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Abstract 
 

Common to many bacteria is the ability to establish a symbiotic relationship or to 
evade innate immune responses of an animal, plant, fish or insect host. Most often this 
capacity is mediated by a type III secretion system (T3SS). The function of these 
complex molecular machines is likened to a syringe-needle injection device that is 
dedicated to the translocation of effector proteins directly into target eukaryotic cells. 
Each translocated effector tends to possess a distinct enzymatic activity that aids in 
subverting host cell signaling for the benefit of the bacterium. Their translocation 
requires another class of secreted protein – the translocator – which form pores in the 
target eukaryotic cell plasma membrane through which the effectors may transit to gain 
entry into the cell interior. Most often, each secreted substrate requires a dedicated small, 
non-secreted cytoplasmic chaperone for their efficient secretion. Unlike traditional 
molecular chaperones, these specialized type III chaperones do not assist in protein 
folding and are not energized by ATP. Controversy still surrounds their primary role; as 
bodyguards to prevent premature aggregation or as pilots to direct substrate secretion 
through the correct T3SS. The later is supported by recent evidence that these chaperones 
can dock directly to the cytoplasmic face of the T3S machinery, possibly serving as a 
recognition motif for substrate secretion. Added to this functional complexity is their 
important contribution to system regulation, which can ultimately confer temporal order 
to substrate secretion. Moreover, some chaperones display a bewildering propensity to 
interact with several additional T3S-associated proteins – the relevance of which remains 
uncertain. Structural data has now appeared for several important type III chaperones, 
either alone or in complex with their cognate substrate. This is proving a fillip in our 
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attempts to understand the mercurial ways in which these versatile proteins operate in 
nature. It is hoped that this article will provide information on type III chaperone 
function, as well as highlighting key recent advances in the field. May it also be a 
testament to the value of continued intense effort in unravelling the mysteries of type III 
chaperone biology. 
 
 

Introduction 
 
Many bacteria at some point live their life in contact with vertebrate or invertebrate 

hosts. These associations may often be mutually beneficial. The host may provide a supply of 
growth nutrients or a safe haven in which bacteria are protected from harmful external 
environments. On the other hand, bacteria may breakdown complex bio-molecules that 
provide the host with usable by-products. This is exemplified by the soil bacterium Rhizobia 
that forms root nodules on legume plants. In this symbiosis, the bacterium receives carbon 
made available by the plant, while the plant receives nitrogen fixed by the rhizobia [1]. On 
other occasions however, bacterial-host associations may be of a parasitic nature, whereby 
bacterial colonization of plants, animals, fish or insects can lead to the onset of disease that 
may even be lethal for the host [2]. In this regard, the emergence of bacterial pathogens could 
be an accidental consequence of mutualism gone astray. After all, their ability to induce a 
fatal disease in the host might also mark the end-of-the-line for the infecting bacteria. It 
follows therefore that regardless of the mutualistic or parasitic outcome, bacteria can use 
common molecular mechanisms to establish a frame-work for cross-talk with a host [3-8]. 
Among the large group of Gram-negative bacteria, a frequently used mechanism for 
communication with the host cell is the type III secretion system (T3SS) [9-11]. 

 
 

Type III Secretion Systems 
 

Biogenesis of a Functional Nanomachine 
 
Bacteria harbor several different protein secretion systems for the purpose of moving 

cargo from the cytoplasm into or beyond the bacterial envelope [12]. Some of these are 
general systems required to fulfill normal physiological needs. Others, such as the T3SS, are 
more specialized in their use for intimate and direct communication with eukaryotic cells, 
thereby helping to facilitate meaningful bacteria-host interactions [13]. T3SS’s are complex 
nanomachines, being composed of ~25 proteins that in a step-wise manner assemble together 
into a hollow conduit spanning the bacterial envelope [14]. Several of these core protein 
constituents are first secreted into the bacterial envelope via the universal sec-dependent 
secretion pathway. Polymerization of an extracellular appendage, or ‘needle’, extending from 
the bacterial surface signals the final phase of the assembly process. Secretion of these needle 
constituents are dependent on a working T3SS, which is established only after correct system 
assembly in the bacterial envelope. While T3SSs are a feature of many Gram negative 
animal-, plant-, insect- and fish-interacting bacteria, there morphology can have some striking 
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differences. The most obvious difference can reside in the surface needle appendage. In the 
plant pathogens for example, the needle takes on the appearance of a much larger pilus-like 
structure. A conceptual illustration of some distinct T3SSs is given in Figure 1. This includes 
the protein secretion system for the biogenesis of flagella, which will be discussed later in 
this review. 

 

 

Figure 1. A schematic diagram of flagella and non-flagella T3SSs. The syringe-needle complex of non-
flagella systems is reminiscent of the flagella hook-basal body structure. The typical non-flagella T3SS 
of an animal pathogen possess a short needle that connects with the eukaryotic host plasma membrane. 
Variants of this structure exist in plant interacting bacteria that possess an extended needle termed the 
Hrp-pilus for traversing the plant cell wall. In addition, pathogenic E. coli form an EspA filament on top 
of the needle that might be needed to penetrate through the mucous layer in the gastrointestinal tract 
(GI). Red highlight indicates the three substrate categories (early, middle and late) secreted by non-
flagella T3SSs. This schematic was inspired from a review by He and colleagues[400]. Panel A: An 
electron micrograph refined by difference mapping of negatively stained T3SS syringe-needle 
complexes purified from wild type S. flexneri. The image is part of a study performed by Boekema and 
colleagues[289] and is reused with permission “Copyright (2007) Elsevier Publishers”. Panel B: An 
electron micrograph of negatively stained, osmotically shocked wild type S. enterica Typhimurium with 
the positions of the T3SS syringe-needle complexes in the bacterial envelope indicated by arrows. The 
image is part of a study by Galan and colleagues [401] and is reused with permission “Copyright (2000) 
National Academy of Sciences, U.S.A.” Panel C: Scanning electron micrograph of enteropathogenic E. 
coli adhered to red blod cells via the EspA filament (arrow) associated with a T3SS. The image is part 
of a study by Knutton and colleagues [402] and is reused with permission “Copyright (2001) Wiley-
Blackwell Publishing Ltd.” OM – outer membrane, CM – cytoplasmic membrane. 
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During in vitro culturing of bacteria in defined laboratory media, these assembled T3SS 
nanomachines are competent for secretion of a diverse array of protein substrates into the 
extracellular milieu. Even though this offers a convenient means to study the biomechanics of 
type III secretion (T3S), this form of secretion is probably an in vitro artifact. The true role of 
T3SS is seen in response to target cell contact [15, 16]. Close contact is assumed to first 
trigger the secretion of a family of translocator substrates that assemble into a translocon pore 
in the eukaryotic cell membrane. Assembly of this pore is assisted by a ‘needle-cap’ protein 
that locates at the needle tip [17-22]. This T3S needle – translocon pore structure is believed 
to establish an uninterrupted connection between the bacterial cytosol and the host cell 
interior. Another set of substrates – the anti-host effectors, are then thought to travel through 
this conduit on their way to the cell interior. Although this dogma is widely accepted in the 
research community, ironically very limited experimental evidence is available to directly 
support it. To illustrate this, protein secretion through the needle conduit and release out 
through the distal tip has seldom ever been visualized [23-25]. Thus, despite intense effort, 
the precise mechanism of T3SS-dependent translocation of anti-host effectors into an infected 
eukaryotic target cell remains illusive. 

 
 

Secreted Substrate Cargo 
 
As stated, in response to target cell contact or growth in defined laboratory media, two 

major protein classes are secreted and released from the bacteria; the ‘middle’ and ‘late’ 
substrates. Late substrates constitute the anti-host effectors that are directly injected into 
target host cells through pores formed in the eukaryotic cell plasma membrane by the middle 
substrates – termed the translocators (Figure 1). Not surprisingly, all translocator proteins 
tend to harbor hydrophobic moieties promoting their integration into lipid membranes. 
However, how this translates into forming a functional translocon pore that can specifically 
recognize effectors and facilitate their translocation into the cell interior is not well 
understood [17, 26, 27]. Perhaps one or both translocator proteins interact with components 
of the host plasma membrane, such as cholesterol, which might facilitate their integration into 
the membrane to form the translocon pore [28, 29]. Pore formation also seems to be an active 
process because it is susceptible to feedback inhibition by the enzymatic activity of 
translocated effectors once they have reached a critical mass inside the eukaryotic cell [30-
32]. This suggests direct interactions occur between the translocators and the anti-host 
effectors; either to guide their onward passage into the target cell interior or to establish 
feedback inhibition of pore formation[33]. 

In contrast, a considerable amount of functional data is available concerning the late 
substrates – the translocated bacterial effectors 34, 35. These anti-host molecules possess a 
modular domain structure demarcating areas responsible for secretion, translocation and 
effector activity. Any given T3SS can be responsible for the specific transport of several 
effectors, all with different enzymatic activities – numbers as high as 50 are routinely 
reported for some plant pathogenic bacteria [36]. Moreover, these molecules are often unique 
having no homology with each other. They were also acquired by bacteria separately from 
their cognate T3SS. Acquisition was probably through convergent evolution, pathoadaptation 
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or direct horizontal gene transfer, since their effector domains encode for enzymatic functions 
that mimic many of the signal transduction processes occurring inside the host cell [37]. The 
translocated effectors therefore alter the activities of host cell molecules, thereby disrupting 
normal host signal transduction pathways for the benefit of the infecting bacterium. Thus, 
through the use of T3S effectors, bacteria have acquired multiple ways to try and out-smart 
its host. Discussions of these are not in the scope of this title. The interested reader can learn 
much more by consulting one or more of the suggested reviews [34, 35, 38-43]. 

A miscellaneous group of ‘early’ secreted proteins, and therefore distinct from the 
translocator or effector families, are also targeted for T3S. Compared to the latter two 
substrate families discussed above, these are almost certainly the very first substrates secreted 
by a newly built system. However, several of them have undefined roles in the secretion 
process and are probably not translocated into the eukaryotic cell cytosol. As mentioned 
already in this chapter, the needle constituents are polymerized at the bacterial surface 
following their T3S [27]. Their secretion and polymerization into a needle structure must 
occur before most other substrates can be secreted. Therefore, these needle constituents 
represent a subset of ‘early’secreted substrates (Figure 1). Other early type III secreted 
proteins fall into a heterogeneous group of regulatory anti-activators [44, 45]. Their secretion 
is triggered by inducing signals such as target cell contact. The signal sensor might even be a 
fully assembled needle complex [27]. Lowering of the anti-activator concentration in the 
bacterial cytoplasm through T3S serves to relieve system repression, which then stimulates 
elevated synthesis and secretion of middle and late T3SS substrates. This coordinates type III 
gene expression to various ‘quality control’ check-points along the path of appropriate T3SS 
biogenesis. Through necessity, this regulatory design restricts secretion substrate synthesis 
until a time when they are most needed, such as during the assembly process or as a 
translocation substrate for injection into eukaryotic cells [44, 45]. This ‘anti-activator’ 
concept will be revisted later in the article. 

 
 

Quality Control of Type III Secretion:  
On the Role of Chaperones 

 
A Molecular Chaperone Perspective 

 
The Cytoplasmic Heat Shock Response 

To safeguard against the dangers of protein misfolding and aggregation, all organisms 
produce various families of molecular chaperones and proteases that participate in essential 
protein folding and degradation control [46, 47]. This inevitably ensures that proteins fold 
correctly and therefore maintain functionality. When encountering extreme physiological 
stress, the roles of chaperones and proteases assume even greater importance [48]. Their 
production is elevated significantly in a phenomenon known as the heat shock response. 
Briefly, the bacterial cytoplasmic response to stress is controlled by the 32 factor [48, 49]. 
The chaperones produced by bacteria grown in these conditions have variable size range (~10 
kDa to ~100 kDa), but most function with the help of ATP hydrolysis to prevent aggregation 
and assist with protein folding or refolding in the bacterial cytoplasm. Apparently, unfolded 
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or misfolded proteins expose hydrophobic regions that act as the catalyst for chaperone 
intervention [48]. Even though the majority of newly synthesized proteins tend to fold 
correctly with only minimal chaperone input, the remainder (perhaps fewer than 20%) are 
dependent on chaperone activity. Misfolded substrates not amenable to refolding are targeted 
by proteases for degradation [46, 47, 50]. Coincidently, the heat shock response is known to 
affect expression levels of T3SS genes encoded by various bacteria. This control of T3SS 
gene expression is often mediated by Lon- or ClpXP-dependent proteolysis of important 
regulators specifically involved in the control of T3SS synthesis [51-56]. 

 
The Extracytoplasmic Stress Response 

Quality control of protein folding beyond the cytoplasm – in the bacterial envelope – can 
also require input from protein folding and degradation factors. This is especially needed 
when under assault from so-called extracytoplasmic stresses that can compromise bacterial 
envelope integrity and protein folding in the periplasm. Such periplasmic-located quality 
control factors function in an ATP-exclusion vacuum, which necessitates different molecular 
mechanisms to overcome issues of protein folding and refolding in the periplasm. Their 
production is under the control of two extracytoplasmic stress responsive pathways; the E 
factor and the Cpx two-component phosphorelay system [48, 57]. Interestingly, T3SS gene 
expression and/or subsequent component assembly in the bacterial envelope also requires 
input from the E and Cpx pathways [Liu and Francis, unpublished data] [58-65]. However, it 
is not yet clear whether this involvement requires a direct interaction of E or the Cpx 
regulator with T3S gene promoters. An indirect association is also plausible through the 
production of protein folding and degradation factors that could function to ensure the correct 
assembly of T3SS components in the periplasm. On this point, several studies support a role 
for protein folding factors, such as the periplasmic disulphide oxidoreductase DsbA, in T3SS 
assembly in the bacterial envelope [Francis, unpublished data] [66-71]. In addition, alteration 
of the stoichiometry of bacterial outer membrane components, such as LPS, lipoproteins, or 
integral outer membrane proteins, can also have profound effects on T3S [72-77]. 

 
Sec-Dependent Secretion and the Phage Shock Response 

Many bacterial proteins do not function in the cytoplasm, but must first be exported 
through the cytoplasmic membrane to take up residence in the bacterial envelope. On most 
occasions, protein precursors predestined for export across the cytoplasmic membrane must 
remain in an unfolded state. This export competence is achieved through the interaction of 
newly synthesized polypeptides with a distinctive molecular chaperone, termed SecB [78, 
79]. Among the large family of molecular chaperones, SecB is unique in its ability to carry-
out two specialized functions. It functions as a chaperone maintaining a large and 
heterogeneous group of proteins in an unstructured form necessary for export. It also 
functions as an ‘export pilot’ where the unstructured proteins are delivered to the membrane-
located Sec-translocon for export of substrates through the cytoplasmic membrane. Substrate 
delivery occurs because each SecB-substrate complex possesses exquisite binding affinity for 
the SecA ATPase, a cytoplasmic protein that provides some of the energy needed for export 
of each substrate through the integral inner membrane Sec-translocon [80]. So important is 
this sec-dependent secretion system to bacteria that many of its components are essential. 



Type III Secretion Chaperones 7

Defects in sec-dependent secretion across the cytoplasmic (inner) membrane also activate 
another extracytoplasmic stress response pathway called the phage shock response (PSR) 
[81]. The actual role of the PSR pathway is still not well defined, but it is considered 
important for maintenance of the protein motive force established across the cytoplasmic 
membrane [82, 83]. As briefly stated, a functional sec-dependent secretion system is a 
prerequistite for the early stages of T3SS component assembly in the bacterial inner and outer 
membranes. It therefore follows that an intact PSR is also necessary for optimal T3S [84]. 

Thus, with this brief overview one feature is for certain; T3SS synthesis and assembly is 
inextricably linked to several important physiological stress response mechanisms of Gram 
negative bacteria principally involving important functions of molecular chaperones. Clearly 
multiple layers of input are required to maintain quality control during the synthesis and 
assembly of such an inherently complex multi-component nanomachine. 

 
 

Type III Chaperones – A Brief Introduction 
 
The remainder of this article will detail a unique feature of T3SSs – their use of cytosolic 

chaperones in quality control. Since being first discovered in the laboratory of Guy Cornelis 
[85], T3S chaperones have been the focus of extensive research that has and enlightened our 
view of the T3S process [86-90]. In the early stages it was tempting to draw parallels with the 
molecular chaperones – particularly SecB of the sec-dependent secretion system. However, 
they have since proven to be structurally and functionally distinct molecules. T3S chaperones 
do not contribute to protein folding or refolding, nor do their functions depend on ATP 
binding or hydrolytic activity. They are small (less than 20 kDa) proteins with an acidic 
isoelectric point. Their function is to form highly specific transient substrate interactions to 
promote efficient type III-dependent substrate secretion and translocation. The specificity of 
each interaction is acute with T3S chaperones tending to target only one, or at most a few, 
cognate type III secreted substrates. In addition, their gene location is often near that of their 
target substrate(s), linking chaperone and substrate expression in the bacterial cytoplasm. For 
convenience, chaperones associated with target-cell contact inducible T3SSs (also referred to 
the non-flagella T3SSs) have been grouped into four general classes based on their structural 
similarities and the known functions of their cognate substrate(s) [88]. A fifth class represents 
chaperones of the flagella T3SS. Despite these commonalities, amino acid sequence 
similarity among individual chaperones within and between classes is usually quite low. A 
list of currently recognized T3S chaperones and their corresponding substrates is summarized 
in Table 1. 
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Table 1. T3S chaperones and their cognate targets 
 

Organism Class Chaperone Crystal structure Suggested function(s) Known secretion 
substrate(s) 

Other binding 
partner(s) 

References 

Yersinia spp. 
(plasmid) 

Ia SycE (YerA) Yes (alone and in 
complex with 
YopE) 

Masking MLD 
(Stabilizer) 

YopE effector YscM2(LcrQ), 
YscE 

[85, 95, 96, 101, 137, 
139, 159, 177, 213, 349] 

 Ia SycH Yes (complexed 
with YscM2) 

Hierarchal Secretion YopH effector & LcrQ 
(YscM1 & YscM2) 
negative regulator 

 [100, 137, 236, 238, 239, 
349] 

 Ia SycO No Masking MLD 
(Stabilizer) 
System regulation 

YopO(YpkA) effector YscM1(LcrQ) [173, 24]2 

 Ia SycT Yes (alone)  YopT effector  [92, 93, 350] 

 II SycD (LcrH) Yes (alone) Stabilizer (Partitioning 
factor) 
System regulation 

YopB & YopD 
translocators 

YscY, YscM2, 
YscE & TyeA 
YscO inner 
membrane 
component 

[104, 108, 111, 113, 142, 
143, 155, 158-161, 240, 
349] 

 Ia3 SycN and YscB Yes (complexed 
with YopN) 

 YopN regulator  [102, 103, 351-353] 

 V YscE and YscG Yes (complexed 
with YscF) 

Anti-polymerization YscF needle YscE with YscG, 
TyeA, SycE & 
SycD 

[123, 354, 355] 

 nd LcrG No System regulation LcrV needle tip protein  [124, 125] 

 nd YscY No  YscX LcrH [158, 160, 356, 357] 

Yersinia spp. 
(chromosome) 

Ia SycP No  YspP effector  [186] 

 II SycB No System regulation YspB & YspC 
translocators 

YsaE activator [166, 232] 

Pseudomonas 
aeruginosa 

Ia SpcS (Orf1) No  ExoS & ExoT effectors  [358] 

 Ia SpcU No  ExoU effector  [359] 

 II PcrH No Stabilizer (Partitioning 
factor) 

PopB & PopD 
translocators 

 [147, 154, 162, 360, 
361] 



 9

Organism Class Chaperone Crystal structure Suggested function(s) Known secretion 
substrate(s) 

Other binding 
partner(s) 

References 

 Ia3 Pcr2 (PycN) & 
PscB 

No  PopN  [362] 

 V PscE and PscG Yes (complexed 
with PscF) 

Anti-polymerization Each other & the PscF 
needle 

Each other [120, 122, 159] 

 nd ExsC No System regulation ExsE negative 
regulator 

ExsC inhibitor [223-225] 

Shigella flexneri Ia IpgE No  IpgD  [363] 

 Ia IpgA No  IscB  [364] 

 Ib Spa15 Yes (alone) System regulation IpaA, IpgB1, IpgB2, 
OspC3, OspB effectors 

OspD1 anti-
activator 

[91, 168, 233, 365] 

 II IpgC No Stabilizer (Partitioning 
factor) 
System regulation 
Hierarchal secretion 

IpaB & IpaC 
translocators 

MxiE activator [109, 145, 157, 229-231, 
366, 367] 

Salmonella spp. 
(SPI-1) 

Ia SicP Yes (complexed 
with SptP) 

Secretion pilot SptP effector InvC ATPase [99, 169, 216] 

 Ia SigE Yes (alone)  SigD(SopB) effector  [94, 141, 368] 

 Ib InvB Yes (complexed 
with SipA) 

Secretion pilot SipA(SspA), 
SopA(SipF), SopE, 
SopE2 effectors 

 [98, 191, 369-373] 

 II SicA No Stabilizer (Partitioning 
factor) 
System regulation 
Hierarchal secretion 

SipB & SipC 
translocators 

InvF activator 
InvI inner 
membrane 
component 

[112, 161, 163, 228] 

Salmonella spp. 
(SPI-2) 

Ia SscB No  SseF effector  [374] 

 IV4 SseA No  SseB pilus, SseD 
translocator 

 [153, 164, 165] 

 V5 SseE No  SseB pilus SsaN ATPase [375] 

EPEC and 
EHEC1 

Ia CesF No  EspF effector  [376] 
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Table 1. (Continued). 
 

Organism Class Chaperone Crystal structure Suggested function(s) Known secretion 
substrate(s) 

Other binding 
partner(s) 

References 

 Ib CesT Yes (alone) Hierarchal secretion Tir, Map, EspF, EspG, 
EspZ, NleA, NleG, 
NleH, NleH2 & NleI 
effectors 

EscN ATPase [94, 138, 214, 215, 377-
380] 

  CesD No  EspB & EspD 
translocators 

 [118] 

  CesD2 No  EspD translocator  [117] 

 IV CesAB Yes (complexed 
with EspA) 

Anti-polymerization EspA pilus, EspB 
translocator 

 [114, 115] 

 nd CesA2 No  EspA pilus  [116] 

Chlamydia spp. V CdsE & CdsG No  CdsF needle Each other [381] 

  Scc2 & Scc3 No  Putative CopB 
translocator 

 [382] 

  LcrH-2 No  LcrE(CopN)  [383] 

Aeromonas spp. II AcrH No  AopB & AopD 
translocators 

 [110] 

 V AscE & AscG Yes (AscE) Anti-polymerization AscF needle Each other [121] 

Bordetella spp. Ia BtcA No  BteA effector  [384] 

Edwardsiella 
tarda 

II EscC No  EseB & EseD 
translocators 

 [385] 

 nd EscA No  EseC translocator  [386] 

Vibrio 
parahaemolyticu
s (T3SS-1) 

Ia VecA No  VepA effector  [387] 

Erwinia 
amylovara 

Ia DspB/F No  DspA/E  [388, 389] 

Pseudomonas 
syringae2 

Ia ShcA No  HopPsyA  [390] 

 Ia ShcB1 No  HopPsyB1  [170, 391] 

 Ia AvrF No  AvrE  [392] 
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Organism Class Chaperone Crystal structure Suggested function(s) Known secretion 
substrate(s) 

Other binding 
partner(s) 

References 

 Ia ShcF/AvrPphF/
ORF1 

Yes (ORF1 alone)  HopF/AvrPphF/ORF2  [97, 393] 

 Ia ShcV No  HopPtoV  [170, 394] 

 Ia ShcM No  HopPtoM  [170, 395] 

 Ia6 ShcS1 No  HopS1, HopO1-1 & 
HopO1-2 

 [396, 397] 

 Ia6 ShcS2 No  HopS1, HopS2, 
HopO1-1 & HopO1-2 

 [397] 

 Ia6 ShcO1 No  HopS1, HopS2, 
HopO1-1 & HopO1-2 

 [396, 397] 

 nd HrpG No System regulation HrpV  [398] 

Xanthomonas 
campestris 

Ib HpaB No System regulation AvrBs1, AvrBs3, 
AvrBsT, XopC, 
XopF1, XopJ & HpaA 
effectors 

HpaA regulator 
HpaC and HrcV 
structural proteins 

[134, 135, 399] 

E.coli / 
Salmonella 
(Flagella 
biosynthesis) 

III FlgN No Anti-polymerization 
System regulation 

FlgK & FlgL hook-
associated proteins 

FliJ inner 
membrane 
component 
FliI ATPase 

[294, 295, 297, 298, 304, 
305] 

 III FliT No Anti-polymerization 
System regulation 

FliD filament cap FlhC regulator 
FliI ATPase 

[294, 295, 298, 303] 

 III FliS Yes (complexed 
with FliC) 

Anti-polymerization FliC filament  [291-293, 296] 

 III 28 No System regulation FlgM anti-28 factor  [302] 
1 The stated chaperones are not necessarily all present in the one strain. Their distribution is often pathovar and/or strain specific. 
2 EPEC, enteropathogenic Escherichia coli; EHEC, enterohemorrhagic Escherichia coli 
3 Two co-chaperones that form a heterodimer, which resembles class Ia structural classification 
4 Shares some characteristics with the class IV CesAB chaperone [115, 153], but does not contain the tetratricopeptide repeats characteristic of the class II 

translocator chaperone family [104] 
5 Contains structural similarity to class V T3S chaperones depite interacting with a translocator-like protein (SseB) [375] 
6 Contain secondary structure more reminiscent of class Ia even though they target multiple effector substrates [133] 
nd - not determined. 
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Distinct Classes of Type III Chaperones 
 

Class I Chaperones 
Small class I T3S chaperones (~10-15 kDa) target those anti-host effector substrates 

translocated into the host cell interior. They can be further classified based on their 
specificity for only one cognate effector substrate (class Ia) or several effector substrates 
(class Ib). During the past few years, tertiary structures have emerged for several of these 
molecules, either alone [91-97] or in complex with cognate substrate [98-101]. Overall, these 
chaperones have a common mixed / fold. They function as homodimers, where a localized 
portion of a singular bound effector wraps around the chaperone surface in a non-globular 
extended conformation [98-101]. This gives a chaperone:substrate stoichiometry of 2:1. By 
and large, class Ia and Ib structures are remarkably similar despite their lack of amino acid 
sequence conservation (Figure 2). However, structural resolution of at least two class Ib 
chaperones, Spa15 and CesT, revealed a distinctive dimerization interface that generates 
different orientations of the monomer pairs [91, 94]. This exposes additional potential 
binding surfaces, which could be one reason why the class Ib chaperones (but not class Ia) 
display broad specificity for binding multiple substrates. Additionally, a heterodimeric 
complex composed of the monomeric co-chaperones SycN and YscB function together as a 
novel class Ia chaperone for the regulatory protein YopN of Yersinia [102]. A 1:1:1 tertiary 
structure of the YopN-SycN-YscB complex revealed the SycN-YscB heterodimer to be 
structurally similar to the homodimeric chaperone conformation (Figure 2). However, the 
obvious asymmetry generated by the SycN-YscB association means that the configuration of 
YopN wrapped around the chaperone heterodimer is distinct from other class I T3S 
chaperone-effector complexes [103]. 

 

 

Figure 2. Ribbon models exemplifying structures of the various T3S chaperones associated with non-
flagella and flagella mediated export through T3SSs. Models were drawn using the Swiss-PdbViewer 
[403] obtained from http://www.expasy.org/spdbv/. The monomers in the homodimer or heterodimer 
complexes are colored blue and red. Despite low sequence similarity, class Ia and class Ib T3S 
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chaperones generally display remarkable structural conservation consisting of a tightly packed mix of 
β-sheets and α-helices. Significantly, these general structural characteristics remain conserved across 
diverse bacterial genera and are even maintained within the SycN-YscB heterodimer. However, other 
T3S chaperone classes are structurally distinct from each other and class I. For example, the analogous 
anti-polymerization function of class III and class IV T3S chaperones is not facilitated by similar 
structures and both function as a monomer; FliS adopts a compact four-helix bundle while CesA 
consists of a three helix hairpin. In addition, the class V T3S co-chaperone PscG that also plays an anti-
polymerization role shares structural similarities with the class II T3S chaperone SycD possessing 
characteristic folds mediated by tetratricopeptide repeats. Class II T3S chaperones function as a 
homodimer although the two available crystal structures suggest the possibility of different orientations 
of the monomer pair – SycD is a head-to-head homodimer, while IpgC is an asymmetric homodimer. 
Examples shown are Yersinia pseudotuberculosis SycE (PDB identifier 1L2W; [139]), Salmonella 
enterica Typhimurium SigE (1K3S; [94]), S. enterica Typhimurium SicP (1JYO; [99]), Y. pestis SycN 

and YscB (1XKP; [103]), Pseudomonas syringae AvrPphF Orf1 (1S28; [97]), S. enterica 
Typhimurium InvB (2FM8; [98], Shigella flexneri Spa15 (1RY9; [91]), Aquifex aeolicus FliS (1ORJ; 
[296]), enteropathogenic Escherichia coli CesA(B) (1XOU; [115]), P. aeruginosa PscG and PscE 
(2UWJ; [122]), Y. enterocolitica SycD (2VGX; [108]) and S. flexneri IpgC (3GYZ; [109]). 

 
Class II Chaperones 

The slightly larger class II chaperones (~15-20 kDa) bind the two pore-forming 
translocator proteins that are essential for the translocation process. A striking structural 
feature of this class of chaperones is their triad of tetratricopeptide repeats (TPRs) [104]. 
Each TPR consists of two anti-parallel -helices in which alternating small and large residues 
enable the opposing helices to interlock to form a versatile scaffold for mediating various 
protein-protein interactions [105-107]. Structural models based on solved structures of TPR-
motif containing proteins gave the first indication that class II chaperones adopt an all -
helical structure utterly distinct from class I chaperones [104]. The modeled structure also 
indicated potential concave and convex surfaces available for substrate binding. This has 
since been confirmed via experimentally derived structures of SycD (LcrH) from Yersinia 
[108] and IpgC from Shigella [109] (Figure 2). Not only did these structures confirm the 
twisted arrangement of the TPR motifs that gave rise to the modeled concave and convex 
binding surfaces, but they also confirmed a homodimeric conformation that had been 
suggested earlier [110-113]. Notably, class II chaperone dimerization is an essential feature, 
because a stable monomer unable to dimerize failed to rescue the chaperone defective 
bacterial mutants [108, 109]. However, it is not yet clear how this dimer is actually arranged 
given that the two solved structures are different – SycD existed as a head-to-head 
homodimer, while the IpgC homodimer was distinctly asymmetrical (Figure 2). Perhaps both 
homodimer forms are possible in nature and are biologyically relevant. 

 
Miscellaneous Classes of Additional T3S Chaperones 

The class IV and class V T3S chaperones (note that class III is reserved for chaperones of 
the flagella T3SS – see later), consists of a heterogeneous group of molecules that make up 
the remaining identified chaperones. At least conceptually, the class IV chaperone CesAB 
might be functionally related to other T3S chaperones, even though the only physical 
property it shares to other chaperones is a small size [114]. Nevertheless, CesAB binds in a 
1:1 ratio with the EspA filament protein, a surface extension of the T3SS needle produced by 
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enteropathogenic Escherichia coli. However, the structure of CesAB is entirely distinct from 
other T3S chaperones (Figure 2) [115]. Adding to this intrigue, EspA polymerization at the 
bacterial surface also requires another T3S chaperone, CesA2, which is a peripheral inner 
membrane protein [116]. The extent of cooperation between CesAB and CesA2 is unknown. 
However, it looks comparable to the situation created by the highly aggregative translocator 
protein EspD that also requires two chaperones for secretion; the cytosolic CesD2 chaperone 
and the CesD chaperone, a peripheral inner membrane protein [117-119]. 

The PscE and PscG family of T3S co-chaperone heterodimers with specificity towards 
the T3S needle component, such as PscF from Pseudomonas aeruginosa, makeup the class V 
family [120]. Structural characterizations of members of this family revealed that all three 
proteins exist in a 1:1:1 ratio with the needle protein predominately in contact with PscG-like 
co-chaperone, while the function of the PscE-like co-chaperone is not obvious but it may 
stabilize PscG [121-123]. Interestingly, the PscG family also harbor TPRs with folds similar 
to the class II chaperone family (Figure 2) [108, 122, 123]. 

Finally, in the Yersinia research field, some have also proposed LcrG to be a chaperone 
for the needle tip protein LcrV. This is based on the formation of soluble LcrG-LcrV 
complexes and the observation that LcrG improves LcrV secretion levels [124]. This is not 
unanimously supported however, given that LcrG still possesses important regulatory roles in 
the absence of LcrV [125]. Nevertheless, this issue needs a resolution because homologues of 
both LcrG and LcrV exist in a sub-family of T3SSs encoded by a diverse group of important 
bacterial pathogens [10]. 

Analysis of various plant pathogens by whole genome and reporter-based screens has 
revealed many proteins with eukaryotic-like enzymatic motifs, all of which could be potential 
T3SS effector substrates [37, 42, 126]. Although a single strain may not encode every single 
identified effector, their repertoire can still reach over 50, which far exceeds the small 
effector substrate numbers associated with T3SSs belonging to pathogens of other hosts. Why 
plant pathogens need many more T3S effectors in comparison to other bacteria has been 
discussed in detail elsewhere. Those interested in the so-called ‘gene-for-gene hypothesis’ are 
encouraged to consult reviews on this topic, all which emphasize the fascinating and complex 
interplay between individual plant pathogens and their many susceptible and resistant plant 
hosts [37, 42, 127-132]. Probably, plant pathogens have developed extensive T3S chaperone 
networks to handle this vast amount of secreted cargo [10]. The occasional T3S chaperone 
has been discovered in plant pathogens that structurally resembles the class Ia variety; for 
example, avrPphF Orf1 from Pseudomonas syringae (Figure 2). However, some of these 
chaperones can differ from this usual paradigm in that they target multiple effectors that 
would normally classify them as class Ib T3S chaperones [97, 133] (Table 1). Another 
curiosity is the T3S chaperone, HpaB; to date the only known chaperone identified in 
Xanthomonas campestris [133]. Since HpaB supports the recruitment of several effectors to 
the secretion apparatus, it is considered to be a class Ib chaperone [134, 135]. However; in 
the absence of any other obvious T3S chaperone, an alternative possibility is that X. 
campestris uses HpaB as a global T3S chaperone for the export of all T3S substrates [135]. 
To develop this idea further, more must be learnt about HpaB biology. An obvious 
development would be solving the tertiary structure, either alone or in complex with various 
substrates, in order to make meaningful comparisons with other class I T3S chaperones. 
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Type III Chaperone-Substrate Recognition 
 

Class I Chaperone – Substrate Interactions 
Initial deletion mutagenesis experiments mapped the class I chaperone binding site to 

within the first ~100 amino acid residues of the cognate effector substrate [136, 137]. This 
has since been independently confirmed by various protease footprinting experiments 
whereby these chaperone binding domains (CBD) are protected from proteolytic digestion 
[98, 99, 103]. These findings are indicative of the CBD being one discrete modular domain at 
the N-terminus of effector proteins (Figure 3A). This has gained even further support from a 
study where CBD’s were successfully exchanged between effector substrates with retention 
of function [138]. In a few cases, the CBD has been co-crystallized in a complex with the 
cognate class I T3S chaperone [98-100, 103, 139]. Within each of these structures, the CBD 
from a singular substrate wrapped around a chaperone dimer as an extended, non-globular 
polypeptide, interacting with hydrophobic patches on the chaperone surface (Figure 3B). 
Whether the bound CBD is actually unstructured has been recently questioned however – in 
the only structural study to use an entire substrate, the unfolded CBD of free substrate 
actually assumed an ordered state upon chaperone binding [140]. Hopefully these 
inconsistencies can be overcome with improved methods to co-purify and co-crystallize 
complexes of chaperone with full-length substrate. Despite this, close scrutiny of all known 
class I T3S chaperone-substrate co-crystal structures revealed a common binding motif. 
Within a large hydrophobic crevice spatially conserved in each chaperone, intermolecular 
contacts were made with each cognate substrate via the insertion of a few hydrophobic 
residues that comprise part of a conserved β-sheet motif [98]. Mutagenesis of these key 
hydrophobic residues within the β-sheet motif of the substrate confirmed the biological 
relevancy of this chaperone-substrate interface [98]. Independent mutagenesis of the 
hydrophobic residues that compose the large hydrophobic crevice of the chaperone also 
confirmed their importance to the interaction with substrate [141]. 

The structural conformation of class I T3S chaperone is constant. Even in the absence of 
substrate, all class I T3S chaperone structures highlight a homodimeric or heterodimeric state 
with similar structural folds (Figure 2) and a surface dominated by electronegative charges 
with sporadic patches of pronounced hydrophobicity (Figure 4A) [91-101, 103]. Through 
defined mutagenesis, the hydrophobic patches on the chaperone surface have proven to be 
critical for substrate binding [94, 141]. In contrast, electronegative residues do not 
necessarily affect substrate binding, so they might be more important for recognizing a 
component of the T3SS, such as the system ATPase (discussed later) [141]. These findings 
tend to suggest that subtle differences in the surface distribution of these hydrophobic patches 
are a determining factor in chaperone-substrate binding specificity. 
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Figure 3. Structural characterization of T3S chaperone-substrate binding. (A) Translocated T3S 
effectors display a modular structure consisting of an N-terminal secretion signal, followed by the 
chaperone-binding domain (CBD) and one or more distinct effector domains that possess enzymatic 
activity when translocated inside eukaryotic cells. The CBD also overlaps with a membrane localization 
domain in some effectors that is involved in targeting the protein to the correct intracellular location. 
(B) An effector substrate – class I T3S chaperone interacts with a 1:2 stoichiometry. The effector 
monomer uses its CBD to bind to their class I T3S chaperone homodimer. This induces a localized 
partial unfolding of the CBD region; even in the presence of bound chaperone, downstream effector 
domains remain fully folded and enzymatically active. Translocator substrates bind to class II T3S 
chaperones in a ratio of 1:1. Each monomeric unit of the chaperone homodimer engages the CBD of a 
separate translocator substrate. In the example given, the IpaB peptide is seen transcending the concave 
binding groove of the chaperone monomer. As with the effector substrate CBD, the bound translocator 
substrate CBD exists in an extended conformation lacking any teriary structure. While the structural 
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context is quite distinict, a FliC filament also exists in a non-globular extended conformation when 
bound to the monomeric class III T3S chaperone FliS in a 1:1 configuration. In contrast, EspA 
associates with the class IV T3S chaperone CesA through extensive coiled coil interactions, but also in 
a stoichiometry of 1:1. Binding of the PscF needle to the PscG class V T3S co-chaperone also 
represents a distinct interaction interface; the C-terminal PscF α-helix is engulfed by the concave 
binding groove formed by the tetratricopeptide repeat fold of PscG. It also appears that the third 
member of the 1:1:1 trimeric complex, PscE, does not directly engage the needle filament. (C) The 
structure of the T4SS chaperone VirE1 is a simple singular α-helix that is encased by a bi-lobed 
monomer of the VirE2 substrate. To some extent, this conformation is reminiscent of the FliS-FliC 
complex. Additionally, the manner in which EspA polymerization is inhibited by CesA could also 
explain how VirE1 prevents VirE2 polymerization [320]. Models were drawn using CCP4 MG 
(molecular graphics) software [404] obtained from http://www.ysbl.york.ac.uk/~ccp4mg/ and with 
some helpful tips from Tobias Hainzl (KBC, Umeå University). Molecular surfaces of individual 
chaperone monomers are colored blue and red. The bound cognate substrate is depicted as a light green 
ribbon structure. Examples shown are already described in the legend to Figure 2, with the exception of 

Agrobacterium tumefaciens VirE1 and VirE2 (PDB identifier 3BTP; [320]) and S. flexneri IpgC 
and IpaB (3GY1; [109]). 

 

 

Figure 4. Determinants of the T3S chaperone-substrate interaction specificity. The molecular surfaces 
of representative class I (A) and class II (B) T3S chaperones have been colored according to their 
electrostatic (upper) and hydrophobic (lower) potential. An electronegative surface is in red, 
electropositive in blue and hydrophobic in green. Despite the structural orthology of T3S chaperones, 
each has a unique surface distribution of electronegative and hydrophobic patches. This key feature is 
considered to underpin chaperone-substrate specificity. Indeed, structure-based mutagenesis studies 
have confirmed the importance of hydrophobic and electrostatic residues in individual T3S chaperone 
function [154-156]. The distribution of these hydrophobic and electrostatic residues in the class II T3S 
chaperone LcrH may also contribute to directing the binding of one substrate YopB, to the concave 
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surface and the second substrate, YopD, to the convex surface of the tetratricopeptide fold [155]. 
Models were drawn using CCP4 MG (molecular graphics) software [404] obtained from 
http://www.ysbl.york.ac.uk/~ccp4mg/ and with some helpful tips from Tobias Hainzl (KBC, Umeå 
University). Examples shown are already described in the legend to Figure 2. 

 
Class II Chaperone – Substrate Interactions 

Mapping the class II T3S chaperone binding domains within the translocator substrates 
has proven to be more difficult. Each T3SS generally exhibits two primary translocator 
substrates. These do not display any sequence similarity, but do contain similar structural 
characteristics [26]. The first corresponds to the YopB family, which can consist of an N-
terminal coiled-coil domain followed by two hydrophobic potentially membrane spanning 
domains. The second corresponds to the YopD family that possesses one (or sometimes two) 
hydrophobic transmembrane domains often followed by a C-terminal amphipathic α-helical 
domain. Arguably, interactions between the Yersinia LcrH (SycD in Y. enterocolitica) T3S 
chaperone and the YopB and YopD translocators have been studied in most detail. While 
deletion mutagenesis analysis failed to uncover a singular discrete chaperone binding domain 
in YopB [142], a similar strategy suggested a large N-terminal domain (including the putative 
transmembrane domain) and the C-terminal amphipathic α-helix of YopD contributed to 
chaperone binding [113, 143]. Moreover, hydrophobic residues within this amphipathic α-
helix were critical for the chaperone interaction [143]. The amphipathic domain is essential 
for YopD function, possibly contributing to YopD oligomerization [Costa et al., unpublished 
data] [113, 144]. Perhaps binding by LcrH therefore prevents putative YopD self-association 
inside bacteria. From recent work, it is apparent that the AcrH chaperone from Aeromonas 
hydrophila also binds to its cognate substrates in a similar 1:1 stoichiometry [110]. The entire 
N-terminal half of AopB (a YopB homologue) is protected from limited protease digestion by 
bound AcrH chaperone. In addition, AopD (analogous to YopD) also uses the N-terminus 
encompassing a transmembrane domain and the C-terminal amphipathic α-helical domain to 
bind chaperone. Moreover, in a watershed structural study visualizing the Shigella flexneri 
IpgC chaperone interaction with IpaB (analogous to YopB), a N-terminal CBD motif 
incorporating the six residue PELKAP peptide sequence was identified in this substrate 
[109]. Actually, two CBDs were crystalised; one associated with each of the concave binding 
grooves found within the two chaperone monomers of the homodimer unit implying a 
stoichiometry of 2:2 (Figure 3B). Reportedly, similar peptide motifs also exist in the N-
terminus of other translocator class proteins. This is consistent with IpgC binding to IpaC 
[145] and the Salmonella enterica Typhimurium SicA chaperone binding to SipB [146] only 
at their respective N-termini. 

The translocator substrates are naturally aggregative, highly hydrophobic pore-forming 
transmembrane proteins capable of causing membrane damage if not controlled. For instance, 
over-expression of either YopB or the Pseudomonas aeruginosa PopB protein in the absence 
of their cognate chaperone results in growth cessation and eventual lysis of host bacteria 
[Costa et al., unpublished data] [142, 147]. This nicely illustrates that an important role of the 
class II T3S chaperones is to conceal the hydrophobic transmembrane domains of their 
cognate substrates in order for them to be maintained in a stable and soluble form. It may also 
be relevant that some translocators display multiple functions – SipC and IpaC (YopD-family 
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members) have both pore-forming activity in biological membranes and also exhibit 
intracellular effector functions [148-152]. In addition, a portion of YopD is also translocated 
into the host cell cytosol, which may imply an additional role(s) inside target host cells [144]. 
This suggests that the translocator proteins may possess discrete binding domains for 
interactions with protein partners of different origin and function. Perhaps an extensive 
coverage of the substrate by the chaperone is therefore needed to overlap with some of these 
possible binding sites. In this way, chaperone binding could minimize any premature intra- or 
intermolecular interactions from forming. 

A few studies have investigated the molecular contributions made by the class II T3S 
chaperone in complex formation with substrate. The chaperone N-terminus has been 
suggested to contain information necessary for function, such as substrate binding or 
secretion [118, 153]. An in silico analysis of multiple sequences provided the first major 
breakthrough however, bringing about the discovery of a tandom array of TPRs in this class 
II chaperone family [104]. Using this structure as a scaffold for analysis of a large collection 
of mutagenesis data, our laboratory was able to confirm a role for these TPRs in chaperone 
stability, substrate binding and substrate secretion [104, 143, 154-156]. These data even 
revealed the possibility of simultaneous binding of chaperone to both substrates given the 
identification of two discrete substrate binding interfaces – YopB preferentially binds to the 
concave face while YopD attaches to the convex face of LcrH (Figure 4B). This possibility is 
supported by documented trimeric complexes of LcrH-YopB-YopD [142] and AcrH-AopB-
AopD [110], although it appears unlikely to occur for IpgC, IpaB and IpaC [157]. 
Realistically, the only way to unravel these mysteries is to produce structural data of 
chaperone in complex with one or both substrates. This is a major technical challenge given 
the hydrophobic transmembrane properties of the translocators. However, a key advance in 
this direction has come with two recent studies. The crystal structure of LcrH/SycD was the 
first experimental structure of a class II chaperone specific for the translocators [108]. While 
this structure confirmed the presence of TPRs, it also demonstrated the functional relevance 
of SycD dimerization, formerly an underappreciated protein-protein interaction interface in 
T3S chaperone biology. The second study was able to co-cyrstalize the IpgC chaperone in 
complex with truncated IpaB (a YopB analogue) [109]. Not only did this study define the 
CBD within IpaB, but it also highlighted the extensive interactions that mediate chaperone 
substrate binding (Figure 3B). In particular, three substrate binding pockets were discovered 
in the concave binding groove on IpgC that are well conserved in class II T3S chaperones. 
These marry with the CBD contained within the IpaB translocator substrate. As such motifs 
are evident in other IpaB-related translocators, this is indicative of a conserved mechanism of 
substrate interaction for this class of T3S chaperones [109]. 

It is also notable that class II chaperones can possess other known interaction partners. 
For example, SycD/LcrH is also known to engage YscO, YscY, YscE and TyeA [111, 158-
161], although the biological relevance of such interactions have not yet been sufficiently 
explored. Having the SycD crystal structure will now allow a directed exploration into these 
additional chaperone-substrate complexes as well. TPR arrays are highly versatile protein-
protein interaction motifs able to contribute multiple binding sites for interactions [105-107]. 
Their conservation in class II T3S chaperones suggests that determining the full repertoire of 
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chaperone binding partners and understanding the corresponding functional consequences of 
these interactions to T3S will be an area of fruitful investigation. 

 
Other Chaperone – Substrate Interaction Classes 

On the back of important structural studies, the molecular basis of binding between the 
class IV chaperone CesAB to the EspA pilus has been elaborated. Not only is the CesAB 
structure distinct, but the CesAB::EspA interaction interface is quite different from the 
chaperone-substrate interactions discussed above. It is dominated by coiled-coils contributed 
by both the T3S chaperone and the substrate (Figure 3B) [115]. Another distinct interaction 
occurs between the class V T3S co-chaperone PscG/YscG family and the needle component 
PscF/YscF. In this complex, the C terminus of the needle protein is buried within the concave 
hydrophobic groove formed by the TPR-containing co-chaperone (Figure 3B) [121-123]. The 
function of the third member of this trimeric complex, PscE/YscE, is intriguing for it clearly 
associates with PscG, but not the needle. 

 
 

Demarcating Type III Secretion  
Chaperone Function 

 
One of the perplexing aspects of T3S chaperone biology is their apparent involvement in 

many T3S processes. Initially, T3S chaperones were broadly identified as bodyguards for 
their cognate substrates, ensuring their pre-secretory stabilization and efficient secretion. 
Such roles were initially likened to the function of the ‘traditional’ molecular chaperone 
SecB. During the last few years however, it has become apparent that T3S chaperones also 
ensure that their substrates are secreted through the correct T3S pathway, and perhaps even 
orchestrate a hierarchal secretion among the multiple substrates being secreted. Adding to 
this functional complexity is the clear evidence that some of these chaperones regulate gene 
expression and thereby create a molecular link between expression and secretion of T3S 
substrates. A summary of the major T3S chaperone functions are highlighted in Figure 5. 
Because most T3S chaperones tend to boast variations in their functional repertoires, there is 
some difficulty in pin-pointing their precise biological function. Such intrinsic functional 
diversity is probably a consequence of two issues; the unique physical and functional 
parameters displayed by the vast amounts of potential T3S substrates and the specific 
environmental niches where different bacteria employ their customized T3SSs. What follows 
below is an account of the most notable T3S chaperone functions. However, it is important to 
realize that these functions need not be mutually exclusive and that individual chaperones can 
exhibit multiple functions. 
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Figure 5. A schematic summary of the T3S chaperone molecular toolkit. At least six major functions 
have been ascribed to one or more T3S chaperones. Each function makes a significant contribution to 
efficient T3SS assembly and/or substrate secretion. The ratio of substrate bound to free chaperone is 
used to sense the status of T3SS activity that in turn influences the level of T3SS gene expression. 
Substrate bound by chaperone is also piloted to the cognate T3SS ensuring specific secretion through 
the correct secretion system. Bound chaperone can also be recognized by the system ATPase, aiding in 
localized substrate unfolding as a prerequisite for efficient substrate secretion. Specific recognition of 
different chaperone classes by a component of the T3SS probably also contributes to ordering substrate 
secretion to ensure that middle substrates (the translocators) are secreted before late substrates (the anti-
host effectors). Finally, pre-made substrate pools are also stabilized in the bacterial cytoplasm through 
association with cognate chaperone. This prevents premature intra- or intermolecular interactions and 
confers resistance to endogenous proteolytic activity. OM – outer membrane, CM – cytoplasmic 
membrane. 

 
Preventing Premature Interactions 

 
Partioning Factors – Masking Substrate Interaction Domains 

Arguably, one of the less contentious roles for T3S chaperones is that ascribed to the 
class II family – that of a partitioning factor to prevent premature association and subsequent 
degradation of the two translocator proteins prior to their secretion. This was first described 
in an elegant study by Menard and colleagues [157] whereby the IpgC chaperone stabilizes 
both IpaB and IpaC by preventing a premature IpaB-IpaC interaction in the cytoplasm of 
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Shigella flexneri. Similar roles have subsequently been suggested for other chaperones of this 
translocator class [118, 142, 147, 153, 155, 162-166]. It remains to be seen however if this 
partitioning is achieved by simultaneous binding of both substrates to the same chaperone 
molecular unit. Based on our own studies with class II T3S chaperones, this seems 
conceivable since the PcrH and LcrH chaperones appear to contain two distinct substrate 
binding sites – possibly one for each substrate [154, 155] (Figure 4B). One also wonders 
whether the chaperone interacts with structurally similar domain(s) within each translocator 
protein and whether these domains are also responsible for establishing the translocator-
translocator interaction. If so, class II T3S chaperones would function to partition the 
translocators by shielding these interaction domains. This possibility has been endorsed by a 
recent structural characterization of the IpaC N-terminus in which the IpaB and IpgC binding 
domains are believed to partially overlap [145]. It is also consistent with a conserved N-
terminal chaperone binding motif, originally identified in IpaB, present in a variety of other 
functionally related translocator proteins [109]. 

While the role of partitioning factor is clear, it is also worth remembering that some 
translocators are toxic to bacteria when expressed in isolation [Costa et al., unpublished data] 
[142, 147]. Thus, by binding to the substrate N-terminus, class II T3S chaperones also mask 
the hydrophobic transmembrane domains that elleviates potential substrate toxicity. This 
means that this T3S chaperone family is essential for maintaining pre-made pools of the pore-
forming translocator proteins in an innocuous form inside the bacterial cytoplasm. 

In contrast, only some class I T3S chaperones are needed to stabilize pre-made substrate 
pools [167-170] used for rapid deployment following target cell contact [168, 171]. While it 
is appreciated that pre-made substrate pools can have instant impact on the outcome of a 
bacteria-host cell interaction, it is not immediately obvious why some substrates are unstable 
and degraded in the absence of their cognate chaperone while others remain stable or do not 
even require a chaperone at any stage of their production or secretion. Quite probably, 
proteins involved in premature intra- or inter-molecular interactions in the bacterial 
cytoplasm are targeted for proteolytic degradation. Presumably, these premature interactions 
would normally be prevented by bound chaperone, as is the case for substrates bound by 
class II T3S chaperones (described above). It is therefore intriguing that non secreted pools of 

effector substrates are susceptible to Lon protease digestion in the Pseudomonas syringae 
phytopathogen lacking the corresponding cognate chaperones, whereas substrate-
chaperone complexes are resistant to Lon-dependent degradation [170]. It is not 
yet clear why some T3S effectors are specifically targeted for Lon-dependent 
degradation. Intuitively, these data highlight a potential universal mechanism for 
pre-secretory stabilization of selected T3S substrates in all T3SSs; that of 
protection from Lon-dependent proteolysis via the action of T3S chaperones. As 
previously mentioned however, not all T3S substrates are prone to degradation 
since some are stable in the bacterial cytoplasm even in the absence of a T3S 
chaperone [172]. In these cases, the cognate chaperone is more than likely essential for 
substrate targeting to the secretory apparatus (discussed in the next section). 

 
 



Type III Secretion Chaperones 23

Shielding the Membrane-Localization Domain of Effector Substrates 
It has also recently surfaced that several effectors possess a membrane localization 

domain (MLD) within this first 100 amino acids just downstream of the small chaperone-
independent secretion signal. Significantly, the MLD overlaps with the CBD (Figure 3A) 
[173]. MLD’s target translocated effectors to host cell membrane compartments in a location 
where they presumably engage their respective host molecular targets [173-176]. In the 
absence of a cognate chaperone, effector substrates harboring MLD’s are prone to aggregate 
in the bacterial cytoplasm, while derivatives engineered to lack their MLD remain soluble 
even if they no longer bind to their cognate chaperone [173]. In fact, only in the presence of 
chaperone do MLD-containing proteins remain in a soluble form [139, 173, 177]. This work 
highlights another related function of some T3S chaperones; shielding their cognate substrate 
MLD’s to avoid aggregation before they are successfully translocated to the eukaryotic cell 
interior. 

 
 

Anti-Polymerization Factors 
 
T3SSs are characterized by extracellular appendages that protrude from the outer 

membrane in much the same way as the bacterial flagella. In phytopathogens, this takes the 
form of a pilus-like structure, while enteropathogenic E. coli have a filament that extends out 
from the typical needle present on all other cell-contact inducible T3SSs (see Figure 1). 
These three types of T3S-associated structures consist of a highly aggregative major subunit 
that is prone to rapidly polymerize prematurely into proteinaceous extensions in the bacterial 
cytoplasm when over expressed alone [115, 120]. Not only is this potentially toxic for the 
bacteria, but it also prevents proper T3SS biogenesis as these polymers are simply too large 
for secretion. To solve this problem, T3S chaperones such as CesAB [114, 115] or the co-
chaperone family of PscE and PscG [120-123] are employed to trap the cognate subunits in a 
monomeric state prior to secretion. 

Structural modeling has been used to predict how these T3S chaperones may actually 
prevent this subunit polymerization. In particular, structural data from the non-polymerizable 
needle monomer derivatives PrgI (S. enterica Typhimurium) [178], MxiH (Shigella flexneri) 
[179] and BsaL (Burkholderia pseudomallei) [180] was merged with the structural data of 
PscF needle subunits in complex with the PscE-PscG co-chaperone family (see Figure 3B) 
[122, 123]. This showed that by binding to a helical domain located in the needle subunit C-
terminus, the PscG co-chaperone could prevent this domain from contributing sites for 
extensive surface contacts between polymerizing subunits [27]. It is still too early to tell 
whether this anti-polymerization model is broadly applicable to all T3SSs, especially since 
cognate T3S chaperones are not yet indentified for the needle proteins in most T3SSs. It is 
also important to establish the precise role for each of the co-chaperones. For example, is the 
PscG member solely responsible for anti-polymerization activity? Does the PscE derivative 
ensure co-chaperone stability and/or specific substrate piloting to the secretory apparatus? 
Whatever their individual roles, this model still nicely illustrates how T3S (co)chaperones 
can be used to quell the polymerization tendencies of highly aggregative proteins prior to 
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transportation to their final assembly platform. In essence, this role is akin to a partitioning 
function ascribed to class II T3S chaperones. 

 
 

Secretion Pilot for T3SS Specificity 
 

T3S Promiscuity – A Conundrum 
T3SSs are generally quite promiscuous in that a given substrate belonging to one system 

can readily be secreted by another heterologous system. This secretion promiscuity need not 
be restricted to genetically related systems. For example, effectors of animal pathogens are 
efficiently secreted by phytopathogens even though the latter produce a morphologically 
distinct T3SS [181, 182]. In addition, primordial T3SSs associated with the flagella 
biosynthesis pathway possess the ability to secrete, but not translocate, type III substrates 
associated with bacterial virulence [183-186]. This problem is compounded by the fact that a 
single genome can encode multiple independent T3SSs: those promoting motility associated 
with either polar flagella or lateral flagella, and those associated with eukaryotic cell contact 
(which can often exceed one system per genome) [10]. Because all these systems can be 
produced in the one bacterium, mechanisms must be in place to insulate each T3SS and 
ensure that individual substrates are secreted through the cognate system. One solution could 
have been to append common secretion signal sequences to all substrates of the same system; 
those with one particular signal are directed to one system, while those with another are 
directed to a different system and so on and so forth. This concept has been described 
previously for substrates of two different T3SSs produced by S. enterica Typhimurium (the 
SPI-1 and SPI-2 systems) [187], but in light of T3S promiscuity it has not gained wide 
acceptance. 

On the other hand, in response to differing environmental cues it is clear that bacteria can 
isolate the expression of one system from all others. For example, S. enterica Typhimurium 
encodes two virulence associated T3SSs with distinct functions – one is encoded on the 
Salmonella pathogenicity island SPI-1 and is necessary for bacterial invasion into eukaryotic 
cells; the second on SPI-2 and functions in bacterial intracellular survival [188, 189]. 
Responding to complex, but distinct, extracellular and intracellular environmental cues, the 
expression of SPI-1 and SPI-2 components can be inversely coordinated by an interplay 
between various global and specific gene regulators [190]. This ensures that products 
promoting invasion are induced while products promoting intracellular survival are repressed 
and vice versa. In addition, these regulatory mechanisms also coordinate effector substrate 
production so that high levels are available for secretion at the same time as their cognate 
T3SS is active. 

 
T3S Chaperones Confer Substrate Secretion-Pathway Specificity 

However, another decisive means for ensuring substrate secretion-pathway specificity 
concerns an activity of T3S chaperones. As stated earlier, adjacent to the extreme N-terminal 
secretion signal of individual effector substrates lies about 100 amino acids that are essential 
for specific binding of their cognate chaperone – the CBD (Figure 3A). Mutagenesis within 
this CBD of Salmonella SPI-1 effectors, SptP and SopE, not only prevents respective SicP 
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and InvB chaperone binding, but also leads to substrate secretion via the non-cognate T3SS 
of flagella [191, 192]. This demonstrates that the presence of CBDs in the effector N-terminal 
region and subsequent binding by the cognate chaperone is required to guarantee that 
substrates are secreted through the correct T3SS. Importantly, this is not just a phenomenon 
of T3S chaperones of the effector class. Our own analysis revealed that in the absence of the 
LcrH chaperone, Y. pseudotuberculosis can secrete the YopB and YopD translocator proteins 
independent of a functional cognate Ysc-Yop T3SS; secretion probably occurs via another 
independent T3SS [Edqvist et al., unpublished data]. Moreover, truncated versions of SipB 
translocator from S. enterica Typhimurium, which are unable to bind cognate chaperone, are 
also secreted via the flagella T3S, but not the SPI-1 T3SS [146]. T3S chaperones must 
therefore confer secretion pathway specificity, which prevents type III substrates associated 
with host-cell contact from being secreted by the flagella system, which might normally 
function as the default T3S pathway. 

This suggests that the substrate-T3S chaperone complex must present a structural motif 
specifically recognized by the cognate T3SS. In the absence of either chaperone or the CBD 
within the substrate, secretion specificity is lost allowing secretion through the flagella 
pathway. Presumably, flagella-mediated secretion is supported by an extreme N-terminal 
secretion signal within the first 20 amino acids that represents a generalized canonical 
secretion signal used by all T3SS substrates – otherwise known as a chaperone-independent 
secretion signal (see below and Figure 3A). In contrast, the substrate-chaperone complex 
represents a second, unique secretion signal that aligns substrates for secretion via specific 
non-flagella T3SSs. As mentioned already in this chapter, several class I T3S chaperones 
have either been crystallized alone or in complex with their cognate substrate. Close scrutiny 
of multiple primary amino acid sequences and tertiary structures uncovered a conserved 
hydrophobic binding pocket in these chaperones that specifically accommodated a 
complementary short peptide of spatially conserved hydrophobic resides found within the 
chaperone binding domain of bound cognate substrates [98]. In light of this finding, it was 
suggested that many different T3SS substrates and cognate chaperones utilize this type of 
universal receptor-ligand interaction [98]. This structural commonality might well be the 
molecular mechanism governing secretion-pathway specificity that ensures the appropriate 
delivery of individual substrates to their cognate T3SS associated with bacteria-host cell 
contact. It is also otherwise known as a chaperone-dependent secretion signal. How this 
targeting mechanism may contribute to substrate secretion is discussed later. 

 
 

Orchestrating Hierarchal Secretion 
 

Prioritizing Early Substrate Secretion – The Specificity Switch 
T3SSs are able to secrete three types of substrates; needle associated proteins and anti-

activators (early substrates), translocator proteins (middle substrates) and effector proteins 
(late substrates). Following needle assembly completion (or the hook-basalbody in flagella 
biogenesis), a wealth of evidence supports a switching mechanism that triggers a change in 
substrate secretion from ‘early’ needle components (or flagella hook components) to the 
‘middle’ translocator and ‘late’ effector proteins (or the flagella filament proteins). This is 
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based on the crosstalk between the YscU-like, YscP-like and YscI-like proteins [193-199]. 
The inter-related sensing function of these protein families is universally conserved in both 
flagella and non-flagella T3SSs. The interested reader is referred to the following reviews for 
details of the complex molecular memchanism [13, 200-203]. Despite this clarity, 
comparatively little is known about a secretion order that may exist among the middle and 
late secretion substrates. Current dogma stipulates however that en-route to the eukaryotic 
cell interior, effector toxins pass through translocon pores in the host-cell plasma membrane 
that are composed of the translocator proteins [17, 26, 27]. For assembly of a functional type 
III translocon, this therefore implies that translocators must be secreted before effectors. 

 
Creating Secretion Order Among Middle and Late Substrates –  
T3S Chaperones and Beyond 

Laboratory based secretion assays on fully induced T3SSs reveal no temporal differences 
between middle and late secretion substrates. Contributing to this is the asynchronous nature 
of T3SS assembly on the bacterial cell surface during in vitro culturing. At any time point, a 
bacterial cell will harbor both ‘immature’ T3SSs capable of secreting only early substrates 
and ‘mature’ T3SSs competent of secreting both middle and late substrates. This variable 
output thereby disguises any hint of ordered secretion. However, recent genetic evidence has 
provided the first indications that middle substrates are prioritized for secretion over late 
substrates. A heterogeneous family of proteins headlined by InvE of S. enterica Typhimurium 
influence T3SS substrate specificity by exhibiting a range of functions that essentially either 
promote the export of translocator (middle) substrates and/or inhibit the export of effector 
(late) substrates [204-212]. How these proteins function to distinguish translocators from 
effectors can vary. For example, InvE directly recognizes translocator-chaperone complexes 
that may prioritize their secretion [206]. Alternatively, the C-terminus of SepL may 
specifically bind effector substrates to stall their T3S from E. coli [204] or MxiC may bind 
the system ATPase creating a blockade that similarly inhibits effector secretion by S. flexneri 
[205]. No matter how it is achieved, these studies all represent further examples of built-in 
mechanisms for orchestrating hierarchal secretion among the T3S translocator and effector 
substrates. 

T3S chaperones could also assist in establishing a secretion hierarchy. This idea was 
born from the initial discovery that only in the presence of other T3S substrates did the 
translocation of YopE into infected eukaryotic cells require both the cognate SycE chaperone 
and the internal CBD in YopE [213]. This suggested that SycE and the CBD conferred upon 
YopE a competitive advantage for secretion when in the presence of other substrates [213]. 
This has been reinforced by the proposal that substrates with two N-terminal secretion signals 
– the chaperone-independent and chaperone-dependent signals (see below) – might be 
prioritized for secretion over those substrates with no apparent chaperone-dependent signal 
[139]. As discussed in the following section, this is consistent with the perceived targeting 
role of chaperones on the back of their ability to bind to the ATPase, a core constituent of the 
secretory apparatus [98, 214-216]. In turn we have proffered that the obvious structural 
demarcation between class I and class II T3S chaperones could present two distinct 
recognition motifs to the ATPase as a mechanistic basis for establishing an order to secretion 
of the middle and late substrate categories [Amer et al., unpublished data] [104]. However, a 
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caveat in this concept is that so far no class II T3S chaperone is known to bind to the T3SS 
ATPase. Although this is not proof that an interaction does not occur, it is possible that 
recognition might be mediated through an additional component located at, or near, the portal 
for substrate entry into the secretion nanomachine. For example, the InvE protein is known to 
physically interact with translocator-chaperone complexes to selectively promote their 
secretion prior to the late effector substrates [206]. In addition, the inner membrane proteins 
InvI (from S. enterica Typhimurium SPI-1) and YscO (from Y. enterocolitica) may contribute 
to selective secretion of middle ‘translocator’ substrates before late ‘effector’ substrates 
[161]. These proteins actively bind to free class II, but not class I T3S chaperones at the 
cytoplasmic membrane following secretion of their translocator substrates through the T3SS. 
The idea is then that InvI/YscO function to recycle these ‘empty’ chaperones back to new 
substrates waiting in the secretion cue advancing their secretion more rapidly [161]. 

It is also worth noting that T3S chaperones establish secretion hierarchy through control 
of gene transcription. However, a discussion of this function will immediately follow below. 
In addition, it is worthwhile to highlight how regulation by proteolysis may influence 
temporal substrate secretion. In the phytopathogen P. syringe, the Lon protease effectively 
degrades T3S effector substrates, but only in the absence of their cognate chaperone [170]. 
Since Lon activity can be suppressed by T3S chaperones, they could theoretically implement 
a secretion order among the effectors based upon the degree of this suppression [170]. One 
can imagine that a chaperone providing significant protection from Lon-mediated 
degradation will leave more substrate available for secretion and vice versa. Significantly, 
powerful advances in fluorescent tagging techniques combined with real-time imaging offer 
unique opportunities to analyze spatial and temporal dynamics of type III substrate secretion. 
Already, these assays have proven sufficiently sensitive to detect hierarchal effector 
translocation into infected eukaryotic cells [217-220]. Therefore, they should also enable 
further exploration into the role of proteolysis as a mechanism for generating type III 
substrate secretion hierarchies. 

 
 

Coupling of Secretion with System Regulation 
 
Type III gene transcription is often coordinated through the activity of AraC-like 

transcriptional activators [44, 45, 221]. In addition, T3SSs are frequently subject to feedback 
inhibition such that secretion competence is normally required for expression of type III 
genes. An active T3S is sensed through the cytoplasmic accumulation of free ‘co-activator’ 
and the concomitant depletion of a secreted ‘anti-coactivator’. Such information is then 
conveyed to an AraC-like transcriptional activator that establishes a cascade of type III gene 
activation. With differing degrees of complexity, variations of this general theme are built 
into several T3SSs. In every case however, there is reliance upon the ability of a T3S 
chaperone ‘co-activator’ to target for secretion its cognate secreted substrate ‘anti-
coactivator’. Examples of this T3S chaperone-dependent mode of system regulation are 
illustrated in Figure 6. 
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Figure 6. Schematic diagram summarizing the involvement of T3S chaperones in regulating T3SS 
activity in the animal pathogens Pseudomonas aeruginosa, Salmonella enterica, Shigella spp. and 
Yersinia spp. Early substrates comprising needle associated proteins are secreted first and assembled 
into a needle complex. During which time, production of late secreted substrates is kept in check by the 
action of T3S chaperones. In P. aeruginosa, the anti-anti-activator function of the ExsC chaperone is 
guarded by non-secreted pools of cognate substrate (ExsE), while the anti-activator ExsD silences the 
transcriptional activator ExsA. In S. enterica and Shigella, the co-activator T3S chaperones SicA and 
IpgC are inhibited by bound substrate (SipB/C and IpaB/C respectively). In Shigella, the anti-activator 
complex of Spa15/OspD1 further refines transcriptional repression of gene expression by binding to the 
transcriptional activator MxiE. An alternative post-transcriptional inhibitory mechanism in Yersinia 
relies on the anti-activator function of the LcrH T3S chaperone, which acts in concert with cognate 
substrate YopD and another regulatory element LcrQ to bind untranslated T3S gene mRNA. Following 
formation of a syringe-needle complex, the middle/late substrates are actively secreted following 
induction via target cell contact. This frees up ExsC to titrate away ExsD from EsxA (P. aeruginosa) or 
SicA/IpgC to directly activate InvF/MxiE (S. enterica/Shigella) and induce T3S gene transcription. By 
comparison, destabilization of the LcrH-YopD-LcrQ complex via chaperone (LcrH and SycH)-
mediated substrate secretion (YopD and LcrQ, respectively) permits ribosome access and mRNA 
translation. This schematic was adapted from the recent review by Brutinel and Yahr [44]. PM – plasma 
membrane (eukaryotic cell), OM – outer membrane, CM – cytoplasmic membrane. 

 
Pseudomonas Aeruginosa T3SS 

The most recent example of this concept comes from elegant work with the P. 
aeruginosa T3SS. In this system, transcription of all genes is under the transcriptional control 
of ExsA, an AraC-like transcriptional activator. ExsA activity is restricted by three additional 
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proteins with functions linked to the secretion competence of the T3SS. The first is an ‘anti-
activator’ ExsD that binds to and inactivates ExsA when the T3SS is closed [222]. A closed 
T3SS also accumulates high cytoplasmic concentrations of ExsE enabling sequestration of an 
‘anti-anti-activator’ ExsC [223, 224], a protein with class I chaperone characteristics [225]. 
However, opening of the T3SS channel through target cell contact first allows ExsC to 
promote the secretion and translocation of ExsE reducing these internal inhibitory pools [223, 
224, 226]. It then allows ExsC to seize ExsD, which in turn releases ExsA to activate 
transcription of type III gene promoters [225, 227]. 

 
Salmonella SPI-1 and Shigella T3SS 

In contrast to this P. aeruginosa scenario in which the entire T3SS is up-regulated in 
response to activated secretion, T3SS activation in both Salmonella and Shigella only 
concerns the induction of effector genes. This illustration is based on the function of the 
translocator class II chaperones IpgC of Shigella and SicA of Salmonella, in concert with 
their two translocator substrates IpaB/IpaC and SipB/SipC respectively. In the absence of 
substrate, free IpgC or SicA acts in cooperation with the AraC-like transcriptional activators, 
MxiE and InvF respectively, to specifically transcribe mRNA from effector gene promoters 
[112, 163, 228-231]. In contrast, gene transcription is not induced when IpgC or SicA are 
bound to their cognate substrates trapped in the cytoplasm – therefore denying complex 
formation with their respective transcriptional activators. Hence, only after the secretion of 
their translocator substrates (‘anti-coactivators’) through an opened T3SS, is the chaperone 
free to act as a ‘coactivator’. Notably, this regulatory coupling also doubles as a means to 
establish a secretion hierarchy because chaperone-activator complexes form and then trigger 
transcription of effector genes only after the cognate translocator substrates have been 
synthesized and secreted [229]. This mechanism, based on using a class II T3S chaperone as 
a coactivator, might be a common solution for creating a program to order type III substrate 
secretion by bacteria. For example, the chromosomal encoded T3SS of Y. enterocolitica 
depends upon a similar SycB chaperone/YsaE activator complex for transcriptional 
regulatory control, although in this case it is too early to say if this is coupled to secretion 
activity [232]. 

In Shigella, another layer of regulation is imposed to further refine this hierarchal 
secretion process. This is based upon an ‘anti-activator’ function to keep MxiE quiet, even in 
the presence of free coactivator IpgC. In this scenario, the anti-activator OspD1 (a secreted 
effector) would bind to MxiE shielding it from coactivation by IpgC. Only after secretion of 
OspD1, presumably mediated by the class Ib chaperone Spa15, will MxiE-IpgC complexes 
form to activate late effector genes that are under MxiE control [233]. This then assumes that 
fine-tuning of MxiE activation by the opposing anti-activator and co-activator regulatory 
pathways ensures late effectors are produced only after the translocators and early effectors 
(those not controlled by MxiE, such as OspD1) have been secreted through an active T3SS 
[233]. 

 
Yersinia T3SS 

The previous examples describe systems which couple T3S activity to the control of gene 
expression at the transcriptional level. In contrast, Yersinia spp. combine activity of their 
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plasmid encoded T3SS with control of gene expression using a post-transcriptional 
mechanism. In this case, relief from T3SS feedback inhibition comes from the secretion of at 
least one negative regulatory element, LcrQ [16, 234-236]. In the cytoplasm, LcrQ is thought 
to bind to the 5’-untranslated region of messenger RNA [237]. Upon induction through target 
cell contact, an activated T3SS releases LcrQ with the assistance of the class I chaperone 
SycH [238]. Presumably, ribosomes then have access to translate each transcript, resulting in 
an upsurge of substrate synthesis and secretion [16, 236, 238, 239]. A complex of the YopD 
translocator and the LcrH class II chaperone is also a negative regulatory feature of T3S 
control in Yersinia [160, 240, 241]. It seems that YopD-LcrH complexes also bind to the 5’-
untranslated region of mRNA collaborating with LcrQ in the post-transcriptional silencing of 
type III gene expression [Costa et al., unpublished data] [237, 240, 241]. Although it is not 
yet apparent how a YopD-LcrH complex communicates with LcrQ, this model offers exciting 
possibilities for further investigation. It is important to clarify the actual targets of post-
transcriptional control – is it restricted to the expression of genes encoding just the secreted 
substrates or does the regulon also include genes encoding the structural components? The 
current model also assumes that YopD is secreted along with LcrQ once the T3SS is 
activated. If so, this could free-up LcrH to initiate additional known contacts with other noted 
regulatory components (such as YscY, YscE and TyeA) [Francis, unpublished data] [158-
160]. It remains to be seen how these other LcrH complexes fit into the regulatory scaffolds 
that control T3S gene expression in Yersinia. 

LcrQ is a regulatory molecule unique to the Yersinia T3SS. It can reportedly interact 
with several T3S chaperones – most notably, the class I chaperones SycH and SycO and the 
class II chaperone LcrH [111, 159, 238, 242]. Intriguingly, another target of LcrQ was 
recently shown to be phosphoenol pyruvate carboxylase (PEPC) [243]. The consequence of 
this interaction was inhibition of PEPC activity, effectively reducing the biosynthesis of 
oxaloacetate derived amino acids. With these observations, LcrQ was suggested to be an 
important link between Yersinia T3SS and central metabolism; the dual ability of LcrQ to 
bind both T3S chaperones and PEPC, might ensure the availability of amino acids at times 
when the synthesis of T3S substrates are most needed – during target cell contact [243]. The 
model proposes that following T3S of premade pools of substrate, LcrQ is sequestered by 
free T3S chaperone. This liberates PEPC to re-establish amino acid pools to initiate a 
subsequent round of T3S substrate synthesis. To ensure their solubility and stability prior to 
secretion, these de novo synthesized substrates recruit their cognate T3S chaperone. This 
releases LcrQ to seek out and neutralize PEPC activity to reduce unnecessary synthesis of 
amino acids. Since earlier studies have hinted at a link between metabolic status and 
regulation of flagella and non-flagella T3SSs [244-250], this cross-talk model offers a step 
forward and therefore deserves to be rigorously tested. At the very least, it stands to provide 
important insight into the relevance of the varied LcrQ-T3S chaperone interactions in 
Yersinia. 

 
Variations on the Same Theme 

The regulatory mechanisms described herein are ingenious ways in which bacteria have 
coupled their secretory activity to the control of gene expression. The key mediators of these 
regulatory pathways are chaperones or chaperone-assisted secreted substrates. They sense the 
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operational ‘readiness’ of each T3SS and relay this information to transcriptional activators 
that sit at or near the top of this regulatory cascade. As already noted by others [44], a feature 
of these regulatory mechanisms are the inherent flexibility of the individual components. A 
good illustration of this is the varied functions of the class II T3S chaperones. The 
Salmonella and Shigella systems utilize their respective SicA and IpgC chaperones as 
cofactors for the transcriptional activator, while the Yersinia system employs the equivalent 
LcrH chaperone as a post-transcriptional negative regulator with no known connection to the 
transcriptional activator [Carlsson et al., unpublished data]. On the other hand, the P. 
aeruginosa system does not engage the homologous PcrH in any apparent regulatory activity 
[158, 162]. Such resourcefulness probably reflects how related bacteria have utilized different 
environmental conditions to ensure type III genes are expressed only when needed (for 
example; during target cell contact within a unique infection niche), whereas energetically 
wasteful expression is kept to a minimum. 

 
 

Mechanisms of Substrate Secretion 
 
The means by which T3S substrates are delivered to the cognate T3SS and then 

subsequently secreted continues to be the focus of intense research in the T3S field. Insights 
into several inherently complex mechanisms have been revealed. While they all contribute 
towards efficient substrate secretion, the various molecular details are still poorly understood. 
Adding to this complexity is the knowledge that the portal through which the substrates are 
assumed to be secreted, the needle channel, is far too narrow to accommodate folded proteins 
[27, 251]. Hence, energetically favorable means to unfold substrates is also a prerequisite for 
secretion [252]. 

 
 

Chaperone-Independent N-Terminal Secretion Signals 
 
It was realized early on that the translocated effector substrates of Yersinia contained 

information within their first 20 amino acids that is sufficient to confer upon signalless 
reporter proteins an ability to be secreted in a type III-dependent manner [253, 254]. 
Subsequent in depth analysis of effector substrate N-termini failed to identify any consensus 
amino acid sequence; although a contributing amphipathic secondary structure was proposed 
[171, 255]. Secretion of some effector substrates is also aided by information in the 5’-prime 
untranslated mRNA sequence [256, 257]. However, some other effector substrates apparently 
contain a N-terminal secretion signal devoid of any secondary structure in either amino acid 
or mRNA signals [258]. We and others have also tried to resolve the precise structural 
features of the translocator substrate N-terminal secretion signals. Although the molecular 
makeup is still uncertain, it seems unlikely that mRNA signals contribute to translocator 
secretion [Amer et al., unpublished data] [145, 146, 259]. Nevertheless, evidence supporting 
the mRNA and protein sequence models has intriguing consequences, for each proposes a 
different mechanism of substrate recognition and subsequent secretion by the T3SS. The 
mRNA hypothesis implies that a mRNA structure is first recognized by the T3SS that then 
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allows coupling of translation directly to secretion (Figure 7A). On the other hand, the 
protein hypothesis implies recognition of pre-made pools of the N-terminal polypeptide 
(Figure 7B). It is clear that the N-terminal secretion-signal debate is not over. However, it 
may never really be resolved when most studies examine substrate secretion in artificial 
conditions that may not reflect the true inducing signal – target cell contact. More detailed 
information concerning the function of this so-called chaperone-independent N-terminal 
secretion signal can be obtained from several worthy reviews [13, 260-263]. 

 

 

Figure 7. A schematic illustration of the possible mechanisms of type III substrate secretion. The T3SS 
may recognize the 5’-untranslated mRNA, with the implication that this recruits ribosomes to the inner 
face of the secretion apparatus and couples substrate translation to secretion (A). The amino acid 
sequence of the extreme N-terminus of individual substrates may represent a structural motif directly 
recognized by the T3SS (B). Information contained in the T3S chaperone bound to substrate may also 
constitute a secretion signal. It is the chaperone that interacts with the T3SS (most likely the system 
ATPase) and this primes the substrate for unfolding prior to secretion (C). This schematic was 
motivated by reviews from Aldridge and Hughes [405] and Cornelis [263]. The chaperone dimer (red) 
in complex with its cognate substrate (green) is proposed to dock at a specific site of the T3SS ATPase 
(blue) that encompasses the functionally important valine (V; marked in yellow) residue at position 393 
(D). Panel D is part of a study by Strynadka and colleagues [273] and is reused with permission 
“Copyright (2007) Macmillan Publishers Ltd.” OM – outer membrane, CM – cytoplasmic membrane. 
OM – outer membrane, CM – cytoplasmic membrane. 
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Chaperone-Dependent Secretion Signals 
 
As discussed earlier, located directly adjacent to the N-terminal secretion signal are about 

100 amino acids of substrate that are involved in direct binding to the cognate chaperone. It is 
now clear that chaperone bound to this region comprises a chaperone-dependent secretion 
signal [264]. This has consequences for prioritizing T3S when in competition with other 
substrates [213] and in ensuring specific secretion through the correct T3SS pathway [191, 
192]. Secretion pathway specificity is conferred through association of chaperone-substrate 
complexes with an ATPase linked to the cytoplasmic side of the T3S machinery (Figure 7C). 
This was first examined in enteropathogenic Escherichia coli for the T3S substrate Tir and its 
chaperone CesT and their interactions with the T3SS ATPase EscN [214, 215]. Similarly, 
within the S. enterica Typhimurium SPI-1 T3SS, the InvC ATPase interacts with the SptP 
effector substrate in complex with its chaperone SicP [216]. Such findings endowed T3S 
chaperones with a new responsibility – targeting their substrate cargo to the cognate T3SS 
through specific associations with the core ATPase. This does not offset the role of the 
extreme N-terminal chaperone-independent secretion signal, because in some experimental 
setups, chaperone-free effector substrate could still associate with their respective system 
ATPase [214, 265]. Thus, chaperone–dependent and –independent substrate secretion signals 
probably act in concert to dock the substrate to the T3S apparatus. For reasons that are 
outlined below, the T3SS ATPase is an appealing target for docking of substrate at the inner 
face of the T3S machinery. However, it is prudent to remain open to other possible 
interactions given that studies in Yersinia suggest that the ATPase YscN does not engage free 
SycE chaperone or a SycE-YopE effector complex [140]. 

 
 

Substrate-Chaperone Recognition by the T3S Machinery 
 
The T3SS ATPase is ubiquitous to all T3SSs. The family typically contains the two 

Walker boxes, A and B, which are associated with ATP binding and hydrolysis. In addition, 
all exhibit some similarity to the -subunit of F0F1 proton-translocating ATPases. Consistent 
with these observations, T3SS ATPases hydrolyze ATP in line with their role as energizers 
for substrate secretion [266-271]. The ATPases form a hexameric ring-like structure that 
probably sits at the base of the T3S machinery peripherally associated with the inner 
membrane [272, 273]. Oligomerization is a known stimulator of ATPase activity and might 
be critical for driving substrate secretion [269, 270]. However, other T3SS components are 
presumed to interact with the ATPase, which might be important in regulating oligomeric 
formation or perhaps even in restricting ATPase activity to the process of T3S [268, 270, 
271, 274, 275]. 

So what is the true function of these ATPases? The crystallization of various T3SS 
components revealed a puzzling conundrum – fully folded secreted substrates are far too 
large to be accommodated by the small opening of the T3S nanomachine [27, 251, 276]. For 
secretion to occur, substrates must therefore assume an unfolded state. As mentioned earlier, 
T3S chaperones cannot initiate substrate unfolding. While the region of each substrate 
contacting the chaperone is unfolded, the remainder of the substrate is usually still fully 
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folded [94, 103, 139, 173]. However, the findings that T3S chaperones dock their substrates 
at the T3SS ATPase proffered an attractive resolution – ATPase activity initiates substrate 
unfolding prior to transit through the T3S machine. In a seminal study of T3S in S. enterica 
Typhimurium, not only did the ATP hydrolyzing activity of the InvC ATPase disassociate the 
SptP effector from the SicP chaperone-bound state, but it also caused the effector to unfold 
[216]. In this context, T3S chaperones pilot their cargo to the system ATPase, which then 
triggers chaperone-substrate disassembly and substrate unfolding that facilitates substrate 
entry into the secretory apparatus. Structural determination of the enteropathogenic E. coli 
T3S ATPase EscN, revealed a surface cavity in the C-terminus that could serve as a 
substrate-chaperone binding site (Figure 7D) [273]. ATP hydrolysis could induce structural 
changes in this region that precipitates chaperone disassociation [273]. However, ATPase-
dependent unfolding must also be assisted by unknown structural properties inherent to T3S 
substrates because when fused to tightly folded heterologous protein domains, substrate 
unfolding and secretion is severely impaired [216, 277-279]. Thus, only substrates permissive 
to ATPase-dependent unfolding are secretion competent [216]. 

The energy to drive the substrates through the T3S machinery remains an open question. 
Work from the Galán laboratory demonstrates the importance of ATP hydrolysis in substrate 
unfolding [216]. In addition, some observations suggest that the proton motive force may 
contribute to the passage of substrate through the secretion channel [201, 252, 280]. 
Significantly, aside from their secretion piloting role, T3S chaperones are also hypothesized 
to reduce the energy requirements needed for substrate secretion. The majority of structural 
evidence indicates that when in complex with chaperone, the CBDs of substrates are 
maintained in an extended, non-globular conformation (see Figure 3B) [94, 98-100, 103, 109, 
139]. Maintenance of this localized unfolded state by a bound chaperone may act as a primer 
generating a more energetically favorable environment for further substrate unfolding by the 
ATPase during presentation of the substrate to the secretion apparatus [86, 98, 99, 279, 281]. 
In contrast to this model however, binding by the SycE chaperone to the full-length YopE 
effector actually induced a localized disordered-to-ordered structural transition in the 
substrate CBD [140]. While these findings may not agree with the chaperone ‘priming’ 
model, they reaffirm that chaperones probably contribute to a recognition signal that directs 
their substrate to the T3S secretory machine. 

 
 

T3S Chaperones for Protein Export  
in Flagella Assembly 

 
Bacterial swimming motility is conferred by the rotation of a complex nano-motor 

termed the flagellum. These filamentous organelles extend from the bacterial inner membrane 
to well beyond the bacterial surface. A flagellum is composed of three parts; the basal body 
entrenched in the bacterial envelope (the motor), followed by a hook (a connecting ‘universal 
joint’) and then a filament (the propeller) which protrudes outwards from the bacterial surface 
[201, 282, 283]. Remarkably, the structure of the flagellum hook-basal body closely 
resembles non-flagella T3SSs associated with host cell contact (Figure 1) [198, 251, 284-
289]. This adds further impetus to the idea that T3SSs needed for interactions between 
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bacteria and eukaryotic cells are descendents of the protein export system linked to bacterial 
flagella assembly [290]. The flagella-associated T3SS exports a number of proteins needed 
for flagella assembly [282]. At least four of these are subunits of the flagellum filament, 
which assemble outside of the bacterium; FliC (major filament subunit), FliD (filament cap) 
and FlgK and FlgL (the hook-filament junction proteins). Export of each of these proteins 
requires assistance from a dedicated T3S chaperone; FliS (for FliC) [291-293], FliT (for 
FliD) [294, 295] and FlgN (for FlgK and FlgL) [294, 295]. 

 
 

Mediators of Anti-Polymerization 
 
Despite physical similarities to class I T3S chaperones of host cell contact inducible 

T3SS – being small, predominantly α-helical with an acidic pI – flagella-specific T3S 
chaperones display notable differences warranting their division into a different T3S 
chaperone group, designated class III (Table 1) [88]. This is reinforced by a FliS crystal 
structure that is unrelated to any other T3S chaperone (Figure 2) [296]. Intriguingly however, 
a similar means of substrate recognition and localized substrate unfolding may still apply – 
the FliC substrate wraps around the outside of FliS in an extended confirmation lacking any 
teriary structure (Figure 3B) [296]. In addition, flagella class III T3S chaperones bind to the 
extreme C-terminus of their substrates [291-293, 295]. These C-terminal domains are thought 
to be the glue by which individual filament subunits polymerize together during assembly of 
a growing flagellum. The monomeric forms are therefore inclined to rapidly oligomerize 
unless the C-terminal interacting domains are stabilized by a bound chaperone. This has been 
experimentally demonstrated for the FliS chaperone [291-293] and the FlgN chaperone [294]; 
their respective binding to the major flagellum filament subunit FliC and the hook associated 
axial protein FlgK prevents premature polymerization. This anti-polymerization role is 
analogous to the class IV and class V T3S chaperones belonging to T3SSs associated with 
host cell contact [115]. 

 
 

Establishing Ordered Substrate Secretion 
 
Preventing polymerization of cognate flagella substrates is arguably the foremost role of 

flagella-specific T3S chaperones. However, assembly of filament subunits into the growing 
flagellum is strictly sequential; the hook-filament junction proteins, FlgK and FlgL, must be 
assembled before the FliD filament cap, which in turn is needed for FliC flagellin filament 
incorporation [201, 282, 283]. This implies a strict secretion order, which may result if each 
chaperone-substrate complex interacts with a different affinity to a component of the flagella-
specific T3SS. On top of this, competition for recognition of the FlgK, FlgL and FliD minor 
flagellum subunits by the T3SS would need to occur in an unfavorable environment replete 
with excessive amounts of FliC major flagellum subunit [282, 297]. Investigation into this 
problem by the Colin Hughes laboratory revealed two key observations. First, FlgN-FlgK and 
FlgN-FlgL chaperone-substrate complexes are recognized by the system ATPase FliI [298], a 
finding analogous to some class I T3S chaperones associated with virulence [214-216]. 
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Extrapolating from the work of Jorge Galán and colleagues [216], the flagella-specific FliI 
ATPase probably disassociates the FlgN-FlgK and FlgN-FlgL complexes to promote FlgK 
and FlgL unfolding and secretion. However, what happens to the ‘free’ T3S chaperone post-
substrate secretion? This was investigated in a second study of Hughes and colleagues. They 
described an event post-substrate secretion in which free chaperone is then selectively 
recycled to another substrate to promote rapid export [297]. Significantly, the protein 
involved in this chaperone recycling process, FliJ, interacts only with FlgN and FliT, 
chaperones of the minor filament subunits. FliJ does not interact with the major filament 
chaperone FliS. Thus, by specifically recruiting newly available free FlgN and FliT 
chaperone and then quickly making it available to the next cognate substrate in line for 
secretion, FliJ-chaperone complexes may therefore confer an advantage towards the secretion 
of minor filament subunits over the FliC major subunit [297]. Further credence for such a 
novel hierarchal secretion mechanism comes from a preliminary analysis of two FliJ 
orthologues from cell contact inducible T3SSs, namely InvI (from S. enterica Typhimurium 
SPI-1) and YscO (from Y. enterocolitica) – both seemed to preferentially bind to free class II 
T3S chaperones targeting the translocators compared to class I T3S chaperones targeting the 
effectors [161]. Hence, class II T3S chaperone complexes with InvI or YscO might be 
expected to prioritize translocator substrate secretion. This work with the FliJ protein family 
has highlighted a new mechanistic concept for orchestrating hierarchal secretion, which 
warrants further study to determine its biological relevance. 

 
 

Coordinating Gene Expression with Flagella Assembly 
 
The coordinated assembly of flagella is a complex process – a review of these regulatory 

mechanisms within the flagella regulon is beyond the scope of this article. However, 
interested readers are referred to a collection of recent reviews that give a thorough 
description of this topic [282, 299-301]. In very brief terms, structural genes are expressed in 
a three-tiered transcriptional hierarchy based on class I, II and III promoter activity that are 
coupled to built-in assembly checkpoints within the growing flagellum. This transcriptional 
coordination ensures the sequential expression of class I genes (encoding the master 
regulators FlhC and FlhD for class II gene expression) before class II genes (encoding hook 
and basal body components as well as the 28 sigma factor required for class III gene 
expression) before class III genes (encoding late secreted substrates and chemotaxis 
components). Each gene product is therefore made only when needed during the assembly 
process. 

In this context, it is significant that all late secretion substrates – i.e., those which are 
secreted only after hook-basal body assembly is completed – require a chaperone [302]. Nor 
is it a coincidence that most of these flagella-class T3S chaperones (with the exception of 
FliS) exhibit intricate regulatory functions (Figure 8). These dual functional T3S chaperones 
therefore create the links between transcriptional regulation and sensing of flagellum 
assembly status. For example, the substrate FliD sequesters its cognate FliT T3S chaperone in 
the cytoplasm prior to completion of a secretion competent hook-basal body [303]. Once 
completed however, FliD is escorted by FliT for secretion through the hook-basal body. The 
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FliT chaperone is then free to complex with the FlhC subunit of the FlhC-FlhD master 
regulator complex inhibiting its binding to class II promoter DNA [303]. This negative-
regulatory loop is anticipated to fine tune class II gene expression, reducing the production of 
hook and basal body components following their assembly into a functionally complete 
structure. It also seems apparent that the FlgN T3S chaperone similarly contributes to the 
controlled translation of flgM, a class III gene encoding the anti-28 factor [304, 305]. In this 
scenario, the substrates FlgK and FlgL sequester FlgN in the cytoplasm before the hook-basal 
body is completed [304]. When completed however, FlgK and FlgL are secreted through the 
hook-basal body freeing the FlgN chaperone to positively regulate flgM translation. These 
subtle alterations in the levels of FlgM are expected to have significant effects on 28–
dependent transcription of class III transcripts. The anti-28 factor FlgM also needs to be 
secreted following assembly of the hook-basal body structure. This is needed in order to free 
up the 28 sigma factor to direct the RNA polymerase to class III promoters upstream of 
genes encoding late flagellar components [306]. Interestingly, the 28 sigma factor is the T3S 
chaperone for its own anti-28 factor FlgM [302]. 

 

 

Figure 8. Use of chaperones to couple flagella gene expression with flagellum assembly. The initial 
stages of flagella biogenesis require the assembly in the bacterial envelope of a hook-basal body 
structure. Components of this structure are encoded on a series of σ70-dependent operons within the 
Class II regulon, which is under the control of the master regulators (FlhC and FlhD) encoded within an 
operon of the Class I regulon. Late secretion substrates are also produced, but cannot be secreted until 
the hook-basal body is secreted. They are stabilized in the cytoplasm prior to secretion by bound T3S 
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chaperones. Completion of the hook-basal body signals a switch in substrate specificity allowing for 
secretion of late substrates. Secretion of the anti-sigma factor FlgM frees-up the cognate chaperone, 
FliA (σ28), to initiate expression of genes within the Class III regulon. This includes the major filament 
subunit FliC and its cognate chaperone FliS, which allows assembly of the external flagellum. In 
addition, when freed by the secretion of FlgL and FlgK, the FlgN chaperone positively regulates FlgM 
production. Moreover, free FliT can engage with FlhC of the master regulator complex inhibiting 
expression of genes from the Class II regulon. This schematic was inspired by the reviews of Chevance 
and Hughes [282] and Brutinel and Yahr [44] as well as primary studies from the Hughes [304] and 
Kutsukake [303] laboratories. OM – outer membrane, CM – cytoplasmic membrane. 

While flagella and non-flagella T3SSs have different pursuits – one to propel bacterial 
movement toward or away from a chemical stimulus, the other to establish cross-talk with 
eukaryotic cells – fundamental similarities between the two protein export systems exist. It is 
now evident that the role of T3S chaperones is universal among both flagella and non-flagella 
T3SSs, and their influence is observed at multiple levels. Although their structural scoffolds 
and modes of action are sometimes different, their motives are always the same – to protect 
substrates from premature associations with self or other proteins; to guide substrates to the 
correct T3SS; to establish a secretion order among the substrates; and to couple gene 
transcription to the process of apparatus assembly (see Figure 5). 

 
 

Chaperones of Other Specialized  
Host-Targeting Protein Secretion Systems 

 
In recent years and aided by the whole genome sequencing explosion, two new secretion 

systems designated Type IV (T4SS) and Type VI (T6SS) have been added to the bacterial 
protein export arsenal. Analogous to T3SS, these additional systems are also believed to 
boast a capacity to directly transport proteins from the bacterial cytosol into host cell 
compartments. 

 
 

Type IV Substrate Secretion 
 
Just like T3SSs are ancestrally related to the bacterial flagella, T4SSs are related to the 

bacterial conjugation system that transfers DNA from donor to recipient cells [307-310]. As 
such, various T4SSs can be used to import DNA, or secrete DNA, protein or DNA-protein 
complexes free into the environment or directly into target eukaryotic cells. The latter is a 
process that resembles T3S effector translocation. The list of so-called effector molecules 
directed to the host cell by T4SS’s is growing rapidly. However, in most situations it is 
poorly understood how these molecules are targeted to the secretory apparatus and prepared 
for orderly and efficient secretion. Secretion signal information usually exists in the C-
terminus of most substrates, but this is not always sufficient for secretion [310, 311]. 
Moreover, in almost all T4SSs the substrate recognition, recruitment and export also relies 
upon an integral inner membrane located receptor termed a 'coupling factor' [312]. Finally, 
some researchers propose that T4SSs incorporate chaperone-like molecules to perform 
functions akin to the T3S chaperones – preventing premature interactions of substrate with 
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self or other proteins, maintaining substrates in a secretion competent state or delivering the 
substrates to the coupling protein [311]. 

With respect to the T4SS encoded by the plant pathogen Agrobacterium tumifaciens, one 
of the transported substrates VirE2 is stabilized by the VirE1 chaperone [313-317]. However, 
this interaction is not needed for transfer of substrate to the coupling protein and subsequent 
export [318, 319]. The chaperone therefore likely restricts premature VirE2 polymerization 
and binding to single stranded T-DNA in the bacterial cytoplasm. In this regard, it is 
interesting that although unique, the VirE2-VirE1 crystal structure does evoke some 
resemblance to the anti-polymerization complexes formed by the T3S chaperones FliS and 
CesAB with their respective substrates FliC and EspA (Figure 3C) [115, 296, 320]. 

The intracellular pathogen Legionella pneumophila also utilizes a T4SS for translocation 
of vast numbers of effectors into the host cell cytosol. The translocation of a subset of these 
effectors requires an interaction with the IcmS/IscW or IcmS/LvgA co-chaperone complexes 
in the bacterial cytoplasm [321-326]. However, how these co-chaperone complexes 
contribute to the substrate translocation process is poorly understood, but one role might be 
to present the C-terminal substrate secretion signal for recognition by the T4SS [321]. The L. 
pneumophilia IcmR protein also exhibits chaperone activity for IcmQ [327, 328]. Not only 
does chaperone binding prevent IcmQ self-association, but it also prevents IcmQ pore 
formation in phospholipid membranes [329, 330]. Intriguingly, this chaperone-substrate 
complex is functionally reminiscent of the VirE1-VirE2 complex, where VirE2 also forms 
channels in planar lipid bilayers [331]. Parallels can also be drawn with the class II T3S 
chaperones that prevent the damaging effects of premature membrane insertion by the T3S 
translocator substrates [Costa et al., unpublished data] [142, 147]. 

The last example of a putative chaperone-like molecule among components of T4SSs 
comes from the cag system encoded by the stomach pathogen Helicobacter pylori. CagA is 
the only known proteinaceous T4S substrate secreted by H. pylori. Secretion first requires an 
interaction with CagF that is primarily located in the cytoplasmic membrane suggesting that 
this initial binding might contribute to subsequent recognition of CagA by the type IV 
secretory apparatus [332, 333]. 

Collectively, these studies do suggest a universal need for unique chaperone-like 
molecules in coordinating T4S in diverse bacteria. However, indications are that at least some 
T4S chaperones have mechanistically diverged from their T3S chaperone counterparts – 
clearly a reflection of the different molecular constraints imposed upon by the two 
evolutionary distinct secretion systems within which each chaperone family are designed to 
operate. 

 
 

Type VI Substrate Secretion 
 
Far less is known about the T6SS since its widespread discovery has only occurred 

within the last couple of years. However, its discovery has prompted significant interest in 
the research community seeing as it may yet be another important strategy for bacterial 
survival in the presence of eukaryotic cells [334-337]. The system can consist of up to 25 
proteins, most of which lack homology to any protein belonging to other independent 
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bacterial secretion systems. It follows that few secreted substrates have so far been reported. 
It is not clear how these substrates are secreted, or whether they require chaperone assistance 
for their stabilization and recognition by the secretory apparatus. The presence of dedicated 
chaperones unique to T6SSs has been speculated, but this is not supported by any direct 
experimental evidence [338, 339].  

ClpV, a subfamily of the ClpB chaperone-like ATPases associated with maintenance of 
protein complexes, is most often associated T6SS [340]. However, it’s chaperone capacity is 
considered secondary to its ATP binding and hydrolysis activity, which may function as the 
general energizer for type VI substrate secretion [341]. None the less, the role of ClpV is not 
a transparent one. While recent data confirms that the ClpV ATPase activity is essential for 
T6S, it might preferentially be needed to disassemble a tubular-like structure composed of 
two proteins encoded by genes within the T6SS cluster [342]. However, the function of this 
tubular-like structure in T6S is not known, which brings into question the significance of its 
disruption by ClpV. Additional studies should eventually reveal the precise relationship 
between ClpV activity and T6SS. Hopefully further studies will also determine if other 
cytoplasmic chaperone-like accessory proteins are required to assist with type VI substrate 
secretion. 

 
 

Conclusion 
 
Use of the term ‘T3S chaperone’ has been met with some trepidation and confusion. This 

occurs particularly among those familiar with the diverse family of molecular chaperones that 
usually function to prevent non-functional protein complexes by promoting correct protein 
folding and to encourage the refolding of misfolded proteins [343]. In recent times however, 
new concepts in T3S chaperone biology have emerged courtesy of several recent structure-
function studies. For example, some T3S chaperones might primarily be sensors of T3SS 
assembly, while others could be facilitators of T3S export [221, 300, 305]. Thus, while the 
term ‘chaperone’ may not be entirely consistent with the classical view of molecular 
chaperone function, it still admirably fits into the concept that T3S chaperones are critical for 
maintaining and orchestrating the biomechanics of a well-oiled nanomachine that in turn, 
enables multiple bacteria to establish interactions of significance with host organisms. From 
humble beginnings it has quickly become apparent that these small molecules pack an 
impressive array of functions in their small molecular scaffold. Continued research in this 
field promises to reveal further examples of bacterial engineering ingenuity through the 
sculpturing of T3S chaperones with impressive versatility – effectively offering the use of a 
compact small molecular toolkit for all occasions. 

In closing, just like molecular chaperones are emerging as new targets for drug therapy 
of microbial virulence [344, 345], the importance of T3S chaperones in bacterial 
pathogenicity presents us with a golden opportunity to exploit their functions in the search for 
novel and effective anti-bacterial drugs. With the emergence of crystal structures of T3S 
chaperones in complex with substrates, this structural data could enable the design of small 
synthetic molecules that specifically block T3S chaperone-substrate interaction via 
competitive antagonism. Such an approach is already showing promise for the targeted 
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disruption of periplasmic chaperone binding to substrates that then assemble into surface pili 
appendages via the chaperone-usher protein secretion pathway [346]. Another independent 
approach could be to randomly identify small inhibitory molecules of T3S chaperone 
function through the high throughput screening of large chemical libraries. Indeed, high 
throughput screening procedures are successfully identifying synthetic chemicals with 
inhibitory effects against bacterial virulence determinants including T3SSs [347, 348]. 
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