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Candida glabrata is an opportunistic human fungal pathogen which binds to surfaces mainly through the Epa family of cell adhesion proteins. While some

Epa proteins mediate specific lectin-like interactions with human epithelial cells, others promote adhesion and biofilm formation on plastic surfaces via

nonspecific interactions that are not yet elucidated. We report the measurement of hydrophobic forces engaged in Epa6-mediated cell adhesion by means

of atomic force microscopy (AFM). Using single-cell force spectroscopy, we found that C. glabrata wild-type (WT) cells attach to hydrophobic surfaces via

strongly adhesive macromolecular bonds, while mutant cells impaired in Epa6 expression are weakly adhesive. Nanoscale mapping of yeast cells using AFM

tips functionalized with hydrophobic groups shows that Epa6 is massively exposed on WT cells and conveys strong hydrophobic properties to the cell

surface. Our results demonstrate that Epa6 mediates strong hydrophobic interactions, thereby providing a molecular basis for the ability of this adhesin to

drive biofilm formation on abiotic surfaces.

KEYWORDS: atomic force microscopy - single-cell force spectroscopy - chemical force microscopy - hydrophobic forces - adhesion -

fungal pathogens - Candida glabrata - Epa6

any fungal infections involve the
formation of biofilms on implanted
devices such as prosthetics and

catheters.'~* Although the mechanisms un-
derlying the formation of Candida albicans
biofilms have been well-established, much
less is known about biofilms formed by the
non-C. albicans species. In Candida glabrata,
adhesion and biofilm development are
mediated by cell adhesion proteins, primarily
the Epa family of adhesins.>® With the use of
microscopic adhesion assays and electron
microscopy, C. glabrata was shown to adhere
avidly to human epithelial cells in culture.”
By means of genetic tools, Epal was found
to mediate specific lectin-like interactions

EL-KIRAT-CHATEL ET AL.

between the yeast cells and host-cell
carbohydrates.” In addition, C. glabratais also
capable to form biofilms on various plastic
surfaces, implying that nonspecific inter-
actions are also involved in fungal adhe-
sion.®® Use of a genetic screening strategy
enabled to identify Epa6 as the principal
adhesin involved in biofilm formation.2®
To date, the molecular interactions involved
in Epa6-mediated adhesion are not estab-
lished. Clearly, enhancing our understanding
of Epa6-dependent interactions may contrib-
ute to the development of novel strategies
for combating biofilm infections.

Like the widely investigated Flo
(Saccharomyces cerevisiae) and Als (C. albicans)
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yeast adhesins, Epa proteins are made of multiple do-
mains with discrete functions, i.e., an N-terminal, well-
folded ligand-binding domain, a Thr-rich midpiece
composed of tandem repeats, a Ser- and Thr-rich tail
that is probably in an extended conformation with
little regular structure, and a C-terminal region that
mediates covalent cross-linking to the wall matrix
through modified glycosylphosphatidylinositol (GPI)
anchors.’® Tandem repeats in Als proteins form a string
of compact subdomains that have nonspecific hydro-
phobic interactions with a variety of fungal and host
protein structures, and can be unfolded by mechanical
force.""'2 Whether such hydrophobic forces are also
found in Epa proteins is not known.

Hydrophobic interactions are of great relevance in
microbial pathogenesis as they contribute to promote
the adhesion of pathogens to abiotic surfaces and
tissues.'® Hydrophobic forces are recognized as being
an important driving force for fungal adhesion,'*~'®
but their molecular origin is poorly understood.
Although various approaches are available for probing
microbial cell surface hydrophobicity, the direct mea-
surement of hydrophobic forces on microorganisms
has been a longstanding challenge. During the past
years, atomic force microscopy (AFM) has offered new
opportunities to address this issue."””'® On the one
hand, chemical force microscopy (CFM) with hydro-
phobic tips has proved to be a powerful tool for
probing local hydrophobic forces on microbial cell
surfaces.'”"2* On the other hand, single-cell force
spectroscopy (SCFS) allows researchers to quantify
the interaction forces between single whole cells and
hydrophobic substrates.?* 2’ Here, we combine the
two modalities to decipher the role of hydrophobic
forces in the adhesion of C. glabrata, focusing on the
Epa6 adhesin. The results provide the first direct piece
of evidence that Epa6 is engaged in strong hydro-
phobic interactions with abiotic surfaces, which we
expect to be critical to biofilm formation and asso-
ciated infections.
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RESULTS AND DISCUSSION

Epaé Is Involved in Yeast Adhesion and Biofilm Formation.
We first studied the involvement of Epa6 in cell adhe-
sion and biofilm formation at the microscopic level
(Figure 1). The ability of C. glabrata to form biofilms
represents an important medical aspect of this fungus.
Despite the lack of yeast-to-hyphae transition, a crucial
phenomenon for C. albicans biofilm development,
C. glabrata is known to form multilayer biofilm structures
composed of only yeast cells. Cells from C. glabrata
wild type strain (WT) and C. glabrata epa6 deletion
strain (epa6A) were let to attach to 96-well polystyrene
plates, which represent a favorable substrate for
Candida biofilm formation. Adhering and biofilm-
forming cells were assessed by the XTT reduction assay
measured at 490 nm. Figure 1a shows the average
XTT measured metabolic activities for adhering and
biofilm-associated cells. There were striking differences
(statistically significant, p < 0.0001) both in adhesion
and biofilm formation between WT and epa6A cells,
thus indicating that Epa6 is involved in yeast adhesion
and in the formation of biofilms. These differences
were further supported by direct live-cell imaging
using confocal microscopy, as shown in Figure 1b,c.
While WT cells exhibited multilayer biofilm structures
spread over the whole plastic surface, epa6A cells
exhibited only small amounts of attached cells.

Single-Cell Force Spectroscopy Reveals That Epaé Mediates
Strongly Adhesive Interactions between Yeast Cells and Hydro-
phobic Surfaces. In light of the above microscopic data,
we postulated that Epa6-mediated adhesion is primar-
ily governed by hydrophobic forces. To test this hy-
pothesis, we quantified the interaction forces between
single C. glabrata cells and solid substrates using
a noninvasive SCFS assay (Figure 2).2%?>2%2° Tipless
cantilevers were coated with polydopamine, slowly
approached toward single cells deposited on a glass
Petri dish in buffer, kept in contact for 1 min, and then
withdrawed. Force—distance curves were measured

Cc

Figure 1. C. glabrata cells lacking Epa6 adhesins (epa6A mutant) fail to adhere and to form mature biofilms on polystyrene. (a)
Ability of C. glabrata WT and C. glabrata epa6A to adhere and to form mature biofilms in 96-well polystyrene plates in RPMI
1640 medium at 37 °C. Standard deviations were calculated from three independent experiments and statistical significance
was documented when *p < 0.0001. (b and c) Confocal scanning laser microscopy images of mature (24 h old) biofilms stained
with Concanavalin A, Alexa Fluor 488 conjugate (50 mg L', green fluorescence) at 37 °C for 1 h. C. glabrata WT formed
multilayer structures (b), whereas C. glabrata epa6A exhibited only scattered amount of yeast cells on the surface (c).
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Figure 2. Single-cell force spectroscopy unravels Epa6-mediated hydrophobic interactions. (a and b) Adhesion force histograms
and representative retraction force profiles obtained in acetate buffer by recording multiple force—distance curves between
three different WT cells and (a) hydrophobic substrates (n = 430, 119, and 411 curves for cells 1, 2 and 3) or (b) hydrophilic
substrates (n =425,451, and 104 curves). (c) Force data obtained for the interaction between the epa6A mutant strain impaired in
Epa6 expression and hydrophobic substrates (n = 108, 109, and 137 curves). All curves were obtained using a contact time of
100 ms, a maximum applied force of 500 pN, and approach and retraction speeds of 1.0 um s . For more cells, see Table 1.

between single-cell probes and hydrophobic (methyl-
terminated) or hydrophilic (hydroxyl-terminated) sub-
strates. Figure 2a shows the maximum adhesion forces
and representative force curves obtained between
3 different WT cells and hydrophobic substrates (for
more cells, see Table 1). The adhesion probability was
always 100% and all the curves showed large adhesion
forces (cell #1,30.6 & 3 nN, mean & SD on n = 430 force
curves; cell #2,52.2+3nN,n=119; cell #3,51.8 =2 nN,
n = 411). Recording multiple force curves with the
same single cell did not alter the general shape of
the curves. Although different cells generally showed
similar adhesion force profiles, there were some varia-
tions from one cell to another (Table 1), suggesting that
the cell population was heterogeneous. Interestingly,
the strong adhesion force, also named maximum de-
tachment force, showed large extension (500— 1500 nm)
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TABLE 1. Probability of Adhesion (P,q4n = % of Curves with
Adhesion Force >2 nN) and Mean Adhesion Force (F.qn)
Measured by Single-Cell Force Spectroscopy on 10
Different WT and epa6A Cells

WT vs (H; WT vs OH epa6A vs CHz

Pagn (%) Fagn (nN) Paan (%) Faan (nN) Paan (%) Faan (nN)

100 306+ 3 3 0903 1 06+ 04
100 52243 22 184+03 31 19405
100 5182 0 0.1+£01 0 13+01
100 317 +1 1 11404 0 0.7 £0.1
100 46.1+9 0 0403 0 0.7 £0.1
100 31143 0 11+04 97 483+ 14
100 346+ 6 0 08 £ 0.1 0 02+£0.1
100 33544 0 0.1+03 49 25+18
100 169 £ 1 0 07+03 81 25+05
100 237+3 0 18+ 0.1 84 27£08
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and was generally preceded by multiple smaller adhe-
sion events, documenting protein unfolding. As the
average force (up to ~50 nN) is up to 200 times larger
than that associated with the adhesion force of single
fungal adhesins (~250 pN, see below),"""'> we hypothe-
size that these signatures correspond to the unfolding
of at least ~200 adhesins. Finally, the detachment force
always showed a sharp rupture, suggesting multiple
proteins were stretched and detached simultaneously
from the substrate, possibly as large clusters.

To gain further insight into the origin of the mea-
sured forces, two additional experiments were carried
out. First, we measured the adhesion forces toward
hydrophilic, hydroxyl-terminated surfaces. Figure 2b
and Table 1 show that adhesion forces were much less
frequent and much weaker, indicating that the large
adhesion forces are mostly hydrophobic in nature.
Long extensions similar to those seen on hydrophobic

N
o

Frequency (%)
)

o

0

Frequency (%)
N
o

N
o

o

0

N
o

w
=]

surfaces were observed, suggesting that the weaker
forces were also associated with protein unfolding.
Second, the epa6A mutant strain impaired in Epa6
expression (Figure 2c and Table 1) exhibited adhesion
forces that were again much smaller, less frequent and
with much shorter extensions, compared to WT cells.
These observations lead us to believe that hydropho-
bic interactions of single C. glabrata cells are primarily
mediated by Epa6 proteins, and that these interactions
involve binding and unfolding of multiple Epa6
molecules.

Chemical Force Microscopy Shows That Epaé Is Massively
Exposed on Yeast Cells and Conveys Strong Hydrophobic Proper-
ties to Their Surface. To provide a direct demonstration
that Epa6 contributes to cell surface hydrophobicity,
we probed C. glabrata cells with nanoscale resolution
using tips functionalized with hydrophobic groups
(CH3) (Figure 3). Topographic imaging revealed a
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Figure 3. Mapping and quantifying hydrophobic forces on C. glabrata cells using chemical force microscopy. (a) AFM
deflection images of 4 different C. glabrata WT cells recorded in acetate buffer with silicon nitride tips. The white squares
indicate the regions where the force maps were recorded. (b) Adhesion force maps (1 um x 1 um; z range = 500 pN; bright
pixels correspond to hydrophobic binding events), (c) adhesion force histograms, and (d) rupture length histograms with
representative force curves obtained by recording spatially resolved force curves on the cell surfaces using hydrophobic tips
(n = 1024 curves for each cell). All curves were obtained using a contact time of 100 ms, a maximum applied force of 500 pN,
and approach and retraction speeds of 1.0 um s~ . Similar results were obtained in a total of 10 different cells.
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smooth cell surface, consistent with earlier electron
microscopy and AFM studies.®3%3" Most force curves
recorded on WT cells featured adhesion forces of 258 +
153 pN magnitude (mean £ SD from 10240 curves
obtained on 10 different cells). A substantial fraction of
these curves (from 5%, cell #1, to 90%, cell #4) showed
multiple adhesion peaks, together with extended
rupture lengths (200—800 nm). Hence, while there
were variations from one cell to another, reflecting
heterogeneity of the cell population, adhesive curves
generally showed common features, ie., adhesion
forces of about 250 pN and multiple adhesion events
with long extensions. We believe that these features
reflect essentially the unfolding of Epa6 proteins as
they were markedly altered in the epa6A mutant, i.e.,
most curves featured smaller adhesion forces, 160 +
103 pN magnitude (mean + SD from 8192 curves
obtained on 8 different cells), and shorter ruptures
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than those on WT cells (Figure 4). Do the rupture
lengths on WT cells correspond to the lengths of
fully extended Epa proteins? Epa proteins are about
700 amino acids in length.”2%3* Therefore, assuming
that each amino acid contributes 0.36 nm to the
contour length of a fully extended polypeptide chain,
the length of a fully extended adhesin is expected to
be 250 nm. While some rupture lengths were close
to this value, much longer extensions were also ob-
served depending on the cell investigated. In SCFS
experiments, even larger extensions were observed
(500—1500 nm). Given the very high surface concen-
tration of Epa proteins (see below), we suggest that
some Epa proteins are bound together in aggregates
and one is released from its own GPI but still anchored
to another protein until a certain length is reached.
Alternatively, deletion of Epa6 may change the ex-
pression of other Epa genes or other cell wall protein
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Figure 4. Chemical force microscopy reveals much weaker hydrophobic forces on epa6A mutant cells. (a) AFM deflection
images of 4 different C. glabrata epa6 A cells recorded in acetate buffer with silicon tips. (b) Adhesion force maps (1 um x 1 um;
zrange =500 pN), (c) adhesion force histograms, and (d) rupture length histograms with representative force curves obtained
by recording spatially resolved force curves on the cell surfaces using hydrophobic tips (n = 1024 curves for each cell).
All curves were obtained using a contact time of 100 ms, a maximum applied force of 500 pN, and approach and retraction
speeds of 1.0 um s~ . Similar results were obtained in a total of 8 different cells.
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encoding genes. The average unfolding force, ~250 pN,
is in the range of the force needed to unravel proteins
rich in B-sheet structures3* A striking observation
was that sawtooth patterns were generally lacking in
the Epa6 force profiles, which is in contrast with the
mechanical behavior of Als adhesins.'"'? This could
reflect structural differences in the adhesins: while Als
and Flo proteins contain large amounts of tandem
repeats that are sequentially unravelled by force, Epa6
would contain few (no) repeats in the strain that we
used.>® Accordingly, our CFM experiments indicate that
cell surface hydrophobicity in C. glabrata originates
from Epa6 proteins, and that the associated hydro-
phobic forces involve, to some extent, unfolding of the
adhesins. As Epab6 is rich in hydrophobic residues (35%),
it is tempting to speculate that, upon mechanical stress,
Epa6 proteins will unfold and expose hydrophobic
residues, thereby promoting further hydrophobic inter-
actions with solid substrates (here, the AFM tip).
Finally, adhesion maps showed a very high detec-
tion level that correspond to a minimum protein
surface density of ~1000 sites/um? (assuming each
binding event corresponds to a single protein), indicat-
ing that the adhesins were massively exposed. Note
that given our large pixel size (30 nm) and the very high
surface concentration of adhesins, it is likely that
the actual protein density is larger. These CFM-based
values may be compared with the protein density
estimated from our SCFS adhesion force values,
suggesting that up to ~200 adhesins are probed, and
considering the cell—substrate contact area.®* As a
rough approximation, the contact zone of a deform-
able sphere pressed on a rigid flat surface may be
estimated by A = 7R, in which A is the contact area, R
is the radius of the cell, and ¢ is the cell deformation.
Considering a cell radius of 2 um and a deformation
of ~10 nm (estimated from indentation curves),

METHODS

Strains and Growth Conditions. C. glabrata ATCC2001 (American
Type Culture Collection CBS138) and C. glabrata epa6A® (kindly
provided by G. Janbon, Institut Pasteur, France) were grown
routinely on YPD (1% yeast extract, 2% peptone, 2% glucose)
agar plates at 37 °C. Before all experiments, both strains were
incubated in liquid YPD medium for at least 24 h at 37 °C
(stationary phase).

Adhesion and Biofilm Development. For in vitro C. glabrata
biofilm tests, cells were collected from YPD cultures and washed
twice with PBS. RPMI 1640 medium (with L-glutamine and phenol
red) without bicarbonate was buffered with 3-(N-morpholino)-
propanesulfonic acid (Sigma). The pH of the medium was
adjusted to 7.0 with 1 M NaOH. Biofilm development was studied
in 96-well polystyrene plates. Briefly, C. glabrata cells at a final
concentration of 1 x 10° cells mL~" were allowed to attach onto
the polystyrene substrate during the period of adhesion (90 min,
37 °C, static). Then, nonadhering cells were removed by washing
with PBS, and cells associated with the substrate were subse-
quently submerged in fresh RPMI 1640 medium for 24 h (mature
biofilm development). Adhering and biofilm-forming cells were

EL-KIRAT-CHATEL ET AL.

we found a contact area of ~0.06 um?, thus yielding
a protein surface density of ~3300 proteins/um?. Con-
sidering the size and flexibility of Epa proteins, the
actual interacting area is probably larger than 0.06 um?,
meaning this density would be overestimated. Also,
we note (i) that some adhesion events in our CFM
measurements may reflect the detection of multiple
proteins, rather than single proteins, and (ii) that SCFS
and CFM adhesion forces showed substantial varia-
tions from one cell to another. These factors will
increase the error on the calculation, which should
therefore be considered as a rough estimate. Taking
this into consideration, the 3300 proteins/um? value is
larger than the 1000 proteins/um? minimum density
that we measured by CFM, suggesting that this meth-
od underestimates the actual amount of cell surface
proteins. We expect that the very high cell surface
concentration of adhesins will increase the strength
and duration of cellular adhesion, as observed in SCFS
experiments.

CONCLUSIONS

Biofilm formation is known to be critical to fungal
pathogenesis, but the underlying molecular mecha-
nisms are not fully understood. We have shown that
SCFS and CFM are two powerful AFM-based tech-
niques for probing hydrophobic forces on fungal
pathogens, and for understanding their role in cell
adhesion. We found that (i) single C. glabrata cells
strongly bind to hydrophobic substrates using their
surface-associated Epa6 proteins, (ii) Epa6 adhesins are
widely expressed at the yeast cell surface, and (iii) they
are engaged in strong hydrophobic interactions with
abiotic surfaces. We suggest that during cell—substrate
contact, mechanical stress may enhance the exposure
of Epa6 hydrophobic sequences that will strengthen
adhesion.

evaluated for their metabolic activity by the reduction of
the substrate XTT [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide] to XTT formazan by mitochondrial
dehydrogenases of metabolic active cells (Ramage et al3).
The XTT working solution was prepared in sterile PBS at a final
concentration 1 mg/mL. Before use, menadione was added to the
XTT solution (final concentration 1 #M). This solution was vor-
texed and 100 uL was applied into each well containing adhered
or biofilm-forming cells. Plates were incubated for 1 h at 37 °C
in the dark. The intensity of colorimetric change was measured
with a spectrophotometer (Spectra max Plus 384) at 490 nm.
The XTT-menadione solution without Candida cells was used as
a blank. Statistical analyses were performed using Student's
t-test (GraphPad Prism software). Differences were considered
significant if *p < 0.0001. All in vitro C. glabrata adhesion and
biofilm experiments performed in 96-well polystyrene plates
were repeated three times always using 6 wells per strain.
Confocal Scanning Laser Microscopy. For confocal microscopy,
C. glabrata biofilms were formed on plastic highly adhesive
round tissue culture coverslips (13 mm diameter, Sarstedt,
Germany). One milliliter of C. glabrata suspension prepared in
RPMI 1640 medium was added to wells containing coverslips
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(one per well) and the samples were incubated for 90 min at
37 °C. The coverslips were gently washed twice with PBS, placed
in a clean 24-well tissue culture plate and covered with fresh
medium for additional 24 h. Mature biofilms were washed
with PBS and subsequently stained with Concanavalin A
(ConA, 50 mg L"), Alexa Fluor 488 conjugate (Molecular Probes,
Eugene, OR) at 37 °C for 1 h (green fluorescence). Imaging was
carried out with an Olympus FV1000 confocal laser scanning
biological microscope and images were processed with the
accompanying software, FV10-ASW 2.0.

Chemical Force Microscopy. Hydrophobic, methyl-terminated
AFM tips were prepared by immersing gold-coated cantilevers
(OMCL-TR4, Olympus Ltd., Tokyo, Japan; nominal spring con-
stant~0.02 N m~") for 12 hin 1 mM solutions of 1-dodecanethiol
(Sigma-Aldrich, 98%) in ethanol and then rinsed with ethanol
and dried with N,. CFM measurements were performed at room
temperature (20 °C) in sodium acetate buffer, using a Nanoscope
VIl Multimode AFM from Bruker Corporation (Santa Barbara, CA).
The spring constants of the cantilevers were measured using the
thermal noise method. Yeast cells were immobilized by mechan-
ical trapping into porous polycarbonate membranes (Millipore,
Billerica, MA) with a pore size similar to the cell size.373® After
filtering a cell suspension, the filter was gently rinsed with buffer,
carefully cut (1 cm x 1.cm), attached to a steel sample puck using
a small piece of double face adhesive tape, and the mounted
sample was transferred into the AFM liquid cell while avoiding
dewetting. Single yeast cells were first localized using a bare tip,
after which the tip was replaced with a methyl-terminated tip for
force measurements (see ref 38 for details). We recorded force
maps of 32 x 32 force—distance curves on areas of 1 um? with
a maximum applied force of 500 pN, a contact time of 100 ms,
and an approach and retract tip velocity of 1000 nm s~
Adhesion maps were obtained by calculating the largest adhe-
sion force for each force curve and displaying the value as a gray
pixel. Adhesion and rupture length histograms were obtained
by considering, in each curve, the largest adhesion forces and
last rupture distances, respectively.

Single-Cell Force Spectroscopy. For SCFS, hydrophobic and hydro-
philic substrates were prepared by immersing gold-coated sub-
strates in ethanol solutions containing 1 mM 1-dodecanethiol
(Sigma-Aldrich, 98%) or 1 mM 11-mercapto- 1-undecanol
(Sigma-Aldrich, 97%) overnight, rinsing them with ethanol and
drying them under N.,. For cell probe preparation,? tipless SisN,
cantilevers with a nominal spring constant of ~0.12 N m™'
(NP-O10 levers, Bruker) were immersed for 1 h in 10 mM Tris
buffer solution (pH 8.5) containing 4 mg mL~" dopamine hydro-
chloride. The cantilever was then washed and dried under N,. The
dopamine coated cantilever was brought into contact with an
isolated cell deposited in the bottom of a glass Petri dish for 1 min,
and the obtained cell probe was transferred over hydrophilic or
hydrophobic substrates without dewetting. The spring constants
of the cantilevers were measured using the thermal noise
method. SCFS measurements were performed at room tempera-
ture (20 °C) in sodium acetate buffer, using a Bioscope Catalyst
AFM (Bruker Corporation, Santa Barbara, CA). A minimum of
100 force—distance curves for each cell were recorded on
three different spots on a given substrate with a maximum
applied force of 500 pN, a contact time of 100 ms, and constant
approach and retract speeds of 1000 nm s~'. Adhesion force
histograms were obtained by calculating the maximum adhesion
force.
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