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A B S T R A C T

Plasma membrane (PM) lipid composition imbalances affect drug susceptibilities of the human pathogen
Candida albicans. The PM fundamental structure is made up of phospholipid bilayer where phosphatidyletha-
nolamine (PE) contributes as second major phospholipid moieties, which is asymmetrically distributed between
the two leaflets of the bilayer. PSD1 and PSD2 genes encode phosphatidylserine decarboxylase which converts
phosphatidylserine (PS) into PE in C. albicans cells. Genetic manipulation of PSD1 and PSD2 genes is known to
impact virulence, cell wall thickness and mitochondrial function in C. albicans. In the present study, we have
examined the impact of PSD1 and PSD2 deletion on physiochemical properties of PM. Our fluorescence recovery
after photobleaching (FRAP) experiments point that the PM of psd1Δ/Δ psd2Δ/Δ mutant strain displays in-
creased membrane fluidity and reduced PM dipole potential. Further, the result of PSD1 and PSD2 deletion on
the thermotropic phase behavior monitored by differential scanning calorimetry (DSC) showed that in com-
parison to WT, the apparent phase transition temperature is reduced by ~3 °C in the mutant strain. The func-
tional consequence of altered physical state of PM of psd1Δ/Δ psd2Δ/Δ mutant strain was evident from observed
high diffusion of fluorescent dye rhodamine 6G and radiolabelled fluconazole (FLC). The higher diffusion of FLC
resulted in an increased drug accumulation in psd1Δ/Δ psd2Δ/Δ mutant cells, which was manifested in an
increased susceptibility to azoles. To the best of our knowledge, these results constitute the first report on the
effect of the levels of phospholipid biosynthesis enzyme on physiochemical properties of membranes and drug
susceptibilities of Candida cells.

1. Introduction

Candida albicans is the most commonly isolated opportunistic
human fungal pathogen. It is usually present as commensal in healthy
humans but in immunocompromised individuals, it causes candidasis
[1]. Approximately 9–12% of all hospital-acquired fungal infections are
attributed to C. albicans with mortality rates rising up to 50% [2,3].
Different categories of drugs are used to combat invasive fungal infec-
tions which mainly includes azoles, polyenes and echinocandins [4].
However, prolonged treatment with antifungals increases the frequency
of the generation of MDR (multi drug resistance) strains.

Various mechanisms are involved in the development of MDR in

which rapid expulsion of drug by PM localized ABC (ATP-binding
cassette) superfamily and MFS (major facilitator superfamily) drug
transporters is one of the pronounce strategies [5–7]. Recently, it has
been observed that apart from drug expulsion, drug diffusion across the
PM into the cells also play a crucial role in the development of drug
tolerance [8–11]. Our earlier studies have confirmed that physical state
of PM is a critical factor which impacts drug susceptibilities of C. al-
bicans cells. For instance, it is earlier demonstrated that reduced drug
diffusion alone can decrease drug susceptibilities of Candida cells
[8–11].

The phospholipids of C. albicans cells are mainly composed of
phosphatidyl choline (PC), PE, phosphatidyl inositol (PI), PS,
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phosphatidyl glycerol (PG), phosphatidic acid (PA), lysoPC, lysoPE and
lysoPG [12,13]. PE is the second most abundant phospholipid in Can-
dida cells [12,13], that contains a small polar head group and present as
a conical molecular structure. This structural advantage helps it to form
membrane curvature which is important for various crucial functions
[14,15]. In C. albicans, PE is synthesized by two pathways; (i) de novo
pathway, where PS is converted to PE by Psd1 or Psd2 enzymes, and (ii)
Kennedy pathway in which PE can be formed by directly utilizing CDP-
ethanolamine (Fig. 1). The levels of PSD1/PSD2 which encode phos-
phatidylserine decarboxylase are known to impact virulence, cell wall
thickness and mitochondrial functions in C. albicans [16]. Previously
Chen et al. have performed the phospholipdome analysis of C. albicans
psd1Δ/Δ psd2Δ/Δmutant strain and observed significant decrease in PE
level in the mutant cells as compared to WT cells (in WT 14.5 ± 0.8%
of total phospholipids) to (8.0 ± 1.1 in psd1Δ/Δ psd2Δ/Δ mutant). No
significant change in PI (WT 13.6 ± 0.9 to psd1Δ/Δ psd2Δ/Δ mutant
14.0 ± 0.8% of total phospholipids) and PC level (WT 53 ± 0.6 to
psd1Δ/Δ psd2Δ/Δ mutant 54 ± 0.8% of total phospholipids) was ob-
served. Expectedly, the accumulation of Psd1 or Psd2 enzymes sub-
strate PS was significantly higher in mutant cells (WT 6.1 ± 0.8 to
psd1Δ/Δ psd2Δ/Δ mutant 11.2 ± 1.0) [16].

Considering the requirement of phospholipid as crucial building
block in the PM formation, in this present study, we tested the influence
of PE synthesis via de novo pathway on PM physicochemical properties
and its effect on drug susceptibilities of C. albicans cells. For this, we
employed a homozygous double knockout mutant strain (psd1Δ/Δ
psd2Δ/Δ) and observed that PM of mutant cells possesses increased
membrane fluidity. The changes in membrane fluidity resulted in de-
creased dipole potential and lowering of phase transition temperature,
leading to enhancement of drug diffusion and susceptibility.

2. Materials and methods

2.1. Materials

The growth media YEPD (yeast extract/peptone/dextrose) and LB
broth were purchased from Himedia (Mumbai, India). The antifungal
compounds KTC (Ketoconazole), ITC (Itraconazole), MCZ (miconazole)
and chemicals sucrose, Tris buffer, DMSO (Dimethyl sulfoxide), poly-L-
lysine, Sorbitol, EDTA (Ethylenediaminetetraacetic acid), poly-L-lysine
and protease inhibitor cocktails were purchased from Sigma Chemical
Co. (St. Louis, MO). FAST-DiI and Di-8-ANEPPS were purchased from
Molecular Probes/Invitrogen (Eugene, OR). FLC (Fluconazole) was
generously provided by Ranbaxy, India. Radioactive fluconazole ([3H]
FLC: 2.8 Ci/mmol, 1 μCi/μl; 357.14 μM FLC) was custom synthesized by
Moravek Biochemicals (Brea, CA).

2.2. Strains and culture conditions

The C. albicans strains used in the present study are listed in Table 1.

C. albicans strains stock were made in 15% glycerol at −80 °C and
freshly revived in YEPD before use. All strains were grown and main-
tained in YEPD media. Bacterial strain Escherichia coli DH5α was used as
a host to construction and propagation of plasmids. E. coli cells were
grown in LB medium containing 100 μg/ml ampicillin (Amresco,
Radnor, PA), at 37 °C with shaking at 180 rpm for 16 h.

2.3. Labeling of C. albicans cells for experiments involving FRAP

Stock solution of FAST-DiI was prepared in methanol and con-
centration was estimated from its molar extinction coefficient (ε) of
148,000M−1 cm−1 at 549 nm [17]. C. albicans culture was suspended
at a density of ~108 cells/ml in 1M sorbitol-0.1 M EDTA buffer (buffer
A) and labeled with FAST-DiI as previously described using final con-
centration of 10 μM FAST-DiI in dark at 25 °C with mild shaking in glass
tubes for 30min. [11]. After two washes with buffer A, cell pellet was
resuspended in 50 μl of buffer A. An aliquot of 10 μl of this suspension
was mounted between a glass slide and a poly-L-lysine coated (0.01%,
w/v) glass coverslip, sealed with nail enamel and used for imaging and
FRAP experiments.

2.4. Fluorescence imaging of labeled C. albicans and FRAP experiments

Images were acquired at room temperature on an inverted Zeiss
LSM 510 Meta confocal microscope with a plan-apochromat 100×/1.4
NA oil-immersion objective using the 561 nm laser. Fluorescence
emission was collected using the 575–630 nm bandpass filter with the
confocal pinhole set at 1 airy unit with a zoom factor of 7. The PM
region was selected for bleaching and monitoring recovery of fluores-
cence. Data on diffusion coefficient (D) and mobile fraction (Mf) were
calculated from quantitative FRAP experiments in which just the
bleached region was scanned over time to observed fluorescence re-
covery. FRAP experiments were performed with Gaussian spot-photo-
bleaching and line-scanning mode with circular ROI of 1 μm radius.
Data representing the mean fluorescence intensity in the membrane
region (obtained using Zeiss LSM 510 software, version 3.2) within the
bleached spot were corrected for background and analyzed. For a two-

Fig. 1. Schematic overview of PE synthesis in C. al-
bicans.
In C. albicans PE is synthesized by two pathways (i)
De novo pathways; during de novo synthesis two
parallel pathways can synthesis PE by decarboxyla-
tion of PS. PS can be converted to PE by Psd1 and
Psd2 enzymes in mitochondria and Golgi vesicles
respectively. (ii) Kennedy pathway; in this pathway
exogenous ethanolamine is converted to PE.

Table 1
List of strains used in the study.

Strain Genotype/description Source/
reference

WT (SC5314) Wild-type strain [53]
psd1Δ/Δ psd2Δ/Δ SC5314 derivative, psd2Δ::FRT/

psd2Δ::FRT psd1Δ::FRT/psd1Δ::FRT
[16]

CA-CDR6 SC5314 cells harboring extra copy of GFP-
CDR6, integrated at RPS1 locus

[11]

NKKY104 psd1Δ/Δ psd2Δ/Δ cells harboring extra
copy of GFP-CDR6, integrated at RPS1
locus

The present
study
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dimensional diffusion model, FRAP data were fitted to determine the
characteristic diffusion time (τd) [18]:

= − − + +∞F [F F ][exp( 2τ /t)(I (2τ /t) I (2τ /t))] F(t) ( ) (0) d 0 d 1 d (0) (1)

where F(t) is the mean background-corrected and normalized fluores-
cence intensity at time t in the membrane region within the bleached
spot, F(∞) is the recovered fluorescence at time t→∞, and F(0) is the
bleached fluorescence intensity at time t= 0. I0 and I1 are modified
Bessel functions. The effective two-dimensional diffusion coefficient (D)
was determined from the equation [19]:

=D ω /2τ2
d (2)

where ω is the radius of the bleached spot. Mobile fraction (Mf) was
calculated according to the equation:

= − −∞M [F F ]/[F F ]f ( ) (0) (p) (0) (3)

where F(p) is the mean background-corrected and normalized pre-
bleach fluorescence intensity. Non-linear curve fitting of fluorescence
recovery data to Eq. (1) was carried out using the GraphPad Prism
software version 4.00 (San Diego, CA).

2.5. CDR6 overexpression strain construction

To construct the CDR6 overexpressing strain in C. albicans, we lin-
earized the CIp-SAT-PTDH3-GFP-CDR6-SP plasmid with StuI. Next we
transformed C. albicans strain psd1Δ/Δ psd2Δ/Δ with linear DNA frag-
ments by an electroporation method as reported previously [20]. The
screening of C. albicans transformants were performed on YEPD plates
containing nourseothricin at 200 μg/ml. Further the putative transfor-
mant colonies were checked by fluorescence microscopy to confirm the
Cdr6/Roa1-GFP expression. The resulting GFP-tagged CDR6 over-
expression strain was named as NKKY104.

2.6. Confocal imaging of Cdr6/Roa1-GFP overexpressing C. albicans cells
and FRAP experiments

C. albicans culture was suspended at a density of ~108 cells/ml in
buffer A and drop of this suspension was mounted on glass coverslips
pre-treated with 0.01% (w/v) poly-L-lysine. The coverslip was placed
inverted on the microscope stage for imaging and FRAP experiments.
Images were acquired at room temperature (~23 °C) on an inverted
Zeiss LSM 510 Meta confocal microscope (Jena, Germany), with a
100×/1.4 NA oil immersion objective. The 488 nm line of an argon
laser was used for excitation, and emission was collected with a
500–550 nm bandpass filter.

For FRAP analysis, images were acquired at room temperature
(~23 °C) using the same set-up as mentioned above, with a zoom factor
of 7. The distinct membrane fluorescence of the cell periphery was
targeted for bleaching and monitoring of fluorescence recovery.
Analysis with a control ROI drawn at a certain distance away from the
bleach ROI indicated no significant bleach while fluorescence recovery
was monitored. Data representing the mean fluorescence intensity of
the bleached ROI (1 μm) were background subtracted using an ROI
placed outside the cell. Fluorescence recovery plots with fluorescence
intensities normalized to pre-bleach intensities were analyzed using Eq.
(1). D and Mf were estimated using Eqs. (2) and (3), respectively. Non-
linear curve fitting of fluorescence recovery data to Eq. (1) was carried
out using the GraphPad Prism software version 4.00 (San Diego, CA).

2.7. Isolation and confirmation of PM fraction

PM were prepared using sucrose density gradient centrifugation
from WT and psd1Δ/Δ psd2Δ/Δ mutant C. albicans strains as described
previously [21]. The PM fractions (40 μg) were separated by 8%SDS-
PAGE and electro-transferred to PVDF membranes. Pma1 was used to
confirm PM fraction and was detected using anti-Pma1p polyclonal

antibody. Pma1p antibodies were detected with HRP-conjugated goat
anti-rabbit antibody (Santa Cruz Biotechnology Inc., Texas, USA).

2.8. Sample preparation for measurement of membrane dipole potential

Di-8-ANEPPS was added from a methanolic stock solution to PM
containing 100 nmol total phospholipid in 1.5ml of 50mM Tris, pH 7.4
buffer. The amount of di-8-ANEPPS added was such that the final probe
concentration was ~1mol% with respect to total phospholipid content.
The concentration of the stock solution of di-8-ANEPPS in methanol
was estimated from its molar absorption coefficient of
37,000M−1 cm−1 at 498 nm [22]. The final di-8-ANEPPS concentra-
tion was 1 μM in all cases and methanol content was always low
(0.05%, v/v). This ensures optimal fluorescence intensity with negli-
gible membrane perturbation. Di-8-ANEPPS was added to membranes
while being vortexed for 10 s at room temperature (~23 °C). Back-
ground samples were prepared the same way except that di-8-ANEPPS
was not added to them. Samples were incubated in dark for 30min at
room temperature (~23 °C) for equilibration before measuring fluor-
escence. Experiments were performed with three sets of samples in
duplicates at room temperature (~23 °C) and results are shown as
means ± S.E.M. One-way ANOVA followed by Bonferroni test was
used to calculate statistical significance value.

2.9. Measurement of membrane dipole potential

Measurements were carried out by the dual wavelength ratiometric
approach using the voltage-sensitive fluorescence probe di-8-ANEPPS
[23,24]. Steady state fluorescence measurements were performed with
a Hitachi F-7000 (Tokyo, Japan) spectrofluorometer using 1 cm path
length quartz cuvettes at room temperature (~23 °C). Excitation and
emission slits with a bandpass of 5 nm were used for all measurements.
Background intensities of samples were subtracted from each sample to
cancel any contribution due to the scattering artifacts. Fluorescence
intensities were recorded at two excitation wavelengths (420 and
520 nm). Emission wavelength was fixed at 670 nm. The fluorescence
ratio (R), defined as the ratio of fluorescence intensities at an excitation
wavelength of 420 nm to that at 520 nm (emission at 670 nm in both
cases) was calculated [25], which is a measure of membrane dipole
potential. The choice of the emission wavelength (670 nm) at the red
edge of the fluorescence spectrum has previously been shown to rule
out membrane fluidity effects [26].

2.10. Thermotropic phase behavior analysis by differential scanning
calorimetry (DSC)

PM containing ~10mg of total protein were suspended in 1ml of
50mM Tris buffer (pH 7.4) and used for DSC experiments. Each sample
was vortexed for 3min before carrying out experiments. Thermotropic
behavior of PM isolated from WT and psd1Δ/Δ psd2Δ/Δ was in-
vestigated as described previously [27] using a MicroCal VP-DSC mi-
crocalorimeter (Northampton, MA). Before running the DSC scan, each
sample was degassed for ~10min at 20 °C to avoid bubbles. All samples
were subjected to two heating and two cooling scans between 1 and
110 °C at a scan rate of 1 °C/min. In each experiment, the first heating
scan was considered for the determination of apparent phase transition
temperature in the thermogram. Thermograms were overlaid to display
the phase transition peaks and the overlaid plots were generated using
Origin version 8.0 (OriginLab, Northampton, MA).

2.11. R6G accumulation assay

R6G accumulation in C. albicans strains were measured by flow
cytometry. Briefly, log phase cells were starved for glucose in PBS for
2 h. Now these cells were taken and OD600 was set of 0.1 in PBS. Then,
R6G was added at a final concentration of 7 μM to the culture and the
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cells were incubated at 30 °C. Samples were collected at different time
points, washed twice with ice cold PBS and analyzed with FACSort flow
cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA)
using FL2 filter. A total of 10,000 events were considered. The analysis
was performed using the CellQuest software (Becton Dickinson
Immunocytometry Systems, San Jose, CA).

2.12. Spot based drug susceptibility assays

The susceptibilities of the C. albicans strains towards antifungal
drugs were determined by spot assay as described previously [13].
Overnight grown strain on YEPD agar plates were diluted to an OD600 of
0.1 in 0.9% saline. From this cell suspension, further 5-fold serial di-
lutions were made, and 5 μl of cells from each dilution was spotted on
drug-containing or untreated YEPD agar plates, and the plates were
incubated at 37 °C for 36 h. Each experiment was repeated at least three
times. Representative images are shown.

2.13. [3H]FLC accumulation assay

From 5ml overnight culture of C. albicansWT and psd1Δ/Δ psd2Δ/Δ
strains 0.1 at OD600 was inoculated in 50ml YEPD and grown for 6 h at
30 °C, 180 rpm shaking. After 6 h of growth cells were washed by
centrifugation and resuspended in PBS buffer. The concentration of
each culture was checked by OD600 in Cary 100 Bio UV–Visible spec-
trophotometer and set for 10 at OD600 in PBS and starved of glucose for
2 h at 30 °C.

For the diffusion assay, 800 μl of glucose-starved cell culture was
taken and [3H]FLC was added to make final concentration is 100 nm.
Now at different time points 100 μl of the treated cell solution was
taken out and added to a fresh 14ml round bottom tube containing 5ml
ice cold PBS. The solution was then filtered through a 0.45 μm cellulose
nitrate filter using millipore manifold filtration assembly and washed
twice with ice cold PBS. The filters containing washed cells were
transferred to 15ml scintillation vials containing 5ml of scintillation
cocktail was added and the radioactivity associated with the filter was
measured in liquid scintillation counter (Tri-Carb 2900TR Liquid
Scintillation Analyzer; Packard). All experiments were performed as
biological triplicates and results are shown as means ± S.E.M. A sta-
tistical significance value was employed using one-way ANOVA fol-
lowed by Bonferroni test.

3. Results

3.1. Deletion of PSD1 and PSD2 leads to higher PM fluidity in C. albicans

PE is the most abundant phospholipid in the inner leaflet of the PM
bilayer [28,29]. Based on the crucial role of phospholipids as building
block for the PM, we hypothesized that decreased levels of PE could
impact physical state of PM of Candida cells. To test this hypothesis, we
exploited psd1Δ/Δ psd2Δ/Δ double mutant strain in which both the
phosphatidylserine decarboxylases genes (PSD1 and PSD2) were de-
leted. Expectedly, the psd1Δ/Δ psd2Δ/Δmutant was reported to contain
significantly lower levels of PE in comparison to WT strain [16].

In order to check the impact of PSD1 and PSD2 deletion on plasma
membrane lipid dynamics, we performed FRAP-based lateral mobility
analysis in WT and psd1Δ/Δ psd2Δ/Δ strains by employing FAST-DiI
which we used earlier for measuring the PM fluidity in C. albicans [11].
A schematic representation of the experiment is shown in Fig. 2A. The
WT and psd1Δ/Δ psd2Δ/Δ mutant cells were incubated with lipid probe
FAST-DiI as described in Materials and methods section. A region of
interest (ROI) was selected on the PM stained with FAST-DiI and pho-
tobleached. The ROI was imaged over time and recovery of FAST-DiI
fluorescence was measured. The lateral movement of FAST-DiI from
unbleached region of PM to the bleached region acts as a source of
fluorescence recovery. Fig. 2B depicts the representative fluorescence

recovery experiment images of WT and psd1Δ/Δ psd2Δ/Δ mutant. The
rate of fluorescence recovery in the bleached area is dependent on the
later movement of FAST-DiI, which is regulated, by the physical state of
the PM. For instance, decreased membrane fluidity would lead to slow
fluorescence recovery and vice versa [30,31]. As shown in the over-
lapping recovery plot, in comparison to WT strain, the psd1Δ/Δ psd2Δ/
Δ strain showed faster recovery of FAST-DiI fluorescence (Fig. 2C). The
calculations of diffusion coefficient (D) and mobile fraction (Mf) using
different recovery data sets (as described in Materials and methods
section) revealed that D was significantly higher in case of psd1Δ/Δ
psd2Δ/Δ (1.80 ± 0.24× 10−9 cm2/s) strain as compared to WT
(0.80 ± 0.07× 10−9 cm2/s) strain (Fig. 2D). Mf value was also sig-
nificantly high in psd1Δ/Δ psd2Δ/Δ strain (71.46 ± 1.82%) as com-
pared to WT (50.43 ± 2.20%) (Fig. 2E).

3.2. Plasma membrane protein in psd1Δ/Δ psd2Δ/Δ mutant shows enhance
lateral diffusion

Lipid and protein are the two major building blocks for the PM. The
plasma membrane localized proteins involve in various important vital
functions. The lateral movement of PM localized proteins is usually
very slow and considered as a plausible reason for the yeast cell polarity
[32,33]. Previously, we showed that decrease in ergosterol biosynthesis
increases plasma membrane fluidity and lipid mobility, however, it did
not have any impact on lateral mobility of PM localized ABC transporter
protein [32].

To examine the impact of increased fluidity in the psd1Δ/Δ psd2Δ/Δ
strain on PM protein lateral mobility, as a test case, we overexpressed a
GFP tagged PM localized ABC transporter Cdr6/Roa1 in WT and psd1Δ/
Δ psd2Δ/Δ mutant background strain, designated as CA-CDR6 and
NKKY104, respectively. The strains CA-CDR6 and NKKY104 were
confirmed by PCR and western blot (Fig. S1). We performed FRAP ex-
periments by exploiting GFP fluorescence of tagged Cdr6/Roa1 fusion
construct. As depicted in Fig. 3A, a particular region of the GFP tagged
PM localized protein was selected and photobleached. The same region
was imaged over time and recovery of GFP fluorescence was measured
which occurs due to lateral movement of Cdr6/Roa1-GFP protein from
unbleached region of PM to the bleached region (Fig. 3A).

In Fig. 3B, the panels depict the representative images of Cdr6/
Roa1-GFP protein at pre bleached, bleached and recovery stages in CA-
CDR6 (WT background strain) and NKKY104 (psd1Δ/Δ psd2Δ/Δ mu-
tant background strain) cells. The recovery plot depicted in Fig. 3C
shows that PM localized ABC transporter protein display slower diffu-
sion as compared to lipid probe FAST-DiI (Fig. 2). However, the rate of
fluorescence recovery was faster in NKKY104 strain (Fig. 3C). The
calculation of the diffusion coefficient from recovery plots in CA-CDR6
and NKKY104 strain revealed that D was significantly higher in
NKKY104 strain (0.039 ± 0.004× 10−9 cm2/s) in comparison to CA-
CDR6 (0.022 ± 0.003×10−9 cm2/s) (Fig. 3D). Mf of Cdr6/Roa1-GFP
was similar for both CA-CDR6 and NKKY104 strains (Fig. 3E). These
results indicate that the initial rate of recovery of Cdr6/Roa1-GFP
fluorescence is faster in NKKY104 as compared to percentage of final
recovery, which was similar. Our FRAP experiments support that the
imbalances in PE levels and change in membrane fluidity therein could
also impact protein mobility.

3.3. psd1Δ/Δ psd2Δ/Δ mutant show low PM dipole potential

The nonrandom arrangement of amphiphile dipoles and solvent
(water) molecules at the membrane interface generates membrane di-
pole potential due to electrostatic potential differences [25,34,35].
Since the dipole potential is generated due to ‘nonrandom’ (restricted)
arrangement of lipid and solvent dipoles, the change in membrane
fluidity could affect the population of nonrandom dipoles, leading to
change in membrane dipole potential.

To explore the effect of PSD1 and PSD2 deletion on PM dipole
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potential of C. albicans, we prepared PM fraction from WT and psd1Δ/Δ
psd2Δ/Δ strains using sucrose gradient method as described in
Materials and methods section. The quality of the PM fraction was
checked by western blot using antibody against PM specific protein
Pma1 (data not shown). For the measurement of dipole potential, the
PM fractions of WT and psd1Δ/Δ psd2Δ/Δ strains were stained using a
voltage sensitive fluorescent probe di-8-ANEPPS [pyridinium, 4-(2-(6-
dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-inner salt]
(Fig. 4A). The useful parameter in this method of dipole potential
measurement is the fluorescence intensity ratio (R) which is the ratio of
fluorescence intensities at two different excitation wavelengths with
emission wavelength being fixed at the same wavelength. R is sensitive
to any change in the dipolar field where the potential-sensitive probe

di-8-ANEPPS is localized. Fig. 3B shows that deletion of PSD1 and PSD2
genes results in a red shift of di-8-ANEPPS fluorescence excitation
spectra resulting in reduction of fluorescence intensity at 420 nm and
increase in fluorescence intensity at 520 nm (marked by arrows). To
obtain a quantitative estimate of R, we plotted R (averaged over three
different experiments) for WT and psd1Δ/Δ psd2Δ/Δ strain (see
Fig. 3c). We observed that psd1Δ/Δ psd2Δ/Δ strain had significantly
low PM dipole potential (R=0.572 ± 0.006) as compared to WT
(R=0.756 ± 0.010) strain (Fig. 4B and C).

Fig. 2. Deletion of PSD1 and PSD2 leads to higher PM fluidity and lipid mobility.
(A) Schematic of FRAP. C. albicans cells were stained with FAST-DiI. PM bound fraction of FAST-DiI was photobleached and the same region was imaged over time,
and recovery of FAST-DiI fluorescence is measured. Lateral diffusion of FAST-DiI from unbleached region of PM results in recovery of fluorescence intensity. The time
to recover the fluorescence intensity in the bleach area is dependent on the physical state of the PM; higher membrane fluidity would cause faster fluorescence
recovery.
(B) Representative images of FAST-DiI labeled PM of WT and psd1Δ/Δ psd2Δ/Δ cells (left column, t= 0 s, pre-bleach). A region of interest (ROI, yellow circle) was
photobleached and cells were imaged immediately thereafter (second column, ‘bleach’) and after 120 s post-bleach (third column, ‘recovery’).
(C) Typical fluorescence recovery curves representing the qualitative estimation of rate of recovery for WT and psd1Δ/Δ psd2Δ/Δ strains. The curves are non-linear
regression fits to Eq. (1) as described in Materials and methods section. The slope of the curves show faster fluorescence recovery in psd1Δ/Δ psd2Δ/Δ strain in
comparison to WT.
(D) Diffusion coefficient (D) was calculated for WT and psd1Δ/Δ psd2Δ/Δ strains using Eq. (2) as described in the Materials and methods section and plotted as a
scatter plot. The experiment was performed in biological triplicates and values are the means ± S.E.M. A statistical significance values P < 0.001 was calculated by
one-way ANOVA followed by Bonferroni test.
(E) WT and psd1Δ/Δ psd2Δ/Δ strains mobile fraction (Mf) was calculated using Eq. (3) as described in Materials and methods section. Values are means ± S.E.M. A
statistical significance values P < 0.001 was calculated by one-way ANOVA followed by Bonferroni test.
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3.4. PSD1 and PSD2 deletion impacts on thermotropic phase behavior of
plasma membrane

Membrane phase is a crucial determinant of membrane organization
and function [36–38]. Since we observed that change in PE level affect
membrane microviscosity (Fig. 2), we explored if PE levels could also
affect phase transition temperature of the membrane. For this, we
employed DSC, which is widely used to characterize thermotropic
phase behavior of biological membranes. The overlays of DSC ther-
mogram of WT and psd1Δ/Δ psd2Δ/Δ strains are depicted in Fig. 5A.
The thermograms of WT and psd1Δ/Δ psd2Δ/Δ strains exhibited a
single prominent peak (Fig. 5A). However, in psd1Δ/Δ psd2Δ/Δ strain
the peak center was shifted towards lower temperature in comparison
to WT (Fig. 5A). The average of three biological replicates shows

(Fig. 5B) that in psd1Δ/Δ psd2Δ/Δ strains, the apparent phase transition
peak is centered at (54.1 ± 0.1 °C) which is around 3.5 °C lower than
WT (57.5 ± 0.1 °C).

3.5. Fluorescent dye rhodamine 6G show enhanced diffusion in psd1Δ/Δ
psd2Δ/Δ mutant

Since changes in the PM fluidity have earlier been shown to influ-
ence drug diffusion into yeast cells [8–11,30], we, explored if the
changes in PM fluidity observed in the case of psd1Δ/Δ psd2Δ/Δmutant
could impact diffusion through the PM. To examine this possibility, we
used R6G, a fluorescent dye which is commonly used to check the di-
rection of the movement of the molecules across the PM. Deenergized
log phase cells were incubated with R6G and at different time points,

Fig. 3. Plasma membrane protein Cdr6/Roa1-GFP in psd1Δ/Δ psd2Δ/Δ mutant shows enhance lateral diffusion.
(A) Schematic of the FRAP. GFP tagged PM localized ABC transporter protein Cdr6/Roa1 expressed in C. albicans WT and psd1Δ/Δ psd2Δ/Δ strains and named as CA-
CDR6 and NKKY104 respectively. In these strains, PM associated Cdr6/Roa1-GFP is photo-bleached and same region is imaged over time and recovery of Cdr6/Roa1-
GFP fluorescence is measured. The lateral movement of Cdr6/Roa1-GFP from unbleached region of PM to the bleached region causes fluorescence recovery. The time
to recover the fluorescence in the bleach area is dependent on the physical state of the PM; higher membrane fluidity would lead to faster fluorescence recovery.
(B) Representative images of Cdr6/Roa1-GFP expressing C. albicans CA-CDR6 and NKKY104 cells (left column, t= 0 s, pre-bleach). A Region of Interest (ROI, yellow
circle) was photo-bleached and cells were imaged immediately thereafter (second column, ‘bleach’) and after 240 s post-bleach (third column, ‘recovery’).
(C) A qualitative estimate of rate of recovery can be obtained by comparing the slopes of the overlapped recovery curve, demonstrating fast recovery in NKKY104
strain in comparison to CA-CDR6 strain.
(D) D was calculated for CA-CDR6 and NKKY104 strains using Eq. (3) as described in Materials and methods section and plotted as a scatter plot. The experiment was
performed in biological triplicates and values are the means ± S.E.M. A statistical significance values P= 0.022 was calculated by one-way ANOVA followed by
Bonferroni test.
(E) Mf was calculated for CA-CDR6 and NKKY104 strains using Eq. (3) as described in Materials and methods section. Values are means ± S.E.M. of biological
triplicates.
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aliquots were taken and intracellular accumulation of R6G was mea-
sured by flow cytometry. As depicted in Fig. 6, the psd1Δ/Δ psd2Δ/Δ
mutant accumulated higher amount of dye in to the cells as compared
to WT cells and this difference was intensified with time.

3.6. PE levels affects azoles diffusion and susceptibility

Azoles are most commonly used drug to treat candidasis and it has
been observed that the frequencies of emerging drug resistance against
azoles are high in C. albicans [39,40]. Previous reports have shown that
lipid imbalances within PM affect azole susceptibility [8–11]. With this
background, we explored the impact of psd1Δ/Δ psd2Δ deletion on
drug susceptibility. We performed spot assays of WT and psd1Δ/Δ
psd2Δ/Δ strains in presence of different azoles; FLC, itraconazole (ITR),
miconazole (MCZ) and ketoconazole (KTC) in YEPD medium. Since
psd1Δ/Δ psd2Δ/Δ strain has been shown to be cold sensitive, for this,
the spot assays were performed at 37 °C as described previously by
Chen et al. [16]. As depicted in Fig. 7A the psd1Δ/Δ psd2Δ/Δ strain
showed increase susceptibility to azoles as compared to WT strain. The
susceptibility of psd1Δ/Δ psd2Δ/Δ strain towards azoles was further
confirmed by microdilution broth assay (Fig. S3).

As discussed above and depicted in Fig. 6, we have shown that the

diffusion of R6G dye was higher in the psd1Δ/Δ psd2Δ/Δ mutant cells.
We assumed that the increase sensitivity to azoles in the psd1Δ/Δ
psd2Δ/Δ mutant could also be the result of high diffusion of azoles
across the PM into the cells. To confirm it, we examined the diffusion of
FLC in WT and psd1Δ/Δ psd2Δ/Δ strains by using radiolabeled [3H]FLC
as described previously [11,41]. The intracellular accumulation of
radiolabeled [3H]FLC was quantitated in the WT and psd1Δ/Δ psd2Δ/Δ
strains in the absence of glucose. As depicted in Fig. 7B, a significantly
high level of FLC accumulated in the psd1Δ/Δ psd2Δ/Δ mutant as
compared to the WT. At early time point (10min) the FLC accumulation
difference was not significant between WT and psd1Δ/Δ psd2Δ/Δ mu-
tant which became significant at later time points and was maximum at
50min (Fig. 7B).

4. Discussion

Drug resistance is an alarming and evolving problem in a wide
range of pathogens. Various mechanisms are involved in this phe-
nomenon where pathogen becomes resilient to the drug concentrations
which were previously sufficient to exterminate the pathogen
[39,42,43]. Among various mechanisms, enhanced efflux and decrease
influx of drugs, represent two mechanisms that are tightly regulated by

Fig. 4. The psd1Δ/Δ psd2Δ/Δ mutant shows low PM dipole potential.
(A) Chemical structure di-8-ANEPPS used for measuring membrane dipole potential in this study.
(B) Representative normalized excitation spectra of di-8-ANEPPS in WT (___, blue) and psd1Δ/Δ psd2Δ/Δ (—, maroon) membranes. The ratio of di-8-ANEPPS to
membrane phospholipids was 1:100 (mol/mol), and the concentration di-8-ANEPPS was 1 μM in both cases. The arrows indicate changes in di-8-ANEPPS fluor-
escence intensity corresponding to excitation wavelengths of 420 and 520 nm.
(C) PM dipole potential measured using di-8-ANEPPS. Change in dipole potential measured utilizing di-8-ANEPPS after incorporation into the PM of WT (blue) and
psd1Δ/Δ psd2Δ/Δ strains (maroon). Fluorescence intensity ratio (R, a measure of membrane dipole potential) is defined as the ratio of fluorescence intensities at an
excitation wavelength of 420 nm to that at 520 nm (emission at 670 nm in both cases; see Materials and methods section) was calculated from Fig. 4B. Experiments
were performed at least in triplicate and results are shown as means ± S.E.M. A statistical significance values P < 0.001 was calculated by one-way ANOVA
followed by Bonferroni test.
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PM. In former case, PM localized drug exporters expel out the drug and
in later case, the alterations in the physiochemical properties of the PM
restrict in inflow of drug (diffusion) into the cells. Human pathogenic
yeast C. albicans possesses battery of multidrug efflux transporters, of
which several have been characterized and belong to either ABC su-
perfamily (Cdr1, Cdr2 and Cdr6) or MFS superfamily (Mdr1 and Flu1)
[11,44–47], however, how various factors such as the PM physical state
affects drug susceptibility of Candida cells remain poorly understood.
The present study focuses on impact of the nature of fluidity of PM
associated with imbalances in PE levels in drug susceptibility of C. al-
bicans cells.

We have previously shown that the membrane ergosterol can affect
the PM fluidity and its interaction with sphingolipid is a crucial de-
terminant of drug susceptibilities in C. albicans cells [30,48]. Interest-
ingly, the increase in PM fluidity in erg mutants did not impact the
lateral diffusion of PM localized ABC transporter Cdr1p [32]. However,
our present study shows that the increase in membrane fluidity in
psd1Δ/Δ psd2Δ/Δ cells does impact the lateral diffusion of tested PM
localized ABC protein (Fig. 3). This could be the result of specific
changes in physiochemical properties of PM of psd1Δ/Δ psd2Δ/Δ cells,

which in comparison to ergosterol depletion is more severe. Notably, in
insect cells, PE is considered as a key factor in regulating PM rigidity
[49]. Recently, in C. albicans, we also observed that in a PM ABC
transporter knockout strain with high PM rigidity was linked to an in-
crease in PE levels [11]. Together, apart from the imbalances in er-
gosterol levels, fluctuations in PE contents also impact physiochemical
properties of yeast membrane influencing lateral mobility of PM loca-
lized proteins.

Our data show that apart from changes in fluidity, reduction in
dipole potential was also observed in psd1Δ/Δ psd2Δ/Δ cells. In higher
eukaryotic membranes, an impact of cholesterol on PM dipole potential
is known where an increase in cholesterol level has been shown to cause
increase in dipole potential [25,35]. Since PE level impacts on lipid
dynamics and PM rigidity in psd1Δ/Δ psd2Δ/Δ cells, the changes in
lipid packing density could be a plausible factor for observed change in
the PM dipole potential.

The thermotropic phase behavior is an important physical char-
acteristic property of the PM and any change in PM lipid composition
has marked effect on this property [50]. Fluctuations in membrane
sterol level are reported to impact thermotropic phase behavior. We
also noticed that changes in PE levels in psd1Δ/Δ psd2Δ/Δ cells result in
lower phase transition temperature (Fig. 5). As PE depletion increases

Fig. 5. PSD1 and PSD2 deletion in C. albicans causes decrease in membrane
phase transition temperature.
(A) DSC first heating thermograms of WT (blue) and psd1Δ/Δ psd2Δ/Δ
(maroon) strains membrane. Thermograms were overlaid to display the ap-
parent phase transition peaks.
(B) Apparent phase transition temperature of WT (blue) and psd1Δ/Δ psd2Δ/Δ
(maroon) strain membranes. Apparent phase transition temperatures represent
means ± S.E.M. of three independent experiments. A statistical significance
values P < 0.001 was calculated by one-way ANOVA followed by Bonferroni
test.

Fig. 6. Fluorescent dye R6G show enhanced diffusion in psd1Δ/Δ psd2Δ/Δ
mutant.
C. albicans WT and psd1Δ/Δ psd2Δ/Δ strain were incubated with 10 μM of R6G.
After 30, 60, and 90min sample were collected and R6G accumulation in cells
were analyzed with flow cytometry. Data of one experiment is shown out of
three biological experiments. The other two biological replicates are shown in
Fig. S2.
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the fluidity, this leads to enhancement in liquid ordered phase con-
tributing to the observed decrease in the apparent phase transition
temperature. The psd1Δ/Δ psd2Δ/Δ showed growth defect at low
temperature because of mitochondria dysfunction [16] and decreasing
in the phase transition temperature in psd1Δ/Δ psd2Δ/Δ cells could act
as adaptation method to survive at low temperature stress. To the best
of our knowledge, this type of PE dependent change in phase transition
in fungal pathogen PM is a novel observation. Since membrane orga-
nization represents an important determinant in drug resistance, our
observation (PE dependent change in phase transition) could provide
crucial insight.

This increase in fluidity shows impact on fluorescence dye R6G
diffusion, where high accumulation of the dye is observed in psd1Δ/Δ
psd2Δ/Δ mutant cells. It is well established fact that lipid imbalances

within PM could affect azoles susceptibility of the cell [8–11]. Here we
observed that homozygous psd1Δ/Δ psd2Δ/Δ mutant display decrease
resistance to azoles which was well corroborated by the observed high
[3H]FLC accumulation in mutant cells. This would imply that an in-
crease in PM fluidity in psd1Δ/Δ psd2Δ/Δ mutant results in enhanced
diffusion of drugs leading to increase susceptibility towards azoles.

A large number of drug resistance cases have been seen during C.
albicans infection treatment and various clinical isolates have been
obtained from the patient over the time of therapy. The isolates, which
were collected before treatment, are usually susceptible to drugs, while
the surviving isolates obtained after drug therapy are often resistant to
drugs. When these isolates collected from a single patient they are
considered as clinical match pair isolates and considered a very useful
tool to understand the development of drug tolerance mechanism in

Fig. 7. psd1Δ/Δ psd2Δ/Δ mutant shows increased
azoles susceptibility and drug diffusion.
(A) A comparison of growth by spot dilution assays
between WT and psd1Δ/Δ psd2Δ/Δ strains. A 5-fold
serial dilution of each strain was spotted on YEPD
agar plates containing the triazoles (FLC, ITR) and
imidazoles (KTC, and MCZ) at the indicated con-
centrations, and grown for 36 h at 37 °C.
(B) [3H]FLC accumulation levels in C. albicans WT,
and psd1Δ/Δ psd2Δ/Δ strains were measured at
mentioned time points in the absence of glucose in
glucose-starved cells. Experiments were performed
in biological triplicate and the results are shown as
means ± S.E.M. A statistical significance value was
employed using one-way ANOVA followed by
Bonferroni test.
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real clinical treatment scenario. Previously, our group have studied one
such pair TW1 (drug susceptible) versus TW17 (drug resistant) and
observed that PSD1 and PSD2 transcript levels were found to be in-
creased in TW17 isolate as compared to susceptible isolate (TW1) [51].
We have checked the expression of PSD1 and PSD2 in another clinical
match pair isolates GU4 (drug susceptible) versus GU5 (drug resistant)
and observed that in GU5 strain, the expression of PSD2 is up-regulated
as compared to GU4 (Fig. S4). The high expression of PSD genes in drug
resistant isolate points that increased level of these enzymes may con-
tribute to an increase in PE content which ultimately could impact azole
resistance.

Development of drug resistance not only depends on pathogen
properties, but also depends on the nature of the drug. In fungi, usually
it has been observed that clinical drug resistance cases occur frequently
due to the use of fungistatic drugs as compared to fungicidal drugs. To
handle this problem, a combinatorial drug therapy is considered as one
of the rising solution in which fungistatic drugs are used along with
other compounds and this combination of drug becomes fungicidal to
the pathogen. A recent work has reported a fluorescence based method
for high throughput screening of phosphatidylserine decarboxylase in-
hibitors [52] and can be further exploited for identification of novel
inhibitors. Our present study provides a mechanistic insight that
phosphatidylserine decarboxylase inhibition can increase the suscept-
ibility to azole drugs (Fig. 8). A combination of phosphatidylserine
decarboxylase inhibitor, along with azole drugs therefore can be a good
combinatorial drug therapy option against candidiasis.

In summary, we present importance of PE in PM physiochemical
properties and provide evidence that PE depletion increase PM fluidity,
decrease in PM dipole potential and the thermotropic phase tempera-
ture, thereby increasing drug diffusion and susceptibility (Fig. 8).
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Fig. 8. Proposed model for C. albicans Psd1 and Psd2.
PS is converted to PE in C. albicans in de novo by Psd1 and Psd2 in mitochondria and Golgi vesicle respectively. PE acts as a key regulator of PM rigidity and regulates
diffusion of drugs in to the cells.
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