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Abstract

The human gut microbiota is able to degrade otherwise undigestible polysaccharides, largely through
the activity of the Bacteroides. Uptake of polysaccharides into Bacteroides is controlled by TonB-
dependent transporters (TBDT) whose transport is energized by an inner membrane complex composed
of the proteins TonB, ExbB, and ExbD. Bacteroides thetaiotaomicron (B. theta) encodes 11 TonB
homologs which are predicted to be able to contact TBDTs to facilitate transport. However, it is not clear
which TonBs are important for polysaccharide uptake. Using strains in which each of the 11 predicted
tonB genes are deleted, we show that TonB4 (BT2059) is important but not essential for proper growth
on starch. In the absence of TonB4, we observed an increase in abundance of TonB6 (BT2762) in the
membrane of B. theta, suggesting functional redundancy of these TonB proteins. Growth of the single
deletion strains on pectin galactan, chondroitin sulfate, arabinan, and levan suggests a similar functional
redundancy of the TonB proteins. A search for highly homologous proteins across other Bacteroides
species and recent work in B. fragilis suggests that TonB4 is widely conserved and may play a common
role in polysaccharide uptake. However, proteins similar to TonB6 are found only in B. theta and closely
related species suggesting that the functional redundancy of TonB4 and TonB6 may be limited across
the Bacteroides. This study extends our understanding of the protein network required for
polysaccharide utilization in B. theta and highlights differences in TonB complexes across Bacteroides

species.

Importance

The human gut microbiota, including the Bacteroides, is required for the degradation of otherwise
undigestible polysaccharides. The gut microbiota uses polysaccharides as an energy source and the
fermentation products such as short chain fatty acids are beneficial to the human host. This use of
polysaccharides is dependent on the proper pairing of a TonB protein with polysaccharide-specific TonB-

dependent transporters; however, formation of these protein complexes is poorly understood. In this
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study, we examine the role of 11 predicted TonB homologs in polysaccharide uptake. We show that two
proteins, TonB4 and TonB6, may be functionally redundant. This may allow for development of drugs
targeting Bacteroides species containing only a TonB4 homolog with limited impact on species encoding

the redundant TonB6.

Introduction

The human gut microbiota performs many important functions that promote human health
including the degradation of complex carbohydrates (fiber or polysaccharides) from our diet (1). Many
bacteria in the microbiota ferment polysaccharides, resulting in the release of short-chain fatty acids
(SCFAs) such as butyrate, acetate, and propionate (2). These SCFAs then serve as a key energy source for
colonocytes and promote intestinal barrier function (3, 4). Understanding the molecular mechanisms of
polysaccharide degradation will provide opportunities to develop functional foods as therapeutics or
inhibitors of polysaccharide degradation to manipulate microbial metabolism and improve human
health.

The Gram-negative Bacteroidetes are abundant members of the Western adult gut microbiota
and maintain a large capacity to degrade polysaccharides (5, 6). In these bacteria the genes required for
polysaccharide use are organized into polysaccharide utilization loci (PUL) (7). Each PUL is generally
transcriptionally activated in response to a distinct polysaccharide substrate (8, 9). Several lipoproteins
encoded within each PUL localize to the cell surface to bind, degrade, and import the target substrate (7,
10). The prototypical PUL is the starch utilization system (Sus) from Bacteroides thetaiotaomicron (B.
theta) (7, 11, 12). A common feature across all Sus-like systems is at least one pair of proteins
homologous to SusC, a putative TonB-dependent transporter (TBDT), and SusD, a starch-binding protein
(Fig 1) (7, 13). Detailed biochemical studies of the additional outer membrane proteins from PUL that

target starch, arabinan, levan, chondroitin sulfate, heparin, and several other polysaccharides have
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helped develop a model of how polysaccharides are initially degraded at the cell surface and elucidate
which oligosaccharides are selected and imported into the cell via the SusCD-like complex (14-21).

SusC is required for starch utilization via transport of maltooligosaccharides across the outer
membrane (22). SusC and its thousands of homologs in Bacteroidetes share sequence homology with
well-studied TBDTs of Gram-negative organisms. Thus far, one TBDT from Porphyromonas gingivalis and
three SusC-like transporters from B. theta have been structurally characterized and show high structural
homology with TBDTs such as the well-studied FhuA and FepA from Escherichia coli (21, 23-25).

Key conserved features of these transporters include a 22 beta-strand barrel that traverses the
outer membrane and houses a plug domain that occludes solute passage until the transporter is
activated. The TonB box or TonBox is a sequence of 4-8 conserved residues forming a B-strand that
precedes the plug domain and is important for pairing with TonB (Fig 1) (26). Some B. theta TBDTs are
predicted to include two additional domains termed the N-terminal extension (NTE) and the Secretin
and TonB N-terminus (STN) domain (25, 27). The precise rearrangement of the plug domain to allow
solute passage through the barrel is poorly understood but is facilitated by pairing to an inner
membrane complex that harnesses proton motive force. This complex includes the proteins TonB, ExbB,
and ExbD (Fig 1). Structural analysis of this complex in E. coli and Serratia marcescens reveals the inner
membrane spanning ExbB in a pentameric arrangement enclosed around a dimer of ExbD that extends
into the periplasm (28, 29). The structure of the complex with TonB has not been determined but other
characterization of TonB suggests at least one copy of TonB interacts with the ExoBD complex via the
TonB N-terminal membrane spanning a-helix (30—-32). This N-terminal a-helix is followed by a linker
region that spans the periplasm and a well-ordered C-terminal domain (33). The C-terminal domains of
characterized TonB proteins share a common fold of three antiparallel B-sheets with two a-helices (Fig
2BC) (34, 35). The final B-strand at the C-terminus directly contacts the TBDT for B-sheet pairing with the

TonBox (Fig 2BC) (26, 36, 37).
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89 Evidence that transport through Bacteroidetes SusC-like systems is TonB dependent is

90  supported by previous work in which the NanO sialic acid transporters from Tannerella forsythia and

91 Bacteroides fragilis were functional in E. coli only in the presence of TonB (38). The xylan-targeting SusC-

92  like protein from Bacteroides vulgatus was also shown to be functional in E. coli but dependence on

93  TonB was not explored (39). Efforts to express SusC and other homologous B. theta transporters in E.

94  coli have not been successful, preventing similar characterization (N.M. Koropatkin unpublished data,

95 13). Most recently, it has been shown that growth of B. fragilis on substrates known to be transported

96  through TBDTs including heme, vitamin B12, iron, starch, mucin-glycans, and N-linked glycans is

97  disrupted by deletion of a single tonB gene (40).

98 Unlike E. coli which expresses only one TonB, B. theta and other Bacteroidetes can encode up to

99 15 TonB homologs. In some Gram-negative organisms that encode multiple TonB proteins such as
100  Xanthomonas campestris, there is evidence of TonB-TBDT pairing redundancy such that more than one
101  TonB can energize a discrete transporter (41). Conversely, in Caulobacter crescentus, the deletion of a
102  single TonB completely abrogates the import of maltose (42). TonB-TBDT pairing has been explored in
103  two Bacteroidetes, Riemerella anatipestifer and B. fragilis. Characterization of the three TonB homologs
104  in R. anatipestifer suggests each TonB functions differently but that there may be some redundancy with
105 both TonB1 and TonB2 facilitating hemin uptake but loss of TonB2 having a much greater impact (43).
106  Conversely, in B. fragilis, deletion of a single tonB gene completely eliminated growth on a variety of
107 substrates including several different polysaccharides while deletion of the other 5 homologs had no
108 impact on growth suggesting that a single TonB is responsible for pairing with a variety of transporters
109  under these conditions (40).
110 The TonB proteins encoded by B. theta differ in both number and sequence from those encoded
111 by B. fragilis, suggesting that TonB pairing may differ even between these closely related species.

112  Through genetic analysis we identify 11 TonB homologs in B. theta and construct strains containing a
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113  gene deletion of each homolog. To better understand Sus as the prototypical PUL, we analyzed growth
114  of each of these strains on starch and show that deletion of TonB4 leads to less efficient growth on
115 starch. However, in contrast to B. fragilis, this deletion does not completely eliminate growth on starch
116  or other polysaccharides, allowing us to identify a second, redundant TonB important in starch

117 utilization. We then expand our analysis to other B. theta PUL with well-characterized TBDT showing a
118  similar redundancy in TonB function. This work underscores the roles of TonB homologs during outer
119 membrane transport and expands our understanding of glycan uptake in the Bacteroides.

120
121 Results

122 Identification of 11 TonB proteins in B. theta. High sequence diversity has been seen across

123 characterized TonB proteins making high confidence annotation of TonB proteins difficult. In fact,

124  varying number of genes are annotated as tonB across different analyses of the B. theta genome (13, 40,
125  44). We compiled a list of eleven potential TonB proteins in B. theta by searching the genome for

126 proteins containing the Gram-negative bacterial TonB protein C-terminal Pfam domain (TonB_C,

127 PF03544) (Table 1, additional information in Fig S1A). One additional protein (BT3921) showed a match
128  to PF03544 but has not been included in this analysis due to the low confidence of that prediction (e-
129  value = 2.7e-05). This analysis matches the eleven B. theta TonB proteins identified by Parker et al. (40).
130 Sequence similarity between these eleven B. theta TonB proteins and E. coli TonB is low, ranging
131  from 10-37% sequence identity (Fig S1B). This is partially due to lack of the TonB polyproline region

132 (PF16031) in all candidate B. theta TonB proteins. In E. coli TonB, this region has been shown to be

133 important, though not essential, for properly spanning the periplasm to interact both with the ExoBD
134  complex and TBDTs (33, 45). Characterized TonB proteins with polyproline regions are predominantly
135  from Enterobacteriaceae so the lack of this region in our identified TonB proteins may suggest a

136  different structure is needed to properly span the periplasm of other bacteria including those from the

137 Bacteroidetes phylum (33, 46, 47).
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138 Several B. theta TonB proteins (TonB1, 7, 8,9, 10, and 11) also contain additional domains

139  appended to the TonB C-terminal domain (Table 1). To our knowledge TonB proteins with additional
140  domains have not been functionally characterized so it is difficult to predict if these additional domains
141  confer additional or altered functionality. The predicted peptidase domains (PF05569) in TonB1 and 10
142 could suggest a role for these proteins in signal transduction. The peptidase M56 family includes the

143 BlaR1 protein that serves as the sensor-transducer for the B-lactam antibiotic resistance pathway in

144  Staphylococci; however, there is no evidence of a similar mechanism for B-lactam resistance in B. theta
145 (48, 49). Previous bioinformatic analysis of TonB proteins identified only nine proteins with this M56 N-
146  terminal extension out of the 263 sequences analyzed (44). These nine TonB proteins included

147 sequences from B. fragilis and X. campestris, suggesting this domain structure may appear widely across
148  the Gram-negative bacteria (44). TonB7 and TonB11 both contain predicted CarboxypepD_reg-like

149  domains (PF13715) which are often also found in TBDTs including SusC and the levan-targeting BT1763
150 asthe N-terminal extension (NTE) (Fig 1) (27). The structure of this domain from BT1763 showed an Ig-
151  like fold and deletion of this domain completely eliminated growth on levan (25). The association with
152 both TBDT and TonB protein as well as the domain’s importance for BT1763 function may suggest a role
153 in formation of the TBDT-TonB-ExbBD complex (25, 50). The DUF4488 domain (PF14869) found in TonB8
154  was structurally characterized in three Bacteroides proteins (51). The function of this domain is unclear
155 but it appears to be restricted to the Bacteroidetes and the structures revealed an unknown ligand

156 bound to each protein that suggests a role in binding small polar molecules such as carbohydrates (51).
157 Most DUF4488 containing proteins are made up only of the DUF4488 domain but 19 of the 146 analyzed
158  sequences contained a TonB C-terminal domain similar to TonB8 (51). TonB9 and 10 contain a second
159  TonB C-terminal domain. This dual TonB domain structure seems to be limited to the Bacteroidetes (44).

160  In both TonB9 and 10, the two TonB C-terminal domains share only a moderate sequence identity
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161 (62.8% and 73.1% respectively) that is similar or lower than the shared sequence identity of the domains
162  of other B. theta TonB proteins (Fig S1C, shaded in blue).

163 Despite these differences in the full-length TonB proteins, the identified B. theta TonB C-

164  terminal domains show moderate sequence similarity to the E. coli TonB C-terminal domain (37.8-

165  49.4%) and high conservation of amino acids that are important for proper function of E. coli and

166  Pseudomonas aeruginosa TonB (Fig 2, Fig S1C, S2). Complete conservation is seen at the YP motif

167 (residues 163-164 in E. coli TonB) and at various points in the downstream region that forms the core of
168  the domain. Notably, none of the conserved residues are in the final B-strand proposed to pair with

169  TBDT TonBox (Fig 2B, C). The YP motif is the most conserved feature among TonB proteins (44). The
170  tyrosine residue has been shown to interact with E. coli TBDTs BtuB and FecA and mutation of this

171 residue results in a non-functional P. aeruginosa TonB1 (37, 52-54). The proline is not conserved in the
172  second TonB domain of TonB9 but mutation of this residue in other TonB proteins does not disrupt

173  function (54). Complete conservation is seen at residues equivalent to the E. coli TonB Gly 174, Gly186,
174  and Trp213. The precise role of these residues is unclear but mutations in the Gly residues in E. coli TonB
175 reduced E. coli growth on iron and sensitivity to colicins suggesting these residues are important for
176  proper function of TonB (55). The equivalent residue to Gly174 in P. aeruginosa TonB1 (Gly275) is also
177 essential for proper function (54). Although multimer formation by TonB is still unclear, Trp213 in E. coli
178  TonB has been suggested to promote dimer formation as W213C mutants readily form cross-linked

179  dimers (56). Conservation is also seen at E. coli Phe180 in all the sequences except Domain 2 of TonB10;
180 however, this residue was not found to be highly conserved in a broader comparison of TonB proteins
181 and it is unclear what role it plays in E. coli TonB (44). Finally, Val225 of E. coli TonB immediately

182 precedes the region where 3-sheet pairing occurs with the TonBox of TBDT but as side chains do not
183  seem to be important for this interaction, it is unclear why this residue is conserved in all sequences

184  analyzed except TonB11 where it is replaced with an isoleucine (Fig 2AB). Additionally, the
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185 corresponding valine in P. aeruginosa TonB1 (Val326) is well outside the B-strand that pairs with the
186  TonBox of FoxA suggesting this residue may play an additional role in TonB function (Fig 2C).

187 To further understand the potential role of these eleven TonB proteins, we analyzed the

188  genomic context of each of the genes (Fig 3). The tonB genes are dispersed throughout the genome,
189  with most tonB genes being alone without other Ton complex genes. Notable exceptions to this are
190 tonB9 and tonB10 which are found near each other, separated only by one gene predicted to encode a
191  thioredoxin similar to DsbE. Additionally, tonB5 (bt2665) is organized next to and in the same

192  transcriptional orientation as predicted ExbB BT2668 and predicted ExbDs BT2666-2667. The tonb4

193 (bt2059) gene is also found near predicted ExbB BT2055 and predicted ExbDs BT2052-2053 but the

194  intervening genes include proteins of unknown function (hypothetical proteins), a hydrolase, and

195 isoprenyl synthase that are not predicted to be involved in formation of the transport complex. Several
196  tonB genes are found near transposases including tonB5, tonB6, tonB9, and tonB10 although it is not
197 clear if the tonB genes would be transferred by these transposases. Particularly interesting is tonB8

198  which appears to be found at the end of the rhamnogalacturonan-Il (RG-1l) PUL 3 (20). The bt3673 gene
199  was previously annotated as a hypothetical protein and was not characterized as part of the previous
200  exploration of RG-1l degradation so it is not clear if this gene is important in RG-Il degradation. Similarly,
201 tonB1, tonB2, tonB7, and tonB11 are found near predicted transcriptional regulators that may allow for
202  better understanding of the control of expression of these genes.

203 Taken together, the conservation of key residues and the overall predicted C-terminal domains
204  of the identified B. theta proteins suggest these proteins are capable of functioning as TonB proteins.
205 However, the addition of unique domains to the overall protein architecture of several of these proteins
206  may allow for formation of TBDT-TonB-ExbBD complexes that are functionally distinct from

207 characterized complexes and the lack of genetic organization with ExbBD genes allows for unique

208  assemblies of these complexes. To begin to explore the function of these TonB proteins, we first focused
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209 on the formation of a SusC-TonB pair by deleting both the TonBox of SusC and constructing in-frame
210  deletions for each of the eleven tonB genes to explore the effect of each deletion on starch utilization.
211 Deletion of the TonBox of SusC eliminates growth of B. theta on starch. The canonical E. coli
212  TonBox consensus sequence is acidic-T-hydrophobic-hydrophobic-V-polar-A (26). Conservation of the
213 canonical TonBox sequence is seen across many TBDTs but some divergence has made it difficult to
214  confidently predict this motif from sequence alone. To identify the TonBox in SusC, we looked for two
215  features: 1. High conservation across a short region preceding the putative plug of SusC-like transporters
216  in B. theta and 2. Close alignments with the TonBox from characterized TBDTs from other bacteria.

217 Using an alignment of 100 SusC-like proteins from B. theta we identified a highly conserved
218  region with the consensus sequence DEVVV(V/T/I) (representative sequences shown in Fig 4A, S3). This
219  region also aligns well with the characterized TonBox sequences from FecA (52) and FhuE (57) from E.
220  coli, HasR from Serratia marcescens (58), FoxA (34)and FpvA (59) from P. aeruginosa, and RagA from P.
221  gingivalis (24) (Fig 4A, S3). Analysis of BT1763 from B. theta also identified this sequence as the TonBox
222  and showed a significant change in function when the TonBox was mutated or deleted (25). Based on
223 this, we propose that the TonBox sequence in SusC is DEVVVI found at residues 105 to 110.

224 We constructed an in-frame deletion of these six residues to create our ATonBox strain of B.
225 theta. We chose to delete these residues rather than mutating them as previous studies have shown
226  that mutations to chemically distinct residues often do not disrupt TBDT function but deletion of the
227  TonBox disrupts function of the TBDT likely by eliminating pairing to TonB (26, 58). Our B. theta

228  ATonBox strain grows normally on maltose which does not have to be taken up through SusC (Fig S4A).
229 However, the ATonBox strain cannot grow on amylopectin (Fig 4B) or other starch substrates including
230 maltoheptaose (Fig S4B) that wild-type B. theta can efficiently utilize. This suggests that with the TonBox
231  removed, SusC cannot pair with TonB to import these starch substrates supporting the role of SusC as a

232  TonB-dependent transporter and the importance of this pairing. Interestingly, a similar TonBox deletion

10


https://doi.org/10.1101/2023.07.07.548152
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.07.548152; this version posted July 7, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

233 in the B. theta levan TBDT BT1763 caused only a lag in growth while a full deletion of the N-terminal
234  extension (NTE) was needed to eliminate growth on levan (25). These results support the importance of
235  the TonBox but suggest that further characterization of both the TonBox and NTE may be required to
236  fully understand TBDT-TonB pairing across PUL.

237 Deletion of TonB4 increases lag phase of B. theta growth on starch. We explored the role of
238  each TonB by assessing the effect of these gene deletions on the function of the prototypical

239 Bacteroides TBDT, SusC, during starch utilization. We began by using glucose or maltose as the sole

240  carbon source as B. theta does not require TBDTs to import these sugars and therefore deletion of TonB
241 proteins should not affect growth. However, deletion of TonB7, but no other TonB genes, resulted in
242 consistently slower growth to both OD=0.3 and max OD on glucose (representative growth curves

243 shown in Fig. 5A, growth time to OD=0.3 over four experiments shown in Fig. S5A) and maltose (Fig

244  S5B). B. theta does require TBDTSs to uptake vitamin B12 and heme which are found in the minimal

245 media used for these growths so it is possible TonB7 pairs with at least one of these TBDTs; however,
246  the TonB7 protein was not identified in previous proteomic analysis of B. theta conducted in similar

247 media and well as the proteomic analysis presented here (60, 61). This suggests that the location of this
248  genein the B. theta genome may play a more important role than expression of TonB7 protein,

249 requiring characterization beyond the scope of this work.

250 We next assessed growth on starch substrates. Deletion of TonB4 resulted in consistently slower
251  growth to both OD=0.3 and max OD on potato amylopectin (representative growth curves shown in Fig
252 5B, growth time to OD=0.3 over four experiments shown in S5C, D). The slower growth of TonB7 was
253 consistent with what was seen on glucose and maltose. The slower growth of TonB4 could be rescued by
254  complementing the gene into another location on the chromosome suggesting that this reduced growth

255 is due to the lack of TonB4 protein (Fig 5C, Fig S5C, D). Similar slow growth of the ATonB4 and a return

11
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256  to wild-type like growth in the complementation strain is also seen for other starch substrates including
257  maltoheptaose (Fig S5E) and maize amylopectin (Fig S5F).

258 TonB6 may compensate for loss of TonB4. That we observed a lag but not loss of growth for
259  ATonB4 led us to question if there is a specific TonB protein that can replace TonB4 in pairing with SusC
260  orif any of the remaining 10 TonB proteins could properly function with SusC. We have previously

261  reported membrane proteomics to quantify amounts of Sus proteins in cells grown in the presence of
262 maltose to induce Sus expression and TonB4 was the only TonB protein detected in those samples (60).
263  We chose to revisit membrane proteomics for comparison with the ATonB4 strain using a tandem mass
264  tag-based approach for peptide quantification between conditions and strains (Table S1). As expected,
265  we saw a dramatic increase in Sus proteins when both WT and ATonB4 were grown on maltose as

266  compared to glucose (SusC shown as an example in Fig 6 but similar results were seen for SusA-G).

267 Like the previously published data, TonB4 was highly abundant in both the glucose and maltose
268  grown WT cell membranes (Fig 6). Unlike the previous data, we also measured low amounts of other
269  TonB proteins but notably did not see expression of TonB7 which also caused a growth defect when
270 deleted. In the ATonB4 strain, abundance of most TonB proteins was unchanged; however, there was an
271 apparent increase in TonB6. Interestingly, TonB6 appeared to be similarly abundant in the ATonB4 strain
272  asTonB4 in the WT strain. Therefore, we hypothesize that TonB6 partially complements TonB4 in the
273 ATonB4 strain. Furthermore, we have not been able to construct a ATonB4/6 double-deletion strain
274  suggesting that the double mutant is lethal and that these TonB proteins play redundant roles.

275 TonB4 shows a variable role in growth on other polysaccharides. This evidence supports a

276 model where SusC is normally energized by the TonB4 protein, though it is unclear if this is a specific
277 SusC-TonB4 interaction or if TonB4 is the preferred TonB for all polysaccharide utilization under normal
278 lab conditions. To address this, we assessed the growth of the single TonB deletions on various

279 polysaccharide substrates for which the PUL has been defined and it is known that a single TBDT is
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280 responsible for uptake including arabinan, levan, chondroitin sulfate, and pectic galactan (8, 14, 15, 25,
281  62). Interestingly, we see a variety of phenotypes across these four polysaccharides suggesting that the
282 SusC-TonB4 interaction may not be unique, but TonB4 is also not the dominant TonB for all

283  polysaccharide utilization (Fig 7). The ATonB4 strain shows slower growth to both OD=0.3 and max OD
284  when grown on both pectic galactan and chondroitin sulfate (Fig 7A-B). This suggests that both TBDTs
285 BT4671 (pectic galactan) and BT3332 (chondroitin sulfate) may primarily pair with TonB4 similarly to
286 SusC. Additional work is needed to confirm if TonB6 is the secondary TonB for these transporters.

287  Alternatively, the ATonB4 strain shows growth similar to other B. theta strains when grown on arabinan
288  and levan suggesting that these transporters do not show a preference for pairing with TonB4 and

289  multiple TonB proteins may be able to facilitate transport of these substrates with similar efficiency (Fig
290 7C-D).

291 TonB genes vary across the Bacteroides genus. To understand conservation of the putative B.
292 theta TonB proteins throughout the genus, we conducted a comparative genomics analysis by searching
293  for homologs of each full-length B. theta TonB protein in a range of fully sequenced Bacteroides species
294 (Fig 8, Table S2 & S3). We found that the set of TonB proteins in each species and even varying strains of
295  the same species is highly divergent. Homologs of TonB4, TonB5, and TonB10 were found in almost all of
296  the Bacteroides species we analyzed suggesting that these TonB proteins may play an essential role in
297 Bacteroides physiology. This also supports that TonB4 may be widely important for polysaccharide

298  uptake as seen in a recent work analyzing the TonB homologs in B. fragilis where the TonB4 homolog (B.
299  fragilis TonB3) is essential for growth on a variety of polysaccharides (40). However, sequence similarity
300 of these conserved proteins decreased in species less closely related to B. theta. This is particularly

301 striking for TonB10 where many of the homologs do not consist of the same domain structure as the B.
302  theta TonB10, resulting in a low overall sequence similarly. Some TonB proteins including homologs of

303 TonB7 and TonB9 were found in only a few strains of B. theta (Fig 8, Table S3). Additional research is
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304 needed to understand the unique role these proteins are playing in these strains. Homologs of many
305 TonB proteins such as TonB6, TonB8, and TonB11 are found only in species closely related to B. theta.
306  Thisis particularly interesting in the case of TonB6 that is important for supplementing the function of
307 TonB4in B. theta. The lack of a TonB6 homolog suggests that many of these bacteria may show a higher
308 dependence on proper function of the TonB4 homolog. Indeed, this was recently shown for B. fragilis
309 638R where deletion of the TonB4 homolog (B. fragilis TonB3) completely eliminates growth on

310 polysaccharides and we were not able to identify a TonB6 homolog in this strain (40).

311 Many species of Bacteroides have additional TonB proteins that show little homology to the B.
312 theta TonB proteins (Table S4). For example, Bacteroides plebeijus contains TonB proteins with some
313  homology to TonB4 and TonB10 but also contains 5 additional predicted TonB proteins (Fig 8, Table S4).
314 Even in species closely related to B. theta such as Bacteroides ovatus and Bacteroides acidifaciens, we
315  found predicted TonB proteins with little to no homology to the B. theta TonB proteins. While it is still
316 unclear why the Bacteroides maintain such a large number of TonB proteins, the diversity of TonB

317  proteins strongly suggest that they are important and further characterization of these proteins will

318  allow us to better understand Bacteroides physiology.

319  Discussion

320 By deleting either the TonBox portion of the susC gene or the tonB4 gene, we provide data that
321  supports that starch is taken up by B. theta through a TonB-dependent mechanism. While deletion of
322 the tonB4 gene causes slower bacterial growth, we show that levels of TonB6 proteins drastically

323  increase in the absence of TonB4 suggesting that the TonB6 homolog can also energize transport of

324  starch through SusC. The phenomenon does not seem to be restricted only to starch as growth on pectic
325  galactan and chondroitin sulfate are similarly affected by the tonB4 gene deletion. Interestingly growth

326  on arabinan or levan is not affect by TonB deletion of any of the eleven TonB homologs. Taken together
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327  these results suggest that there is specificity of pairing between TBDT and TonB proteins in B. theta but
328  that there is redundancy or overlapping function among some B. theta TonB homologs.

329 B. theta is often used as a model system to understand the Bacteroides but there are many

330 unique aspects to each Bacteroides species and the TonB content of each species and even strain is no
331 exception. Our comparative genomic analysis showed that while TonB4 is highly conserved across the
332  Bacteroides, individual species typically contain an array of additional tonB genes that are often not

333 highly conserved and may even be specialized for a limited number of strains within a single species.
334 This importance of TonB4 as well as the potential redundancy offered by TonB6 provide a useful
335 explanation of previous data exploring the importance of various B. theta genes. In two separate

336 transposon screens of B. theta, no TonB homologs were identified as essential genes (63, 64). However,
337  the strain with a transposon insertion in the tonB4 gene showed a decreased abundance after extended
338  exponential growth and decreased abundance after mono-association in mice as compared to wild-type
339 B. theta (63). This suggests that the growth defect we see as lower growth in the ATonB4 strain persists
340 in extended exponential growth and is sufficient to decrease the ability of this strain to colonize mice.
341 However, likely due to the redundancy offered by TonB6, disruption of the tonB4 gene does not

342  eliminate growth or the ability to colonize the mouse intestine (63).

343 These differential growth outcomes must have a molecular basis in TBDT-TonB pair formation.
344  While we analyzed the role of the SusC TonBox in TBDT-TonB protein pairing, the TonBox is likely not the
345 only region of interaction between these proteins (65). Because the predicted TonBox region is well

346  conserved across Bacteroides TBDT and we see different specificity for TonB4 across the starch,

347  arabinan, and levan transporters, it is likely that these other interactions are important for determining
348  the specificity of pairing between TBDT and TonB proteins. Sequence variation in the N-terminus of the
349  TBDT is likely important for this specificity although it is not currently clear if this is limited to the plug

350 domain or if the N-terminal extension and signal transduction domains that are common in Bacteroides
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351  TBDT also play a role (27). It also seems likely that the sequence of the TonB protein is also highly

352  important. Indeed, TonB4 and TonB6 show high sequence similarity and differences between these
353 proteins may point to important regions for pairing specificity.

354 The transporter is also not the only protein that TonB must be in contact with to facilitate

355  transport. TonB is also associated with the inner membrane proteins ExbB and ExbD. B theta contains 5
356  predicted ExbB homologs and 8 predicted ExbD homologs. Previous work in E. coli suggests that TonB
357 interaction with ExbD is essential for TonB to adopt the correct confirmation for interaction with the
358  TBDT (65, 66). Thus, it is likely that only some ExbB and ExbD homologs are capable of properly

359 energizing TonB4 and TonB6 for the polysaccharide utilization explored in this paper. Exploration of this
360 inner membrane complex is an essential component that must be explored to fully understand the

361 requirements of TonB-dependent transport in the Bacteroides.

362 A significant open question is the role of the other nine TonB homologs in B. theta. While we
363 have focused on polysaccharide transport here, it seems possible that other TonB homologs may be
364  important for uptake of B12 and heme that are generally taken up by much smaller TBDTs although we
365  did not see abundance of additional TonBs in the membrane proteomics (27). Additionally, it has been
366  shown that for some substrates, TonB-like proteins may play an additional role in transport by directly
367 interacting with the substrate (67). This provides a potential explanation for the unique domain

368  structure of some of the TonB proteins characterized here. This is an important consideration as more
369  TBDT substrates are identified and more TBDTs are characterized in B. theta.

370 While much focus has been given to carbohydrate-active enzymes and other outer-membrane
371 proteins essential for polysaccharide utilization in the Bacteroides, this study extends our understanding
372  of the larger protein complex required for polysaccharide utilization in B. theta. TonB-targeting drugs
373 are currently being considered for pathogenic bacteria and a deeper understanding of this system in B.

374  theta may offer new opportunities for manipulating both the microbiome and pathogenic Bacteroides.
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375 The importance and conservation of TonB4 suggests that drugs targeting this protein may offer a way to
376  decrease growth of all Bacteroides while the redundancy offered by TonB6 may allow B. theta and

377 related species to survive at low levels while species such a pathogenic B. fragilis are eliminated (40).
378  This work also highlights the many aspects left to understand about TonB-dependent transport. Along
379  with the growing variety of substrates known to be transported through TBDT, the unique domain

380 architectures seen in TonB proteins suggests the previously characterized structure-function

381 relationships of the TBDT-TonB pair will not be sufficient to fully understand these systems.

382 Materials and Methods

383 Bacterial strains and culture conditions

384 The B. thetaiotaomicron VPI-5482 Atdk strain is the parent strain for all mutations used in this
385 study and is referred to as wild type (WT). Mutant strains were generated via allelic exchange as

386  previously described (18, 68). Briefly, the genomic region containing the desired gene deletion was
387 inserted into the counter selectable allelic exchange vector pExchange_tdk. The primers used in this
388  study were synthesized by IDT DNA Technologies and are described in Table S5. A summary of all

389 plasmids and strains used in this study is provided in Table S6.

390 All B. theta strains were cultured in a 37°C Coy anaerobic chamber (5% H,/10% CO,/85% N5)
391  from freezer stocks into tryptone-yeast extract-glucose (TYG) medium (69) and grown for 16 h to an
392 0.D.s00 ~ 1.0. The cells were then back diluted 1:100 into Bacteroides minimal media (MM) including 5
393  mg/ml glucose and grown overnight (16 h).

394 For kinetic growth experiments in a plate reader, the MM-glucose grown cells were then

395  washed in minimal media containing no carbon and back diluted approximately 1:200 into MM with the
396  experimental carbohydrate, glucose, or maltose to a final volume of 200uL. Thus, both glucose and
397 maltose controls and the experimental carbohydrate grown cultures were started at the same initial

398  0.D.oo of 0.1. The carbon sources used for comparison to glucose-grown cultures included: 5 mg/mi
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399  maltose (Sigma), 2.5 mg/ml (2.17 mM) maltoheptaose (Carbosynth), and 5 mg/ml potato amylopectin
400  (Sigma). Growths were conducted in a flat bottom 96-well plate (Costar) covered with a gas permeable,
401 optically clear polyurethane membrane (Diversified Biotech, USA). Plates were loaded in a Biostack
402  automated plate-handling device (Biotek Instruments, USA) coupled with a Powerwave HT absorbance
403 reader (Biotek Instruments, USA) inside the anaerobic chamber and O.D.g00 Was recorded every 10-30
404  min. All plate reader growth experiments were performed in triplicate unless otherwise noted and the
405 averages are reported in each figure. All biological experiments were repeated at least twice to verify
406  consistent growth phenotypes from day to day.

407 Gene complementation

408 The tonB4 (bt2059) gene in a pNBU2 vector containing a constitutively active promoter was
409 introduce into the genome of the ATonB4 B. theta strain in a single copy as previously described (16,
410  70). Briefly, the bt2059 gene was introduced into the pNBU2_erm_us1311 plasmid using restriction
411 enzyme cloning and primers in Table S5. After conjugative transfer of the plasmid into the ATonB4 B.
412 theta strain, the plasmid integrated into the genome at the NBU2 att2 site.

413 Membrane Proteomics

414 Sample preparation:

415 All strains were cultured in TYG and back diluted into MM containing glucose as described

416  above. The MM-glucose grown cells were then back diluted 1:100 into 50mL of MM containing 5mg/ml
417  glucose or maltose as indicated. The 0.D.g00 Was monitored every 30-45 minutes and the cells were

418  harvested at mid-log (0.D. ~0.7-0.8) by centrifugation at 5000 xg for 5 min. The cell pellet was frozen in
419  liquid nitrogen and stored at -80°C.

420 To prepare the membrane faction, cells were thawed and resuspended in 1ImL of 20mM KH,PO,
421  pH 7.3. The slurry was gently sonicated on ice. Intact cells were removed by centrifugation at 13,000 xg

422  for 10 minutes at 4°C. The remaining soluble fraction was ultracentrifuged at 200,000 xg for 2 hrs at 4°C
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423  to pellet total membranes. The supernatant was removed and the membrane pellet resuspended in the
424  same buffer, followed by a second round of ultracentrifugation at 200,000 xg. The resulting membrane
425 pellet was resuspended in 20mM KH,PO,, 0.1% Tween-20 pH 7.3. Total protein in the final sample was
426  quantified using the BCA Protein Assay Kit (Pierce).

427 The total membrane samples were submitted to the Mass Spectrometry-Based Proteomics

428  Resource Facility in the Department of Pathology at the University of Michigan (Ann Arbor, Ml). Samples
429  were then processed using the TMT 10-plex Mass Tag Labeling Kit (Thermo Scientific) similar to

430  manufacturer’s protocol and as previously adapted (71). Briefly, upon reduction (5 mM DTT, for 30 min
431 at 45°C) and alkylation of cysteines (15 mM 2-chloroacetamide, for 30 min at room temperature), the
432  proteins were precipitated by adding 6 volumes of ice-cold acetone followed by overnight incubation at
433 -20°C. The precipitate was spun down, and the pellet was allowed to air dry. The pellet was

434  resuspended in 0.1M TEAB and overnight (~16 h) digestion with trypsin/Lys-C mix (1:25

435 protease:protein; Promega) at 37° C was performed with constant mixing using a thermomixer. The
436  TMT 10-plex reagents were dissolved in 41 pl of anhydrous acetonitrile and labeling was performed by
437  transferring the entire digest to TMT reagent vial and incubating at room temperature for 1 h. Reaction
438  was quenched by adding 8 pl of 5% hydroxyl amine and further 15 min incubation. Labeled samples
439  were mixed together, and dried using a vacufuge. An offline fractionation of the combined sample

440 (~200 pg) into 8 fractions was performed using high pH reversed-phase peptide fractionation kit

441  according to the manufacturer’s protocol (Pierce; Cat #84868). Fractions were dried and reconstituted in
442 9l of 0.1% formic acid/2% acetonitrile in preparation for LC-MS/MS analysis. Details on sample

443 preparation as well as the sample-to-TMT channel are found in Table S1.

444  Liquid chromatography-mass spectrometry analysis (LC-multinotch MS3):

445 In order to obtain superior quantitation accuracy, we employed multinotch-MS3 which

446  minimizes the reporter ion ratio distortion resulting from fragmentation of co-isolated peptides during
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MS analysis (72). Orbitrap Fusion (Thermo Fisher Scientific) and RSLC Ultimate 3000 nano-UPLC (Dionex)
was used to acquire the data. Two pl of the sample was resolved on a PepMap RSLC C18 column (75 um
i.d. x 50 cm; Thermo Scientific) at the flow-rate of 300 nl/min using 0.1% formic acid/acetonitrile
gradient system (2-22% acetonitrile in 150 min;22-32% acetonitrile in 40 min; 20 min wash at 90%
followed by 50 min re-equilibration) and directly sprayed onto the mass spectrometer using EasySpray
source (Thermo Fisher Scientific). Mass spectrometer was set to collect one MS1 scan (Orbitrap; 120K
resolution; AGC target 2x10° max IT 100 ms) followed by data-dependent, “Top Speed” (3 seconds) MS2
scans (collision induced dissociation; ion trap; NCE 35; AGC 5x103%; max IT 100 ms). For multinotch-MS3,
top 10 precursors from each MS2 were fragmented by HCD followed by Orbitrap analysis (NCE 55; 60K
resolution; AGC 5x10% max IT 120 ms, 100-500 m/z scan range).

Data analysis:

Proteome Discoverer (v2.4; Thermo Fisher) was used for data analysis. MS2 spectra were
searched against SwissProt Bacteroides thetaiotaomicron VPI-5482 (ATCC strain 29148) protein
database using the following search parameters: MS1 and MS2 tolerance were set to 10 ppm and 0.6
Da, respectively; carbamidomethylation of cysteines (57.02146 Da) and TMT labeling of lysine and N-
termini of peptides (229.16293 Da) were considered static modifications; oxidation of methionine
(15.9949 Da) and deamidation of asparagine and glutamine (0.98401 Da) were considered variable.
Identified proteins and peptides were filtered to retain only those that passed <1% FDR threshold.
Quantitation was performed using high-quality MS3 spectra (Average signal-to-noise ratio of 10 and
<50% isolation interference).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (73) partner repository with the dataset identifier PXD041518.

Protein Sequence Analysis
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470 Protein domains including the TonB protein C-terminal domains were identified using Pfam

471  version 32.0 (74). To identify the eleven potential TonB proteins, the complete genome of Bacteroides
472 thetaiotaomicron VPI-5482 was searched for sequences that matched to PF03544 using the Joint

473  Genome Institute’s Integrated Microbial Genomes & Microbiomes database (75). Each sequence was
474  then searched for additional Pfam domains using the sequence search on the EMBL-EBI Pfam database
475 (76). Predictions of transmembrane helices were made using the TMHMM Server v2.0 (77, 78) and

476  signal peptides were predicted using SignalP-5.0 (79).

477 Multiple sequence alighment of TonB-dependent transporters and TonB proteins were

478  conducted in Clustal Omega (76). Sequence similarity between TonB proteins was determined using the
479 EMBOSS Needle pairwise sequence alignment (76).

480 Genomic Context Analysis

481 The genomic context of each tonB gene was identified by browsing the complete genome of
482 Bacteroides thetaiotaomicron VPI-5482 (GCF_000011065.1). Size, direction, and location of the

483  surrounding genes were annotated, generally included all genes that are encoded on the same strand or
484  all genes that appear to be co-transcribed. Protein function predictions were also analyzed using UniProt
485 Release 2023_02 and the most informative prediction between the two was used (80).

486 TonB Homology Analysis

487 To identify homologues of the 11 TonB proteins found in B. theta, we searched the Integrated
488 Microbial Genomes (IMG) database (current as of May 2018) for all Bacteroides genome sequences and
489  performed BLAST searches of each TonB protein with an E-value cutoff of 1e-50. We chose this stringent
490  cutoff to limit the number of homologues that would match to several of our TonB proteins of interest.
491  These results are shown in Table S2. Despite using this stringent cutoff, we still found that many TonB
492 proteins in other Bacteroides genomes matched to several B. theta TonB proteins. For each genome in

493  our dataset, we used the E-value and bit score generated through the BLAST search to match each TonB
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494  tothe single B. theta TonB protein with the highest match. These full results are shown in Table S3 and
495  select genomes are shown in Figure 8.

496 Additional TonB proteins in each Bacteroides genome were identified by searching for proteins
497  with regions matching to the conserved protein domain family Pfam 03544: Gram-negative bacterial
498  TonB protein C-terminal. The full list of matches to Pfam03544 are shown in Table S4 and totals for

499  select genomes are shown in Figure 8. Phylogenetic tree in Figure 8 was constructed using the 16s rRNA
500 gene from each strain shown.

501 Protein Structure Visualization

502 Structures of E. coli TonB and Pseudomonas aeruginosa TonB1 were visualized in PyMOL (81).
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Cytoplasm

Figure 1. Architecture of the predicted SusC, SusD, TonB, and ExbBD complex. Surface glycan binding
protein SusD is shown in blue, associated with SusC at the outer membrane (OM). TonB-dependent
transporter SusC is shown in green including the plug and N-terminal extension (NTE) domains. The
TonBox precedes the plug domain and here is shown pairing with TonB (orange). ExbB and ExbD are

shown in yellow in the inner membrane (IM).
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A
P. aeruginosa TonBl 261 PPVYPRMAQARRIEGRVKVLFTITSDGRIDDIQVLESVPSRMFDREV--RQAMAKWRFEPRVSGGKIV 326
E. coli TonB 160 QPQYPARAQALRIEGQVKVKFDVTPDGRVDNVQILSAKPANMFEREV--KNAMRRWRYEPGKPGSGIV 225
TonB11 379 NLAYPADDACAEVKGKVTLTFFVNKEGRPFDIKVKESLCKSLDKEAIRLIQEGPDWTYGN--QS-AEI 443
TonB3 255 QMIYPAELLKDNVSGYALCEFTIDKEGVILRPHILKSTHPEFAEEALRIVKEMPNWTPAL --VGGKAV 320
TonB9_Domain2 85 NIQYPEEVQKLGIAGRVITQFVISKKGEITSVAVVRSLHPELDKQAIQAITAMPTWTPGK--KDGKVV 150
TonB7 156 NIQYPEEAFQAGEEGQVTVEFTIDVNGYVSDAKVTKSVSASLDKEALRIIESMPRWKSGM--QLGRPV 221
TonB2 190 NIRYPSMSQGGVCQGRAIVQFIVDKEGNIVQPKVVRGVDPYLDKEALRVVGLMPKWKPGEL-DDGTKV 256
TonB8 57 NIKYPVEAQKKGVSGRVIVQFVIMEDGTLDQAKVVRGVDPLLDEEALRVVKLMPKWKPGM--DRGEAV 122
TonB4 149 NIKYPTIAQENGTQGRVIVQFVVNKDGSIVDAKVVRSVDPYLDKEALRVINTMPKWKPGM--QRGKPV 214
TonB1 363 NIKYPTKAIENKIQGRVIVQFVVNKDGSIFGAKVVRSVDPDLDKEALRVINSMPKWKPGM--QKGEPV 428
TonB9_Domainl 207 HITYWKNAAKQKEEGRVIVTFIVRKDGQITDARVVRSVSPTLDAEALRIISNMPKWEPGE--NNGVPV 272
TonB10@_Domain2 390 NIKYPATAHENGKQGRVIVMFVVKKDGSISDVKTVRGVDPYLDKEAERVIAAMPNWKPGK --QRGQAV 455
TonB5 192 NIKYPTIAQENGTQGRVIIQFVVERDGTITDVHVARGVDPYLDKEAVRVVQSMPKWIPGK--QNGKAV 257
TonB6 149 HIKYPTMSQEMGSQGRVIVQFVVDKDGSITNPTVVRGVDAYLDKEATIRVISGMPKWKPGV--QNGKKV 214
TonB10_Domainl 531 NIKYPTMAQQNKEQGKVLVQIVIGKDGNVSNIKILEGASAWLDAEAIRVVRGMPKWEPGK--QNGQAV 596

B C

Val225 |

Val326

Figure 2. A. Excerpt of the multiple sequence alignment of the eleven identified TonB proteins from B.
thetaiotaomicron with E. coli TonB and Pseudomonas aeruginosa TonB1. Conserved residues are
highlighted in red, deviations from this conservation are highlighted in blue. The full alignment is shown
in Fig. S2. B. Structure of the E. coli TonB (green) in complex with the TonBox of BtuB (magenta), PDB:
2GSK Conserved residues from A are highlighted in yellow. C. Structure of Pseudomonas aeruginosa
TonB1 (cyan) in complex with the TonBox of FoxA (yellow), PDB: 6197. Conserved residues from A are

highlighted in magenta.
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Figure 3. The genomic context of each of the eleven tonB genes. Each locus tag is shown within the
arrow depicting the putative ORF. Arrow direction depicts the transcription orientation. Scale is shown
in base pairs using the reference sequence GCF_000011065.1. The predicted function of the peptide
product is depicted outside each gene arrow. Hyp. protein: conserved hypothetical protein. Figure

generated in BioRender.
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A
BT2264 1  ----MQTQEVAIKP---NLKVVLRSDAQQI--DEVVVTAMGI------------------ 33
P. gingivalis RagA 75 SYSGMTTKEVAIAN- --VMKIVLDPDSKVL--EQVVVLGYGT------------------ 111
BT1763 80 TYIGYKPVTVKAAA- - -TVNVLLEEDTQMV--DEVVVTGYTT----oomomoome oo 116
SusC 78 SFIGYQPQELPVAA---QMNVILKDDTEIL--DEVVVIGYGQ------------------ 114
S. marcescens HasR 109 RLQPQGQIVLSRLP------- TANGDGGALALDSLTVLGAGG---------------- NN 145
E. coli FecA 95 KPLGNNSWTLEPAP------- APKEDALT----- VWVGDWLGD---------=======~ A 125
P. aeruginosa FoxA 117 EDQGDGSFVLREAP------- A--KDGDVLNMQAVEVFALGNNLGSTDGYLATHSQIATK 167
E. coli FhuE 25 ------ IAL-ALLP------- SAAFAAPATEETVIVEGSATAPDDGENDYSVTSTSAGTK 70
P. aeruginosa FpvA 107 DFQGNAITI-SVAE------- A-ADSSVDLGATMITSNQLGTITEDSGSYTPGTIATATR 157
B
1_
- WT
- ATonBox

Logqg Absorbance (600nm)

o
Yy
1

ENQ:::::__?*

24 48 72
Time (hrs)

(=]

Figure 4. A. Excerpt of the multiple sequence alignment of SusC from B. thetaiotaomicron with BT1763
and BT2264 for which structures have been determined and characterized TonB-dependent transporters
from Porphyromonas gingivalis, Escherichia coli, Serratia marcescens, and Pseudomonas aeruginosa.
Identified TonBoxes are shown in green, our proposed TonBoxes for the B. thetaiotaomicron
transporters are shown in red. The full sequence alignment is shown in Fig. S3. B. Average growth curves
of wild-type (WT) and the SusC TonBox deletion (ATonBox) B. thetaiotaomicron cultured on 2.5 mg ml*!

potato amylopectin. Matched growth experiments in maltose and maltoheptataose are shown in Fig. S4.
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Figure 5. A-B. Representative average growth curves of wild-type (WT) and select TonB deletion strains
of B. thetaiotaomicron cultured on 5 mg ml* glucose (A) and 2.5 mg ml! potato amylopectin (B). The
dash line indicates OD=0.3 which is used as a reference point for calculating lag time. Growth to OD=0.3
for all TonB deletions over four experiments and matched growth experiments in maltose are shown in
Fig. S5A-D. C. Representative average growth curves of wild-type (WT), TonB4 deletion strain, and the
TonB4 deletion strain with the TonB4 gene complemented in another location on the genome cultured
on 5 mg ml?! potato amylopectin. Matched growth experiments in maltoheptaose and maize

amylopectin are shown in Fig. S5E-F.
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1 WT Glucose
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Figure 6. Normalized abundances of TonB and SusC proteins from quantitative membrane proteomics.
Mean and standard deviation of two samples are shown. Open bars show data from cells grown on 5 mg
ml? glucose while hatched bars are from cells grown on 5 mg ml! maltose to induce Sus expression.
White bars are samples isolated from wild-type (WT) cells while red bars are from the TonB4 deletion
strain. The dashed line indicates background readings based on TonB4-matched peptides in the TonB4
deletion strain. Full data in Table S1. Quantitation was performed using high-quality MS3 spectra, see

Methods.
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Figure 7. A-D. Representative average growth curves of wild-type (WT) and select TonB deletion strains
of B. thetaiotaomicron cultured on 5 mg ml pectic galactan (A), 5 mg ml* chondroitin sulfate (B), 5 mg
mltarabinan (C), and 5 mg mllevan (D). The dash line indicates OD=0.3 which is used as a reference

point for delayed growth.
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