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Saccharomyces cerevisiae cells possess a remarkable capacity to adhere to other yeast cells, which is called
flocculation. Flocculation is defined as the phenomenon wherein yeast cells adhere in clumps and sediment
rapidly from the medium in which they are suspended. These cell-cell interactions are mediated by a class of
specific cell wall proteins, called flocculins, that stick out of the cell walls of flocculent cells. The N-terminal
part of the three-domain protein is responsible for carbohydrate binding. We studied the N-terminal domain
of the Flo1 protein (N-Flo1p), which is the most important flocculin responsible for flocculation of yeast cells.
It was shown that this domain is both O and N glycosylated and is structurally composed mainly of �-sheets.
The binding of N-Flo1p to D-mannose, �-methyl-D-mannoside, various dimannoses, and mannan confirmed
that the N-terminal domain of Flo1p is indeed responsible for the sugar-binding activity of the protein.
Moreover, fluorescence spectroscopy data suggest that N-Flo1p contains two mannose carbohydrate binding
sites with different affinities. The carbohydrate dissociation constants show that the affinity of N-Flo1p for
mono- and dimannoses is in the millimolar range for the binding site with low affinity and in the micromolar
range for the binding site with high affinity. The high-affinity binding site has a higher affinity for low-
molecular-weight (low-MW) mannose carbohydrates and no affinity for mannan. However, mannan as well as
low-MW mannose carbohydrates can bind to the low-affinity binding site. These results extend the cellular
flocculation model on the molecular level.

Saccharomyces cerevisiae flocculation has been defined as
the asexual, reversible, and calcium-dependent aggregation of
yeast cells to form flocs containing thousands of cells that
rapidly sediment to the bottom of the liquid growth substrate
(3, 38). Flocculation behavior is of great importance for yeast
cells, as it is a way to escape from harsh conditions in the
growth medium. It was suggested that cells in the middle of the
floc can lyse and act as a source of new nutrients for the other
cells (20, 37). Therefore, flocculation enhances the survival
rate of yeast cells under starvation conditions. Furthermore,
this type of cell adhesion is of considerable importance for the
brewing industry, as it provides an environmentally friendly,
simple, and cost-effective way to remove yeast cells from beer
at the end of fermentation.

In an attempt to elucidate the phenomenon of flocculation,
Eddy and Rudin (10) proposed the lectin hypothesis. In the
presence of calcium, cells with expressed flocculins are able to
bind highly branched mannose polymers located in the cell
walls of adjacent cells, leading to cell-cell adhesion (10, 28).
Flocculins are specific cell adhesion molecules located on the
cell walls of yeast cells. The flocculin family in S. cerevisiae
strain S288C includes the FLO1, FLO5, FLO9, FLO10, and
FLO11 genes (4, 43). The FLO1, FLO5, FLO9, and FLO10

genes are responsible for flocculation. The expression of
FLO11 leads to the adhesion of the cells to substrates such as
plastics and agar (14), to diploid pseudohyphal formation, and
to haploid invasive growth (26, 27). Some strains carrying the
FLO11 gene, such as S. cerevisiae var. diastaticus strains, are
flocculent (8).

To further characterize the lectin hypothesis, it was shown
that flocculation can be inhibited reversibly by the presence of
sugars (29, 30, 35, 39, 41). In particular, the flocculation phe-
notype governed by FLO1 can be inhibited by mannose but not
by glucose, maltose, sucrose, or galactose. Therefore, Flo1p is
considered the most specific adhesion protein of the Flo family
(12, 25, 44).

The member proteins of the flocculin family have a modular
configuration that consists of three domains (the N-terminal,
central, and C-terminal domains) and an amino-terminal se-
cretory sequence that is removed when the protein moves to
the plasma membrane through the secretory pathway (18, 19,
45). The C-terminal domain contains a glycosylphosphatidyl-
inositol (GPI) attachment site to covalently bind the Flo pro-
teins to �-1,6-glucans of the yeast cell wall via a GPI remnant
(4, 6, 7, 15, 16). The central domain contains many tandem
repeats and is heavily glycosylated (3, 4, 40, 42). It was sug-
gested that these oligosaccharide side chains enable the floc-
culins to form a long, semirigid rod-like structure (22). The
proline residues, which are common in this region, may also
prevent the central domain from forming a compact domain
(9). The N-terminal part is the lectin domain, which leads to
flocculation by interacting with mannose chains (3, 25).
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The open reading frame of the FLO1 gene from S. cerevisiae
encodes a protein of 1,537 amino acids, including the N-ter-
minal sugar-binding domain of approximately 240 residues (N-
Flo1p) (25, 42, 46). Several studies showed the lectin-like ac-
tivity of N-Flo1p (3, 25). When N-terminally truncated versions
of Flo1 proteins were expressed, the yeast cells lost their floc-
culation capacity (3). In addition, it was demonstrated indi-
rectly that the N-terminal region of Flo1p contains the sugar
recognition domain (25). Until now, no direct interaction be-
tween the Flo1p molecule and glycans has been demonstrated.

In this study, the N-terminal domain of Flo1p was expressed
in S. cerevisiae, secreted into the medium, and then purified
and studied. The secondary structure of the domain was eval-
uated, as well as the presence of glycans on the protein. The
interaction of various mono- and dimannoses with N-Flo1p
was characterized using fluorescence spectroscopy and deter-
mined quantitatively. Additionally, it was shown that N-Flo1p
is able to interact with mannan chains from S. cerevisiae. These
results show that the N-terminal domain of Flo1p is indeed
responsible for the sugar-binding activity of the protein and
confirm the cellular flocculation phenotype on a protein level.

MATERIALS AND METHODS

Construction of N-Flo1p expression plasmid. Based on alignments of the
FLO1 gene and a gene homologous to FLO1 (Lg-FLO1) (13, 25), the N-terminal
domain of the Flo1 protein was determined. Two oligonucleotides [Flo1_8,
5�-(TCCTTAGTCAAAAGGACAGAGGCGTGCTTACCAGCA)-3�; and
Flo1_9, 5�-(GGAGATCGGAATTCGTCAGTGATGGTGATGGTGATGTGA
AGGGTCAGGGACAGTACAGTTAGA)-3�] were designed in order to am-
plify the N-terminal domain coding sequence from the genomic DNA of S.
cerevisiae strain S288C. Primer Flo1_9 contains a sequence for 6 histidines to add
a histidine tag to the C-terminal part of the protein to facilitate purification. The
yeast-Escherichia coli shuttle vector pYEX-S1 was used for cloning of the N-
terminal part of the FLO1 gene. Cloning was performed using the In-Fusion
method (Clontech, Mountain View, CA), which is based on recombination be-
tween homologous sequences of the vector and the amplified gene (2, 47). The
construction of the expression plasmid was confirmed by a combination of PCR
and DNA sequencing. In the pYEX-S1 vector, the cloned gene is regulated by
the strong constitutive PGK promoter, and this vector also includes the �-lacta-
mase gene for selection in E. coli and the yeast-selectable markers leu2-d and
URA3. The Flo1p secretion sequence (amino acids [aa] 1 to 17) was not included
during cloning, as the pYEX-S1 vector contains the full-length leader sequence
from Kluyveromyces lactis to direct proteins through the secretory pathway for
secretion into the growth medium. Transformation into E. coli strain DH5� was
carried out as described previously (17). The S. cerevisiae strain S288C BY4741
was transformed using the lithium acetate procedure (21).

Expression and purification of the lectin domain of Flo1p. S. cerevisiae cells
were cultivated in shake flasks. The cells were grown in yeast extract-peptone-
dextrose (YPD) medium containing 1% (wt/vol) yeast extract, 2% (wt/vol)
peptone, and 2% (wt/vol) D-glucose, according to the following procedure. Over-
night cultures were grown by inoculating 90 ml YPD medium with one pYEX-
S1-containing S. cerevisiae colony. Cultures were shaken and incubated at 30°C.
Subsequently, the overnight cultures were diluted into 2 liters of fresh YPD
medium and allowed to grow to an optical density at 600 nm (OD600) of 10 by
incubation at 30°C for 64 h with shaking. The cells were separated from the
medium by centrifugation (12,000 � g, 20 min, 4°C), and the resulting superna-
tant was adjusted to pH 7.2 to protonate the histidines of the histidine tag. The
lectin domain of Flo1p was captured from the growth medium by affinity chro-
matography using a nickel-nitrilotriacetic acid (Ni-NTA) Sepharose column (6
ml) and was eluted with 1 M imidazole in phosphate-buffered saline (PBS).
Fractions were pooled, concentrated to 2 ml, and subjected to gel filtration
chromatography (Superdex 75 HR 10/30; GE Healthcare) in 20 mM Tris, pH 7.5,
and 150 mM NaCl. The concentration of pure N-Flo1p was estimated from the
absorption at 280 nm.

Detection of proteins. After purification of the N-terminal domain of Flo1p,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed to visualize the protein and to estimate its molecular mass. The gel

(15% resolving gel) was stained with Coomassie stain (1 g/liter Coomassie bril-
liant blue R250, 50% [vol/vol] methanol, 10% [vol/vol] acetic acid) for 30 min
and destained with 50% (vol/vol) methanol and 10% (vol/vol) acetic acid.

MALDI-MS PMF. Peptide mass fingerprinting (PMF) was used to identify the
purified proteins after SDS-PAGE. The protein bands of interest were excised
from the SDS-PAGE gel, washed twice with 50% acetonitrile (ACN)–200 mM
ammonium bicarbonate for 20 min at 30°C, and then dried, and 0.1 �g trypsin
(Promega) or chymotrypsin (Sigma Aldrich) was added. The gel pieces were kept
on ice for 45 min, and 50 mM ammonium bicarbonate was added until they were
completely submerged. Digestion was performed by overnight incubation at
37°C. Peptides were extracted by adding 60% ACN–0.1% formic acid twice to
the gel spots. The extraction buffer was evaporated in a Speedvac apparatus, and
the peptides were redissolved in 8 �l 0.1% formic acid. The peptides then were
spotted on a stainless steel matrix-assisted laser desorption ionization (MALDI)
target plate and covered with alpha-cyano-4-hydroxycinnamic acid matrix (7
mg/ml in 50% ACN, 0.1% trifluoroacetic acid [TFA], 1 mM ammonium citrate)
(1:1 ratio). Identification of the proteins was obtained by measuring the PMF on
a MALDI-tandem time of flight mass spectrometry (MALDI-TOF/TOF MS)
system (model 4800 proteomic analyzer; Applied Biosystems) in MS mode.
MS/MS was performed for verification of the sequences of certain peptides. The
obtained spectra were searched against the Swissprot database, using the Mascot
platform. The spectra were searched using a 200-ppm peptide mass and a 0.5-Da
MS/MS tolerance, with carbamidomethylation (Cys) and oxidation (Met) as
variable modification parameters. Proteins were positively identified when at
least 2 MS/MS fragmentation spectra were significantly identified using Mascot
or when the peptide sequence was assessed manually.

Enzymatic deglycosylation. Deglycosylation of the purified protein was per-
formed in the presence of EDTA (20 mM Tris, pH 7.5, 150 mM NaCl, 10 mM
EDTA) to prevent the released glycans from binding to N-Flo1p during enzy-
matic deglycosylation. To remove the N-glycans, the protein was treated with
endo-�-N-acetylglucosaminidase H (endo H; New England Biolabs) at a con-
centration of 100 U/�g protein, and the mixture was incubated at 37°C for 4 h.
To remove the O-glycans, �-mannosidase from Canavalia ensiformis (Sigma-
Aldrich) was used at a concentration of 1 U/�g protein. The mixture was incu-
bated overnight at 30°C to hydrolyze terminal nonreducing �-D-mannose resi-
dues. The glycans then were separated from the protein by dialysis to a buffer
without EDTA (20 mM Tris, pH 7.5, and 150 mM NaCl).

CD. Circular dichroism (CD) measurements were performed with a J715
spectropolarimeter (Jasco) in the far-UV (190 to 250 nm) region, using a 0.1-cm
cell path length. The protein was diluted in 300 �l phosphate buffer (50 mM at
pH 7.5) to obtain a final concentration of 0.2 mg/ml. Data were acquired with a
scanning speed of 50 nm/min, a 2-s integration time, and a 1-nm bandwidth at a
constant temperature of 25°C. Five spectra were measured and averaged. The
mean residual ellipticity, [�], was calculated as follows: [�] � (100 � �m)/(cL),
where � is the observed ellipticity, m is the mean residual weight, c is the
concentration (mg/ml), and L is the path length (cm). A quantitative estimation
of the secondary structure contents was made by applying the K2D2 method or
by using the Selcon3, ContinLL, and CDsstr programs (1, 23, 31, 33, 36).

Fluorescence spectroscopy. The binding of various carbohydrate components
to N-Flo1p was studied by fluorescence spectroscopy. The N-terminal domain of
the Flo1 protein contains 3 tryptophan residues, and one of them is situated in
the VSWGT binding motif (25). The measurements were performed at 20°C,
using a model LS55 luminescence spectrometer (PerkinElmer, MA). An excita-
tion wavelength of 277 nm, a scan speed of 100 nm/min, and an excitation and
emission slit width of 5 nm were used during the experiments. D-(�)-Mannose,
�-methyl-D-mannoside, and different dimannoses [�(1-2-, �(1,3)-, and �(1,6)-
dimannoses] were tested. Emission spectra were collected from 290 to 450 nm
and corrected relative to a buffer blank. The initial sample volume was 500 �l,
containing 2 �M N-Flo1p in flocculation buffer (50 mM sodium acetate, pH 4.5,
100 mM NaCl, 7 mM CaCl2). Glycosylated, N-deglycosylated, and both N- and
O-deglycosylated N-Flo1p were used at the same concentration and under the
same buffer conditions. Additions of carbohydrates were made from concen-
trated stock solutions containing 50 mM, 500 mM, 1 M, or 2 M sugar. The
protein was titrated with appropriate aliquots of the sugar stock solution to final
concentrations ranging from 10 �M to 100 mM. At each titration step, the
sample was mixed and the fluorescence was measured immediately. The intensity
of the tryptophan emission peak at 350 nm was decreased when the carbohydrate
was bound to the protein. The quenching of the protein by addition of carbo-
hydrates was followed by measuring the intensity of the emission peak at 350 nm
for a series of protein samples with increasing carbohydrate concentrations. The
normalized fluorescence signal at 350 nm was plotted versus the carbohydrate
concentration and fitted using ligand binding models with Prism 5 (GraphPad, La
Jolla, CA). A binding model for a protein with two ligand binding sites was
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compared to a one-site binding model. The two-ligand binding model is as
follows: fluorescence signal � {[carbohydrate]/(KD, Ha � [carbohydrate])} �
{[carbohydrate]/(KD, La � [carbohydrate])}, where KD, Ha and KD, La are the
dissociation constants at equilibrium of the binding sites of the protein with high
and low affinities, respectively, and where [carbohydrate] is the carbohydrate
concentration in solution. The one-ligand binding model is as follows: fluores-
cence signal � [carbohydrate]/(KD � [carbohydrate]). The selection of the best-
fitting model was based on the calculated P value. For the D-mannose and
�-methyl-D-mannoside binding experiments, measurements were performed in
triplicate. Averages and standard deviations were calculated and displayed on the
resulting graphs.

For binding tests of various carbohydrates (fucose, galactose, glucose, maltose,
rhamnose, sucrose, and D-mannose) to N-Flo1p, only one concentration (100
mM) was added to the protein solution. The decrease of the fluorescence signal
was recorded and compared to the signal from the protein without the addition
of any carbohydrate. The difference in fluorescence signal resulting from each
carbohydrate was converted to a percentage and displayed on a histogram. The
experiments were performed in triplicate, and averages and standard deviations
were calculated. For galactose, rhamnose, and D-mannose, the measurement was
done eight times to obtain better statistics.

The interaction of mannan with N-Flo1p was also evaluated using fluorescence
spectroscopy. Therefore, mannan from S. cerevisiae (Sigma-Aldrich) was added
to the N-Flo1p solution at different concentrations. The concentrations ranged
from 1 mg/ml to 25 mg/ml, obtained by adding appropriate aliquots of a stock
solution of 600 mg/ml. Mannan concentrations are expressed in mg/ml instead of
as molar concentrations because mannan fragments have a variable length. A
titration curve was created and was fitted to the one- and two-binding-site
models. The dissociation constant at equilibrium (KD) was determined (ex-
pressed in mg/ml).

RESULTS

Expression and purification of N-Flo1p. N-Flo1p was puri-
fied from the growth medium by use of a nickel column. The
eluate was analyzed by SDS-PAGE, and staining of the pro-
teins revealed three bands with different molecular masses
(Fig. 1a). N-terminal sequencing and mass spectrometric anal-
ysis of the protein bands revealed that the upper two bands
correspond to N-Flo1p. Using mass spectrometry, it was shown

that Flo1p was present in the visualized bands of approxi-
mately 36 kDa and 100 kDa. Three peptides belonging to
N-Flo1p were identified after trypsin digestion (KSGMNINF
YQYSLK, SGMNINFYQYSLK, and DSSTYSNAAYMAYG
YASK), and three peptides were identified after chymotrypsin
digestion (GGSLPPNIEGTVY, GTLPISVTLPDGTTVSDDF
EGYVY, and GTLPISVTLPDGTTVSDDFEGY).

The calculated molecular mass of the N-terminal domain of
Flo1p without glycosylation is 26 kDa. On the SDS gel, both
N-Flo1p bands correspond to proteins with higher molecular
masses, being approximately 36 and 100 kDa (Fig. 1a). Hence,
N-Flo1p expressed in S. cerevisiae appears in two different
populations, distinguished by their molecular masses. This can
be explained by the fact that secreted proteins in S. cerevisiae
contain two types of N-linked glycans on their asparagines:
core-type glycans and hypermannose-type glycans. The core-
type glycans contain approximately 17 mannoses, while the
hypermannose-type glycans consist of the core type with
hundreds of extra mannoses attached. During protein ex-
pression, the core-type or hypermannose glycosylation path-
way is selected at random, resulting in the two observed
populations (5).

N-Flo1p is both O and N glycosylated. As observed on the
SDS gel, both populations of N-Flo1p had a higher molecular
mass than expected (Fig. 1a). To test whether this significant
difference in molecular mass was due to glycosylation, the
proteins were deglycosylated enzymatically. Therefore, the el-
uate containing three protein fractions purified on the Ni col-
umn was first separated by gel filtration chromatography and
then treated with endo H. After endo H treatment, both
N-Flo1p populations had the same molecular mass, which was
significantly lower than those before N-deglycosylation (Fig.
1b). The N-deglycosylated proteins were further treated with

FIG. 1. (a) SDS-PAGE of eluted proteins after affinity chromatography using a Ni column. The Coomassie blue-stained gel shows that three
protein bands with different molecular masses were purified. Mass spectroscopy revealed that the upper two bands correspond to N-Flo1p, as
indicated with arrows. N-Flo1p appears in two different populations, distinguished by their molecular masses. Lane 1, molecular mass marker; lane
2, eluted fraction from Ni column. (b) SDS-PAGE of the two N-Flo1p populations, successively not deglycosylated, N-deglycosylated, and N- and
O-deglycosylated. The gel was stained with Coomassie blue. Lane 1, molecular mass marker; lanes 2 and 6, N-Flo1p populations of lower and
higher molecular masses, respectively, before enzymatic treatment; lanes 3 and 7, N-Flo1p populations of lower and higher molecular masses,
respectively, after endo H treatment; lanes 4 and 8, N-Flo1p populations of lower and higher molecular masses, respectively, after treatment with
both endo H and �-mannosidase.
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�-mannosidase to remove the O-glycans. The use of both en-
zymes reduced the molecular mass of N-Flo1p to the expected
26 kDa (Fig. 1b).

These experiments show that both populations of N-Flo1p
are both O and N glycosylated and that the glycans can be
removed by enzymatic treatment.

N-Flo1p is composed mainly of �-sheets. A CD spectrum of
the 36-kDa N-Flo1p population was recorded in the far-UV
spectrum to investigate its secondary structure (Fig. 2). The
observed spectrum is typical for folded proteins, and its shape,
exhibiting a maximum around 192 nm and one minimum
around 218 nm, indicates a prevalence of �-sheets. The fitting
of the CD spectrum, using the method of Perez-Iratxeta and
Andrade-Navarro, indicates a �-sheet content of 35.71% and
an �-helix content of 13.46% (31). In addition, secondary
structure content deconvolution of the spectra, using the
Selcon3, ContinLL, and CDsstr programs, suggested that the
�-sheet content was 40.4%, 38.2%, and 36.6%, respectively.
The �-helix content was also evaluated with the same pro-
grams. Values of 4.3%, 5.1%, and 3.2% were found using
Selcon3, ContinLL, and CDsstr, respectively, for the �-helix
content. In average, the secondary structure of N-Flo1p con-
tains about 37.7% �-sheets and 6.5% �-helices.

N-Flo1p binds specifically to D-mannose. The binding of
various carbohydrates to the 36-kDa population of N-Flo1p
was studied by fluorescence spectroscopy. The intensity of the
emission peak at 350 nm was decreased upon binding of the
carbohydrate to the protein. The graph shows the extent of
fluorescence signal quenching upon the interaction of various
mono- and disaccharides (Fig. 3). It can clearly be observed
that N-Flo1p binds specifically to D-mannose. No significant
effect on the fluorescence signal was detected when we added
other carbohydrates, i.e., fucose, galactose, glucose, maltose,
rhamnose, or sucrose.

To determine the affinity between N-Flo1p and D-mannose,
increasing sugar concentrations were added to the protein. The
emission spectra have a maximum at 350 nm, and the intensity
decreases with increasing D-mannose concentrations. Using

the same technique, the binding of �-methyl-D-mannoside to
N-Flo1p was evaluated. Moreover, the interactions of N-de-
glycosylated N-Flo1p with D-mannose, as well as those of N-
and O-deglycosylated N-Flo1p, were tested. For each experi-
ment, a titration curve was obtained by plotting the normalized
fluorescence signal at 350 nm versus the sugar concentration
(Fig. 4). We observed that the curves have a biphasic nature,
which implies the presence of two binding sites. The curves
were fitted with a model for a protein with one ligand binding
site as well as with a model for a protein with two ligand
binding sites, and both models were compared. It was con-
cluded that the preferred model for fitting the data was the
model for a protein with two ligand binding sites (P 	 0.0001).
Therefore, our data suggest that N-Flo1p contains two binding
sites for mannose. The values for the dissociation constants at
equilibrium for both binding sites are summarized in Table 1.
These data indicate that the two binding sites of N-Flo1p have
different affinities. The equilibrium dissociation constant is in
the micromolar range for the binding site with high affinity,
while the site with low affinity has a KD value in the millimolar
range.

N-Flo1p binds to �-dimannose. The interaction between
N-Flo1p and dimannoses was also evaluated using fluores-
cence spectroscopy. Therefore, �(1,2)-, �(1,3)-, and �(1,6)-
dimannoses were tested as possible ligands for N-Flo1p. A
titration curve was generated and the equilibrium dissociation
constant calculated for each dimannose (Fig. 5). The titration
curves were best fitted using the model for a protein with two
ligand binding sites compared to the model with only one
binding site (P 	 0.0001). The KD values for the binding sites
of N-Flo1p with high and low affinities for interaction with
dimannoses are summarized in Table 1.

N-Flo1p binds to mannan. Fluorescence spectroscopy was
used to assess the binding of mannan to N-Flo1p. Different
concentrations of mannan were added to N-Flo1p, and a titra-
tion curve was generated (Fig. 6). In contrast to the titration
curves for mannose and the dimannoses, the curve was best
fitted using the binding model for a single-site ligand binding
protein, and the KD was determined to be 16.53 
 3.74 mg/ml.
The KD value is expressed in mg/ml and cannot be compared to

FIG. 2. Far-UV circular dichroism spectrum of N-Flo1p.

FIG. 3. Quenching of N-Flo1p by different carbohydrates, each at a
concentration of 100 mM, displayed as the decrease in the intensity of
the fluorescence signal at 350 nm.
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the KD values found for the other binding partners of N-Flo1p.
This experiment clearly shows that N-Flo1p binds to mannan.

DISCUSSION

S. cerevisiae flocculation is a result of the interaction of
lectin-like proteins on the surfaces of yeast cells with car-

bohydrates from the cell walls of other yeast cells (28).
Flocculins are the cell wall proteins from S. cerevisiae re-
sponsible for that interaction (4). The FLO1 gene encodes a
protein that leads to the Flo1-type flocculation phenotype,
which is characterized by a strong inhibition capacity by
mannose. Flo1p is believed to be highly mannose specific
(12, 25, 44). However, no direct proof for binding of the
Flo1 protein itself to mannose has been reported, since
previous results were obtained from experiments with whole
cells, not with the purified protein.

In this study, the sugar binding domain of Flo1p was
cloned and purified in S. cerevisiae, and it was shown that
N-Flo1p does indeed bind to carbohydrates. Using fluores-
cence spectroscopy, the binding of N-Flo1p to D-mannose
was demonstrated. Other carbohydrates, such as fucose, ga-
lactose, glucose, maltose, rhamnose, and sucrose, were also
tested, but no binding was observed. Recently, inhibition
experiments were performed using an S. cerevisiae strain
overexpressing Flo1p. The flocculation governed by the
overexpressed Flo1p protein could be inhibited only by add-
ing D-mannose to the medium, and it was not inhibited by

FIG. 4. Titration curves of N-Flo1p with increasing concentrations of carbohydrate, ranging from 50 �M to 100 mM. The spheres show the
change in fluorescence intensity at each concentration of carbohydrate, and the full lines show the fitting of the data according to the binding
model. (a) Glycosylated N-Flo1p was titrated with increasing concentrations of D-mannose. KD, Ha was determined to be 57.77 
 18.82 �M, and
KD, La was determined to be 36.69 
 6.27 mM. (b) Glycosylated N-Flo1p was titrated with increasing concentrations of �-methyl-D-mannoside.
KD, Ha was determined to be 80.56 
 23.79 �M, and KD, La was determined to be 31.86 
 3.52 mM. (c) N-deglycosylated N-Flo1p was titrated with
increasing concentrations of D-mannose. KD, Ha was determined to be 145.90 
 37.29 �M, and KD, La was determined to be 43.29 
 6.55 mM. (d)
N- and O-deglycosylated N-Flo1p was titrated with increasing concentrations of D-mannose. KD, Ha was determined to be 283.60 
 96.85 �M, and
KD, La was determined to be 42.49 
 12.00 mM.

TABLE 1. High-affinity (KD, Ha) and low-affinity (KD, La) dissociation
constants at equilibrium for the interaction between N-Flo1p

and various mannose carbohydrates, based
on the two-binding-site model

N-Flo1p form Carbohydrate
Mean KD (
SE)

KD, Ha (�M) KD, La (mM)

Glycosylated D-Mannose 57.77 
 18.82 36.69 
 6.27
Glycosylated �-Methyl-D-mannoside 80.56 
 23.79 31.86 
 3.52
N-deglycosylated D-Mannose 145.90 
 37.29 43.29 
 6.55
N- and

O-deglycosylated
D-Mannose 283.60 
 96.85 42.49 
 12.00

Glycosylated �(1,2)-dimannose 205.70 8.47
Glycosylated �(1,3)-dimannose 149.50 10.99
Glycosylated �(1,6)-dimannose 148.20 17.55
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the other tested sugars, such as maltose, sucrose, glucose,
and galactose (44). Hence, our carbohydrate interaction
analysis is in line with these results.

The binding of N-Flo1p was also determined by demonstrat-
ing its binding to mannose carbohydrates (mannan) present on
the cell walls of intact yeast cells. Therefore, yeast cells were
added to the purified protein solution. The proteins could be
pulled down by the yeast cells, as the protein concentration was
considerably (more than 40%) reduced, whereas mannose
could inhibit binding to the cells, and no decrease in protein
concentration could be observed (data not shown). Addition-
ally, we attempted to demonstrate the binding of N-Flo1p to
D-mannose by using other techniques, such as binding of the
protein to D-mannose-coated agarose beads, the detection of
N-Flo1p bound on yeast cells or on bovine serum albumin-
mannose via anti-His antibodies (enzyme-linked immunosor-
bent assay [ELISA]), the binding of mannose-linked bovine
serum albumin to N-Flo1p via surface plasmon resonance, and
the binding of N-Flo1p to the 422 different mammalian glycans
immobilized on a glycan array (Consortium for Functional
Glycomics), where binding is also detected by anti-His anti-
bodies. No single binding event was detected in any of these
experiments (data not shown). Considering the fact that

N-Flo1p is heavily glycosylated, we can explain the above re-
sults by steric hindrance, the poor accessibility of the His tag to
anti-His antibodies, and the low binding affinity for mannose
carbohydrates. In each experimental setup, mannose was im-
mobilized on a matrix. It is possible that due to its extensive
glycosylation, N-Flo1p was prevented from approaching the
surface close enough to allow binding with the immobilized
mannose. However, we succeeded in detecting an interaction
between N-Flo1p and D-mannose carbohydrates by the fluo-
rescence spectroscopy method because the carbohydrate could
move freely in solution and find its best position toward the
binding site.

The fluorescence titration data show a biphasic course which
could best be fit by a two-binding-site model, indicating the
presence of two distinct binding sites for mannose. The newly
discovered binding site should contain at least one aromatic
amino acid that interacts with mannose carbohydrates upon
binding, which results in a decrease of fluorescence intensity.
In previous reported research, only one binding site was con-
sidered. It was proposed that the carbohydrate binding activity
of Flo1p is attributed to the VSWGT motif, a pentapeptide
encompassing amino acids 226 to 230 (25). By use of this
model, carbohydrate recognition by the Flo1 protein was de-
scribed, and the amino acids that are responsible for this rec-
ognition have been identified. It was suggested that the tryp-
tophan residue on position 228 is involved in mannose
recognition in the Flo1 flocculation phenotype (25). This was
confirmed in the present study by fluorescence spectroscopy,
where tryptophan fluorescence was quenched upon binding of
mannose.

Furthermore, the affinity of N-Flo1p for mannose carbohy-
drates was determined. The equilibrium dissociation constant
is in the micromolar range for the binding site with high affin-
ity, while the site with low affinity has a KD value in the milli-
molar range (Table 1). Similar values were found for the in-
teraction of N-Flo1p with �-methyl-D-mannoside. Therefore, it
was concluded that N-Flo1p is able to bind �-D-mannose,
which is commonly found in nature when mannose chains are
formed. For the interactions of N-deglycosylated N-Flo1p and
N- and O-deglycosylated N-Flo1p with D-mannose, higher KD

values were found (Table 1). This suggests that the glycans
present on the protein increase the binding activity of the
protein toward D-mannose.

FIG. 5. Titration curves for glycosylated N-Flo1p with increasing concentrations of dimannoses. The spheres show the change in fluorescence
intensity at each concentration of dimannose, ranging from 10 �M to 100 mM for �(1,2)-dimannose and from 10 �M to 90 mM for �(1,3)-
dimannose and �(1,6)-dimannose. Determination of the KD values was performed by fitting (full line) the experimental data points with the binding
model. (a) KD, Ha � 205.70 �M and KD, La � 8.47 mM for �(1,2)-dimannose. (b) KD, Ha � 149.50 �M and KD, La � 10.99 mM for �(1,3)-dimannose.
(c) KD, Ha � 148.20 �M and KD, La � 17.55 mM for �(1,6)-dimannose.

FIG. 6. Titration curve for N-Flo1p with increasing concentrations
of mannan. The circles show the change in fluorescence intensity at
each concentration of mannan, ranging from 1 mg/ml to 25 mg/ml. The
full line shows the fitting of the data according to the binding model.
KD was determined to be 16.53 
 3.74 mg/ml.
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The only quantitative measurement of the affinity between a
Flo protein and a carbohydrate has been described for the
interaction of a Flo1p homologue, named Lg-Flo1p, with man-
nose. Only one binding site was assumed, and the value for the
dissociation constant was calculated to be 0.77 mM (13). In the
past, detailed research about the inhibition of Flo1 phenotype
flocculation by sugars has been described on the cellular level.
Mannose was added in different concentrations to flocculating
yeast cells, inhibiting flocculation at a certain concentration.
Very divergent results were obtained. Miki and coworkers
quantified the MIC, and they found that up to 500 mM D-
mannose was required to completely inhibit flocculation (29).
Later, different sugars were ranked according to their inhibi-
tion capacity. It was shown that �-D-mannose could disrupt the
flocs at a concentration of only 25 mM (35). More recently, this
experiment was repeated using a yeast strain overexpressing
Flo1p. It was observed that the flocculation mediated by Flo1p
was fully inhibited by mannose only at a concentration of 1 M
(44).

In addition to the interaction between N-Flo1p and mono-
mannose, the binding of dimannoses [�(1,2)-, �(1,3)-, and
�(1,6)-dimannoses] was studied by fluorescence spectroscopy.
It was found that dimannoses also bind to two different binding
sites of N-Flo1p. The values for the dissociation constant at
equilibrium are summarized in Table 1. The KD values for the
binding site with high affinity are roughly three times higher
than the values obtained for monomannose binding, which
suggests that monomannose is a better ligand for the site with
high affinity. In contrast, the KD values for the binding site with
low affinity show that the affinities of the dimannoses are
roughly three times higher than those for monomannose bind-
ing. This indicates that the binding site with low affinity has a
preference for dimannoses over monomannose.

Moreover, we have shown on the protein level that N-Flo1p
is able to interact with mannan (KD � 16.53 
 3.74 mg/ml),
which is part of the cell walls of yeast cells (24). This observa-
tion confirms the flocculation model, which assumes that floc-
culation occurs due to an interaction of cell wall proteins
(flocculins) and the mannan layer of the cell walls of neigh-
boring yeast cells (10, 28). Remarkably, only one binding site
was detected for the interaction between N-Flo1p and man-
nan. Taking into account the results for dimannose binding, it
was suggested that mannan binds only to the binding site of
N-Flo1p with low affinity.

The model suggested by Kobayashi and coworkers (25) is
based on only one binding site, comprising the VSWGT bind-
ing motif. This pentapeptide allows one mannose residue to
enter the binding pocket of Flo1p. We have shown that the
binding site with high affinity has a preference for monoman-
nose binding. Therefore, we assume that the Kobayashi model
deals only with the binding site with high affinity.

The high-affinity binding site probably has a more enclosed
binding pocket where a monomannose just fits in and can
interact with the surrounding VSWGT amino acids. The bind-
ing affinity of mannose carbohydrates will decrease with their
increasing molecular weight due to the reduced probability of
fitting into the binding pocket, whereas the low-affinity binding
site will have a more open structure with less specificity, since
every size of mannose carbohydrates (up to mannan mole-
cules) can bind to this site. It is hypothesized that the initial

binding between two interacting yeast cells occurs predomi-
nantly by the binding of yeast cell wall high-molecular-weight
mannose carbohydrates to the low-affinity binding site. Next,
low-molecular-weight mannose carbohydrates (e.g., terminal
mannose residues on mannose glycans) bind to the high-affin-
ity binding site. Since the Flo protein is then already fixed in
space by binding to the low-affinity binding space, the terminal
mannose residues can bind more efficiently to the more en-
closed high-affinity binding site. Therefore, the presence of the
low-affinity binding site is necessary to increase the efficiency of
binding to the high-affinity site. The result is a relatively strong
interaction on the single-protein level. Cell-cell binding is fur-
ther enforced by numerous multiprotein interactions, resulting
in a strong cell-cell binding process (9). Indeed, a high con-
centration of flocculins is found on the surface of a flocculating
cell (3).

Until now, no atomic structure of any Flo protein has been
determined. However, the N-terminal part of a homologue of
Flo1p (Lg-Flo1p) has been crystallized and diffracted to high
resolution by X-ray radiation (13), but the structure has not
been solved yet. In this study, we have provided more infor-
mation about the secondary structure of the N-terminal do-
main of Flo1p, based on CD measurements. We found that
N-Flo1p consists mainly of �-sheets (37.7% �-sheets and 6.5%
�-helices). This is in accordance with the recent literature
about the PA14 domain. Recently, the N-terminal domain of
Flo1p was assigned to a new domain family (PF07691) in Pfam
(11; http://pfam.sanger.ac.uk), called the PA14 domain. The
flocculin N-terminal domain might therefore be considered
one of the many PA14 domain variants. The PA14 domain is a
conserved domain that has been discovered in a wide variety of
bacterial and eukaryotic proteins, which include many glycosi-
dases, glycosyltransferases, proteases, amidases, bacterial tox-
ins such as anthrax protective antigen (PA), and also yeast
adhesins. Most of the experimentally characterized PA14-con-
taining proteins are involved in carbohydrate binding and/or
metabolism (34). The anthrax toxin PA also contains a PA14
domain. The crystal structure of this toxin indicates that the
PA14 domain consists of a series of antiparallel �-strands (32).

In conclusion, the flocculation mechanism was studied at the
molecular level by purifying the lectin domain of the Flo1
protein. It was confirmed that the N-terminal domain of Flo1p
was the binding part of the flocculin. We demonstrated the
binding of N-Flo1p to D-mannose, �-methyl-D-mannoside, and
different dimannoses. It was shown that N-Flo1p contains two
binding sites, with high and low affinities, in the micromolar
and the millimolar range, respectively. These results confirm
the cellular flocculation model and extend it to the protein
level.
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