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Abstract Trimeric autotransporter adhesins (TAAs)

are located on the surface of many pathogenic Gram-

negative bacteria. TAAs belong to the autotransporter

protein family and consist of three identical mono-

mers. These obligate homotrimeric proteins are

secreted through the bacterial type Vc secretion

system and share a common molecular organization

that each monomer consists of a N-terminal ‘‘passen-

ger’’ domain and a C-terminal translocation domain.

TAAs are important virulence factors that are involved

in bacterial life cycle and participate in mediating

infection, invasion, dissemination and evasion of host

immune responses. TAAs have also proved to be

useful for many applications, such as vaccines and

disease biomarkers. We here mainly focused on new

findings on bio-function and application of TAAs in

addition to their common structure and secretion

mechanisms.

Keywords Review � Trimeric autotransporter

adhesin � New findings � Application

Introduction

Trimeric autotransporter adhesins (TAAs) belong to a

growing group of surface adhesins secreted by several

types of pathogenic Gram-negative bacteria and in-

volved in pathogenesis, as well as in the defense against

host immune responses. The earliest described and most

prototypical TAA is YadA from Yersinia enterocolitica

and Yersinia pseudotuberculosis (Bolin et al. 1982;

Skurnik et al. 1984); other prominent examples of TAAs

include Hia and Hsf fromHaemophilus and NadA from

Neisseria meningitidis. As TAAs are homologous

multimers containing three polypeptide chains, each

monomer makes the same contribution to the complete

structure. All TAA family members share a common

molecular architecture: a multifunctional, long ‘‘pas-

senger’’ domain at the N-terminus and followed by a

stable, highly conserved C-terminal translocation do-

main or anchor domain (Linke et al. 2006). Each of these

two domains has its unique architectures and bioac-

tivities. Additionally, the immature TAA proteins have

a signal peptide, most of which contain approximately

20–30 amino acids, only 10 % of them contain more

than 50 amino acids (Dautin and Bernstein 2007). TAAs

have attracted significant attention since their discovery

on the Y. enterocolitica surface. In addition to YadA,

Hia and Hif, recent studies have suggested that several

additional life-threatening infectious Gram-negative

bacteria possess one or more TAAs; these proteins

include Apa from Actinobacillus pleuropneumoniae
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(Xiao et al. 2012), SadA from Salmonella enterica

(Raghunathan et al. 2011), BpaA from Burkholderia

pseudomallei (Edwards et al. 2010), BadA from Bar-

tonella (Riess et al. 2004; Szczesny et al. 2008), EmaA

from Actinobacillus actinomycetemcomitans (Mintz

2004), and Cha from Haemophilus (Sheets et al. 2008).

In recent years, the biological role of TAAs and

their corresponding mechanisms have been fully

studied. The canonical function of TAAs is their

adhesion activity. To adapt to a changing environ-

ment, TAAs not only can adhere to non-living

materials (Ishikawa et al. 2014), such as plastic and

glasses, but also can adhere to living objects, including

mediating bacterial attachment to host cells and

mediating interactions between bacteria that results

in bacterial autoaggregation or biofilm formation.

There is accumulating evidence suggest that TAAs

play key roles in bacterial pathogenesis. TAAs can

promote bacterial infection, colonization, invasion

and dissemination via bacterial attachment to the

extracellular matrix (ECM), cell surface receptors or

host tissues. TAAs are also involved in the evasion of

host immune responses via anti-serum or by resisting

phagocytosis. More importantly, recent studies have

indicated that TAAs not only can function alone, but

also interact with other bacterial virulence factors.

Although TAA family members have similar

spatial structures, many details remain unknown due

to the complexity of TAA structure and function and

variability between bacteria species. However, it is

exciting that there is a bright future in the possible

applications of TAAs in disease control in addition to

their important virulence functions. Many studies have

reported that TAAs have potential as vaccine candi-

dates and in clinical diagnosis. Most existing TAAs

reviews focus on TAAs structure and secretion

mechanisms; therefore, this review places more em-

phasis on the current knowledge on new findings and

potential applications of TAAs in addition to simply

reviewing their common structures and secretion

mechanisms. In addition, we suggest the future work

need to solve the impending questions and to fully

understand the roles of TAAs in bacterial disease.

The common molecular structures of TAAs

All TAA family members are composed of three

identical polypeptide chains and share a common

architecture feature, despite a limited degree of

sequence similarity. As shown in Fig. 1, the head-

stalk-anchor architecture of each monomer consists of

a C-terminal translocation membrane-anchored do-

main and an N-terminal head-surface-exposed pas-

senger domain. In addition, there is a signal peptide

located at the N-terminus of the passenger domain in

pre-autotransporters. The passenger domain consists

of the following three sub-domains: the adhesive head

domain, the neck connector domain and the long,

repetitive stalk domain. Each area in this passenger

domain has a unique structure and bioactivities. The

head domain, for example, mediates the adhesion

function of TAA family members in most cases. The

stalk projects the functional head away from the

bacterial cell surface. The short neck domain acts as an

adaptor and connector between the head domain and

stalk domain. The C-terminal translocation domain

contains approximately 70 amino acids (Roggenkamp

et al. 2003; Surana et al. 2004) that embeds into the

outer membrane to anchor the TAA protein in the

bacterial membrane and acts as a channel for the

passenger domain translocation. This translocation

domain is so highly conserved throughout TAA family

members that defines this family. Among this growing

family, YadA and Hia are the two most well-charac-

terized TAAs and have become models for research on

other TAA family members (Fig. 2).

The structure state of TAA proteins may display

differently on the cell surface during different phases

of the bacterial life cycle or between different family

members. Most TAAs are nonlinear on the surface due

to their specific structures, such as the ‘‘hairpin-like’’

twisted molecules model as an example, which results

in shorter proteins than predicted based on their amino

acid sequence (Singh et al. 2014a).Though some

previous studies have suggested some TAAs appear as

straight, fibre-like structures on the cell surface, they

become bent once they bind to host ligands (Agnew

et al. 2011; Ishikawa et al. 2014).

The common structure of head domains

In most cases, the head of TAA proteins share a

common structure with that of YadA, therefore those

domains were named as YadA-like heads. The crystal

structure of this domain was recently solved by X-ray

crystallography and showed this domain consists of a

left-handed parallel beta-roll lollipop-like structure
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with an internal hydrophobic core followed by the coils

of the adjacent neck domain, which form a very stable

‘‘lock nut’’ that ties the oligomer together in a clockwise

manner (Nummelin et al. 2004). Within these common

features, there exist exceptions. Szczesny et al. (2008)

found that the head of Bartonella BadA consists of two

additional domains, the ‘‘Trpring domain’’ and the

‘‘GIN domain’’. These domains are not similar to any

known structures but appear to be a chimaera of

domains seen in YadA and Hia. The Trp-ring-GIN

tandem may harbour fibronectin binding sites (Szczes-

ny et al. 2008). Recently, a more complex TAA was

found on the surface of Burkholderia pseudomallei,

BpaA, whose head structure exhibits a novel fold of an

intricately interwoven trimer that contains modular

structural elements from other TAAs (Edwards et al.

Fig. 1 The common structure of TAAs. The blue area

represents the head domain. The red domains represent

repetitive sequences in the stalk domain. The green domain

represents the anchor at the COOH-terminus. The turquoise

area at the NH2-terminus represents signal peptides and is

followed by a cleavage site, which are represented by the pink

area. Between the head and stalk domain is the neck domain;

and the neck-like domain is located between the COOH-

terminal anchor and the stalk domain

Fig. 2 The TAA transmembrane translocation process. The

pink, grey and purple regions represent TAA monomers. A

describes the signal peptides mediated Sec-complex-dependent

translocation across the inner membrane (IM). B, C, and

D describe the process of crossing the outer membrane (OM).

B represents the initial step. The C-terminus is embedded in the

OM and forms a b-stand pore, which acts as a channel for the

transport of passenger domains. C represents the middle step.

The passenger domains translocate from the b-stand pore to the

surface of the bacteria cell. The arrows represent the translo-

cation direction of passenger domains. D represents the final

step. After the translocation process is complete, the protein is

anchored to the cell surface. The adhesive head is projected

away from the cell surface by the long stalk domain, and the

beta-stand pore is blocked by the C-terminal passenger domain.

The Bam complex (blue) assists the B, C, D process in some

degree
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2010), highlighting the combinatorial evolutionary

strategy taken by these pathogens (Fig. 3).

The common structure of stalk domains

Following the head domain is the long, sequence

repetitive stalk domain, which is the largest domain in

TAA proteins. X-ray crystallographic studies have

suggested that almost all TAA stalks contain multiple

right-handed coiled-coil repeats, which are followed

by periodicities left-handed segments with sequence

periodicity. Between these two segments are several

copies of the sequence motif YxD. This motif is

characteristic of the right-handed coiled coils of TAAs

(Szczesny and Lupas 2008); two of this motif in the

conserved transition region between the right-handed

coiled-coil segment and the left-handed segments play

a role in specifying the oligomerization state and

increase the stability of trimeric right-handed coiled

coils (Alvarez et al. 2010). The repetitive structural

units in the stalk domain elongate the entire auto-

transporter structure on the cell surface.

The common structure of translocation domains

Following the long stalk domain is the translocation

domain, which embeds into the bacterial outer mem-

brane. This C-terminal translocation domain generally

consists of about 70 amino acids and functions as an

anchor, holding the translocated passenger domain on

the bacterial surface and earning the name ‘‘anchor

domain’’. The amino acid sequence of this domain is

highly conserved within the TAA family and is used as

the defining element of the TAA family (Cotter et al.

2005). Likewise, the crystal structure of the translo-

cation domain is also highly similar that forms a b-

barrel pore containing 12 transmembrane b-strands

that each monomer contributes four strands (Meng

et al. 2006). These pores act as channels for trans-

porting the three N-terminal a-helices passenger

domains through the bacterial outer membrane

(Roggenkamp et al. 2003; Oomen et al. 2004; Surana

et al. 2004; Meng et al. 2006). Shahid et al. predicted

the secondary sturcture of YadA-M by taking advan-

tage of solid-state magic-angle spinning (MAS) NMR

and indicated that this domain contains a number of

amphipathic, antiparallel b-strands, at both ends of

these b-strands are frequently made from aromatic

residues that interact with the water–lipid interface to

anchor the TAAs in the lipid membrane (Shahid et al.

2012).

Domains connecting sub-domains

Though the common architecture of TAAs is a head-

stalk-anchor model, each functional group cannot

Fig. 3 TAA-mediated

bacterial infection and

invasion. TAAs mediate

bacterial attachment to the

host cell by adhesion to the

ECM (via collagen, laminin,

fibronectin, and heparin

sulphate) and extracellular

HSP90 proteins then

activate intercellular signal

pathways to produce cell

responses. TAAs mediate

cell invasion by directly

binding to cell surface

receptors (CEACAM1 or

b1-integrin receptor) or by

contact with clathrin to

induce cytoskeleton re-

arrangement or induce host

cell informatory response by

activation of MAPK and

NF-jB signaling pathway
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exist independently. Instead, functional groups are

linked by a number of smaller structures to form a

continuous biomacromolecule. Firstly, between the

head and stalk domains is a neck domain with

conserved residues. According to their length, these

necks are subdivided into short necks, long necks, and

ISneck (necks with an insertion sequence) (Hartmann

et al. 2012). The neck functions as a connector and

adapter to smoothly transition from the large a-helical

coiled globular head domain to the narrow b-coiled-

coil stalk domain (Lyskowski et al. 2011). This neck

domain also acts as a ‘‘safety pin’’ holding the three

monomers together that in part explains the stability of

trimeric proteins; the involvement of the neck domain

in stalk formation and protein folding on the cell

surface helps maintain the architecture of TAAs

(Nummelin et al. 2003). In addition, there also exist

some domains tandem with neck domains, such as the

DALL domains in SadA (Hartmann et al. 2012).

Likewise, the existence of an intertwined domain

similar to the neck domain between the head and

passenger domains was recently reported; this domain

is ubiquitous among trimeric autotransporters and acts

as the structural transition between the passenger

domain and the translocation domain (Meng et al.

2008). Noteworthy, within in each domain may also

exist min-connectors at the interface of different

helixes,take the joins or inserts within the stalk of

EibD as an example (Leo et al. 2011).

The influencing factors on the structure of TAAs

TAAs are large multimeric bioactive proteins on the

cell surface raising the following question: how can a

trimer be so stabile without stabilizing disulphide

bridges between monomers? Previous studies have

indicated that both TAA proteins themselves and other

modifications have positive impacts on the stability of

TAAs and their spatial structure. Firstly, the twist

between the righted-hand coiled coils and the left-

hand coiled coils in the stalk may be advantageous for

folding (Leo et al. 2011); the polar core residues in the

coiled-coil domain sequester anions to the hydropho-

bic core and form a highly ordered network of polar

interactions, which help maintain the coiled coils in a

soluble and unfolded state during the export process

(Hartmann et al. 2009). The C-terminal translocation

domain plays so a determining role in maintaining

trimerization and ability that even a single amino acid

mutations can affect trimerization, surface localiza-

tion, and consequently function of TAA proteins

(Echenique-Rivera et al. 2011).Thirdly, the hydropho-

bic core of the head together with the coils of the neck

hold the oligomer together, and, meanwhile, the multi-

ion networks between subunits largely contribute to

stabilize the protein (Nummelin et al. 2004). Finally,

the modifications of TAA proteins, such as glycan

modifications, may contribute to architecture stability

and collagen binding activity (Tang et al. 2012).

It can be concluded that the TAA family members

share a highly similar secondary structure, described

as a head-stalk-anchor domain architecture. The

passenger domain is anchored to the surface after

being translated; its head domain is a left-handed b-

roll lollipop-like structure and is projected away from

the cell surface by the long repetitive coiled-coils stalk

domain. The translocation domain is highly conversed

among TAA proteins and is used to define TAA family

members. This domain forms a b-barrel pore contain-

ing 12 trans-membrane b-strands within the bacterial

outer membrane. The connector domains located

between the sub-domains make these long proteins

smooth and continuous. As functional proteins, stable

structural conformations of the sub-domains con-

tribute to varying degrees to the bioactivity of TAAs.

The translocation process of TAAs

Functional outer membrane proteins must be trans-

ported to the membrane surface after being synthe-

sized in the cytoplasm. TAAs, without exception, are

transported to the cell surface through bacterial type

Vc secretion systems to display their bio-functions. In

this simple secretion system, these secreted proteins

transport across the bacterial membranes in a two-

consecutive step process (Henderson et al. 2004).

Firstly, the N-terminal signal peptide mediates the

subunit crosses the inner membranes in a Sec-depen-

dent manner (Linke et al. 2006; Dautin et al. 2007),

leading the passenger domain to the periplasm in an

unfolded state (Dautin and Bernstein 2007). Once this

step is complete, the signal peptide is cleaved off from

the N-terminus and the passenger domains then fold

into transport-incompetent conformations in the

periplasm. Meanwhile, the pre-TAAs are modified

within the periplasm by processes such as glycosyla-

tion (Tang et al. 2012). Secondly, the passenger
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domain is then translocated through the outer mem-

brane in a C- to N-terminal direction (Bernstein 2007;

Junker et al. 2009; Peterson et al. 2010), and projects

from the cell surface. But the elaborate mechanisms

that drive this sophisticated process remain poorly

understood.

Study of the secretory mechanism of TAAs will not

only help us fully understanding the TAA protein

family, but also such research is important for the

prevention and treatment of bacterial diseases. How-

ever, this kind of work is full of challenges so that

there still exist many controversies in TAAs secretion.

It is undeniable that the anchor domain is a prereq-

uisite that plays an important role in translocating

through the outer membrane. As reviewed above, the

anchor domain embeds into the outer membrane

surface to form a b-barrel pore, a relatively rigid

structure held together by an extensive network of

hydrogen bonds formed between the individual b-

strands (Dautin and Bernstein 2007) and stabilized by

the N-terminal loop region (Meng et al. 2006). It is this

specific pore-like structure that allows the anchor

domain to function as an autotransporter, transporting

its own N-terminal domain across the membrane.

Single point mutations in this transport pore can slow

or fully inhibit the translocation process (Grosskinsky

et al. 2007). However, accumulating evidence indi-

cates that at least some passenger domains may fold in

the periplasm and remain folded during the transloca-

tion process (Veiga et al. 1999) which would require

additional space in the b-barrel pore during secretion.

In addition, the recently determined crystal structure

of the Hia protein raises a question as to how the

‘‘large’’ primary binding domain (Yeo et al. 2004)

passes through the 1–2-nm pore size of the classic

autotransporter b-domains. All these newly findings

challenge this automatic process and indicate that

other existing molecules may assist the translocation

process. The following studies did find that this

secretion process requires assistance from other

molecules. A number of models suggest that anchor

domain insertion into the outer membrane requires the

integration of Bam machinery for outer membrane

localization and the surface presentation of the

passenger domain (Lehr et al. 2010). Additional

studies have suggested the Bam complex interacts

with the b-barrel and passenger domains of autotrans-

porters at multiple locations and holds the trimeric

b-barrel pore in an open configuration, as proposed in

the monomeric secretion model, creating enough

space for the secretion of all three subunits until the

passenger domain is fully translocated (Bernstein

2007; Peterson et al. 2010). This may explain how the

large trimeric passenger domain passes through the

small b-barrel pore. Furthermore, Lehr et al. found

that BamA interacts directly with the C-terminal

amino acid motif of YadA and is essential for the

biogenesis of the YadA. They also suggested that the

Bam complex plays an important role in TAA protein

translocation and folding (Lehr et al. 2010). Obvious-

ly, the relationship between the anchor domain and the

Bam complex seem to be that the C-terminal b-barrel

domain serves as a targeting signal for the Omp

protein complex (Oomen et al. 2004). In turn, the Omp

complex facilitates the formation and insertion of b-

barrels into the outer membrane (Voulhoux et al. 2003).

The signal peptide is also reported to contribute to the

TAAs translocation process in addition to leading the

proteins across the inner membrane (Jiang et al. 2011).

Removement or replacement of the signal peptide of

EspP, an autotransporter ofEscherichia coli that owns a

long signal peptide, with a generic signal peptide

impaired the translocation of the passenger domain

across the OM, highlighting the importance of these

specific signal peptides in maintaining the passenger

domain in a suitable state for translocation across the

OM by preventing its misfolding (Szabady et al. 2005).

Noteworthy, many periplasmic chaperone or protease

also involved in the translocation of the TAAs; bacterial

periplasmic chaperone Skp enhances the proper assem-

bly of trimeric autotransporter (Ulrich et al. 2014), the

chaperone protease DegP degrades the accumulated

pre-TAAs in the periplasm caused by mutation, which

is important for correct biogenesis of TAAs (Grosskin-

sky et al. 2007). Interestingly, Iwan Grin et al. recently

found a small trimeric inner membrane lipoprotein with

direct influence on the structural integrity of SadA in

the periplasm, suggesting that there may exist addi-

tional periplasmic proteins that assist autotransport

process (Grin et al. 2014).

We can conclude that the ‘‘autotransport’’ process

does not tend to be independent. Though the C-termi-

nal anchor domain is crucial for multimerization and is

a prerequisite for insertion into the outer membrane

and presenting adhesin on the cell surface, the

assistance of the Bam complex or other molecules
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are needed. Their relationship seems to be that the

anchor domain forms b-barrels that are required for

pore formation, which acts as a channel for translo-

cation. While, the Bam complex is involved in

facilitating the initial step of translocation by promot-

ing the insertion of b-domain into the lipid bilayer and

stabilizing the open conformation of the b-barrel

during the whole translocation to allow for the passage

of the partially folded passenger domain (Oomen et al.

2004; Meng et al. 2006). Once export is complete, the

chains fold and the stalk forms a 3-stranded coiled coil

that extends into the pore to occlude its opening

(Hartmann et al. 2009). Notably, there may still exist

other potential unknown molecules that also assist

with TAA translocation. It should be pointed out that

this secretory mechanism is still havenot been fully

revealed due to the complexity of the TAAs secretion

process and the limit of research methods. Although

we have recognized this autotranslocation process

needs the assistance of other protein molecules, we

still do not know how much this process depends on

these extra proteins and whether TAAs can be partially

or completely translocated in the absence of these

molecules.

New findings on the function and related

mechanisms of TAAs

In addition to mediating adhesion to the extracellular

matrix and to host cells, TAAs are also involved in

various pathogenic processes of Gram-negative bac-

teria, including biofilm formation, autoaggregation,

and other important pathogenesis-related processes,

such as cytotoxicity, serum resistance, host cell

invasion, and survival within host cells (Mil-Homens

and Fialho 2011).

New findings on TAA-mediated bacterial

attachment: the canonical function

Adhesion is the canonical function of TAA proteins.

Previous studies have demonstrated that TAAs can

adhere not only to abiotic materials (Ishikawa et al.

2014), such as glass and plastics, but also can adhere to

the ECM, host cells and tissues, and that the possible

binding sites of TAAs. Several studies have indicated

that the head domain is the primary mediator of

attachment. However, many other sites are also related

to bacterial adherence. The stalk domain plays a

crucial role in fibronectin (Fn) binding (Kaiser et al.

2008, 2012); the C-terminal passenger domain, to-

gether with the translocation domain could adhere to

the ECM, fibronectin and vitronectin (Leduc et al.

2009). These studies demonstrated that the head, stalk

and translocation domains share overlapping func-

tions. With description of binding sites available,

many new ligands were also identified. Many groups

found that TAAs can directly interact with receptors

on different cell surface to promote invasion. Hia

mediates high-affinity adherence to respiratory ep-

ithelial cells (Laarmann et al. 2002). EhaG and UpaG

mediate specific adhesion to colorectal epithelial cells

and bladder epithelial cells, respectively (Totsika et al.

2012). Burkholderia cenocepacia TAA proteins can

recognize receptors on the respiratory epithelium and

living pneumocytes to form membrane tethers that

behave as stiff nanosprings to promote bacterial

adhesion to cells, favoring host colonization (El-

Kirat-Chatel et al. 2013). UspA1 binds to the human

CEACAM1 receptor, an immunoglobulin (Ig)-related

glycoprotein, or binds host cells through its stalk

binding sites, promoting the invasion of Moraxella

(Hill et al. 2005; Conners et al. 2008). Furthermore,

many new receptors on the cell surface of host tissues

were recently detected, for example, NadA can

interact with b1-integrin and the heat shock protein

Hsp90 (Cecchini et al. 2011; Montanari et al. 2012;

Bozza et al. 2014) to adhere to and invade host cells.

TAAs can also interact with themselves, resulting in

the formation of microcolonies and autoaggregation,

which can eventually lead to biofilm formation,

another mechanism of immune evasion (Spahich and

St Geme 2011).

It has been established that TAAs attach to

themselves and bind to the ECM. In addition,

although their exact structural conformations and

their underlying molecular mechanisms remain poor-

ly understood, the potential binding sites of TAAs

have gradually been recognized. The available data

indicates that adhesion is largely associated with

amino acid sequences in binding regions, as studies

have shown that single amino acid changes in binding

sites in the head (Radin et al. 2009) or the highly

conserved neck domain (Roggenkamp et al. 2003)

alter binding affinity. Binding affinity is also closely

related to the trimeric state and spatial conformation

of TAA proteins. Researchers have found that the
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receptor-binding site in the head domain has a

trimeric architecture with threefold symmetry and a

mushroom shape formed by an acidic patch from all

three monomers. These acidic regions allow for

potential multivalent interactions with the host cell

surface, increasing avidity and stabilizing bacterial

adherence to overcome host physical forces (Yeo

et al. 2004). Tahir et al. described the structural

details of the binding site and pointed that the

NSVAIG-S motif in the hydrophobic core and the

conformational three-dimensional structure of TAA

is required for ligand binding (Tahir et al. 2000). A

complete trimeric conformation is necessary for full

adhesion ability in TAAs. Previous studies examined

the relationship between trimerization of the passen-

ger domains and the capacity for adhesion activity

demonstrating that subunit–subunit interactions and

stable trimerization are essential for native folding,

stability and full-level adhesion activity in Hia and

YadA (Cotter et al. 2006). In contrast, the perturba-

tion of subunit–subunit interactions results in the

disruption of the trimer and loss of adhesion ability

(Radin et al. 2009). Schutz et al. also found that

trimer stability in the YadA protein is essential for

virulence (Schutz et al. 2010). Surprisingly, the

length of the repeated stalk domain also interferes

with adhesion to host cells and bacteria cells them-

selves. Changes in this region effect the adaptive

capabilities of bacteria (Sheets and St Geme 2011).

Previous research has suggested that TAAs share

some common adhesion traits. Firstly, almost all

TAAs can tightly adhere to matrix components and

host cells under both static and dynamic flow condi-

tions (Muller et al. 2011), and moreover this attach-

ment can withstand high forces (El-Kirat-Chatel et al.

2013). Secondly, many TAAs contain more than one

binding site. Daigneault et al. found that AhsA from

Mannheimia haemolytica A1 contains more than 21

collagen-binding motifs as identified by sequence

analysis (Daigneault and Lo 2009); the Hia and Hif

proteins contain 2 and 3 binding sites, respectively

(Meng et al. 2008; Singh et al. 2014a). Finally, for

interaction between collagen and TAAs, binding

capacity can be affected by both collagen and state

of TAAs. The specific structure of collagen is

necessary for TAA binding to in a triple-helical

conformation-dependent manner; however, sequence

specificity of collagen appears to be minimal (Leo

et al. 2008). Meanwhile, the conformation state of

TAAs, as mentioned above, greatly influences adhe-

sion capacity.

New findings related to TAA-mediated bacterial

resistance to host serum

Another important role of TAA is in resistance to host

serum which mainly mediated by the stalk domain

(Ackermann et al. 2008; Leduc et al. 2009). Further

research has determined that the C-terminal translo-

cator domain also contributes to serum resistance

(Ackermann et al. 2008), moreover, only minor

changes in the membrane anchor in YadA directly or

indirectly affect complement resistance (Schutz et al.

2010). Binding to immunoglobulin G (IgG) and

immunoglobulin M (IgM) via TAA not only con-

tributes to the inhibition of opsonization but also may

prevent the activation of the classical complement

pathway by blocking the Fc binding site for C1q; this

allows bacteria thus to evade the host immune

response (Abdullah et al. 2005; Leo et al. 2011). In

addition, binding to the complement factor H, com-

plement C3 or complement binding protein C4 bp in

the stalk domain can result in serum resistance by

inhibiting the complement alternative pathway. By

inhibiting C5b–C7 complex formation and C9 poly-

merization, the formation of membrane attack com-

plexes (MACs) is inhibited (Attia et al. 2006;

Hallstrom et al. 2006; Singh et al. 2014b). Notewor-

thy, several conformational and discontinuous sites,

rather than a restricted sequence in the stalk domain

contribute to this binding effect (Aebi et al. 1998;

Nordstrom et al. 2004; Biedzka-Sarek et al. 2008).

Surprisingly, TAAs can also mediate bacterial resis-

tance to host serum indirectly by binding to ECMs or

via the physical effects of TAAs in addition to directly

by binding to complements. For examples, binding of

Vitronectin to Moraxella catarrhalis UspA2 or Hae-

mophilus influenza Hib interferes with the proper

formation of the membrane attack complex (MAC) in

bacterial outer membranes, that lead to bacteria obtain

serum resistance (Attia et al. 2006; Hallstrom et al.

2006); binding fibronectin and vitronectin to DsrA

contributes to the high-level serum resistance in

Haemophilus ducreyi (Leduc et al. 2009); TAAs at

the surface may physically shield epitopes necessary

for complementation on the surface of the bacteria,

further contributing to serum resistance (Biedzka-

Sarek et al. 2008; Leduc et al. 2009).
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New findings on the multiple functions of TAAs

Apart from adhesion activity and anti-serum effects,

TAAs are also involved in many other important

pathogenic processes of bacteria. Recent study sug-

gested that TAAs are involved in remodeling the host

cellular membrane and promoting the bacterial inva-

sion of non-phagocytic cells via the polymerization of

actin and influence on cytoskeleton remodeling and

clathrin (Serruto et al. 2009), although the receptor on

the cell surface that would mediate such an effect is

still unknown. Like many other important virulence

factors, TAAs can induce host inflammatory response.

Studies have demonstrated that YadA can induce the

secretion of interleukin-8 (IL-8), a potent chemoat-

tractant of polymorphonuclear leukocytes, by activa-

tion of MAP kinases and activation of the transcription

factor NF-jB, which then promotes host inflammatory

reactions (Schmid et al. 2004; Eitel et al. 2005; Schutz

et al. 2010). Similarly, we recently found that Adh, the

head domain of Apa, enhanced pathogenicity of A.

pleuropneumoniae to piglets by increasing the release

of pro-inflammatory cytokines and depressing host

immune recognition system(Wang et al. 2015b). More

importantly, Adh may be also involved in A. pleurop-

neumoniae mediated the apoptosis of porcine primary

alveolar macrophages (Wang et al. 2015a). TAA are

involved in the evasion of host immune responses and

dissemination throughout the host. In addition to in

resistance towards serum as reviewed above, TAAs

can protect bacteria from phagocytosis by macro-

phages (Sjolinder et al. 2008) and circumvent neu-

trophilic attack (Paczosa et al. 2014), allowing for

evasion from the host’s innate immune response and

directly promoting persistent bacterial infection. Ad-

ditionally, biofilm formation resulted from interac-

tions between TAAs, also mediate immune evasion.

Noteworthy, TAAs also exert effects on other bacterial

virulence factors. Yun et al. found that the Bartonella

henselae BadA and the VirB/D4 type IV secretion

system can influence each other at different phases (Lu

et al. 2013).

Collectively, TAAs act as important virulence

factors. On one hand, TAAs can increase the inter-

nalization of bacteria into host cells and the coloniza-

tion of host tissues by binding to ECM or the cell

surface in both specific and non-specific adhesion; on

the other hand, TAAs can also promote bacteria to

evade the host immune response by resisting serum,

avoiding phagocytosis and other bioactivities. Many

new functions and cell receptors have been recently

identified, contributing to our understanding of

virulence of TAAs. What’s more, TAAs can impact

bacterial virulence on their own or interact with other

virulence factors.

Potential applications of TAAs

Having a clear understanding of the role of TAAs in

virulence, many groups have explored the potential

applications of these proteins and their results are

encouraging. TAAs can be used as biomarkers of some

diseases. More importantly, beside TAAs themselves

are potential vaccine components, their secretory

system can also be used in vaccine design.

TAAs can be used as potential molecular biomark-

ers for diagnosis. Mil-Homens et al. found that three

TAA-encoding genes out of more than 74 TAA-

encoding sequences in B. cepacia complex (Bcc)

genomes were expressed during the infection pro-

cess; the products of these genes are candidates for

multifunctional virulence factors (Mil-Homens and

Fialho 2011). Tiyawisutsri et al. further identified

four additional TAAs in B. mallei that were specially

expressed during glanders infection but not in

melioidosis (Tiyawisutsri et al. 2007). We previously

reported that the Apa gene from A. pleuropneumo-

niae was upregulated during infection to piglets

primary pulmonary alveolar macrophage (PAMs)

in vitro (Wang et al. 2014a). Taken together, these

statistics indicate that TAAs are upregulated during

infection process both in vivo and in vitro and further

can be used as potential molecular biomarkers for

diagnosis.

TAAs possess good immunogenicity and effective

immune protection, indicating these proteins are

potential vaccine candidates. As attachment of bacte-

ria to host cells is a preliminary step in pathogenesis

and TAAs play an irreplaceable role in this pre-

liminary step, thus effectively inhibition or neutral-

ization of their function can inhibit adhesion to the

host which would further attenuate the odds of

infection. Therefore, the use of TAAs as vaccine

ingredients seems to be an effective strategy to reduce

or prevent bacterial infections. Surprisingly, studies

completed both in mice models and natural hosts

proved TAAs are immunogenic and can effectively
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protect against bacterial infections. The Hap auto-

transporter from H. influenzae was found to be

immunogenic in mice and can protect against diseases

caused by non-typeable H. influenza (Cutter et al.

2002). Two groups have shown experimental evidence

that NhhA can induce bactericidal antibodies that can

protect mice against meningococci (Weynants et al.

2007; Tavano et al. 2011). UspA1 and NadA induce

antibody production in natural hosts and prevents the

binding of M. catarrhalis to the cell receptor

CEACAM1, decreasing the odds of infection (Hill

et al. 2005). The presence of anti-AhsA antibodies can

be detected in calves challenged with M. haemolytica

A1, suggesting that AhsA is immunogenic in cattle

(Daigneault and Lo 2009). Fusco et al. demonstrated

that immunization with the passenger domain of DsrA

protects swine against Haemophilus ducreyi infection

(Fusco et al. 2014). SadA has been shown to have

limited protective function (Raghunathan et al. 2011).

It has been suggested that ExPEC and UpaG can be

used as protective antigens against pathogenic E. coli

(Durant et al. 2007). The TAA protein HA from

Avibacterium paragallinarum can protect against

infectious coryza (Wang et al. 2014b). NadA is

capable of promoting dendritic cell maturation and

may be used as a self-adjuvant (Mazzon et al. 2007).

Taken together, these studies suggest that TAAs are

immunogenic antigens both in model animals and

natural hosts. Moreover, further studies suggest that

TAAs contain multiple antigenic epitopes that appear

primarily at the N-terminus (Tahir et al. 2000).

Therefore, TAAs are excellent candidate molecules

for vaccines. Even though the immunological func-

tions of TAAs are still being researched, many TAAs

have been successfully used as vaccine components

with positive effects. NadA, whose protective confor-

mational epitopes are located in the head domain, is

upregulated and immunogenic during infection (Fag-

nocchi et al. 2013); the use of this protein as a

component of a multicomponent vaccine was ap-

proved by the European Medicines Agency in early

2013 (Malito et al. 2014). Previously, the Bordetella

pertussis autotransporter adhesin, a Type Va auto-

transporter known as Pertactin, has been successfully

used as a component of the multicomponent vaccine

(Wells et al. 2007). All these results indicated the

autotransporter adhesins, including monomeric auto-

transporter adhesins and trimeric autotransporter ad-

hesins are promising vaccine candidates.

In addition to their potential use as vaccine

ingredients, the secretion system of TAAs can also

be used in vaccine development. Firstly, previous

studies indicated the bacterial Type Va secretion

system can be used as efficient autodisplay platform

for the development of multivalent recombinant

bacterial vector vaccines (Jong et al. 2014; Kranen

et al. 2014); The TAAs secretion system, Type Vc

secretion system, also shares this autodisplay charac-

teristic, indicating it can be used as a display platform

for the efficient recombinant subunit vaccine devel-

opment. More importantly, autodisplayed vaccine can

effectively increase the immunogenicity of recombi-

nant antigens (Jose 2006). Therefore, the type Vc

secretion system may play an important role in the

development of novel subunit vaccine in the future.

Secondly, as the immunogenicity of multimeric forms

of proteins can be stronger than that of monomeric

proteins (Pantophlet and Burton 2003) and this

secretion system can promote the trimerization of

proteins, it is an ideal strategy to use this secretion

system to polymerize monomers into trimers to boost

the immunogenicity of many candidate vaccine

proteins.

Remarks on future research directions

Since the first discovery of TAA proteins, more and

more TAAs have been identified on the surface of

bacterial pathogens. In past years, more details

concerning these proteins have been revealed, espe-

cially on the structure, function and secretion

mechanisms and many new functions and new

mechanisms in the infection process were identified.

As accelerators of bacterial infection and diffusion,

TAAs can be used as effective weapons in the fight

against bacterial infections.

New findings have been reviewed above. However,

many questions remain. Firstly, an understanding of

common adhesion mechanisms to cells or tissues,

which is necessary for controlling bacterial infections,

is urgently needed. Secondly, although many groups

have studied the secretion mechanism, the precise

details of the secretion process are required for a

thorough understanding of TAA proteins. Thirdly,

there may exist other receptors in addition to the

molecules found on the cell surface or in tissues that

promote bacterial invasion, which need to be
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determined. Meanwhile, the precise role of TAAs in

pathogenesis should be given more attention. Finally,

the activities of the protective sub-domains must be

determined so that novel subunit vaccines can be

developed. Therefore, though previous studies have

been fruitful, much work remains to be done.
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