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SUMMARY Cellular aggregation is an essential step in the formation of biofilms,
which promote fungal survival and persistence in hosts. In many of the known yeast
cell adhesion proteins, there are amino acid sequences predicted to form amyloid-
like �-aggregates. These sequences mediate amyloid formation in vitro. In vivo, these
sequences mediate a phase transition from a disordered state to a partially ordered
state to create patches of adhesins on the cell surface. These �-aggregated protein
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patches are called adhesin nanodomains, and their presence greatly increases and
strengthens cell-cell interactions in fungal cell aggregation. Nanodomain formation
is slow (with molecular response in minutes and the consequences being evident for
hours), and strong interactions lead to enhanced biofilm formation. Unique among
functional amyloids, fungal adhesin �-aggregation can be triggered by the applica-
tion of physical shear force, leading to cellular responses to flow-induced stress and
the formation of robust biofilms that persist under flow. Bioinformatics analysis sug-
gests that this phenomenon may be widespread. Analysis of fungal abscesses shows
the presence of surface amyloids in situ, a finding which supports the idea that
phase changes to an amyloid-like state occur in vivo. The amyloid-coated fungi bind
the damage-associated molecular pattern receptor serum amyloid P component, and
there may be a consequential modulation of innate immune responses to the fungi.
Structural data now suggest mechanisms for the force-mediated induction of the
phase change. We summarize and discuss evidence that the sequences function as
triggers for protein aggregation and subsequent cellular aggregation, both in vitro
and in vivo.

KEYWORDS Candida albicans, Saccharomyces cerevisiae, adhesins, amyloids, avidity,
beta aggregation, catch bonding, mannoproteins

INTRODUCTION

Amyloids are protein aggregates whose basis is regular or periodic interactions of
similar or identical amino acid sequences in each protein molecule. These inter-

acting sequences can be extensive, but the formation of many amyloids depends on
the presence of specific 4- to 6-residue segments. These amyloid-prone sequences,
called “amyloid core sequences,” can be identified in silico based on packing geometry,
solubility, and aggregation propensity (1–5). Where the crystalline interactions are due
to the formation of �-sheets, they are called �-aggregates. In �-aggregates, �-strands
stack laterally to form the �-sheets (Fig. 1). The most common form of amyloids, and
a defining characteristic, is the “cross-beta” structure, in which the �-strands run
perpendicular to the fiber axis, forming �-sheets along the fiber axis, and pairs of
�-sheets tightly mate to form the highly stable amyloid fibers (Fig. 1). The multiple
hydrogen bonds between the �-strands stabilize the structure, as do intersheet inter-
digitations of the amino acid side chains. The anhydrous, close regular fit of the amino
acid side chains protruding from the apposed sheets has inspired the name steric
zipper for such structures (6, 7). This crystalline structure leads to a gold standard for the
identification of amyloids in vitro: a characteristic cross-�-pattern in X-ray diffraction
diagrams, with �4.8-Å spacing between the �-strands situated along the fiber long axis
and 9- to 10-Å orthogonal spacing between the �-sheets. This structure can also be
modeled based on solid-state nuclear magnetic resonance (NMR), cryo-electron mi-
croscopy, and electron diffraction data (3, 5, 6, 8).

Detection of Amyloids In Vivo

Because X-ray diffraction and solid-state NMR are not practical in vivo, dye binding
is commonly used to identify amyloids in cells and tissues. Amyloid fibers bind a
characteristic set of amyloidophilic dyes (8–10). Among these, Congo red shows an
enhanced and red-shifted absorbance spectrum upon binding to amyloids. Congo
red-stained amyloids show an apple-green birefringence when viewed through crossed
polaroids. Other dyes show enhanced fluorescence yields in the presence of amyloids;
for example, thioflavin T (ThT) is most often used to monitor amyloid formation at a
concentration of 10�8 to 10�6 M. At concentrations of �10�4 M, these amyloidophilic
dyes can disrupt the amyloid structure or inhibit amyloid formation. These character-
istics are not shared by amorphous protein aggregates (8, 10).

Amyloid Formation and Phase Transitions

Amyloid formation is a phase transition between monomeric and aggregated states
(11–13). This transition is often a result of conformational shifting in amyloid-forming
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proteins. In some pathogenic amyloids, protein unfolding exposes �-aggregation
sequences that were previously buried inside compact protein domains. In other cases,
amyloid-forming sequences are in intrinsically disordered regions, and amyloid forma-
tion is triggered by intermolecular associations without unfolding. The refolded pro-
teins are likely to be in a nonfunctional state, and the conditions that result are called
protein misfolding diseases. For instance, systemic amyloidoses disrupt normal organ
anatomy and histology. One form of serum amyloidosis is caused by the dissociation of
the native tetrameric form of transthyretin and the subsequent aggregation of the
monomers. This condition has been successfully treated with a molecular chaperone, a
small-molecule drug that stabilizes the nonaggregative tetrameric conformation of the
protein (14, 15).

In other examples, the refolded protein may acquire novel activity. In some fungi,
hydrophobins are secreted to the surface, and a soluble-to-solid-phase transition then
forms an amyloid-like cell surface coat to make them resistant to environmental insults
(16–18). Amyloid formation in the A� protein in the central nervous system can trigger
amyloid-like aggregation in another protein, Tau; its sequestration and hyperphospho-
rylation lead to cellular malfunction and neuronal death (19, 20). Another emergent
activity in A� is the cytotoxicity of folding intermediates that occur during amyloid
formation (14, 21). On the other hand, A� amyloid formation may limit infections by
coating the pathogens (22).

Prions

Amyloid prions are transmissible aggregates and can be beneficial or patholog-
ical. In the baker’s yeast Saccharomyces cerevisiae, the amyloid-like aggregation
of several transcription regulators sequesters these proteins in an inactive aggre-
gate and so epigenetically alters the transcriptional program. Because this happens
in only some cells in a population, amyloid formation creates transcriptional
variability within the population. The amyloid structures are heritable, so there is an
epigenetic heritability of transcriptional variability (23–25). There is debate as to
whether such prions are functional, pathological, or both. On the other hand, many

FIG 1 Amyloid structure. (A) Arrangement of �-strands in cross-�-fibers. Because this model shows
sequences “in register,” the same amino acid (e.g., Val326) in each sequence is marked “�.” The figure
shows the relative orientations of �-strands, �-sheets, the fiber, and the X-ray diffraction spots. (Modified
from reference 5 with permission from Elsevier.) (B) Amyloid fibrils from fungal adhesins visualized by
transmission electron microscopy. (Left) Peptide from Flo1p (reprinted from reference 66); (middle) Als5p
amyloid peptide (reprinted from reference 67); (right) Als5p20 – 431 (reprinted from reference 67).
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prions are solely pathological, such as those associated with bovine spongiform
encephalopathy (BSE) (mad cow disease), Kuru in humans, and chronic wasting
disease in deer (3, 5, 14, 26, 27). Thus, amyloidogenic refolding of proteins is often
accompanied by emergent new activities, which can be beneficial, neutral, or
pathological.

Functional Amyloids in Bacterial Biofilms

Many extracellular bacterial proteins form functional amyloids with roles in biofilm
formation and maintenance. The commonalities and differences in functional amyloids
within the biofilms of Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Strepto-
coccus mutans, and Pseudomonas aeruginosa (28–33) have been highlighted in recent
reviews (34–36). These systems are well characterized and serve as models for similar
roles of amyloids in biofilms of other Gram-positive and Gram-negative species. In each
case, the bacterium secretes and assembles a fibrous structure. In Gram-negative
species, the protein curlin assembles into curly fimbriae (“curli”) through �-aggregate-
like interactions (Fig. 2). These appendages are natural adhesins and mediate adher-
ence to surfaces and also to other bacteria. Extensive investigations into the genetics,
regulation, biogenesis, assembly, and chaperoning of these amyloidogenic proteins
make them the best-characterized functional amyloids (33, 37–40). Recent detailed
mapping has shown that curli enmesh the more peripheral cells in E. coli biofilms,
and curli contribute to biofilm integrity as well (36). Curli are being used to screen
for antiamyloid/antibiofilm compounds and as a scaffold for self-assembling bio-
materials (38, 41–43). In other bacteria, including Gram-positive strains, amyloid
proteins are synthesized, secreted, and assembled not as appendages but as part of
the extracellular matrix of the biofilm. In some cases, a nonamyloid form is secreted,
and �-aggregated polymers form in response to external conditions such as low pH
or the absence of Ca2� (44). There are also amyloids in archaeal biofilms (45). Thus,
emerging knowledge leads to the idea that amyloid proteins are key constituents
of biofilms.

FUNGAL ADHESINS

Many fungal adhesins share an architecture reflecting their localization on the surface of
the cell wall (Fig. 3) (46, 47). They are �-sheet-rich glycoproteins, composed of 650 to 1,600
amino acids and a similar or larger number of carbohydrate residues, attached as both
Asn-linked N-polysaccharides and Ser- and Thr-linked O-oligosaccharides. The fungal ad-
hesins are translated on endoplasmic reticulum (ER)-bound ribosomes, glycosylated in
the ER and the Golgi apparatus, and secreted through the conventional vesicular
secretion pathway (48, 49). Each well-characterized adhesin has a compact N-terminal
ligand-binding domain such as a sugar-binding lectin or an immunoglobulin-like
invasin domain (47, 50–52). A variable number of �-sheet-rich tandem repeats is
followed by a highly glycosylated unstructured 300- to 800-amino-acid stalk region (47,
53–56). At the C terminus, a glycosylphosphatidylinositol (GPI) membrane anchor
is added in the ER. After secretion to the cell surface, the lipid is cleaved off, and
the remnant of the C-terminal glycan is covalently linked to cell wall glucan (48, 49,
57, 58).

Fungal adhesins display a recurrent theme of conformational shifting to reinforce
cell-cell binding. The Saccharomyces cerevisiae sexual adhesion Sag1p (�-agglutinin)
changes conformation upon binding to its ligand Aga2p, with a resulting strengthening
of the cell-to-cell bonds (59, 60). In the asexual S. cerevisiae flocculin Flo11p, Ca2�

activates binding but is neither bound to the N-terminal domain (NTD) nor required for
the homotypic polymerization of the N-terminal domain. Therefore, Ca2� likely acts to
alter the conformation of a negative regulatory region of the protein (51, 61, 62).
This theme is recapitulated in conformational changes leading to the formation of
amyloid-like nanodomains on the cell surface. In the C. albicans adhesin Als5p, a
conformational shift accompanies the formation of large aggregates of yeast in the
presence of ligand-coated beads (63–65). This shift promotes the development of
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increased adhesiveness over the entire cell surface. This observation fostered the
hypothesis that aggregation was an amyloid-like liquid-to-solid-phase or a disordered-
to-amyloid-like-phase transition and led to the discovery of fibrous amyloid aggre-
gates of fungal adhesins in vitro (64, 66, 67). Evidence shows that conformational
shifting facilitates amyloid-like �-aggregation of adhesin molecules at the cell
surface.

FIG 2 Amyloid curli in bacterial biofilms. (Top) E. coli cells showing curli (scale bar is 500 nm) (reprinted
from reference 122 with permission). (Middle and bottom) Fluorescence images of a bacterial colony
stained for amyloid with thioflavin T. The middle image shows the top section of the colony, and the
bottom image shows a midsection (adapted from reference 35 with permission).
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AMYLOID-LIKE INTERACTIONS IN Als5p AND OTHER ADHESINS
Cell Surface Conformational Change in Als5p

Pioneering work by Gaur et al. showed that the surface display of C. albicans Als5p
in laboratory strains of Saccharomyces cerevisiae leads to the cells becoming adherent
and aggregative (63, 68). Als5p-expressing yeast cells adhere to beads coated with a
protein ligand and then become globally “stickier” and form large aggregates or flocs
of cells. Whereas the initial binding to beads happens within about 5 min, the
secondary cell-cell aggregation phase takes 15 to 30 min (Fig. 4). We call this secondary
phase “aggregation enhancement.” This enhancement is dependent not on new gene
expression or protein synthesis during aggregation assays but on a conformational shift
in cell surface Als5p (63, 64). Compounds that perturb protein secondary structure

FIG 3 Architecture of yeast adhesins. Shown are simplified cartoons of an Als adhesin from C. albicans
(left) and Flo1p from S. cerevisiae (right). Each protein has a well-folded �-sheet N-terminal domain (NTD)
(purple or green), amyloid-forming sequences (red), tandem repeats (repeated colored ovals), an
unstructured stalk region, and a C-terminal cross-link to cell wall �-glucan (blue). N- and O-glycosylations
are shown in green.

FIG 4 Als5p shows enhanced cell-to-cell binding in aggregation assays. (Left) Kinetics of adhesion and aggregation. Initial rapid
binding (0 to 5 min) is due to cells binding to beads; slower accretion (5 to 30 min) is due to the accumulation of cells binding to cells
already bound to beads (adapted from reference 63). (Middle) Large aggregate. Cells are gray, and ligand-coated beads are black. Note
that the majority of cells are bound to other cells but not to ligand-coated beads (adapted from reference 64). (Right) Inhibition by
8-anilino-1-naphthalene-sulfonic acid (ANS) and Congo red (adapted from reference 64).
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changes do not diminish binding to the beads, but they inhibit aggregation enhance-
ment. Therefore, an initial adhesion event triggers a change in the conformation of
Als5p on the surface of S. cerevisiae (and in adhesins on C. albicans), leading to the more
adhesive enhanced state.

Als5p Is an Amyloid-Forming Protein

Soluble fragments of Als5p can form amyloids. We identified a 7-amino-acid amyloid
core sequence in Als5p with high potential to form �-aggregates, according to the state
predictor TANGO (IVIVATT at sequence positions 325 to 331) (2, 67). The modeler
ZipperDB also showed this sequence as having high amyloid potential; this algorithm
predicts the ability of sequences to form the stable, hydrophobic steric zippers char-
acteristic of amyloids (4). These predictions were experimentally confirmed, because a
13-amino-acid peptide containing this sequence plus flanking residues readily forms
amyloid-like fibers (Fig. 1B, middle). The fibers have properties characteristic of amy-
loids, including gel formation, increased and red-shifted absorbance of Congo red, and
enhanced fluorescence of thioflavin T (66, 67). Additionally, the purified soluble protein
fragments Als5p20 – 431, Als5p20 – 664, and Als5p20 –1351 form amyloid-like fibers that bind
Congo red and thioflavin T (Fig. 1B, right) (66, 67). Remarkably, the fibers form within
a few days at neutral pH and at micromolar protein concentrations. These character-
istics demonstrate that Als5p has a high propensity to form amyloids under nondena-
turing conditions.

�-Aggregating Sequences in Als Proteins

The amyloid core �-aggregation sequence in Als5p is highly conserved in the ALS
gene family. Among the 8 paralogous genes in C. albicans, the sequence 322SNGIVIVA
TTRTV (the �-aggregation core is underlined) is located in the Thr-rich “T domain,” and
its position at residue 325 of the open reading frame is identical in Als5p, Als1p, and
many alleles of ALS3 (67). In Als2p, Als4p, Als6p, Als9p, and other alleles of Als3p, a very
similar sequence is present at the same position or within a few amino acids. Only
Als7p, the most divergent member of the family, has lost the �-aggregation sequence
at this position (nevertheless, a similar �-aggregating sequence is present within the
T domain at residue 358.) This remarkable sequence conservation argues that the
�-aggregating sequences at residue 325 are strongly selected at seven of the eight loci.
This observation reinforces the finding that the region containing the sequence is the
most highly conserved region in the protein, as measured by the Ka/Ks ratio (the ratio
of nonsynonymous to synonymous mutations), an indicator of purifying selection (67,
69, 70). The evidence thus argues for an essential function of the �-aggregating
sequence in the T domain in Als adhesins.

�-Aggregating Sequences in Other Fungal Adhesins

The Als adhesin �-aggregation sequences consist mostly of the aliphatic �-branched
amino acids Ile, Val, and Thr, which have a high propensity to form �-aggregates and
steric zippers. These criteria can be used to identify similar sequences in other fungal
adhesins (66, 71). In C. albicans itself, Eap1p, Ece1p, Hwp1p, and Hwp2p are among the
surface proteins showing similar sequences. Indeed, TANGO-identified peptides from
Eap1p and Hwp2p form amyloid fibers that bind Congo red and thioflavin T (66, 72; S.
Singh and P. N. Lipke, unpublished data).

In S. cerevisiae, a number of adhesins and other cell surface proteins also contain
sequences predicted to form �-aggregates and steric zippers. Among these proteins,
the flocculins Flo1p, Flo5p, and Flo9p show multiple TANGO- and ZipperDB-positive
sequences in their tandem repeat domains (62). A peptide containing a sequence from
Flo1 forms amyloid fibers at neutral pH (Fig. 1B, left). The nonhomologous adhesin
Flo11p has �-aggregating sequences, and a 1,331-residue soluble protein fragment
of Flo11p forms amyloid fibers (66). Similar sequences with high �-aggregation poten-
tial are present in many fungal cell surface proteins, but amyloid formation has not
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been tested (66, 71). Overall, there is a recurrent pattern of �-aggregation-prone
sequences rich in Ile, Val, and Thr residues present in many fungal adhesins.

Summary of �-Aggregation in Fungal Adhesins

Thus, the evidence that sequences in fungal adhesins can form amyloids and can
facilitate amyloid formation by large soluble fragments of the proteins is extensive. These
sequences are widespread and highly conserved under purifying selection, a finding that
constitutes strong evidence that these sequences confer an advantage to the fungi that
express them (23, 25, 73). We argue that the amyloid-like clustering of adhesins enhances
aggregation activity and leads to enhanced biofilm formation. Thus, amyloid-like interac-
tions promote the most common lifestyle of fungal growth and survival (74).

AMYLOID-LIKE INTERACTIONS FACILITATE CELL ADHESION
Clustering of Adhesins: Consequences in Cell Adhesion Assays

Aggregation enhancement during adhesion assays is intimately tied to adhesin
clustering on the cell surface. The adhesins cluster on cell surfaces during atomic
force microscopy (AFM) mapping experiments (Fig. 5A) (71, 75, 76). Confocal
microscopy with the amyloidophilic dyes ThT and thioflavin S (ThS) shows the
development of fluorescent surface patches during adhesion assays and exposure
to shear stress (Fig. 5B) (75, 77, 78). Both genetic and chemical perturbations of
amyloid formation inhibit cell surface clustering and also inhibit cellular aggrega-
tion. Therefore, surface aggregation of adhesins is necessary and sufficient for
robust fungal cell aggregation. This clustering is mediated by the amyloid-like
�-aggregation of surface adhesin molecules.

Single-Molecule Imaging Using Atomic Force Microscopy

C. albicans Als5p forms clusters on the surface of S. cerevisiae cells following the
extension of single molecules in an atomic force microscope (Fig. 5A) (75, 76, 79). In these
experiments, an antibody to an epitope tag in the Als5p N terminus is attached to an AFM
tip. The tip is then used to probe the surface of a yeast cell. The force required to move the
tip is recorded as the tip is retracted, and wherever the tip binds to the epitope, there is
resistance to retraction. In this way, force-distance curves are generated. If the tip is
positioned successively at different positions over the cell, we can generate a map of the
cell surface, noting whether there is antigen-epitope binding at each position. The resulting
map shows Als5p molecules on the surface of expressing cells at a 30-nm resolution (Fig.
5A). At first, Als5p is randomly displayed on the cell surface (Fig. 5A, map of area 1).
However, when an area previously mapped is remapped, the number of adhesin-
positive 30-nm pixels increases by 50% (remap of area 1). Furthermore, initially, only
�7% of the detected adhesins are next to pixels with adhesins, but this fraction
increases to 65 to 70% on the second map. A map of an area not previously probed
also shows similar clustering (map of area 2), implying that clustering propagates all
around the cell surface, like a phase transition to the aggregated state. There is
similar clustering of Als1p (J. R. Rauceo, D. N. Jackson, P. Herman-Bausier, V. Ho, Y. F.
Dufrene, and P. N. Lipke, unpublished data).

The amyloid nature of the clustering has been demonstrated by several approaches
(Fig. 5). This clustering occurs similarly in live cells and in heat-killed cells (Fig. 5A,
second row), showing that clustering is independent of cellular metabolism and gene
expression during mapping. Clustering is also dependent on the high �-aggregation
potential of the protein sequence around Val326 in the �-aggregation core (Fig. 5A, first
versus third rows). Additionally, ThT staining shows the development of surface patches
with enhanced fluorescence during aggregation assays. These patches have a size and
mobility similar to those visualized by AFM. Their presence is also dependent on the
�-aggregation potential at Val326 in Als1p and Als5p (Fig. 5B and C) (76). Thus, the
amyloid-like nature of the interaction leads to a similar phase transition to an aggre-
gated state in dead cells, predictable sequence dependence, and staining with an
amyloid-specific dye.
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Treatments That Enhance Surface Clustering and Cellular Aggregation

Several treatments can increase adhesin clustering and cellular aggregation. A
13-amino-acid peptide, SNGIVIVATTRTV, contains the �-aggregating sequence from the
C. albicans adhesin As1p, Als3p, or Als5p. This peptide (called the “wild-type” [WT]
peptide below) readily forms amyloids (Fig. 1B, middle) (67). It also enhances the
adhesion and aggregation of Als5p-expressing S. cerevisiae cells and of C. albicans cells
(Fig. 6). An alternative treatment is the application of extension forces to Als5p,
including pulling by AFM, laminar flow against cells adhered to a substrate, or vortex

FIG 5 Surface clustering of Als5p. (A) Atomic force microscopy. The first column (cell image) shows AFM
images of live yeast cells entrapped in a microporous membrane on the surface planchet of an atomic
force microscope. Column 2 (map of area 1) shows a 32- by 32-pixel map of Als5p in the 1-�m2 area
marked 1 � 1= in the first column. The AFM tip was functionalized with an antibody to an N-terminal
epitope tag in Als5p expressed on the surface of S. cerevisiae cells. A pixel is colored if an antigen was
detected on the cell surface at that position. The third column (remap of area 1) shows a subsequent map
of the same area. The fourth column (map of area 2) shows a map of a remote area marked “2” in column
1, probed after the remap of area 1. (Top row) S. cerevisiae cells expressing Als5pWT; (second row)
heat-killed S. cerevisiae Als5pWT-expressing cells; (third row) S. cerevisiae cells expressing the nonamyloid
substitution mutant Als5pV326N; (fourth row) mapping of C. albicans surface ligands for Als5p. The AFM
tip was functionalized with Als5pWT and used to map the occurrence of ligands for Als5p on the cell
surface. (B) Confocal images of ThT-stained surface nanodomains on aggregated S. cerevisiae cells
expressing Als5pWT. Arrows show moving domains at 5-min intervals. The right image shows a typical
aggregate with gray cells and yellow ligand-coated beads. (Reprinted from reference 75.) (C) ThT-stained
Als5pV326N cells at similar intervals and image of an aggregate of these cells, showing reduced cell-cell
binding. (Reprinted from reference 75.)
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FIG 6 Effects of WT and V5N peptides on biofilm formation. (A) Twenty-four-hour biofilms of C. albicans
or S. cerevisiae cells expressing Als5p, grown for 24 h in the presence or absence of the WT or antiamyloid
V5N peptide (labeled “V326N” in the figure) (76). The wild-type peptide enhances the number of cells in
the biofilm for C. albicans and Als5p-expressing S. cerevisiae cells and corrects the defect in S. cerevisiae
cells expressing the amyloid-impaired Als5pV326N mutant. The antiamyloid peptide inhibits aggregation
and biofilm formation. The graph shows crystal violet quantification of cells in biofilms. “EV” represents
cells harboring the empty vector. (Reprinted from reference 76.) (B) Model for how the antiamyloid V5N
peptide (orange) can “cap” an amyloid-like assembly of proteins (black) and prohibit further growth. (C)
Model of WT peptide (blue) templating and assembly of an amyloid-like structure in mutant proteins
(black).
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mixing of the cells. Any of these treatments enhances cellular aggregation and the
formation of ThT-fluorescent surface adhesin clusters (71, 75–78, 80). Thus, adhesion
surface clustering and enhancement of aggregation are inextricably linked in treat-
ments that enhance amyloid-like interactions.

Amyloid Perturbants Inhibit Aggregation

Treatments that compromise clustering also inhibit cellular aggregation. Inhibitory
treatments include incubation with antiamyloid perturbants, site-specific mutation of
the �-aggregation core of Als5p, or incubation with a sequence-specific nonamyloid
peptide. Specifically, these treatments have little effect on cell binding to ligand-coated
beads or on the affinity for ligands, yet they abrogate the formation of surface
nanodomains and also cell-cell aggregation (76). Aniline naphthalene sulfonic acid,
which binds to hydrophobic sequences, reduces the cell-to-bead ratio by 76% at a
concentration of 100 �M, from 10.6 cells/bead to 2.5 cells/bead. The amyloid indicator
and perturbant Congo red at 30 �M reduces cell/bead ratios by 70% (64). Qualitatively,
thioflavin S or thioflavin T, used at a 100 to 500 �M concentration (�103-fold higher
than that used to monitor fluorescence), also greatly reduces the cell-to-bead ratio,
both for Als5p-expressing S. cerevisiae and for C. albicans cells. In each case, similar
numbers of cells are bound directly to ligand-coated beads, but there are very few cells
bound to other cells (76). Thus, inhibitors of amyloid formation inhibit cellular aggre-
gation by at least 70% in adhesion/aggregation assays with ligand-coated beads. These
results are the ones expected if agents that inhibit adhesin clustering also inhibit
cellular aggregation.

In silico mutational studies of the amyloid core sequence of Als5 (325IVIVATT) identified
a Val326-to-Asn (V326N) substitution that greatly compromises �-aggregation potential,
reducing it from 97% to 3% (71, 76). The corresponding 13-residue peptide (peptide
SNGINIVATTRTV, a variant of the native-sequence peptide SNGIVIVATTRTV [substituted
residue underlined]) does not form amyloids. This peptide, called “V5N,” can bind to cells
that express Als5, Als3, or Als1 and inhibits cellular aggregation and surface clustering
of the adhesins (Fig. 6A) (76). Because the peptide is not fluorescent, we can monitor
its effects on ThT-bright cell surface nanodomains, and the �-aggregation-impaired
V5N peptide extinguishes ThT fluorescence on the cell surface. This result is expected
if the peptide binds homotypically to �-aggregating sequences but binds in a different
conformation than that with the wild-type �-aggregating sequence. This conformation
of V5N would not support the addition of more wild-type peptide to the �-aggregating
structure on the cell surface, so this mode of inhibition would be analogous to
“capping” inhibitors that stop the growth of amyloid fibers (Fig. 6B). Therefore, the V5N
peptide acts as a disruptor of �-aggregation for homologous sequences. As expected,
the peptide inhibits the aggregation of cells bearing Als5p or Als1p (76).

Mutation of the �-Aggregation Core Sequence

We constructed Als5pV326N, a single-site mutant of Als5pWT with the same change
as that in the V5N peptide. Cells expressing this form of the protein do not cluster Als5p
on the surface in response to pulling by AFM and do not form enhanced thioflavin-
bright areas during aggregation assays (Fig. 5 and 6). The mutant protein has a similar
affinity for its ligand fibronectin and has a similar far-UV circular dichroism (CD)
spectrum (76). When displayed on S. cerevisiae, cells expressing this variant of Als5p
bind well to ligand-coated beads but form much smaller aggregates than those formed
by cells that express Als5pWT, despite more surface expression of the mutant protein.
In adhesion assays, antiamyloid concentrations of Congo red, ThT, ThS, or the V5N
peptide inhibitor have little effect on Als5pV326N cells (76). This result is expected if the
mutant adhesin cannot cluster on the cell surface to enhance cellular aggregation
activity, and indeed, clustering is reduced by 90% in AFM maps (Fig. 5A) (76). The
mutant’s residual activity in adhesion assays reflects the affinity of the unclustered
adhesins for ligand proteins present in the assay mixture.
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A Semisynthetic �-Aggregating Adhesin

If there are amyloid-like interactions responsible for the formation of surface nano-
domains and enhanced aggregation, then a nonnative core sequence should also
function in a fungal adhesin. Accordingly, we constructed Als5pLVFFA, with a core
amyloid-forming sequence from the human A� protein replacing the natural core
sequence (81). A tridecapeptide, SNGLVFFATTRTV, analogous to the wild-type proamy-
loid Als5p peptide, forms amyloid-like ribbons and fibers in vitro (Fig. 7A and B). The
chimeric Als5LVFFA protein forms thioflavin-bright adhesin clusters on the cell surface
(Fig. 7D), has AFM force-distance profiles similar to those of Als5WT (Fig. 7C), and shows
enhanced aggregation that is inhibited by antiamyloid compounds at concentrations of
�1 mM. Thus, the substitution of another �-aggregation core sequence into Als5p
leads to properties similar to those of the native sequence.

HOW �-AGGREGATION INCREASES THE ACTIVITY OF FUNGAL ADHESINS
Surface Clustering and Cellular Aggregation

Amyloid-like clustering is accompanied by increased aggregation activity in each
system that we have tested (71, 80, 82). This clustering increases avidity; if an adhesin
dissociates from its ligand, the probability of the ligand rebinding is greatly increased
because there are so many adhesins nearby, and the effective adhesin concentration is
raised manyfold by clustering. This effect is the same as that of the increased avidity
of IgM due to the clustering of antigen recognition sites (80). Surface clustering is
dependent on the �-aggregation sequence and on the length and flexibility of the
adhesins’ C-terminal stalks, which extend up to 160 nm away from the cell surface
(53, 71).

�-Aggregation between Adhesins on Interacting Cells

There is also evidence that amyloid-like �-aggregates form between aggregating
cells. In support of this idea, thioflavin staining shows bright spots wherever cells are
in intimate contact (71, 76). Furthermore, treatment of cellular aggregates with 100 to

FIG 7 Amyloid core sequence from A� in the context of Als5p. (A and B) Fibers and sheets of peptide
SNGLVFFATTRTV (the A� sequence is underlined, flanking residues from the sequence of Als5p). (C) AFM
mapping of Als5pLVFFA on the surface of S. cerevisiae. Bar, 200 nm. (D) ThT-stained nanodomains. Bar, 2
�m. (Adapted from reference 81.)
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500 �M thioflavin, Congo red, or the antiamyloid V5N peptide disrupts the preformed
aggregates. The most direct evidence comes from AFM. An AFM tip is functionalized
with the proamyloid wild-type peptide and used to probe Als5p molecules arrayed on
the surface of the AFM planchet (83). The wild-type peptide interacts with the adhesin,
and force-distance plots show a signature characteristic of amyloid interactions: the
bonds dissociate in small zipper-like steps as the AFM tip is retracted. The wild-type
peptide binds to the adhesin molecules four times as frequently as does the V5N
mutant peptide, and the zipper-like interactions are never seen when the peptide or
the adhesin contains the nonamyloid V¡N substitution. Therefore, the peptide-
adhesin interaction is dependent on both components being capable of forming
amyloids (83). Furthermore, the V5N peptide is an effective disruptor of cell-cell binding
in AFM experiments: its addition at a concentration of 140 �M disrupts cell-to-cell
binding in AFM single-cell adhesion experiments (Rauceo et al., unpublished).

�-Aggregation of Cell Surface Molecules in C. albicans

C. albicans expresses dozens of surface adhesins (46, 47, 84), so the complexity of
cell-cell interactions is greater than that in S. cerevisiae surface display models. Never-
theless, C. albicans shows activities similar to those of Als5p-expressing S. cerevisiae
cells. An AFM tip derivatized with Als5p binds to ligands on the C. albicans surface (75,
76). These ligands, which include Als proteins themselves (85, 91), also cluster in
response to extension in AFM assays (Fig. 5 and 6). Also, like the model system, C.
albicans cells show an aggregative phase with the development of surface birefringence
and thioflavin-bright surface domains in adhesion assays (66, 78). Antiamyloid dyes also
inhibit aggregation, binding to polystyrene, and the formation of biofilms on plastic, as
they do for the S. cerevisiae model surface display system (Fig. 6) (71, 76, 78). It is
important to note that these results do not demonstrate that Als5p mediates these
activities in C. albicans: similar results would result from adhesion through any adhesins
with similar �-aggregation properties.

Other Als-Like Adhesins

The ability of the wild-type peptide SNGIVIVATTRTV to bind similar sequences makes
it a specific reagent for Als proteins in C. albicans and non-albicans Candida species (86,
87). The fluorescently labeled peptide binds to Als-expressing cells but not to S.
cerevisiae cells lacking an Als protein. Binding is reduced in als1 als3/als1 als3 mutants
of C. albicans. (Also, a control peptide of the same composition but with a random
sequence does not bind to Als-expressing S. cerevisiae or to C. albicans cells [86].)
Therefore, the wild-type peptide has proven useful for the identification of C. albicans
in situ. Autopsy sections from candidiasis victims are brightly labeled with the fluores-
cent wild-type peptide, which colocalizes with the amyloid dyes thioflavin and Congo
red as well as with calcofluor white (a fungus-specific dye). Recently, we have found
that the Als peptide also binds to some non-albicans Candida species, C. parapsilosis
and C. tropicalis, both of which have Als homologs. This peptide does not bind to
species that lack ALS homologs. Additionally, the antiamyloid V5N peptide inhibits the
adhesion of C. parapsilosis and C. tropicalis to human epithelial cells but does not affect
the adhesion of species that lack ALS homologs (M. C. Garcia-Sherman, S. Hamid, D. N.
Jackson, J. Thomas, and P. N. Lipke, unpublished data).

�-Aggregation in Fungal Biofilms

Similar �-aggregation interactions reinforce biofilms (76, 86). In Als5p-mediated
S. cerevisiae biofilms formed on polystyrene, the biofilm mass is enhanced 67 to 100%
for cells expressing Als5pWT relative to cells that express the �-aggregation-impaired
mutant form Als5pV326N. The biofilm mass for Als5pWT-mediated biofilms decreases to
the level of that of Als5pV326N biofilms in the presence of an antiamyloid peptide or
amyloid-inhibitory concentrations of Congo red (500 �M) or ThT (5 �M) (76). Thus,
conditions that inhibit amyloid-like �-aggregation simultaneously inhibit the develop-
ment of robust biofilms.
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�-Aggregation of Other Adhesins

The �-aggregating sequences in other fungal adhesins can form amyloid fibers
in vitro, including the C. albicans surface proteins Eap1p and Hwp2p as well as the Flo1p
and Flo11p adhesins of S. cerevisiae (66). The Flo1p and Flo11p adhesins also show
�-aggregation-dependent activity: flocculation is accompanied by the development of
cell surface birefringence and an increase in the ThT staining of cell surface nanodo-
mains. The flocculation of cells expressing either Flo1p or Flo11p is strongly inhibited
by antiamyloid dyes (300 to 500 �M) at concentrations similar to those that are
effective against Als5 and C. albicans aggregation (62, 66, 78, 88). Single-molecule AFM
experiments show force-distance curves similar to those for Als5p when the flocculins
are extended from the cell surface. Force-distance curves for cell-to-cell adhesion are
also similar, and ThS decreases the frequency of cell-cell adhesions by 50 to 90% in
single-cell AFM experiments (62). This observation recapitulates the idea that amyloid-
like �-aggregation of adhesins occurs between flocculins on different cells in contact to
strengthen the cell-to-cell bonds. Therefore, fungal adhesins from three unrelated
families (ALS, FLO1, and FLO11/MUC1) show �-aggregated surface nanodomains after
extension in AFM experiments, and there is enhanced cell aggregation activity when
these nanodomains are present. These observations argue that �-aggregation is a
general strategy for increased avidity and/or enhanced strength of cell-cell bonds in
fungal adhesins.

Summary of Effects of �-Aggregation on Cell-Cell Adhesion

Interactions between Als5p adhesins cluster them on the surface of the cell wall,
with adhesin molecules binding in cis on the cell surface through bonds that have
properties of amyloid-like �-aggregation. Clustering into nanodomains increases the
avidity of binding, increasing both the size of the aggregates and the number of
adhesin-ligand bonds formed between each pair of cells. Clustering is dependent
on specific amino acid sequences with extremely high �-aggregation potential, and
sequence variants with low �-aggregation potential do not form cell surface clusters.
Nanodomain formation can be inhibited by antiamyloid dyes or by a competitive
interaction with a similar-sequence peptide with low �-aggregation potential. Further-
more, a peptide containing the high-potential amyloid core sequence binds specifically
to the surface of cells with nanodomains, leading to increases in both the formation of
surface nanodomains and adhesion. This binding of a homologous sequence is a
hallmark of �-aggregates and amyloids. These properties are not limited to Als5p: there
are similar interactions between other C. albicans surface adhesins (Fig. 5A, bottom row)
and between the S. cerevisiae adhesins Flo1p and Flo11p (62, 66, 78). This clustering is
facilitated by the length and flexibility of the unstructured stalk regions of the proteins,
which allow neighboring adhesins to interact with each other.

FORCE INITIATES �-AGGREGATION AND AGGREGATION ENHANCEMENT
Force Induces �-Aggregation

�-Aggregation in fungal adhesins can be triggered by the forcible extension of
adhesins themselves. The initial observation by Klotz et al. of increased aggregation
as the cells and beads are mixed led to the discovery of force-induced surface
�-aggregates in AFM experiments (Fig. 4 to 7) (63, 71, 89, 90). Other force-generating
regimens also give similar results. C. albicans cells or S. cerevisiae cells expressing Als5p,
Flo1p, or Flo11p adhere to a hydrophobic or ligand protein-coated surface in a laminar
flow device when a cell suspension flows over the surface (62, 78, 81). As the flow rate
increases, the shear stress on the cells increases proportionally, and paradoxically, the
cells respond with increased binding to the surface and increased cell-cell aggregation
by 25- to 50-fold (Fig. 8) (62, 78, 81). This increased binding under high shear is known
as “catch bonding,” a property that allows leukocytes and bacteria to adhere to blood
vessel walls under high flow (92, 93). Catch bonding facilitates biofilm formation (94).
The catch bonding of C. albicans and Als5p-expressing S. cerevisiae cells is dependent
on the �-aggregation sequence, is accompanied by increased surface fluorescence with
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ThT, and is completely inhibited by antiamyloid compounds (62, 78). Thus, subjecting
cells to laminar flow effects both nanodomain formation and increased surface adhe-
sion, and we can add laminar flow-generated shear stress to the list of activating forces.
Interestingly, and relevant to the idea of the force sensitivity of these interactions,
stirring or shaking of a solution containing an amyloid-forming protein or peptide often
promotes amyloid formation (95). Similarly, a non-amyloid-forming mutant of Als3p
shows reduced binding to epithelial cells under mixing conditions but is not affected
in static assays (96). These results reinforce the idea that in adhesion and biofilm assays,
the amount and duration of (physical) agitation significantly affect the results; in our
opinion, adhesion and aggregation under flow more accurately reflect conditions
in vivo than do assays performed under static conditions.

Centrifugation or vortex mixing can also induce the formation of cell surface adhesin
nanodomains. Indeed, centrifugation of S. cerevisiae cells expressing Als5p at 3,200 � g
(4,000 rpm in a clinical centrifuge) exerts 16-fold greater frictional force on the cells than
does centrifugation at 200 � g (1,000 rpm). The result of the more rapid centrifugation is
a 1.5-fold increase in the initial rate of cell adhesion to ligand beads (77). An additional
1.5-fold activation follows vortex mixing. There remains a question as to whether
nanodomain formation results from cell-cell collisions or from shear stress due to the
laminar flow of the cells through the buffer. Two arguments support the force of the
laminar flow argument. First, vortex-induced activation is not dependent on cell density
during mixing. This result is expected if the activation event is liquid flow over the cell
surface, which is independent of cell density; on the other hand, if the activating force
was cell-cell collisions, we would expect much greater activation in denser cell suspen-
sions. The second argument is that centrifugation-induced nanodomain formation is
dependent on sedimentation speed. Thus, vortex mixing or centrifugation of cell
populations mimics the effects of laminar flow.

Force Activation of Fungal Adhesins in C. albicans

The behavior of C. albicans is highly similar to that shown in the S. cerevisiae surface
display model. Force activates �-aggregation and cell adhesins in C. albicans, similarly
to its effects on Als5p-expressing S. cerevisiae cells. AFM mapping experiments with an
Als5 tip show that �95% of its ligands on the C. albicans cell surface become clustered
following force application (Fig. 5A, bottom row) (76). Aggregation and model biofilm
formation are enhanced under flow in C. albicans, and these enhancements are
exquisitely sensitive to Congo red: 100 nM dye gives 40 to 50% inhibition (see Fig. 3 and
S4 in reference 78). Under moderate flow (�0.2 dynes/cm2), C. albicans adhesion to the
substrate and aggregation increase 23-fold over those under low-flow conditions, and

FIG 8 Catch bonding of yeast to fibronectin under increased flow. (Top) C. albicans SC5314 or S. cerevisiae
cells were allowed to adhere to a fibronectin-coated surface at a shear stress of 0.8 dynes/cm2 for 2 h and
then imaged. Bar, 5 �m. (Bottom) Adherent cells were quantified with ImageJ. (Adapted from reference
78.)
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ThS or Congo red inhibits this increase (78). Thus, C. albicans itself shows force-
dependent surface clustering, �-aggregation, and catch bonding, with characteristics
similar to those of Als5p-expressing S. cerevisiae (78).

Some of this behavior may result from the activity of Als1p, which can be highly
expressed on C. albicans yeast cells and hyphae (97, 98). AFM force-distance profiles of
C. albicans show numbers of tandem repeats characteristic of Als1p (99, 100). Als1p
expressed on S. cerevisiae also leads to ThT-bright spots during aggregation assays, and
aggregation activity is inhibited by antiamyloid treatments (66, 76). Also, antiamyloid
treatment inhibits Als1-mediated strong binding to a peptide ligand in AFM experi-
ments with caspofungin-treated C. albicans cells (100). A nonamyloid V326N mutant of
Als1p also shows altered adhesion/aggregation activity (our unpublished data). Thus,
several properties of Als1p appear to be enhanced by �-aggregation at the cell surface,
similarly to Als5p.

Generality of Force Activation of Fungal Adhesins: S. cerevisiae Flocculins

The S. cerevisiae adhesins Flo1p and Flo11p also cluster and increase aggregation
activity in response to force. In these proteins, the large number of �-aggregation
sequences impedes the identification of specific sequences as being crucial for activity.
Like Als1p and Als5p, the flocculins show increased formation of surface ThT-bright
nanodomains after laminar flow or vortex mixing, and increased cellular aggregation is
also potentiated. Congo red or ThS (�1 mM) inhibits both aggregation activity and the
effects of force.

Furthermore, flocculins and Als5p adhesins have similar responses to shear stress
when cells are exposed to flowing liquid (62, 77, 78). S. cerevisiae expressing either
flocculin adheres to the substrate and aggregates when subjected to shear stress of 0.8
dynes/cm2 but not shear stress of 0.02 dynes/cm2. These aggregates develop into
biofilms over 24 h. Thus, flocculin-expressing cells show catch bonding and biofilm
formation similar to those of Als5p-expressing cells. With all three adhesins, the shear
response reflects characteristics of �-aggregation, i.e., the development of surface
birefringence and ThT-bright surface nanodomains, as well as inhibition by antiamyloid
dyes. Furthermore, these similarities extend to stimulation by vortex mixing (62, 66, 78).
Cells expressing either flocculin aggregate after vortex mixing and simultaneously show
the development of surface ThT-bright adhesion nanodomains.

Summary of Force-Induced Nanodomain Formation

The application of any of several extension forces to fungal adhesins increases
adhesin clustering through �-aggregation and leads to increased avidities for binding
to ligands and for aggregation with other cells (Fig. 9). The ALS, FLO1, and FLO11
adhesins show similar responses to force despite their apparent nonhomology and
disparate �-aggregation-prone sequences. This commonality likely reflects the similar

FIG 9 Model for the effects of hydrodynamic flow on the conformation and aggregation of yeast
adhesins. In the initial state, the amyloid core peptide is buried in the interface between the NTD (purple)
and the T domain (yellow). In step 1, shear stress unpacks this interface, and in step 2, the T domain
unfolds, allowing flexibility to promote interactions among the adhesins to form a nanodomain (step 3).

Lipke et al. Microbiology and Molecular Biology Reviews

March 2018 Volume 82 Issue 1 e00035-17 mmbr.asm.org 16

http://mmbr.asm.org


overall architectures of the adhesins, the presence of �-aggregation sequences, and
their similar roles in mediating the cellular response to shear stress in vivo.

A MODEL FOR THE RESPONSE TO FORCE

How can a cell adhesion protein respond to shear stress? We have developed a
model based on the unfolding of protein domains and subsequent exposure of the
�-aggregation sequences. This exposure in turn leads to an association with homolo-
gous sequences in other adhesin molecules and transition to the clustered surface
structure of adhesin nanodomains (Fig. 9).

Association of the Als5p Amyloid Core with the N-Terminal Domain

Structures of the Als3p and Als9p invasin-Ig domains (NTDs) have been solved by a
combination of X-ray diffraction and NMR spectroscopy (52, 96, 101). Because some of
these structures include the �-aggregation sequence at residues 325 to 330, we can use
them as a basis for showing how the sequence is buried in the resting state and
exposed to the solvent after shear stress. The NTDs are composed of tandem antipa-
rallel �-sheet domains with “Greek key” topology (Fig. 10). There is a deep canyon
extending into the domain interface. This canyon binds C-terminal peptides with broad
specificity and high affinity, and in some structures, the C-terminal peptide of the
crystallized fragment is bound in this canyon. This C-terminal peptide is in fact the
�-aggregation core sequence of the adhesins. However, this binding is not geometri-
cally compatible with the native structure of an entire Als protein: there is no C
terminus here in the native protein. Indeed, there are 1,000 more amino acid residues
after this region, and the C-terminal carboxyl group is bonded to the cell wall poly-
saccharide through the GPI remnant (Fig. 3 and 9).

Energetics of the Association of the Amyloid Core Sequence with the NTD

In recognition of this issue, the peptide-binding canyon of Als3p was “blocked off”
by site-specific mutations. In this modified protein, the �-aggregating sequence sits in
a hydrophobic groove on the side of the NTD with the C-terminal residue available for
connection to the rest of the Als3p sequence (Fig. 10A, strand circled in dark blue). We
used this structure (RCSB PDB accession number 4LEE) as a basis for calculations of the
free energy of dissociation of the �-aggregating sequence from the surface of the NTD
in Als5p. Metadynamics simulations calculated the free energy change, the activation
energy, and the probability that the peptide would be free from the surface at any
specific moment (Fig. 10B) (96, 102). The results showed that the �-aggregating
sequence IVIVATT bound tightly to the NTD surface �99.8% of the time, with a

FIG 10 Models of Als protein NTDs. (A) Atomic resolution model of Als3p with the peptide-binding
canyon blocked by mutations. The �-aggregating core peptide is dark blue and circled (RCSB PDB
accession number 4LEE [96]). (B) Model showing starting points and endpoints of metadynamics
simulations of the effect of extension force on the conformation of the amyloid core peptide (pink). The
region depicted is the same as the one circled in panel A.
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dissociation free energy (ΔGdissoc) value of �3.8 kcal/mol and an activation energy
value of 6.4 kcal/mol. In contrast, the nonamyloid mutant sequence INIVATT had a 95%
probability of being dissociated from the surface, with a ΔGdissoc value of �1.8 kcal/mol.
An amyloid-forming sequence from the Alzheimer’s disease protein A� showed inter-
mediate properties: it was surface bound 95% of the time and had low activation
energy for dissociation, with a ΔGdissoc value of �2 kcal/mol.

These calculations can explain the differences in the activities of three forms of
Als5p with different �-aggregation sequences: the native sequence, INIVATT (nonamy-
loid sequence), and LVFFATT (A� sequence). For the native protein with the IVIVATT
sequence, one side of the �-aggregation sequence is stably docked against the NTD,
and the other packs into the all-�-sheet T domain (Fig. 4, 9, and 10). Forces generated
by an AFM tip or under laminar flow in blood or saliva are enough to overcome the
estimated free energy of dissociation and to “peel” or “lift” the peptide from the surface
of the NTD. The exposed sequence then interacts with the same sequence from nearby
Als molecules to form surface �-aggregates. In this way, shear forces unfold the T
domain, expose the �-aggregating sequence (Fig. 9, steps 1 and 2), and lead to the
formation of adhesion nanodomains on the cell surface (Fig. 9, step 3).

In contrast, neither the nonamyloid version of Als5p (INIVATT) nor A�-Als5p (LVFF
ATT) shows force-dependent activation. The nonamyloid sequence is naturally disso-
ciated from the NTD and is therefore constitutively exposed. However, the INIVATT
sequence interacts poorly with neighbors and therefore cannot mediate the formation
of surface nanodomains of adhesins. For the A� sequence, the force needed to expose
the sequence and allow �-aggregation to occur is 3- to 4-fold lower and likely to be
applied through Brownian motion or incidental handling of the cells. Thus, A�-Als5p
forms surface nanodomains constitutively, as observed previously (71, 81).

The consequence is that the molecular model explains the cartoon model. The
presence of extension or shear force unfolds the T domain in Als proteins and strips the
�-aggregation sequence from the surface of the NTD. The exposed sequence then
nucleates or adds to an adhesin nanodomain that is held together by amyloid-like
interactions (Fig. 9). This model is similar to an emerging theme in catch bonding: shear
stress-induced domain unfolding is a key response to force (103, 104). Such unfolding
often inactivates inhibitory or regulatory domains (105, 106). The unfolding-associated
exposure of a functional amyloid sequences in fungal adhesins appears to be a novel
mechanism for catch bonding.

A similar model can apply to Flo1 family proteins, which have an amyloid core
sequence in each tandem repeat (Fig. 3) (62). The repeats are unfolded by extension
force (88), so the unfolding of any repeat would lead to the exposure of an amyloid core
sequence. Amyloid-like interactions can thus form between flocculins on the same cell
or different cells. Because amyloid-enhanced aggregation can occur only if both cells
express a flocculin with the same amyloid core sequence, aggregation will be stronger
between Flo-expressing cells than between an expressing cell and a nonexpressing cell.
This difference in adhesion strength can explain the self/nonself discrimination ob-
served in Flo1p-mediated mats of S. cerevisiae and Flo11p-mediated biofilms (74,
107–111). Thus, the activity of S. cerevisiae flocculins is also consistent with the model
illustrated in Fig. 9.

Is Force-Dependent �-Aggregation “Real” In Vivo?

We have documented the force-dependent formation of �-aggregated surface
adhesion nanodomains primarily in vitro, so a question remains as to whether this
phenomenon is applicable in vivo for C. albicans and other fungi. In the laboratory, we
can easily visualize amyloids on C. albicans cell surfaces in biofilms (Fig. 11A). Remark-
ably, there is also compelling evidence for the presence of surface amyloids in ab-
scesses in infected tissue. Autopsy sections from human victims of fungal infections
show fungi coated with amyloid and serum amyloid P component (SAP), an amyloid-
binding serum protein that is part of the innate immune response, specifically as a part
of a damage-associated molecular pattern (DAMP) (9, 112, 113). SAP staining colocalizes
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with Congo red- and thioflavin-binding amyloid-like material on the cell surface of
fungi in aspergillosis, candidiasis, coccidioidomycosis, and Mucorales infections (Fig.
11B) (114). SAP binding may be a cause of the lack of host inflammatory responses to
fungal infections (115). Shear force is a plausible factor in biofilm development in deep
mycoses, given the presence of significant force within tissues (116). There may also be
other mechanisms that trigger unfolding and clustering of adhesins in vivo, but we do
not yet know what they are.

These findings demonstrate that amyloid-like �-aggregates are present on infecting
fungi and that the inhibition of amyloid-like interactions can prevent fungal adhesion
to host cells. In addition, antiamyloid compounds inhibit the natural flocculation of S.
cerevisiae, and there is a widespread occurrence of �-aggregating sequences in fungal
adhesins. These sequences are strongly conserved, an observation which implies that
they contribute to evolutionary fitness, probably by facilitating the formation of
biofilms (115). Thus, there is both direct experimental and medical evidence as well as
strong evolutionary arguments for an essential role for the �-aggregate-forming se-
quences in fungal adhesins and extensive demonstrations that they mediate the
formation of strongly interacting surface nanodomains in biofilms and host interac-
tions.

OVERALL SUMMARY AND OPEN QUESTIONS

�-Aggregation is based on the formation of �-sheet structures between identical
sequence peptides and is the molecular interaction leading to the formation of many
amyloid fibers. In many fungal adhesins, there are Ile-Val-Thr-rich peptide sequences
that form such �-aggregation-based amyloid fibers. Soluble versions of the adhesins
Als5p and Flo11p form amyloids in vitro under nondenaturing conditions, an observa-
tion demonstrating that the �-aggregating sequences can be naturally accessible for
interactions.

However, adhesin amyloid fibers do not form on fungal cell surfaces, because the
geometric constraints of cell surface anchorage prevent the proteins from assembling
into fibrillar structures. Instead, adhesins assemble on the cell surface into 2-dimensional
nanodomains in which amyloid-like �-aggregation mediates interactions of proteins
in cis on the surface of a cell and in trans between cells. The nanodomains are 50
to 500 nm in diameter and bind amyloidophilic dyes at nanomolar concentrations.
At 103-fold-higher concentrations, amyloid dyes inhibit interactions, as they do for
amyloid fibers themselves. Such �-aggregated nanodomains have been observed in
cells expressing four of the best-characterized fungal adhesins from three different
gene families: the ALS gene family from C. albicans and the FLO1 family as well as
the unrelated adhesin Flo11p in S. cerevisiae. The nanodomains propagate around
the entire cell surface, increasing the frequency and avidity of cell-to-cell bonding.
At least for the Als proteins, nanodomain formation is dependent on a specific
�-aggregating sequence, and indeed, a single residue in this sequence is critical
(Val326). There is also evidence for amyloid-like bonds between aggregating cells.

It is the application of extension force that activates �-aggregation of the adhesins

FIG 11 Fungal surface amyloids in situ. (A) C. albicans biofilm stained with ThT. Bar, 25 �m. (Micrograph by Lin Yang.) (B) Abscess from
the gastrointestinal tract of a candidiasis victim showing colocalization of ThT and WT peptide binding. This colocalization implies that
Als proteins are components of the surface amyloids in the lesion. Bar, 25 �m (86).
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and the subsequent enhancement of cellular aggregation. Such force can be
applied in an AFM or in vivo through the exposure of cells to laminar flow or
through the forces that cells apply to each other during the mixing inherent in
aggregation assays. The activating forces are in the range of 10 to 100 pN, sufficient
to unfold the protein domains that contain the �-aggregation sequences and to
expose the amino acids that participate in amyloid-like interactions. The conse-
quences of the activation of �-aggregation include the formation of large aggre-
gates and biofilms resistant to dislodgement by flow.

Among the most important unanswered questions are the following:

● What is the atomic structure of cell surface nanodomain �-aggregates? Although
ribbon-like amyloids serve as a first model, solving this problem will require novel
biophysical approaches.

● Do �-aggregate nanodomains occur in other eukaryotic cells, or are they specific
to fungi? Potential �-aggregation sequences are also common in mammalian cell
adhesion proteins, but we do not know whether they affect cell-cell adhesion (71).
Given the idea that biofilms are organized structures analogous to tissues, are
such interactions common in metazoan tissues as well as in biofilms (117, 118)?

● In biofilms under flow, are forces transmitted through the nanodomains to the
cell interior to alter transcription and metabolism? Are there similar consequences
in bacterial and archeal biofilms (119–121)?

● Can the amyloid-like interactions be manipulated by pro- or antiamyloid treat-
ments to improve outcomes in fermentations, biofouling prevention, and bio-
medical treatments (41, 116)?

Thus, we need to investigate the scope of the occurrence and biological conse-
quences of this newly discovered activity in eukaryotic adhesins.
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