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Abstract (max 50 words, currently 46)  24 

Bacteria use the type VI secretion system (T6SS) to kill neighboring cells. One key feature of the 25 

T6SS is the secretion of diverse effectors. Here, we discuss six publications that describe three 26 

superfamilies of T6SS proteins, each dedicated to mediate the secretion of cognate  effectors.  27 
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Text 46 

The type VI secretion system (T6SS) is a contractile puncturing device, enabling bacteria to kill 47 

neighboring prokaryotic and eukaryotic cells in a contact-dependent manner. Contraction of a 48 

cytoplasmic outer sheath results in the ejection of an inner tube (comprised of Hcp subunits) that 49 

can penetrate into a neighboring cell [1]. Effectors are found within the tube and on top of the tip 50 

of the tube. Once translocated, the effectors act in a toxic manner unless inhibited by T6SS 51 

immunity proteins produced by the receiving cell. T6SS effectors differ in the mechanism by 52 

which they associate with the tip of the T6SS machinery tube, as well as in their biochemical 53 

activity. The first T6SS effectors to be described were the so-called valine glycine-rich proteins 54 

G (VgrG) that exhibit structural homology to the cell-puncturing device of T4 bacteriophage, 55 

establishing the tip of the T6SS. VgrG proteins consist of a core that can be fused to a C-terminal 56 

domain with effector activity [2]. In addition, VgrGs contain a region that binds the so-called 57 

PAAR-domain (proline-alanine-alanine-arginine domain) of a defined class of effector proteins 58 

[1]. To define the mechanisms by which diverse T6SS effectors are translocated, we summarize 59 

the recent characterization of proteins with domains of unknown function (DUFs) that have been 60 

labeled as accessory [3], adaptor [4], or chaperone proteins [5; 6].  61 

These adaptors are responsible for the secretion of effectors with or without PAAR domains. 62 

Liang et al. and Unterweger et al. independently described a member of the superfamily of 63 

proteins with a conserved DUF4123 domain required for the secretion of effectors lacking a 64 

PAAR domain in Vibrio cholerae [4; 6]. Diniz et al., Whitney et al. and Cianfanelli et al. 65 

characterized representatives of the superfamily of proteins with a conserved DUF1795 domain 66 

that are needed for the secretion of PAAR-domain effectors in Serratia marcescens and 67 

Pseudomonas aeruginosa [3; 5; 7]. More recently, Bondage et al. identified a third group of 68 
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adaptor proteins characterized by the DUF2169 in Agrobacterium tumefaciens [8]. Adaptor 69 

proteins representing three superfamilies that have been studied experimentally are compiled in 70 

Table 1 along with the effectors they translocate and other pertinent information.  71 

 72 

Table 1. Experimentally studied adaptor proteins subdivided by DUF superfamily 73 

 74 

Superfamily Adaptor Effector Effector 
activity 

Effector-
region for 

VgrG 
interaction 

Species Reference 

DUF1795 EagR1 Rhs1 Unknown PAAR-
domain 

S. marcescens 3 

EagR2 Rhs2 DNAse PAAR-
domain 

S. marcescens 7 

EagT6 Tse6 NAD(P)+ 
Glycohydrolase 

PAAR-
domain 

P. aeruginosa 5 

DUF2169 Atu3641 Tde2 DNAse unknown A. tumefaciens 8 

DUF4123 Tap-1 
(TecL) 

TseL Lipase unknown V. cholerae 4, 6 

VasW VasX Pore formation unknown 
 

V. cholerae 10 

TecC TseC Unknown unknown 
 

A. hydrophila 6 

Tap-1 
(Atu4349) 

Tde1 DNAse unknown A. tumefaciens 8 

 75 
 76 

Biochemical studies of the proteins belonging to the DUF4123 and DUF1795 superfamilies have 77 

demonstrated direct interactions with their cognate effectors are required form protein complexes 78 

with VgrG proteins [3-6; 8]. The observation that some PAAR domain-containing effectors are 79 

unable to bind to VgrG by themselves further supports the notion that DUF1789 proteins are 80 

required for the stability and three-dimensional conformation of effectors. Indeed, adaptor 81 
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proteins of all three superfamilies were reported to stabilize their cognate effector indicating that 82 

these proteins act as chaperones [5; 8; 9]. Genetic and biochemical experiments indicate that 83 

DUF4123, DUF1795 and DUF2169 proteins are also required for the secretion of cognate 84 

effectors and subsequent killing of targeted prey bacteria [3-8]. Importantly, DUF4123, 85 

DUF1795 and DUF2169 proteins are only required for the delivery of their cognate effector, but 86 

not for the functionality of the T6SS [3-6; 8; 10]. Thus, adaptor proteins of the three 87 

superfamilies differ in this aspect from Hcp proteins, which form the inner T6SS tube and can 88 

act as chaperones for small effectors therein [11]. 89 

Experiments conducted by Whitney et al. suggest that DUF1795 protein EagT6 of P. aeruginosa 90 

binds to the N-terminal half of PAAR domain-containing effector Tse6 - thereby stabilizing Tse6 91 

[5]. The DUF1795 superfamily protein EagR1 has been described to interact also with the N-92 

terminal domain of its cognate effector, Rhs1, in S. marcescens [7]. The crystal structure of 93 

EagT6 resembles the shape of a horseshoe and the authors proposed a model in which the 94 

chaperone EagT6 shields hydrophobic transmembrane helices of Tse6 during the translocation 95 

from one bacterium to another [5]. However, the DUF1795 superfamily proteins of S. 96 

marcescens do not appear to accompagny their secreted effectors as they are not detected in 97 

supernatants analyzed by mass spectrometry [7]. Western-blot analysis of culture supernatants 98 

also failed to detect the DUF4123 protein Tap-1 (TecL) or DUF2169 protein Atu3641 in culture 99 

supernatants [4; 6; 8]. As a result, DUF4123 proteins were proposed to load their cognate 100 

effector onto the secretion system without being secreted themselves (see Figure 1). With the 101 

adaptor gene deleted, the effector is no longer detected at the tip of the T6SS and vice versa, 102 

indicating that the two proteins interact prior to loading onto the tip [4; 7; 8]. Effectors loaded by 103 

the DUF4123 superfamily proteins interact with sites of VgrG proteins situated C-terminal to the 104 
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highly conserved core and distinct from the VgrG-site interacting with PAAR domain effectors 105 

[4; 8]. Determining the structure and function of the various conserved DUF domains is needed 106 

to better understand the differences between the superfamilies of adaptor proteins. 107 

Strains of the same bacterial species can contain a repertoire of multiple effectors that differ in 108 

their biochemical activity and the mechanism by which they are associated with the T6SS. 109 

Bacteria such as S. marcescens produce various effectors that compete for a binding site at the 110 

T6SS tip to be transported in the same translocation event [7]. Differences in the affinity of the 111 

adaptor proteins to the T6SS tip might enable an adaptor protein with high affinity to load its 112 

cognate effector onto the T6SS at higher frequency [7]. Another way by which the adaptor 113 

protein might influence the effector set of a particular bacterium is if the adaptor protein-114 

encoding gene aids in the acquisition of a new effector protein-encoding gene. The effector 115 

repertoire of a bacterial strain may change due to the acquisition of effector protein-encoding 116 

genes in effector modules that are likely exchanged between strains via horizontal gene transfer 117 

[12]. These effector modules contain all or part of an adaptor protein-encoding gene, an effector 118 

protein-encoding gene, and an immunity protein-encoding gene [4]. The genetic linkage of genes 119 

encoding DUF4123, DUF1795 and DUF2169 superfamily proteins with genes encoding their 120 

cognate effectors located immediately downstream suggests that this genetic organization applies 121 

to all three superfamilies [3; 4; 6; 8]. Homologous recombination at conserved sites in the center 122 

of tap-1 and an additional site flanking the 3'-end of the module would result in the formation of 123 

chimeric adaptor proteins that are specific to their cognate effector and match the resident VgrG-124 

1 protein encoded upstream of the adaptor gene [4]. Adaptor proteins might thereby play a 125 

crucial role for providing a system in which newly acquired effectors, which are encoded on 126 
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effector modules together with at least parts of the adaptor protein-encoding gene, are 127 

successfully translocated by the resident T6SS. 128 

The ability to secrete a variety of effectors makes the T6SS a versatile system, aiding bacteria in 129 

competition with prokaryotic and eukaryotic competitors. Effector diversity is the basis for the 130 

formation of compatibility groups: bacteria with the same set of effectors and immunity genes 131 

are able to co-exist in direct contact; incompatible strains with differing effectors kill each other 132 

due to the lack of cognate immunity proteins [12]. Multiple mechanisms to associate effectors 133 

with the tip of the T6SS may increase the number of effectors and the variety of effector proteins 134 

with differing toxic activities that can be translocated during the same translocation event. 135 

DUF4123, DUF1795 and DUF2169 superfamily proteins are widespread among bacterial 136 

species [3-6; 8] and are thus likely to make crucial contributions to the competitive fitness of 137 

bacteria. Studying the basic mechanism of effector secretion has implications for our basic 138 

understanding of microbial competition and could lead to the development of novel therapeutic 139 

interventions that instruct pathogens to outcompete each other. 140 

  141 
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 143 

Figure 1. General model for the role of adaptor proteins in T6SS-mediated export. 144 

The membrane-baseplate complex and the Hcp tube secreted upon contraction of the VipA and 145 

VipB sheath are depicted. Adaptor proteins with characteristic DUF domains stabilize cognate 146 

effector proteins and are required for effector proteins to locate to the tip of the T6SS. The 147 

current working model suggests that once located to the tip, the effector is getting exported via 148 

the T6SS whereas the adaptor protein stays behind. IM inner membrane, OM outer membrane. 149 
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