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In this study, we examined the binding of Candida albicans synchronized yeast-phase cells to plastic,
immobilized amino acids and bovine serum albumin (BSA) and quantified the binding by using an XTT
tetrazolium salt assay and absorbance determination. Our results show that C. albicans binds efficiently and
specifically to several nonpolar aliphatic amino acids and positively charged amino acids and to BSA immo-
bilized on tissue culture plastic but not to polar uncharged, negatively charged, or aromatic amino acids.
Adhesion of yeasts to immobilized amino acids was not affected by preincubation of cells with BSA, whereas
binding to immobilized BSA was affected by preincubation of yeasts with alanine, proline, and leucine but not
by arginine or lysine. The ability to distinguish the chirality of these amino acids was also examined by using
both the p and L amino acid configurations, and the results show that C. albicans yeasts recognize only the L
configuration of these amino acids. The observations that C. albicans specifically binds to certain amino acids
indicate that these amino acids may prove useful tools for studying the binding interactions of C. albicans yeasts
with host proteins such as components of the extracellular matrix.

Candida albicans is a prevalent and troublesome opportu-
nistic yeast which can cause a variety of superficial and dissem-
inated deep-seated mycoses (3, 20). The most serious compli-
cations of the disease are the development of the disseminated
infections, resulting in endocarditis, nephritis, and endophthal-
mitis. The ability of Candida to attach to different types of host
surfaces is currently undergoing extensive investigation as a
potential new area for therapy (16) and is considered to be one
of the initial steps in the pathogenesis of the organism (9, 18).
For example, Candida has been shown to adhere to a variety of
different surfaces, including plastic and epithelial and endothe-
lial cells, and to the extracellular matrix proteins fibronectin,
type IV collagen, laminin, and entactin (6, 9, 14, 15, 18, 21), of
which the adhesion process is highly dependent on the nature
of the Candida cell surface and that of the substratum (2, 9,
18). Furthermore, several postadhesion events, such as the
synthesis of new Candida surface proteins and tyrosine phos-
phorylation of a number of proteins (1) and phagocytosis and
damage of endothelial cells by C. albicans (5), can occur.

Several adhesion studies employing antibody, radiolabelling,
or microbiological assays have demonstrated the binding of C.
albicans to plastic, to human serum proteins such as albumin
and transferrin, and to several extracellular matrix proteins (2,
9,10-12, 19). The influence of Arg-Gly-Asp (RGD)-containing
peptides on the binding of C. albicans to extracellular compo-
nents has also been examined (9). In this study, we used XTT
tetrazolium salt, which is reduced to the blue-black formazan
product by metabolically active cells, and a 96-well microtiter
format to study the adhesion of C. albicans to plastic or sub-
strate-coated surfaces. We show that C. albicans yeasts can
bind specifically to immobilized bovine serum albumin (BSA)
and to certain immobilized amino acids and that the binding of
yeasts to amino acids is stereospecific.
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MATERIALS AND METHODS

Chemicals, organisms, and reagents. Type B gelatin from bovine skin, type IV
BSA, phenazine methosulfate (PMS), and 2,3-bis(2-methoxy-4-nitro-5-sulfophe-
nyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) tetrazolium salt were pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). Amino acids of b and L
configurations were purchased from Calbiochem (La Jolla, Calif.). C. albicans
CA6406, CA444, and CA74 were kindly provided by D. Kerridge (Cambridge,
England), J.-P. Latgé (Pasteur Institut, Paris, France), and M. Monod (Laus-
anne, Switzerland), respectively.

Culture conditions. C. albicans ATCC 10231, CA6406, CA444, CA74, and
SKF 2270 were grown as synchronized yeasts and prepared for use in binding
experiments as described previously (7). Briefly, to obtain synchronized station-
ary yeast-phase cultures, freeze-dried stock cultures were resuspended in 0.1 M
phosphate-buffered saline (PBS; pH 7.2), inoculated into Minimal-40 medium
(Difco Laboratories, Detroit, Mich.) at 10° cells/ml, and incubated at 25°C for
48 h without agitation. This synchronous cell yield was 1 X 10% to 2 X 10%. Cells
were then harvested, washed three times in 0.1 M PBS, and used immediately.

Binding assay. One hundred microliters of either BSA (1 mg/ml) or appro-
priate amino acid (1 mg/ml) in 0.15 M PBS (pH 7.38), or PBS only, was added
to wells of 96-well Greiner microtiter plates, which were incubated for 1 to 2 h
at room temperature. At the end of the incubation period, the solution was
removed from the wells and the remaining sites were blocked with a 1% (wt/vol)
solution of gelatin for 1 h at room temperature. Thereafter, the wells were
challenged with a 100-ul solution of PBS containing 10° C. albicans yeasts/ml.
The plates were incubated on an orbital shaker at 100 rpm for 1 h at room
temperature, after which time the wells were washed vigorously three times with
PBS to remove nonadherent yeasts. Thereafter, adhesion of yeasts to wells was
determined by using a modification of the XTT assay described by Tellier et al.
(22), used to assess the activities of antifungal agents against planktonic C.
albicans yeasts, as follows. Prior to each adhesion assay, XTT (1 g/liter of
Ringer’s lactate) was thawed, and 40 l of phenazine methosulfate stock solution
(1.53 mg/ml of PBS) was added to 8 ml of XTT. Thereafter, 100 ul of the
XTT-phenazine methosulfate solution was added to wells, the wells were incu-
bated for up to 3.5 h at 35°C, and the absorbance of wells was measured at 492
nm, using a Titertek microtiter plate reader.

For competition experiments, 10° yeasts were preincubated, with agitation, for
1 hin 1 ml of a 1-mg/ml solution of the appropriate amino acid or BSA. Where
indicated for concentration-dependent experiments, yeasts were preincubated
with various concentrations of BSA ranging between 0.001 and 10 mg/ml. Free
amino acid or BSA was subsequently removed by centrifugation and washing
three times with PBS prior to challenging immobilized amino acid or BSA.
Thereafter, adhesion of yeasts was quantified by the XTT tetrazolium salt assay
described above.

Microscopy. The numbers of yeasts bound to different substrates were also
quantified in an Olympus (1X70) inverted microscope. Ten randomized fields of
360,000 wm? per well were counted and normalized to the total surface area of
the microtiter well. At least three to four wells were counted for each substrate
binding experiment.



VoL. 66, 1998

Number of cells bound per well (thousands}

Plastic Gelatin

Support

s Absorbance 492 nm

12

0.8

04 -

Plastic BSA Gelatin

Support

FIG. 1. (A) Binding of yeasts to plastic, BSA, or gelatin quantified by light
microscopy (see Materials and Methods). The bars represent the means (n = 4)
+ standard deviations from a typical experiment. (B) Quantification of yeasts
bound to plastic, BSA, or gelatin by the XTT tetrazolium salt procedure. XTT
formazan was measured after 3.5 h of incubation, and the bars represent the
means *+ standard deviations (n = 21).

Statistical analysis. Comparisons of data from binding experiments were car-
ried out by Student’s ¢ test, using the StatWorks program. Significant differences
between data were expressed at P < 0.01, P < 0.05, or P < 0.001.

RESULTS

Binding of yeasts to plastic or protein-coated surfaces. The
ability of yeasts from five different C. albicans strains to bind to
uncoated (plastic) or protein-coated surfaces was examined.
After removal of nonadherent yeasts by washing with PBS, the
yeasts which remained bound to the uncoated (plastic) or sur-
faces coated with BSA or gelatin were examined by light mi-
croscopy. No morphological differences were detected be-
tween the adherent and the nonadherent populations; all cells
showed the typical blastospore morphology. The number of
yeasts which bound to the plastic surface represented up to
50% of the initial added inoculum. Five C. albicans strains,
including the four clinical isolates CA74, CA4444, CA6406,
and SKF 2270, were used in these preliminary studies. All
strains exhibited very similar behaviors, and consequently
strain ATCC 10231 was chosen for all further studies.

The binding of yeasts to plastic, BSA, and gelatin was also
quantified. The adherent cells were counted in at least three to
four wells for each condition, using light microscopy and view-
ing a surface area of 360,000 pm* (see Materials and Meth-
ods). As shown in Fig. 1A, there was good binding to both
plastic and BSA but minimal binding to gelatin. Similar results
were obtained when the XTT tetrazolium salt procedure was
used in that a large increase in absorbance was observed in the
uncoated (plastic) or BSA-coated wells but absorbance in the
gelatin-coated wells was similar to that in wells which had not
been challenged with yeasts (Fig. 1). For example, cell count-
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ing suggests that levels of binding to BSA and gelatin were
about 54 and 4%, respectively, compared with the binding of
yeasts to plastic. The XTT procedure gave similar results
whereby the levels of binding of yeasts to BSA and gelatin were
about 65 and 2%, respectively, compared with the binding of
yeasts to plastic. Untreated yeasts or yeasts preincubated with
a 1% (wt/vol) solution of gelatin prior to challenging the un-
coated (plastic) wells yielded similar results in that both un-
treated and treated yeasts bound efficiently to plastic and high
absorbance at 492 nm was observed. These data suggest that
under these conditions, C. albicans yeasts do not bind gelatin.
These results suggest that the XTT tetrazolium salt procedure
provides a useful means for the quantification of yeast cells.
This procedure was therefore used in all further experiments
to quantify binding of yeasts to different substrates by deter-
mination of absorbance at 492 nm.

Binding of yeasts to immobilized BSA and influence of pre-
treatment with BSA. The inability of yeasts to bind to immo-
bilized gelatin suggested that this protein can be used as a
blocking agent and thus provides a useful means to study the
specific interaction of yeast cells with different substrates. The
interaction of yeast cells with BSA was therefore examined by
immobilizing BSA in wells and by blocking remaining sites with
gelatin prior to challenge with yeast cells. The presence of
gelatin did not affect the ability of yeast cells to bind to immo-
bilized BSA (Fig. 2A). Similar treatment with BSA significantly
(P < 0.001) abolished the ability of the yeast cells to bind to
immobilized BSA (Fig. 2A) and was concentration dependent;
i.e., binding of yeast cells to immobilized BSA was significantly
reduced (P < 0.001) when yeasts were preincubated with ei-
ther 1 or 10 mg of BSA per ml (Fig. 2B). Preincubation of
yeasts followed by removal of BSA in solution further showed
that the binding to immobilized BSA was attenuated (P <
0.001), indicating the specific interaction of the yeast cells with
the immobilized substrate (Fig. 2B).

Binding of yeasts to immobilized amino acids. The interac-
tions of yeast cells with immobilized amino acids was also
examined. The amino acids were coated onto microtiter plates
(Materials and Methods), and the nonspecific protein binding
sites were blocked with a 1% (wt/vol) solution of gelatin. After
blocking with gelatin, the immobilized amino acids were chal-
lenged with yeast cells, and after removal of nonadherent
yeasts by washing, the specific binding was determined by using
the XTT assay and measurements of absorbance at 492 nm. Of
the natural amino acids tested, yeasts were able to bind effi-
ciently only to immobilized arginine, alanine, leucine, lysine,
and proline (Table 1). Typically, binding of yeasts to these
immobilized amino acids was similar to the binding of yeast
cells to immobilized BSA (Fig. 1 and 2). The binding of yeast
cells to the D configuration of these amino acids was also
determined, and as shown in Fig. 3, yeast cells failed to show
any significant binding (P < 0.001) to the D configuration of
these amino acids.

In view of the observation that preincubation with BSA
inhibits the ability of yeast cells to bind to immobilized BSA
(Fig. 2), we also examined the effect of preincubation of yeasts
with BSA on the ability of yeast cells to bind to immobilized
L-amino acids. As shown in Fig. 4, yeast cells bound equally
well to immobilized amino acids in the presence or absence of
BSA treatment, except that pretreatment with BSA resulted in
a slight increase (P < 0.05) in binding to L-leucine (Fig. 4).

Specificity of binding of yeasts to immobilized amino acid or
BSA. Considering the ability of yeast cells to bind to BSA or
amino acids, we examined the effects of preincubation with
each amino acid on the ability of yeast cells to adhere to
immobilized BSA. In these experiments, BSA was immobilized
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FIG. 2. Binding of yeast cells to immobilized BSA. (A) Binding of yeast cells
to BSA (BSA), effects of preincubation with BSA on binding of yeast cells to
immobilized BSA (BSA/BSA) and following washout of free BSA [BSA(wash)/
BSA], and effects of preincubation with gelatin on the binding of yeast cells to
immobilized BSA (PreGel-BSA). (B) Effects of preincubation of yeast cells with
0.001 to 10 mg of BSA per ml on binding of yeast cells to immobilized BSA (BSA
pretreatment followed by removal of free BSA in solution or BSA treatment
only). Data points represent the means = standard deviation (n = 20) of yeast
cell binding from a typical experiment.

in wells, yeasts were preincubated with 1 mg of appropriate
amino acid per ml, and the immobilized BSA was challenged
with the amino acid-pretreated yeast cells. Preincubation of
yeast cells with 1 mg of arginine or lysine per ml did not
attenuate the binding of yeast cells to immobilized BSA,
whereas preincubation with 1 mg of alanine, leucine, or proline
per ml attenuated the binding of yeast cells to immobilized
BSA (Table 2).

To assess the specificity of the binding interaction between
yeast cells and each amino acid, we preincubated yeasts with 1
mg of each amino acid per ml and then challenged wells con-
taining immobilized amino acid with yeasts. Yeast cells prein-
cubated with the same amino acid as that immobilized in wells
showed dramatically attenuated binding to the immobilized
amino acid and acted as positive controls in the experiment
(for statistical analysis and significance values, see Table 2).
The binding of yeast cells to arginine was inhibited by lysine
but not by leucine, proline, or alanine. Similarly, binding to
lysine was inhibited by arginine but not by the other amino
acids (Table 2). The binding of yeasts to immobilized alanine

FIG. 3. Measurements of the binding of yeast cells to L and D configurations
of immobilized alanine (ALA), arginine (ARG), leucine (LEU), lysine (LYS),
and proline (PRO). The bars represent the means * standard deviations (n =
20) of yeast cell binding from a typical experiment.

was inhibited by lysine but not by the other amino acids,
whereas binding of yeasts to proline was inhibited by leucine
and lysine but not by alanine and arginine (Table 2). By con-
trast, binding to leucine was affected by alanine but not by the
other amino acids (Table 2).

DISCUSSION

Candida cells have been suggested to bind to a variety of
human proteins and gelatin (2, 7, 18). Our results show that C.
albicans yeasts bind to plastic and BSA-coated surfaces but fail
to adhere to gelatin-coated surfaces. Quantification of adher-
ent cells by light microscopy and use of XTT tetrazolium salt
yield similar results. The XTT tetrazolium salt procedure has

TABLE 1. Binding of yeasts to immobilized amino acids

Amino acid group Amino acid Aoy’
Nonpolar aliphatic Glycine 0.108 = 0.013
Alanine 0.886 = 0.082
Valine 0.047 = 0.002
Leucine 1.210 = 0.11
Isoleucine 0.046 = 0.001
Proline 1.008 = 0.067
Polar uncharged Serine 0.048 = 0.005
Threonine 0.059 = 0.008
Cysteine 0.044 + 0.004
Methionine 0.040 = 0.003
Asparagine 0.082 = 0.018
Glutamine 0.099 = 0.022
Positively charged Lysine 0.917 = 0.026
Arginine 0.927 = 0.04
Histidine 0.040 =+ 0.002
Negatively charged Aspartate 0.102 = 0.02
Glutamate 0.070 = 0.013
Aromatic Phenylalanine 0.044 + 0.003
Tyrosine 0.053 = 0.003
Tryptophan 0.040 = 0.002

“ Mean absorbance * standard deviation (n = 21) after subtraction of the
background in the absence of cells from a typical experiment.
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FIG. 4. Effects of preincubation of yeast cells with BSA on the binding of
yeast cells to immobilized alanine (ALA), arginine (ARG), leucine (LEU), lysine
(LYS), or proline (PRO). Data points represent the means = standard devia-
tions (n = 20) of yeast cell binding from a typical experiment.

several important advantages over use of cell counting tech-
niques in that (i) the method is easy to use compared to the
tedious counting by light microscopy, (ii) it allows a rapid and
quantitative measurement, and (iii) only metabolically active
cells are determined by this method. Here we have shown that
by using XTT tetrazolium salt, C. albicans yeasts bind effi-
ciently to plastic, binding of yeasts to plastic is abolished by
blocking the surface with gelatin, and yeasts bind to immobi-
lized BSA and interestingly to several different amino acids.
Gelatin therefore provides a means to diminish nonspecific
binding to plastic surfaces such that the specific binding to
immobilized substrates such as amino acids, peptides, and pro-
teins can be determined.

Our data concerning gelatin do not appear to be in agree-
ment with the observations of Klotz and Smith (12), who sug-
gested that yeasts may bind to porcine gelatin. However, we
have also used porcine gelatin and have found that, as was the
case for bovine gelatin, yeasts do not bind to this substrate (8).
The reasons for the difference between our data and those of
Klotz and Smith (12) are unclear but may reflect differences in
experimental procedures. For example, in this study we used
synchronized yeast-phase cells which were prepared by growth

TABLE 2. Competitive effects of the binding of yeasts treated with
amino acids to immobilized substrates

% binding”

Substrate

Alanine Proline Leucine Lysine Arginine
Alanine 0.52* 101.2 99.0 0.4* 98.8
Proline 105.6 0* 0.2* 0.6* 105.6
Leucine 2.70* 95.8 3.9% 92.1 67.5%*
Lysine 97.8 106.8 110.1 0.07* 0.2*
Arginine 76.2%* 86.2 88.8 2.5% 1.5%
BSA 45.6%%* 76.2%* 67.4%* 94.5 91.7

“ Yeast cells were pretreated with 1 mg of appropriate amino acid per ml.
Thereafter, each immobilized substrate was challenged with pretreated yeasts.
The values represent the mean percent binding (n = 12) of yeasts to each
immobilized substrate from a typical experiment. Standard deviations were al-
ways <10%. *, value significantly different at P < 0.001 compared with the
binding of untreated yeasts to the corresponding substrate; **, value significantly
different at P < 0.05 compared with the binding of untreated yeasts to the
corresponding substrate; ***, value significantly different at P < 0.01 compared
with the binding of untreated yeasts to the corresponding substrate.
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in Minimal-40 medium and quantified binding of the yeasts to
different substrates by using both light microscopy and the
XTT tetrazolium salt procedure. In addition, the assay condi-
tions involve binding of yeasts (initial inoculum of 10° cells/ml)
to different substrates at 25°C for 1 h with agitation, and the
assay is performed in wells of 96-well microtiter plates. Under
these conditions using five C. albicans strains including four
clinical isolates, we observed that all of the strains showed
similar behaviors in terms of the ability to bind to plastic and
BSA and the inability to bind to gelatin. The conditions used in
this study appear to be quite different from those described
elsewhere. Generally, most studies use lower inocula and con-
sequently examine the adherence of significantly fewer cells.
For example, Klotz and Smith (12) used about 250 cells per
well in 24-well tissue culture plates, whereas we used 10,000
cells per well in 96-well tissue culture plates. The number of
adherent cells in the case of the plastic surface is normally
about 5,000 in our study, compared with 200 cells in the case of
the study by Klotz and Smith (12). The assay conditions used
by Klotz and Smith (12) involved yeasts which were previously
cultured in Sabouraud dextrose broth and binding of yeasts
(initial inoculum of 10 cells/ml) at 37°C for 30 min without
agitation (12). Indeed, Klotz et al. (13) have previously noted
that there is no standardized method for measuring adherence,
making it difficult to compare results from different studies.
Under the conditions used, Klotz et al. (13) have shown the
presence of a fibronectin/gelatin binding protein which appears
to be present on the C. albicans cells. There are different
reports in the literature which demonstrate the presence of
specific epitopes under specific environmental conditions (4).
It is quite probable that culture conditions, inoculum size, time
of contact, temperature, and the surface area to which the
yeast cells are applied influence the ability of yeast cells to bind
to immobilized substrates, and one or more of these variations
may account for the different observations between this study
and that described elsewhere (12).

The binding of yeast cells to immobilized BSA was reduced
by more than 90% when yeast cells were preincubated with
BSA, binding was dependent on the concentration of BSA
used in preincubations, and removal of free BSA in solution
also showed attenuation of the binding of yeast cells to immo-
bilized BSA. These data, therefore, indicate that the yeast
cell-BSA interaction may be a specific process and that the
affinity of this interaction is high. Other studies have shown
that several host proteins, notably lactoferrin and ovotrans-
ferrin (23), and complement fragments, such as C3d and iC3b
(10), are known to bind to C. albicans, and C. albicans germ
tubes bind human albumin with high avidity (17).

Binding studies with individual natural amino acids with C.
albicans yeast cells demonstrated that yeast cells may bind to
specific nonpolar aliphatic amino acids, namely, alanine,
leucine, and proline, and the positively charged R-group amino
acids arginine and lysine. By contrast, yeast cells were unable
to bind to amino acids from polar uncharged, aromatic, or
negatively charged amino acids. Interestingly, yeast cells were
not able to bind to other nonpolar aliphatic amino acids such
as glycine, valine, and isoleucine or to the positively charged
histidine, which suggests a degree of specificity in the binding
of yeast cells to amino acids from nonpolar aliphatic and pos-
itively charged groups. Moreover, unlike the binding of yeast
cells to the L configuration of alanine, arginine, leucine, lysine,
or proline, yeast cells were unable to bind the D configuration
of these amino acids, further indicating that the yeast cell-
amino acid binding interactions are specific and demonstrate
stereospecificity. Furthermore, competitive binding studies
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showed that preincubation with each amino acid inhibited the
interaction with itself when immobilized on wells.

To the best of our knowledge, this is the first report of the
binding of C. albicans to immobilized amino acids. By contrast,
other studies have concentrated on interactions of Candida
yeasts or germ tubes with components of the extracellular
matrix such as fibronectin, laminin, and collagen and the po-
tential of different peptides, including those with an RGD
sequence, on this interaction (9). Furthermore, the binding of
Candida yeasts to large proteins such as BSA is likely to involve
particular amino acids. Therefore, it would have been expected
that pretreatment of yeast cells with BSA would inhibit the
binding interaction of yeast cells to immobilized amino acids.
However, binding of BSA-treated yeast cells to amino acids
was similar to the binding of untreated, control yeast cells,
indicating that pretreatment with BSA does not affect the
binding interaction of yeast cells with immobilized amino acids.
On the other hand, preincubation of yeast cells with the non-
polar aliphatic amino acids attenuated the binding of yeast
cells to immobilized BSA by 25 to 55%, while preincubation
with arginine or lysine did not affect the binding interaction
between yeast cells and immobilized BSA. In large proteins
such as BSA, one may expect a number of potential sites for
binding whereby the binding interaction with the sites may be
of a cooperative nature. Therefore, the effect of each amino
acid on the binding of yeast cells to immobilized BSA may not
necessarily cause a complete attenuation of binding. Indeed,
the slight reduction in the ability of yeast cells treated with
alanine, leucine, or proline to bind to immobilized BSA may
indicate that such amino acids are involved in the interaction
of BSA with C. albicans yeast cells.

As regards the binding of yeast cells to immobilized amino
acids, lysine effectively blocked the binding of yeasts to immo-
bilized arginine and vice versa, as would be expected for sim-
ilarly charged amino acids, suggesting the presence of similar
binding sites for arginine and lysine. On the other hand, the
interaction of yeast cells with immobilized proline was also
competed for by lysine and leucine but not by alanine or
arginine, and proline did not markedly attenuate the binding
interaction with immobilized alanine, arginine, leucine, or ly-
sine. These data suggest that the proline binds to sites which
partially overlap with sites for leucine and lysine but with a
lower affinity, whereas binding sites for leucine and alanine
may partially overlap with the binding sites for lysine and
arginine or may be sterically hindered by the binding of lysine
or arginine. Moreover, all of the nonpolar aliphatic amino
acids, including proline, in fact inhibit the binding of yeast cells
to immobilized BSA, an effect which is not seen with arginine
or lysine.

Given that C. albicans yeast cells bind avidly to certain
amino acids, it may prove fruitful to use these findings as tools
for future research into the characteristics of the binding of
yeast cells to different substrates. Indeed, we are currently
using this information to study the specific interactions of C.
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albicans yeast cells with, for example, components of the ex-
tracellular matrix.
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