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Amphotericin B (AMB) is an effective antifungal agent. However, its therapeutic use is hampered by its toxicity, mainly due to
channel formation across kidney cell membranes and the disruption of postendocytic trafficking. We previously described a safe
injectable AMB-arabinogalactan (AG) conjugate with neutralized toxicity. Here we studied the mechanism of the toxicity of free
AMB and its neutralization by conjugation with AG. AMB treatment of a kidney cell line modulated the trafficking of three re-
ceptors (C-X-C chemokine receptor type 4 [CXCR4], M1 receptor, and human transferrin receptor [hTfnR]) due to an increase
in endosomal pH. Similar data were also obtained in yeast but with an increase in vacuolar pH and the perturbation of Hxt2-
green fluorescent protein (GFP) trafficking. The conjugation of AMB with AG neutralized all elements of the toxic activity of
AMB in mammalian but not in fungal cells. Based on these results, we provide an explanation of how the conjugation of AMB
with AG neutralizes its toxicity in mammalian cells and add to the knowledge of the mechanism of action of free AMB in both

fungal and mammalian cells.

pportunistic fungal infections have emerged as an important

cause of morbidity and mortality in immunodeficient pa-
tients (34). Amphotericin B (AMB) is considered one of the most
effective antifungal agents; it exhibits wide-spectrum activity
against both filamentous and yeast-like fungi, its pharmacokinetic
and pharmacodynamic profiles are superior to those of other
antifungal agents, and it is fungicidal, in contrast to most azoles
which are fungistatic (3, 39, 53). The fungicidal effect is impor-
tant, since most patients suffering from invasive fungal infec-
tions are immunocompromised (34). However, the infusion-
related and cumulative toxicities, particularly nephrotoxicity
(14, 20, 30), of AMB have resulted in reductions in the routine
use of deoxycholate micellar AMB formulations and the devel-
opment of less-toxic high-cost lipid AMB formulations (16,
36). To develop a soluble, less-toxic, and less costly formula-
tion, AMB has been conjugated with various soluble macro-
molecules (18, 37, 47—-49).

We conjugated AMB with arabinogalactan (AG) (18), which
significantly increased the water solubility of AMB, reduced its
toxicity, and resulted in an efficacy similar to that of Fungizone (a
deoxycholate micellar formulation) and AmBisome (a lipid-based
formulation) (18). AMB-related toxicity is associated with the in-
ductions of interleukin 13 (IL-1B), tumor necrosis factor o (TNF-
a), and apoptosis in organs. These effects were not observed with
the AMB-AG conjugate (AMB-AGC), suggesting its potential as a
safer formulation for therapeutic use (19). AG is an inexpensive
natural product, and the conjugation reactions are performed at
room temperature, revealing promise for a potentially low-cost
drug. AMB penetrates the plasma membrane (PM) and interacts
with its sterols to form transmembrane channels, resulting in the
leakage of monovalent ions and metabolites, which leads to cell
death (5, 22, 45). The therapeutic use of AMB as an antifungal
agent is based on its higher affinity to ergosterol, the main sterol in
fungal membranes, than to cholesterol. In addition, AMB gener-
ates a larger and more stable pore in ergosterol-containing
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membranes than in their cholesterol-containing counterparts in
mammalian cells (4, 12). AMB channel assembly in cholesterol-
containing membranes requires the formation of AMB dimers or
oligomers in the surrounding media, whereas AMB monomers
are sufficient for channel assembly in ergosterol-containing mem-
branes (6, 7, 25, 26, 31, 32), suggesting that AMB monomers are
responsible for the antifungal selectivity.

Following the treatment of CHO (Chinese hamster ovary) cells
with AMB, Vertut-Doi et al. (56) showed that the drug is endocy-
tosed and transported to the lysosomal compartment. AMB at
high concentrations (50 pM) accumulated in the PM and in the
endosomes but not in the lysosomes. This localization indicated
inhibition of intracellular traffic from endosomes to lysosomes.
An additional effect of AMB on endocytosis and postendocytic
trafficking was observed with sulforhodamine B, a fluid-phase
marker of endocytosis (56). AMB treatment of MDCK cells (Ma-
din-Darby canine kidney epithelial cell line) resulted in the loss of
surface caveolae, the redistribution of caveolin-1 and caveolin-3
from the PM to large internal ring-shaped structures identified
as enlarged early and late endosomes, and the relocalization of
caveolar proteins from the PM to the caveolin-positive endo-
somes (10).

This broad effect on membrane trafficking might be another
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mechanism governing AMB activity. In addition, disruption of
the pH gradient between endosomes and the cytosol has been
shown to stop numerous intracellular trafficking pathways in
mammalian cells (15, 21, 27, 33, 42). An association between in-
traendosomal pH and trafficking has also been found in yeast
(1). In Candida albicans labeled with the fluorescent pH indica-
tor BCECF [2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein acetoxymethyl ester], AMB treatment induced an increase
in fluorescence intensity, indicating an increase in vacuolar pH
(59). Hence, we hypothesized that AMB exerts its effects on traf-
ficking through endosomal perforation and alkalization; there-
fore, the goal of this study was to investigate the effects of AMB
and AMB-AGC treatment on membrane integrity, intracellular
trafficking, and endosomal/vacuolar pH in both epithelial and
yeast cells.

MATERIALS AND METHODS

AMB-AGC synthesis. AMB-AGC was synthesized by the conjugation of
AMB (Alpharma, Copenhagen, Denmark) with oxidized AG as described
previously (17, 18).

Growth conditions. The Candida albicans strain ATCC 90028 (Amer-
ican Type Culture Collection, Manassas, VA) and the Saccharomyces
cerevisiae CRY1 strain W303 expressing the hexose transporter 2 (Hxt2)-
green fluorescent protein (GFP) construct (57) were grown for 48 h at
35°C on Sabouraud dextrose agar (SDA plates; Novamed, Jerusalem, Is-
rael). Vero and MDCK-PTR cells (9) were grown in an incubator (37°C,
5% CO,) in Dulbecco’s modified Eagle medium (DMEM) (containing
10% fetal calf serum [FCS], 10 mM HEPES, 1% penicillin-streptomycin
solution) and minimum essential medium Eagle (MEM-EAGLE) (con-
taining 5% FCS, 1% penicillin-streptomycin solution), respectively (all
media and related reagents were purchased from Biological Industries,
Beit Haemek, Israel).

Antifungal susceptibility testing. The MIC values were determined
according to CLSI recommendations (11).

AMB and AMB-AGC killing curves for C. albicans. Exponential-
phase yeast cells (5 X 10° cells/ml) were incubated in 2% glucose-yeast
extract-peptone-dextrose (YPD) broth with AMB/AMB-AGC at 37°C. At
the appropriate time points, samples after serial dilutions were plated in
triplicate on RPMI 1640 medium (Novamed).

K* leakage test in C. albicans. K leakage was determined by atomic
absorption spectroscopy as described previously (41).

C. albicans vacuolar pH measurement. C. albicans (grown overnight
at 30°C in RPMI medium) was labeled with the fluorescent intracellular
pH indicator BCECF-AM (Biotum, Inc., Hayward, CA) (59), and 150 pl
of a2 X 10° cell/ml suspension was incubated at room temperature (RT)
in black 96-well Nunc plates with AMB/AMB-AGC at various concentra-
tions. The plates were read in a Tecan SpectraFluor Plus multi-well plate
reader (excitation, 450 and 492 nm; emission, 535 nm). A calibration
curve was prepared with free BCECF (Biotum, Inc.) (13).

SRBC hemolysis. The hemolytic effect of AMB/AMB-AGC on sheep
red blood cells (SRBCs) was studied as described previously (17).

AMB and AMB-AGC effects on Vero- and MDCK-cell viability. Cell
viabilities were determined after the incubation of cells (1.6 X 10° cell/ml)
with various concentrations of AMB/AMB-AGC in a 96-microwell plate
at 37°C in 5% CO, for 1 h and 19 h for Vero and MDCK-PTR9 cells,
respectively. Viabilities were tested with the 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)2H-tetrazolium-5-carboxanilide (XTT)-based cell-prolif-
eration kit (Biological Industries). The plates were read at 450 nm in a
microwell system reader (Organon Technica, Oss, Netherlands).

K* leakage test in Vero cells. Vero cells (in 10-cm plates) were incu-
bated for 1 h with AMB/AMB-AGC, washed with saline, and disrupted by
incubation (70°C, 1 h) with 5 ml distilled deionized water (DDW). The
supernatant K™ concentration was determined by a Perkin Elmer 403
atomic absorption spectrophotometer (Perkin Elmer Corp., Norwalk,
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CT) at 383 nm, calculated according to a KClI calibration curve, and nor-
malized to the number of cells.

Hxt2-GFP endocytosis assay. The exponential-phase culture of S.
cerevisiae in 5% glucose-YPD broth (37°C, 18 h, 150 rpm) was transferred
after washing to 0.2% glucose-YPD for 4 h and then back to 5% glucose-
YPD with or without AMB/AMB-AGC. After a 70-min incubation, the
cells were fixed with 4% paraformaldehyde/3.4% sucrose, preserved in a
KPO,/sorbitol solution (1.2 M sorbitol, 0.1 M potassium phosphate [pH
7.5]), and analyzed by fluorescence microscopy.

M1-GFP localization. The MDCK cells stably expressing the M1-
GFP construct (51) were grown on glass coverslips, treated with AMB/
AMB-AGC (1 h), and fixed with 4% paraformaldehyde (2). Images
were captured using a Nikon TE-2000S inverted-fluorescence micro-
scope (Nikon, Melville, NY) with a plan Apo 60X objective lens and
processed with Image-Pro Plus v4.5 software (Media Cybernetics, Inc.,
Bethesda, MD).

MDCK cell internalization of human transferrin. MDCK-PTR9 cells
were grown for 2 days on glass coverslips followed by overnight or 24-h
transferrin starvation in MEM/bovine serum albumin (BSA) medium
(MEM Hanks’ balanced salts [GIBCO, Grand Island, NY] containing 25
mM HEPES [pH 7.4] with 0.6%, wt/vol, BSA without FCS) with or with-
out (control) AMB/AMB-AGC. Then, fluorescein isothiocyanate-labeled
human transferrin (FITC-hTfn) (60 wg/ml; Molecular Probes, Eugene,
OR) binding was performed (60 min on ice). After washes with fresh
medium, endocytosis was induced for 5 or 30 min at 37°C in medium
supplemented with the indicated drugs. Postendocytic trafficking was
stopped by washing the cells with cold phosphate-buffered saline (PBS)
and then with 50 mM MES (morpholineethanesulfonic acid) buffer con-
taining 200 mM NaCl (pH 5.0) to reduce membrane-bound FITC-hTfn
(1 h, 4°C). The cells were fixed with 4% paraformaldehyde in PBS. The
images were processed with Image]J software.

Immunofluorescence microscopy. Following FITC-hTfn internal-
ization, the cells were fixed and labeled with mouse anti-EEA1 antibodies
(1:200) (BD Transduction Laboratories, Palo Alto, CA) and Cy5-conju-
gated goat anti-mouse IgG (1:200) (Jackson ImmunoResearch Laborato-
ries, West Grove, PA). Images were captured with a Zeiss LSM710 confo-
cal microscope equipped with a 63X oil-immersion objective. The
colocalization of FITC-hTfn with early endosomal antigen 1 (EEA1) was
quantified using Manders’ coefficient in the JACoP macro in Image] (see
http://rsbweb.nih.gov/ij/).

pH measurement of hTfn-positive endosomes. Endosomal pH was
measured as described previously (35). Briefly, MDCK-PTRY cells were
grown in glass-bottom culture dishes (35-mm dish, 14-mm microwell)
(MatTek Corp., Ashland, MA), and starvation, drug treatment, FITC-
hTfn binding, and endocytosis were performed. Confocal images of live
cells were taken using the FV-1000 confocal system (Olympus) based on
an IX81 inverted microscope with a 60X/1.35 numerical aperture (NA)
oil objective and Z-drive set to 1-wm increments between sections. The
excitation wavelengths were 458 and 488 nm, and emission was collected
with a 504-nm filter. Each dual-excitation image pair was imported into
ImageJ 1.41n, where ~145 to 170 endosomes from 15 to 20 cells were
classified as regions of interest. The pH was determined according to
488/458 emission ratios, and a pH calibration curve was prepared by in-
cubating cells with internalized FITC-hTfn for 15 min with 10 mM MES
or HEPES buffers containing 135 mM KCl, 5 mM dextrose, and 25 uM
nigericin (Molecular Probes) at different pHs.

Statistics. Statistical significance was determined by Student’s t test
(P =0.05).

RESULTS

AMB and AMB-AGC antifungal activity and effects on K* leak-
age. AMB-AGC retained its antifungal activity against C. albicans
but at higher concentrations and slower kinetics than with free
AMB (MICs of 0.5 versus 0.125 pg/ml) (Fig. 1A). The AMB and
AMB-AGC concentrations that killed the fungi also induced K*

Antimicrobial Agents and Chemotherapy


http://rsbweb.nih.gov/ij/
http://aac.asm.org

A 300

—— No drug

—— pg/ml AMB 0.5

—a— ug/ml AMB 1

250 4| —O0— pg/ml AMB-AGC 1
—— Lg/ml AMB-AGC 5

200

Live yeast (%)
S a
o o

a
= ]

0O 15 30 45 60 75 90 105 120 135
Time (min)

Activity and Toxicity Mechanisms of Amphotericin B

B —— No drug
—0O— pg/ml AMB 0.5
250 —&— pg/ml AMB 1
1| —o— pg/mi AMB-AGC 1
—e— ug/ml AMB-AGC 5

$ 200
@2
E 150
£
& 100

50

0
0O 15 30 45 60 75 90 105 120 135
Time (min)

D n=106 n=115 n=84 n=58 n=266

0

@

o

s

2

no drug nodrug AMB AMB-AGC AMB-AGC
w 1 pg/ml 1 pg/ml 5 pgiml
4h 70 Ynin
Low (0.2%) High (5%)
glucose glucose

On membrane E=3 Endocytosed
Em |n eisosomes/eisosomes+vacuole

FIG 1 AMB and AMB-AGC killing kinetics, induction of K™ leakage, and internalization of Hxt2-GFP from the PM to endosomal compartments in yeast. (A)
C. albicans yeast cells were treated with AMB or AMB-AGC in YPD medium. Aliquots were collected at the indicated time points, and survival rates were
determined (%CFU). Similar results were obtained when PBS was used instead of the YPD medium. (B) C. albicans yeast cells were treated with AMB or
AMB-AGC. Aliquots were collected at the indicated time points and washed, and the internal K concentration was determined by atomic absorption
spectroscopy. (C) S. cerevisiae expressing the Hxt2-GFP construct were incubated in 5% glucose for 18 h (i) and then washed and transferred to 0.2% glucose for
4 h (ii). The yeast cells were then transferred again to 5% glucose for 70 min of no drug (control) (iii), 1 pg/ml AMB (iv), 1 pg/ml AMB-AGC (v), or 5 pg/ml
AMB-AGC (vi). The yeast suspension was fixed with 4% paraformaldehyde (PFA) and visualized by fluorescence microscopy. Also shown are a cell with
Hxt2-GFP in its PM and vacuole (vii), with Hxt2-GFP in the eisosomes (viii), and with Hxt2-GFP in the endosomal compartment (ix). (D) Quantification of the

experiment shown in panel C. The cells were classified according to the localization of Hxt2-GFP (n = number of cells).

leakage from C. albicans cells (Fig. 1B), indicating AMB polar
channel formation. Similar mortality results were obtained with
the Saccharomyces cerevisiae CRY1 strain (S. Kagan and I. Pola-
check, data not shown).

Effect of treatment with AMB and AMB-AGC on intracellu-
lar trafficking in S. cerevisiae. The effects of AMB and AMB-AGC
on intracellular trafficking were studied in S. cerevisiae expressing
the high-affinity glucose transporter fusion protein Hxt2-GFP
(28, 57). Overnight incubation with a high glucose concentration
(5%) resulted in a small amount of Hxt2-GFP being dispersed
diffusely throughout the cells (Fig. 1Ci). Shifting the yeast to a low
glucose concentration (0.2%) resulted in an increased amount of
Hxt2-GFP, localized on the PM and in the vacuole (Fig. 1Cii).
Shifting back to 5% glucose resulted in endocytosis of the Hxt2-
GFP through the eisosomes (Fig. 1Ciii), as shown in previous
studies (28, 57). Treatment with 1 pg/ml of AMB led to enhanced
internalization of Hxt2-GFP into numerous small intracellular
structures and not into a single vacuole (Fig. 1Civ). Treatment
with a low concentration of AMB-AGC (1 pg/ml) resulted in an
Hxt2-GFP localization pattern similar to that of the no-drug con-
trol (Fig. 1Cv), whereas treatment with 5 pg/ml AMB-AGC
(Fig. 1Cvi) resulted in the same Hxt2-GFP localization pattern
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that was observed for 1 pwg/ml AMB. The AMB-induced Hxt2-
GFP internalization was not dependent on glucose concentration
(S. Kagan and I. Polacheck, data not shown). Quantification of the
results in Fig. 1C is presented in Fig. 1D. Taken together, the
results in Fig. 1C and D indicate that treatment with AMB or
AMB-AGC affects intracellular trafficking in yeast cells in a man-
ner similar to that of free AMB in mammalian cells (10, 56).

Treatment with AMB or AMB-AGC increases vacuolar pH.
We assumed that the effect of AMB treatment on intracellular
trafficking is caused by the equalization of vacuolar and endo-
somal pHs with that of the cytosol, due to the internalization of the
AMB polar channels. We examined vacuolar pH with BCECF-AM
(Fig. 2), a fluorescent pH indicator that accumulates in the yeast
vacuole (1, 13, 24, 40, 59). The treatment of C. albicans with AMB
resulted in a sharp pH increase from 6.20 to between 6.64 and 6.75
(depending on AMB concentration), followed by a decrease to pH
6.0 to 6.3. These changes in pH were even seen at the low AMB
concentration of 0.155 g/ml (Fig. 2B). The effect of the treatment
with AMB-AGC was similar to that of AMB but with slower ki-
netics (Fig. 2C).

AMB and AMB-AGC toxicities and membrane perforation
in mammalian cells. The in vitro toxicities of both AMB and
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was found at maximal pH increase (P < 0.05).

AMB-AGC treatments were determined against two different ep-
ithelial kidney cell lines (Vero and MDCK-PTRY). Treatment with
free AMB was highly toxic to both cell lines (4 pg/ml of AMB
killed 30 to 35% of the cells), whereas the AMB-AGC was non-
toxic, even at 100-fold the concentration of AMB (400 pg/ml)
(Fig. 3A and B). Polar channel formation in the PM of mammalian
cells was examined in two different model systems: hemolysis in
sheep red blood cells (SRBCs) and K™ leakage from Vero cells.
Hemolysis was observed in SRBCs treated with 0.5 wg/ml free
AMB, while even at the extremely high concentration of 10* wg/
ml, AMB-AGC was nonhemolytic. K* leakage was observed from
Vero cells after treatment with 2 and 4 pg/ml of free AMB,
whereas no leakage was detected following treatment with AMB-
AGC at the high concentration of 400 pg/ml (Fig. 3C). These
results indicate that the conjugation of AMB with AG prevents PM
perforation in mammalian cells.

Effects of AMB and AMB-AGC on receptor trafficking in
MDCK cells. To investigate the influence of treatment with AMB
and AMB-AGC on intracellular trafficking in MDCK cells, we
studied their effects on the distribution of various receptors. In-
cubation of MDCK cells expressing the muscarinic receptor M1
fused to GFP (M1-GFP) with 40 pg/ml free AMB caused the re-
distribution of a significant fraction of the M1-GFP from the PM
to endosomes, whereas the conjugation of AMB (even at 400 g/
ml) with AG prevented this redistribution (Fig. 4A). Similar re-
sults were obtained for the human chemokine receptor CXCR4
fused to GFP (see Fig. S1 in the supplemental material). We also
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investigated the effects of AMB and AMB-AGC on human trans-
ferrin receptor (hTfnR); this receptor is a classical nonraft protein
that does not interact with caveolins (38, 52), in contrast to the M1
receptor and CXCR4, which physically interact with caveolins (46,
54, 55; Y. Altschuler, unpublished data). The effects of the drugs
on hTfnR trafficking were studied by binding FITC-hTfn to the
PM of MDCK-PTRY cells treated with AMB or AMB-AGC, fol-
lowed by short and long endocytosis (5 and 30 min, respectively).
Neither AMB nor AMB-AGC prevented hTfn binding to the PM,
indicating that they do not block hTfnR recycling from endo-
somes to the PM. In untreated cells, 5 min of endocytosis resulted
in the localization of FITC-hTfn to punctate endosomes that re-
sembled early endosomes (EEs) (see Discussion and reference 50)
(see also Fig. S2A and B in the supplemental material). After 30
min of endocytosis, FITC-hTfn was localized to more reticulate
perinuclear endosomal compartments resembling recycling en-
dosomes (REs) (see Discussion and reference 50) (see also Fig. 4B
and Fig. S2B). Treatment with AMB (10 g/ml, 19 h) resulted in
enlargement of some of the endosomes that were positive for
FITC-hTfn after 5 min of endocytosis (EEs), particularly in the
apical sections (see Fig. S2A and B); following 30 min of endocy-
tosis, the FITC-hTfn-positive endosomes (REs) also became en-
larged, and this enlargement was more significant than was the EE
enlargement after the 5-min endocytosis (Fig. 4B; see also Fig.
S2B). In addition, in AMB-treated cells, the REs were brighter and
less reticular than in the control cells.

A longer incubation of the cells with AMB (24 h) resulted in
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massive tubulation of the FITC-hTfn-containing REs (Fig. 4B; see
also Fig. S2B in the supplemental material), which was not ob-
served in the EEs (see Fig. S2A and B). No significant changes in
the endosomal compartments were observed after treatment with
400 pg/ml AMB-AGC (19 h or 24 h) (Fig. 4B; see also Fig. S2A and
B). Early endosomal antigen 1 (EEA1), a classical EE marker, was
used to investigate the effects of the drugs on hTfnR transport
from the EEs to the REs. Following the internalization of FITC-
hTfn, the fixed cells were stained with anti-EEA1 antibody. Figure
S2B shows that the EEAI partially colocalized with the 5-min-
internalized FITC-hTfn and was frequently localized in adjacent
domains of the same endosome. The enlargement of some of the
EEA1-positive endosomes could be seen after AMB treatment,
and these endosomes were separate from the tubulated REs.
Quantification of the FITC-hTfn that colocalized with EEA1 (Fig.
4C) showed that 19 h of treatment with free AMB did not affect
the colocalization of 5-min-internalized FITC-hTfn with EEAL.
However, this treatment increased the colocalization of 30-min-
internalized FITC-hTfn with EEA1, indicating partial inhibition
of the exit of FITC-hTfn from the EE compartment. This effect of
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AMB was prevented by its conjugation with AG. A long incuba-
tion with the drugs, as in the experiments described above, was
performed to detect the possible effects of AMB-AGC, but the
enlargement of REs could be seen even after 2 h of treatment with
10 to 20 pg/ml free AMB (see Fig. S2C). Thus, AMB did not block
hTfnR trafficking from the EEs to the REs, but it partially inhibited
this step and changed the morphology of EEs and REs. This effect
was abolished by the conjugation of AMB with AG.

Effects of AMB and AMB-AGC on endosomal pH. The effects
of the drugs on endosomal pH were measured by the fluorescence
intensity of endocytosed FITC-hTfn in MDCK cells; the fluores-
cence intensity ratios following excitation at 488 and 458 nm were
proportional to the increases in pH (Fig. 5A). A chart showing the
mean endosomal pHs in the variously treated cells is presented in
Fig. 5B. The pH in untreated cells was 5.73, similar to the known
pH of REs in MDCK-PTRO cells (58). Treatment with AMB, but
not AMB-AGC, caused endosomal alkalization that increased the
pH to 7.2, which is equivalent to the cytosolic pH. Thus, in con-
trast to free AMB, the conjugated AMB maintained the endosomal
pH gradient that is required for normal membrane trafficking.
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labeled with mouse anti-EEA1 and then with Cy5-conjugated goat anti-mouse IgG. The samples were documented by confocal microscopy, and quantification
of FITC-hTfn colocalization with EEA1 was performed. The Manders’ M1 coefficients are presented. Colocalization analyses were performed for at least 20 cells
in at least four different microscopic fields. The error bars represent Manders’ M1 coefficients * the SDs. One asterisk represents a P value of 0.00197 compared
to the value for the no-drug control. Gray and white columns represent internalization for 5 and 30 min, respectively.
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FIG 5 The AMB-induced increase in endosomal pH in kidney cells is abolished by conjugation with AG. (A) Calibration curve of FITC-hTfn fluorescence
intensity in MDCK-PTR9 cell endosomes as a function of pH. (B) MDCK-PTRY cells were treated with AMB or AMB-AGC for 18 h, followed by 60 min of
incubation on ice with 60 wg/ml FITC-hTfn to induce binding. After intensive washing, the cells were transferred to fresh medium and incubated at 37°C for 30
min to enable endocytosis. The samples were documented by confocal microscopy, and the pH was calculated as described in Materials and Methods. The
columns show the average pHs (= the standard errors of the mean) of 145 to 170 endosomes in at least 16 different cells. One asterisk represents a P value of

<0.0001 compared to the value for the no-drug control.

DISCUSSION

We found that in both mammalian and fungal cells, free AMB
perforates the PM, modulates intracellular trafficking, and abol-
ishes the pH gradient between the endosomes/vacuole and the
cytosol. The conjugation of AMB with AG neutralized these effects
in mammalian but not in fungal cells. To the best of our knowl-
edge, this is the first demonstration of AMB treatment causing
endosomal alkalization in mammalian cells and intracellular traf-
ficking perturbations in fungal cells.

AMB modulation of intracellular trafficking has been shown in
mammalian cells (10, 56). We found that AMB treatment modu-
lates the trafficking of three receptors: CXCR4 and the M1 recep-
tor, which interact with caveolins (51; Y. Altschuler, unpublished
data), and hTfnR, a classical nonraft receptor that does not inter-
act with caveolins (38, 52). Despite its interaction with caveolins,
the M1 receptor is not localized in the caveolae (51). Thus, the
effects of AMB on intracellular trafficking are not restricted to
proteins localized in the caveolae or to those associated with
caveolins. AMB treatment caused a dramatic redistribution of the
M1 receptor and CXCR4 from the PM to the endosomes, indicat-
ing significant inhibition of the recycling of these receptors from
the endosomes to the PM. This AMB-induced relocalization is
similar to that shown for caveolins 1 and 3 (10) and is consistent
with the finding that recycling of the M1 receptor and CXCR4 is
inhibited by association with caveolins (51; Y. Altschuler, unpub-
lished data).

Sheff et al. (50) described the hTfnR trafficking pathway as
follows: endocytosed hTfn-hTfnR arrives at the punctate periph-
eral endosomal compartment known as EE. From there, a fraction
of the hTfn-hTfnR is recycled directly to the PM via a shorter
route, while another fraction is recycled to the PM via a longer
route, through a perinuclear endosomal compartment designated
RE. Additional studies showed that after 2 to 5 min of endocytosis,
most of the hTfn is localized in the EEs, whereas after 20 to 30 min
of endocytosis, it is mostly localized in the REs (9, 29, 50). We
found that treatment with AMB does not prevent hTfn binding to
the PM, indicating that it does not block the recycling of hTfnR
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from the endosomes. In addition, AMB did not block hTfnR traf-
ficking from the EEs to the REs, but it partially inhibited this step
and also changed the morphology of the EEs and REs. These find-
ings indicate that hTfnR trafficking is moderately affected by AMB
treatment. In addition, we found that AMB treatment increases
pH in the REs, causing its equalization with cytosolic pH.

So far, the mode of action of AMB against fungi has been only
partially understood; in particular, the role of vacuolar pH mod-
ulation has been neglected (to the best of our knowledge, there has
been only one study of its role [59]). We found that in fungi, AMB
treatment perturbs intracellular trafficking and induces an in-
crease in vacuolar pH. The vacuolar pH increase in C. albicans is
followed by a pH decrease, which can be explained by cytosol
acidification as described by Rabaste et al. (44). Thus, we believe
that pH modulation underlies AMB’s mode of action against
fungi.

Taken together, these results indicate that in both fungal and
mammalian cells, in addition to PM perforation, AMB treatment
modulates intracellular membrane trafficking as part of its mech-
anism of activity, and it also abolishes the pH gradient between the
cytosol and acidic compartments, such as endosomes and vacu-
oles. The finding that AMB modulates vacuolar pH at a low con-
centration (0.155 pg/ml) supports the hypothesis that this mod-
ulation is caused by a perforation of the vacuolar membrane due
to endocytosis of the AMB polar channels. As a result of channel
endocytosis, H" ions leak out of the endosomes/vacuoles to the
cytosol, resulting in abolishment of the pH gradient, which may
lead to the inhibition or blockage of some trafficking pathways
(Fig. 6).

Our results in mammalian cells regarding hTfnR trafficking
and endosomal alkalization (Fig. 4B and C and 5; see also Fig. S2 in
the supplemental material), combined with published evidence
that hTfnR recycling is retarded but not abolished by endosomal
alkalization (27, 42, 43), support the hypothesis that AMB inter-
feres with intracellular trafficking through endosomal alkalization
(56). However, the current study does not provide sufficient
evidence to prove a causative connection between endosomal/
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FIG 6 A proposed model for AMB activity in mammalian and fungal cells. AMB forms polar channels in mammalian PM (A) and fungal PM (B), which results
in ion and metabolite leakage out of the cells. In addition, the AMB channels endocytose into endosomes (steps 1 and 4). In fungal cells, they arrive at the vacuole
by postendocytic trafficking (step 5), while in mammalian cells they are transferred from early endosomes to the recycling endosomes and late endosomes (steps
2and 3). The AMB channels in endosomes and vacuoles allow H™ leakage to the cytosol, leading to an endosomal/vacuolar pH increase, which in turn perturbs

the trafficking steps.

vacuolar alkalization and perturbations in intracellular traf-
ficking during AMB treatment; the possibility that the traffick-
ing perturbations are an additional separate mechanism of AMB
activity cannot be ruled out. Further research is required to dis-
tinguish between these two possibilities. This might include an
investigation of the effects of alkalizing agents (bafilomycin A, or
NH,CI [21, 23, 27,43]) on receptor trafficking in MDCK cells and
a study of the effect of AMB on Hxt2-GFP trafficking in S. cerevi-
siae strains harboring mutations in the genes involved in vacuolar
pH regulation, such as Drs2 and Erg (8).

We previously showed in a mouse model that the conjugation
of AMB with AG causes a dramatic reduction in the toxicity of
AMB but does not change its therapeutic efficacy (18). Similar
data were obtained in the current in vitro study. To explain the
different effects of AMB-AGC in mammalian and fungal cells, we
examined its effects on membrane perforation, postendocytic
trafficking, and intraendosomal/vacuolar pH in these cells.

The conjugation of AMB with AG abolished the AMB-induced
PM perforation in mammalian cells, as shown in two different
models: K" leakage from Vero cells and hemolysis of SRBCs. In
addition, conjugation abolished all AMB-induced effects on pos-
tendocytic trafficking and prevented the endosomal pH increase
in mammalian cells (MDCK). In fungal cells (C. albicans and S.
cerevisiae), the conjugation of AMB with AG did not eliminate its
antifungal activities as expressed by PM perforation, the blockage
of intracellular trafficking (demonstrated by Hxt2-GFP localiza-
tion), the modulation of vacuolar pH, and cell killing.

In summary, the reduced toxicity of AMB-AGC in mammalian
cells can be explained by its failure to form polar channels in the
PM, even at high concentrations, resulting in the absence of per-
forated endosomes and retention of the endosomal pH gradient.
We assume that the modified traffic is a result of endosomal/vac-
uolar pH alkalization and that the lack of an effect of the AMB-
AGC on trafficking is due to preservation of the pH gradient.

We hypothesize that the different effects of AMB-AGC in
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mammalian and fungal cells can be explained by the hindrance of
self-association of the AMB molecule by the AG conjugate scaf-
fold. Previous studies have shown that the self-association of AMB
molecules in medium is required to form AMB channels in cho-
lesterol-containing membranes (mammalian), whereas in ergos-
terol-containing membranes (fungi), monomeric AMB mole-
cules are sufficient to form polar channels (6, 25, 26, 31, 32).
Therefore, while free AMB can form polar channels in both
mammalian and fungal membranes, conjugated AMB can only
perforate fungal membranes. We think that this is a reasonable
explanation for the specific neutralization of AMB toxicity in
mammalian cells.
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