA-1-GFP was found all around the conidial PM and extended
to the germ tube PM, although at the tip the fluorescence was less
intense or almost absent (Fig. 1B to F).

In mature hyphae, PMA-1-GFP was localized at the PM at
distal hyphal regions and in already completed septa. Mature hy-
phae are subdivided in three regions: region I, or hyphal apex (the
first 1 to 5 wm); region II, or subapical region (5 to 20 wm); and
region III, or distal region (>20 pm) (36). In mature hyphae,
PMA-1-GFP was found in the PM at far distal regions (>120 pm
from the apex) (Fig. 2A). PMA-1-GFP did not accumulate at the
PM in hyphal region I or IT or the first portion of region III (Fig. 2A
and B). In distal region III, PMA-1-GFP could be found in the
lumen of tubular endomembranes (Fig. 2B). These tubular endo-
membranes partially colocalized with the vacuolar H" -translocat-
ing ATPase VMA-1 (Fig. 3). In distal regions, we observed PMA-
1-GFP in the lumen of globular vacuoles, whereas VMA-1-RFP
was found at the membrane of the globular vacuoles (Fig. 3A to
D). Furthermore, we observed small vesicular carriers in germ-
lings and in apical and distal regions of hyphae (Fig. 1 and 2).
These small vesicles seemed to fuse with the PM, and they did not
colocalize with FM4-64 (see Movies S1 and S2 in the supplemental
material).

In distal regions, PMA-1-GFP was also found in the PM of
mature septa (Fig. 2D, 3, and 4]J). To investigate whether PMA-1-
GFP participates in septum formation, the cells were stained with
the vital dye FM4-64. FM4-64 accumulated at the septum during
its formation, when no PMA-1-GFP could be observed (Fig. 4A to
G; see also Movie S1 in the supplemental material). FM4-64 was

A
PMA-1-GFP
- - o

FIG 3 PMA-1-GFP localizes in the lumens of both tubular and spherical
vacuoles, whereas VMA-1-RFP is found in the vacuolar membrane. (A and B)
PMA-GFP; (C and D) VMA-1-RFP; (E and F) merge. The left column shows
the distal region (spherical vacuoles), and the right column shows the apical
region (tubular vacuoles). Bar = 20 pm.
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PMA-1-GFP

FIG 4 PMA-1-GFP localized at the PM of already-formed septa. (A to C) No
GFP fluorescence could be seen at the nascent septa stained with FM4-64 (10
pM). (D to G) After 6 min, septa stained with FM4-64 seemed to be com-
pleted, whereas no PMA-1-GEP could be still observed. (G to I) After 14 min
25 s, PMA-1-GFP started to faintly accumulate at completed septa. (J to L)
After 45 min 6 s, PMA-1-GFP was clearly observed at completed septa. Bar =
20 pm.

visible at septa after 6 min (Fig. 4E), whereas PMA-1-GFP was not
visible at septa until 39 min later (Fig. 4]).

FRAP is a widely used technique to assess the mobility of a
fluorescently tagged protein (38, 39). FRAP analysis was con-
ducted to analyze the dynamics of PMA-1-GFP incorporation
into the PM and discern whether its delivery occurs from vesicles
arriving from the cytoplasm or via lateral diffusion of PMA-1-GFP
already incorporated into the lipid bilayer in adjacent regions.
After exposure to high-intensity laser irradiation, fluorescence in
the PM disappeared and started gradually reappearing until it was
almost fully reestablished (Fig. 5). Different photobleaching tests
were conducted. First, three small different regions of interest
(ROIs) of the PM were selected. This allowed us to analyze FRAP
in the photobleached regions and also iFRAP (inverse FRAP) in
the unbleached regions contiguous to the photobleached regions
(Fig. 5A). Second, a large ROI including the whole span of the PM
within a hyphal compartment was selected (Fig. 5B). Finally, an
ROI including the cytoplasm contained within a hyphal compart-
ment was selected (Fig. 5C). Fluorescence recovery values were
plotted, and variables, such as the mobile fraction (Mf; fraction of
fluorescent proteins that diffuse into the bleached region) and the
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recovery half-time (t,,), were calculated. Low t, ,, values (28 to 50
s) were obtained for ROIs including the PM, whereas high t,,,
values (550 s) were obtained for ROIs that included the cytoplasm
(Fig. 5), indicating that PMA-1-GFP moved from the cytoplasm
to the PM. In all cases, the Mf had similar values (81 to 87% [Fig.
5A to C]). iFRAP revealed loss of fluorescence in unbleached re-
gions of the PM (Mf = 45%; t,,, = 49 s [Fig. 5A]), indicating
additional lateral diffusion of PMA-1-GFP. Fluorescence in the
regions where iFRAP was analyzed did not fully recover, although
it gradually reached an intensity that coincided with the fluores-
cence intensity of adjacent bleached regions (not shown).

PMA-1-GFP is excluded from the Spitzenkorper. Most hy-
potheses about fungal growth suggest a unidirectional traffic of
vesicles to the hyphal apex and a temporary aggregation at the
Spitzenkorper, followed by fusion with the apical PM by the pro-
cess of exocytosis (40). Clearly, PMA-1-GFP did not accumulate
in the Spitzenkorper (Fig. 6A and E; see also Movie S1 in the
supplemental material). We observed that PMA-1-GFP was in-
corporated at the PM in distal areas. To rule out the possibility that
the presence of a functional Spitzenkorper could conceivably pre-
clude PMA-1 localization at the tip, several cytoskeleton inhibi-
tors shown earlier to disturb Spitzenkorper integrity were used.
When either the microtubular or the actin cytoskeleton was dis-
rupted, and no Spitzenkorper was visible, PMA-1-GFP was still
localized at the PM and absent at the apex (Fig. 6B to D and G to
K). Cytochalasin A and latrunculin A disturbed the FM4-64-
stained Spitzenkorper, while benomyl had a less drastic effect but
still reduced the Spitzenkorper size and stability, as previously
shown (41). PMA-1-GFP was found closer to apical regions of the
PM in all cases, presumably because the cytoskeleton inhibitors
perturb cell polarization.

In addition, during branch emergence it was observed that the
tubular vacuoles are present in the branch but keep a certain dis-
tance from the tip. Also, PMA-1-GFP started to localize in the PM
of the base of the branch only when it was also localized in the PM
of the main hyphae (see Movies S1 and S2 in the supplemental
material).

Brefeldin A affects the distribution of PMA-1-GFP. BFA is an
inhibitor of the classical ER-Golgi secretory pathway, traditionally
used to block vesicle budding from the Golgi. N. crassa expressing
PMA-1-GFP was exposed to BFA (200 pg/ml) and analyzed by
LSCM. After 7 min of exposure, growth ceased and PMA-1-GFP
started to accumulate at putative “brefeldin bodies” in subapical
and distal regions (Fig. 7A, arrows). After 30 min of exposure,
hyphal tips started to swell and small vesicles began to accumulate
in apical regions (Fig. 7B). After 90 min, PMA-1-GFP started to
accumulate in the PM of apical regions (Fig. 7C). Approximately 2
h later, the tips were swollen, and PMA-1-GFP was distributed
throughout the PM all along the hypha, including the apical and
subapical regions (Fig. 7D). From that point on, hyphae began to
recover and to display polarized growth (data not shown).

To elucidate whether the tubular endomembranes observed in
apical regions which become vesicular when exposed to BFA are
part of the endosomal pathway, we used FRAP analysis in spher-
ical vacuoles located near the subapical region. Spherical vacuoles
near subapical regions were exposed to high-intensity laser irradi-
ation in the presence or absence of BFA. In the absence of BFA
(Fig. 8A to D), the fluorescence in the spherical vacuoles started to
recover after 5 s (Fig. 8C), and it was fully recovered at 3 min 50 s
(Fig. 8D). However, in the presence of BFA (200 pg/ml) (Fig. 8E to
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FIG 5 FRAP analysis of PMA-1-GFP fluorescence at the plasma membrane. (A)
Three small different ROIs were photobleached (dashed boxes). Black arrowheads
indicate photobleached ROIs for which FRAP analysis was conducted, and gray
arrowheads show ROIs selected for iFRAP analysis. Bar = 20 pm. (B) A large ROI
along the plasma membrane (dashed box) was photobleached. Bar = 10 um. (C)
An ROl including the cytoplasmic region contained within a hyphal compartment
and a small ROI in the PM were selected. Black arrowheads indicate ROIs for
which FRAP analysis was conducted. Bar = 10 um. In each case, localization of
PMA-1-GFP before and after photobleaching is shown. Graphs show normalized
plots of fluorescence recovery values and fitted curves. Mf and t,,, values are
shown in each analysis. (D) Scheme showing lateral diffusion of a protein within
the PM lipid bilayer versus exchange from an endomembrane to the PM.

Membrane
Cytoplasm

H), fluorescence at vacuoles was not recovered after 4 min 30 s
(Fig. 8H).

DISCUSSION

PMA-1 is excluded from the apical region. Traffic of PMA-1-
GFP provides insight into one of the pathways that delivers pro-
teins from the Golgi to the cell surface in fungal hyphae.

Our studies demonstrate that H*-ATPase is differentially dis-
tributed along the fungal cell surface in mature hyphae. PMA-1-
GFP was found at the cell surface of subapical and distal parts but
not at the apex. These results confirm earlier predictions that the
H*-ATPase is deficient or inactive at the apex but abundant dis-
tally (9). Protons are expelled distally by the proton-translocating
ATPase and enter the apical region by a number of transporters,
including those carrying potassium and phosphate ions as previ-
ously reported (9). Furthermore, the distribution of PMA-1-GFP
in the PM is in agreement with the intracellular pH gradient in N.
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FIG 6 Effects of cytoskeletal inhibitors on PMA-1-GFP localization. (A to D)
Hyphae at low magnification; (E to L) PMA-1-GFP fluorescence at high mag-
nification; (M to T) FM4-64 staining. For each treatment, a hyphal tip (top)
and a hyphal distal region (bottom) are shown. Untreated cells (A, E, and F)
showed PMA-1-GFP fluorescence at tubular endomembranes in subapical
regions and at the PM in distal regions. A prominent Spitzenkorper was ob-
served stained by FM4-64 at hyphal apices. Hyphae treated with cytochalasin A
showed initial swelling of tips followed by dichotomous branching (B, G, and
O) and abnormal PMA-1-GFP distribution (B, G, and H); fluorescence could
no longer be observed in tubular endomembranes, and at the PM, it extended
toward subapical regions (B and G). No Spitzenkorper was present at the tips
(O). Hyphae treated with latrunculin A displayed swollen tips (C, I, and Q).
PMA-1-GFP was observed at the PM near subabipal regions (C and I), and no
Spitzenkorper was present at the apices (Q). In addition, PMA-1-GFP and FM
4-64 colocalized fluorescence could be observed accumulating cortically, be-
low the cell surface in subapical and distal regions, indicative of impaired
endocytosis (I, J, Q, and R). Hyphae treated with benomyl showed distorted
morphology (D). PMA-1-GFP fluorescence at the subapical tubular endo-
membranes was more prominent (K), and at the PM, it extended toward
subapical regions (D). The Spitzenkorper appeared reduced in size and integ-
rity (S). In all cases, PMA-1-GFP continued to be localized in the PM in distal
regions (F, H, J,and L). Cytochalasin A was used at 100 pg/ml, latrunculin A at 20
pg/ml, and benomyl at 50 pg/ml. Bars = 10 pwm (A to D) and 20 pm (E to T).

crassa. Analysis of intracellular pH using bromocresol green (a pH
indicator) showed that apical zones, devoid of PMA-1, have an
acid pH, whereas distal regions, in which PMA-1 is abundant,
have a basic pH (8). A similar cytochemical gradient was observed
in other filamentous fungi (6).

Some proteins, such as transporter or symporter proteins, need
protons for their function, suggesting that these proteins may use
the electrochemical gradient created by the H'-ATPase. In S.
cerevisiae, the arginine/H " transporter Can1p, like Pmalp, is also
found in all regions of the PM (42). However, Pmalp and Canlp
occupy different PM microdomains, which confirmed the exis-
tence of protein compartmentation within the PM in yeast (42).
Protein compartmentation probably also exists within the PM of
N. crassa. In, N. crassa the basic amino acid permease PMB, the
homolog of Canlp, tagged with GFP displayed a distribution sim-
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FIG 7 Effects of brefeldin A (200 wg/ml) on N. crassa mature hyphae express-
ing PMA-1-GFP. (A) After 7 min of exposure, PMA-1-GFP began to accumu-
late at putative brefeldin bodies (arrows in subapical and distal regions). (B
and C) After 30 to 90 min of exposure, the tip began to swell and PMA-1-GFP
started to accumulate at the PM of the apex. (D) After 2 h of exposure, PMA-
1-GFP accumulated throughout the PM all along the hypha, including the
apex and subapex. Bars = 20 pm.

ilar to that of PMA-1 (see Fig. S5 in the supplemental material).
Coexpression of PMA-1 and PMB tagged with different fluores-
cent markers and a higher-resolution microscopic analysis are
needed to discern whether these two proteins occupy different PM
microdomains in the range of several hundred nanometers.

Exocytosis occurs in distal regions of hyphae. Even though
PMA-1-GFP was found in cell fractions of a density correspond-
ing to that of ER and macrovesicles (35), it did not accumulate at
the Spitzenkorper, where there is the highest concentration of
secretory vesicles according to electron micrographs of hyphal tips
of N. crassa (36). Instead, PMA-1-GFP localizes in subapical re-
gions and is somehow directly delivered to the PM.

FRAP analysis revealed rates of fluorescence recovery higher
for cytoplasmic exchange than for lateral diffusion, suggesting
that PMA-1 is incorporated to the PM primarily by membrane-
cytoplasmic exchange. However, lateral diffusion also occurs, as
could be inferred from the iFRAP results. FRAP analysis suggests
continuous exocytosis of PMA-1 to the PM in distal regions. Some
SNARE proteins and components of the exocyst complex
(AoSec3) which are involved in exocytosis events have been local-
ized in the septum and PM in Aspergillus oryzae (43, 44). In A.
oryzae, it has been shown that transport proteins are expressed
primarily in distal regions. For instance, AoUapC and AoGapl,
two amino acid permeases, did not accumulate at the Spitzenkor-
per. They were observed in lateral PM and septa (43, 45). Some
mechanisms of exocytosis, such as kiss-and-run (K&R) mecha-
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FIG 8 FRAP analysis in spherical vacuoles near the subapical regions of N.
crassa hyphae treated with BFA (200 pg/ml). (A to D) FRAP in untreated
hyphae; (E to H) FRAP in hyphae exposed to BFA. (A and E) Fluorescence in
a spherical vacuole before photobleaching; (B and F) photobleaching of fluo-
rescence in a spherical vacuole; (C) fluorescence recovery in a spherical vacu-
ole of an untreated hypha 5 s after photobleaching; (D) fluorescence recovered
completely after 3 min 50 s; (G and H) fluorescence of a spherical vacuole in a
hypha exposed to BFA did not recover after 4 min 30 s. Bars = 20 pm.

nisms, do not involve growth of the PM (46—48). During K&R,
proteins are released but the vesicles do not fully collapse; i.e., the
vesicle membrane does not fuse completely with the PM and does
not contribute to membrane expansion (49). While K&R mecha-
nisms have not been explored or identified in yeast or filamentous
fungi, the collective evidence suggests that they may exist. Intui-
tively, in growing hyphae, if all the vesicular membrane exocyto-
sed at areas other than the tip contributed to an increase in the
hyphal surface area, endocytosis would have to occur at regions of
the hyphae other than the subapical collar suggested by several
authors (50-53). Clearly, future studies are needed to quantita-
tively analyze the contribution of each of these processes to cell
growth.

PMA-1 recycling involves the endosomal pathway. After a
short exposure to BFA, PMA-1-GFP delivery to the PM was not
apparently blocked in N. crassa hyphae. In addition, PMA-1-GFP
accumulated at small structures visible in apical and subapical
regions, similarly to the brefeldin bodies or “brefeldin organelles”
observed in Aspergillus nidulans and S. cerevisiae cells expressing
fluorescently labeled Golgi markers PHOS®", HypB**<’, and Sec7p,
respectively, when exposed to BFA (54-56). As mentioned earlier,
Pmalp is very stable in the PM; therefore, the fact that we still see
it in the PM after short exposure to BFA could indicate that even if
no additional PMA-1-GFP arrives at the PM, the protein existing
at the time the drug was applied has not been yet recycled. Upon
longer exposure to BFA, PMA-1-GFP was found at the PM in
apical regions, indicating that somehow the apex lost its “polar”
markers and PMA-1 was missorted to all regions of the PM. What
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FIG 9 PMA-1 secretion and recycling model. This model proposes a classical secretory ER-to-Golgi pathway of PMA-1 that finally gets incorporated into the PM
(black arrows), while recycling would occur via the endosomal pathway (gray arrows). Under normal growth conditions, PMA-1 is found in tubular endomem-
branes in apical regions and vacuoles in the distal regions. The main target of BFA is Sec7, a Golgi-localized Arfl guanine exchange factor. Treatment with BFA
acts on Sec7 (in domains necessary to activate Arfl, which remains locked in the GDP-bound inactive conformation), blocks the route of budding vesicles from
the ER to the Golgi, and also blocks the endosome recycling pathway. Consequently, PMA-1 does not accumulate at spherical vacuoles and appears at what would

correspond to brefeldin bodies (not shown).

could not be discerned at this stage is whether PMA-1-GFP would
arrive at the apical PM by lateral diffusion of protein from more
distal areas, given that no new PMA-1-GFP presumably traffics
from the Golgi to the PM. In addition, it has been suggested that
BFA enhances a secondary pathway (57). BFA has an additional
site of action beyond the Golgi, one that affects endosomes (58).
We observed that PMA-1-GFP was not arriving at spherical vac-
uoles, and tubular endomembranes disappeared when hyphae
were treated with BFA. The function of the tubular endomem-
brane compartment is unclear. In addition to PMA-1 and VMA-1
(a subunit of the vacuolar ATPase), the same tubules have been
shown to contain two Ca®>*-ATPases (NCA-2 and NCA-3) that
also localize to the PM and a calcium-proton exchange protein
(CAX) that localizes to the vacuoles (59). This suggests an endo-
somal sorting function for these tubular organelles (Fig. 9). Trans-
port between early endosomes (EE) and late endosomes (LE) in-
volves an Arfl-dependent recruitment of a subset of COPI vesicle
coat polypeptides. In S. cerevisiae and mammalian cells, Arfl mu-
tants exhibit similar defects in endocytosis and the secretory path-
way (60). In addition, it has been shown that Vps (vacuolar pro-
tein sorting) proteins participate in the trafficking of a Pmalp
from the Golgi to the PM via the endosome pathway (61).

Final remarks. This work suggests the presence of a targeting
mechanism independent of the Spitzenkorper that ensures deliv-
ery of essential proteins, such as PMA-1, to the PM in nongrowing
regions of the hyphae. These results open up new questions about
secretion in filamentous fungi. It remains to be studied how
PMA-1 gets incorporated at the PM and whether there exists a
K&R mechanism or other types of alternative exocytosis mecha-
nisms in filamentous fungi.
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