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Abstract

Autotransporter (AT) proteins provide a diverse array of important virulence functions to Gram-
negative bacterial pathogens, and have also been adapted for protein surface display applications.
The “autotransporter” moniker refers to early models that depicted these proteins facilitating their
own translocation across the bacterial outer membrane. Although translocation is less autonomous
than originally proposed, AT protein segments upstream of the C-terminal transmembrane B-barrel
have nevertheless consistently been found to contribute to efficient translocation and/or folding of
the N-terminal virulence region (the “passenger”). However, defining the precise secretion
functions of these AT regions has been complicated by the use of multiple overlapping and
ambiguous terms to define AT sequence, structural, and functional features, including
“autochaperone”, “linker” and “junction”. Moreover, the precise definitions and boundaries of
these features vary among ATs and even among research groups, leading to an overall murky
picture of the contributions of specific features to translocation. Here we propose a unified,
unambiguous nomenclature for AT structural, functional and conserved sequence features, based
on explicit criteria. Applied to 16 well studied AT proteins, this nomenclature reveals new
commonalities for translocation but also highlights that the autochaperone function is less closely
coupled with a conserved sequence element than previously believed.
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Introduction

The autotransporter (AT, or type Va) secretion system is the most common and arguably the
simplest of all known mechanisms to secrete proteins to the surface of Gram-negative
bacterial pathogens (Dalbey and Kuhn, 2012; Dautin and Bernstein, 2007; Henderson et al.,
2004). AT proteins perform a wide variety of crucial virulence-related functions (Henderson
and Nataro, 2001) and have been adapted for cell surface display of heterologous proteins
(Jose and Meyer, 2007; Jong et al., 2010). Yet despite its simplicity, many features of the
AT secretion mechanism remain unclear (Braselmann & Clark, 2012; Dautin & Bernstein,
2007; Leyton et al., 2012). This has sparked intense interest in determining the precise
mechanism of secretion and the contributions of specific regions of an AT protein to this
mechanism.

To facilitate their secretion, all AT proteins follow a specific organizational pattern: at the
extreme N-terminus, a signal sequence directs export of the AT across the inner
(cytoplasmic) membrane via the Sec translocon. The signal sequence is followed by a
secreted domain (the “passenger™), a linker, and the C-terminal 12-stranded transmembrane
f-barrel (Henderson et al., 1998). The primary function of the linker and p-barrel is to
facilitate translocation of the passenger across the outer membrane (OM) (Fig. 1), whereas
the passenger represents the extracellular, functional part of an AT virulence protein. After
OM translocation, some ATs are cleaved within the linker to separate the passenger from the
B-barrel. After cleavage, a passenger may be released from the cell surface or remain
attached to the membrane. Most but not all AT passengers include B-helical structure
(Bradley et al., 2001; Junker et al., 2006; Kajava et al. 2001; Kajava et al., 2006 Oomen et
al., 2004). The distinct organizational pattern of these structural features can be used to
identify putative AT genes in bacterial genomes (Celik et al., 2012; Junker et al., 2006;
Loveless and Saier 1997; Wells et al., 2010 Yen et al., 2002). Yet despite these common
traits, AT proteins have quite diverse sequences and functions. Even among conserved
regions, there appears to be much mixing and matching between different sequence motifs
(Celik et al., 2012).

The organization of AT proteins suggests a deceptively simple picture of their secretion
mechanism (Fig. 1). Initially it was thought that after the signal sequence directs transport
across the inner membrane, the C-terminal B-barrel forms a pore in the outer membrane
through which the passenger is translocated (Klauser et al., 1990). However, it is now
known that the Bam complex facilitates assembly of AT and other OM B-barrels (Gessmann
etal., 2014; Hagan et al., 2011). Bam has also been implicated in the translocation of the
passenger (leva and Bernstein, 2009), although its precise role remains an active area of
investigation. Many other important questions also remain unresolved: Where does the
energy come from to drive secretion across the outer membrane, given the absence of ATP
or an ion concentration gradient across the outer membrane (Leyton et al., 2014; Roman-
Hernandez et al., 2014; Thanassi et al., 2005)? Given that the folded passenger is rather wide
(=4 nm), what conformation does it adopt during OM translocation through a narrow pore,
and how is passenger folding coordinated with secretion? What are the minimum
requirements for secretion, and how can they be manipulated to display heterologous
proteins on the bacterial cell surface (Jose & Meyer, 2007; van Ulsen et al., 2014)?
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Thanks to efforts from many laboratories, insights have been gained into several of these
questions (see (Grijpstra et al., 2013; Leo et al., 2012; Leyton et al., 2012) for recent
reviews). However, each laboratory tends to focus on a specific aspect of the AT secretion
mechanism, using a specific model system, and often using a distinct experimental
approach. While this diversity of models and approaches could accelerate our understanding
of AT secretion determinants, it can also make it challenging to identify common
mechanistic features. Exacerbating this challenge is the often vague and inconsistent
nomenclature used to describe AT protein features.

To facilitate the identification of common elements of the AT secretion mechanism, we
analyzed published studies of well-characterized AT proteins, and used these results to
develop a unified nomenclature to unambiguously label identifiable structural, functional,
and conserved sequence features. This analysis revealed that the majority of our
understanding of AT secretion has been developed from studies of proteins from a closely
related clade within the AT family. Moreover, several features often represented as common
to all AT proteins have been well-characterized for only one or a few AT proteins.
Nevertheless, organizing published results within this unified nomenclature revealed
common themes that heretofore have received little attention. Our hope is that, going
forward, adoption of this unified nomenclature will help the AT community improve our
understanding of the translocation mechanism, and facilitate direct comparisons across
model systems, revealing common characteristics of AT secretion as well as ’variations on a
theme’.

The need for unambiguous definitions of common autotransporter

secretion features

Two particularly frustrating aspects of the current ad hoc AT nomenclature are that names
used to describe structural, functional, and conserved sequence features are often used
interchangeably, and several of these features have been assigned more than one name (see
Table 1 for a short glossary of historically and/or ambiguously used terms). Most of this
ambiguity occurs in the region between the C-terminus of the stably folded passenger and
the N-terminus of the transmembrane B-barrel (grey shaded areas in Figs 1&2), which for
many ATs includes sequence segments that are relatively poorly defined in terms of their
structure and specific function(s) but play a crucial role in the early steps of OM
translocation (Berthiaume et al., 2007; lvie et al., 2010; May and Morona, 2008; Ohnishi et
al., 1994; Oliver et al., 2003a,b; Velarde and Nataro, 2004). For example, “linker” has been
used to describe a structurally flexible segment within this region (Besingi et al., 2013), but
this same name is also used to define a larger sequence segment that includes the a-helix
that spans the OM through the center of the B-barrel (Oliver et al., 2003b), or used as a
functional term to denote the entire region N-terminal to the -barrel that is required for
efficient OM translocation of heterologous proteins and can include the C-terminus of the
folded passenger (Velarde and Nataro, 2004). Similarly, “autochaperone” has been defined
as a region that functions to promote extracellular folding of an AT passenger, even when
supplied in trans (Dutta et al., 2003; Oliver et al., 2003b). An autochaperone function has
been identified for only a handful of AT proteins, but this term is also used to refer to a
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weakly conserved sequence element at the C-terminus of many AT passengers (Rutherford
et al., 2006). As a result, it can be difficult to compare the specific functional roles of
different portions of AT proteins, and ambiguous statements like “mutations in the linker
region disrupt passenger folding” or “the autochaperone is required for efficient OM
translocation” can generate considerable confusion. Of course, as in any protein, structural,
functional and sequence features can be closely related and occasionally overlap.
Nevertheless, developing a truly comprehensive understanding of AT secretion will require
that we (@) avoid using the same names interchangeably to describe different features, (b)
explicitly define the criteria used to designate a particular feature of an autotransporter
without having to trace each term back to the early literature pertaining to a specific AT
protein, and (c) apply this nomenclature consistently across all autotransporters. To achieve
these goals, we present below a consistent, unified nomenclature that explicitly defines our
current understanding of the components of an autotransporter protein and distinguishes
whether a particular component is defined by structural, functional, and/or sequence
conservation criteria.

The nomenclature described below is confined to terms related to AT secretion, as the
secretion mechanism and its sequence and structural requirements are the common and
defining features of all autotransporter proteins. Specific virulence functions, which are
reflected primarily in passenger diversity, are not discussed. For clarity, we have organized
the features of AT proteins from N- to C-terminus, describing first the four major features
found in all AT proteins: signal sequence, passenger, linker and p-barrel. We recommend
that the readily identified boundaries of these four universal features be used as reference
points in all studies of AT secretion and folding. Following the descriptions of these
features, we describe alternative terms and more specialized sub-features identified in some
AT proteins. To avoid ambiguity and misattribution, we distinguish whether each feature
has been defined by structural, functional, and/or sequence conservation criteria, and caution
against assuming these terms to represent general features of AT secretion until
unambiguously established using a broader, more representative set of AT proteins.

Signal sequence

Passenger

This short (<60 aa) N-terminal sequence is defined as the sequence required to direct
transport of the AT protein across the inner membrane. It is typically cleaved after
translocation across the inner membrane. In isolation, signal sequences lack a well-defined
structure (Briggs et al., 1986) but are often accurately predicted from the amino acid
sequence (Hiller et al., 2004; Petersen et al., 2011). Interestingly, some AT signal sequences
have an N-terminal extension of 15-25 residues, the function of which is still unclear
(Desvaux et al., 2007; Jong & Luirink, 2008; Szabady et al., 2005). Although little
controversy surrounds the function and boundaries of the signal sequence, it is nevertheless
a universal feature of the AT secretion mechanism and thus we include it here for the sake of
completeness.

We define the passenger as following the signal sequence and consisting of one or more
extracellular domains that adopt a stable, defined structure. The C-terminal boundary of the
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passenger can therefore be defined by x-ray crystallography (Emsley et al., 1997) or limited
proteolytic digestion and mass spectrometry (Junker et al., 2006; Renn & Clark, 2008).
>95% of passengers are predicted to include a right-handed p-helical structure, although
unusually short passengers often deviate from this pattern (Junker et al., 2006; Celik et al.,
2012; Otto et al., 2005; van den Berg, 2010). The B-helical passenger of pertactin from B.
pertussis has a C-terminal cap that inhibits aggregation (Bryan et al., 2011), and an N-
terminus that cannot fold independently, which may contribute to efficient secretion (Renn
et al., 2012). Although not the focus of this analysis, the passenger also includes the
virulence activity of the AT protein (Henderson and Nataro, 2001).

Extreme caution must be exercised when sub-dividing the passenger further into regions
with more specific features. In particular, the terms “PL (pertactin-like) region”, “stable
core” and “autochaperone”, which respectively describe a sequence, structural and
functional feature within the C-terminus of some AT proteins, have often been used
ambiguously. See below for a complete description of these terms and a set of rigorous
criteria for determining their presence within an AT protein.

All AT proteins possess a linker, defined as the region connecting the C-terminus of the
passenger to the N-terminus of the transmembrane B-barrel (Oliver et al., 2003b; Velarde
and Nataro, 2004). The linker includes an a-helix within the center of the transmembrane -
barrel, which for some AT proteins can span the width of the OM and even extend further
into the extracellular space (Barnard et al., 2007; Oomen et al., 2004; Tajima et al., 2010;
van den Berg, 2010). In many ATSs the linker also includes a disordered region N-terminal to
the a-helix. If the passenger is cleaved from the -barrel after OM translocation, this
cleavage site can be located within the linker and after OM translocation will be positioned
either on the cell surface (Kuhnel and Diezmann, 2011; Meng et al., 2011; Pohlner et al.,
1987) or within the folded B-barrel structure (Dautin et al., 2007; Tajima et al., 2010). Some
passengers have additional cleavage sites that separate different passenger domain structures
after secretion (Fink et al., 2001; Nguyen et al., 2001; Ohnishi and Horinouchi, 1996;
Pohlner et al., 1987). Many ATs perform these cleavage reactions autocatalytically, while
others rely on proteases present on the cell surface (Shere et al., 1997; van Ulsen et al.,
2003). Functionally, the linker region is strictly required for secretion in all AT proteins
where its role has been tested (Berthiaume et al., 2007; Brockmeyer et al., 2009; Dutta et al.,
2003; Maurer et al., 1999; Oliver et al., 2003a; Suzuki et al., 1995; Yang et al., 2004).

The last universal, readily identified AT feature is the C-terminal 12-stranded p-barrel
structure that spans the OM and forms a hydrophilic pore through the center of the barrel
(Barnard et al., 2007; Oomen et al., 2004; Tajima et al., 2010; van den Berg, 2010; Zhai et
al., 2011). Upon completion of OM translocation, this pore is blocked by the central a-helix
of the linker. Both the N- and C-terminal ends of the barrel reside in the periplasm. AT
transmembrane B-barrel domains share sufficient sequence conservation that they have been
identified as conserved domains (either Pfam 03797 or the similar but distinct smart00869).
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Note, however, that there is still a significant degree of variability and apparent swapping of
the order of -strands within the B-barrels from different AT proteins (Celik et al., 2012).

Alternative terms: What about “translocator”? Or “B-domain”?

The term “translocator” was originally devised as part of early models, when it was thought
that autotransporters were completely self-contained secretion systems (Konieczny et al.,
2000; Loveless and Saier, 1997). In some studies, an AT translocator or 3-domain was
defined as all portions of the AT sequence that are C-terminal to an intramolecular cleavage
site within the linker. But not all AT proteins undergo cleavage (Besingi et al., 2013; van
den Berg 2010), so this nomenclature cannot be universally applied. Adding to this
ambiguity, other studies define translocator or f-domain as the minimal C-terminal portion
of the AT protein required for OM translocation of the passenger. By this definition, the
translocator or -domain always includes the p-barrel domain and the a-helix of the linker
but often extends further to include the disordered portion of the linker (Maurer et al., 1999;
Oliver et al., 2003a; Ramesh et al., 2012; Sevastsyanovich et al., 2012; Suzuki et al., 1995;
Yang et al., 2004). In some cases, the translocator extends still further, well into the folded
domain of the passenger (Fischer et al., 2001; lvie et al., 2010; Velarde and Nataro, 2004).
There can therefore be overlap between the passenger and the translocator functional unit
(Fig. 2B), which can create considerable confusion. Note also that within a single AT
protein or close homologs the location of the N-terminal boundary of the minimal
translocation unit may vary, depending on whether what is being translocated is a bone fide
passenger, which are often quite large (>500 aa), or a smaller heterologous protein (Jose &
Meyer, 2007). For Pet, the minimal construct capable of mediating the secretion and folding
of a heterologous passenger consisted of the p-barrel plus a short N-terminal extension that
included 9 aa N-terminal of the cleavage site within the linker (Sevastsyanovich et al.,
2012). Yet for the closely related Pet homolog EspP, hydrophobic residues within the C-
terminus of the passenger have been shown to be important for OM translocation of the
endogenous EspP passenger and are considered part of the translocator (Velarde and Nataro,
2004). Despite these potential ambiguities, we recognize that it is useful to define a term that
indicates the N-terminal boundary of the AT region demonstrated via quantitative functional
studies to be required for efficient OM translocation of a passenger. Hence we recommend
the term “translocator” be used exclusively in this way. In the absence of functional studies
to determine the N-terminus of the translocator, we recommend using only the terms
“passenger”, “linker” and “p-barrel”, the boundaries of which are more readily determined
by sequence comparisons and structural studies.

We also appreciate that, for the limited number of AT proteins that have a single, well
defined cleavage site (such as SPATES), “B-domain“ may be a convenient term to describe
all portions of the AT protein that are C-terminal to this cleavage site. However, we
discourage use of “B-domain* for the following reasons: (1) to avoid confusion with the
similar but non-synonymous “translocator”, (2) because, unlike “translocator”, it is not
particularly meaningful in terms of the OM translocation process, (3) because it cannot be
defined for uncleaved AT proteins, and (4) because it is challenging to define
unambiguously for those AT proteins with multiple cleavage sites.
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Back to the passenger: What about more specialized terms: “PL region”,
“stable core”, and “autochaperone”?

As mentioned above, the terms “PL region”, “stable core”, and “autochaperone”
respectively describe a sequence, structural and functional feature found within the C-
terminus of a minor fraction of AT passengers. Because these terms are neither synonymous
nor universal to all (or even most) ATs (see Fig. 3), they should be avoided unless their
existence has been confirmed by the following specific criteria.

The PL (pertactin-like) region is a conserved sequence feature named after B. pertussis
pertactin (Prn), the first crystal structure determined for an AT passenger (Emsley et al.,
1996), and is classified in the NCBI Conserved Domain Database as cl00185 (Marchler-
Bauer et al., 2013). Based on sequence similarity, there are two distinct sub-families of PL
regions classified as cd01343 and cd01344, which for brevity we designate PL1 and PL2,
respectively (Figs 4&5). There is no clear functional connection between the PL region and
autochaperone functional feature, and hence these terms must not be used interchangeably.
For example, PrtS (also known as SSP), which is one of only a few AT proteins that
contains a well-characterized autochaperone, lacks a PL region (Ohnishi et al., 1994) (Fig.
3).

The stable core is a structural feature, an ~25 kDa portion of the passenger C-terminus that
is more stable than the rest of the passenger, as determined by an increased resistance to
protease digestion and chemical denaturation. Stable cores have been reported in the C-
terminal regions of three p-helical passengers (Junker et al., 2006; Kiihnel and Diezmann,
2011; Renn and Clark, 2008) (Fig. 3). The higher stability of this core relative to the
remainder of the passenger has been shown to promote efficient OM translocation (Renn et
al., 2012). However, at least one AT passenger is translocated efficiently across the OM
without a canonical stable core (Besingi et al., 2013), and hence the extent to which a stable
core represents a widespread functional feature of AT secretion remains to be determined.
The stable core and PL region are not synonymous, as one is a structural feature and the
other a sequence feature: YapV, which contains a PL2 region, lacks a stable core (Besingi et
al., 2013) (Fig. 3). Likewise, the stable core and autochaperone are not synonymous: the
stable core is a structural feature that is confined entirely within the passenger structure,
whereas the autochaperone is a functional feature that spans approximately half the length of
a stable core.

An autochaperone is a C-terminal portion of the passenger that promotes correct folding of
the entire passenger at the cell surface. Crucially, a bone fide autochaperone will promote
efficient passenger folding and OM translocation even when supplied in trans (as a separate
protein, anchored to the OM) (Ohnishi et al., 1994; Oliver et al., 2003b). This functional
feature has been characterized for only three AT proteins, BrkA, EspP/Pet, and PrtS (SSP).
We have lumped the closely related EspP and Pet AT proteins together here because what
was shown is that the C-terminus of EspP can rescue the folding of some Pet mutants at the
cell surface when supplied in trans (Dutta et al., 2003). Crucially, while mutations in the C-
terminal regions of several other AT passengers have been shown to impair passenger
folding in vivo (Berthiaume et al., 2007; lvie et al., 2010; May & Morona, 2008), these
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regions are not considered autochaperones because it is not known whether their expression
intransis capable of rescuing passenger folding.

Common themes (and variations) for characterized autotransporters

Application of our unified, unambiguous nomenclature to 16 well-characterized ATs (Fig. 3,
Table 2) revealed several common themes. The first is that some features considered to be
broadly common have been well characterized in only a few AT proteins. For example, a
stable core has been found in pertactin (Prn) (Junker et al., 2006), Pet (Renn and Clark,
2008) and IcsA (Kuhnel and Diezmann, 2011), and is known to be absent in YapV (Besingi
et al., 2013), but its existence has not been tested in any other AT protein. Conversely, the
minimal translocator unit has never been determined for pertactin or Hbp, but is well
characterized for IgAP (Klauser et al., 1993), Ag43 (Ramesh et al., 2012), IcsA (Suzuki et
al., 1995), and AIDA-1 (Maurer et al., 1999). As a result of the limited results available,
direct mapping of functional features onto structural units across the diverse AT family is
challenging and subject to bias. As an alternative approach, we used sequence conservation
as a bridge to connect structural and functional units identified from diverse AT proteins

(Fig. 3).

The most conserved AT sequence elements are the N-terminal signal sequence and C-
terminal transmembrane B-barrel. The B-barrel structural unit consistently correlates with
conserved sequences, so these features can be considered equivalent for most practical
purposes. Notably, AT B-barrels contain a highly conserved “mortise and tenon” joint
between two adjacent B-strands within the barrel that appears important for positioning a
portion of the AT passenger within the barrel during its insertion into the OM (Leyton et al.,
2014). Interestingly, although Pfam 03797 and smart00869 do not extend into the a-helical
or disordered linker segments, a conserved motif that does map to this region was identified
in 100% of 1523 AT sequences analyzed (Celik et al., 2012).

Although not as broadly conserved as the signal sequence or p-barrel, the PL region
(cd00253) stands out as a conserved sequence element within a subset of AT passengers. It
can be divided into two distinct subgroups, PL1 and PL2, based on sequence conservation.
Which of the two subgroups is present in a particular AT protein correlates with the position
of the AT in a phylogenetic tree of passenger sequences (Fig. 4). Most AT secretion studies
have used ATs that contain a PL1 region, however it is the rarest of all PL subgroups, and
the vast majority of AT proteins lack a PL region altogether (Fig. 4B). Hence the current
collection of well-studied ATs over-represents a relatively narrow range of AT proteins.
Going forward, developing a comprehensive understanding of the connections between AT
protein sequence features such as the PL region and AT structural and functional properties
will require studies that sample a broader variety of more phylogenetically diverse AT
proteins.

The PL region can overlap with other features at the C-terminus of the passenger. It appears
to encode a folded structure, since it overlaps with known passenger structures —
specifically the C-terminal B-helical structure — rather than with disordered linkers. Some
PL regions include a stable core and/or autochaperone feature, and it might therefore be
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tempting to regard the PL region as synonymous with structural stability and autochaperone
functionality. However, because these three features do not consistently overlap (Fig. 3), and
because so few well-characterized stable cores and autochaperones have been identified, the
temptation to extend structural and functional significance to a conserved sequence feature
must be resisted. Similarly, although C-terminal passenger stability has also been linked to
efficient OM secretion (Brockmeyer et al., 2009; Drobnak et al., 2014; Renn et al., 2012;
Soprova et al., 2010), and hence it might be tempting to speculate that the PL region plays a
key role in the secretion of wild type B-helical passengers. However, a similar effect of C-
terminal passenger stability on secretion has also been observed in at least one AT without
an identified PL region (lvie et al., 2010). This suggests the passenger stability effect could
be more widespread, not tied exclusively to the PL sequence but perhaps to a wider
superfamily of sequences or to the C-termini of B-helices in general. In short, the function of
the PL region is far from clear, and therefore in the absence of a detailed, quantitative
structural and functional characterization its presence should not be used to infer increased
structural stability, autochaperone functionality or effects on OM secretion.

We also examined connections between sequence, structure and function within the linker
that connects the passenger to the f-barrel. For many ATs, the linker includes an
unstructured region N-terminal to the a-helix, and in many cases this unstructured region is
rich in proline residues (Charles et al., 1989; Leyton et al., 2007; Lindenthal and Elsinghorst,
1999). To investigate how widespread proline enrichment is within the linker across all AT
proteins, we defined a proline-rich region as containing =4 prolines within a window of 11
amino acids, <200 aa N-terminal to the N-terminus of the conserved AT B-barrel domain
(see below). A cutoff of =4 Pro residues was chosen because it gave a positive result for
pertactin (Prn) and TibA, two well-characterized ATs previously known to have a proline-
rich region region (Charles et al., 1989; Lindenthal and Elsinghorst, 1999) (Fig. 5), but was
uncommon overall in the E. coli proteome (0.14% of all 11 aa windows). Across a
nonredundant set of 1882 AT proteins (maximum identity = 60%) collected from the NCBI
Reference Sequence Database, 18.5% of ATs contained a putative proline-rich region. Due
to its low sequence complexity, it is very difficult to draw conclusions regarding
evolutionary conservation of this region, but high proline content could rigidify the N-
termini of these linkers (Williamson, 1994). Proline-rich regions can play an important role
in binding to other macromolecules, either through direct interactions or by acting as spacers
(Coté and Mourez, 2011; Williamson, 1994). The proline-rich region tends to overlap with
the portion of the linker found between the passenger domain and the central a-helix,
although some linkers include a predicted disordered region without having a proline-rich
region (Fig. 5).

While there is strong sequence conservation in the signal sequence, translocator and C-
terminal portion of some AT passengers, no similarly broadly conserved sequence feature
has been identified in the N-terminal regions of AT passengers. This might reflect the need
to accommodate a broad spectrum of virulence functions across the AT family, but also
illustrates the versatility of the AT secretion mechanism, which can obviously be used to
transport many different passenger sequences to the cell surface. Also of note is the ability
of the AT translocation machinery to secrete a variety of heterologous proteins to the
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bacterial cell surface (Jong et al., 2010; Jose & Meyer, 2007), although it is important to
keep in mind that these heterologous proteins are often significantly smaller (<300 aa) than a
typical AT passenger (>500 aa) (Junker et al., 2006; Celik et al., 2012). It is tempting
therefore to point to the passenger C-terminus as the crucial region that determines whether
an endogenous AT passenger is compatible with AT secretion, but it should be noted that
premature formation of stable folded structures at the N-terminus of an endogenous
passenger can also reduce its secretion efficiency (Jong et al., 2007; Leyton et al., 2011;
Renn et al., 2012; Sauri et al., 2012). Moreover, many of these less conserved passenger N-
terminal sequences still adopt a p-helical fold, likely reflecting the plasticity of the B-helical
fold to amino acid substitutions (Schuler et al., 2000).

Discussion

Analyzing the sequence determinants for AT OM translocation within the framework of our
unified nomenclature has yielded new insights. For example, the functional distinction
between the disordered portion of the linker and the PL region of the passenger was not
previously widely recognized, in part because some older naming conventions lumped
together these functionally distinct regions. As highlighted in Figs 2 and 4, this disordered
region and the PL region are distinct units in terms of structure, function and sequence. The
PL region adopts a stably folded conformation, whereas the disordered region is by
definition less well structured. Not all AT proteins include this disordered portion within the
linker, yet where present this portion of the linker is typically essential for OM translocation.
This is consistent with the need for an estimated 30-45 residues N-terminal to the f-barrel to
form a proposed early intermediate in OM translocation, consisting of an extended loop that
crosses the OM twice, connecting the waiting passenger in the periplasm to the cell surface
and back to the periplasmic N-terminus of the B-barrel (Fig. 1) (Drobnak et al., 2014;
Ohnishi et al., 1994; Pohlner et al., 1987). While the disordered portion of the linker can be
crucial for OM translocation, the PL region primarily appears to be necessary for the folding
(and potentially secretion) of wild type, p-helical passengers that are also much larger than
the commonly used heterologous passengers (such as cholera toxin B subunit). More work,
including both bioinformatics analyses and quantitative assays of the effects of mutations on
secretion efficiency, will be required to determine the precise function(s) of PL regions and
how they compare to the roles that the a-helix and unstructured linker regions play in AT
secretion.

An additional point of clarity achieved here surrounds the term “autochaperone”. This term
was originally coined to define a C-terminal region of the AT passenger that promotes
extracellular passenger folding even if present only in trans during OM translocation
(Ohnishi et al., 1994; Oliver et al., 2003b). By this definition, mutations that lead to
passenger misfolding are not sufficient to characterize a region as an autochaperone. Partial
overlap between the BrkA autochaperone and its PL region (Oliver et al., 2003b) has
unfortunately led to widespread misuse of the term “autochaperone” to describe the entire
PL region, even though the two terms are not synonymous. The BrkA autochaperone (Oliver
et al., 2003b) spans only half of the BrkA PL region, and one of the few other AT proteins
known to contain a bone fide autochaperone, PrtS (SSP) (Ohnishi et al., 1994), lacks a PL
domain (Fig. 3). Similarly, although the C-terminal rungs of the -helix domain in VacA are
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required for the correct folding and secretion of the passenger (lvie et al., 2010), no PL
domain has been identified for VVacA, nor has it been shown that this putative VacA
autochaperone can rescue the folding-impaired phenotype when provided in trans. What is
more, the stable core of IcsA, which overlaps closely with the IcsA PL region, does not
appear to function as an autochaperone (Teh and Morona, 2013). Hence, while the C-
terminus of a PL region can function as an autochaperone, the same or similar functionality
can also be encoded in a non-PL sequence at the C-terminus of other AT passengers,
whereas some PL regions may lack the autochaperone functionality. Going forward, it will
be important to determine what sequence and/or structural features represent the crucial
determinants of autochaperone function. Until that time, we recommend avoiding the term
“autochaperone” except in cases where it has been functionally well described (currently
only PrtS, BrkA and EspP/Pet).

New ATs with important virulence functions are being discovered on a monthly basis, yet
much of the detailed structural and functional characterization of ATs to date has focused on
a relatively narrow group of AT proteins, many of which are members of the minority
fraction of PL1-containing AT proteins (Fig. 4). The AT community has developed a
number of novel assays specifically to study the connections between AT sequence,
structure and OM translocation (reviewed in (Henderson et al., 2004; Leyton et al., 2012)).
To make the best use of these approaches and develop a truly comprehensive picture of the
AT secretion mechanism, it will be important to diversify beyond our current well-
characterized model AT proteins. We predict that targeted structural and functional studies
using a manageable number of phylogenetically diverse AT proteins representative of the
entire AT superfamily, focused on the regions from the C-terminal part of the passenger to
the N-terminus of the B-barrel, will resolve many remaining ambiguities regarding the roles
of specific AT protein features on OM translocation. Together with adopting the unified,
unambiguous nomenclature described here, these efforts will provide a more comprehensive
understanding of the AT secretion mechanism.

Methods

Sequence data

The NCBI RefSeq Protein database (Tatusova et al., 2014) was searched for keyword
“autotransporter”. The resulting sequences were downloaded in FASTA format. Redundant
identical protein sequences were removed.

Filtering for sequence similarity

The sequences were compared by BLASTP (e-value cutoff 10~7). BLAST results were
processed to remove sequences sharing similarity above a percent identity threshold. The
first query sequence was marked as included, and each subsequent sequence marked as
excluded if it had an alignment to the first sequence with percent identity > percent identity
threshold. This was repeated for each subsequent, non-excluded sequence in the file.
Filtering was performed at percent identity cutoffs of 60% and 85%. A 60% cutoff was used
to reflect the diversity in the well characterized AT set (maximum percent identity in this set
is 57%, between Pet and EspP).
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Conserved domains: Identifying autotransporters

Methods used for classification of proteins as ATs were based on Junker et al. (2006).
Following filtering, non-redundant protein sequences were analyzed for conserved domains
using the NCBI Conserved Domain Search (Marchler-Bauer et al., 2013) batch search
option. Results were filtered for hits with e-values < 0.0001. A protein was considered an
AT if it had a predicted p-barrel domain (pfam03797 or, in its absence, smart00869) ending
< 100 aa from the C-terminus of the protein (because ATs have C-terminal barrels), and
beginning > 250 aa from the N-terminus of the protein (to allow space for a passenger
domain), and did not contain YadA-like domains (because this related classification could
lead to false positives). Sequences meeting these criteria were also analyzed for the presence
of PL domains (e-value < 0.0001). AT proteins were classified as PL1 or PL2 if they had
specific hits to these domain classes (cd01343 or cd01344), or unclassified PL if they lacked
a specific hit to PL1 or PL2 but did have a PL superfamily hit (c100185).

Polyproline regions

The region of interest was defined as 200 amino acids preceding the N-terminus of the
conserved barrel domain. This distance was defined because 95% of ATs with a conserved
PL domain had a distance <200 amino acids between the PL C-terminus and the barrel N-
terminus. This region was searched for polyproline regions and predicted disorder. An AT
was considered to have a polyproline region if it contained =4 Pro residues in a window of
11 amino acids. This cutoff was chosen because it gave positive results for pertactin (Prn)
and Ag43, the only two model ATs previously known to have polyproline regions, but was
uncommon overall in the E. coli proteome (0.14% of windows).

Disorder prediction

AT protein sequences were analyzed for regions of intrinsic disorder using the Espritz web
server (Walsh et al., 2012), with default settings (prediction based on X-ray training set, best
SW decision threshold).
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Figure 1.
Overview of the autotransporter (AT) secretion mechanism. ATs are synthesized as

precursors with an N-terminal signal sequence (grey) for export across the inner membrane
(IM). Following IM translocation, the AT passenger (green), linker (red and magenta) and
C-terminal B-barrel (cyan), cross the periplasm and the B-barrel forms a pore that spans the
outer membrane (OM). The passenger is translocated across the OM, presumably through
the pore formed within the B-barrel. Studies of the B. pertussis AT pertactin (Prn) have
shown that the passenger is translocated across the OM from C- to N-terminus (Junker et al.,
2009). The shaded area indicates early steps in the AT secretion mechanism that remain
unclear, including transit of the precursor through the periplasm, the conformation of the
passenger in the periplasm, the role of periplasmic chaperones in facilitating OM secretion,
the insertion of the B-barrel domain into the OM, and translocation of the first p-strands of
the passenger across the OM. The B-barrel assembly machinery (BAM) plays a role in some
early AT OM translocation steps, including insertion of the transmembrane p-barrel into the
OM (leva and Bernstein, 2009; Ruiz-Perez et al., 2009; Sauri et al., 2009). Figure adapted
from (Braselmann and Clark, 2012).
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Figure2.
Application of a unified nomenclature to explicitly describe typical structural, functional,

and sequence conservation features important for AT secretion. (A) Ribbon diagrams of
representative AT structures. Passengers are shown in green, a-helices in pink, and B-barrels
in cyan. The passengers are from E. coli EspP (top, PDB ID 3SZE (Khan et al., 2011)) and
B. pertussis pertactin (Prn, bottom, PDB ID 1DAB (Emsley et al., 1996)). The EspP B-barrel
and a-helix are shown in the post-cleavage (bottom, PDB ID 2QOM (Barnard et al., 2007))
form and in a form designed to represent a pre-cleavage intermediate (top, PDB ID 3SLO
(Barnard et al., 2012)). C-terminal to the EspP passenger p-helix is a short a-helix that lies at
the surface of the passenger. Note that these residues also appear in the structure of the EspP
translocator in the pre-cleavage form (black ovals indicate the same sequence). (B)
Sequence annotation of universal and other common AT structural, functional and sequence
features. Lengths are drawn to scale using the B. pertussis pertactin sequence. As for many
AT proteins, the N-terminus of the translocator unit (the minimal unit required for OM
translocation) is not clearly defined for pertactin (dotted line). Asterisks indicate the
approximate locations of three features found in the C-terminus of some AT passengers (PL
region, stable core, and autochaperone). The shaded area indicates features that are often
inaccurately or ambiguously annotated in the AT literature, but are known to play an
important role in AT biogenesis.

Mol Microbiol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Drobnak et al.

Page 21

Passenger Stable core Disordered region «a-helix f-barrel
Signal sequence PL2 Autochaperone Translocator

Y Cleavage snes\

Structure '—-' Prn
Conservation E _— =
\ \J
S BrkA
Y \J
= - ESPP
\J Y
= - - Hop
Y \/
I ———— Pet
-
— il Hap
— -
Y \AJ
——— IgAP
v TibA
— _— .
\J \J
o — IcsA
\i \j
— Ag43
\ Ve
e AIDA-I
' YapV
; . = .

—_— .
\J Y Yy
— VacA
S
‘ | PrS
=

Figure 3.
Regions of known structure (top), sequence conservation (bottom), and functional features

(background shading) for 16 well characterized AT proteins. Sequences were aligned at their
C-termini in order to highlight the widespread conservation of C-terminal sequence features.
The conserved B-barrel region (cyan, bottom line) corresponds to smart00869 in YapV and
Ag43 and Pfam 03797 in all other proteins shown. Note that solved structures of B-barrel
domains are also colored in cyan (top line). The conserved PL region (cd00253) at the C-
terminus of many passengers corresponds to subgroup PL1 (yellow; cd01343) or subgroup
PL2 (brown; cd01344). Conserved domains were identified using NCBI Conserved Domain
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Search (Marchler-Bauer et al., 2013). Structural features correspond to regions resolved
within PDB structures and/or defined biophysically. Functional features were identified
biochemically. Overlap between the EspP autochaperone and translocator is shown as a
hatched area. See Table 2 for specific boundaries of highlighted features.
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Page 23

Passenger sequence conservation amongst the 16 well-characterized AT proteins shown in
Figure 3. (A) AT passenger sequences were aligned using Muscle, and a pylogenetic tree
was calculated using PROTML from the PHYLIP phylogeny package (Felsenstein, 2005).
The overall passenger phylogeny corresponds well to the distinction between the three types

of PL regions (PL1 (cd01343; yellow), PL2 (cd01344; brown), and no PL region (no
shading)). (B) PL domain assignments for a nonredundant set of 1882 AT proteins

(maximum identity = 60%) collected from the NCBI Reference Sequence Database. An AT
is assigned as unclassified PL if it had a PL superfamily assignment (cl00185) but did not
have an assignment to a specific PL subset (PL1 or PL2). Domains were assigned using

NCBI Conserved Domain BLAST.
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Figureb5.
AT linkers exhibit a diverse range of proline content and predicted disorder, even within the

sub-family of PL1-containing AT proteins. Disorder was predicted using Espritz (Walsh et
al., 2012). Conserved domains are colored according to the assignments in Figure 3. AT
linkers may entirely lack a disordered region (EspP), have a disordered region without high
proline content (Hap), or contain a polyproline region that is also predicted to be disordered
(Prn). There is wide variety in the length of these disordered regions, with some ATs having
regions of predicted disorder that are hundreds of residues in length (IgAP).
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Glossary of names used historically and sometimes ambiguously to describe structural and/or functional
features of AT proteins, listed from N- to C-terminus.

Feature name Description Preferred term
a-domain@ Historically used to refer to the passenger. For IgAP, the term “a- Passenger
peptide” is used to refer to one small portion of the passenger.
AutochaperoneP Functional unit at C-terminus of the passenger, capable of (Avoid - see text for details)
catalyzing passenger folding and efficient OM translocation in
trans. Historically also used to refer to any conserved sequence at
the passenger C-terminus.
Helper® Early historical term used to describe the entire translocator unit. Translocator (if known)

Hydrophobic secretion facilitation
domain (HSF)d

A seldom-used term that describes a conserved hydrophobic region
near the C-terminus of the passenger, found to be functionally
required for secretion of EspP. Overlaps with the PL and
autochaperone regions.

PL region

Junction® Loosely refers to residues connecting the passenger and the - Linker or PL region (see text
barrel. Occasionally used to refer to a conserved sequence near the | for distinction)
C-terminus of the passenger.

Linkerf Segment connecting the folded passenger to the central a-helix. Linker or PL region (see text

May also include the a-helix. Historically also used as a synonym
for “junction”.

for distinction)

Translocator, Translocation unit9

C-terminal part of the AT protein, responsible for facilitating OM
translocation. Includes, but is not limited to, the p-barrel domain
and the central a-helix. Historically sometimes defined as the
entire AT sequence C-terminal to the passenger cleavage site(s) or
to the N-terminus of the a-helix.

Translocator

B-domainh

Historically used to refer to the B-barrel structural domain, or entire
AT sequence C-terminal to the passenger cleavage site(s), or the
entire translocator functional unit.

B-barrel or Translocator (if
known; see text for distinction)

aBrandon and Goldberg (2001); Pohlner et al. (1995)

bKuhnel and Diezmann (2011); Ohnishi et al. (1994); Oliver et al. (2003b); Rutherford et al. (2006); Soprova et al. (2010); Teh et al. (2012)

CPohlner et al. (1987)

dVelarde and Nataro (2004)

eCﬁté and Mourez (2011); Ohnishi et al. (1994); Thanassi et al. (2005)

fBesingi et al. (2013); Oliver et al. (2003b); Velarde and Nataro (2004)

gHenderson et al. (2004); Konieczny et al. (2001); Maurer et al. (1999); Oomen et al. (2004)

hHenderson et al. (2004); Klauser et al. (1993); Leyton et al. (2012)
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