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23 Summary

24 The human gut microbiota endows the host with a wealth of metabolic functions central to health, one 

25 of which is the degradation and fermentation of complex carbohydrates. The Bacteroidetes are one of 

26 the dominant bacterial phyla of this community and possess an expanded capacity for glycan utilization. 

27 This is mediated via the coordinated expression of discrete polysaccharide utilization loci (PUL) that 

28 invariantly encode a TonB-dependent transporter (SusC) that works with a glycan-capturing lipoprotein 

29 (SusD). More broadly within Gram negative bacteria, TonB-dependent transporters (TBDTs) are 

30 deployed for the uptake of not only sugars but more often for essential nutrients such as iron and 

31 vitamins. Here we provide a comprehensive look at the repertoire of TBDTs found in the model gut 

32 symbiont Bacteroides thetaiotaomicron and the range of predicted functional domains associated with 

33 these transporters and SusD proteins for the uptake of both glycans and other nutrients. This atlas of 

34 the B. thetaiotaomicron TBDTs reveals that there are at least three distinct subtypes of these 

35 transporters encoded within its genome that are presumably regulated in different ways to tune 

36 nutrient uptake. 

37

38

39
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43 Introduction

44 The human gut microbiota describes a rich community of microorganisms that influences host 

45 health. While this community includes fungi, protozoa, viruses and bacteriophage, the most well studied 

46 members are the Bacteria (Auchtung et al., 2018; Ding and Schloss, 2014; Shkoporov et al., 2019). While 

47 there are hundreds of species of bacteria within the mammalian large intestine, the Bacteroidetes is one 

48 of the dominant phyla of bacteria and comprise the largest number of Gram negative organisms in the 

49 gut (Ding and Schloss, 2014; MetaHIT Consortium (additional members) et al., 2011; Tap et al., 2009). 

50 The Bacteroidetes are endowed with a prolific capacity for complex carbohydrate degradation, including 

51 the deconstruction of plant fibers from our diet as well as the host mucin layer and glycosaminoglycans 

52 (Lapébie et al., 2019). This capability is encoded within dozens to several hundred discrete operons 

53 termed polysaccharide utilization loci (PUL) (Grondin et al., 2017; Terrapon et al., 2015). The 
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54 Bacteroidetes PUL encode genes for the initial capture, degradation, import and complete hydrolysis of 

55 a target polysaccharide to its component sugars. Some PUL are highly specific for distinct glycan 

56 substructures while others can target a range of structures within a broader glycan class (Martens et al., 

57 2014). For example, Bacteroides ovatus deploys multiple PUL for the recognition of different types of 

58 xylan and fine differences in structure (i.e. corn glucuronarabinoxylan vs birch glucuronxylan) drive 

59 differential PUL activation (Rogowski et al., 2015). Other PUL are less specific and can recognize multiple 

60 related glycan structures as seen in Bacteroides uniformis in which a single PUL recognizes multiple 

61 discrete 1,3-glucan structures (Déjean et al., 2020). The repertoire  of PUL within a species influences 

62 its metabolic niche and fitness within the host (Backhed, 2005; Martens et al., 2011; McNulty et al., 

63 2013). 

64 The hallmark feature of the Bacteroidetes PUL that allows their relatively easy identification 

65 from genomic data is the presence of a pair of genes encoding a TonB-dependent transporter (TBDT) 

66 and a surface lipoprotein (Martens et al., 2009a; Xu et al., 2007). This pairing is usually called out as a 

67 susC/susD homolog pair after the starch utilization system operon in Bacteroides thetaiotaomicron (B. 

68 theta), the human gut bacterium from which this genetic pairing and later function was first discovered 

69 by Abigail Salyers and colleagues (Reeves et al., 1997). Early work on this system suggested that susC 

70 and susD encoded a TBDT and surface lipoprotein respectively that play a key role in starch utilization 

71 (Reeves et al., 1996; Shipman et al., 2000). Sequencing of the B. theta genome revealed at least 101 

72 homologous susC/D pairings, many flanked by genes encoding predicted glycoside hydrolases, 

73 polysaccharide lyases and other accessory enzymes for carbohydrate degradation (Xu et al., 2007). Over 

74 the past two decades and as sequencing of bacterial genomes exponentially increased, the 

75 Bacteroidetes PUL for carbohydrate uptake was established, with the SusC/D proteins defining a novel 

76 type of TBDT (SusC) that works with a surface lipoprotein (SusD). Since that time many PUL encoded 

77 within Bacteroidetes from the human gut, oral cavity and environment have been biochemically and 

78 functionally studied, providing a greater appreciation of both the conserved and novel features found 

79 among these systems. The Sus paradigm for carbohydrate uptake in the Bacteroidetes and the 

80 mechanistic features of TBDTs have been the subject of several excellent and recent reviews (Bolam and 

81 van den Berg, 2018; Brown and Koropatkin, 2020; Grondin et al., 2017). However, the variety of TBDTs 

82 encoded within gut Bacteroides genomes – for polysaccharide utilization or other nutrient uptake – 

83 have not been fully explored. In this review, we detail the structural features of TBDTs across Gram 

84 negative bacteria, with an emphasis on the novel predicted features of TBDTs found within the model 

85 human gut symbiont Bacteroides thetaiotaomicron. A reference catalogue of all annotated 
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86 Bacteroidetes PUL can be found in the PULDB database maintained by the CAZy (Terrapon et al., 2018, 

87 2015) as well as the dbCAN-PUL database (Ausland et al., 2021).  

88 General Features of TonB-Dependent Transporters

89 TonB-dependent transporters (TBDTs) were first identified in Escherichia coli K12 when 

90 mutation of the transporter now named FhuA and the associated inner membrane TonB protein caused 

91 bacteria to become resistant to infection by bacteriophage T1 (Luria and Delbruck, 1943). Later the role 

92 of FhuA and other homologous proteins as outer-membrane transporters was determined (Di Masi et 

93 al., 1973; Hantke and Braun, 1975; Luckey et al., 1975; Szmelcman and Hofnung, 1975). Most of these 

94 transporters in E. coli are involved in the uptake of iron-siderophore complexes and vitamin B12 (Di Masi 

95 et al., 1973; Kadner et al., 1980). As homologous transporters have been characterized across Gram 

96 negative bacteria, it has become clear that these transporters play a large role in transporting many 

97 different macromolecules across the outer membrane that are too large to diffuse via porins. Because of 

98 this key role in nutrient uptake, TBDTs are often essential for sensing and adapting to environmental 

99 signals and are associated with pathogenicity in bacteria such as E. coli, Pseudomonas aeruginosa and 

100 Serratia marcescens, among others (Takase et al., 2000; Torres et al., 2001; Weakland et al., 2020). 

101 TBDTs are powered by their interaction with TonB, an inner membrane-associated protein with 

102 a significant soluble portion that spans the periplasm (Figure 1A) (Domingo Köhler et al., 2010). Along 

103 with the inner membrane proteins ExbB and ExbD, TonB is essential for the function of TBDTs (Higgs et 

104 al., 2002; Sverzhinsky et al., 2015). The inner membrane complex formed by a pentamer of ExbB and a 

105 dimer of ExbD harnesses proton motive force that energizes the active transport process through the 

106 associated TBDT (Celia et al., 2019). At least one copy of TonB spans the periplasm, interacting with the 

107 ExbBD complex via an N-terminal membrane spanning -helix and the TBDT via a well-ordered C-

108 terminal domain (Celia et al., 2016; Domingo Köhler et al., 2010; Higgs et al., 2002; Sverzhinsky et al., 

109 2015). The final -strand of this TonB C-terminal domain directly contacts a -strand of the TBDT called 

110 the TonB box (Kadner, 1990; Pawelek et al., 2006; Shultis et al., 2006). 

111 Two key domains define the structure of TBDTs, a 22 -strand barrel that spans the outer 

112 membrane (orange) and a plug domain (blue) housed within that barrel (Figure 1B,C) (Ferguson et al., 

113 1998; Locher et al., 1998). The TonB box for pairing to TonB is found immediately N-terminal to the plug 

114 domain (Kadner, 1990; Pawelek et al., 2006; Shultis et al., 2006). The general structure of these domains 

115 is well defined with more than 50 structures having been determined of at least 15 unique transporters 

116 from many different bacteria with and without ligand (Bolam and van den Berg, 2018; Noinaj et al., 

117 2010). For many of the iron and vitamin capturing TBDT systems, the transporter works alone to capture 
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118 ligand, with the extracellular loops of the barrel and the plug domain providing specific recognition of 

119 the substrate (Locher et al., 1998; Noinaj et al., 2010). A notable exception to this is the Neisseria TbpAB 

120 system for the capture of transferrin iron where both the TBDT TbpA and the surface-exposed 

121 lipoprotein TbpB are required for efficient iron transport (Gómez et al., 1998). Despite this structural 

122 understanding of classical TBDTs, many details on the function of these transporters are still poorly 

123 understood including the rearrangement of the plug domain that is needed to create a channel for the 

124 ligand to pass through the transporter. Additionally, as more TBDTs are identified, it has become clear 

125 that additional domains are found in these transporters but the impact of these domains on transport is 

126 often unclear.  

127 TonB-Dependent Transporters in the Bacteroidetes

128 Abigail Salyers proposed the presence of TBDTs in Bacteroides PUL as early as 1995 (Cheng et al., 

129 1995). However, it was not until ten years later that carbohydrates including sucrose and maltodextrins 

130 were confirmed to be transported via TBDTs from Xanthomonas campestris and Caulobacter crescentus 

131 (Blanvillain et al., 2007; Neugebauer et al., 2005). Even then, the number of proteins within this family 

132 that would be devoted to carbohydrate transport was under appreciated (Schauer et al., 2008). 

133 Additionally, surveys of TBDTs across bacteria have often noted key differences between characterized 

134 TBDT largely from Enterobacteria and predicted TBDTs in the Bacteroidetes (Blanvillain et al., 2007; 

135 Koebnik, 2005). Today, biochemical studies of Bacteroides PUL and the associated TBDTs have begun to 

136 give us a better picture of how the TBDTs encoded by the Bacteroidetes share similar structure and 

137 function to the classical TBDT while also allowing for novel structures and functions (Glenwright et al., 

138 2017; Gray et al., 2021; Madej et al., 2020). Here we use Pfam domain analysis of the 121 predicted 

139 TBDTs in Bacteroides thetaiotaomicron to review what is currently known and what work remains to be 

140 done to better understand sugar transport and the broader role of TBDTs in the Bacteroidetes.

141 Structural domains within B. thetaiotaomicron TBDTs

142 The core structure of all TBDTs is the barrel through which the ligand will pass and the plug that 

143 occludes this channel in the absence of ligand (Figure 1) (Bolam and van den Berg, 2018; Noinaj et al., 

144 2010). The 22 -strand barrel domain spanning the outer membrane can be identified via homology to 

145 the Pfam domain PF00593: TonB-dependent receptor (El-Gebali et al., 2019). The plug domain is housed 

146 inside the barrel and can be identified via homology to the Pfam domain PF07715: TonB-dependent 

147 receptor plug domain (El-Gebali et al., 2019). By searching the B. thetaiotaomicron VPI-5482 genome for 

148 proteins with either of these Pfams, we identified 126 potential TBDTs (search conducted July 2020). By 

149 comparing our Pfam characterization to previous annotations conducted by the Carbohydrate-Active 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

150 Enzymes (CAZy) database and compiled within PULDB (www.cazy.org/PULDB), we realized that the 

151 barrel domain is not always reliably identified (Terrapon et al., 2018). Manual inspection of proteins 

152 predicted to contain the Pfam plug domain but not the Pfam barrel domain suggested that most of 

153 these proteins are likely TBDTs and do contain regions homologous to the barrel domain but with 

154 substantial changes limiting the domain prediction. However, we did identify four proteins (BT1139- 

155 truncated gene, BT4200, BT4201, and BT4324) with predicted Pfam plug domains that appear divergent 

156 from characterized TBDTs and likely have another function. These proteins are also not predicted to be 

157 part of a PUL and were removed from this analysis.  

158 That some of the proteins possessing a Pfam TonB-dependent transporter plug domain do not 

159 have a readily identifiable Pfam TonB-dependent receptor for the barrel domain may suggest that there 

160 are features within the barrel that are common in Bacteroidetes but largely absent in the TBDTs used to 

161 define this Pfam domain. Indeed, the TBDTs identified by our search demonstrate that most B. theta 

162 TBDTs that are devoted to glycan uptake are 200-300 amino acids longer than the well-studied TBDTs 

163 involved in iron uptake in Gram negative pathogens. The recent crystal structures of three TBDTs from 

164 Bacteroidetes demonstrate that some of this additional sequence is devoted towards elongated loops at 

165 the extracellular face of the barrel (Figure 1C) (Glenwright et al., 2017; Gray et al., 2021; Madej et al., 

166 2020). These loops in part engage with the ligand-binding SusD protein that caps the barrel, as described 

167 later.

168 Additionally, we identified one protein, BT3560, predicted to contain the Pfam barrel domain 

169 but not the Pfam plug domain. This could be the result of loss of genomic content or a miscalled start 

170 site which is common in the B. theta genome annotation but the protein shows low sequence similarity 

171 outside of the barrel domain suggesting this is not the case. However, it is possible that this protein 

172 functions as another type of outer membrane transporter. Plug-less versions of E. coli FhuA and B. theta 

173 BT1763 are stable and show functional conductance in single-channel electrophysiology experiments 

174 (Glenwright et al., 2017; Mohammad et al., 2011). This suggests that BT3560 could be a functional 

175 transporter without a plug domain but is therefore unlikely to be TonB-dependent. Thus, this protein 

176 has also been removed from our analysis leaving us with 121 predicted TBDTs which closely matches 

177 previous analysis (Blanvillain et al., 2007; Schauer et al., 2008). The full list of predicted TBDTs along with 

178 their Pfam annotations can be found in Supplemental Table 1 and a summary of this analysis is 

179 presented in Table 1.

180 Classical TBDT
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181 From our list of 121 predicted TBDTs, only 16 were predicted to contain just the plug and barrel 

182 domains based on the current gene annotation (Figure 2A, B). However, this domain prediction is 

183 complicated by the recent discovery of a functional shufflon containing multiple TBDTs where 

184 recombination can result in the addition of other domains onto the TBDT genes (Porter et al., 2020). The 

185 BT1032-BT1053 locus contains recombination sites that allow the 5’ end of the bt1042 gene to be 

186 appended onto either the bt1040 or bt1046 genes (Porter et al., 2020). Therefore, we have placed both 

187 the BT1040 and BT1046 proteins with the BT1042 protein in the Signal Transduction TBDT subtype to be 

188 discussed later. The operon structure of BT2260-BT2268 contains a similarly positioned integrase, 

189 BT2267, which could facilitate movement of the N-terminal extension from BT2268 to either BT2260 or 

190 BT2264 although this has not been experimentally validated and was not seen in the BT2264 structure. 

191 Due to this possibility, we have tentatively removed BT2260 and BT2264 from the Classical TBDT group 

192 as well. Based on current work, it seems likely that these are novel systems and these types of 

193 rearrangements are not widespread but further work is needed to confirm the extent that 

194 recombination affects TBDT genes across the Bacteroidetes. 

195 After this analysis for functional shufflons, we were left with twelve Classical TBDT. Seven of 

196 these are not predicted to be part of a PUL, are not associated with a SusD protein, and likely transport 

197 iron and vitamins including BT2390 which has been characterized as a thiamine transporter (Figure 2B, 

198 Table 1) (Costliow and Degnan, 2017). Similarly, five of the 12 TBDTs are predicted to be part of PUL and 

199 are associated with a SusD protein including BT0268 which has been shown to be part of an 

200 arabinogalactan-responsive PUL (Martens et al., 2011; Schwalm et al., 2016). 

201 The presence of these 12 transporters suggests that additional domains are not required for 

202 TBDTs to properly interact with the B. theta TonB homologues or otherwise for proper TBDT function. 

203 However, even within this small group of proteins, there is a large size distribution (Table 1, 

204 Supplemental Table 1). The TBDTs not associated with PUL are smaller, less than 800 amino acids, 

205 suggesting they may show a similar structure to other characterized iron, B12, and thiamine 

206 transporters. However, the TBDTs associated with PUL and SusD proteins are larger with BT2032 being 

207 the largest at 955 amino acids. Larger TBDTs have previously been associated with transport of larger 

208 and more complex substrates such as iron capture from plant ferredoxin by Pectobacterium FusA (863 

209 amino acids) and from human transferrin by Neisseria TbpA (915 amino acids) (Bolam and van den Berg, 

210 2018; Gómez et al., 1998; Grinter et al., 2016). It has been hypothesized that longer outer membrane 

211 loops associated with the barrel domain assist in capturing these complex substrates and our 

212 observations suggests that this trend continues in B. theta as PUL-associated TBDTs have been 
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213 characterized to target complex polysaccharides. The association with a SusD protein or other 

214 lipoprotein may also require additional length to facilitate the TBDT-lipoprotein-substrate interaction as 

215 seen in Neisseria TbpA (Bolam and van den Berg, 2018; Gómez et al., 1998). 

216 A surprising feature of the BT2264 and BT1762 structures and subsequent characterization is 

217 that these TBDTs are dimers, both in the crystal structures and in size-exclusion experiments 

218 (Glenwright et al., 2017; Gray et al., 2021).  The structure of the TBDT/SusD complex RagAB from the 

219 oral Bacteroidetes Porphyromonas gingivalis also revealed this complex to be a dimer, which suggests 

220 that we may continue to see this trend among the TBDTs of the Bacteroidetes. A dimeric complex has 

221 not been seen in any of the previously characterized TBDTs from Gram negative bacteria, and its specific 

222 functional role in transport within these examples is unknown (Bolam and van den Berg, 2018). It is 

223 possible that the additional length of the Bacteroides TBDTs that work with SusD proteins in part 

224 contributes to features of the barrel that allow for dimerization.  Further characterization of these 

225 TBDTs will help elucidate the mechanism of dimer complex formation.   

226 N-terminal Extension TBDT

227 Of the 121 likely TBDTs identified in B. theta, the remaining 109 TBDTs not classified as classical 

228 TBDT are predicted to include a PF13715: carboxypeptidase D regulatory-like domain in addition to the 

229 barrel and plug domain. This domain is found N-terminal to the plug domain and the TonB box and is 

230 therefore often referred to as an N-terminal extension (orange in Figure 2A, C). This domain, also 

231 annotated as a DUF4480 domain, is found in the well characterized TBDTs from B. theta including SusC 

232 and BT1763 (Glenwright et al., 2017). Despite the prevalence of the N-terminal extension domain, the 

233 function of this domain is unknown. Recent characterization of the BT1763  transporter showed that this 

234 domain is essential for proper function of the transporter as B. theta is not able to grow on the cognate 

235 substrate levan when this domain is removed from BT1763 (Gray et al., 2021). Structural 

236 characterization of this domain revealed a small, well-structured Ig-like fold (Gray et al., 2021). It has 

237 been hypothesized that this domain might be important for TBDT pairing to TonB. This is an appealing 

238 proposal as the TonB box of the TBDTs is found between the plug domain and this PF13715 domain, 

239 putting the PF13715 domain in optimal position for interacting with TonB or the ExbBD inner membrane 

240 complex (Figure 2A,C). Additionally, B. theta encodes at least 10 TonB homologs and the specificity of 

241 interactions between specific TBDTs and TonB homologs is not known (Bolam and van den Berg, 2018; 

242 Xu, 2003). Interestingly, two TonB homologs, BT3192 and BT4460, are predicted to contain PF13715 

243 domains in addition to the TonB domain further suggesting that this domain may play a role in TBDT-

244 TonB pairing. 
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245 There are 90 of the 121 predicted TBDT composed of just the PF13715-CarboxypepD_reg-like, 

246 PF07715- plug, and PF00593-TonB-dependent receptor domains (Figure 2A,C). Due to the lack of 

247 functional characterization of this domain we have termed transporters with this domain architecture as 

248 N-terminal extension (NTE) TBDT. As previously noted, BT2260, BT2264, and BT2268 represented a 

249 special case where BT2260 and BT2264 may gain the NTE domain from the bt2268 gene through 

250 recombination although this has not been experimentally confirmed. 

251 This domain architecture is found in transporters associated with PUL as well as TBDTs not 

252 predicted to be found within PUL including a transporter likely to be involved in ferric iron transport 

253 (BT0150) and one predicted to be involved in B12 transport (BT1799) (Table 1). Like the classical TBDTs, 

254 there is a large size distribution among the TBDTs that include an NTE, though TBDTs that are not 

255 encoded within a PUL (i.e. without a downstream susD gene) are shorter in length (Table 1) . TBDTs not 

256 associated with PUL are 700-953 amino acids long while TBDTs predicted within PUL are 938-1120 

257 amino acids long (Table 1, Supplemental Table 1). As suggested for the classical TBDT, substrate 

258 complexity seems to be associated with TBDT amino acid length. 

259 Interestingly, three NTE TBDTs associated with PUL are not associated with a SusD protein. Two 

260 of these proteins, BT3016 and BT3633, are at least 40 amino acids smaller than all other PUL-associated 

261 TBDT and are slightly smaller than the largest non-PUL TBDTs. Both transporters are associated with PUL 

262 that lack predicted carbohydrate-active enzymes suggesting that they may have a novel function 

263 including the potential ability of BT3016/3633 to capture substrates without a SusD protein.  

264 Alternatively, a third PUL-associated TBDT without an associated SusD protein, BT4168, is very large at 

265 1050 amino acids and is predicted to target the complex glycan rhamnogalacturonan I. Further 

266 characterization of these three unique transporters will shed light on if these PUL-associated TBDTs can 

267 indeed function without a SusD protein and how this activity may be related to TBDT length.  

268 Signal-Transduction TBDT

269 The final nineteen TBDT found in B. theta share a similar domain architecture with the NTE 

270 TBDTs but contain an additional N-terminal domain, PF07660- Secretin and TonB N-terminus short 

271 domain (Figure 2A, D). This domain is often referred to as a STN domain (Secretin and TonB N-terminus 

272 domain) and has also been referred to as an N-terminal extension because it is always found N-terminal 

273 to the TonB box. This domain has been characterized in several TBDT outside of the Bacteroidetes 

274 including E. coli FecA, Serratia marcescens HasR, and Pseudomonas aeruginosa FoxA. In B. theta this 

275 domain is always found N-terminal to a PF13715 domain although this has not been the case for the 

276 transporters characterized from other organisms. This domain in the Pseudomonas aeruginosa TBDT 
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277 FoxA is well characterized and removal of this domain did not impact FoxA-TonB binding (Josts et al., 

278 2019). The structures of the STN domain of FoxA, FecA, and HasR have shown this to be a small globular 

279 domain made up of two -helices and five  -sheets (Garcia-Herrero and Vogel, 2005; Josts et al., 2019; 

280 Malki et al., 2014). Further characterization is needed to confirm conservation of this structure in the 

281 Bacteroidetes. As noted previously, three STN TBDT, BT1040, BT1042 and BT1046, represent a special 

282 case where both the PF07660 (STN) and PF13715 (NTE) domains are seen only on in the bt1042 gene in 

283 the deposited genome sequence but can be appended on either the bt1040 or bt1046 genes through 

284 recombination (Porter et al., 2020). This is thought to be a novel feature to this PUL, but further study is 

285 needed to fully understand the affect of recombination on the movement of these domains and could 

286 expand this category of TBDTs. 

287 The STN domain has been shown to function as a signaling domain important for interaction 

288 between the TBDT and the associated anti-sigma factor involved in transcriptional regulation of the 

289 transporter as shown in Figure 2D (Malki et al., 2014). Because of this role in signaling we have termed 

290 this group of transporters Signal Transduction TBDT. This function has been confirmed in five of these 19 

291 B. theta TBDTs through a yeast-two hybrid screen that confirmed interaction between the STN domain 

292 and the transporter’s associated anti-sigma factor (Martens et al., 2009b). Interestingly, despite this 

293 signaling domain being found in transporters with a wide range of substrates in other bacteria, in B. 

294 theta the Signal Transduction TBDT are found only within predicted PUL. Fourteen of the nineteen PUL 

295 containing Signal Transduction TBDT are predicted to target host glycans and the remaining six do not 

296 have predicted substrates. This includes BT0754 which has been characterized to target sulfated host 

297 glycans, and BT1040, BT1042, BT1046, and BT4404 which target complex N-glycans (Benjdia et al., 2011; 

298 Briliūtė et al., 2019). Additionally, BT4357 and BT4634 are transcriptionally activated in the presence of 

299 O-glycans and glycosaminoglycans (Pudlo et al., 2015). Host-glycan associated PUL are generally 

300 repressed in the presence of other polysaccharides and this unique interaction between the STN domain 

301 of the TBDT and anti-sigma factor may contribute to this important level of transcriptional regulation in 

302 B. theta (Pudlo et al., 2015; Rogers et al., 2013).  Strikingly, despite the complex nature of host glycans, 

303 one Signal Transduction TBDT, BT2172, within a predicted host-glycan-targeting PUL is not associated 

304 with a SusD protein and is 200 amino acids shorter than all other Signal Transduction TBDT. This PUL 

305 displays a unique gene arrangement in addition to the lack of a SusD protein and may represent a novel 

306 functioning PUL and TBDT.

307 Role of the SusD proteins in Bacteroidetes
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308 101 of the TBDTs in B. theta are encoded as part of a TBDT-susD pair, which is a key genetic 

309 marker for the identification of the Bacteroidetes PUL (Terrapon et al., 2015; Xu et al., 2007). The SusD 

310 protein encoded within the starch utilization system locus of B. theta was the first in this protein family 

311 to be functionally characterized and validated as binding starch (Koropatkin et al., 2008; Shipman et al., 

312 2000). Early work on the B. theta Sus provided direct evidence of an interaction between the SusC and 

313 SusD proteins, which has been validated in the recent crystal structures from homologous systems such 

314 as the levan BT1763/2 and the peptide-targeting BT2264/3 complexes (Glenwright et al., 2017; Gray et 

315 al., 2021; Madej et al., 2020; Shipman et al., 2000). 

316 It is noteworthy here that unlike the TBDTs that are ubiquitous across Gram negative Bacteria, 

317 SusD proteins have not been characterized or described outside of the context of Bacteroidetes PUL. 

318 Bioinformatically the SusD proteins are identified within four Pfams (Figure 3) (El-Gebali et al., 2019). 

319 The two largest families as of September 2020 are PF07980: SusD_RagB with 19002 sequences and 

320 PF14322: SusD-like_3 with 18457 sequences. There are 29 different contexts in which the SusD_RagB 

321 family has been reported within the Pfam database, though the majority of the sequences (17935) are 

322 annotated as having the C-terminal half (~200-250 amino acids) falling within the SusD_RagB family and 

323 the N-terminal portion of the sequence belonging to the SusD-like_3 family (Figure 3A). Related to these 

324 families are PF12741: SusD-like and PF12771: SusD-like_2, which have significantly fewer family 

325 members. The predominant architectures that SusD-related Pfam proteins have been assigned is 

326 displayed in Figure 3A, along with the current number of sequences as reported by the Pfam database 

327 (analysis performed September 2020) (El-Gebali et al., 2019).

328 Currently 43 unique protein structures have been reported in the PDB that fall within one of the 

329 four Pfam SusD groupings and are validated or likely to be SusD proteins in Bacteroidetes. Regardless of 

330 their membership within discrete Pfams, all of these proteins share distinct architectural features. SusD 

331 proteins are typically 450-650 amino acids and contain eight tetratricopeptide repeat (TPR) domains 

332 that form a right-handed superhelix that scaffolds the rest of the structure (Figure 3B) (Bolam and 

333 Koropatkin, 2012). These TPR domains dominate the N-terminus of the structure while the C-terminal 

334 portion of the structure is more variable and houses the ligand binding region (Figure 3B,D).  Thus far 

335 determined SusD structures complexed with ligand reveal conservation of the ligand-binding location 

336 (Figure 3B, C,D) (Glenwright et al., 2017; Gray et al., 2021; Koropatkin et al., 2008; Larsbrink et al., 2016; 

337 Tamura et al., 2019; Tauzin et al., 2016a).  How the Pfam designation matches with the presumed or 

338 known ligand preferences of the protein is unknown and beyond the scope of this review. Even within 

339 the largest SusD sequence subtype (SusD-like_3/SusD-RagB architecture) in B. theta, the length of the 
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340 protein varies substantially, with determined crystal structures deviating by ~150 amino acids and most 

341 of this variation is ascribed to the C-terminal portion and not the TPR domains (Figure 3F). Moreover, 

342 within this SusD type in B. theta the target glycans include both host and dietary polysaccharides, and 

343 the precise features of these glycans recognized by the SusD are not known. From a structural 

344 perspective, there are no obvious differences in functional domains appended to or within the 

345 structures of currently determined SusD structures. For all thus far, the predicted ligand-binding face of 

346 these proteins resides opposite of the TPR domains and is the most variable portion of these structures 

347 (Figure 3B-G). A list of the SusD proteins from B. theta with determined structures is summarized in 

348 Table 2 and underscores that thus far we cannot link presumed substrate to SusD Pfam type. 

349 Three recent structures of SusC/D transporters have revealed that the SusD protein sits like a lid 

350 over the TBDT, with its ligand-binding face towards the barrel interior (Figure 1C) (Glenwright et al., 

351 2017; Gray et al., 2021; Madej et al., 2020). An extensive network of hydrogen-bonding interactions 

352 covering an interface area of ~3800 Å2 stabilizes this complex. During the transport cycle, the SusD lid is 

353 predicted to open and shut over the SusC TBDT in a pedal-bin mechanism that is well-supported both by 

354 the structure and molecular dynamics simulations of this interaction (Glenwright et al., 2017; Gray et al., 

355 2021). In many studies, the binding affinity of the isolated SusD for its target glycan is relatively weak 

356 (i.e. Kd ~10-4 – 10-5 M) (Koropatkin et al., 2008; Tamura et al., 2019; Tauzin et al., 2016a). It is likely that 

357 synergy between the TBDT and SusD during the transport cycle enhances binding affinity, as the recent 

358 structure of the TBDT-SusD transporter for 2,6-fructans demonstrates that substrate binding spans 

359 both proteins (Gray et al., 2021).  In several studies of Bacteroides PUL that target polysaccharide, a 

360 knockout of the susD gene eliminates growth on the target glycan (Cho and Salyers, 2001; Koropatkin et 

361 al., 2008; Sonnenburg et al., 2010; Tamura et al., 2019; Tauzin et al., 2016a, 2016b). However, in some 

362 cases replacement of the wild-type susD allele with a site-directed mutant that cannot bind the target 

363 glycan restores growth on the polysaccharide (Cameron et al., 2014; Tauzin et al., 2016b).  Moreover, a 

364 recent investigation of the PUL from Bacteroides uniformis that targets 1,3 glucans demonstrated that 

365 the isolated SusD protein does not bind glycan (Déjean et al., 2020). However, deliberate mutation of 

366 the susD gene to abolish protein binding to glycan eliminates cell growth on the target glycan in some 

367 instances, as seen with the 2,6 fructan PUL of B. theta (Gray et al., 2021) and the mixed linkage -

368 glucan PUL of B. ovatus (Tamura et al., 2019). Together,  these data support a critical role for the SusD 

369 protein as part of the import cycle. A notable exception is the NanOU TBDT and SusD complex that 

370 targets sialic acid in Bacteroides fragilis and Tannerella forsythia (Phansopa et al., 2014). When 

371 expressed in E. coli, the NanOU complex could complement a deficiency in sialic acid uptake in a TonB-
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372 dependent manner. Here sialic acid uptake occurred when only the TBDT NanO was expressed, though 

373 uptake was maximally efficient when expressed with the SusD homolog NanU. 

374 How the size range of the different SusD proteins influences potential interactions with its 

375 cognate TBDT is unknown. Unlike the TBDTs that are appended with individual discrete domains, the 

376 SusD size differences can’t be readily attributed to distinct features. The 43 unique SusD structures we 

377 report here range in size from 441 to 626 amino acids (Figure 3, Table 2), and the size difference appears 

378 more distributed across the structure, instead of as distinct domains. 

379 Conclusions and Perspectives

380 Characterization of TonB-dependent transporters and their cognate SusD lipoproteins is 

381 essential for fully understanding nutrient utilization by the Bacteroidetes. This is especially important for 

382 understanding glycan foraging by these bacteria in the human gut, oral cavity, and environment as this is 

383 how these bacteria establish their niche in these ecosystems. In this review we present three different 

384 domain structures of TBDTs within the model human gut symbiont Bacteroides thetaiotaomicron and 

385 explore the cognate SusD lipoproteins associated with these proteins to better understand the diversity 

386 of these transporters. 

387 There are many questions that remain about the function of the TBDTs within the Bacteroidetes, 

388 and several were laid out in detail within the excellent review by Bolam and van den Berg in 2018 and 

389 therefore we will not expand upon these here. This included the role of the dimerization for the PUL-

390 encoded TBDTs that function with a SusD protein, how glycan-binding is mediated between the TBDT 

391 plug domain and SusD protein, and the specific role of the PF13715 N-terminal extension (NTE). Here we 

392 delineate another “flavor” of SusC/D protein pairs that includes not only the NTE but also the signal 

393 transduction domain, which provides another mechanism for control over the function of the 

394 transporter. Additionally, we note that further investigation is needed to confirm the role of functional 

395 shufflons in altering the domains associated with these transporters as seen in the BT1032-BT1053 locus 

396 (Porter et al., 2020). 

397 One aspect of PUL architecture that we did not review is the fact that some include more than one 

398 predicted TBDT/SusD pair. Some of these are predicted based upon putative operon structure, but for 

399 others many of the individual proteins encoded within the PUL have been functionally characterized 

400 including those that target arabinogalactan, complex N-glycans, and rhamnogalacturonan II (Briliūtė et 

401 al., 2019; Martens et al., 2011; Ndeh et al., 2017). TBDT/SusD pairs may be co-regulated within the same 

402 contiguous PUL (Luis et al., 2018), but other PUL genes are coregulated despite separation within the 

403 genome (Briliūtė et al., 2019; Ndeh et al., 2020). What is unknown is if SusD proteins can pair with other 
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404 TBDT proteins within the same PUL, besides the one that is encoded immediately upstream of the susD 

405 gene. Based on the large protein-protein interface between the TBDT/SusD proteins, non-cognate 

406 pairing seems unlikely, but has not been explored. Moreover, it is not known whether heterodimers 

407 could potentially form from TBDTs encoded within the same PUL. 

408 Moving forward, an unexplored area of TBDT function in the Bacteroidetes is how the transporters 

409 pair with the TonB/ExbB/ExbD inner membrane complex. B. theta has ~10 TonB homologs encoded 

410 within its genome and similar numbers are found in other sequenced human gut species (Bolam and van 

411 den Berg, 2018; Xu, 2003). Whether there is discrete pairing between these TBDTs and TonBs, 

412 redundant pairing, or some combination of specific and redundant pairing is unknown. The unique 

413 sequences, structures, and mechanisms of the Bacteroidetes TBDTs represent a novel type of TonB-

414 dependent transporter and further characterization will elucidate how these transporters contribute to 

415 nutrient uptake. 
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722 Table 1: Subclasses of B. theta TonB-dependent Transporters (TBDT)

Type of predicted 

TBDT (Figure 2) 

Total Number in 

B. thetaiotaomicron

In PUL? Typical Substrates Protein 

Length range 

(amino acids)

Examples 

highlighted in 

text (genome 

locus tag)

Classical 12

 

Yes- 5 Arabinogalactan; 

unknown

898-955 BT0286

 

No- 7 Thiamine, iron, B12 613-799 BT2390 

NTE 90 Yes- 82 Plant 

polysaccharides 

938-1120 SusC (BT3702)

BT1763

BT2264* 

No- 8 Ferric iron, B12 700-953 BT0150

BT1799

Signal 

Transduction  

19 Yes- 19 Host associated 

glycans 

897-1182 BT0754

BT1040/42/46

BT4044

BT4357

BT4634

No- 0

723

724
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725 Table 2: B. theta SusD crystal structures reported in the PDB (September 2020)

Locus tag Substrate1 Pfam architecture # amino 

acids

PDB2 Reference3

BT3701 

(SusD)

starch SusD_RagB 551 3CK7 (Koropatkin 

et al., 2008)

BT3984 high mannose N-

glycans

SusD-like 537 3CGH (Cuskin et 

al., 2015)

BT3752 mucin O-glycans SusD-like 521 3SGH

BT1281 mucin O-glycans SusD-like 531 4MRU

BT1043 Complex N-glycans SusD-like 546 3EHN (Briliūtė et 

al., 2019; 

Koropatkin 

et al., 2009)

BT2263 peptide/protein SusD-like_2 498 5FQ4 (Glenwright 

et al., 2017)

BT2259 unknown SusD-like_2 488 4Q69

BT2033 unknown host glycan SusD-like_2 520 3FDH

BT4659 heparin/heparan 

sulfate

SusD-like_3/SusD_RagB 557 3IHV (Cartmell et 

al., 2017)

BT4246 mucin O-glycan SusD-like_3/SusD_RagB 642 5CJZ

BT2365 unknown host glycan SusD-like_3/SusD_RagB 497 3MCX

BT1762 levan SusD-like_3/SusD_RagB 570 5T3R (Glenwright 

et al., 2017; 

Sonnenburg 

et al., 2010)

BT1439 unknown SusD-like_3/SusD_RagB 493 3SNX

BT0273 arabinogalactan SusD-like_3/SusD_RagB 503 3IV0 (Cartmell et 

al., 2018)
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BT0269 arabinogalactan SusD-like_3/SusD_RagB 512 3HDX (Cartmell et 

al., 2018)

726 1 Most substrate predictions are derived from the Martens, 2008 and the Martens, Lowe 2011 studies 

727 demonstrating transcriptional activation of the susD genes during B. theta growth on different 

728 substrates (Martens et al., 2011, 2008). In some instances, substrate binding was pursued in further 

729 studies, as listed under References. This information is also summarized in PULdb 

730 (http://www.cazy.org/PULDB/) (Terrapon et al., 2018). 2A single PDB accession is given as an example 

731 for each structure. In some cases, more than structure was obtained of the protein. 3Listed references 

732 include structure or functional studies of individual proteins or PUL. 

733

734 Figure Legends

735 Figure 1: TonB-dependent transporter structure A. Classic architecture of the TonB-dependent 

736 transporters found in Gram negative bacteria including pairing to the TonB/ExbB/ExbD complex. The 

737 barrel domain of the TBDT is displayed in orange and the plug domain in dark blue. B. Structure of the E. 

738 coli FhuA TBDT with bound ferrichrome ligand (PDB 1BY5) (Locher et al., 1998). The barrel domain is 

739 displayed in orange and the plug domain is colored dark blue. The ferrichrome ligand is displayed in 

740 black/red/blue spheres. C. Structure of the B. theta BT2261-2264 SusCD complex. The TBDT (SusC-like) 

741 protein BT2264 is displayed as in panel B with an orange barrel and dark blue plug. The SusD protein 

742 BT2263 is displayed in blue and associated PUL-encoded lipoproteins BT2261 and BT2262 are displayed 

743 in red and green respectively. Note that only one half of the BT2261-2264 complex is displayed, as a 

744 dimeric complex has been observed via crystallography and size exclusion (Glenwright et al., 2017). 

745

746 Figure 2: Pfam architectures and subclasses of TonB-dependent transporters (TBDT) from Bacteroides 

747 thetaiotaomicron. A. Domain architectures of TonB-dependent transporters identified in B. 

748 thetaiotaomicron using the Pfam 33.1 database (https://pfam.xfam.org/). B. Classical TBDT composed of 

749 the Pfam 07715-plug and Pfam 00593-barrel are found with and without a SusD protein. C. N-terminal 

750 Extension TBDT have the addition of the Pfam 13715 domain and are found with and without SusD 

751 proteins. *Note that we have tentatively placed BT2264 into the NTE subclass, as described in the text, 

752 and the crystal structure of this TBDT has been determined. D. Signal Transduction TBDT interact with 

753 anti-sigma factors and are found with and without SusD proteins. 
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754

755 Figure 3: Pfam architectures and structure for SusD proteins. A. Dominant architectures proteins with 

756 the four families for SusD within the Pfam 33.1 database (https://pfam.xfam.org/). B. Representative 

757 SusD_RagB Pfam member B. theta SusD (551 residues, PDB 3CK9). Bound maltoheptaose is displayed in 

758 blue and red sticks. C. Overlay of B. theta SusD (551 residues, PDB 3CK9, gray, maltoheptaose as blue 

759 and red sticks) with B. theta BT1762 (570 residues, PDB 5LX8, black, fructooligosaccharide as yellow and 

760 red sticks) D. Close-up of the glycan binding pockets of SusD and BT1762 from panel C to better highlight 

761 the conservation of binding site location E. Two representative members of the SusD-like_2 Pfam, a 

762 metagenomic SusD homolog (560 residues, PDB 6DK2, pink) and B. theta BT2263 (480 residues, PDB 

763 5FQ4, yellow). F. Three representative proteins of the architecture SusD-like3/SusD_RagB Pfam, B. theta 

764 BT4246 (642 residues, PDB 5CK0, green), B. theta BT1762 (570 residues, PDB 5LX8, black), B. theta 

765 BT1439 (493 residues, PDB 3SNX, purple) G. Representative of the SusD-like Pfam, B. theta BT3984 (537 

766 residues, PDB 3CGH). Note that panels B,C,E,F and G display the proteins in the same orientation as 

767 SusD from panel B. 
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Figure 2 - Pollet, Martin & Koropatkin 
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