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Abstract

The human gut microbiota endows the host with a wealth of metabolic functions
central to health, one of which is the degradation and fermentation of complex car-
bohydrates. The Bacteroidetes are one of the dominant bacterial phyla of this com-
munity and possess an expanded capacity for glycan utilization. This is mediated
via the coordinated expression of discrete polysaccharide utilization loci (PUL) that
invariantly encode a TonB-dependent transporter (SusC) that works with a glycan-
capturing lipoprotein (SusD). More broadly within Gram-negative bacteria, TonB-
dependent transporters (TBDTs) are deployed for the uptake of not only sugars, but
also more often for essential nutrients such as iron and vitamins. Here, we provide
a comprehensive look at the repertoire of TBDTs found in the model gut symbiont
Bacteroides thetaiotaomicron and the range of predicted functional domains associ-
ated with these transporters and SusD proteins for the uptake of both glycans and
other nutrients. This atlas of the B. thetaiotaomicron TBDTs reveals that there are at
least three distinct subtypes of these transporters encoded within its genome that

are presumably regulated in different ways to tune nutrient uptake.
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polysaccharide utilization loci (PUL) (Grondin et al., 2017; Terrapon
et al.,, 2015). The Bacteroidetes PUL encode genes for the initial cap-

The human gut microbiota describes a rich community of microor-
ganisms that influences host health. While this community includes
fungi, protozoa, viruses, and bacteriophage, the most well-stud-
ied members are the Bacteria (Auchtung et al, 2018; Ding &
Schloss, 2014; Shkoporov et al., 2019). While there are hundreds
of species of bacteria within the mammalian large intestine, the
Bacteroidetes is one of the dominant phyla of bacteria and comprise
the largest number of Gram-negative organisms in the gut (Ding
& Schloss, 2014; MetaHIT Consortium (additional members) et al.,
2011; Tap et al., 2009). The Bacteroidetes are endowed with a pro-
lific capacity for complex carbohydrate degradation, including the
deconstruction of plant fibers from our diet as well as the host mucin
layer and glycosaminoglycans (Lapébie et al., 2019). This capability is

encoded within dozens to several hundred discrete operons termed

ture, degradation, import, and complete hydrolysis of a target poly-
saccharide to its component sugars. Some PUL are highly specific
for distinct glycan substructures while others can target a range of
structures within a broader glycan class (Martens et al., 2014). For
example, Bacteroides ovatus deploys multiple PUL for the recogni-
tion of different types of xylan and fine differences in structure (i.e.,
corn glucuronoarabinoxylan versus birch glucuronoxylan) drive dif-
ferential PUL activation (Rogowski et al., 2015). Other PUL are less
specific and can recognize multiple related glycan structures as seen
in Bacteroides uniformis in which a single PUL recognizes multiple
discrete p1,3-glucan structures (Déjean et al., 2020). The repertoire
of PUL within a species influences its metabolic niche and fitness
within the host (Backhed, 2005; Martens et al., 2011; McNulty
et al., 2013).
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The hallmark feature of the Bacteroidetes PUL that allows their
relatively easy identification from genomic data is the presence of a
pair of genes encoding a TonB-dependent transporter (TBDT) and
a surface lipoprotein (Martens et al., 2009a; Xu et al., 2007). This
pairing is usually called out as a susC/susD homolog pair after the
starch utilization system operon in Bacteroides thetaiotaomicron
(B. theta), the human gut bacterium from which this genetic pairing and
later function was first discovered by Abigail Salyers and colleagues
(Reeves et al., 1997). Early work on this system suggested that susC
and susD encoded a TBDT and surface lipoprotein, respectively, that
play a key role in starch utilization (Reeves et al., 1996; Shipman
etal., 2000). Sequencing of the B. theta genome revealed at least 101
homologous susC/D pairings, many flanked by genes encoding pre-
dicted glycoside hydrolases, polysaccharide lyases and other acces-
sory enzymes for carbohydrate degradation (Xu et al., 2007). Over
the past two decades and as sequencing of bacterial genomes expo-
nentially increased, the Bacteroidetes PUL for carbohydrate uptake
was established, with the SusC/D proteins defining a novel type of
TBDT (SusC) that works with a surface lipoprotein (SusD). Since that
time many PUL encoded within Bacteroidetes from the human gut,
oral cavity, and environment have been biochemically and function-
ally studied, providing a greater appreciation of both the conserved
and novel features found among these systems. The Sus paradigm for
carbohydrate uptake in the Bacteroidetes and the mechanistic fea-
tures of TBDTs have been the subject of several excellent and recent
reviews (Bolam & van den Berg, 2018; Brown & Koropatkin, 2020;
Grondin et al., 2017). However, the variety of TBDTs encoded within
gut Bacteroides genomes—for polysaccharide utilization or other
nutrient uptake—have not been fully explored. In this review, we de-
tail the structural features of TBDTs across Gram-negative bacteria,
with an emphasis on the novel predicted features of TBDTs found
within the model human gut symbiont Bacteroides thetaiotaomicron.

(@) Gram-negative TBDT

PDB 1BY5

™

Cytoplasm

(b) E. coli Fhua
with ferrichrome
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A reference catalogue of all annotated Bacteroidetes PUL can be
found in the PULDB database maintained by the Carbohydrate-
Active Enzymes (CAZy) group (Terrapon et al., 2015, 2018) as well as
the dbCAN-PUL database (Ausland et al., 2021).

2 | GENERAL FEATURES OF TonB-
DEPENDENT TRANSPORTERS

TonB-dependent transporters (TBDTs) were first identified in
Escherichia coli K12 when mutation of the transporter now named
FhuA and the associated inner membrane TonB protein caused bac-
teria to become resistant to infection by bacteriophage T1 (Luria
& Delbruck, 1943). Later the role of FhuA and other homologous
proteins as outer membrane transporters was determined (Di Masi
et al., 1973; Hantke & Braun, 1975; Luckey et al., 1975; Szmelcman &
Hofnung, 1975). Most of these transporters in E. coli are involved in
the uptake of iron-siderophore complexes and vitamin B12 (Di Masi
et al.,, 1973; Kadner et al., 1980). As homologous transporters have
been characterized across Gram-negative bacteria, it has become
clear that these transporters play a large role in transporting many
different macromolecules across the outer membrane that are too
large to diffuse via porins. Because of this key role in nutrient uptake,
TBDTs are often essential for sensing and adapting to environmen-
tal signals and are associated with pathogenicity in bacteria such as
E. coli, Pseudomonas aeruginosa, and Serratia marcescens, among oth-
ers (Takase et al., 2000; Torres et al., 2001; Weakland et al., 2020).
TBDTs are powered by their interaction with TonB, an inner
membrane-associated protein with a significant soluble portion
that spans the periplasm (Figure 1a) (Domingo Kohler et al., 2010).
Along with the inner membrane proteins ExbB and ExbD, TonB is
essential for the function of TBDTs (Higgs et al., 2002; Sverzhinsky

(C) B. theta BT2261-2264 complex
PDB 5FQ8

FIGURE 1 TonB-dependent transporter structure. (a) Classic architecture of the TonB-dependent transporters found in Gram-negative
bacteria including pairing to the TonB/ExbB/ExbD complex. The barrel domain of the TBDT is displayed in orange and the plug domain

in dark blue. (b) Structure of the E. coli FhuA TBDT with bound ferrichrome ligand (PDB 1BY5) (Locher et al., 1998). The barrel domain is
displayed in orange and the plug domain is colored dark blue. The ferrichrome ligand is displayed in black/red/blue spheres. (c) Structure of
the B. theta BT2261-2264 SusCD complex. The TBDT (SusC-like) protein BT2264 is displayed as in panel B with an orange barrel and dark
blue plug. The SusD protein BT2263 is displayed in blue and associated PUL-encoded lipoproteins BT2261 and BT2262 are displayed in
red and green, respectively. Note that only one half of the BT2261-2264 complex is displayed, as a dimeric complex has been observed via

crystallography and size exclusion (Glenwright et al., 2017)
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et al., 2015). The inner membrane complex formed by a pentamer
of ExbB and a dimer of ExbD harnesses proton motive force that
energizes the active transport process through the associated TBDT
(Celia et al., 2019). At least one copy of TonB spans the periplasm,
interacting with the ExoBD complex via an N-terminal membrane
spanning a-helix and the TBDT via a well-ordered C-terminal domain
(Celia et al., 2016; Domingo Kohler et al., 2010; Higgs et al., 2002;
Sverzhinsky et al., 2015). The final p-strand of this TonB C-terminal
domain directly contacts a B-strand of the TBDT called the TonB box
(Kadner, 1990; Pawelek et al., 2006; Shultis et al., 2006).

Two key domains define the structure of TBDTs, a 22 B-strand
barrel that spans the outer membrane (orange) and a plug domain
(blue) housed within that barrel (Figure 1b,c) (Ferguson et al., 1998;
Locher et al., 1998). The TonB box for pairing to TonB is found im-
mediately N-terminal to the plug domain (Kadner, 1990; Pawelek
et al., 2006; Shultis et al., 2006). The general structure of these
domains is well defined with more than 50 structures having been
determined of at least 15 unique transporters from many differ-
ent bacteria with and without ligand (Bolam & van den Berg, 2018;
Noinaj et al., 2010). For many of the iron and vitamin capturing TBDT
systems, the transporter works alone to capture ligand, with the ex-
tracellular loops of the barrel and the plug domain providing specific
recognition of the substrate (Locher et al., 1998; Noinaj et al., 2010).
A notable exception to this is the Neisseria TbpAB system for the
capture of transferrin iron where both the TBDT ThpA and the sur-
face-exposed lipoprotein TbpB are required for efficient iron trans-
port (Gomez et al., 1998). Despite this structural understanding of
classical TBDTs, many details on the function of these transporters
are still poorly understood including the rearrangement of the plug
domain that is needed to create a channel for the ligand to pass
through the transporter. Additionally, as more TBDTs are identi-
fied, it has become clear that additional domains are found in these
transporters but the impact of these domains on transport is often

unclear.

3 | TonB-DEPENDENT TRANSPORTERS IN
THE BACTEROIDETES

Abigail Salyers proposed the presence of TBDTs in Bacteroides PUL as
early as 1995 (Cheng et al., 1995). However, it was not until 10 years
later that carbohydrates including sucrose and maltodextrins were
confirmed to be transported via TBDTs from Xanthomonas campes-
tris and Caulobacter crescentus (Blanvillain et al., 2007; Neugebauer
et al., 2005). Even then, the number of proteins within this family
that would be devoted to carbohydrate transport was under appre-
ciated (Schauer et al., 2008). Additionally, surveys of TBDTs across
bacteria have often noted the key differences between charac-
terized TBDT largely from Enterobacteria and predicted TBDTs in
the Bacteroidetes (Blanvillain et al., 2007; Koebnik, 2005). Today,
biochemical studies of Bacteroides PUL and the associated TBDTs
have begun to give us a better picture of how the TBDTs encoded

by the Bacteroidetes share similar structure and function to the

classical TBDT while also allowing for novel structures and func-
tions (Glenwright et al., 2017; Gray et al., 2021; Madej et al., 2020).
Here, we use Pfam domain analysis of the 121 predicted TBDTs in
Bacteroides thetaiotaomicron to review what is currently known and
what work remains to be done to better understand sugar transport
and the broader role of TBDTs in the Bacteroidetes.

4 | STRUCTURAL DOMAINS WITHIN B.
thetaiotaomicron TBDTs

The core structure of all TBDTs is the barrel through which the ligand
will pass and the plug that occludes this channel in the absence of
ligand (Figure 1) (Bolam & van den Berg, 2018; Noinaj et al., 2010).
The 22 B-strand barrel domain spanning the outer membrane can
be identified via homology to the Pfam domain PFO0593: TonB-
dependent receptor (EI-Gebali et al., 2019). The plug domain is
housed inside the barrel and can be identified via homology to the
Pfam domain PFO7715: TonB-dependent receptor plug domain
(EI-Gebali et al., 2019). By searching the B. theta VPI-5482 genome
for proteins with either of these Pfams, we identified 126 potential
TBDTs (search conducted July 2020). By comparing our Pfam charac-
terization to previous annotations conducted by the CAZy database
and compiled within PULDB (www.cazy.org/PULDB), we realized
that the barrel domain is not always reliably identified (Terrapon
et al., 2018). Manual inspection of proteins predicted to contain the
Pfam plug domain but not the Pfam barrel domain suggested that
most of these proteins are likely TBDTs and do contain regions ho-
mologous to the barrel domain but with substantial changes limit-
ing the domain prediction. However, we did identify four proteins
(BT1139- truncated gene, BT4200, BT4201, and BT4324) with pre-
dicted Pfam plug domains that appear divergent from characterized
TBDTs and likely have another function. These proteins are also not
predicted to be part of a PUL and were removed from this analysis.
That some of the proteins possessing a Pfam TonB-dependent
transporter plug domain do not have a readily identifiable Pfam
TonB-dependent receptor for the barrel domain may suggest that
there are features within the barrel that are common in Bacteroidetes
but largely absent in the TBDTs used to define this Pfam domain.
Indeed, the TBDTs identified by our search demonstrate that most
B. theta TBDTs that are devoted to glycan uptake are 200-300
amino acids longer than the well-studied TBDTs involved in iron
uptake in Gram-negative pathogens. The recent crystal structures
of three TBDTs from Bacteroidetes demonstrate that some of this
additional sequence is devoted toward elongated loops at the extra-
cellular face of the barrel (Figure 1c) (Glenwright et al., 2017; Gray
et al., 2021; Madej et al., 2020). These loops in part engage with the
ligand-binding SusD protein that caps the barrel, as described later.
Additionally, we identified one protein, BT3560, predicted to
contain the Pfam barrel domain but not the Pfam plug domain.
This could be the result of loss of genomic content or a miscalled
start site which is common in the B. theta genome annotation but

the protein shows low sequence similarity outside of the barrel


http://www.cazy.org/PULDB

POLLET ET AL.

domain suggesting this is not the case. However, it is possible that
this protein functions as another type of outer membrane trans-
porter. Plug-less versions of E. coli FhuA and B. theta BT1763 are
stable and show functional conductance in single-channel elec-
trophysiology experiments (Glenwright et al., 2017; Mohammad
et al,, 2011). This suggests that BT3560 could be a functional
transporter without a plug domain but is, therefore, unlikely to
be TonB-dependent. Thus, this protein has also been removed
from our analysis leaving us with 121 predicted TBDTs which
closely matches previous analysis (Blanvillain et al., 2007; Schauer
et al., 2008). The full list of predicted TBDTs along with their Pfam
annotations can be found in Supplementary Table 1 and a sum-
mary of this analysis is presented in Table 1.

5 | CLASSICAL TBDT

From our list of 121 predicted TBDTs, only 16 were predicted to
contain just the plug and barrel domains based on the current gene
annotation (Figure 2a,b). However, this domain prediction is com-
plicated by the recent discovery of a functional shufflon contain-
ing multiple TBDTs where recombination can result in the addition
of other domains onto the TBDT genes (Porter et al., 2020). The
BT1032-BT1053 locus contains recombination sites that allow the
5’ end of the bt1042 gene to be appended onto either the bt1040 or
bt1046 genes (Porter et al., 2020). Therefore, we have placed both
the BT1040 and BT1046 proteins with the BT1042 protein in the
Signal Transduction TBDT subtype to be discussed later. The operon
structure of BT2260-BT2268 contains a similarly positioned inte-
grase, BT2267, which could facilitate movement of the N-terminal
extension from BT2268 to either BT2260 or BT2264 although
this has not been experimentally validated and was not seen in the

WILEY-—2

BT2264 structure. Due to this possibility, we have tentatively re-
moved BT2260 and BT2264 from the Classical TBDT group as well.
Based on current work, it seems likely that these are novel systems
and these types of rearrangements are not widespread but further
work is needed to confirm the extent that recombination affects
TBDT genes across the Bacteroidetes.

After this analysis for functional shufflons, we were left with 12
Classical TBDT. Seven of these are not predicted to be part of a PUL,
are not associated with a SusD protein, and likely transport iron and
vitamins including BT2390, which has been characterized as a thi-
amine transporter (Figure 2b, Table 1) (Costliow & Degnan, 2017).
Similarly, five of the 12 TBDTs are predicted to be part of PUL and
are associated with a SusD protein including BT0268 which has been
shown to be part of an arabinogalactan-responsive PUL (Martens
et al., 2011; Schwalm et al., 2016).

The presence of these 12 transporters suggests that additional
domains are not required for TBDTs to properly interact with the
B. theta TonB homologs or otherwise for proper TBDT function.
However, even within this small group of proteins, there is a large
size distribution (Table 1, Supplementary Table 1). The TBDTs not
associated with PUL are smaller, less than 800 amino acids, sug-
gesting they may show a similar structure to other characterized
iron, B12, and thiamine transporters. However, the TBDTs asso-
ciated with PUL and SusD proteins are larger with BT2032 being
the largest at 955 amino acids. Larger TBDTs have previously been
associated with transport of larger and more complex substrates
such as iron capture from plant ferredoxin by Pectobacterium
FusA (863 amino acids) and from human transferrin by Neisseria
TbpA (915 amino acids) (Bolam & van den Berg, 2018; Gémez
et al., 1998; Grinter et al., 2016). It has been hypothesized that
longer outer membrane loops associated with the barrel domain
assist in capturing these complex substrates and our observations

TABLE 1 Subclasses of B. theta TonB-dependent Transporters (TBDT)

Type of predicted Total number in B.

Protein length range Examples highlighted in text

TBDT (Figure 2) thetaiotaomicron In PUL? Typical substrates (amino acids) (genome locus tag)
Classical 12 Yes- 5 Arabinogalactan; 898-955 BT0286
unknown
No- 7 Thiamine, iron, B12 613-799 BT2390
N-terminal extension 90 Yes- 82 Plant 938-1120 SusC (BT3702)
polysaccharides BT1763
BT2264*
No- 8 Ferric iron, B12 700-953 BT0150
BT1799
Signal Transduction 19 Yes- 19 Host-associated 897-1182 BT0754
glycans BT1040/42/46
BT4044
BT4357
BT4634

No- 0
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FIGURE 2 Pfam architectures

and subclasses of TonB-dependent
transporters (TBDTs) from Bacteroides
thetaiotaomicron. (a) Domain architectures
of TonB-dependent transporters
identified in B. theta using the Pfam 33.1
database (https://pfam.xfam.org/). (b)
Classical TBDT composed of the Pfam
07715-plug and Pfam 00593-barrel are
found with and without a SusD protein.
(c) N-terminal Extension TBDT have

the addition of the Pfam 13715 domain
and are found with and without SusD
proteins. Note that we have tentatively
placed BT2264 into the NTE subclass,

as described in the text, and the

crystal structure of this TBDT has been
determined. D. Signal Transduction TBDT
interact with anti-sigma factors and are
found with and without SusD proteins

(a

(b)

Classical TBDT
5 with SusD protein

7 without SusD protein

suggests that this trend continues in B. theta as PUL-associated
TBDTs have been characterized to target complex polysaccha-
rides. The association with a SusD protein or other lipoprotein may
also require additional length to facilitate the TBDT-lipoprotein-
substrate interaction as seen in Neisseria TbpA (Bolam & van den
Berg, 2018; Gomez et al., 1998).

A surprising feature of the BT2264 and BT1763 structures and
subsequent characterization is that these TBDTs are dimers, both in
the crystal structures and in size-exclusion experiments (Glenwright
etal., 2017; Gray et al., 2021). The structure of the TBDT/SusD com-
plex RagAB from the oral Bacteroidetes Porphyromonas gingivalis
also revealed this complex to be a dimer, which suggests that we may
continue to see this trend among the TBDTs of the Bacteroidetes. A
dimeric complex has not been seen in any of the previously charac-
terized TBDTs from Gram-negative bacteria, and its specific func-
tional role in transport within these examples is unknown (Bolam &
van den Berg, 2018). It is possible that the additional length of the
Bacteroides TBDTs that work with SusD proteins in part contributes
to features of the barrel that allow for dimerization. Further char-
acterization of these TBDTs will help to elucidate the mechanism of

dimer complex formation.

PF07660 - STN = (BEISTISINGE) g PF07715 - Plug

PF07715 - Plug PF00593 - Barrel 12 sequences

90 sequences

AR o E 2 unique structures*

PF00593 - Barrel 19 sequences

() (d)

N-terminal Extension TBDT
79 with SusD protein

Signal Transduction TBDT
18 with SusD protein

Periplasm

Cytoplasm

11 without SusD protein 1 without SusD protein

Periplasm

Cytoplasm

6 | N-TERMINAL EXTENSION TBDT

Of the 121 likely TBDTs identified in B. theta, the remaining 109 TBDTs
not classified as classical TBDT are predicted to include a PF13715:
carboxypeptidase D regulatory-like domain in addition to the barrel
and plug domain. This domain is found N-terminal to the plug domain
and the TonB box and is, therefore, often referred to as an N-terminal
extension (orange in Figure 2a,c). This domain, also annotated as a
DUF4480 domain, is found in the well-characterized TBDTs from
B. theta including SusC and BT1763 (Glenwright et al., 2017). Despite
the prevalence of the N-terminal extension domain, the function of
this domain is unknown. Recent characterization of the BT1763 trans-
porter showed that this domain is essential for proper function of the
transporter as B. theta is not able to grow on the cognate substrate
levan when this domain is removed from BT1763 (Gray et al., 2021).
Structural characterization of this domain revealed a small, well-
structured Ig-like fold (Gray et al., 2021). It has been hypothesized that
this domain might be important for TBDT pairing to TonB. This is an
appealing proposal as the TonB box of the TBDTs is found between
the plug domain and this PF13715 domain, putting the PF13715 do-

main in optimal position for interacting with TonB or the ExbBD inner
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membrane complex (Figure 2a,c). Additionally, B. theta encodes at least
10 TonB homologs and the specificity of interactions between specific
TBDTs and TonB homologs is not known (Bolam & van den Berg, 2018;
Xu, 2003). Interestingly, two TonB homologs, BT3192 and BT4460,
are predicted to contain PF13715 domains in addition to the TonB do-
main further suggesting that this domain may play a role in TBDT-TonB
pairing.

There are 90 of the 121 predicted TBDT composed of just the
PF13715-CarboxypepD_reg-like, PFO7715- plug, and PF00593-
TonB-dependent receptor domains (Figure 2a,c). Due to the lack of
functional characterization of this domain we have termed trans-
porters with this domain architecture as N-terminal extension (NTE)
TBDT. As previously noted, BT2260, BT2264, and BT2268 repre-
sented a special case where BT2260 and BT2264 may gain the NTE
domain from the bt2268 gene through recombination although this
has not been experimentally confirmed.

This domain architecture is found in transporters associated with
PUL as well as TBDTs not predicted to be found within PUL including
a transporter likely to be involved in ferric iron transport (BT0150)
and one predicted to be involved in B12 transport (BT1799) (Table 1).
Like the classical TBDTs, there is a large size distribution among the
TBDTs that include an NTE, though TBDTs that are not encoded
within a PUL (i.e., without a downstream susD gene) are shorter in
length (Table 1). TBDTs not associated with PUL are 700-953 amino
acids long while TBDTs predicted within PUL are 938-1120 amino
acids long (Table 1, Supplementary Table 1). As suggested for the
classical TBDT, substrate complexity seems to be associated with
TBDT amino acid length.

Interestingly, three NTE TBDTs associated with PUL are not as-
sociated with a SusD protein. Two of these proteins, BT3016 and
BT3633, are at least 40 amino acids smaller than all other PUL-
associated TBDT and are slightly smaller than the largest non-PUL
TBDTs. Both transporters are associated with PUL that lack pre-
dicted carbohydrate-active enzymes suggesting that they may have
a novel function including the potential ability of BT3016/3633 to
capture substrates without a SusD protein. Alternatively, a third
PUL-associated TBDT without an associated SusD protein, BT4168,
is very large at 1,050 amino acids and is predicted to target the com-
plex glycan rhamnogalacturonan I. Further characterization of these
three unique transporters will shed light on if these PUL-associated
TBDTs can indeed function without a SusD protein and how this ac-
tivity may be related to TBDT length.

7 | SIGNAL TRANSDUCTION TBDT

The final 19 TBDT found in B. theta share a similar domain archi-
tecture with the NTE TBDTs but contain an additional N-terminal
domain, PFO7660-Secretin and TonB N-terminus short domain
(Figure 2a,d). This domain is often referred to as a STN domain
(Secretin and TonB N-terminus domain) and has also been referred

to as an N-terminal extension because it is always found N-terminal

to the TonB box. This domain has been characterized in several
TBDT outside of the Bacteroidetes including E. coli FecA, Serratia
marcescens HasR, and Pseudomonas aeruginosa FoxA. In B. theta, this
domain is always found N-terminal to a PF13715 domain although
this has not been the case for the transporters characterized from
other organisms. This domain in the Pseudomonas aeruginosa TBDT
FoxA is well characterized and removal of this domain did not im-
pact FoxA-TonB binding (Josts et al., 2019). The structures of the
STN domain of FoxA, FecA, and HasR have shown this to be a small
globular domain made up of two a-helices and five p-sheets (Garcia-
Herrero & Vogel, 2005; Josts et al., 2019; Malki et al., 2014). Further
characterization is needed to confirm conservation of this struc-
ture in the Bacteroidetes. As noted previously, three STN TBDT,
BT1040, BT1042, and BT1046, represent a special case where both
the PFO7660 (STN) and PF13715 (NTE) domains are seen only in
the bt1042 gene in the deposited genome sequence but can be ap-
pended on either the bt1040 or bt1046 genes through recombina-
tion (Porter et al., 2020). This is thought to be a novel feature of this
PUL, but further study is needed to fully understand the affect of
recombination on the movement of these domains and could expand
this category of TBDTs.

The STN domain has been shown to function as a signaling
domain important for interaction between the TBDT and the as-
sociated anti-sigma factor involved in transcriptional regulation of
the transporter as shown in Figure 2d (Malki et al., 2014). Because
of this role in signaling we have termed this group of transporters
Signal Transduction TBDT. This function has been confirmed in
five of these 19 B. theta TBDTs through a yeast two-hybrid screen
that confirmed interaction between the STN domain and the
transporter's associated anti-sigma factor (Martens et al., 2009b).
Interestingly, despite this signaling domain being found in trans-
porters with a wide range of substrates in other bacteria, in B. theta
the Signal Transduction TBDT are found only within predicted
PUL. Fourteen of the 19 PUL containing Signal Transduction TBDT
are predicted to target host glycans and the remaining five do not
have predicted substrates. Transporters with predicted substrates
include BT0754 which has been characterized to target sulfated
host glycans, and BT1040, BT1042, BT1046, and BT4404 which
target complex N-glycans (Benjdia et al., 2011; Briliaté et al., 2019).
Additionally, BT4357 and BT4634 are transcriptionally activated
in the presence of O-glycans and glycosaminoglycans (Pudlo
et al., 2015). Host-glycan-associated PUL are generally repressed
in the presence of other polysaccharides and this unique interac-
tion between the STN domain of the TBDT and anti-sigma factor
may contribute to this important level of transcriptional regulation
in B. theta (Pudlo et al., 2015; Rogers et al., 2013). Strikingly, despite
the complex nature of host glycans, one Signal Transduction TBDT,
BT2172, within a predicted host-glycan-targeting PUL is not asso-
ciated with a SusD protein and is 200 amino acids shorter than all
other Signal Transduction TBDT. This PUL displays a unique gene
arrangement in addition to the lack of a SusD protein and may rep-

resent a novel functioning PUL and TBDT.
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8 | ROLE OF THE SusD PROTEINS IN
BACTEROIDETES

About 101 of the TBDTs in B. theta are encoded as part of a TBDT-
susD pair, which is a key genetic marker for the identification of the
Bacteroidetes PUL (Terrapon et al., 2015; Xu et al., 2007). The SusD
protein encoded within the starch utilization system locus of B. theta
was the first in this protein family to be functionally characterized
and validated as binding starch (Koropatkin et al., 2008; Shipman
et al., 2000). Early work on the B. theta Sus provided direct evidence
of an interaction between the SusC and SusD proteins, which has
been validated in the recent crystal structures from homologous
systems such as the levan BT1763/2 and the peptide-targeting
BT2264/3 complexes (Glenwright et al., 2017; Gray et al., 2021,
Madej et al., 2020; Shipman et al., 2000).

It is noteworthy here that unlike the TBDTs that are ubiqui-
tous across Gram-negative Bacteria, SusD proteins have not been
characterized or described outside of the context of Bacteroidetes
PUL. Bioinformatically, the SusD proteins are identified within
four Pfams (Figure 3) (El-Gebali et al., 2019). The two largest fam-
ilies as of September 2020 are PF07980: SusD_RagB with 19,002

sequences and PF14322: SusD-like_3 with 18,457 sequences.
There are 29 different contexts in which the SusD_RagB family has
been reported within the Pfam database, though the majority of
the sequences (17,935) are annotated as having the C-terminal half
(~200-250 amino acids) falling within the SusD_RagB family and the
N-terminal portion of the sequence belonging to the SusD-like_3
family (Figure 3a). Related to these families are PF12741: SusD-like
and PF12771: SusD-like_2, which have significantly fewer family
members. The predominant architectures that SusD-related Pfam
proteins have been assigned is displayed in Figure 3a, along with
the current number of sequences as reported by the Pfam database
(analysis performed September 2020) (EI-Gebali et al., 2019).
Currently, 43 unique protein structures have been reported in
the PDB that fall within one of the four Pfam SusD groupings and are
validated or likely to be SusD proteins in Bacteroidetes. Regardless
of their membership within discrete Pfams, all of these proteins
share distinct architectural features. SusD proteins are typically
450-650 amino acids and contain eight tetratricopeptide repeat
(TPR) domains that form a right-handed superhelix that scaffolds the
rest of the structure (Figure 3b) (Bolam & Koropatkin, 2012). These

TPR domains dominate the N-terminus of the structure while the
Total from Pfam/PDB  Total in B. theta

2 sequences
1 unique structure

546 sequences 11 sequences

FIGURE 3 Pfam architectures and
structure for SusD proteins. (a) Dominant
architectures of proteins with the four
families for SusD within the Pfam 33.1
database (https://pfam.xfam.org/). (b)
Representative SusD_RagB Pfam member
B. theta SusD (551 residues, PDB 3CK?9).
Bound maltoheptaose is displayed in
blue and red sticks. (c) Overlay of B. theta
SusD (551 residues, PDB 3CK9, gray,
maltoheptaose as blue and red sticks)
with B. theta BT1762 (570 residues, PDB
5LX8, black, fructooligosaccharide as
yellow and red sticks) (d) Close-up of

the glycan-binding pockets of SusD and
BT1762 from panel C to better highlight
the conservation of binding site location
(e). Two representative members of the
SusD-like_2 Pfam, a metagenomic SusD
homolog (560 residues, PDB 6DK2, pink)
and B. theta BT2263 (480 residues, PDB
5FQ4, yellow). (f) Three representative
proteins of the architecture SusD-like 3/
SusD_RagB Pfam, B. theta BT4246 (642
residues, PDB 5CKO, green), B. theta
BT1762 (570 residues, PDB 5LX8, black),
B. theta BT1439 (493 residues, PDB 3SNX,
purple) (g) Representative of the SusD-
like Pfam, B. theta BT3984 (537 residues,
PDB 3CGH). Note that panels C,E,F,

and G display the proteins in the same
orientation as SusD from panel B

C))
T iqve svecure

10 unique structures

PF12771 SusD_like_2 3’10.6 sequences,
9 unique structures
PF14322 SusD_like_3 PF07980 SusD_RagB 17’93.5 sequences,
22 unique structures
1 unique structure
481 sequences

(d)

PF12771 SusD_like_2

(b) SusD_RagB

(e)

SusD-like_3/ &
SusD_RagB

4 unique structures

3 sequences
3 unique structures

84 sequences
6 unique structures

0 sequences

2 sequences

0 sequences

SusD-like


https://pfam.xfam.org/
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3CK9
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3CK9
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5LX8
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=6DK2
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5FQ4
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5CK0
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5LX8
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3SNX
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3CGH
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C-terminal portion of the structure is more variable and houses the
ligand-binding region (Figure 3b,d). Thus far determined SusD struc-
tures complexed with ligand reveal conservation of the ligand-bind-
ing location (Figure 3b-d) (Glenwright et al., 2017; Gray et al., 2021;
Koropatkin et al., 2008; Larsbrink et al., 2016; Tamura et al., 2019;
Tauzin et al., 2016a). How the Pfam designation matches with the
presumed or known ligand preferences of the protein is unknown
and beyond the scope of this review. Even within the largest SusD
sequence subtype (SusD-like_3/SusD-RagB architecture) in B. theta,
the length of the protein varies substantially, with determined crys-
tal structures deviating by ~ 150 amino acids and most of this vari-
ation is ascribed to the C-terminal portion and not the TPR domains
(Figure 3f). Moreover, within this SusD type in B. theta the target
glycans include both host and dietary polysaccharides, and the
precise features of these glycans recognized by the SusD are not
known. From a structural perspective, there are no obvious differ-
ences in functional domains appended to or within the structures
of currently determined SusD structures. For all thus far, the pre-
dicted ligand-binding face of these proteins resides opposite of the
TPR domains and is the most variable portion of these structures
(Figure 3b-g). A list of the SusD proteins from B. theta with deter-
mined structures is summarized in Table 2 and underscores that thus
far we cannot link presumed substrate to SusD Pfam type.

Three recent structures of SusC/D transporters have revealed
that the SusD protein sits like a lid over the TBDT, with its li-
gand-binding face toward the barrelinterior (Figure 1c) (Glenwright
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etal., 2017; Gray et al., 2021; Madej et al., 2020). An extensive net-
work of hydrogen-bonding interactions covering an interface area
of ~3,800 A? stabilizes this complex. During the transport cycle,
the SusD lid is predicted to open and shut over the SusC TBDT in a
pedal bin mechanism that is well supported both by the structure
and molecular dynamics simulations of this interaction (Glenwright
et al., 2017; Gray et al., 2021). In many studies, the binding affinity
of the isolated SusD for its target glycan is relatively weak (i.e.,
Ky~ 1074 -10° M) (Koropatkin et al., 2008; Tamura et al., 2019;
Tauzin et al., 2016a). It is likely that synergy between the TBDT
and SusD during the transport cycle enhances binding affinity, as
the recent structure of the TBDT-SusD transporter for $2,6-fruc-
tans demonstrates that substrate binding spans both proteins
(Gray et al., 2021). In several studies of Bacteroides PUL that target
polysaccharide, a knockout of the susD gene eliminates growth on
the target glycan (Cho & Salyers, 2001; Koropatkin et al., 2008;
Sonnenburg et al., 2010; Tamura et al., 2019; Tauzin et al., 2016a,
2016b). However, in some cases replacement of the wild-type susD
allele with a site-directed mutant that cannot bind the target gly-
can restores growth on the polysaccharide (Cameron et al., 2014;
Tauzin et al., 2016b). Moreover, a recent investigation of the PUL
from Bacteroides uniformis that targets 1,3 glucans demonstrated
that the isolated SusD protein does not bind glycan (Déjean et al.,
2020). However, deliberate mutation of the susD gene to abol-
ish protein binding to glycan eliminates cell growth on the target
glycan in some instances, as seen with the p2,6 fructan PUL of

TABLE 2 B.theta SusD crystal structures reported in the PDB (September 2020)

Locus tag Substrate® Pfam architecture # amino acids  PDB" Reference®

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 (Briliaté 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 3IVO0 (Cartmell et al., 2018)

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

Most substrate predictions are derived from the Martens, 2008 and the Martens, Lowe 2011 studies demonstrating transcriptional activation of the
susD genes during B. theta growth on different substrates (Martens et al., 2008, 2011). In some instances, substrate binding was pursued in further

studies, as listed under References. This information is also summarized in PULDB (http://www.cazy.org/PULDB/) (Terrapon et al., 2018).

PA single PDB accession is given as an example for each structure. In some cases, more than structure was obtained of the protein.

‘Listed references include structure or functional studies of individual proteins or PUL.


http://www.cazy.org/PULDB/
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B. theta (Gray et al., 2021) and the mixed linkage p-glucan PUL of B.
ovatus (Tamura et al., 2019). Together, these data support a critical
role for the SusD protein as part of the import cycle. A notable
exception is the NanOU TBDT and SusD complex that targets si-
alic acid in Bacteroides fragilis and Tannerella forsythia (Phansopa
et al., 2014). When expressed in E. coli, the NanOU complex could
complement a deficiency in sialic acid uptake in a TonB-dependent
manner. Here, sialic acid uptake occurred when only the TBDT
NanO was expressed, though uptake was maximally efficient
when expressed with the SusD homolog NanU.

How the size range of the different SusD proteins influences po-
tential interactions with its cognate TBDT is unknown. Unlike the
TBDTs that are appended with individual discrete domains, the SusD
size differences cannot be readily attributed to distinct features. The
43 unique SusD structures we report here range in size from 441 to
626 amino acids (Figure 3, Table 2), and the size difference appears

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

9 | CONCLUSIONS AND PERSPECTIVES

Characterization of TonB-dependent transporters and their cognate
SusD lipoproteins is essential for fully understanding nutrient utili-
zation by the Bacteroidetes. This is especially important for under-
standing glycan foraging by these bacteria in the human gut, oral
cavity, and environment as this is how these bacteria establish their
niche in these ecosystems. In this review, we present three different
domain structures of TBDTs within the model human gut symbiont
Bacteroides thetaiotaomicron and explore the cognate SusD lipopro-
teins associated with these proteins to better understand the diver-
sity of these transporters.

There are many questions that remain about the function of the
TBDTs within the Bacteroidetes, and several were laid out in detail
within the excellent review by Bolam and van den Berg (2018), and
therefore, we will not expand upon these here. This included the
role of the dimerization for the PUL-encoded TBDTs that function
with a SusD protein, how glycan binding is mediated between the
TBDT plug domain and SusD protein, and the specific role of the
PF13715 N-terminal extension (NTE). Here, we delineate another
“flavor” of SusC/D protein pairs that includes not only the NTE, but
also the signal transduction domain, which provides another mech-
anism for control over the function of the transporter. Additionally,
we note that further investigation is needed to confirm the role
of functional shufflons in altering the domains associated with
these transporters as seen in the BT1032-BT1053 locus (Porter
et al., 2020).

One aspect of PUL architecture that we did not review is the
fact that some include more than one predicted TBDT/SusD pair.
Some of these are predicted based upon putative operon structure,
but for others many of the individual proteins encoded within the
PUL have been functionally characterized including those that tar-
get arabinogalactan, complex N-glycans, and rhamnogalacturonan Il
(Briliaté et al., 2019; Martens et al., 2011; Ndeh et al., 2017). TBDT/

SusD pairs may be co-regulated within the same contiguous PUL
(Luis et al., 2018), but other PUL genes are co-regulated despite sep-
aration within the genome (Briliaté et al., 2019; Ndeh et al., 2020).
What is unknown is if SusD proteins can pair with other TBDT pro-
teins within the same PUL, besides the one that is encoded immedi-
ately upstream of the susD gene. Based on the large protein-protein
interface between the TBDT/SusD proteins, non-cognate pairing
seems unlikely, but has not been explored. Moreover, it is not known
whether heterodimers could potentially form from TBDTs encoded
within the same PUL.

Moving forward, an unexplored area of TBDT function in the
Bacteroidetes is how the transporters pair with the TonB/ExbB/
ExbD inner membrane complex. B. theta has ~10 TonB homologs en-
coded within its genome and similar numbers are found in other se-
quenced human gut species (Bolam & van den Berg, 2018; Xu, 2003).
Whether there is discrete pairing between these TBDTs and TonBs,
redundant pairing, or some combination of specific and redundant
pairing is unknown. The unique sequences, structures, and mecha-
nisms of the Bacteroidetes TBDTs represent a novel type of TonB-
dependent transporter and further characterization will elucidate

how these transporters contribute to nutrient uptake.
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