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Abstract: ABC transporters are a large family of proteins that mediate the export or import
of a variety of molecules, including capsular polysaccharides. The capsules are an important
virulence factor that protect bacteria from host immune system attacks, antibiotics, and
physicochemical changes in their environment. In some Gram-negative pathogenic bacteria,
ABC transporter-dependent systems facilitate the export of capsular polysaccharides. These
transport systems are composed of three parts: the ABC transporter and the polysaccharide
co-polymerase protein in the inner membrane and the outer membrane polysaccharide
export protein in the outer membrane. The glycolipid anchor of the capsular polysaccharide
binds to a pocket between the two subunits of the ABC transporter transmembrane domain.
The three parts of the ABC transporter-dependent system form a tunnel, through which
the capsular polysaccharide is exported using energy from ATP hydrolysis. Knowledge of
the ABC transporter-dependent system and its function is incomplete, requiring further
research to better understand the processes of capsular polysaccharide export. This may
also allow, in the future, to develop new molecules that inhibit capsular polysaccharide
export, which would help the host immune system fight Gram-negative pathogenic bacteria
coated with capsular polysaccharides. This review presents the latest findings on ABC
transporter-dependent systems that export capsular polysaccharides in Gram-negative
pathogenic bacteria.
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1. Antibiotic-Resistant Bacteria and Their Virulence Factors

Antibiotic-resistant bacteria are a major public health problem. The World Health
Organization (WHO) estimates that in 2019, six million people died from infections caused
by these bacteria [1]. Since 2017, WHO has published a list of priority bacteria to guide
the research for new ways to fight these resistant pathogenic bacteria. The list, updated in
2024, includes eight Gram-negative and four Gram-positive bacteria or families of bacteria
that cause epidemics, are difficult to treat, and are costly for the global health system [1]
(Table 1).

To infect an organism, a bacterium has a toolkit that allows it to enter the host, attach to
it, protect itself from the host’s immune system, and spread from one organism to another.
These tools are virulence factors that can be transmitted between bacteria in two ways:
either by vertical transfer, a binary division of mother bacteria to daughter bacteria, or by
horizontal transfer, where genetic material is transferred to another bacterium either by
conjugation, transformation, transduction, or released into the environment upon bacterial
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death and taken up by other naturally competent bacteria, such as those of the Neisseria
group or Haemophilus influenzae. This genetic material itself encodes the virulence factors
that the bacteria will express to their advantage [2,3].

Virulence factors can be toxins produced by bacteria [4], adhesins that allow the
attachment of bacteria to host cells [5], locomotion systems such as flagella [6], or proteins
that “steal” nutrients from the host [7,8]. Another virulence factor, and the focus of this
review, is the capsule composed of capsular polysaccharides [5,7,9,10].

Table 1. WHO list of bacteria to be studied as a priority to fight their resistance to antibiotics [1].

Importance Bacterium Gram Presence of a Capsule Capsular Transporter
Acinetobacter baumannii - Yes [11] Wzx/Wzy-dependent system
Critical Enterobacteria - Species dependent Wzx/Wzy-dependent system + ABC
transporter-dependent system
Mycobacterium tuberculosis + Yes [12] N/A
Salmonella;;}ie}:izca serovar - Yes [13] ABC transporter-dependent system
Shigella spp. - Species dependent Wzx/Wzy-dependent system
Hich Enterococcus faecium + No N/A
& Pseudomonas aeruginosa — No N/A
Non-typhoidal Salmonella — Yes [14] Wzx/Wzy-dependent system
Neisseria gonorrhoeae — No N/A
Staphylococcus aureus + Yes [15] N/A
Group A Streptococci + Yes [16] N/A
Medi Streptococcus pneumoniae + Yes [17] N/A
edum Huaemophilus influenzae - Yes [9] ABC transporter-dependent system
Group B Streptococci + Yes [18] N/A

N/A: not applicable.

2. Gram-Negative Bacterial Capsule

A capsule is the external envelope of a bacterium. In 3% of bacteria, such as Bacillus
anthracis, it is protein-based; while in 97% of bacteria, such as Escherichia coli (E. coli)
and Neisseria meningitidis, it is composed of polysaccharides [19] (Figure 1). In Gram-
negative bacteria, capsular polysaccharides are anchored to the outer membrane by a

glycolipid anchor.
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Lipopolysaccharide
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o 0000 o 0000 o 0000 o 0000
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Figure 1. Schematic representation of the cell envelope of a Gram-negative bacterium. Distinct
membrane protein complexes (gray, lilac, purple, and red ovals) are embedded in the outer (OM) and
inner (IM) membranes, which play a role in capsular polysaccharide export. These proteins are aided
by regulatory and scaffolding soluble periplasmic proteins (green circles). The presence of pili is
depicted by blue rounded rectangles terminating in blue lines. In the OM, chains of polysaccharides
(multi-colored circles) are anchored by a lipid anchor (black line) forming a lipopolysaccharide.
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Capsular polysaccharides are homopolymers or heteropolymers of negatively charged
polysaccharides whose export is carried out either by an ABC (ATP-Binding Cassette)
transporter-dependent system, a Wzx/Wzy-dependent system, or a synthase-dependent
system [20,21]. The composition and structure of capsular polysaccharides are highly
diverse. In E. coli, the capsule, visible by electron microscopy, measures between 100 and
400 nm in thickness, with capsular polysaccharides composed of more than 200 saccharide
units [22,23]. In pathogenic strains of Neisseria meningitidis, capsular polysaccharides are
composed of 130-200 repeating units of amino sugars, sialic acid, glucose, and galactose
with an alpha linkage [24,25]. Capsular polysaccharides are exported to the outside of the
bacteria to form an additional outer layer of protection for the bacteria. All these capsular
polysaccharides are virulence factors that help pathogenic bacteria infect a host and protect
themselves from its immune system.

2.1. Gram-Negative Pathogenic Bacteria with Capsular Polysaccharides as a Virulence Factor

Capsular polysaccharides are found in Gram-negative pathogens such as E. coli or
Neisseria meningitidis but also in Gram-positive pathogens such as Staphylococcus aureus
or Streptococcus pneumoniae [20,26]. They act as virulence factors for several pathogenic
bacteria and allow them to survive in different conditions [21,27]. This is the case for Neis-
seria meningitidis, Haemophilus influenzae, Salmonella enterica serovar Typhi, or Campylobacter
jejuni, which can express a capsule exported by the ABC transporter-dependent system
(Table 1) [28-32]. These pathogenic bacteria are the most extensively studied capsule
bacteria and are responsible for a number of diseases in both humans and livestock. En-
capsulated E. coli strains cause blood infections, pyelonephritis, or meningitis [33]. Strains
of Neisseria meningitidis can cause meningitis or septicemia [24]. Strains of Haemophilus
influenzae cause respiratory diseases such as pneumonia, of which the encapsulated form is
the most virulent [31]. Salmonella enterica serovar Typhi strains are enterobacteria that cause
typhoid fever [13]. Strains of Campylobacter jejuni cause bacterial diarrhea with sequelae
such as Guillain-Barré syndrome, inflammatory bowel disease, reactive arthritis, or irritable
bowel syndrome [34]. Pasteurella multocida strains cause many diseases in animals (birds,
dogs, cats, cattle, equines) such as chicken cholera, pasteurellosis, pneumonia, atrophic
rhinitis, meningitis, and hemorrhagic septicemia. They can be transmitted to humans by
bites or scratches [35,36].

2.2. Different Types of Capsular Polysaccharides in Gram-Negative Bacteria

E. coli has over 80 different serogroups [37]. These serogroups have allowed for
distinguishing four different categories of capsular polysaccharides according to their
chemical composition, their biosynthetic systems, and their export system, which can
be the Wzx/Wzy-dependent system or the ABC transporter-dependent system (Table 2).
These four groups are also present in other Gram-negative bacteria.

Group 1 capsular polysaccharides are composed of acidic polysaccharides containing
uronic acids and are exported by a Wzx/Wzy-dependent system [38].

Group 2 capsular polysaccharides are linked to the cell via an «-glycerophosphatidic
acid residue and, in some bacteria such as E. coli serogroup K1 or Neisseria meningitidis,
3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) provides a linker between the lipid and the
reducing end of the polysaccharide [37]. Several group 2 capsular polysaccharides resemble
vertebrate glycoconjugates, which prevents the vertebrate immune system from recogniz-
ing the capsular polysaccharides of bacteria and therefore eliminates them [38]. Group
2 capsular polysaccharides are exported by the ABC transporter-dependent system.
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Table 2. Structure examples for each capsular polysaccharide group.

Groups E. coli Serotypes Polysaccharide Structures Capsular Transporter
-4)-a-Glc-(1-4)- a-GlcA-(1-3)- a-Fuc-(1
Group 1 K27 3 Wzx/Wzy-dependent system
a-GaI-(l—]
-8)-a-Neu5Ac- (2

Group 2 K1 j/ ° ABC transporter-dependent system

Ac-O

a-CoI-(l—I

3

Group 3 K10 ‘3)‘3‘G|CNAC‘(1‘4)‘G‘Géc‘(l“‘)‘q‘Ga"(l ABC transporter-dependent system

a—CoI—(l—I

-3)-a-Rha-(1-3)-B-Qui4NMal-(1

Group 4 0111 ¢ Wzx/Wzy-dependent system

Ac-OJ

Glc: glucose, GlcA: glucuronic acid, Fuc: fucose, Gal: galactose, Neu5Ac: N-acetylneuraminic acid, Ac:
acetyl group, Rha: rhamnose, Qui4NMal: 4-(2-carboxyacetamido)-4,6-dideoxyglucose, Col: colitose (3,6-
dideoxygalactose), and GlcNAc: N-acetylglucosamine.

Group 3 capsular polysaccharides are similarly linked to the cell via an x-glycerophos-
phatidic acid residue, with Kdo as a linker, and are also exported by an ABC transporter-
dependent system [37]. However, group 3 capsular polysaccharides differ from group 2
in the regulation of their expression and the organization of the genes involved in their
biosynthesis and export [38].

Group 4 capsular polysaccharides are O-antigen capsules not bound to the outer
membrane. Its polysaccharides contain acetamido sugars and are exported by a Wzx/Wzy-
dependent system [38].

Capsular polysaccharides can be modified, for example, by the incorporation of sialic
acids to mimic antigens on the surface of host cells. This chemical modification allows
Gram-negative pathogens to become less visible to the host cell’s immune system [2,39].

2.3. Why Target the Capsular Polysaccharides in the Fight Against Antibiotic-Resistant
Gram-Negative Pathogenic Bacteria?

Capsular polysaccharides enable bacteria to survive in different environments through
bacterial adhesion, resistance to the immune system, adaptation to different physicochemi-
cal conditions, and resistance to antibiotics [21,27].

In the case of bacterial adhesion, capsular polysaccharides can have two roles [26].
The first is to allow the formation of biofilms because the excessive production of capsular
polysaccharides allows bacteria to attach to each other, which initiates the formation
of the biofilm [40,41]. The second is to allow bacteria to leave the biofilm by making
capsular polysaccharides that disrupt contacts between bacteria in order to colonize other
environments [26,42,43]. Both mechanisms and their regulation are not well understood.

In the case of resistance to the host immune system, capsular polysaccharides can
mimic the antigenic composition of some host cells, hide surface antigens that can be
recognized by macrophages, or inhibit phagocytosis [24,26,44]. The best-known examples
are the capsular polysaccharides of Neisseria meningitidis serogroup B, which are structurally
identical to a component of the human NCAM (neuronal cell adhesion molecule), allowing
it to evade the host immune system. As a result, the immune response is particularly weak
against this type of Neisseria meningitidis, making it difficult to develop vaccines targeting
these capsular polysaccharides [2,39].

Capsular polysaccharides can protect bacteria from environmental changes such as
lower pH, increased temperatures, lower oxygen concentration, variations in osmotic
pressures, or desiccation [26,37]. Indeed, capsular polysaccharides form a hydrated layer
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around bacteria and maintain it in an aqueous environment [45]. In addition, the capsule
coats the bacteria and thus gives them better mechanical resistance [46].

In the case of antibiotic resistance, the negatively charged capsular polysaccharides
serve to protect the bacteria from the action of antibiotics by preventing chemical molecules
like antimicrobial peptides from coming into contact with the bacterial envelope [47,48].

Since capsular polysaccharides have specific chemical and structural compositions
depending on the bacterial strains, it is also interesting to develop vaccines against these
Gram-negative pathogenic bacteria to stimulate the immune system of the hosts [49].

2.4. Gene Organization, Expression, and Regulation of Groups 2 and 3 Capsular Polysaccharides in
Gram-Negative Bacteria

This section describes how the gene organization of Gram-negative antibiotic-resistant
pathogenic bacteria intervenes in the biosynthesis and export of groups 2 and 3 capsular
polysaccharides.

The gene organization is identical in all bacteria that express and export group 2
capsular polysaccharides. This gene cluster is divided into three regions corresponding to
proteins with specific functions [29,37,38,50-54] (Figure 2).

ABC transporter dependent system Biosynthesis of sugar units Auxilliary proteins
[ Region 1 or 3 ] [ Region 2 ] [ Region 1 or 3 ]
NBD TMD PCP OPX genel gene2 geneX B-Kdo B-Kdo

Figure 2. Gene organization involved in the biosynthesis, polymerization, and export of capsular
polysaccharides in Gram-negative pathogenic bacteria. This arrangement is maintained in all bacteria
from group 2 capsular polysaccharides. A first region encodes all ABC transporter-related proteins,
including the nucleotide-binding domains (NBDs), transmembrane domains (TMDs), polysaccharide
co-polymerase protein (PCP), and outer membrane polysaccharide export (OPX) protein. The second
cluster encodes proteins that are necessary for the biosynthesis of the saccharide units, while the
third region contains 3-Kdo-transferases, which catalyze the addition of 3-Kdo residues, key for
polysaccharide maturation.

Regions 1 and 3 of the gene cluster encode capsular polysaccharide export proteins
of the ABC transporter-dependent system and auxiliary proteins useful for this export,
such as capsular polysaccharide polymerization proteins [2,21,29,55,56]. These genes are
conserved between bacterial species that express group 2 capsular polysaccharides [27,53].

Region 2 groups together a variable number of genes that encode biosynthesizing
proteins of the saccharide units. The organization and number of these genes are specific to
the type of polysaccharide expressed.

The order of the regions may differ depending on the bacterial species. For example,
in species of the genus Neisseria, the regions are named A (capsule synthesis), B (capsule
export), and C (capsule translocation), and the order of the three regions appears to be
randomly distributed [57].

The organization of genes involved in the biosynthesis and export of group 3 cap-
sular polysaccharides is diverse [38]. Regions 1 and 3 of the gene cluster have a poorly
understood organization. Genes encoding the ABC transporter-dependent system and
auxiliary proteins have no specific organization and are mixed. Similar to group 2, region 2
comprises the necessary genes for the biosynthesis of saccharic units [38]. The organization
and amount of these genes are specific to each polysaccharide type.

Protein expression is thermoregulated for group 2 capsular polysaccharides [33,38].
Indeed, at 20 °C, proteins encoded by genes in regions 1 and 3 of the gene cluster are not
expressed in the bacterium [38,58]. Group 3 capsular polysaccharide proteins are expressed
regardless of temperature [38].



Polysaccharides 2025, 6, 38

6 of 19

2.5. Polymerization Steps of Groups 2 and 3 Capsular Polysaccharides in Gram-Negative Bacteria

Capsular polysaccharides of groups 2 and 3 are polymerized in the cytoplasm and
then exported across membranes by an ABC transporter-dependent system.

The proteins that polymerize the capsular polysaccharides have retained the same
functions; therefore, the polymerization process of capsular polysaccharides has been
determined in E. coli. The 3-Kdo-transferases are a subfamily of glycosyltransferases (GTs)
that play a key role in the polymerization of capsular polysaccharides. These enzymes
add a Kdo to a phosphatidylglycerol molecule [59]. For the polymerization, two 3-Kdo-
transferases are used [59-61] (Figure 3):

o  The first, KpsS, transfers a 3-Kdo residue to a phosphatidylglycerol molecule to form

a primer.

e  The second, KpsC, extends this primer, using one or more molecules of cytidine

5’-monophosphate-Kdo, which serves as the glycolipid anchor of the capsular polysac-
charide [61].

Phosphatidylglycerol B-Kdo O Sugars

CMP-

[ I [ I
CMP-

o
Q.
NMP/NDP
CMP o
CMP

NMP/NDP-@/®/® O

Figure 3. Schematic overview of the process of glycolipid anchor biosynthesis and subsequent
polymerization of a capsular polysaccharide. The process initiates with the KpsS (a -Kdo-
transferase) catalyzed modification of a membrane-embedded phosphatidylglycerol lipid (yellow
circle) by the addition of a 3-Kdo residue (yellow hexagon), followed by the sequential addition
of one or more (3-Kdo units by KpsC (a p-Kdo-transferase). This is the core of the glycolipid
anchor. Glycosyltransferases (GTs) then catalyze the addition of distinct sugar moieties (blue, or-
ange, and green circles), building the polysaccharide chain. The presence of nucleotide sugar
donors—CMP (cytidine 5'-monophosphate), NMP (Nucleoside Monophosphate), and NDP (Nucleo-
side Diphosphate)—highlights the energy-dependent nature of the process.

Subsequently, GTs add sugar residues to the non-reducing end of the capsular polysac-
charide [20,60,62].

For Salmonella enterica serovar Typhi, the beginning of the polymerization process,
which is partially solved, is different compared to other Gram-negative bacteria due to the
absence of KpsS and KpsC, 3-Kdo-transferases [63,64]. The glycolipid anchor is composed
of a diacyl N-acetylhexosamine molecule instead of a phosphatidylglycerol with Kdos.

3. Export Systems for Capsular Polysaccharides in Gram-Negative
Bacteria

Three systems exporting capsular polysaccharides can be found in Gram-negative bac-
teria: the Wzx/Wzy-dependent system, the synthase-dependent system, and the ABC
transporter-dependent system [65] (Figure 4). Some bacteria, such as E. coli, can ex-
press different capsular polysaccharide groups and therefore possess different export
systems [37,38].
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Figure 4. Schematic comparison of major polysaccharide export pathways in Gram-negative bacteria.
In each pathway, sugar residues are depicted as chains of colored circles (A-C) linked to a black
glycolipid anchor (A,C). The ABC transporter-dependent pathway (C) features a complex formed by
two transmembrane domain (TMD) proteins and two nucleotide-binding domain (NBD) proteins,
which actively transports fully assembled polysaccharides by the glycosyltransferase (GT) across the
IM. Transport across the periplasm and OM is enabled by a periplasmic polysaccharide co-polymerase
(PCP) and outer membrane polysaccharide export (OPX) proteins. In contrast, the Wzx/Wzy-
dependent pathway (A) involves a flippase (Wzx) and polymerase (Wzy) for polysaccharide chain
assembly followed by export. The synthase-dependent pathway (B) integrates GT and synthase-
mediated polymerization with OM export by a 3-barrel protein coupled to a tetratricopeptide repeat
(TPR) protein.

3.1. Wzx/Wzy-Dependent System

In groups 1 and 4 capsular polysaccharides, export is mediated by the Wzx/Wzy
transporter-dependent system. This system is composed of six proteins: a GT, a flippase
(Wzx), a polymerase (Wzy), a polysaccharide co-polymerase protein (PCP), and an outer
membrane polysaccharide export protein (OPX) (Figure 4A).

Gram-negative bacteria such as E. coli serotypes K27 or O111 use the Wzx/Wzy-
dependent system for polymerization of capsular polysaccharides and O-antigens in the
periplasm followed by their export from the periplasm to the outer membrane [66,67].
O-antigen polysaccharides will bind to the end of the lipopolysaccharide at the outer
membrane to protect bacteria from external attack, increase antibiotic resistance, evade the
immune system, and stabilize the outer membrane [64,68]. Capsular polysaccharides will
insert themselves into the outer membrane to fulfill their role as virulence factors [21,27].

The polymerization process of capsular polysaccharides and O-antigens occurs in the
cytoplasm and begins with a GT that links a sugar residue to a lipid [38]. The flippase Wzx
recognizes and transports this activated lipid into the periplasm. Then, the polymerase
Wzy adds sugar moieties to the reduced end of the activated lipid, turning it into a polysac-
charide. Then, Wzc, a PCP, verifies the length of this polysaccharide and exports it to the
outer membrane with the help of Wza, an OPX.

Present in many Gram-negative bacterial pathogens, this Wzx/Wzy transporter-
dependent system represents approximately 79% of capsular polysaccharide transporters
and is the most studied and best-understood system [19,68-71].

3.2. Synthase-Dependent System

Gram-negative bacteria, such as Pseudomonas aeruginosa, use the synthase-dependent
system to synthesize and export exopolysaccharides, such as cellulose and hyaluronic
acid, directly from the cytoplasm [72,73]. These polysaccharide homopolymers form a
biofilm that protects bacteria. The synthase-dependent system consists of a GT coupled to
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a translocase called synthase in the inner membrane and a tetratricopeptide repeat (TPR)
protein coupled to a (3-barrel exporter protein in the outer membrane (Figure 4B).

This synthase-dependent system represents approximately 10% of capsular polysac-
charide transporters in Gram-negative pathogenic bacteria [19]. These are the least known
and least studied capsular transporters [64].

3.3. ABC Transporter-Dependent System

In groups 2 and 3 capsular polysaccharides, export is performed using the ABC
transporter-dependent system [21]. This system is composed of four proteins: the
nucleotide-binding domain (NBD) and the transmembrane domain (TMD), which con-
stitute the ABC transporter, and the PCP and OPX that make up the ABC transporter-
dependent system (Figure 4C).

Gram-negative bacteria, such as Neisseria meningitidis or E. coli serotypes K1 or K10,
use the ABC transporter-dependent system for the export of capsular polysaccharides to
the outer membrane [66,74].

Unlike the Wzx/Wzy transporter-dependent system, polymerization of capsular
polysaccharides occurs in the cytoplasm, independently of the ABC transporter-dependent
system, with the help of a GT that adds sugar fragments to the glycolipid anchor. Then, the
ABC transporter-dependent system recognizes the capsular polysaccharide by a process
that is still poorly understood and exports it across the inner membrane [75]. Then, PCP
and OPX export the capsular polysaccharide through the periplasm and outer membrane
by a little-known process.

Present in Gram-negative pathogenic bacteria, this ABC transporter-dependent system
represents approximately 10% of capsular polysaccharide transporters [19].

The rest of the capsule transporters are from unknown systems that allow for the
export of proteins forming the protein capsules [19].

4. Export of Groups 2 and 3 Capsular Polysaccharides by ABC
Transporter-Dependent Systems in Gram-Negative Bacteria

4.1. The ABC Transporter and Its Dependent System

ABC transporters are a large family of proteins found in all living organisms [76,77].
They use the energy generated by the hydrolysis of adenosine triphosphate (ATP) to adeno-
sine diphosphate (ADP) to import or export molecules. The ABC transporter-dependent
system is composed of four proteins for capsular polysaccharides that span both membranes
of Gram-negative pathogenic bacteria [21,74]. The ABC transporter itself is composed of
two proteins: the NBD in the cytoplasm and the TMD in the inner membrane. The PCP,
which is in the periplasm, connects the OPX in the outer membrane to the ABC transporter.
The NBD hydrolyzes ATP to ADP while the TMD, PCP, and OPX form a channel that allows
capsular polysaccharides to cross the inner and outer bacterial membranes [62]. Then, the
capsular polysaccharide is inserted outside the outer membrane.

ABC transporter-dependent systems have been computationally predicted to have
similar functions and folds [62,66,78-80]. However, since the different proteins of the ABC
transporter-dependent systems share little amino acid sequence identity, they could have
different functions. For example, Kps (for Kapsel polysaccharide synthesis) proteins were
first detected in E. coli, and then homologous proteins were named similarly [54] (Table 3).
Others have a different name such as Ctr, for Neisseria meningitidis, which refers to the
capsule transporter [55,81].
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Table 3. Names of proteins in ABC transporter-dependent systems across different Gram-negative
pathogenic bacteria.

Bacterium ABC Transporter PCP orXx
Escherichia coli KpsM/KpsT KpsE KpsD

Neisseria meningitidis CtrC/CtrD CtrB CtrA
Haemophilus influenzae BexB/BexA BexC BexD
Salmonella enterica serovar Typhi VexB/VexC VexD VexA
Campylobacter jejuni KpsM/KpsT KpsE KpsD
Pasteurella multocida KpsM/KpsT KpsE KpsD

4.2. Structural Description of the ABC Transporter-Dependent System Proteins
4.2.1. NBD and TMD, the Two ABC Transporter Proteins

The ABC transporter superfamily shares a basic architecture that includes two homod-
imers of NBD and TMD.

NBDs share a common fold and similar functions. The NBD is divisible into two consti-
tutive domains: a central catalytic domain containing a Walker A motif (GXXGXGK(S/T)),
a Walker B motif (pddPD, where ¢ is a hydrophobic residue), a Q loop, and an H motif
(switch region); and a more structurally diverse x-helical domain containing the ABC
transporter signature motif (LSGGQ) [82].

TMDs that export polysaccharides share a similar folding (TM-score between 0.61
and 0.81) and similar functions. TMDs are specific to the exported molecule and form the
beginning of the export tunnel in the inner membrane [82].

In a recent study, Kuklewicz and Zimmer [75] expressed the ABC transporter-
dependent system of Caldimonas thermodepolymerans and the capsule of Pasteurella multocida
in an E. coli strain [75]. Then, in the presence of ATP, they were able to obtain three-
dimensional structures of the ABC transporter, KpsMT, of Caldimonas thermodepolymerans
(Figure 5).

A. Apo D. +Kdo-PG

KpsM

g R B
LIy L

Figure 5. Structural snapshots of the ABC transporter, KpsMT, in different ligand-bound states reveal
dynamic mechanistic transitions during the export cycle. (A) Apo form (PDB: 8TSW), (B) bound
to two ATP molecules (PDB: 8TSH), (C) post-hydrolysis with two ADP molecules (PDB: 8TSI) and
(D) bound to glycolipid anchor (+Kdo-PG) in two distinct orientations (PDBs: 8TUN and 8TT3). The
conformational space between the KpsT subunits (NBD, green cartoon) varies depending on the
nucleotide state, ATP (magenta spheres), or ADP (pink spheres), suggesting substrate-dependent
modulation of transporter dynamics. The glycolipid anchor (turquoise spheres) adopts distinct
orientations within the binding pocket of the KpsM subunit (TMD, red surface), indicating a flexible
substrate recognition mechanism.

In the absence of ATP and Pasteurella multocida capsular polysaccharides, the KpsMT
transmembrane channel is closed [75] (Figure 5A). Instead, KpsM subunits (TMD) form
a lipid-exposed pocket where the glycolipid anchor, a Kdo—phosphatidylglycerol lipid
molecule, can bind to and be recognized by KpsM.

In the presence of ATP, the two KpsT subunits (NBD) are closer (Figure 5B). Following
ATP hydrolysis in ADP, the space between the KpsM subunits on the periplasmic side
increases (Figure 5C). This alters the conformations of the KpsM subunits (TMD), which
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may cause the polysaccharide to move into the tunnel. Binding of the glycolipid anchor
between the two KpsT subunits (NBD) opens the tunnel.

In the presence of capsular polysaccharides from Pasteurella multocida, the glycol-
ipid anchor of capsular polysaccharide is fixed in the pocket of the KpsM subunit (TMD,
Figure 5D). Two structures with different orientations of the glycolipid anchor were ob-
tained. The first orientation shows that the glycolipid anchor can be inserted between the
KpsM subunits (TMD). The second orientation leads to greater space of the KpsM subunits
(TMD), thus forming a tunnel between these two KpsM subunits (TMD).

4.2.2. Polysaccharide Co-Polymerase Protein (PCP)

PCPs are a family of proteins that link a transporter in the internal membrane and the
OPX in the external membrane [23,38]. Three PCP subfamilies exist. They have a similar
folding but can have supplemental functions [66,83,84] (Figure 6).

PCP-2 Truncated PCP-3

Periplasm

Inner membrane

Cytoplasm

Figure 6. Cartoon representations of three classes of polysaccharide co-polymerase (PCP) proteins
illustrate structural diversity linked to their specific export pathways. PCP-1: WzzE from E. coli
(PDB: 6RBG; orange), PCP-2: Wzc from E. coli (PDB: 7NHR; green), and PCP-3: truncated KpsE from
Caldimonas thermodepolymerans (PDB: 8TSL; purple).

PCP-1 and PCP-2, both present in the Wzx/Wzy-dependent system, regulate polysac-
charide length, with PCP-2 containing a tyrosine kinase domain. PCP-3 is present in the
ABC transporter-dependent system, and its function is unknown.

PCPs share less than 10% amino acid sequence identity, but their three-dimensional
structures have similarities [66].

The most conserved structural features in the PCP family are two hydrophobic
a-helices anchored in the inner membrane, a large periplasmic domain made up of
an «/f3 domain at its base and a helical hairpin at its top (Figure 6). The level of
oligomerization depends on experimental conditions and varies between three and twelve
polypeptides [66,78,83,85,86].

In the cytoplasmic region, PCP-2 contains a tyrosine kinase domain that PCP-1 and
PCP-3 lack [66,78].

In the PCP-3 subfamily, the C-terminal helix can have different contacts with the inner
membrane. In KpsE from E. coli, the a-terminal helix lies in the periplasm on the outer part
of the inner membrane, whereas the same «-helix is anchored in the inner membrane in
CtrB from Neisseria meningitidis [84,87].

In the periplasm, 21 hydrophobic PCP amino acids are conserved in the «/f3 domain
and in the hairpin. The latter consists mainly of residues of leucine, alanine, isoleucine,
and glycine, which form a leucine zipper [88]. Figure 6 shows that PCP-1 and PCP-3
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share a common fold in the periplasmic domain, and the PCP-2 periplasmic domain is
compacted [89].

4.2.3. Outer Membrane Polysaccharide Export Protein (OPX)

OPX is a family of proteins found in the outer membrane of Gram-negative bacte-
ria [80]. These proteins allow capsular polysaccharides export by the ABC transporter-
dependent system across the outer membrane.

In the Protein Data Bank (PDB), the only OPX structure, including the transmembrane
domain, is Wza from E. coli (PDB code: 2J58), which is an acetylated lipoprotein [90]
(Figure 7). Wza forms a tunnel with eight polypeptides composed of o-helices and f3-
sheets. This tunnel is ~18 A in diameter and can accommodate large molecules such as
polysaccharide chains (Figure 7).

Outer membrane Domain 4

Periplasm
Domain 3

Domain 2

Domain 1

Figure 7. Side-view cartoon representation of the OPX protein Wza from E. coli (PDB: 2J58). In-
dividual domain organization (separated by black dotted lines) is critical for spanning the outer
membrane. The central polysaccharide translocation channel, shown as a gray surface, is essential for
capsule export.

Domain 1 of Wza forms a ring that is composed of an antiparallel 3-sandwich on the
inner part of the tunnel and «-helices on the outer face [91]. The bottom of the domain 1 ring
is blocked by eight loops.

Domains 2 and 3 are duplicated and form two rings containing a mixture of 3-sheets
and o-helices. The ring of domain 3 is larger than that of domain 2.

Domain 4 is anchored to the outer membrane by an amphipathic «-helix barrel [91].
The channel of domain 4 is blocked by eight loops that prevent the passage of unwanted
molecules from outside the cell into the periplasm.

In OPXs, very few amino acid residues are identical (approximately 1%). Despite the
low level of sequence identity, OPX structure predictions indicate that these proteins fold
in a similar manner [21,41,80,90,91]. Domains 1 and 2 of OPX contain the polysaccharide
export sequence (PES, Pfam: 02563) that defines the OPX family [92].

OPX proteins of the ABC transporter-dependent system can contain a C-terminal
Caps_synth_GfcC module (Pfam: PF06251) [66,80]. They are structurally similar to the
GfcC protein belonging to the Wzx/Wzy transporter-dependent system, which exports
group 4 capsular polysaccharides [80].
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5. Potential Mechanism of Capsular Polysaccharide Transport by the ABC
Transporter-Dependent System

According to the experiments of Kuklewicz and Zimmer [75], the export of capsular
polysaccharides by the ABC transporter-dependent system appears to begin with the
recognition of the glycolipid anchor by the TMD, followed by spontaneous binding of the
glycolipid anchor into the pocket of the TMD [75] (Figure 8). The two structures of the ABC
transporter with the glycolipid anchor (Figure 5) show the presence of two distinct binding
sites in the TMDs or a reorientation of the glycolipid anchor in the TMD pocket.

Recognition and binding ATP hydrolysis and
of the capsular Reorientation of ATP capsular polysaccharide
polysaccharide the lipid anchor binding export

oM

OPX

Periplasm

e (relers)

Cytoplasm o Nt %

Figure 8. Proposed mechanism of capsular polysaccharide export via the ABC transporter-dependent
system. Capsular polysaccharide secretion begins with the recognition of the glycolipid anchor by
the TMD (red ovals) within the IM. Reorientation of the glycolipid anchor could be enhanced by
ATP-driven NBD (green circles) closure, initiating proper transport. The adjacent orientation of the
TMD subunits forms a transmembrane channel through which the capsular polysaccharide (colored
circles with black lipid anchor) is pushed into the transmembrane-embedded region of the PCP
(purple oval). In turn, the presence of the capsular polysaccharide induces rearrangements in PCP
and OPX (lilac ovals) allowing passage across the periplasm and the OM.

ATP hydrolysis changes the conformation of the KpsM subunits, forming a tunnel [75].
This movement of KpsM subunits could allow the passage of capsular polysaccharide
sugars through the tunnel formed by the TMDs, PCP, and OPX [75] (Figure 8).

It is assumed that the glycolipid anchor would undergo translocation within the inner
membrane from its inner face to its outer face [75] (Figure 8). There is no information on
whether the glycolipid anchor is exported with or without the capsular polysaccharide.
However, the hypothesis of a cleavage of the lipid from the glycolipid anchor has been
put forward [75]. This would imply the existence of a process allowing the capsular
polysaccharide to be linked to a new lipid in the outer membrane.

6. Discussion

Antibiotic-resistant bacteria were responsible for six million deaths in 2019 [1]. To
reduce this number of deaths, the WHO published a list of antibiotic-resistant bacteria that
should be prioritized for research to develop new antibiotics. In this list, seven bacteria
or families of bacteria are Gram-negative [1]. To infect a host, these bacteria use many
virulence factors, including capsular polysaccharides [7].

Three transporter-dependent systems (Wzx/Wzy, synthase, and ABC transporter)
can export capsular polysaccharides. The Wzx/Wzy-dependent system biosynthesizes
capsular polysaccharides in the cytoplasm, exports them to the periplasm, then continues
the biosynthesis, and exports them to the outer membrane [64]. The synthase-dependent
system biosynthesizes capsular polysaccharides in the cytoplasm and simultaneously
exports them to the outer membrane. The ABC transporter-dependent system exports to
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the outer membrane only those capsular polysaccharides that have been biosynthesized in
the cytoplasm by an independent GT.

The ABC transporter-dependent system is composed of four types of proteins: an
NBD and a TMD of the ABC transporter, a PCP-3, and an OPX [64]. This complex allows
capsular polysaccharides to cross the inner and outer membranes of bacteria using the
hydrolysis energy of ATP.

The structures of the inner membrane-anchored ABC transporter have been solved,
showing that the glycolipid anchor can spontaneously bind into the TMDs (Figure 5), and
the PCP-3 complex forms a cage around the TMDs [75].

Although the capsular polysaccharide export mechanism of the ABC transporter-
dependent system is not yet fully understood, Kuklewicz and Zimmer provide insight into
this mechanism [75] (Figure 8). For Wzm/Wzt (homologous ABC transporter secreting
O-antigen polysaccharides), present in the bacterium Aquifex aeolicus, recognition of O-
antigen polysaccharides is achieved by detecting the glycolipid anchor (composed of a
phosphatidylglycerol and a Kdo oligosaccharide) [93]. For the ABC transporter, KpsMT,
it is possible that this principle may apply. Indeed, Kuklewicz and Zimmer assume that
the glycolipid anchor, by binding to a TMD, would initiate the binding of the capsular
polysaccharide to the TMD and its export in the ABC transporter, and then, the hydrolysis
of ATP would modify the conformation of the ABC transporter to allow the export of
the capsular polysaccharide [75]. Furthermore, for this ABC transporter, due to a pseudo-
double symmetry, the glycolipid anchor appears to bind in one half of the TMD. Therefore, it
seems possible that two glycolipid anchors bind at the same time in both TMD subunits [75].
This could lead to the export of two capsular polysaccharides by an ABC transporter-
dependent system.

The truncated structure of octameric PCP-3 shows that it forms a cage around the ABC
transporter composed of hydrophobic «-helices embedded in the inner membrane [75].
This arrangement may create a continuous tunnel from the TMD to the OPX. There are
three subfamilies of PCP. The structure of PCP-3 is more similar to the structure of PCP-1,
but PCP-3 does not control the length of the capsular polysaccharide [66].

In the ABC transporter-dependent system, OPX can have two types of transmembrane
domains, either with an a-helix or a GfcC-like domain [80]. GfcC is a soluble ligand-binding
-protein and is expected to interact with the capsular polysaccharide [94]. The difference
in transmembrane domains could indicate that OPXs have different functions.

However, some parts of the mechanism of capsular polysaccharide export by the ABC
transporter-dependent system are still not understood:

e Is the glycolipid anchor exported with the capsular polysaccharide? Kuklewicz and
Zimmer hypothesize that the glycolipid anchor could be cleaved from the capsular
polysaccharides when the capsular polysaccharide is engaged in the tunnel [75].
Indeed, there is currently no evidence for lipid transport through the ABC transporter-
dependent system. This also implies that another glycolipid anchor would be available
in the outer membrane to bind with a capsular polysaccharide.

e How is the glycolipid anchor bound to the polysaccharide chain? The mechanism
by which the glycolipid anchor is covalently linked to the polysaccharide chain
has remained unclear in the context of capsule biosynthesis. A recent study by
Litschko et al. [95] begins to shed light on this process by identifying two transition
transferases (TTs; CpsA and CpsC) in Actinobacillus pleuropneumoniae that generate
a poly(glycerol-3-phosphate) linker between the conserved glycolipid anchor and
the polysaccharide chain. These TTs were also found to stimulate downstream poly-
merization, suggesting a coordinated mechanism together with GTs. These findings
support the idea that the glycolipid anchor could be an export signal and might be
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already associated with the ABC transporter-dependent system before the capsular
polysaccharide chain is extended. While homologs of TTs have been identified in other
bacterial genomes, it is still unclear whether this mechanism can be generalized.

e Do PCP and OPX have functions other than that of exporter? Depending on PCP and
OPX, this could be possible. Indeed, the C-terminal helix of PCP-3 does not interact
in the same way with the inner membrane in different bacterial species [84,87]. This
interaction could have an effect on the function of PCP-3. In addition, some OPXs
of the ABC transporter-dependent system may have a transmembrane domain that
replaces the a-helix [80]. Interaction of this domain with capsular polysaccharides
could modify the export process.

A better understanding of the ABC transporter-dependent system would allow the de-
velopment of capsular polysaccharide export inhibitors to combat Gram-negative bacterial
pathogens and to counter antibiotic resistance.

7. Future Perspectives

A deeper understanding of the ABC transporter-dependent system is currently limited
by the technical difficulties in expressing and purifying the entire multi-protein complex.
Overcoming these challenges requires innovative approaches and a combination of struc-
tural, biochemical, and computational tools. To overcome this problem, high-resolution
structural information can be directly obtained in cells using cryo-electron tomography,
which allows visualization of macromolecular complexes in their native environment as
well as dynamic information of the export process [75,96-98]. Complementary structural
techniques, such as cryo-electron microscopy and X-ray crystallography, particularly in the
presence of nucleotides or capsular polysaccharides, can provide static snapshots of distinct
conformational states of the ABC transporter-dependent system [75]. Super-Resolution Flu-
orescence Microscopy offers a powerful addition to the toolkit, enabling real-time tracking
of capsular polysaccharide dynamics and localization at a sub-cellular level [99]. These
techniques could help fill in the gaps left by static structural data.

Another difficulty in the study of bacterial capsules is related to their ability to express
in vitro. Factors such as nutrient availability, temperature, oxygen level, and growth phase
can affect the expression of capsular polysaccharides [15,100]. This variability makes it
challenging to determine capsular polysaccharides production and test drug candidates or
genetic modifications under laboratory conditions, although they can be detected by specific
bacteriophages to confirm capsular polysaccharides presence and accessibility [101].

Biophysics methods like native mass spectrometry or single-molecule FRET could
be used to study molecular interactions between the exporter and ligands as well as
conformational changes in the transporter complex in real time [102-104]. Development of
functional studies in proteoliposomes will allow a better understanding of mechanisms to
export polysaccharides but also to test small molecules developed to inhibit the export of
the capsular polysaccharides [105].

As only 10% of Gram-negative bacteria have the ABC transporter-dependent system,
detection of strains possessing the ABC transporter-dependent system is necessary to
avoid administering unnecessary medication to a patient [19]. On a translational level,
quick detection assays could be developed to assess if the host is contaminated with a
Gram-negative bacterium with this transporter. A proposed strategy involves a two-step
diagnostic pipeline: (1) a 16S ribosomal RNA detection-based assay that allows users to
know the bacterial species in less than an hour [106], followed by (2) serotype-specific
detection [107].

From a vaccine development perspective, synthetic, enzymatic, and chemo-enzymatic
polymer syntheses of capsule antigens, as well as glycoengineering, present promising
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avenues for glycoconjugate vaccine production, targeting both capsular polysaccharides
and OPXs [108-110]. In parallel, the availability of computational tools [19] to predict
capsule loci and types from genomic data will be a valuable tool for surveillance and typing
but also for informing serotype-specific therapeutic and preventive strategies.

In summary, while significant progress has been made in dissecting the structure and
function of ABC transporter-dependent systems, many details remain to be elucidated,
especially mechanistic. Advancing this field will require the integration of structural, func-
tional, and computational approaches, alongside improved in vitro models and targeted
diagnostic tools.
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