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Microbial adhesins have multiple functions, and these activities are all evolved and selected. Adhesins can act as

enzymes, as assembly scaffolds and components of complex nano-machines. Sometimes, these activities are

called secondary because they were discovered secondarily. For instance, microbial type IV pili were first called

adhesive. In contrast, phosphoglycerate kinase has its well-known enzymatic activity, but in fungi it also moonlights

as an extracellular adhesin.
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1. Multiple Activities of Microbial Adhesins

1.1. What Is an Adhesin?

This question has a simple answer: a cell surface protein that binds one cell to another or binds a cell to a

substrate. This definition encompasses two types of proteins: professional, dedicated adhesins and ‘moonlighting’

proteins that are displayed on a cell surface and happen to bind to a partner on another cell. Both types of adhesin

are multifunctional and are found on the surface of both prokaryotic and eukaryotic microbes. For microbes, many

of these adhesins are involved in microbe-host interactions, in biofilm formation and maintenance, or both. This

essay concentrates on those adhesins that have cell–cell interaction activity. Nevertheless, many of these adhesins

also bind microbes to biotic and abiotic surfaces.

1.2. Biofilms

Biofilms are often considered to be the natural state of microbial growth and maintenance. They are organized

communities in which cells are differentiated and adapted to specific metabolic and adhesive roles. Cells in both

bacterial and fungal biofilms are also characterized by high resistance to antibiotics and antifungals . Biofilms

are also resistant to nematode predation, a property conferred by the adhesins . Biofilms include at least four

different morphologies: amorphous layers on surfaces; surface layers with perpendicular towers or mushroom-

shaped constructs; well-organized mats of cells with regular wrinkles and crenellations; and pellicles, biofilms

formed at air-water interfaces . Within each biofilm morphology, individual cells have different specialized roles

dependent on specific patterns of gene expression .

1.3. Multiple Activities of Microbial Adhesins

Minimally, each adhesin has three activities (Figure 1):
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Figure 1. Some general features and activities of microbial adhesins. Adhesins (blue with a green glycosylation)

are bound to cell wall (grey). The ligand is shown in tan.

Its ability to recognize and bind a ligand or other binding partner. This binding must last long enough for the

adhesion to be biologically relevant; often this means that the adhesive bond lasts for hours or even years ;

Its attachment to the surface of the expressing cell. Attachment can be through covalent binding to the cell wall,

membrane embedment, or association with another wall-attached protein ;

Its activity as a surface marker: This activity is crucial in microbe-host interactions, and many adhesins are also

immune modulators. Adhesin structures are bound by immune effectors and by other cell signal receptors. This

binding leads to the modulation of host responses. In addition, biofilm adhesins mediate microbe–microbe

associations, which induce changes in microbial cellular physiology . This activity can be due to direct

signaling between adhesins, or indirect due to adhesin-induced long-term increases in population density .

1.4. Time and Adhesin Activity

A simple definition of an adhesin is a protein that mediates direct binding of one cell to another. By convention, the

definition excludes many intercellular signaling complexes that induce cellular differentiation or alter cellular activity

within a few seconds. The timing is somewhat flexible: for instance, lectin binding is brief and allows lymphocytes

to roll along the endothelium as successive molecules bind and dissociate ; on the other hand, the adhesins that
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mediate bacterial mating are active for 20 min to an hour . There are also instances where continued adhesion

leads to continuing signaling that alters cell fate: in yeast mating, responses to sex pheromone include changes in

gene expression after a few seconds of exposure, but the ability to elicit a mating process requires at least an hour

of response to high pheromone concentration, and this response requires continued cell–cell adhesion .

1.5. Adhesion Assays

The gold standard assays show that a specific protein is both necessary and sufficient for the adhesion of cells to

each other or to a substrate. Genetically, these properties are often established by showing that adhesion is lost

when a specific gene is mutated (necessity demonstrated by loss of function, LoF), and, conversely, that

expression of the protein in a heterologous system confers adhesion activity (sufficiency shown by gain of function)

. In practice, LoF mutations are often used to identify putative adhesins, but they can be confounded by other

activities of the proteins (for instance, several putative adhesins are transcription factors, or inducers of

transcription regulation, and deletions cause failure to express other cell-surface adhesins ).

1.6. Characteristics of Adhesin Binding

1.6.1. Adhesin Ligands and Partners

There are many ways that adhesins bind to target proteins. In fact, the standard ligand receptor terminology is

often inappropriate when both binders are adhesins that contribute large binding surfaces. Thus, Figure 2 shows

several examples. In (A), a protein with a well-folded domain incorporating a well-defined pocket binds to a small

segment of a heterologous adhesin. This cartoon is like a classic receptor-ligand model, and an example is the

Saccharomyces cerevisiae mating adhesin alpha-agglutinin, which binds the C-terminal residues of its partner, a-

agglutinin subunit Aga2. The existence of such binding pockets is, of course, analogous to active sites on most

enzymes. In (B) and (C), heterologous adhesins bind through interactions of larger portions of the domain surfaces.

Finally, in (D), there is extensive interaction between two identical adhesins to show homophilic binding.
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Figure 2. Adhesin binding to ligands and binding partners. Colors are the same Figure 1, with a heterophilic

binding partner (lavender in C).

1.6.2. Adhesin Bonding

The vast majority of adhesin interactions are non-covalent. These events include all of the modes of protein-protein

binding including Van der Waals, polar, and ionic interactions, as well as the hydrophobic effect between

complementary surfaces. An exception is the Candida albicans adhesin Hwp1, one of a class of adhesins

covalently bound to fungal cell surface through glycosyl phosphatidyl inositol (GPI) links to cell wall glucans. Hwp1

is a substrate for transglutaminase on mammalian cell surface, and the enzyme crosslinks Gln residues in the N-

terminal region of Hwp1 to Lys residues on the surface of mammalian keratinocytes .

2. Intracellular Proteins That Moonlight as Adhesins

In both bacteria and fungi, highly expressed cytoplasmic and mitochondrial proteins have often been identified as

adhesins. Among those most often identified are the glycolytic enzymes enolase and glyceraldehyde phosphate

dehydrogenase (GAPDH), along with cytoplasmic chaperones. These proteins are consistently identified as cell

wall components, despite their lack of secretion signals. In bacteria the mechanism of externalization is still not

clear . In fungi they are unconventionally secreted through the endosomal/vacuolar system . Such

moonlighters have often been identified as receptors for plasma and extracellular matrix (ECM) proteins.

3. Multifunctional Bacterial Adhesins

3.1. Bacillus subtilis TasA

[20][21]
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This ~30 kD protein has a wide variety of effects. It was discovered as a component of spore coats. There are at

least two forms of the protein: a soluble monomeric α/β globular form that forms amyloid-like fibers in vivo, which,

however, lack canonical cross-β structure . Fibrous TasA is a major component of biofilm matrix, where it

contributes to biofilm wrinkling (thought to be a strategy for making nutrient channels within the biofilm .

Unsurprisingly, TasA determines biofilm hydrophobicity and cohesion under stress. It also contributes to antibiotic

resistance of biofilms. However, TasA also acts intracellularly upstream of SinR to regulate cell fate. Mutant tasA

cells form biofilms with fewer motile cells and more cells that excrete extracellular matrix components .

3.2. Pili Adhesins

Bacterial pili and fimbriae often have adhesion as a primary function . The adhesins are the tip subunits in

some cases, or in other cases adhesion activity is a property of the major pilin structural subunits themselves. The

curli pili of gram-negative bacteria assemble in amyloid-like structures, and greatly contribute to biofilm structure

and adhesiveness and antibiotic resistance. There is extensive literature on the biosynthesis, assembly, and

consequences of these structures .

3.3. MSCRAMMS

Gram-positive cocci like Staphylococcus and Streptococcus express MSCRAMMS (microbial surface components

recognizing adhesive matrix molecules) . These adhesins are cross-linked through their C-terminal residues to

the wall peptidoglycan by transpeptidylation during wall synthesis . Various MSCRAMMS bind to a large variety

of mammalian ECM components including fibrinogen, collagens, fibronectin, cytokeratins, complement factors, and

others. Most MSCRAMMS are 500–1000 amino acids. They have tandem Ig-like β-sandwich domains near the N-

terminus. A primary binding site is in the linear cleft or trench between the domains. Ligand peptides dock in the

cleft through sidechain interactions. Then, an unstructured segment of the protein immediately C-terminal to the

second Ig-like domain locks the ligand in place by crossing on top of it. This action forms a ‘latch’ onto the first Ig-

like domain by constituting an additional β-strand at the edge of one β-sheet. This dock, lock, and latch mechanism

(DLL) results in an extremely strong adhesive bond. In the collagen-binding MSCRAMM CNA from Staph. aureus,

the Ig-like domains are connected by a flexible linker. The two domains then close around the fiber, and the latch

peptide adds stability by β-strand addition to domain I, as in DLL binding .

4. General Characteristics of Fungal Adhesins

Each fungal adhesin has different specificity for binding, as well as a characteristic profile for expression time in the

growth cycle in the various fungal morphs and growth phases. Nevertheless, they share certain molecular features,

including heavy glycosylation, hydrophobicity, secretion signals, C-terminal modified glycosyl phosphatidyl inositol

(GPI) anchors covalently bound to cell wall glucans, amyloid core sequences, and often Cys-rich motifs and dibasic

motifs . In a few cases, some of the resulting adhesion partners have been identified. Simple examples include

the S. cerevisiae Flo adhesins. These adhesins facilitate formation and maintenance mats, a type of biofilm that

looks like a large, structured colony on an agar plate . The FLO1 family encodes 3 adhesins, and each is
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a lectin with a glycan binding site specific for α-mannosyl or α-glucosyl residues . The binding has moderate

affinity, and is non-specific, considering the prevalence of these residues on fungal and animal cell surfaces. In

addition, each Flo lectin has multiple amyloid core sequences that can form homotypic cross-β structures on cell

surfaces to cluster the adhesins and increase avidity of the interactions. The formation of cross-β aggregates

increases the strength of adhesive bonds. The adhesin Flo11 is not homologous to the Flo lectins and does not

have glycan binding activity. Instead, its interactions include homotypic association between Trp residues arrayed

in a ring around the surface of the well-folded N-terminal domain. The Trp indole and Tyr phenol rings stack to

generate electron delocalization similar to that of base stacking in a DNA double helix. Trp and Tyr residues also

contribute hydrophobic effect interactions .

5. Candida albicans Int1

This protein is large and highly multifunctional. Although its structure is largely unknown, it has low homology to

mammalian integrins, and includes a region similar to the Saccharomyces cerevisiae Bud4 GTPase. Accordingly, it

has intracellular functions including interaction with septin ring proteins. Its roles include ploidy stabilization, bud

site selection, and in hyphal morphogenesis under some conditions . A poly Gln sequence at the C-terminal is

characteristic of proteins that regulate cellular responses through the formation of reversible membrane-less RNA-

protein aggregates . Despite its lack of a signal sequence, it can be detected on the cell surface, so it is

presumably unconventionally secreted . Int1 mediates binding to epithelial cells as well as binding of

complement protein iC3b . Thus, Int1 has evolved to function in many key features of cellular morphogenesis,

and its adhesin activity is perhaps moonlighting.

6. Multiple Functions of Yeast Mating Adhesins

The S. cerevisiae mating process illustrates the multiple roles for adhesins. The classic adhesin Sag1 expressed

by mating type α (MATα) cells binds to the C-terminal residues of Aga2, which is expressed only in mating type a

(MATa) cells . By homology arguments, this binding is similar to the Candida albicans Als adhesin family

, as discussed below. S. cerevisiae Aga2 is the only known Sag1 ligand in the biosphere; thus, Sag1 and Aga2

have only a single known activity. However, Aga2 is a 69-amino acid mannoprotein, and is anchored to the cell

surface through disulfide bonding to Aga1, a GPI-crosslinked cell wall protein. In contrast, Aga1, which appears to

be an unstructured mannoprotein, is expressed on the surface of both mating types . In matings on solid

substrates, Sag1 and Aga2 are not essential, and at least in these mating conditions cell adhesion is mediated by

Aga1 binding to its distant homolog Fig2 . Thus, Aga1 is at least a bifunctional adhesin. Fig2 can also bind to

itself to facilitate mating on surfaces. Binding Aga1-Fig2 and Fig2-Fig2 binding require conserved Cys residues in

WCPY and CX C motifs in both partners. Thus, it is possible but untested that these adhesins form intermolecular

disulfide bonds, and such bonds would constitute intercellular disulfide bonds, during mating. All of these adhesins

are required for normal morphology of the zygotes . These adhesins Aga1 and Fig2 thus illustrate adhesins with

multiple binding partners, and Aga1 has the additional role in disulfide binding to Aga2.
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7. Multiple Binding Modes and Multiple Functions in Candida
adhesins

Dozens of adhesins have been identified in C. albicans and C. glabrata, human commensals and opportunistic

pathogens. C. albicans is the most frequent agent for human fungal infections and the cause of most fungal-

induced mortality . C. glabrata is more closely related to baker’s yeast S. cerevisiae than to C. albicans, and it is

highly resistant to many antifungals. Therefore, C. glabrata is now the second most frequent fungal disease agent.

Each of these fungi expresses specific adhesins differentially in different growth conditions and in different fungal

morphs and phases. These adhesins share certain characteristics, including heavy glycosylation, hydrophobicity,

GPI-mediated bonds to wall glucans, and amyloid core sequences . In C. glabrata, two large adhesin families,

EPA and AWP, have been well-studied . The EPA family encodes many glycoprotein lectins that bind

galactose and related saccharides in mammalian glycocalyx. In each adhesin, an N-terminal C-type lectin domain

is attached to a long, Ser/Thr-rich glycosylated stalk and a modified GPI anchor covalently bonded to cell wall

glucan. Epa family adhesins do not appear to use amyloid-mediated interactions, a characteristic of S. cerevisiae

Flo family lectins. Therefore, EPA family lectins are likely to mediate short-lived interactions, like the lectins that

mediate rolling of lymphocytes along the endothelium .

8. C. albicans Als Family Adhesins

In C. albicans eight Als adhesins are encoded at separate loci, ALS1 through ALS7 and ALS9. These loci are

usually heteroallelic (i.e., the diploid alleles have different sequences, so 16 different gene products are encoded)

. More diversity is generated by the ambiguity of the CUG codon, which is translated as Ser 97% of the time,

and as Leu 3% of the time. CUG encodes 2–18 surface-exposed residues in different Als proteins . Even at this

low amount of ambiguity, many adhesin molecules transcribed from the same gene display non-identical peptide

sequences; individual molecules also vary in glycosylation patterns. This heterogeneity generates adhesins with

different binding characteristics. Nevertheless, all members of the gene family share the same basic architecture

(Figure 6). Each adhesin has a tandem pair of N-terminal Ig-like invasin domains, and there is a peptide binding

cleft at the interface between the domains. In each adhesin, there is a sequence-conserved amyloid core sequence

immediately following this region. This sequence is initially folded at the interface between the highly conserved T

region and the Ig-like domains . C-terminal to the T region are 5–35 copies of a 36-amino acid tandem repeat

with a three-stranded antiparallel β-sheet structure. The tandem repeats are followed by a flexible but unstructured

stalk region of 600–1000 amino acids with 30–50% glycosylated residues, then the modified GPI anchor that

mediates attachment to the cell wall glucan. Similar adhesins are encoded in many diverse yeasts, including S.

cerevisiae α-agglutinin (Sag1).
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Figure 3. Binding partners of C. albicans Als adhesins. The model shows the two N-terminal Ig-like domains in

dark blue, with the binding cleft between them. Three tandem repeats in the T region and two of many repeats in

the TR regions are shown in light blue. The unstructured C-terminal stalk region is shown as a wavy line with

attached glycans in green. This region typically consists of 600–1000 residues.

9. The Remarkable Similarity of Bacterial MSCRAMMs and
Fungal Als Adhesins

The N-terminal region Ig-like domains region of Als adhesins are structurally similar to the Ig-like domains of

MSCRAMMs and Als3 (Figure 4) . Als proteins bind C-terminal peptides in the cleft between the

domain, like the binding trench in MSCRAMMs. In each of these adhesin families, the Ig-like domains are followed

in sequences by tandem β-sheet domains, a long unstructured stalk region that holds the adhesin domains away

from the cell surface, and a covalent bond to the microbe wall. There is the sortase-dependent transpeptidylation of

MSCRAMMs to the wall peptidoglycan, and in the fungi there is the GPI-dependent transglycosylation of adhesins

to the wall β-glucans. In each family, the peptide immediately C-terminal to Ig-like domain 2 has a non-structured to

structured transition: in MSCRAMMs it is the DLL lock and latch mechanism. In Als proteins this peptide forms

amyloid-like cross-β bonds that cluster the adhesins to increase avidity. In each family, at least some members can

form these cross-β amyloids between cells.
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Figure 4. Similarities between a bacterial MSCRAMM and a fungal Als adhesin. In the maps, regions with

analogous structures are similarly colored: N-terminal secretion signals (S) and C-terminal wall anchorage signals

(SS, bacterial sortase; GPI glycosyl phosphatidyl inositol) are black, Ig-like domains are green and yellow, tandem

repeats are light blue, and low-complexity stalk regions are light green (SD, (SerAsp)  repeats). The structural

models show the Ig-like domains with the ligand peptides in orange. The CrdG structure is from pdb file 1R17 and

the Als3 structure from file 4LEB.

The similarities extend to multifunctional properties of these adhesins. Both families mediate microbial binding to

abiotic and biological substrata, including indwelling medical devices. Each family shows broad binding to

mammalian ECM components, and each family includes members that act as epithelial invasins. In each family,

there are secondary binding sites for other ligands, and these secondary sites are used to form homophilic bonds.

These bonds cluster the adhesins on the cell surface to greatly increase the avidity of binding to complex

substrata. These bonds are amyloid-like in Als proteins and MSCRAMM properties are consistent with that model.

Als and MSCRAMMs also form amyloid-like cross-β bonds between kindred cells to strengthen biofilms under

shear stress . Both adhesin families show flow-dependent strengthening of the adhesive bonds (catch

bonding), and in Als proteins this is due to the shear-dependent unfolding of the amyloid-containing peptide. The

structures of MSCRAMMs and Als adhesins therefore appear to be similar, and they mediate similar multifunctional

activities. Thus, there are adhesins with similar multifunctionality in bacteria and eukaryotic fungi.

n
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