Bane

/

I\

=y

Structural basis of flocculin-mediated

social behavior in yeast

Maik Veelders®', Stefan Briickner®', Dimitri Ott:, Carlo Unverzagt, Hans-Ulrich Mdsch®?, and Lars-Oliver Essen®?

3Department of Chemistry/Biochemistry, Philipps-Universitat Marburg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany; "Department of Biology/
Genetics, Philipps-Universitat Marburg, Karl-von-Frisch-Strasse 8, D-35032 Marburg, Germany; and ‘Department of Bioorganic Chemistry,

Universitat Bayreuth, Building NW |, D-95440 Bayreuth, Germany

Edited by Hartmut Michel, Max Planck Institute of Biophysics, Frankfurt, Germany, and approved November 12, 2010 (received for review September 3, 2010)

In the budding yeast Saccharomyces cerevisiae, self-recognition
and the thereby promoted aggregation of thousands of cells into
protective flocs is mediated by a family of cell-surface adhesins, the
flocculins (Flo). Based on this social behavior FLO genes fulfill the
definition of “greenbeard” genes, which direct cooperation toward
other carriers of the same gene. The process of flocculation plays
an eminent role in the food industry for the production of beer
and wine. However, the precise mode of flocculin-mediated surface
recognition and the exact structure of cognate ligands have
remained elusive. Here, we present structures of the adhesion do-
main of a flocculin complexed to its cognate ligands derived from
yeast high-mannose oligosaccharides at resolutions up to 0.95 A.
Besides a PA14-like architecture, the Flo5A domain reveals a pre-
viously undescribed lectin fold that utilizes a unique DcisD cal-
cium-binding motif for carbohydrate binding and that is widely
spread among pro- and eukaryotes. Given the high abundance
of high-mannose oligosaccharides in yeast cell walls, the Flo5A
structure suggests a model for recognition, where social non-self-
instead of unsocial self-interactions are favored.
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elf-recognition is key to both microbial growth and tissue

formation. The molecular basis of this phenomenon is well
understood only for a few cases—e.g., during neural differentia-
tion and immune recognition. In the microbial world, the forma-
tion of multicellular structures by self-recognition is mediated by
specific, surface-exposed adhesins and provides protection and
promotes long-term survival, substrate exploration, or host inva-
sion (1, 2). In the budding yeast Saccharomyces cerevisiae, aggre-
gation of vegetative cells is a paradigm for biofilm formation (3,
4) and the evolution of social behavior (5, 6). Self-recognition in
this organism is mediated by flocculin proteins, which belong to a
family of fungal adhesins that are present in pathogenic yeasts
as well (7). The general architecture of flocculins includes an
N-terminal A domain corresponding to a lectin-like adhesin do-
main, a stalk-like, repetitive and highly glycosylated B domain,
and a C domain that carries a GPI anchoring site (8). The genome
of S. cerevisiae contains at least four functional FLO genes
(FLOI, FLOS, FLO9Y, and FLOI10) whose N-terminal A domains
are predicted to belong to the PA14-like protein family (9) first
described in the anthrax-protective antigen (10). This protein fa-
mily has been found to be widely distributed among all domains
of life including human galactosyltransferases and fibrocystin
9, 11).

Flocculins confer dominant, calcium-dependent cell—cell ad-
hesion that can be inhibited by hexoses like mannose (12, 13).
This process is known as flocculation and has been exploited
for centuries by the brewing industry (14). Flocculin genes also
mediate social behavior of S. cerevisiae and have here been found
to fulfill the definition of “greenbeard” genes (5, 6). Expression of
flocculins causes cell aggregation, formation of multicellular
flocs, and thereby protection against environmental stresses,
while nonexpressing “cheater” cells are recruited preferentially
at the nonprotective floc periphery (6). The nepotistic role ex-
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erted by such genes for social behavior obviously depends on
therein encoded mechanisms for cell assortment, by which green-
beard gene carriers experience improved fitness compared to
noncarriers. Such a greenbeard function, linking self-recognition
with cooperative behavior, was postulated to be primarily imple-
mented by cell-adhesion molecules (15).

Despite its significance in industry and theoretical biology, the
precise mode of flocculin-mediated yeast surface recognition and
the exact structure of the cognate ligands have remained elusive.
The yeast cell wall has a complex architecture (16) exposing floc-
culins and O- and N-linked high-mannose oligosaccharides at the
surface (17). Thus, an important question is how the A domains
of flocculins preferentially interact with carbohydrate ligands in
trans without being compromised by cis-interactions, which would
prevent social behavior. Furthermore, the crucial role of calcium
during flocculation has been speculated to depend either on the
formation of rod-like superstructures of their heavily O-glycosy-
lated B region (18) or a Ca®"-bridging mode for carbohydrate
recognition as exemplified by C-type lectins (12). In this study,
we have analyzed the A domain of the flocculin Flo5 (FloSA).
FLOS5 plays a major role in industrial yeast flocculation (19)
and has identical sequences in laboratory strains of the S288c
and X1278b genetic background, which are both commonly used
in adhesion studies (20). Furthermore, the FloSA domain shares
high similarity with the A domains of other flocculins including
Flo1 (94% sequence identity on protein level), Flo9 (89%), and
Flo10 (64%). We subjected Flo5A to a combined biochemical,
structural and phenotypic analysis to get a concise view of the
mechanisms that underlie A-domain-specific self-recognition in
S. cerevisiae.

Results and Discussion

The Flo5A Domain Is Required and Sufficient for Flocculation. Se-
quence comparisons and secondary structure predictions of Flo5
and the related flocculins Flo1, Flo9, and Flo10 indicate that the
Flo5A domain covers residues S23 to H271 and is essentially pre-
served in the other S. cerevisiae flocculins. To test whether the
Flo5A domain is responsible for conferring calcium-dependent
flocculation, several constructs (Fig. 14 and Table S1) were tested
for functionality by expression in a nonflocculating yeast strain.
The Flo5A domain was fused either to the BC region of Flo5 as in
the natural protein or to the corresponding region of Flo11, an
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adhesin that comprises an unrelated type of A domain and med-
iates biofilm formation instead of flocculation (3, 4). To ensure
comparable amounts of Flo5A-carrying flocculins on the cell sur-
face, expression was driven by the FLOI11 promoter (21) and
monitored by fluorescence microscopy using Flo5A-specific anti-
bodies (Fig. 1B and Fig. S1C). Subsequent flocculation assays
demonstrated that the FloSA domain was required and sufficient
to cause calcium-dependent and mannose-inhibitable floc forma-
tion (Fig. 1C). Flocculation efficiency was similar with the BC
regions of either Flo5 or Flo11. Unlike the Flo5SA domain, the
Flo11A domain conferred only marginal, mannose-insensitive
flocculation but instead mediated adhesion to agar and polystyr-
ene surfaces (Fig. S1 4 and B).

Structure of the Flo5A Domain. The crystal structure of the recom-
binant Flo5A domain was solved by SIRAS-phasing using a
gadolinium derivative and refined either alone or in complexes
with different sugars at atomic resolutions of up to 0.95

(Tables S2 and S3, PDB ID code: 2XJP). The overall structure
of Flo5A shows a bipartite organization comprising a large
B-sandwich domain that carries an insertion, the Flo5 subdomain,
between p-strands 4 and 10 (Fig. 1D and Fig. S24). The core of
the p-sandwich domain is topologically related to the PA14
domain (9) that is part of the N-terminal propeptide fragment
of the anthrax-protective antigen (10). This domain type is widely
spread in bacteria and eukaryotes, where it has been hypothe-
sized in functions related to carbohydrate binding. The superpo-
sition of both structures shows an rmsd of 1.4 A that is restricted
only to the central 10-stranded p-sandwich itself (78 C,-positions)
and is hence decorated by two additional regions (Fig. 24). The
inserted Flo5 subdomain (N84-A120) consists of five short
B-strands that are stabilized by two disulfide bridges. A second
region unique for FloSA is mainly formed by its N and C termini.
Together they extend as an L-shaped stretch from the core do-
main (Fig. 2 and Fig. S2C) and are fixed to it by disulfide bridges
to two consecutive cysteines within the $12—-p13 loop. This loop
(G168-T189) is considerably longer than in the PA14 domain, and
together with a second loop between f-strands 2 and 3 (Y46-T68)
it seals the surface of the underlying p-sheet from solvent access.

Calcium Is Directly Involved in Carbohydrate Binding. The role of
calcium during flocculation has been discussed controversially.
It has been speculated that calcium might enable the formation
of rod-like superstructures by interaction with the glycosylated B
regions (18) or provide a bridging mode for carbohydrate ligand
recognition. Our biochemical and structural analyses of FloSA
revealed calcium-dependent binding specific for mannosides.

22512 | www.pnas.org/cgi/doi/10.1073/pnas.1013210108

Flo5
subdomain

3 Fig. 1. The FIo5A domain is a surface-exposed
Ca?*- and mannose-binding protein that mediates
flocculation. (A) Diagram showing FLO5 and FLO11
constructs driven from the FLO11 promoter and ex-

)/
m/, _ pressed in a nonflocculating £1278b yeast strain in

i which FLOT1, 5, 9, and 10 genes are transcriptionally
silent and the FLO11 gene has been deleted. (B) Pre-
sence of the FIo5A domain at the surface of yeast
strains described in A was visualized by differential
interference contrast (DIC) and immunofluorescence
secondary microscopy using specific anti-Flo5A antibodies. Bars

binding
site represent 10 um. (C) Ca®* dependence and mannose

inhibition of FLO5A-mediated flocculation was
determined by using constructs described in A and
shows that the Flo5A domain is essential and suffi-
cient for flocculation. (D) Overall structure of the
Flo5A domain complexed to calcium (gold) and man-
nose (orange) at 0.95-A resolution showing the pri-
mary and secondary ligand binding sites, the PA14
domain and the Flo5 subdomain (PDB ID code 2XJP).

The monosaccharide mannose that acts in vivo as an antifloccu-
lant at concentrations greater than 0.2 M (Fig. 4D) exhibits in
vitro weak binding to recombinant Flo5A as indicated by its
rather high K of 29 mM (Fig. 3E). Other hexoses like glucose
or galactose failed to bind in fluorescence-titration experiments
of Flo5A. The crystal structure of the mannose/Ca?* complex of
Flo5A shows a C-type lectin mode of carbohydrate binding via
Ca’>*-mediated recognition of the 2’- and 3’-hydroxyl groups,
where the calcium ion is bound between sugar and protein in
a distorted pentagonal bipyramidal coordination. The preference
for mannosides instead of glucose and related sugars originates
from a hydrogen bond between the axial 2'-hydroxyl group and
the side-chain of Q98 (Fig. 3 B and C). Interestingly, FloSA crys-
tals soaked with 2 M glucose showed partial occupation of this
sugar in the primary carbohydrate-binding site with concomitant
displacement of Q98. Compared to mannose, glucose at high
concentrations only weakly inhibits FloSA-mediated flocculation
in vivo (Fig. 4E).

Flo5A Shows a Unique Calcium-Binding Site. The calcium-binding site
of Flo5A is a unique and characteristic hallmark of the PA14/
Flo5-like protein family. The calcium ligands belong to two
carbohydrate-binding loops, CBL1 and CBL2. CBL1 links the
strands f11 and B12 and harbors a highly conserved Asp-Asp
motif (D160, D161). CBL2 connecting 15 with p16 contributes
to calcium-binding via the side chain of N224 and two carbonyl
groups of its main chain, explaining the low conservation of V226
and W228 (Fig. 44). CBL1 is unusual by bearing a rare cis-pep-
tide between two nonproline residues, D160 and D161. This
motif, in the following called DcisD, has so far only been found
in the nucleotide-binding site of the ATP synthase (22) as well as
in a Zn?**-dependent aminoprotease (23). In contrast to FloSA,
only the first of the aspartates is directly involved in metal binding
in the active sites of these enzymes. In the FloSA structure the
unfavorable configuration of the cis peptide is stabilized by a hy-
drogen bond to the hydroxyl group of the likewise conserved
Y222 (Fig. 44 and Fig. S3C). The DcisD motif is present through-
out the PA14/Flo5-like family but is missing in the PA14 domain
itself (Fig. 2B). In the latter, for which no carbohydrate-binding
activity has been demonstrated, the loop corresponding to CBL1
shows major conformational differences including the replace-
ment of one of the two crucial aspartates. Importantly, the FloSA
structure shows that the cis configuration allows a maximal spatial
proximity of about 2.0-2.3 A for the carboxylates of D160-D161
(Fig. S3). As such, the DcisD motif represents a unique structural
type for calcium binding. A second consequence of the DcisD
motif is the concomitant H-bonding between its carboxylates
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Fig. 2. The PA14/Flo5-type protein family. (A) Multiple sequence alignment of representatives of the PA14/Flo5 family (Uniprot entries: Flo5, P38894; Flo1,
P32768; LgFlo1, B3IUA8; Epal adhesin from C. glabrata, Q6VBJO; a bacterial a-1,2-mannosidase, Q8A3K6; PA-14, P13423; human galactosaminyl transferase
HGT, Q8N9V0). Important elements as the DcisD motif are highlighted (color gradient from red to blue corresponds to transition from conserved to variable).
Disulfide bridges as present in the flocculins as well as predicted in Epa1 are marked in yellow. (B) Structural comparison between the PA14 domain (gray, 1ACC)
of the protective antigen from Bacillus anthracis (10), the Flo5A domain (green), and the LgFlo1A domain (pink). The superposition of the Flo5A domain onto
the PA14 domain gives an rmsd of 1.37 A for 78 C,-positions. Homology model of LgFlo1A was created using the Flo5A domain as template and MODELLER 9v7
(30). Color codes are equivalent to A. Calcium is represented by a golden sphere.

and the 3'- and 4’-hydroxyl groups of mannose ligands. The cru-
cial role of the unique DcisD motif in the PA14/Flo5-like family of
calcium- and carbohydrate-dependent adhesins is reflected by
a complete lack of flocculation when this motif is mutated as
exemplified by the FloSAP00ADIOIA yarjant (Fig. 4D). Similarly,
flocculation was significantly reduced when another calcium
ligand, N224, was exchanged by alanine.

Terminal Arms of Yeast High-Mannose Oligosaccharides Act as Cog-
nate Ligands. The yeast cell wall has a complex architecture
(16) and contains a large proportion of mannoproteins with
either N- or O-linked oligosaccharides (17, 24). It has been specu-
lated that these carbohydrates are involved in flocculation, but
the exact structure of the ligands that are recognized by flocculins
is not known. The open nature of the Flo5A carbohydrate binding
site suggests the recognition of more complex mannosides. To
identify the substructures of the known yeast core oligosacchar-
ides, fluorescence-titration and crystal soaking experiments were
performed with appropriate synthetic oligomannosides (Fig. S4).
These experiments revealed that only al,2-linked mannobiosides,
but neither al,3- nor al,6-linked mannoses, are bound (Fig. 3 B,
C, and E). Moreover, al,2-linkage to a second mannose increased
the affinity ninefold (Kp = 3.5 mM) as compared to mannose
(Fig. 3E). The recognition of the second mannose moiety is
achieved by hydrogen bonds between its 3’-hydroxyl and S227
from CBL2 and, in addition, Q117 residing in the Flo5 subdo-
main. Mutation of S227 to alanine was found to increase the

Veelders et al.

affinity toward mannose without affecting specificity by inducing
a slightly altered conformation of the disaccharide within the
binding site (Fig. 4B). The side chain of V226 is sandwiched
between both sugar rings. Interestingly, mannose-al,2-man-
nose-al,2-mannose, a model for the D1 arm of N-linked or,
alternatively, for O-linked core oligosaccharides of yeasts, shows
the same affinity and binding mode as «1,2-mannobiose (Fig. 3E).

Synthetic mimics of mannopentaose fragments of the N-linked
core oligosaccharide representing either the inner core or the
outer core spanning the terminal D2 and D3 arms were tested
for FloSA binding (Fig. 3 D and E). Here, the inner core com-
prising only ol,3- and «l,6-linked mannose residues was not
recognized. In contrast, the outer core mimic with its D2/D3 arms
was bound with similar affinity as the al,2-mannobiose. Both
arms carry al,2-linked mannobiose ends, but in the crystal struc-
ture only the D2 arm occupies Flo5A’s carbohydrate-binding site
(Fig. 3C) with increased disorder observed for the third and
fourth mannose moiety. Apparently, the Flo5 subdomain sup-
ports discrimination between the branches of the core oligosac-
charide by steric hindrance or contributing a hydrogen bond
between the fourth mannoside and N104.

A secondary carbohydrate-binding site was observed at the
back of the FloSA domain when crystals were soaked in molar
concentrations of mannose or glucose (Fig. 1D and Fig. S2B).
In this site, hexoses were recognized in a nonspecific and cal-
cium-independent manner by making mostly hydrogen bonds
with main chain atoms derived from the p3-p4 loop (Fig. S2B).
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A mannose B a1,2-mannobiose

E Flo5A Flo5A-S227A Flo5A-D202T
al,2 mannose 29.3+36mM 9.7+0.6 mM 15.8 £2.6 mM
a1,2-mannobiose 35+0.3mM 1.6+0.1mM
W Man3(D1) 2.8+0.2 mM
1 Man5(D2-D3) 22+05mM
: Man5(core) no binding
l a1,3-mannobiose no binding
; E o Mannose a1,6-mannobiose no binding
N-acetyl-glucosamine glucose >1.M

Fig. 3. Crystallographic analysis of carbohydrate binding by the Flo5A domain. (A) The Flo5Aemannose complex shows alternative conformations of the
mannose for its anomeric and 6-hydroxyl groups (semitransparent sticks, 2XJP). (B) The Flo5Aea1,2-mannobiose complex (1.30-A resolution, 2XJS) shows a
recognition of the second mannose moiety by Q117 and 5227. (C) The Flo5A*Man5(D2-D3) complex (1.35-A resolution, 2XJR) harbors the mannopentaose
mimicking the D2 and D3 arms in the binding site in such an orientation that only the D2-arm is recognized by the Flo5A domain. Distal mannoside moieties like
the third and fourth have lowered occupancies (70% and 50%, respectively) due to increasing disorder. Alternative conformations are represented by semi-
transparent sticks, distances are given in Angstrom. (D) Schematic diagram showing structures of the core N- and O-linked oligomannose modifications
of budding yeast (24). Mannosidic substructures used for the characterization of the FIo5A domain are highlighted. (E) Table showing in vitro affinities
of different carbohydrates toward the Flo5A domain and variants.

Structure-Derived Mutants Reveal NewFlo-Type Properties. In the sugars like glucose commonly depends on flocculins of the so
brewing industry, broadened sensitivity of flocculation to other  called NewFlo type (13)—e.g., for the production of lager or pils-

D100 [ no mannose E1°° [ no sugar
< go B o1m £ go Il 0.8 M mannose
S S
= B o2m = Il 0.8 M glucose
3 0 B 04M 3 60
8 Il 08M 8
g 0 g 40
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20 20

0
Flo5A Q98A D160A/ D202T Y222F N224A S227A W228L Flo5A Q98A D160A/ D202T Y222F N224A S227A W228L
D161A D161A

Fig. 4. Characterization of the Flo5A binding site and specificity. (A) Sequence conservation of the DcisD motif and other residues responsible for calcium-
binding. The color gradient from red to blue corresponds to transition from conserved to variable and is based on a conservation analysis by the CONSURF
server (31) using available sequences of PA14-related domains. (B) Structure of a1,2-mannobiose recognition by the S227A variant (2XJU). In this variant with
increased affinity the ligand (orange) adopts a different binding mode than in the wild-type Flo5A domain (semitransparent). (C) Structure of the complex of
the NewFlo-type variant D202T and glucose at 1.6-A resolution showing that the D202T mutation exerts only an indirect effect on carbohydrate binding as it
increases the distance of the variable $13-p14 loop from 15 to 19 A (shown in red, 2XJV). (D) Flocculation efficiency and mannose inhibition of yeast strains
expressing different FLO5A variants (Table S1). The presence of comparable amounts of FIo5A protein at the cell surface was confirmed by fluorescence micro-
scopy. (E) Hexose-binding specificity of different FIo5A variants determined by inhibition assays for flocculation.
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ener (14). Previous work suggested that NewFlo-type variants like
D202T and W228L are directly involved in carbohydrate binding
(25). Interestingly, these variants as well as the N224A mutant in
the calcium-binding site exhibit a loss of carbohydrate-binding
specificity and flocculation efficiency (Fig. 4E and Fig. S5 B
and C). However, these residues are not directly involved in car-
bohydrate recognition, because they are either distantly located
from the primary binding site as D202 or only contribute to cal-
cium-binding via their main chain carbonyl group like W228
(Fig. 44). Instead, the D202T mutation changes the preferred
conformation of the variable p13—f14 loop thereby indirectly re-
laxing the stringency of hexose binding, probably via alterations of
the hydration network of the protein (Fig. 4C). The subsequent
residue is one of four potential N-linked glycosylation sites pre-
sent in the FloSA domain (N135, N187, N203, N262) opening the
possibility that glycosylation may also affect the sugar specificity
of the primary binding site. Additionally, the D202T mutant with
its slight increase of affinity by a factor of two improves the ability
of free mannose to inhibit flocculation (Fig. 3E and Fig. S5B).
Moreover, a variant of Flo5, LgFlo1 (19, 25), which is commonly
found in bottom-fermenting yeast strains and promotes NewFlo-
type flocculation, lacks the complete FloSA-subdomain (Fig. 2B).
This corroborates the finding that also structural alterations in
greater distance to the primary binding site are capable to induce
relaxed carbohydrate recognition, probably due to alterations in
the hydration network. However, as already mentioned, residue
Q98, which also resides in the Flo5 subdomain, is directly in-
volved in carbohydrate binding specificity. Therefore, the obser-
vations might result from both direct and indirect effects.

The Flo5A structure allowed the engineering of NewFlo-type
behavior without a loss of flocculation efficiency as observed for
indirect NewFlo mutants such as W228L. For example, for the
QO98A variant a loss of interaction with the axial 2-hydroxyl group
of mannose can be predicted to lessen specificity. Indeed, the
QO98A variant shows wild-type-like flocculation efficiency but
completely lacks discrimination between mannose and glucose
(Fig. 4E and Fig. S5).

Flo5A Confers Social Behavior by Heterophilic Interactions. It has
been suggested that flocculin-mediated self-recognition repre-
sents a heterotypic mode of social interaction (6). Our data on
FloS5A support this view, because FloSA binds to oligosaccharide
structures that are ubiquitously present on yeast cell surfaces and
are presented there by other, nonflocculin mannoproteins as well.
Flocculation competition assays provide more direct evidence for
heterotypic interactions because they show that different floccu-
lation-deficient yeast strains efficiently compete with the floccu-
lation of FLOS5 bearing strains (Fig. 54). Here, the flocculin-
mediated heterophilic mode of self-recognition differs from
homophilic interactions provided by other adhesins—e.g., the
csA gene product of the social amoeba Dictyostelium discoideum
(26) or the neural cell-adhesion molecule (NCAM) in higher eu-
karyotes (27). In addition to previous work (12), our data show
that deletion of the FloSA domain or disruption of the calcium-
binding DcisD motif confers the same phenotype as deletion of
the entire FLOS5 gene.

Conclusions

Our data provide previously undescribed biochemical and struc-
tural characterization of a functional PA14/Flo5A-like domain.
We showed that calcium is directly involved in carbohydrate bind-
ing and not only in an indirect manner, stabilizing the stalk-like B
domain. Furthermore, its calcium-binding site, including the un-
ique DcisD motif, is widely spread in all domains of life. Multiple
sequence alignment based on PFAM 24.0 showed that 45% of the
known PA14 domains, including human proteins like galactosyl-
transferases and fibrocystin, contain a double D at the equivalent
position (11).
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Fig. 5. Flo5A-mediated social behavior of budding yeast. (A) Inhibition of
floc formation by different competitors determined by population mixing
experiments using a flocculating FLO5 strain and different strains expressing
either no flocculin (flo5A), the FLO5BC domains, the nonfunctional
FLOSAP60AD181A yariant, FLOT1, or medium as a control. The inlay shows
a typical flocculation-competition experiment using the competitor strain
with the FLO5AP160AD1614 yariant. (B) Model of cooperative cell-cell interac-
tions underlying the greenbeard function as exemplified by FLO in budding
yeast. Heterophilic Flo-type interactions are mediated by FloA domains
(green) and terminal «1,2-mannobiose residues (red) present in trans at
the surface of FLO" bearer as well as in flo~ cheater cells. Here, calcium-
dependent interactions are inhibited by free mannose (orange hexagons;
Ca?*: yellow dots).

Moreover, our study offers a detailed view on an adhesion
domain derived from a greenbeard gene because such a function
has been recently assigned to flocculin genes of the Flo5 family
(6). As a greenbeard, the expression of a FloS family member
causes not only simple aggregation to yeast flocs and hence pro-
tection against environmental stresses but also recruitment of
non-FLO-expressing cheater cells at the nonprotective floc per-
iphery (6). Whereas homophilic interactions as exerted by
Dictyostelium CsA are beneficial for segregating the bearers of
the adhesion gene (26), the observed heterophilic interaction
between Flo5-like flocculins and the o1,2-linked mannosides pre-
sent at the outer yeast cell wall (Fig. 5B) provides an additional
function by utilizing cheater cells for protection (6). In this con-
text, the relatively low affinity of 3.5 mM for the recognition of
al,2-linked mannosides might be crucial for the greenbeard func-
tion of Flo5 family members, because it allows flocculin-expres-
sing survivors to return from being trapped in flocs to the
planktonic lifestyle.

On the yeast cell surface, the number of oligosaccharide
ligands largely exceeds that of flocculin molecules. Therefore,
mechanisms are required to ensure that cis-interactions of the
flocculins’ A domains with the al,2-mannoside ligands are not
ablating the binding potential provided for trans-ligands. Homo-
philic cell-adhesion molecules of higher eukaryotes like NCAM
resolve this issue by providing a second, specific binding mode
with other adhesion molecules in cis, while retaining at the same
time their #rans-binding capability (27). The secondary carbohy-
drate-binding site of the FloSA domain may fulfill the analogous
function by preferentially immobilizing the FloSA domain at the
yeast surface. Covalent fixation of the N and C termini of the

PNAS | December 28,2010 | vol. 107 | no.52 | 22515

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013210108/-/DCSupplemental/pnas.1013210108_SI.pdf?targetid=SF5

Flo5A domain via disulfide bridges to the protein’s core domain
could further inhibit free rotation relative to the adjacent BC re-
gion. However, the BC region may further contribute to cell-cell
adhesion. Length variation of repetitive tandem repeats within
the B region was reported to alter flocculation and biofilm for-
mation of yeast (28). Furthermore, amyloid-forming sequences
within the B regions are postulated to confer clustering of A do-
mains on yeast cell surfaces and thereby improve intercellular
binding (29). Accordingly, the combination of secondary carbo-
hydrate binding and stiffened domain presentation could be a
further clue that enables Flo5-like adhesion molecules to prefer-
entially recognize and bind to ligands in trans (Fig. S6) while
being immersed in a pool of cis-ligands.

Methods

Protein Production and Purification. Recombinant Flo5A was generated in a
thioredoxin- and glutathione-reductase deficient Escherichia coli strain using
a low-temperature protocol for slow expression and maturation. Flo5A was
purified using Ni-affinity and subsequent size exclusion chromatography.

Crystallization and Structure Determination. Crystals of Flo5A belonging to
space group P2,2,2, diffracted to atomic resolution. Accordingly, the struc-
ture of Flo5A was solved at 0.95-A resolution by single anomalous dispersion
with isomorphous replacement (SIRAS) using a single gadolinium derivative.
Ligand soakings of preobtained crystals were performed using different
hexoses, mannobioses, and three oligomannosides. Data collection statistics
and refinement statistics are given in Tables S2 and S3, respectively.
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constructs. Methods for agar and plastic adhesion tests are detailed in S/
Text. Polyclonal rabbit antibodies were generated using purified Flo5A
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Microscopy. Fluorescence microscopy was carried out to verify comparable
amounts of FIo5A carrying proteins on cell surfaces using FIo5A specific anti-
bodies via (i) differential interference microscopy (DIC) and (ii) fluorescence
microscopy using a GFP filter set.
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constants of Flo5A by exciting the intrinsic tryptophane fluorescence at a
wavelength of 295 nm and recording the fluorescence quench during titra-
tion with different saccharides.

Extended Information. Yeast strain and plasmid construction, synthesis of
oligomannosides, and detailed information on other methods used in this
study are described in S/ Text.
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