1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Protein J. Author manuscript; available in PMC 2020 August 01.

-, HHS Public Access
«

Published in final edited form as:
Protein J. 2019 August ; 38(4): 389-408. doi:10.1007/s10930-019-09862-3.

The Rich Tapestry of Bacterial Protein Translocation Systems

Peter J. Christie
Department of Microbiology and Molecular Genetics, McGovern Medical School, 6431 Fannin St,
Houston, TX

Abstract

The translocation of proteins across membranes is a fundamental cellular function. Bacteria have
evolved a striking array of pathways for delivering proteins into or across cytoplasmic membranes
and, when present, outer membranes. Translocated proteins can form part of the membrane
landscape, reside in the periplasmic space situated between the inner and outer membranes of
Gram-negative bacteria, deposit on the cell surface, or be released to the extracellular milieu or
injected directly into target cells. One protein translocation system, the general secretory pathway
(GSP), is conserved in all domains of life. A second, the twin-arginine translocation (Tat) pathway,
is also phylogenetically distributed among most bacteria and plant chloroplasts. While all cell
types have evolved additional systems dedicated to the translocation of protein cargoes, the
number of such systems in bacteria is now known to exceed nine. These dedicated protein
translocation systems, which include the types 1 through 9 secretion systems (T1SSs - T9SSs), the
chaperone-usher (CU) pathway, and type IV pilus (T4P) system, are the subject of this review.
Most of these systems were originally identified and have been extensively characterized in Gram-
negative or diderm (two-membrane) species. It is now known that several of these systems also
have been adapted to function in Gram-positive or monoderm (single-membrane) species, and at
least one pathway (T7SS) is found only in monoderms. This review briefly summarizes the
distinctive mechanistic and structural features of each dedicated pathway, as well as the shared
properties, that together account for the broad biological diversity of protein translocation in
bacteria.
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Introduction

Among bacteria, the translocation of proteins across the cell envelope is fundamental for
survival, niche establishment, and pathogenesis. In recent years, bacterial protein
translocation has received considerable attention in the context of human medicine, as it has
become increasingly evident that pathogens deliver proteins to the cell surface or into
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eukaryotic target cells as a major armament for invasion and infection [1,2]. Bacteria deploy
the highly conserved general secretory pathway (GSP) and twin arginine translocation (TAT)
systems to deliver proteins across the inner or cytoplasmic membrane (CM) [3,4]. Bacteria
also have evolved many specialized translocation systems to deposit proteins on their cell
surfaces, or deliver them to the extracellular milieu or into target cells [5,6]. Collectively,
these systems accommodate a highly diverse repertoire of protein substrates, ranging from
small to large, hydrophilic to hydrophobic, monomeric or multimeric, unfolded or folded,
unmodified or posttranslationally modified, or even covalently attached to DNA. Gram-
negative bacteria, whose cell envelopes consist of two membranes with intervening
periplasm and cell wall, have evolved more than nine specialized translocation systems
dedicated to protein trafficking to the cell surface or beyond. Gram-positive bacteria, whose
envelopes are comprised of a single cytoplasmic membrane and a thick cell wall, have
appropriated several of the systems functioning in Gram-negative species, and also have
evolved their own specialized systems.

A full accounting of dedicated protein translocation in bacteria is beyond the scope of this
review. Instead, here, | will highlight the broad biological diversity of protein translocation
by describing system-specific features as well as shared properties. We can envision
bacterial protein translocation as a rich tapestry, the dominant patterns corresponding to each
system and the interconnecting threads representing the common mechanistic or biological
functions. Over the past decade or so, exciting details of this tapestry have been unveiled
through many state-of-the art approaches, including most recently the use of high-resolution
cryoelectron tomography to visualize bacterial translocation ‘nanomachines’ in the native
context of the bacterial cell envelope [7]. For purposes of discussion, these systems are
grouped into four Classes (see Fig. 1 & Table 1). The first three Classes function in Gram-
negative (diderm) species and the fourth in Gram-positive (monoderm) species.

Class |: Two-step translocation systems - Assemble only at the OM and translocate

substrates from the periplasm across the OM.

Systems designated as Class | are phylogenetically widely distributed among Gram-negative
bacteria, but are best characterized in members of the phylum Proteobacteria. These systems
assemble only at the OM. The overall mechanism of translocation is designated as two-step
because substrates are first delivered across the IM via the GSP to the periplasm and then
they are recruited by the Class I system for translocation across the OM. Class | systems rely
on energy sources other than ATP hydrolysis or the electrochemical gradient that are
associated with inner membrane (IM) to drive substrate transfer. Class | systems include the
T5SSs (autotransporters), T8SSs (curli), and the C-U (chaperone-usher pilus/fimbriae)
pathway (Fig. 2). Functions of translocated substrates vary widely, but often are associated
with surface display of adhesive proteins or pilus organelles of importance for cellular
aggregation, establishment of biofilms, or colonization of mammalian host tissues.

1.1 Type 5 secretion systems (T5SSs).—T5SSs are also termed “‘autotransporters’ to
reflect an early view that they mediate the delivery of proteins or domains across the OM
independently of other cellular factors [8]. T5SSs are characteristically composed of a single
polypeptide consisting of an N-terminal signal sequence (Sec) for translocation through the
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GSP, an extracellular or “passenger’ domain, a linker domain, and a ‘translocator’ or
‘anchor’ domain. Some T5SSs additionally possess a protease domain that cleaves off the
passenger domain upon delivery to the cell surface. T5SSs have been subgrouped into 5
types based on structural variations in the passenger and/or anchor domains; subtype 5b
systems are termed two-partner secretion systems because separate genes encode the
passenger and anchor domains as distinct polypeptides [8-10]. Surface-exposed passenger
domains exhibit a range of protease, adhesin, toxin or receptor binding activities, which play
important roles in bacterial attachment, biofilm development, and infection [11].

The anchor domain folds as a p-barrel, which originally was thought to form the OM
channel responsible for extrusion of the passenger domain to the cell exterior, hence, the
term autotransporter [12,13]. It is now evident that maturation of T5SSs is considerably
more complex, and involves a number of cellular factors required for insertion of p-barrel
proteins in the OM (Fig. 2). These factors include periplasmic chaperones, e.g., SurA, Skp,
DegP, and the B-barrel assembly machine (Bam complex) [8,14-17]. In a new model for
autotransporter translocation [8], substrates are first delivered through the GSP to the
periplasm where they bind periplasmic chaperones. The anchor domain is recruited by the
Bam complex, which initiates - but does not complete - insertion of the anchor domain into
the OM. As a result, a hybrid channel is formed, composed of the anchor domain and the p-
barrel of BamA in an open conformation. Next, the passenger domain binds the Bam
complex and is threaded through the hybrid B-barrel - BamA channel. Once the passenger
domain is extruded to the cell surface, surface-exposed basic or large polar residues
stimulate release of the anchor from BamA and closing of the B-barrel [18]. Finally, the
passenger domain folds and either remains tethered to the B-barrel anchor domain or is
proteolytically cleaved and released into the milieu [8].

It is postulated that directionality of autotransporter translocation is driven by charge-based
interactions that help promote insertion of the anchor domain into the OM [18]. Vectorial
folding of secreted regions might also ‘tug’ the passenger domain through the hybrid OM
channel and block reentry into the channel [19-21]. Interestingly, recent work showed that
TamA and its partner protein TamB facilitates the assembly of a subset of autotransporters
[17,22]. TamA, like BamA, is member of the Omp85 superfamily, but its interaction partner,
TamB extends across the periplasm and through the IM [23]. Through its contacts with the
IM, the Tam complex might provide a source of mechanical energy for insertion of the
autotransporter anchor domain into the OM [24].

1.2 Chaperone-usher (C-U) pilus biogenesis systems.—The C-U pathway
mediates assembly of surface structures termed pili or fimbriae that adhere to eukaryotic cell
targets [25]. Pilus-mediated attachment contributes to the formation of biofilms as well as
intracellular biofilm-like communities (IBCs) that are highly resistant to antibiotics [26,27].
C-U pili can also activate host cell pathways leading to actin cytoskeletal rearrangements
and subsequent bacterial invasion into the host cells [28]. Attached CU pili often must
withstand strong shear forces, a property conferred by a combination of their rigidity and
flexibility [28,29].
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The best-characterized C-U pili are type 1 pili elaborated by different species of the
Enterobacteriaceae, and the Pap pili elaborated by uropathogenic £. coli (UPEC) [27]. These
pili are configured as a helical rod consisting of hundreds of pilus subunits, and a flexible tip
fibrillum composed of several subunits in one or a few copies that mediate target cell
attachment (Fig. 2) [30]. Assembly initiates by delivery of pilus subunits via the GSP to the
periplasm, where the pilus subunits fold and form disulfide bridges, then interact with a
dedicated chaperone (e.g., FimC, PapD) [31,32]. C-U pilus subunits typically are composed
of an N-terminal flexible extension of ~10-15 residues in length and an incomplete
immunoglobulin (Ig)-like pilin domain composed only of six p-strands. Because Ig-folded
proteins typically contain seven p-strands, the lack of the seventh p-strand confers
instability. Pilus subunits are stabilized through a specific interaction with the chaperone that
involves donation of a p-strand by the chaperone subunit into the groove in the pilus that is
normally occupied by the seventh B -strand. This interaction, termed donor strand
complementation (DSC), stabilizes the pilus subunit, facilitates pilus subunit folding and
inhibits premature pilus-pilus interactions [32,33].

The chaperone-pilus complex is recruited to and binds the OM usher, a 24-stranded p-barrel
pore composed of an N-terminal domain (NTD), two C-terminal domains (CTD1 and
CTD2), and a plug domain [34,35]. The usher catalyzes the exchange of the chaperone-
subunit for subunit-subunit interactions in a process termed donor strand exchange (DSE)
[36-38]. This involves displacement of the -strand donated by the chaperone by the N-
terminal extension of an incoming pilus, resulting in release of the chaperone and formation
of a pilus subunit-subunit interaction. As pilus subunits are added to the base of the pilus
fiber, the growing pilus is extruded through the p-barrel channel of the usher. The
periplasmic NTD and CTDs of the usher orchestrate pilus assembly, a process that has been
visualized by a series of high-resolution structures and modeled states [25,39-41]. In the
absence of IM energy sources, ordered assembly is attributed to differences in affinities of
chaperone-pilus complexes for the usher NTD, periplasmic concentrations of pilus subunits,
and pilus subunit-subunit interactions that drive pilus fiber assembly and formation of the
flexible helical rod at the cell surface [42].

The C-U pathway elaborates other types of pili than the well-characterized Pap and Type I.
These include rigid pili termed Colonization Factor Antigen (CFA) or Coli Surface antigen
(CS). Additionally, Afa/Dr pili made by pathogenic £. colistrains and the F1 capsular
antigen of Yersinia pestis assemble as thin, flexible fibers that in some cases form
amorphous, capsular-like or “afimbrial” structures [43-45]. As shown for T5SSs, insertion
of the usher B-barrel relies on the Bam complex, but there is also evidence for involvement
of the Tam complex [46].

1.3 Type 8 secretion systems (T8SSs).—T8SSs mediate assembly of amyloid fibers
termed curli [47]. These systems are primarily found in Proteobacteria and Bacteroidetes
[48]. Curli fibers are abundantly produced on the cell surface where they form dense mats.
Their main functions are to promote aggregation, and in biofilm settings they function as
adhesive and structural scaffolds for the microbial community [49,50]. Curli have also been
implicated in host colonization, innate response activation, and cell invasion [51,52].
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Curli are coiled fibers of ~2 — 5 nm in thickness that form via a nucleation-dependent self-
assembly process [53]. The distinctive feature of curli is that, upon export of the CsgA curli
subunits, curli pili form that adopt an amyloid fold as their native structure [54]. In £E. coli, a
dedicated chaperone, CsgC, binds the curli structural subunit, CsgA, upon delivery via the
GSP to the periplasm (Fig. 2) [55]. CsgC apparently does not bind unfolded CsgA, but
instead acts at the growth poles of curli fibers through charge-based interactions that block
CsgA nucleation. Chaperone - curli complexes are delivered to the OM translocon, which is
considerably larger than the B-barrel channels associated with the T5SS and C-U pathways.
The translocon is composed of nine copies of the 262-kDa lipoprotein, CsgG, arranged as a
36-stranded OM-spanning p-barrel [56]. In the periplasm, the proximal end of CsgG forms a
cage-like vestibule with an inner diameter of 35 A [57]. A small subunit, CsgE, docks at the
base of the vestibule to regulate substrate entry through charge-based interactions [58]. The
size of the CsgG channel dictates that the CsgA pilin subunit is secreted in a largely
extended conformation. CsgG can also export folded nonnative substrates, with size
constraints delimited by channel dimensions [59].

Upon translocation, CsgA interacts with the nucleator protein, CsgB. CsgB resembles CsgA
in sequence and structure, but a C-terminal repeat sequence anchors CsgB to the cell surface
in proximity to CsgG. At this location and together with contributions by CsgF, CsgB
nucleates assembly of CsgA into a p-sheet-rich amyloid fiber [60,61]. The transition from
the extended preassembly to amyloid states may provide a driving force for directional
translocation. A local high concentration and conformational confinement of curli subunits
in the CsgG vestibule might also raise an entropic free-energy gradient over the translocation
channel to ensure forward diffusion across the channel [57]. Interestingly, despite its p-
barrel configuration, the CsgG channel assembles independently of the Bam or Tam
complexes [62]. Rather, an N-terminal lipid motif targets CsgG to the lipoprotein sorting
(LOL) pathway for delivery to the OM. CsgG subunits then oligomerize, which is thought to
induce conformational changes that drive integration of amphipathic segments of the protein
into the OM [62].

2. Class Il: Two-step translocation systems - Span two membranes but translocate
proteins across the OM.

Systems designated as Class Il also recruit protein substrates from the periplasm for
translocation across the OM, but are distinguished from the Class | systems by the fact that
they span the entire cell envelope. This enables these systems to utilize IM energy sources
such as ATP hydrolysis and the proton motive force (PMF) to drive translocation. Class Il
systems include the T2SSs (originally termed the terminal branch of the GSP) and the very
recently described T9SSs. Type 4 pilus systems (T4Ps) are included in this Class because of
their closely shared ancestry with the T2SSs.

2.1 Type 2 secretion systems (T2SSs) and type IV pilus assembly systems
(T4Ps).—The T2SSs are large, envelope-spanning complexes composed of ~12-15
components [63]. The T2SSs are prevalent in the Proteobacteria, where they are deployed by
both pathogenic and nonpathogenic species for release of various monomeric and
multimeric proteins to the extracellular milieu. T2SS substrates include toxins, lipases and
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other lytic enzymes, and matrix proteins that contribute to establishment of robust biofilms

in environmental or pathogenic settings [64]. Most substrates are released from the cell, but
some such as pullulanase and heat-labile A/B5 enterotoxin (LT) remain tethered to the cell

surface [63,65,66].

The main components of T2SSs include: i) a cytoplasmic ATPase (GspE) that powers
substrate translocation, ii) an IM platform comprised of GspC and several other integral IM
subunits, iii) a ‘pseudopilus’ comprised of GspG that dynamically extends and retracts, and
iv) the secretin complex, a ~150 A x ~195 A cylindrical structure composed of 15 copies
each of the GspD secretin and GspS lipoprotein [63,67—71]. Reminiscent of the curli
channel, GspS - GspD building blocks are thought to be sorted via the LOL pathway to the
OM where the secretin oligomerizes and inserts into the OM independently of the Bam
complex [62,72,73].

GspG pilin monomers integrate into the IM as a pool for use to build the pseudopilus (Fig.
3) [63]. Upon delivery to the periplasm, T2SS substrates localize as soluble monomeric or
multimeric proteins or are tethered via lipidation at the periplasmic face of the IM [66].
Protein folding ensues, although the folded structures vary considerably and a common
translocation signal conferring recognition by the T2SS machinery is not yet defined. Upon
binding of the substrate to the pseudopilus tip, the growing pseudopilus extrudes it through
the secretin channel to the cell surface via proposed “piston’- or ‘Archimedes screw’-like
actions [63]. The GspE ATPase is thought to induce structural transitions in the IM platform
required for pseudopilus extension and, possibly, retraction [63,74].

T4P assembly systems are closely phylogenetically related to T2SSs, and, indeed, many
structural and mechanistic similarities exist [75]. The main difference is that T4P systems
elaborate a bona fide pilus that dynamically extends several microns from the cell surface
and then retracts (Fig. 3) [76]. Extension and retraction generate considerable mechanical
force, which enables the T4P to pull bacteria along abiotic and biotic surfaces resulting in a
jerky trajectory of motility termed twitching motility [77]. T4P retraction can also pull
extracellularly-bound molecules such as DNA and bacteriophages into the periplasm to
initiate DNA transformation and phage infection [77,78]. T4Ps also mediate adherence of
bacteria, resulting in formation of microcolonies or biofilms [77].

TA4Ps are further distinguished from the T2SSs in their use of a second ATPase, e.g., PilT,
which is responsible for pilus retraction [76]. Pilus extension/retraction dynamics remain
poorly understood, but appear to involve opposite rotary motions of the GspE and PilT
ATPases during cycles of ATP binding and hydrolysis [76]. The underlying mechanism of
TAP retraction is complicated by the fact that some T4Ps, such as those found in Vibrio
cholerae, Neisseria gonorrhoeae. and Caulobacter crescentus, lack a retraction ATPase but
are still proficient in retraction [78-81]. T4Ps also assemble in Gram-positive bacteria,
where they group into three functional subtypes that are not mutually exclusive: i) Pil (pilin),
ii) Com (competence), and iii) Tad (tight adherence) (Fig. 1) [82]. T4Ps functioning in
Gram-positive species also appear to retract independently of a PilT-like retraction ATPase
[82]. Interestingly, T4Ps can also function as secretion systems by exporting exoproteins that
are presumptively docked at the pilus tip [83]. The broad phylogenetic distribution and
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functional versatility of T4Ps is further exemplified by the fact that they are present in many
archaeal species. In archaea, T4Ps assemble as adhesive pili or novel surface structures, and
even as flagella termed ‘archaella’ that are capable of generating rotational forces enabling
swimming motility [84,85].

2.2. Type 9 secretion systems (T9SSs).—The recently described T9SSs are found in
the phylum Bacteriodetes, where they function both in protein secretion and a type of
motility termed gliding motility [86,87]. Unlike substrates of the T2SSs whose translocation
signals are not well-defined, substrates of T9SSs possess 70- to 100-residue C-terminal
domains (CTDs) that are required for translocation across the OM [88]. CTDs have Ig-like
folds that are thought to mediate binding of the substrate with components of the T9SS [89].
Screens for the presence of conserved CTDs have yielded estimates from a few dozen to
over 200 T9SS substrates in different Bacteroides spp. [87]. Secreted substrates aid in
growth of Bacteriodes in the environment or mammalian host by promoting polymer
degradation, adhesion, virulence, and biofilm formation [87]. T9SS-mediated gliding
maotility is coupled to secretion and involves the rapid movement of cell surface adhesins
[90]. Cells glide on their long axis at speeds of ~2 um/s, powered by the IM PMF [91].

T9SS-mediated secretion and gliding motility require about ten proteins, although species-
specific differences exist in subunit copy numbers and some machine subunits also appear to
be involved in secretion of only a subset of T9SS substrates (Fig. 3) [87]. The secretion
machinery consists of two IM-spanning subunits, PorL and PorM (an alternative Gld
nomenclature is used for gliding motility systems), which likely are involved in coupling IM
energy derived from the PMF to the OM-associated secretion or motility complex. The large
~270-kDa protein, SprA (also termed sov) adopts a 36-strand B-barrel whose postulated OM
channel activity is regulated by other OM proteins including PorN, P, K, and V. An internal
pore of ~70 A, which could allow transit of folded or partially folded proteins, is blocked on
its periplasmic side by a plug protein and on its external side by PorV [92]. Several Por
proteins interact with PorV and this complex is thought to modify secreted proteins, e.g., by
removing the CTD, and attaching them to the cell surface [93]. This ‘attachment complex’ is
envisioned to function analogously to the sortases of Gram-positive species by covalently
anchoring C-termini of secreted proteins to surface lipopolysaccharide, which accounts for
observations that many T9SS substrates are C-terminally lipid-modified [93,94].

The mechanism responsible for gliding motility is not deciphered, but involves the rapid
movement of a large, ~670-kDa highly-repetitive surface adhesin SprB, or alternative
motility adhesins such as RemA, from pole to pole [95,96]. SprB follows a closed helical
loop, leading to a model that the T9SS motility machinery functions as a PMF-dependent
rotary motor that propels SprB or other motility adhesins along their helical tracks [91,97].
When the adhesins attach to a surface, the motors pushing against them result in rotation and
forward movement of the cell in a screw-like manner [87].
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3. Class lll: One-step translocation systems - Span Gram-negative cell envelope and
translocate substrates without a periplasmic intermediate.

The systems designated as Class |11 assemble as channels that span the IM, periplasm, and
OM through which substrates are conveyed in one step from the cytoplasm to the cell
surface. They rely on one or more associated ATPases or the PMF to drive translocation.
Class 111 systems include the T1SSs (specialized ATP-binding cassette or ABC transporters),
T3SSs (ancestrally related to flagella), T4SSs (ancestrally related to conjugation machines),
and T6SSs (ancestrally related to bacteriophage injection systems) (Fig. 4). These systems
function primarily to deliver ‘effector’ proteins to the cell surface or into other bacteria or
eukaryotic cells to kill or modulate physiological processes of the target cells.

3.1 Type 1 secretion systems (T1SSs).—The T1SSs are phylogenetically and
functionally related to the ABC transporter superfamily, which import or export small
molecules [98]. T1SS substrates can range in size, up to several hundred kDa, and are either
released to the milieu or affixed to the cell surface. T1SS substrates include proteases,
lipases, adhesins, and heme-binding proteins [99,100]. Substrates are usually defined by the
presence of several blocks of honapeptide-binding sequences, termed RTX (repeats in
toxins) that have a consensus GGxGxDxUx sequence, where x can be any amino acid and U
is a large hydrophobic amino acid [101,102]. RTX motifs specifically bind Ca2* and are
implicated in post-translocation folding [103]. The RTX domain is located proximal to the
C-terminal secretion signal. There is still debate whether the secretion signal consists of a
specific linear code, a structural motif, or a combination of the two [99].

T1SSs are composed of an ABC transporter ATPase, a membrane fusion protein (MFP), and
a TolC-like protein (Fig. 4) [99,100]. The ATPase functions as a dimer and catalyzes ATP
hydrolysis to provide the energy for substrate transport. The ATPase interacts with the MFP
in a 2::3 (or possibly 2::6) stoichiometric ratio to coordinate recognition of secretion
substrates [104,105]. Upon binding of substrate, the ATPase/MFP complex recruits TolC,
which inserts at the OM as a pB-barrel channel and extends as a long a-helical ‘tunnel’
through the periplasm. The activated MFP/ATPase/TolC complex thus transiently forms a
transenvelope channel/tunnel or ‘chunnel’ [104,106,107]. The unfolded C terminus of the
substrate enters the channel first, and once portions of the secreted substrate reach the cell
surface, Ca2* binding induces folding, which prevents backsliding of the protein into the
translocation channel[108].

Two T1SS substrates, the LapA and IBA adhesins, recently were shown to carry N-terminal
“retention modules” (RMs) that anchor the adhesins to the cell surface by stalling further
translocation [109,110]. This leaves a stalled short stub in the periplasm, apparently stuck in
TolC, and a fully translocated, functional adhesin in the extracellular space. Upon sensing of
an environmental signal, which in the case of LapA corresponds to conditions unfavorable
for biofilm formation, the adhesin is released to the milieu by proteolytic removal of the RM
[99,111]. The existence of a transient RM/TolC periplasmic intermediate, coupled with
environmentally-induced toxin release, has been interpreted as a form of two-step, as
opposed to one-step, translocation [111].
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3.2 Type 3 secretion systems (T3SSs).—Studies have established that a conserved
T3SS machinery contributes to the assembly of two phylogenetically-related but structurally
and functionally distinct organelles, the “injectisome’ and the ‘flagellum’ [6,112,113].
Hence, the T3SS superfamily consists of systems dedicated to the translocation of effector
proteins to eukaryotic cells and a motility/chemotaxis apparatus (Fig. 4). Injectisomes play
important roles during pathogenesis through their capacity to deliver effector proteins
directly into eukaryotic target cells [114]. These translocated effectors modulate a wide
variety of physiological processes in the eukaryotic target cell to the benefit of the invading
bacteria [112]. T3SSs of certain species, e.g., Yersiniaand Pseudomonas, translocate only a
few effectors, whereas those deployed by other species, e.g., Shigella, enterohemorrhagic £.
coli, translocate several dozen effectors. Flagella also function as dedicated protein
translocation systems, but the principal substrates are components of the flagellum itself that
are translocated during biogenesis [113].

Effectors are recognized by cognate injectisomes in part by their translocation signals (TSs),
which consist of short N-terminal motifs [115], but there is also evidence that substrate
signals can alternatively consist of RNA secondary structures encoded by the 5’ ends of
effector genes [116,117]. Many T3SS effectors also interact with chaperones, which
maintain the effectors in an unfolded state and can guide them to the base of the T3SS [118].
Various internal signals also dictate a temporal or hierarchical order to the translocation of
effectors during the infection process [119]. As with injectisome trafficking, protein
translocation during assembly of the flagellum proceeds through a combination of
chaperone-independent and -dependent recruitment of machine subunits and spatiotemporal
control of substrate trafficking by various internal signals acting at the transcriptional and
posttranscriptional levels [113].

At least eight subunits of injectisomes are highly conserved with components of the flagellar
apparatus [112,113]. Another ten to twenty proteins are needed for injectisome assembly or
function. Through single particle cryoelectron microscopy and /in situ CryoET approaches,
recent studies have defined the architectures of injectisomes and flagella at high resolutions
(Fig. 4) [120-123]. In general, T3SSs consist of a cytoplasmic base (termed the sorting
platform for injectisomes), the cell-envelope-spanning export apparatus, and either the
extracellular needle complex or flagellum (Fig. 4) [114]. Flagella additionally are composed
of stator and other components at the IM and OM that enable their rotary motion in response
to environmental signals [113].

By reference to a universal nomenclature adopted for injectisomes [112], the sorting
platform adopts a cage-like complex composed of cytoplasmic proteins SctQ, K, L, and N
[124,125]. It engages and unfolds substrates through the action of a member of the AAA+
ATPase superfamily, SctN [126], and it specifies a temporal order for substrate transfer
through the export channel. The sorting platform abuts the base of the export apparatus,
which is composed of five IM proteins (SctV|R, S, T, U) that form a channel through which
substrates are conveyed to the needle complex [127,128]. The needle complex extends
through an OM secretin complex, which is similar to that described above for the T2SSs but
distinct from the L- and P-rings comprising the OM-spanning substructure of flagella
[70,113,129]. The needle has an inner hollow core of ~25 A, a diameter wide enough to
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permit translocation of unfolded effectors [130]. A tip complex located at the distal end of
the needle, senses contact with host cells and regulates secretion of effectors [131]. Upon
contact with the host cell, the tip complex is thought to undergo conformational changes that
are transduced to the secretion machine [114]. The first proteins delivered through the T3SS
nanomachine are the translocator proteins SctB and SctE, which are deposited on eukaryotic
cell membranes and form a pore or translocon [122]. Effectors are then delivered in temporal
order to their final destinations in the eukaryotic cell cytosol.

3.3 Type 4 secretion systems (T4SSs).—T4SSs are unique among the dedicated
protein translocation systems in that a large subfamily functions to deliver DNA substrates
intercellularly by a process termed conjugation. Conjugation systems are present in nearly
all bacterial and some archaeal species, where they mediate the intra- and inter-species
transfer of mobile genetic elements (MGES) and their cargoes of antibiotic resistance and
virulence genes and other fitness traits [132]. Despite their prominent roles in MGE transfer,
conjugation machines in fact function as protein translocation systems through their ability
to recognize and translocate relaxase proteins and, coincidentally, covalently-attached DNA
substrates [133,134]. Relaxases coordinate DNA transfer by processing DNA substrates at
their origin-of-transfer (or/7) sequences into their single-stranded transfer intermediates
(relaxase-T-strand). They additionally carry translocation signals for recruitment to the
T4SS, and they “pilot’ the attached T-strand through the transfer channel into recipient cells
by a mechanism requiring direct cell-to-cell contact [135]. Another large subfamily of
T4SSs, the “effector translocators’ are deployed by pathogenic bacteria to deliver effector
proteins to eukaryatic cells during the course of infection [136,137]. Recent studies have
shown that some T4SSs also have evolved for niche establishment through delivery of toxic
proteins to neighboring bacteria [138,139]. Other T4SSs, designated uptake or release
systems, acquire DNA substrates from the milieu or release DNA or protein substrates into
the milieu [136]. Finally, T4SSs can elaborate ‘conjugative pili’, which function as
attachment devices to promote adherence, biofilm development, and colonization [140,141].

In Gram-negative species, T4SSs are built from a minimum of 12 ‘signature’ subunits
(VirB1 - VirB11, VirD4) [142]. T4SSs are composed of two large subassemblies, an outer
membrane complex (OMC) and an inner membrane complex (IMC), which are connected
by a thin flexible stalk or a central cylinder (Fig. 4) [143-147]. The minimal OMCs are
composed of three signature subunits (VirB7, VirB9, VirB10) that assemble as a barrel-
shaped structure of ~185 x 185 A in length and width [144,148]. Compositionally larger
T4SSs elaborate OMCs exceeding 250 A in width [146,147]. An a-helical domain of the
highly conserved VirB10-like subunit appears to form the OM channel [144,149].
Reminiscent of the curli channel and secretin complexes, studies suggest that the lipoprotein
VirB7 directs OMC building blocks to the LOL pathway for sorting to the OM where
oligomerization and channel formation proceed independently of the Bam complex [150-
152]. The IMCs are composed of an IM platform and two or three ATPases (VirB4, VirB11,
VirD4) [145-147,153]. Among the T4SSs whose structures have been solved, VirB4 stably
associates with the IMC but for unknown reasons it adopts two very different architectures
in different systems. In one configuration, VirB4 assembles as two side-by-side hexameric
barrels [145], and in the other as a hexamer of dimers surrounding the entrance to a central
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channel [146,147]. VirD4, a member of the SpollIE/FtsK ATPase superfamily, functions as
the receptor for T4SS substrates [154-156]. VirB11, a member of the AAA ATPase
superfamily, might function in unfolding of secretion substrates prior to translocation,
although it is not present in all systems [157]. Interestingly, while only inferred for VirD4
subunits at this time, a recent study established that VirB11 subunits cycle on and off the
cognate T4SS as a function of ATP binding and hydrolysis [146].

Most T4SSs are thought to translocate substrates in one step across the entire cell envelope
via a route that was described originally by use of a modified chromatin-
immunoprecipitation assay, and more recently via a channel visualized by in situ CryoET
[146,147,156]. Interestingly, however, in Bordetella pertussis, the Ptl T4SS relies instead on
a two-step translocation pathway to export pertussis toxin (PT) [158]. PT is a member of the
AJB5 toxin superfamily, whose A and B subunits are first delivered across the IM via the
Sec system and then assemble as the holotoxin in the periplasm prior to export via the Ptl
system across the OM [159]. Other A/B5 toxins are typically exported by T2SSs, drawing
interesting mechanistic parallels between the types 2 and 4 systems [63]. T4SSs also
function in many different Gram-positive species [160]. These systems lack the OMC and
conjugative pilus, and instead require large multidomain cell wall hydrolases for assembly
across the thick PG layer [161,162]. In Gram-positive species, T4SSs rely on cell surface
adhesins as opposed to conjugative pili to mediate attachment with recipient cells [163].

3.4 Type 6 secretion systems (T6SSs).—T6SSs belong to the versatile family of
contractile injection systems (CISs), which characteristically deliver effectors into target
cells using a spring-like mechanism [164,165]. T6SSs contribute to the virulence of bacterial
pathogens by delivering effector proteins to host cells, and also by injecting toxic substrates
into neighboring bacteria to gain a competitive advantage for niche establishment in the host
[166,167]. T6SSs have a broad repertoire of secretion substrates, which include effectors
that act on the eukaryatic cell cytoskeleton, peptidoglycan hydrolases acting on other
bacteria, and DNases, phospholipases and other toxins that can target all cell types [168—
170]. Toxic effectors are often coproduced with immunity proteins that interact with and
block the activity of the effector in the T6SS-carrying donor cell, thereby preventing self-
intoxication [167,171]. Although T6SSs are typically depicted as intercellular injection
systems, there is also evidence that these systems can function to deliver effectors into the
extracellular milieu. Many exported effectors target bacterial or eukaryotic cells, but recent
studies have also identified exported effectors that bind manganese, zinc or vesicles for iron
scavenging from the environment to provide metals to the bacterial cell [172-174]. In
Proteus mirabilis, there is also evidence for T6SS-mediated coordination of swarming
behavior and collective movement through export of proteins (Ids) that are involved in self-
recognition and territorial behavior [175].

T6SSs use a mechanism reminiscent of contractile-tail bacteriophages, but inverted, to

translocate effectors across the cell envelope and into target cells (Fig. 4) [164]. They are
assembled from ~20 proteins, many of which are related to components of bacteriophage
contractile tails. The main components include a sheath (TssBC) that envelopes a tube or
needle (Hcp) [176]. The tube possesses a spike complex at its tip (VgrG) that pierces the
membrane of the target cell [177,178]. The tube/sheath complex assembles on a platform
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termed the baseplate, a large multisubunit complex (VgrG/TssK/E/F/G) that anchors the
tube/sheath complex to membrane complex and also orients the tube/sheath relative to the
cell envelope [179,180]. The baseplate connects to a membrane complex composed of
TssJ/M/L, which spans the entire cell envelope and forms the channel through which the
tube passes upon sheath contraction [178,181].

T6SS biogenesis starts with the assembly of the membrane complex in the cell envelope and
the baseplate in the cytoplasm. Upon docking of the baseplate with the membrane complex,
the inner tube and sheath are coordinately assembled in the bacterial cytoplasm [164,182]. A
stimulus, presumptively transduced by contact with a target cell, triggers a rapid contraction
(<2-5 msec) of the sheath that initiates at the baseplate [183]. This results in expulsion of
the tube through the baseplate and membrane complex and, ultimately, through the
membrane of a bacterial or eukaryotic target cell [184]. After contraction, the sheath is
disassembled by a dedicated AAA™ ATPase termed ClpV [185]. T6SS effectors are injected
into target cells by virtue of their association with the VVgrG spike complex or tube or sheath
components. Effectors can be covalently or noncovalently linked with spike or tube
structures [170,186]. When associated with tube components, the effectors are likely
embedded into the tube lumen, whose fixed dimensions limits the sizes of effectors
conveyed via this mechanism [187].

4. Class IV: One-step translocation systems - Span Gram-positive cytoplasmic membrane
and translocate substrates to cell surface or beyond.

Gram-positive species deploy the conserved GSP and Tat pathways, as well as specialized
systems for delivery of protein substrates across their cytoplasmic membranes. The latter
include some of the organelles discussed above, e.g., flagella, T4SSs, T4Ps, adapted for
assembly across the single cytoplasmic membrane and thick cell wall. Another translocation
pathway, the T7SS, is unique to Gram-positive species. The T7SSs have been studied mainly
in the mycobacteria, but are broadly distributed among many species of the phyla
Actinobacteria and Firmicutes [188].

4.1 Type 7 secretion systems (T7SSs).—All T7SSs have two features in common: i)
they are composed of a transmembrane protein of the FtsK/SpolllE/VirD4 ATPase family,
and ii) they secrete small proteins of approximately 100 amino acids with conserved Trp-X-
Gly (WXG) motifs [189,190]. Other features of T7SSs are quite diverse, suggestive of a
long evolutionary process involving gene duplication, mutation, and horizontal gene transfer
[188]. Little is known about the biological functions of secreted substrates, but one property
of interest is that they can be secreted as folded homo- or heterodimers. For example, two
well-characterized WXG substrates in Mycobacterium tuberculosis, EsxA and EsxB,
interact to form a heterodimer that is secreted as a folded four-helix-bundle [191,192]. Also
intriguingly, monomeric or dimeric substrates, e.g., EspA/C, EsbB, on EsxA/B, can be co-
dependent on each other for secretion [193]. EsxB has a flexible C-terminal tail with a
translocation signal that mediates binding to the FtsK/SpolllE ATPase subunit, EccC. This
and other T7SS TSs consist of a helix-turn-helix domain followed by a characteristic Tyr-X-
X-X-D/E motif; these signals may or may not reside at the C terminus of the translocated
substrate [194,195]. EsxB and other small Esp/Esx subunits exhibit structural features
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similar to those of secretion chaperones associated with T3SSs, which has led to the
proposal that dedicated chaperones facilitate folding of partner substrates and provide the
necessary signals for cotranslocation of chaperone/substrate dimers through the T7SS
[196,197].

In M. tuberculosis, the ESX-1 system is often used as a model for T7SSs [188,197]. Its
components include three polytopic cytoplasmic membrane proteins (EccB, EccD, EccE),
two subunits (EccCa, EccCb) that together comprise the FtsK/SpolllE-like ATPase, and an
ATPase (EccA) of the AAA™ superfamily [188,197]. Members of the FtsK/SpollIE ATPase
superfamily typically have a single nucleotide-binding domain, but interestingly EccC has
three successive ATP binding domains [198]. Although the T7SS channel has not yet been
visualized, its capacity to accommodate folded monomeric or dimeric substrates suggests it
must be quite large and also tightly gated. Finally, in mycobacteria, all Ecc subunits required
for secretion are thought to assemble as the CM translocon, leaving unanswered the question
of how substrates are translocated through the mycolic acid layer, which is formally
equivalent to the OM of Gram-negative bacteria [188].

T7SSs are not restricted to protein secretion. For example, in Mycobacterium smegmatis, an
Esx-1-like system is involved in a special form of conjugation that involves the exchange of
different large chromosomal DNA fragments between donor and recipient strains [199,200].
Curiously, conjugation requires production of the ESX-1 system in the recipient cell, not the
donor cell, and, in fact, donor strains with an inactive ESX-1 system are hyperconjugative.
There is also evidence that Esx systems function in zinc or iron metal ion uptake [201-203].
Finally, in Mycobacteria marinum, an ESX-1-like system is implicated in biofilm
development and a form of motility termed sliding motility [204]. Overall, the diverse roles
of T7SSs appear to be linked to survival of nonpathogenic bacteria in different
environments, and of pathogenic bacteria in the harsh conditions encountered in the host.

5. Bacterial protein translocation: A rich tapestry of mechanism, structure, and function.

Bacteria have evolved a rich tapestry of pathways for moving proteins across their cell
envelopes. We are making rapid progress in illuminating the dominant patterns of the
tapestry representing each system, as evidenced most strikingly by recent successes in
solving high-resolution structures of protein translocation nanomachines /n situ. \We are also
identifying an increasing number of threads that tie the different systems to each other. On
one level, the connecting threads can be depicted as the features inherent among all protein
translocation systems required for: i) recruitment of specific substrate repertoires, ii)
assembly of membrane or cell envelope-spanning channels or pores, and iii) energizing
substrate transfer (Table 1). On another level, the connecting threads represent overlapping
mechanistic properties that blur the distinctions of the different systems (Table 1). Most
Class | systems, for example, assemble as OM channels or pores for substrate translocation
across the OM. Some Class | systems, however, require the envelope-spanning Tam complex
for assembly, thus linking Class | systems with the cell-envelope-spanning Class Il systems.
Most Class 111 systems characteristically deliver substrates in one-step across the entire cell
envelope. However, several Class 111 systems have now been shown to recruit their substrates
from the periplasm or transiently retain a portion of the secretion substrate in the periplasm,
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reminiscent of the two-step translocation pathways of Class Il systems. As a final example,
while several Class 111 systems, e.g., T3SSs, T4SSs, T6SSs, typically convey their substrates
directly into target cells, some members of these system are now known to export proteins to
the cell surface or extracellular milieu. These Class Il “injection’ systems thus function
instead like exporters, reminiscent of T1SSs, T2SSs, T7SSs, and T8SSs.

On a third level, the connecting threads link systems that have evolved to couple protein
translocation to diverse biological processes such as attachment, motility, or import (Table
1). For attachment and biofilm formation, many systems, e.g., T1SSs, T2SSs, T4SSs, T5SSs,
T9SSs, evolved the common strategy of elaborating large adhesins that extend appreciably
away from the cell surface. Other systems, e.g., T3SSs, T4SSs, T4Ps, T8SSs, elaborate long
pili/fimbriae or needles to promote attachment at a distance. For motility, many systems
elaborate highly dynamic appendages: i) T3SSs mediate flagellar-based motility, ii) T4Ps
mediate twitching and social motility, and in archaea these systems can promote flagellar-
based motility, iii) T6SSs regulate swarming motility and group behavior, iv) T7SSs are
involved in sliding motility, and v) T9SSs confer gliding motility. Even the dynamic
conjugative pili of T4SSs impart a limited form of motility in the form of donor and
recipient cells being drawn together during retraction of conjugative pili. Finally, several
systems, e.g., T2Ps, T4SSs, T7SSs, have evolved the capacity to import or exchange DNA
between cells, while other systems, e.g., T1SSs, T2SSs, T6SSs, T7SSs, can directly import
metals or other small molecules or indirectly contribute to nutrient acquisition from the
milieu.

Clearly, as our studies proceed, we are continuing to shed light on both the elegance and
complexity of this rich tapestry of bacterial protein translocation.
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Fig. 1. Bacteria have evolved more than nine distinct pathways for delivering proteins across
their cell envelopes.

Systems are grouped into one of four different Classes based on their location within the cell
envelope and mechanism of transfer. Class I: These systems assemble at the outer membrane
(OM) of Gram-negative bacteria and mediate substrate transfer across the OM. Class |
systems fall into the broad category of two-step translocation systems because substrates are
delivered to the cell surface in two-steps, first across the inner membrane (IM) via the
general secretory pathway (GSP) and second across the outer membrane (OM) via the Class
I machine. Class II: These systems assemble across the entire Gram-negative cell envelope
but mediate substrate transfer only across the OM. Class Il systems are also designated as
two-step translocation systems because substrates are delivered across the IM via the GSP or
twin-arginine-translocation (Tat) pathways, and across the OM by the Class Il system. Class
I11: These systems assemble across the entire Gram-negative cell envelope and function as
one-step translocation systems by recruiting substrates from the cytoplasm and delivering
the cargoes to the cell surface through channels that span the IM, periplasm and OM. A
subset of Class 111 machines deliver substrates directly into bacterial or eukaryotic target
cells. Class IV: These systems assemble across the cytoplasmic membranes (CM) of Gram-
positive bacteria. They generally function as one-step translocation systems by delivering
substrates across the CM, although specialized features are also postulated to be necessary
for translocation across the thick cell wall, or Mycobacterial spp. mycolic acid layer.
Systems assigned to each Class are listed at top. C-U, chaperone-usher pathway; T4P, type 4
pilus assembly pathway.
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Fig. 2. Schematics of Class | assembly pathways.
Type 5 secretion systems (autotransporters) rely on the GSP for delivery across the IM and

then are recruited to the Bam complex for OM insertion and surface display. C-U
(Chaperone - Usher) systems as exemplified by the Pap pilus assembly pathway. Pilin
subunits bind a periplasmic chaperone, e.g., PapD, by donor-strand complementation (DSC)
and are delivered to the OM usher for delivery across the OM and pilus assembly by donor-
strand exchange (DSE). Type 8 secretion systems are responsible for assembly of curli
amyloid fibers.
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Type 2 secretion systems elaborate ‘pseudopili’ on an IM platform. They recruit substrates
> delivered across the IM via the GSP or Tat systems to the tip of the pseudopilus, which
=1 might act as a piston to export the substrate through the secretin channel to the cell surface.
8 T4Ps are phylogenetically and functionally related to the T2SSs, except they build pili that
= dynamically extend and retract through the coordinated actions of the GspE and PilT
% ATPases. Type 9 secretion systems recruit substrates from the periplasm through binding of
S conserved C-terminal domains (CTDs). Some substrates are covalently bound to the cell
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Fig. 4. Schematics of Class 111 assembly pathways.
Type 1 secretion systems are related to the ATP-binding cassette (ABC) transporter

superfamily. They recruit substrates carrying C-terminal translocation signals (TSs) to the
ATPase/MFP complex, and deliver substrates to the cell surface through the TolC channel/
tunnel or ‘chunnel’. Type 3 systems consist of “injectisomes’ and phylogenetically-related
flagella. Injectisomes elaborate injection needles for delivery of substrates into mammalian
cell targets or pili for delivery to plant cell targets. Flagellar systems elaborate dynamic
flagella for cellular chemotaxis. Substrates of injectisomes are recruited by recognition of N-
terminal TSs or 5° RNA structures with or without the aid of a chaperone. The SctN ATPase
mediates unfolding of substrates prior to translocation through the needle. Type 4 systems
are related to DNA conjugation machines. They elaborate cell envelope-spanning channels
and deliver DNA or protein substrates via a contact-dependent mechanism into bacterial or
eukaryotic target cells. Substrates are recognized by one or more TSs located at the C
terminus or internally, with or without the aid of chaperones or adaptor proteins. Three
ATPases (VirD4, VirB4, VirB11) are required for substrate translocation in most Gram-
negative systems. Type 6 systems are bacteriophage contractile tail-like structures that are
inverted for extrusion of substrates. Substrates associate covalently or noncovalently with the
spike complex or the Hep tube. The ClpV ATPase disassembles the sheath/tube complex
after contraction and substrate ejection.
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