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p We examined Lhe localization of a fusion of the Candida albicans Phr1 protein with the green fluorescent protein. p- Phrip-GFP localizes to
sites of active cell or hyphal wall formation. p Phrip-GFP localization in the hyphal septa requires microtubules polymerization. p Actin
cytoskeleton is required for apical localization of Phrl p-GFP. p- The absence of Phrip affects hyphal wall organization.
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Cell wall biogenesis is a dynamic process relying on the coordinated activity of several extracellular
enzymes. PHR1 is a pH-regulated gene of Candida albicans encoding a g]ycosy]phosphatidylinosito]-
anchored B(1.3}-glucanosyltransferase of family GH72 which acts as a cell wall remodelling enzyme
and is crucial for morphogenesis and virulence. In order to explore the function of Phrip, we obtained
a green fluorescent protein (GEP) fusion to determine its localization. During induction of vegetative

4 . growth, Phrip-GFP was concentrated in the plasma membrane of the growing bud, in the mother-bud
g::fiiliacul:b?l;am GX'\O\ nec&in the septum - Phr1p-GFP was recovered in the detergent-resisant membranes
Glucanosyltransferases indicating its association with the lipid rafts as the wild type Phrip. Upon induction of hyphal growth,
Cell wall Phr1p-GFP highly concentrated at the apex of the germ tubes and progressively distributed along the lat-
Hyphal growth eral sides of the hyphae. Phr1p-GFP also labelled the hyphal sepi 2, where it colocalized with chitin. Local-
Morphogenes ization to the hyphal septa was perturbed in nocodazole-treated cells, whereas inhibition of actin

polymerization hindered the apical localization. Electron Microse

opy analysis of the hyphal wall ultra-

structure of a PHRT null mutant showed loss of compactness and irregular organization of the surface
layer. These observations indicate that Phrip plays a crucial role in hyphal wall formation. a highly reg-
ulated process on which morphogenesis and virulence rely.

® 2011 Elsevier [nc. All rights reserved.

1. Introduction

Fungal walls are the first interface between the microorganisms
and their environment. In fungal pathogens, the cell envelope is
greatly involved in virulence since it mediates processes such as
adhesion, invasion of the epithelia layers and interaction with
the immune cells. In Candida albicans the cell wall greatly contrib-
utes to its virulence potential. Virulence also relies an the capabil-
ity of this microorganism to adapt in different niches of the human
body. Beside the availability of nutrients and trace elements,
dynamic changes in ion concentration, serum concentrations and
osmolic pressure, compartments of the human body colonized by
C. albicans also vary in pH. In particular, pH can be slightly alkaline
as in the bloodstream (pH 7.3), close to neutrality, as in organs like

# Corresponding author. Address: Universita degli Studi di Milano, Dipartimente
di Scienze Biomolecolari e Biotecnologie, Via Celoria 26, 20133 Milano, Italy. Fax:
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_pathways (Bensen et 2l

the kidney, liver and duodenum, or acidic, as in the stomach (pt

or vagina (pH ~4.5). Several C. albicans genes are regulated
by extracellular pH through Rim101-dependent or independent
2004: Lotz et al., 2004; Porta et al.
1999: Ramon et al., 1999). Among the genes regulated by Rim101p,
albeit in opposite directions, are PHRI and PHRZ (pH-responsive
genes 1 and 2) which were also the first identified pH-regulated
genes in C. albicans (Muhlschlegel and Fonzi, 1997; Saporito-lrwin
el 4l 1995). PHRI is expressed at pH values of 5.5 or higher,
whereas PHR2 is expressed at pH values of 5.5 or lower. PHR1
and PHRZ encode glycoproteins highly similar to Gas1p from Sac-
charomyces cerevisiae and Gellp from the fungal pathogen Aspergil-
lus fumigatus. By using in vitro assays, Phr/Gas/Gel proteins were
shown to cleave internally a p(1,3)-glucan chain (the donor) and
transfer the non-reducing portion to a new fi(1,3)-glucan chain
(the acceptor) resulting in the elongation of the chain (Mouyna
et 4l 2000). This activity has great importance in fungal biology
for glucan remodelling, which requires a balance between hydroly-
sis and new incorporation of f(1,3)-glucan into the cell wall. Since
B(1,3)-glucan is a hallmark component of nearly all fungi, fungal

Please cite this article in press as: Ragni, E,, et al. Phrilp, a glycosylphosphatidylinsitol-anchored B(1,3)-glucanosyltransferase critical for hyphal wall for-
mation, localizes to the apical growth sites and septa in Candida albicans. Fungal Genet. Biol. (2011), doi: 10.1016/.fgb.2011.05.003
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species so far sequenced have homologs of the PHR/GAS/GEL fami-
lies which altogether belong to family GH72 of transglycosidases
(Henrissat and Davies. 2000; Ragni et al 2007Db).

The lack of Phrlp or Phr2p dramatically affects C. albicans mor-
phogenesis in a manner that is dependent on ambient pH (Tun
1999). Consistent with the expression pattern, Aphrt cells exhibit
a defective phenotype which is not apparent at pH 5.5 or 6 but be-
comes visible at pH 7.5 and culminates at pH 8. In the yeast mor-
phology at pH 7.5 or 8, Aphricells appeared round, multi-budded
and larger than the wild type with a swollen aspect similarly to
s. cerevisiae cells deleted in GAST (Popolo et al.. 1993; Saporito-Ir-
win et 2. 1995). In conditions of hyphal growth, Aphr1 cells pro-
duce enlarged and shorter germ tubes (Saporito-lrwin et 1995).
Additionally, PHRI null mutants have a reduction in cell wall
B(1.3)-glucan content and a more than (ivelold increase of chitin
accumulation during vegetalive growth at the restrictive pH
(Fonzi, 1999; Popalo and Vai. 1998). Conversely, deletion of PHRZ
results in a morphogenetic defect which is expressed at acidic pH
{Muhlschlegel and Fonzi, 1997). Consistenl with the dependence
of phenotype on pH, a PHR1 null mutant was avirulent in a mouse
model of systemic infection and as virulent as the wild type in a
vaginal infection in rats (De Bernardis et al.. 1998). The virulence
phenotype of a PHR2 null mutant was the inverse. The severe mor-
phogenic defects of the PHRT null mutant result in an inability to
invade epithelia in an in vitro reconstituted system and to adhere
efficiently to abiotic surfaces and cell monolayers (Calderon
el al.. xxxx). These traits may contribute to the avirulent phenotype
of this mutant.

Beside PHR1 and PHR2, three other paralogs were identified in C.
albicans genome and named PHR3, PGA4 and PGA5. These genes ap-
pear to function in conditions which differ from those of PHRI and
PHR2 and deletion of either PHR3 or PGA4 does not impact growth,
dimorphism or virulence (Eckert et al. 2007). Expression of PGA4
was up-regulated approximately 2-fold during infection but was
independent of ambient pH (Eckert el al 2007). All the products
of the PHR multigene family are predicted Lo be anchored to the
membrane through a glycosylphosphatidylinositol (GPI). More-
over, Phrl, Phr2 and Pgad proteins were detected in a proteomic
analysis of covalently bound cell wall proteins, also termed the
“cell wall proteome” (de Grool et 2004; Klis et 2009b:
Sosinska et al., xxxx). The linkage of many mannopmtgins to the
cell wall results from further processing of the GPI anchor after
reaching the plasma membrane (Van Der Yaart €L gl 1996). The
distribution between the plasma membrane and the cell wall is
affected by the amino acids proximal to the GPI signal and by the
long serine and threonine rich regions (Frieman and Corma
2003 Frieman and Cormack. 2004). A still unidentified transglyco-
sylase was proposed to catalyze the transfer of a lipid-less portion
of the GPl-anchor to the glucan network resulting in cross-linking
through a p(1,6)-glucan bridge (Klis el o 2008a). This may pro-
mote exposure of the protein at the cell surface. Thus, similar Lo
Gas1p, which is predominantly in the plasma membrane but with
a fraction also cross-linked to the cell wall, C. albicans Phrl and

Pga4 proteins could be processed in an analogous manner. In S.
cerevisiae, a fraction of the cell-wall bound form of Gaslp is specif-
ically localized to the chitin ring and later in the bud scars, where it
remains for several generations (Rolli et 2 2009).

In this work we studied the localization of a hybrid between
Phrip and the green fluorescent protein (GFP) during different
morphological states in C. albicans. Phr1p-GFP localization to mul-
tiple sites both in vegetative growth and during hyphal develop-
ment underlines the crucial role played by this protein in
sustaining apical growth in C. albicans morphogenesis. The ultra-
structure of the hyphal walls revealed striking differences com-
pared to the wild type hyphae indicating the importance of
Phrip for wall assembly during hyphal growth at alkaline pH.

2. Methods
2.1. Strains and growth conditions

The C. albicans strains used in this study are listed in Table 1. C.
albicans cells were routinely grown at 25 € or 30 C in YPD (1%
yeast extract, 2% Bacto-peptone, 2% glucose) or synthetic minimal
medium (SD) (Difco yeast nitrogen base wjo amino acids 6.7 g/li-
ter, 2% glucose). For Ura strains media, except when used for
selection of Ura® transformants, were supplemented with 50 mg
of uridine per liter, When media with a defined pH were necessary,
150 mM HEPES [4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic
acid sodium salt, Sigma Aldrich] was added to the other compo-
nents and the pH of the medium was adjusted to the required
pH before sterilization. Solid medium was prepared as described
above with the addition of 2% bacto-agar. Growth was monitored
as the increase in optical density at 600 nm (ODggg). For growth
with yeast morphology, cells were grown in YPD or YPD-150 mM
HEPES buffered at the required pH at 25 'C. To induce hyphal
growth in liguid medium, yeast cells were cultured overnight Lo
stationary phase at ¢ in YPD or alternatively, when testing
Phrl” phenatype, in YPD-150 mM HEPES buffered at pH 6. The sta-
tionary-phase cells were inoculated at a density of 2.5 - 108~

108 cells/ml in either pre-warmed o-MEM |Alpha MEM w/o
ribonucleosides, w/o deoxyribonucleosides, wjo NaHCOj4, (Invitro-
gen)| or Medium 199 [M 199+ Earle's salts + -G lutamine and wfo
aminoacids (Gibco)] at (_Inducing media were buffered with

0 m M HEPES to pH 7.5 or 8 and glucose concentration was ad-
justed to 2%. Formation of germ tubes and hyphae was monitored
with an Olympus BX60 microscope at different time points follow-
ing induction (from 30 min to 7 l1]. Percentage of germ tubes was
determined by counting the number of cells with or without germ
tubes under the microscope.

2.2. Construction of PHR1-GFP expressing strains

For the construction of a chimera of Phrlp with the green fluo-
rescent protein (GFP), internal tagging was required. Tagging
immediately after the N-terminal signal peptide was unsuccessful

Table 1

C. albicans strains used in this work.
Strains Parent Genotype Reference
CAF3-1 5C5314 ura3A::imm434/ura3Azimm434 Lab stock
CAS6 CAF3-1 phr1 Az:hisG/PHR1 ura3Aimmd34fura3 A:-imm434 Saporito-Irwin et al (1995}
CAS8 CASE phri Az:hisG/phr1A ura3 Az imm434fura3 A imm434 Saporito-Irwin et al (1895)
JC-94 CAF3-1 ura3 Azimmd34/ura3Azimm434 PHR1/PHRI-GFP This work
UBPS 1C-94 URA3/ura3A::imm434 PHR1/PHR1-GFP This work
CAS22 CASE phr1Az:hisG/PHR1-GFP ura3Azimm4id/ura3Azimm434 This work
CAl10 CAF3-1 URA3[ura3A::imm434 Fonziand Irwin (1993}
CAS10 CAS8 phr1A::hisGiphr1 A URA3fura3A::imm434 Calderon et al. (xxxx) and Saporito-Trwin et ak { 1995)
CAS-11 CAS-8 phTJA::hisC/PHRJ-pUC!B-URAH_phrJ Aura3A::immd34fura3Azimm434 Saporito-Irwin et al. (1995)

mation, localizes to the apical growth sites and septa in Candida albicans.

Please cite this article in press as: Ragni, E., et al. Phrip, a glycasylphosphatidylinsitol-anchored B(1,3)-glucanosyltransferase critical for hyphal wall for-
Fungal Genet. Biol. (2011), doi: 10.1016/.fgb.2011.05.003

131
132
133
134
135
136
137
138
139
140
141
142
143

144

145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
17
172
173
174

175

176

178



179
180
181
182
183

185

187

YFGBI 2351
18 May 2011

No. of Pages 14, Model 5G

E. Ragni et al./ Funigal Genetics and Biology xxx (2011) xxx—xxx 3

so we proceeded with the C-terminal tagging. The sequence encod-
ing GFP was inserted between the amino acids G489 and G490. By
using a PCR-based strategy, we amplified the GFP-URA3-GFP (GUG)
cassette from the GUG plasmid (Gerami-Nejad et 1/ 2009: Hau-
sauer el al., 2005) (kindly gifted by Judith Berman and Cheryl Gale).
This strategy is based on the use of 100 bp of homology flanking re-
gions to direct gene targeting (Gola et al. 2003). The casselle car-
ried incomplete copies of GFP flanking the counterselectable URA3
marker and was amplified with the pair of long primers GPFOR2
and GPREV2 shown in Table 2 (Biomers, Germany). The 5 porlions
(100nt for both GPFOR2 and GPREV2) were complementary to the
PHR1 sequence {lanking the site selected for the insertion and the
i segments (in italics) were complementary Lo the GFP sequences
present in the GUG plasmid. For simplicity we named the amplified
cassette GUG-PHR1-100. The ~3.37 kb PCR preduct was used to
transform strain CAF3-1 using the LiAcetate procedure (Walther
and Wendland, 2003a). Ura® transformants were checked by PCR
for correct integration of the cassette into PHRT using several diag-
nostic primers. Then, cells were plated onto SD plates containing
625 pg/ml of 5-FOA to promote the excision of the URA3 marker
which restores a functional GFP gene in frame with the coding se-
quences of PHR1, Proper excision of URA3 was assessed by different
diagnostic primers. For this purpose genomic DNA was extracted
from different clones. The sequence of all diagnostic primers used
is available upon request. Two out of 35 clones were positive and
were further tested for phenotype. Three different clones (JC-93,
JC-94 and JC-95) exhibited a similar phenotype and bright green
fluorescence. They were converted to Ura3™ by integration of the
genomic fragment containing URA3 and IRO1 derived from the
digestion of pLUBP with Bglll and Pstl. Cells were transformed with
the gel-purified Bglll/Pst! genomic fragment of about 5 Kbp and
Ura® clones were selected. Genomic DNA from control strains
and from Ura® clones was extracted and subjected lo different
diagnostic PCR reactions using two pairs of primers: URA3 For2/UR-
A3Rev and URA3For/URA3Rev2 (Table 2). Three different clones (8,
10 and16) were further examined and tested for filamentation.
They were phenotypically identical and clone 8, renamed strain
UBPS, was used as a representative one in this work.

To test the functionality of PHRI-GFP we constructed a «!
where only Phrip-GFP was expressed. CAS-6 strain was (rans-
formed with a GUG cassette flanked by 200-bp of PHRT sequences
flanking the tagging site. The extension of the cassette ends of fur-
ther 100 bp was obtained in two steps. First, the ! HI 0
cassette was amplified with the oligos GPFOR2 and GPREV2 usin
pGUG as template. The kb product was cloned in the pCRII-
TOPO vector (Invitrogen) to generate the GUG-100 plasmid. The
cloned fragment was sequenced to check for absence of errors
(BMR Genomics, Padova). Then, 20 ng of pGUG-100 were used in
50-pul reactions with Phusion DNA polymerase (NEB) and GPFOR3

Table 2
Oligonucleotides used in this work.

and GPREV3 oligonucleotides (Table 2). These primers carry at
the 5-end additional 100 nt of PHR1 segments flanking the se-
lected tagging site and at their 3’ end 20 nt overlapping the ends
of the GUG-100 cassette. About 30 pg of the ~3.57 Kbp amplified
product, named GUG-PHR1-200, were used to transform CAS-6
(PHR1/phr1A) cells. Two independent clones (10 and 22) harboured
the correct integration and were plated on 5-FOA plates as de-
scribed above. The lack of errors in the integrated sequence was
checked by sequencing PCR products from genomic DNA. Several
Ura colonies derived from clone 22 were characterized and exhib-
ited a bright fluorescence. More detailed analyzes concentrated on
four clones that were positive to the PCR tests on genomic DNA for
excision of the URA3 marker. A representative clone (CAS22) is de-
scribed in detail shown in this work.

2.3. Microscopy

Cells were routinely observed by phase-contrast microscopy
and scored for budding or germ tube formation by counting at least
200 cells after mild sonication. For green fluorescence microscopy
cells were either analyzed without fixation or with fixation. In both
cases, cells were mildly sonicated by two cycles of 6 s, before being
processed. For observation without fixation, cells were collected by
centrifugation at {000 g for 2 min, washed twice with PBS, pH 7.4
at 4 °C and incubated at least 15 min on ice before being examined
under the microscope. If DNA nuclear staining was necessary. it
was performed on formaldehyde-fixed cells by using 5 pg/ml of
4 6-diamidino-2-phenylindole (DAPI) and viewed under UV. As de-
scribed previously (Warenda and Konopka, 2002), fixation did not
exceed 15 min in cells, where visualization of GFP was necessary.
Staining of chitin was performed using Calcofluor white (Sigma,
St Louis, Mo.). Calcofluor was added to the culture at a concentra-
Tion of 0.2 pg/ml during the last 10 min of growth before viewing
the cells as it has been described previously (Warenda and
Konopka, 2002).

The cells were examined as wet mounts using an Olympus BXG0
or Leica DM RX2 fuorescence microscopes. For confocal
microscopy cells were examined using a Leica TCS SP2 AOBS (Leica
Microsystems, Heidelberg, Germany) confocal laser-scanning
microscope, equipped with an Ar/Kr and He/Ne lasers and a PLAPO
63 oil immersion objective. Phrlp-GFP as excited with a laser line
of 488 nm and the fluorescence was collected between 493 and
539 nm. DAPI or Calcofluor were excited in the UV (. = 364 nm)
and the Muorescence was collected in the range 410 and 470 nm.
A series of horizontal focal section was collected by sequential
scanning of samples with a 1 um step size.

For actin staining, about 2 107 cells were fixed in 3.7% formal-

* dehyde for 2 h at room temperature. Then, the suspension was

centrifuged and the pellel was washed twice with 1 ml of distilled

Name Sequence 5'-3'

GPFOR2 TGATTTCANAGGCACGTGC ITCAATCAATATCAAGGCTAGTGCTAGTCGCAGCTGCAAAGCT GTTAGTGGAGTAGCTACTGGTAAGGCATCT
TCCTCTCGTCGTGGITCTAAMGGTGAAGAATTATTCACTGG (underlined: nucleotides encoding two glycine residues that function as
linker amino acids; in italics: sequence complementary to GFP in pGUG)

GPREVZ GACTTGCTTTAACTCCAGAGCTTGAGCTGGACCCAGAGCTGGTGCTGCTGCTTGATGATCCAGAAGTAGATG CAGAGGAAGATCCAGATTIGGAG
CTTCCTTIGTACAATTCATCCATAC (in italics: sequence complementary to GFP in pGUG)

GPFOR3 AAGGTGAATATGGTGTTGCTTCCTTCTGTICTGATAAAGATCGT] ITGTCATATGTGTTGAACCAGTATTACCT TGACCAAGACAANGAAATCCAGTGCT
TGIGATTTCAAAGGCAGTGCTT (underlined: sequence complementary to PHR! in pGUG-100)

GPREV3 ATCGGTTAGTCTT CMTCATrTMAAAACMC(;CACAT!\CCACCAACN\ATGCA{;'I'AACM‘I'AGTM‘MATTGMACCM’FITGACCK[AGACATIT
GTTGAGTIGCTITAACTCCAGAG (underlined: sequence complementary to PHR1 in pGUG-1 00)

URA3For2 GCTCATGGTGTCACTGGGAA

URA3Rev TACTACTAGTGCTCGCGE

URA3For CTGTTCTGACATCAACTG

URA3RevZ TTCCCAGTGACACCATGAGC

Please cite this article in press as: Ragni, E,, et al. Phrlp, a glycosylphosphatidylinsitol-anchored B(1,3)-glucanosyltransferase critical for hyphal wall for-
mation, localizes to the apical growth sites and septa in Candida albicans. Fungal Genet. Biol. (2011), doi:10.1016/j.fgb2011.05.003
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water (dH,0). Cells were resuspended in 500 pl of PBS. After a mild
sonication, 20 pul of Rhodamine-phalloidin solution (Molecular
Probes) was added and samples were incubated for 45 min in the
dark. After two washes with 1 ml of PBS, cells were observed under
the microscope.

For Electron Microscopy, cells were harvested from a 100 ml
culture by centrifugation at 3000g for 10 min and washed twice
in dH,0. The pellet was resuspended in 5ml of freshly-made
potassium permanganate (2% in dH,0) and incubated at 4 °C for
60 min. Fixed cells were collected by centrifugation, washed three
Llimes in dH,0 and embedded in agar blocks, dehydrated in ethanol
of increasing concentrations and infiltrated with araldite mixture.
Thin sections were cut from the hardened araldite blocks by dia-
mond knifes, To enhance contrast, the sections were stained with
Reynolds solution for 10 min and with 25% uranyl acetate for
20 min at room temperature, Specimens were examined in a Jeol
1010 electron microscope and photos were taken with Veleta Soft
Imaging System.

2.4. Extract preparation, electrophoresis and immunoblotting

About 2 - 103 cells were collected by filtration, washed and
resuspended in ice-cold dH,0. After a 2-min centrifugation at
4°C the pellets were quickly frozen and stored at —20 After
thawing, 500 ul of SB-minus buffer (0.0625 M Tris-HCl pH 6.8,
5% SDS) supplemented with protease inhibitors |1 mM phenyl-
methylsulfonyl fluoride, 1 pg/ml pepstatin and Protease inhibitor
Cocktail Complete (Roche) prepared as a 25 stock in dH;0] was
added to each pellet. After addition of an equal velume of cold glass
beads, cells were broken by shaking in a FastPrep 120 for 45 s alter-
nating with 1-min incubations on ice. Unbroken cells and glass
beads were removed by a 5-min centrifugation at Nlg at

Protein concentration was determined by the DC Protein As-
say (Bio-Rad). sD5-PAGE and immunoblotting were performed as
described previously using large slab gels (Catti et 2 1994; Ragni
et al, 2007a). Menoclonal mouse anti-actin monoclonal antibody
(mAb) clone €4 (MP Biomedicals) was used at a dilution of
1:1000 in TBS-BSA, 0.1% Tween20. Mouse anti-GFP mAb (Roche)
was used at a dilution of 1:4000 in TBS-BSA, 0.1% Tween 20. Perox-
idase-conjugated affinity purified 120 ), fragment donkey anti-
rabbit or anti-mouse 1gG were from Jackson Laboratories and used
at a dilution of 1:10000. Bound antibodies were revealed using the
ECL Western blotting detection reagents (Amersham Pharmacia
Biotech). Densitometric measurements of under-saturated films
were performed using the program Scion Image.

2.5. DRMs isolation

Isolation of detergent resistant membranes (DRMs) was per-
formed essentially as previously described (Bagnal el o 2000).
C. albicans cells (50 ODgo) were collected from a culture in expo-
nential growth phase in YPD-pH 8. Cells were mechanically broken
at 4 C in a FastPrep 120 in 1 ml of TNE buffer (50 mM Tvis-HCl pH
7.4, 150 mM NaCl and 5 mM EDTA) supplemented with protease
inhibitors and glass beads as described above. The lysate was
cleared by centrifugation at 500g for 5 min at 4 The cleared ly-
sate {~900 pl) was incubated in 1% Triton X-100 and TNE buffer
plus protease inhibitors for 30 min at 4 ¢ in a final volume of
1.5 ml. The treated lysate (between 2.5 and 4 mg) was adjusted
to 40% OptiPrep (Sigma-Aldrich) and the resulting mixture
(4.2 ml) was sequentially overlaid with 6.7 ml of 30% OptiPrep in
TNEX buffer (TNE buffer including 0.1% Triton X-100) supple-
mented with protease inhibitors and 1.1 ml of TNEX buffer. The
samples were centrifuged at 100,000g in an SW41Ti rotor for
25 h. At the end 0.9-m! fractions were collected from the top of

the gradient. Proteins were precipitated with 10% TCA on ice and
analyzed by Western blot.

3. Results
3.1. Construction of a GEP tagged version of Phrip

In order to study the localization of Phrip we constructed a
GFP-tagged version. Phrip contains both a secretory signal se-
quence at the N-terminus and a GPl-attachment signal at the C-ter-
minus, and therefore GFP was inserted internally. For this purpose,
we used a GEP-URA3-GFP construct that directed a PCR-mediated
two step insertion of GFP internal to the coding sequences of
PHRI (Gerami-Nejad et al.. 2009; Hausauer et al.. 2005), We also
exploited the identification of successful tagging sites in the 5. cere-
visiae Gaslp, which shares 55% amino acid identity with Phrlp
(Rolli et al., 2009). The first selected site was between residues
524 and S25, just after the predicted signal peptide. This construct
gave unsatisfactory results since the fluorescence was very weak.
As an alternative, GFP was placed inside the C-terminal region be-
tween G489 and G490 located before the predicted GP1 attachment
site at residue S517 (De Groot et al., 2003). As depicted in the
scheme of Fig. 1A, this insertion site was just at the beginning of
the Serine-rich region and was chosen on the basis of three criteria
(i) the Ser-rich region functions as a disordered spacer and is dis-
pensable for in vitro activity and in vivo functionality of Gaslp
(Gatti et al. 1994; Popolo et al., 2008), (ii) the insertion site is
downstream of the two functional domains, GH72 and Cys-box/
¥8, which were shown to be essential for Gaslp functionality
and are conserved also in Phrip (Popolo et al., 2008) and (iii) the
analogous insertion site in Gaslp gave origin to a partially func-
tional fluorescent protein {Rolli et al., 2009). A representative clone
harbouring one allele of PHRI and the fusion PHR1-GFP at the place
of the second allele is here described (Table 1).

As expected, the fusion gene maintained the same expression
profile as PHRI. In conditions that promote growth in yeast mor-
phology, Phr1p-GFP was detected in cells at alkaline pH but not at
acidic pH (Fig. 1B). The apparent MW of the polypeptide was about
115 kDa, as expected for a protein constituted by Phrip (88 kDa)
and GFP (~30 kDa). The Phr1p-GFP was also produced upon induc-
tion of hyphal growth. The immunoblot of Fig. 1C shows that the fu-
sion protein was absent at time zero but was already detectable at
30 min after the induction and its level increased during the process
of hyphae formation. Cell morphology. growth rate at alkaline pH,
kinetics of filamentation of this strain were identical to those of
the parental strain (data not shown). Microscopic analysis showed
that Phr1p-GFP hybrid protein was fluorescent in living cells (see
below).

To assess the functionality of Phri-GFP we replaced the PHRI
allele of the heterozygous strain CASE (phr1 A(PHR1) with the
PHR1-GFP [usion. Different clones carrying PHR1-GFP were ana-
lyzed and a representative one (CAS22) is described hereafter.
Phrip-GFP alone suppressed the growth defect of the PHR1 null
mutant during growth in yeast form in media buffered at pH 8, a
very restrictive condition for the mutant (Saporito-lrwin et al.
1995). The growth rates were 0.27 £ 0.01 (1= 3 for the Phrl cells
(CAS8), 0.34x0.02 for cells carrying only Phrip-GFP
(CAS22) and 0.36 +0.01 ; for the parental strain (CAF3-1]
Moreover, Phrlp-GFP complemented the swollen, large and multi-
budded aspect typical of Phr1 cells (Fig. 1D). Thus, Phr1p-GFP fully
complemented the defects of the PHR1 null mutant during growth
in yeast form. Concerning the cell wall defects of Aphrl cells, we
tested the sensitivity to calcofluor (CF), a cell wall perturbing agent
that binds and interfere with the assembly in microfibrils of nas-
cent chitin chains. Phrl cells are known to have an increased chi-
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Fig. 1. Expression and functionality of the Phrip-GFP hybrid protein. (A) Schematic representation of the insertion site of GFP in the amino acid sequence of Phrip. GH72:
signature domain of family 72 of transglycosidases; Cys: cysteine-enriched module (also named X8); Ser: serine-rich domain and GPi: signal for GPI attachment. In the grey
box is the signal peptide (aa 1-21). (B) Total protein extracts (~200 pg), from strain JC-94 (PHR1/PHR1::GFP) exponentially growing in the indicated conditions were analyzed
by immunoblot with an anti-GFP mAb. (C) Total extracts from JC-94 under hyphal growth inducing conditions. The upper part of the filter was immunodecorated with an
anti-GFP mAb, whereas the lower part with an anti-actin mAb. (D) Full complementation of the morphogenic defects of Phri~ cells by one copy of PHRI-GFP during growth in
yeast form in YPD-150 mM HEPES buffered at pH 8 at 25° C. Phase-contrast and GFP fluorescence microscopy analyzes are shown. (E) Test of CF sensitivity of the indicated
strains. 3 pl of a concentrated suspension {5 x 10° cells/ml) of exponentially growing cells (1) and of 10x (2), 100x (3), 1000 (4) and 10,000x (5) dilutions were spotted on
YPD pH 7.5 plates in the absence or presence of calcofluor {(CF)and incubated for Z days at 30 °C. (F] Test of functionaity of Phr1-GFP during hyphat growth. Hyphae formation
was induced by shifting stationary phase cells pre-grown in YPD buffered at pH 6 at 30 °C to M199 buffered at pH 8 at 37 °C and incubated overnight. Microscopy analysis of
the indicated strains is shown.
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tin content that is required for the compensation of cell wall de-
fects and be hypersensitive Lo this drug ( 1999; Papolo and

1998). Whereas one copy of PHRI was able to fully suppress
the CF sensilivity of Aphri cells, one copy of PHR1-GFP conferred
a2 10-fold increase in resistance but not a full suppression indicat-
ing a partial complementation of the defect (Fig. 1E).

To complete the analysis, we monitored hyphae formation.
PHR1 null mutant is unable to support hyphal growth and at alka-
line pH it forms short enlarged germ tubes with wider septa (Cald-
eron el al., xxxx: Saporito-frwin et gl 1995). As shown in Fig. 1F
(upper panel), one copy of PHR1 was sufficienl Lo suppress the de-
fects in hyphal growth of Aphrl cells. One copy of PHR1-GFP did
not affect early germ tube formation but elongation was affected.
Hyphae were septate bul the single compartments appeared swol-
len. These results suggest that the hybrid protein suppresses the
defect in the septum but is not sufficient to confer resistance to
the lateral hyphal wall which enlarges and gives rise o pseudo-
hyphae-like structures. The fluorescence signal of GFP was intense
in the where the protein concentrates and weaker in the lat-
eral walls (Fiz. 1F lower panel). Overall, these results indicate that
in the absence of stress in the yeast form, Phr1-GFP alone fully
complements the morphogenic defects of the PHRI null mutant
indicating that it is functional. However, Phr1-GFP alone is not
sufficient to counteract a severe challenge to cell wall integrity

Brightfield

Phr1p-GFP

Brightfield

Fig. 2. Localization of Phr1p-GFP and chitin in C. albicans. (A) Cells (strain JC-94) were

as imposed by CF or hyphal wall formation. For this reason the rest
of the work was performed using cells carrying the wild type allele
together with the PHR1-GFP fusion.

3.2. Phrip-GFP localizes to the plasma membrane, bud neck and
septum

The localization of Phr1p-GFP was analyzed during growth in
yeast form. Taking advantage of the conditional nature of the
PHR1 expression, we monitored the localization of Phrip-GFP upon
a shift of stationary phase cells to a condition that induces the
expression of the hybrid protein (pH 7.5) and promotes growth
in the yeast morphology Cells were stained with Calcofluor
(CF) to simultaneously examine Phr1p-GFP (green fluorescence)
and chitin (blue fluorescence). In stationary phase cells no fluores-
cence was detected (data not shown). After one doubling of the
ODgan of the culture, Phr1p-GFP nicely decorated the cell periphery
in accordance with the predicted localization to the plasma mem-
brane (Fiz. 2A). In small buds, a bright signal was distributed all
over the plasma membrane indicating a concentration of the pro-
tein in the area of active cell wall expansion (Fig. 2A, thin arrow).
In addition, in medium-budded cells two bright green [uorescent
dots were detected at both sides of the neck
(Fig. 2A, inset). The presence of bright patches that overlapped

Chitin

MERGE

Phr1p-GFP Chitin MERGE  Brightfield

Phrip-GFP

surface view

grown to stationary phase in YPD at 25 °C, then collected and transferred to YPD-150 mM

HEPES, pH 7.5 at 25 °C (initial ODggg ~0.35) to induce the expression of Phrlp-GFP. After one doubling (ODgoo ~ 0.7), the localization of Phr1p-CFP (green fluorescence) and
chitin (blue fluorescence) were examined. Confocal micrographs show the presence of Phrlp-GFP at the plasma membrane, with a higher intensity around the small bud {thin
arrow). The protein concentrates in the bud neck (arrowhead) and at the bud scars (thick arrow). In the merged image, the overlap of the green and blue fluorescence creates a
light blue color. The growing bud is green indicating the absence of chitin. In the inset: a median optical section plane shows in more detail the localization at the bud neck
(arrowhead) and around the growing bud. BS: bud scar. Bar: 5 uM. (B) Detail of Phr1p-GFP and chitin localizations in a medium-budded cell The arrowhead indicates the
presence of Phrip-GFP at the bud neck. The thin arrow indicates the lateral view of a bud scar adjacent to the neck, where blue and green signal overlap and produce a light
blue (merge). (C) Detail of the septum region of a large-budded cell. Phr1p-GFP concentrates at the septum, delineating a thick line overlapping with chitin. (D) In log-phase

Phr1p-GFP is distributed over the mother and daughter plasma membrane. (E) Detail of cells showing the fluorescence at the periphery (a and a’) and discontinuous (a) and a
surface view (b and b') of the same cells showing a pattern of fine dots and a bud scar (arrowhead). The cells in the images b and b are deliberately out-of-focus. BS: Bud scar.
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with chitin, suggested a further localization of Phr1p-GFP Lo the
bud scars (Fig. 2A, thick arrow). The pattern of CF labelling (blue
fluorescence) indicated the presence of chitin at the cell periphery,
at the bud neck {chitin ring) and the septum but chitin was absent
in small buds. This is in agreement with previous studies that
showed the lack of chitin deposition in the growing bud in 5. cere-
visige {Cabib and Duran, 2005), Yet in the large bud, chitin was
present, consistent with deposition of chitin occurring in the
daughter cell wall after cytokinesis. In the merged image, where
the overlapping of the green and blue fluorescence gives rise Lo a
light blue, Phr1p-GFP appeared to co-localize with chitin to the
periphery of unbudded cells, mother cells and large buds, to the
bud neck {septum\and (Fig. 2A). Small to medium-size
buds showed exclusively the presence of Phr1p-GFP. Fig. 2B shows
in more detail the Phr1p-GFP localization to both sides of the bud
neck overlapping with the chitin ring that encircles the bud neck
(arrowhead). The fluorescence at the bud neck forms a ring as also
observed by the analysis of different optical sections (data nol
shown). Moreover, it can be seen the localization of Phr1p-GFP Lo
a bud scar that is adjacent to the bud neck (Fig. 2B, arrow). In addi-
tion, Fig. 2C shows Phr1p-GFP forming a thick line over the entire
septum region in a large-budded cell. In order to determine
whether Phr1p was also localized to the inner plane of the septum,
sections of a confocal microscopy analysis were examined. Phrip-
GFP was present along the septum line also in the median optical
sections (data not shown). This suggests that at the end of cytoki-
nesis, Phrlp-GFP also localizes to the primary septum or in close
proximity to it (either secondary septa or plasma membrane sides
facing the secondary septa).

After one more doubling, the culture was in balanced exponen-
tial growth-phase. In these cells, Phr1p-GFP fluorescence was ob-
served not only in the daughter cells, but was distributed over
the surface of mother cells, indicating an association with both
polarized growth of the bud and isotropic growth of the mother
cell (Fig. 2 D). Upon closer examination, the fluorescence appeared
discontinuous along the cell contour in many cells (Fig. 2t e o).
In addition, when the focus was moved at the cell surface a pattern
of fine dots was visible suggesting a possible association with plas-
ma membrane microdomains (Fig. b and b | Also rings of bright
fluorescence were detected, ¥ izali

™ (Fig. 28 and b arrowhead).

In conclusion, Phr1p-GFP has four localization sites: the cell
periphery, the chitin ring, the bud scar and the primary septum
or a site close to it. Therefore, the protein appears to concentrate
preferentially in the region of cell wall formation, as the growing
bud and septum. In the latter localization the protein co-localizes
with chitin. A similar localization was previously shown for
Gas1p-GFP (Rolli el al. 2009) although in C. albicans it has been
more difficult to detect Phr1p-GFP in the bud scars probably due
the concomitant presence of the wild type protein which may di-
lute the intensity of the fluorescent signal. Similarly to Gasip,
Phrip-GFP seems Lo concentrate in plasma membrane
microdomains.

3.3. Phrlp-GFP segregates in microdomains of the plasma membrane

In a previous proteomic study Phrip was detected among the
proteins present in lipid rafts (Insenser et al 2006). To assess
whether the GFP-tagged Phrip was enriched in lipid rafts we puri-
fied them and assayed for the presence of GFP-tagged Phrip. Due
to their particular lipid composition, namely abundance of sterols
and sphingolipids, lipid rafts are resistant to solubilization with
detergents at < (. Because of this property, they are often referred
1o as “detergent resistant membranes” or DRMs. The low buoyant
density of lipid rafts was exploited to isolate them by centrifuga-
tion on density gradients. To determine whether Phrip-GFP was

sequestered in lipid rafts, extracts were prepared and processed
by a floatation assay on density gradients. Gradient fractions were
analyzed by immuncblot using an anti-GFP mAb or pelyclonal
anti-ScGas1p antibodies which recognize Phrip (Popolo and Vai
1998 Vai et 4l 1996). As shown in Fig. 3A, in the parental strain
Phrip was detected as an 88 kDa-polypeptide in fraction 2 at the
Lop of the gradient. This fraction is enriched in plasma membrane
lipid rafts since it contains Pmalp, the plasma membrane H*-ATP-
ase (Insenser el al., 2006; Martin and Konopka, 2004). Phr1p-GFP
was detected as a 115 kDa-polypeptide and was recovered in the
same position at the top of the gradient (Fig. 3B). Both Phrlp and
Phrip-GFP and their immature forms of higher electrophoretic
mobility were detected in other fractions (9 to bollom ), where
the membrane compartments of Lthe secretory pathway as well
as cytoplasmic fractions separate and, where the majority of the
protein is recovered (Aronova et 4l 2007 and our unpublished
data). It seems that a greater proportion of the Phrl1p-GFP was
present in these fractions suggesting a slower maturation/trans-
port of the Phr1-GFP precursors. Overall these results indicate that
the presence of Phrlp-GFP in the plasma membrane microdomains
reflecst the segregation of a small fraction of the protein in the raft
domains of the plasma membrane. whereas a great [raction is dis-
tributed in other fractions.

In order 1o compare the level of Phr1p-GFP with respect to wild
type Phrip expressed in the same strain, an immunoblot from celis
expressing Phri-GFP was reacted with anti-5cGas1p antibodies
(Fig. 3C). The lipid rafts fraction at the top of the gradient (fraction
2) showed the 115 kDa-polypeptide of Phr1-GFP, a cross-reactive
band of about 113 kDa and the 88 kDa-band corresponding to
Phrip. The ratio between the intensities of the Phrip-GFP and
the Phrlp was about 0.25. The fact that the level of Phr1p-GFP is
lower than the level of the protein expressed from the wild type al-
lele, suggests that Phr1p-GFP is either less efficiently transported
along the secretory pathway andjor subjected to a higher turnover
in the plasma membrane with respect to Phrip.

AKpa 1 2 3 4 5 678 8 10111213 14
97 - . ]
- 2”'. | Phrip
s _———
16— - ..“‘ “| Phr1p-GFP
C V83 - ]Phr1p-GFF‘
o7-| - | Phrip
I - o g
TOP BOTTOM
'b'\ o of P ft!\
D F ¢ ¢ F

Mg

" B ; Phrip-GFP - .
= e “ - Phrip

Total extract
Anti-ScGas1p

Total exiract
Anti-GFP

Fig. 3. Phrip and Phrlp-GFP associates with the detergent-resistant membranes. Cells
extracts were treated as described under Materials and Methads. Fractions (1-14) of
the Optiprep density gradients were colleted from the top. (A) Immunoblet with
anti-ScGas1p serum (cross-reacting with Phrip) of fractions from CAF3-1. (B)
Immunoblet of fractions from JC-94 (PHR1/PHR1-GFP) obtained with anti-GFP mAb.
(C) Immunoblot of fractions from JC-94 obtained using anti-SeGas1p polyclonal
antibodies. The band in fraction 2 indicates the presence of Phrip-GFP (115 kDa) er
Phrlp (88 kDa) in the lipid rafts. (D) Immunablot of the total protein extracts (about
200 ug) from cells with two copies of PHRI (CAF3-1), one copy of PHR1 (CAS6) and
one copy of PHR and one copy of PHR1-GFP {JC-94). The asterisk labels a cross-
reactive band.
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We also compared the levels of the hybrid and wild type pro-
teins in total extracts. A densitometric analysis of blots from two
independent experiments was performed. A representative one is
shown in Fig. 3D. In total extracts only the mature proteins were
detectable, As expected, Phrlp expressed from one allele of PHRI
was ~50% the amount of Phr1 protein expressed from the parental
strain carrying two alleles. In PHRI/PHRI-GFP cells, the wild type
Phrlp was still expressed at roughly the same level as in the etero-
zygous strain, whereas the level of Phr1-GFP (115 kDa) was about
half of it. Thus, in lipid rafts only half of the total mature fusion
protein is recovered.

3.4. Phr1p-GFP localization during hyphal growth

In order to analyze the localization of Phr1p-GFP during hyphal
growth, cells were induced to form hyphae. As shown in Fig. 4, at
time zero no green fluorescence was detected in agreement with
the lack of PHRT expression in stationary phase cells. At 30 min,
Phr1p-GFP was clearly visible at the tip of the germ tubes, same-
time forming a neat crescent. At 1 1, the fluorescence was highly
concentrated at the tip of the germ tubes but it was also visible
in the subapical rezion, whereas the blastospore was totally nega-
live. At 3 h, Phr1p-GFP signal was very bright at the hypha apex but
it was also distributed along the lateral sides of the hyphae. Inter-
estingly, Phr1p-GFP was also visible in the first septum of the germ
tubes. At 5.5 h, Phr1p-GFP was still concentrated at the hypha apex
but it also labelled uniformly the lateral sides of the hyphae and
also nicely labelled the hyphal septa (Fig. 4, arrows). In conclusion,
Phr1p-GFP is highly polarized at the apex of the iypha where the
activity of extension of the cell wall is more intense but it also dis-
tributes along the lateral sides of the hypha as it extends. The latter
location suggests that Phrlp might be required for continuous
remodelling of lateral hyphal walls. In addition, Phrlp localized
to the septa which are also sites of wall formation.

3.5. Phr1p-GFP colocalizes with chitin in the septa and lateral cell walls
of the hyphae but not at the apex

To investigate the localization of Phrip-GFP in the septa, cells
undergoing hyphal growth were stained with CF. At 1 h from
induction of hypha formation, cells showed the typical localization
of Phr1p-GFP with a strong labelling at the apical and subapical
part of the hypha, along the lateral walls and in the first septum

Phr1 - GFP

but no fluorescence was seen in the blastospore. On the contrary,
chitin was more abundant in the blastospore, at the base of the
germ tube and in the septum but relatively less abundant at the
apex. In the merge image, chitin and Phr1p-GFP appeared to colo-
calize at the septum and in the lateral walls but not at the apex

on., where the Phr1p-GFP signal appeared very strong and chi-
tin was relatively weak {Fig. 5A). At 2 1 (Fig. 5B), the hyphae were
more elongated and Phrip-CFP was still af the apical and subapical
regions but it was also distributed gradually along the lateral cell
walls. Moreover, Phr1p-GFP was highly concentrated in the hyphal
septa. Chitin was more abundant along the lateral cell walls and in
the septa but less at the apical part of the hypha. Thus, Phrip-GFP
co-localized with chitin in the lateral cell walls and in the septa but
not at the apical region (Fig. 5B, merge). These results strongly sup-
port the notion that Phrip-GFP localizes to rezions where the wall
is more plastic to allow extension. In agreement with this, chitin is
less abundant in these regions since the cross-linking of wall com-
ponents with chitin is presumed to confer resistance to the walls.
The analysis of the optical sections indicated that Phr1p-GFP was
also seen in the inner part of the septum forming a single line (data
not shown).

3.6. Role of the cytoskeleton in the localization of Phr1p-GFP during
hyphal growth

The presence of Phr1p-GFP in different sites of the growing hy-
pha, prompted us to examine whether the microtubules or the ac-
tin cytoskeleton were contributing to these localizations. Cells
were treated with nocodazole (NZ) whose efficacy as microtu-
bule-depolymerizing agent in C. albicans was previously estab-
lished (Rida el 2006; Yokoyama el al., 1990) or cytochalasin A
(CA) to inhibit actin polymerization {Crampin el al., 2005; Rida et
1., 2006),

Cells were pre-grown in YPD and diluted to OD =0.2 in hyphal
growth inducing conditions in the absence or presence of different
concentrations of NZ (from 1.5 to 20 pg/ml), added at time zero.
The efficacy of NZ was assayed by monitoring the inhibition of nu-
clear divisions and the optimal concentration of NZ was 20 ug/ml
in agreement with a previous report (Yokoyama et al 1990). At
this concentration, the inhibitor did not affect the ability of the ger-
minating cells to form germ tubes but caused a marked reduction
of mitosis. After 1.5 1 of treatment, the percentage of cells with di-
vided nuclei was 35% (1 - 217 in the control cells and anly 6.7%

Fig. 4. Localization of Phrip-GFP during hyphal growth. Micrographs show strain UBPS at time zero and at the indicated times after a shift of stationary phase cells to medium
M199-150 mM HEPES pH 7.5 at 37 °C. The green fluorescence of Phrlp-GFP is absent at time sero (inset). The arrowhead indicates the high concentration of protein at the tip
of the germ tubes or at the apical pertion of the hyphae. The thin arrow indicates the presence of Phrlp-GFP at the septa.
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A Brightfield
Brightfiald Phr1 - GFP Chitin Merge
NO NZ
20 pm
B Brightfield Phr1 - GFP
NZ
(20ug/ml)
B Brightfield DAPI Phr1 - GFP
Chitin Merge
NO NZ
NZ
(20pg/ml)
Fig. 5. Phrlp-GFP and chitin colocalize at the septa and in lateral walls but net in the 30min
apex of the hypha or in the blastospore. (A) Confocal micrographs of JC-94 cellsat 1 h
after the induction of hyphal growth. Phr1p-GFP (green] and chitin (blue). (B) Phrip - GFP

Confocal micrographs of JC-94 cells at 3 h after the induction. The merge of the
green and blue fluorescence gives origin to a light blue fluorescence. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

in the NZ-treated culture. As shown in Fig. 6A the nucleus
remained in the blastospore of treated cells in agreement with the
lack of nuclear migration, a microtubule-driven event (Finley and

2005). Next, we examined Phrip-GFP localization. At
30 min after germ tube induction, Phrip-GFP localized to the tip
of the germ tube both in treated and untreated cultures (Fig. GB).
After 1.5 h, Phr1p-GFP localized to the apical and subapical regions
and also in lateral walls of the hyphae (Fig. 6C). Interestingly,
Phrip-GFP localization to the septal sites was severely affected.
The green fluorescence was more intense and diffused at the pre-
sumplive septum site, as ascertained by chitin staining with CF.
These results reveal that inhibition of microtubule polymerization
interferes with septum formation and causes abnormal chitin
deposition which may perturb the regular localization of Phrip-
GFP at the septal sites. In conclusion, the inhibition of microtubule
polymerization by NZ does not affect polarization of Phrip-GFP at
the tip of the germ tubes or at the apex of the hyphae but has a
strong effect on the localization to the hyphal septa. These results
also demonstrate that microtubules play a role in the proper [or-
mation of the hyphal septa in C. albicans. In order to rule out that
this effect was due to a synergism between CF and NZ we exam-
ined the effect of NZ in a where CF was not added. In this
case also, Phr1p-GFP localization to the septa was perturbed (data
not shown).

To investigate the effects of inhibition of the actin cytoskeleton
we induced hyphal growth in the presence or absence of 20 pg/ml
of CA added at time zero. As shown in Fig. 7A, CA abolished actin
cytoskeleton polarization and prevented germ tube formation as
reported by others (Rida et 2006; Yokoyama et 1990). At
45 min after drug addition, Phr1p-GFP was visualized in punctuate
intracellular structures and cells were mostly weakly fluorescent
or negative, indicating that the transport of Phr1p-GFP is actin-
dependent and the protein is retained in intracellular vesicular

c Chitin

NO NZ

NZ
(20ug/ml)

Fig. 6. Effect of nocodazole (NZ) on Phrip-GFP localization during hyphal growth. Cells
{strain UBP8) were induced to form hyphae in medium M199-150 mM HEPES pH
7.5 at 37°C in the ahsence or presence of NZ. (A) NZ, added at time zero, inhibits
nuclear divisions during germ tube elongation (1.5 h). (B) Confocal micrographs of
emerging germ tubes at 30 min after induction (C) NZ affects septa formation and
Phr1p-GFP localization at the septa or at the presumptive septum sites. Arrowhead
indicates abnormal chitin deposition and altered Phrip-GFP localization at the
presumptive septa. Chitin staining was performed by adding CF to the culture
10 min before collecting the cells.

compartments if actin is not polarized. At 70 min after CA addition,
no green fluorescence was detectable suggesting that the protein
was degraded and PHR1 expression switched off due to inhibition
of growth {data not shown).

Finally, we also tested the effect of CA added 2 | after the induc-
tion of hyphal growth, After 30 min of treatment, actin cytoskele-
ton was depolarized (Fig. 7C). Interestingly. after 30 min of
treatment Phr1p-GFP fluorescence was very weak both at the apex
and in lateral sides of the hyphae compared to the untreated cells

Fiz. 7D). In addition, dot-like structures were detected in the cyto-
plasm of some hyphae in agreement with a block of vesicle trans-
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A NO CA CA (20ug/ml)

Brightfield e

Phallodin
B NO CA CA (20ug/ml)
Brightfield
Phri - GFP
C NO CA CA (20ug/ml)
Brightfield Phalloidin Brightfield Phallcidin

D NO CA

CA (20ug/ml)

Brightfield
Phr1 - GFP

Fig. 7. Effect of CytochalasinA (CA) en Phrip-GFP localization. Cells were induced to
form hyphae in M199-150 mM HEPES, pH 7.5 at 37 °C. (A) CA was added at time
zero and 45 min later Phalloidin staining was performed. (B) Inhibition of actin
polymerization abolished Phr1p-GFP transport to the cell surface concomitantly
with the inhibition of germ tube formation. (C) CA was added 2.5 h after induction
of hyphal growth and cells were analyzed 30 min later. Phalloidin staining indicates
the efficacy of the drug. (D) The green fluorescence was weak and diffuse in the
cytoplasm with an occasional punctuate pattern. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

porl. The arrest of hyphal growth hampered the evaluation of the
effects on septum formation.

In conclusion, the cytoskeleton plays different roles in
Phr1p-GFP localization. The polarization of the protein to the apex
is actin-dependent in agreement with the essential role of actin
cytoskeleton in hyphal polarized growth and localization of cell-
surface material {Anderson and Soll, 1986; Novick and Bolstein
1985 Sudbery et 2004). Interestingly, localization of Phrlp-
GFP along the lateral sides of the hypha also required the actin
cytoskeleton suggesting that not only secretion but also endocyto-
sis, two processes depending on actin, might be involved in the
localization of Phrip in lateral sides of the hyphae. The Phrip-GFP
localization at the septa depends on microtubule polymerization
that is required for septum formation.

3.7. Lack of Phrip causes an abriormal hyphal wall structure

To explore more deeply the role of Phrip in the hyphal wall bio-
genesis, we analyzed the effect of the lack of Phrip on hyphal cell
wall ultrastructure. A PHRT null mutant and its parental strain
were pre-grown in YPD-150 mM HEPES, pH 6. At this pH, Aphrl
mulant phenotype is not yet manifested but the expression of
PHRI was reduced to a minimum and thus also its potential inter-
ference in assessing the effects of PHRT deletion. Stationary phase
cells were inoculated into mM HEPES, pH 7.5 at Cto
induce hyphal growth. At 2 h following induction, cells were pro-
cessed for Electron Microscopy analysis (EM). As shown in
Fig. 8A, in the control strain (CAI-10) the cell wall and hyphal wall
were continuous and their structure was similarly organized. An
electron-dense outermost layer was detected and beneath it an
electro-transparent layer. These layers correspond to the external
layer of mannoproteins and to the glucan layer respectively. This
was seen also in more detail in Fig. 8B and C. Interestingly, in some
mutant cells it was possible to distinguish the cell wall of the blas-
tospore and the germ tube at the site of their connection. At this
site, the regular organization of the cell wall disappeared and a
very irregular structure appeared in the emerged tube (Fig. 8D).
The most striking differences of the mutant wall were the crenate
aspect of the mannoprotein layer and lack of a uniform thickness
(Fig. 8 Since there is a lag in the appearance of the phenotype,
the altered wall was present in some cells at the apical portion of
abnormal hyphae (Fig. 8E and G). In some hyphae the apex was
swollen and this probably caused a distension of the wall as shown
in Fig. 8H.

In conclusion, lack of Phrip has a dramatic effect on hyphal wall
ultrastructure. The EM micrographs suggest a lack of coherence be-
tween the layers and an imbalance in the assembly of the inner
glucan network perhaps resulting in a loose connection of the
mannoproteins to the underneath glucan network which gives rise
to the aspect of the hyphal wall surface.

4. Discussion

In this work we investigated the localization of a fluorescent
version of Phrip during growth of C. albicans in the yeast form
and in the yeast-to-hypha transition. In the yeast morphological
state, Phrip showed three localization sites: (i) in the plasma
membrane (ii) in the chitin ring and (iii) in the bud Mﬂe

COLes i oygh subse
tigs. In the plasma membrane, Phrip-GFP was concentrated in
very fine surface dots potentially representing plasma membrane
microdomains. Phrip and Phr1p-GFP conformed to the operative
criteria used to assess whether a protein is sequestered in lipid
rafts. This result is alse in agreement with a previous report (Insen-
|, 2006, where Phrlp was identified by proteomic tech-
niques in lipid rafts and with the presence of the homologous
ScGaslp in rafts domains of budding yeast (Aronova et al. 2007;

ser el
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CAI-10 (PHR1IPHR1)

Fig. 8. Cell wall ultrastructure of the PHR1 null mutant during hyphal growth. Wild type cells and PHR1 null mutant were induced to form hyphae in M199-150 mM HEPES. pH
7.5 at 37 °C. (A) Wild type hypha shows a regular wall structure. (B) A cross section. (C) Detail. (D) Emerging germ tube and evagination. The arrow indicates the crenate
surface of the germ tube wall. (E) Abnormal apical and subpical portien of a hypha. (F) Cross-section. (G) Apical region with a “weavy” aspect. (H) Detail of a swollen apex.

Bar: 1 pm.

Rolli et al., 2009). Lipid rafts are important organizing centres for
protein sorting, signalling and cell polarity (Alvarez el al. 2007).
In general, GPl-anchored proteins preferentially cluster in lipid
rafts which may also fuse to form larger domains named SRDs (ste-
rol-rich domains) (Alvarez et al., 2007).

In experiments of induction of exponential growth phase
Phr1p-GFP was preferentially localized to the plasma membrane
of the bud. Labelling was not confined to the bud tip, as occurs
for proteins involved in the establishment of polarity, but rather
it was distributed over the entire periphery suggesting that Phrip
function is reguired for bud wall expansion. Interestingly, this
localization reflects the distribution of cortical actin in the growing
bud of C. albicans (Anderson and Soll. 1986). In log-phase cells the
protein was localized over the entire periphery of both mother and
daughter cells indicating that at steady state the protein is proba-
bly required also for glucan remodelling of the mother cell wall
during isotropic growth. Overall the localizations of Phrlp in C

albicans resembles that of Gas1p-GFP in S. cerevisiae (Rolli et al.
2009).

In 5. cerevisiae, we demonstrated a further localization of Gas1p-
GFP in, or close to, the primary septum in cells that had undergone
cytokinesis (Rolli et al., 2009). By examining optical sections perpen-
dicular to the plane of the septum we observed that Phripalso local-
ized to the site of primary septum in large budded cells (Fig. 515
Thus, Phrip may also be localized to the primary septum or in close
proximity to it, such as in the secondary septaorin the daughter and
mother plasma membranes when the cells are close to cell division.
The primary septum is a chitinous disk that is synthesized by the
essential enzyme Chs1p in C. albicans and by Chs2p in 5. cerevisiae
(Cabiby, 2004; Munre et al., 2001). In both microorganisms the pri-
mary septum is encircled by the chitin ring in vegetatively growing
cells. The fact that the localizations of Phrip and Gas1pare similar is
consistent with the capability of ectopically expressed PHRT to fully
replace GAS1 deletion in 5. cerevisige cells (Vai et al. 1996).
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Hyphal growth is another distinct morphogenic state in C. albi-
cans (Sudbery et al. 2004), Upon induction of hyphal growth,
Phr1p-GFP was detectable in as early as 30 min both on western
blots and as a fluorescent signal in live cells. The fluorescence
was highly polarized to the apex of the germ tube in agreement
with a role of Phrlp in the incorporation of the p(1,3)-glucan in
the area of maximal wall extension. This localization is consistent
with the typical growing pattern of a C. albicans hypha (U
2006). In hypha, the apical cell has an active cell cycle and is the
elongating portion of the Liyphia whereas distal cell compartments
are arrested in G; (Berman, 2006). Interestingly, in C. albicans hy-
phae localization of the Golgi apparatus is restricted to the growing
lip of the apical cell (Rida et al., 2006). Phr1 prolein, in contrast, is
also distributed along the lateral aspect of hypha cells. Lateral
localization may occur directly or occur by redistribution from
the apex, an issue that will require further investigation. Remodel-
ling of p(1.3)-glucans in the lateral wall of hyphae may be required
for maintenance of cell shape or continual wall repair. Beside these
localizations, Phrip-GFP alse decorated hyphal septa, another
important site of wall formation (Walther and il
2003b). Interestingly, in these sites a minor fraction of actin and
also SRDs concentrate {Anderson and Soll. 1986; Martin and Ko

ka, 2004: Yokoyama et al., 1990).

Consistent with the need of a more plastic wall, chitin was rel-
atively less abundant in the apex portion of the hyphae. In contrast,
in the lateral walls of the hypha and in the septa, Phrip and chitin
colocalized. In the lateral walls, the cross-links among the wall
components are increased and Phr1p could be invalved in dynamic
processes of the hypha elongation contributing to the plasticily
and extension of the apex and additionally to the resistance of
the lateral hyphal walls.

The localization pattern of Phrip is entirely consistent with the
previously reported morphological phenotypes of a PHRT null mu-
tant (Saporito-lrwin et al., 1995). Lack of Phr1p in yeast forms of C.
albicans, causes an enlargement of the buds and the presence of
multi-budded cells indicating a role of Phrip in determining the
proper development of the bud and in facilitating cell division as
previously observed for Gas1p (Rolli et al.. 2009). The localization
observed during hyphal growth defines the importance of Phrip
in hyphal development. Consistent with the requirement for a
highly polarized localization of Phrlp at the apex of the growing
germ tube, germ tubes produced by the PHRIT null mutant are
short, enlarged and also curved (Saporito-lrwin el 1995), At
the restrictive pH, Aphrl cells are able to induce germ tubes but
are defective in supporting their elongation indicating a role of
Phrip localization in the maintenance of hyphal development.

Dramatic defects in hyphal wall ultrastructure are described in
this work. The hyphal walls exhibited the typical layer structure
but the texture appeared loose and the surface had an atypical

vy appearance, Since Phrlp acts as a glucan elongating enzyme,
it is conceivable that its absence may increase the amount of short
glucan chains andfor limit interconnections within the glucan
layer. The attendant loss in structural integrity could cause a loss
of resistance and be responsible of the enlargement of the germ
tubes (Saporito-lrwin et al,. 1995). These data underline the impor-

tance of a proper balance between the synthesis and assembly of

the hyphal wall components. It is conceivable that the effects on
wall structure together with the abnormal morphogenesis, may ex-
plain the reported defects of the PHRT null mutant in adhesion
both to abiotic surfaces and cell monolayers and in invasion of
reconstituted human epithelia (Calderon et al., xxxx).

In this work we have also studied the role of cytoskeleton in the
localization of Phrip during hyphal growth. The results indicate
that microtubules are not required for hyphae formation in agree-
ment with two previous reports {Rida et al.. 2006; Yokoyama el
1990) or for polarization of Phrip to the tip of the germ tubes.

However, NZ did perturb septum formation and the localization
of Phrip to the sepla. These results indicate that the localization
of Phrip in the septum is tightly coupled with proper septum for-
mation. This effect may be mediated by defects in septin ring for-
mation since septin ring formation at the presumptive septum site
is coupled to the events of the nuclear division cycle (Finley and

1, 2005). Inhibition of actin polymerization prevented germ
tube formation in agreement with the well assessed role of actin
cytoskeleton in polarized growth in C. albicans. Consequently,
Phrip was localized in small dots inside the cells, the majority of
which were only weakly fluorescent. In CA-treated hyphae, Phrip
disappeared from the periphery and small dots were detected in-
side the hyphae. A degradation or repression of PHRI expression
may occur in the presence of the block of growth and vesicle move-
ment toward the cell surface.
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