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Rhamnose-rich cell wall polysaccharides (Rha-CWPSs) have
emerged as crucial cell wall components of numerous Gram-
positive, ovoid-shaped bacteria—including streptococci,
enterococci, and lactococci—of which many are of clinical or
biotechnological importance. Rha-CWPS are composed of a
conserved polyrhamnose backbone with side-chain sub-
stituents of variable size and structure. Because these sub-
stituents contain phosphate groups, Rha-CWPS can also be
classified as polyanionic glycopolymers, similar to wall teichoic
acids, of which they appear to be functional homologs. Recent
advances have highlighted the critical role of these side-chain
substituents in bacterial cell growth and division, as well as
in specific interactions between bacteria and infecting bacte-
riophages or eukaryotic hosts. Here, we review the current state
of knowledge on the structure and biosynthesis of Rha-CWPS
in several ovoid-shaped bacterial species. We emphasize the
role played by multicomponent transmembrane glycosylation
systems in the addition of side-chain substituents of various
sizes as extracytoplasmic modifications of the polyrhamnose
backbone. We provide an overview of the contribution of Rha-
CWPS to cell wall architecture and biogenesis and discuss
current hypotheses regarding their importance in the cell di-
vision process. Finally, we sum up the critical roles that Rha-
CWPS can play as bacteriophage receptors or in escaping
host defenses, roles that are mediated mainly through their
side-chain substituents. From an applied perspective, increased
knowledge of Rha-CWPS can lead to advancements in strate-
gies for preventing phage infection of lactococci and strepto-
cocci in food fermentation and for combating pathogenic
streptococci and enterococci.

Bacteria living in complex ecological niches interact with a
wide range of other organisms, such as other bacterial mem-
bers of the local microbiota, bacteriophage predators, and
mammalian host cells. Many of these relationships are medi-
ated by glycan structures covering the bacterial surface, which
can interface with the outside world via glycan–protein or
glycan–glycan interactions (1, 2). There are several types of
glycans, which exhibit a high level of structural diversity. In
Gram-negative bacteria, outer membranes are typically rich in
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lipopolysaccharides, which are formed of a conserved lipid and
variable O-antigen polysaccharide chain (3). In both Gram-
positive and Gram-negative bacteria, capsular poly-
saccharides (CPS) form a thick outer layer around bacterial
cells, while exopolysaccharides are released in the surrounding
medium (4). Finally, in Gram-positive bacteria, wall teichoic
acids (WTAs) or cell wall polysaccharides (CWPSs) are
covalently anchored onto peptidoglycan and partly embedded
inside the peptidoglycan layer (5).

The protective Gram-positive cell wall comprises a thick
peptidoglycan sacculus, which maintains a bacterium’s shape
and resistance to internal turgor pressure and protects it
against external environmental threats (6). The peptidoglycan
meshwork is decorated with proteins and other glycopolymers.
WTA are commonly found in this setting and can represent up
to half the mass of the cell wall like in Bacillus subtilis (7).
WTA are anionic glycopolymers, of which the best-
characterized examples are made of alditol-phosphate mono-
mers (glycerol- or ribitol-phosphate), possibly including other
monosaccharides in their backbone chain and side-chain
substituents (mainly sugars and D-alanine). A wide range of
functions has been attributed to WTA, including regulation of
cell wall growth and morphology, biofilm formation, in-
teractions with bacteriophages, resistance to host cationic
antimicrobial peptides, and pathogenicity (7–9). However,
certain Gram-positive bacteria, mainly ovoid-shaped cocci
belonging to the genera Streptococcus, Enterococcus, or Lac-
tococcus, synthesize WTA in small amounts or not at all, and
most often lack WTA biosynthesis genes. Strikingly, these
bacteria instead produce a large amount of CWPS (up to 50%
of cell wall mass) that are characterized by a high content of
L-rhamnose (Rha), a 6-deoxyhexose commonly found in bac-
teria but not in humans (10). Different appellations are
encountered in the literature for these glycopolymers, such as
rhamnopolysaccharide, rhamnose polysaccharide, or, when
Glc is present in the backbone chain, rhamnose-glucose
polysaccharide (RGP). In this review, we will refer to them
as rhamnose-rich CWPS (Rha-CWPS).

Rha-CWPS were initially studied as group-specific poly-
saccharides (or C-substances) that enabled the serotype clas-
sification of streptococci (groups A to G, further extended to
V) referred to as Lancefield classification (11). These groups
encompass pathogenic species responsible for mild or severe
infections in human and animal as well as nonpathogenic
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species that are part of the commensal human microbiota or
widely used in food fermentation. Rha-CWPS share Rha as
their major monosaccharide component but differ in their
global composition (12). They were found to have a common
polyrhamnose core in group A Streptococcus (GAS) (Strepto-
coccus pyogenes), group C Streptococcus (GCS) (including
certain strains of Streptococcus dysgalactiae), and Strepto-
coccus mutans, with variation in monosaccharide or
Figure 1. Overview of the main Rha-CWPS structures available in strept
rhamnan backbone. Symbols * and # indicate the branching sites of side-chai
refer to the serotypes. B, schematic representation of side-chain substituents
labeled with the symbols * or # corresponding to the branching sites in Panel
which is linked to rhamnan in the final structure; except for GBS, their attachm
(around 25% on GlcNAc in Streptococcus pyogenes, 70% on GalNAc in Lactococ
side chains and lost during extraction and purification. Rha-CWPS, Rhamnose
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disaccharide substituents among species (Fig. 1) (10). In group
B (Streptococcus agalactiae), a more complex Rha-CWPS, with
multiantenna branching structures, was characterized (13).
Because of these affiliations, these Rha-CWPS are also called
group A carbohydrates (GAC), group B carbohydrates (GBC),
or group C carbohydrates (GCC). It is important to note that
the Lancefield serological classification is not able to distin-
guish streptococci at the species level as defined nowadays on
ococci, lactococci, and enterococci. A, schematic representation of their
n substituents represented in panel B. For Streptococcus mutans, the letters
. When several substituents are attached on the same rhamnan, they are
A. For polymeric side-chains, the black star (★) indicates the reducing end,
ent site is unknown. Phosphoglycerol (GroP) modification of sugars is partial
cus lactis IL1403, undetermined for others). GroP could be present on other
-rich cell wall polysaccharide.
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the basis of genomic sequences; this means that strains of
different genetic species may synthesize identical Rha-CWPS,
whereas within other species, different strains express
different types of Rha-CWPS. In more recent years, Rha-
CWPS have also been structurally characterized in
nonpathogenic food lactic acid bacteria such as Lactococcus
lactis (formerly Streptococcus lactis, group N Streptococcus)
(14) and Streptococcus thermophilus (15, 16). In these bacteria,
Rha-CWPS have received significant attention for their role as
receptors for numerous infecting bacteriophages that threaten
milk fermentation in the food industry (17–19). Finally, in
pathogenic Enterococcus faecalis (formerly Streptococcus fae-
calis, group D Streptococcus), Rha-CWPS (also named
enterococcal polysaccharide antigen, EPA) was found to in-
fluence virulence and colonizing potential in the host gut
(20–22). In all three of these latter species, Rha-CWPS are
complex heteropolysaccharides made of a polyrhamnose chain
substituted with variable oligosaccharide or polysaccharide
chains (Fig. 1).

Rha-CWPS are not present in all streptococci. For example,
they are absent in Streptococcus pneumoniae, whose cell wall
instead contains WTA and lipoteichoic acids (LTAs) (23) and
is covered with a capsule, the structure of which is highly
variable among strains and allows the definition of at least 90
serotypes (24). However, a Rha-CWPS was also recently
characterized in a more distantly related bacterial species,
Ruminococcus gnavus, an anaerobic ovoid-shaped Gram-pos-
itive bacterium that is a component of the human gut
microbiota (25). This finding suggests that the occurrence of
Rha-CWPS could be broader than previously anticipated.

The importance and distinctiveness of Rha-CWPS in Gram-
positive bacteria were previously presented in a comprehensive
review (10). Since then, however, significant progress has been
achieved. Novel structures have been identified, subtle but
essential modifications of known structures have been
discovered, and significant advances have been made regarding
their biosynthesis and roles in bacterial physiology and in-
teractions with the environment. Here, we present an update
on what is currently known regarding the structure, biosyn-
thesis, and roles of Rha-CWPS, focusing on a few well-
characterized ovoid-shaped bacterial species. We describe
the complex and diversified arsenal of enzymatic activities
dedicated to side-chain substituent biosynthesis, including
multicomponent transmembrane glycosylation systems. These
systems involve GT-C–fold glycosyltransferases using poly-
prenyl-monophosphate–linked sugar donors. We discuss
emerging data that reveal the importance of Rha-CWPS in
bacterial cell wall architecture and cell division. Finally, we
summarize their roles, with a particular emphasis on the in-
fluence of side-chain substituents, as bacteriophage receptors
and in host interactions.
Figure 2. Structures of repeating units of rhamnan backbone chains.
(Left) Disaccharide subunit (→2-α-L-Rha-(1→3)-α-L-Rha-) identified in
several streptococci (GAS, Streptococcus mutans, GCS, GGS) and Lactococcus
lactis IL1403. (Right) Trisaccharide subunit (→2-α-L-Rha-(1→2)-α-L-Rha-(1→)
3-α-L-Rha-) identified in L. lactis MG1363 and 3107. GAS, group A Strepto-
coccus; GCS, group C Streptococcus; GGS, group G Streptococcus.
Diversity of Rha-CWPS chemical structures

Among different bacterial species, Rha-CWPS share several
common structural features, upon which an astonishing vari-
ety of chemical refinements are constructed by sophisticated
glycopolymer modification systems. The polyrhamnose core is
relatively conserved, while the side-chain substituents are
characterized by extensive diversity in both size and structure
among and even within species. The constituent repeating
units of the rhamnose-rich backbone differ with respect to the
number of L-Rha residues (between 2 and 5) and the glycosidic
linkages between them (Fig. 1A). The most conserved subunit
structure is made of two L-Rha residues with alternating α-1,2-
and α-1-3-L-Rha (Fig. 2). In certain cases, the repeating unit
contains one glucose (Glc), thus accounting for the name RGP.
For the sake of simplicity in this text, we will refer to this linear
Rha-rich backbone as rhamnan in all cases. The rhamnan
polymer is synthesized with a linker unit made of GlcNAc,
which may be N-deacetylated to glucosamine (GlcNH2) in
certain cases (26). In addition, a cap structure made of sugar
has been suggested by experimental data (14, 27) but it is not
known at present whether this is a conserved feature of Rha-
CWPS.

Two classes of Rha-CWPS can be distinguished based on
their side-chain substituents: the first group has only simple
monosaccharide or disaccharide substituents, while the second
possesses complex oligosaccharide or polysaccharide chain
substituents (Fig. 1B). In S. pyogenes (GAS), GlcNAc mono-
saccharide is grafted onto the polyrhamnose backbone in all
serotypes and is the immunodominant epitope, allowing
serological discrimination of GAS (28). Interestingly, the
GlcNAc substituents were recently found to be themselves
(partly) modified by a glycerol-phosphate (GroP) group (29). It
is likely that this modification had not been detected earlier
because of the acidic conditions used for extracting Rha-
CWPS from the cell wall, which lead to GroP loss. In
S. mutans, Glc is the common substituent in three different
serotypes, each with a different chemical bond between Glc
and Rha: α-1,2- (serotype c), β-1,2- (serotype e), and α-1,3
(serotype f) (30). In addition, GroP was recently shown to be
attached to the serotype c carbohydrate and possibly to others
as well (31). In GCS, disaccharide substituents comprise two
GalNAc units, with a certain proportion of subunits devoid of
substituents (32), whereas in group G Streptococcus, they are
composed of Rha-GalNAc (33) (Fig. 1B).
J. Biol. Chem. (2022) 298(10) 102488 3
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In the second class of Rha-CWPS, substituents are far more
complex. In S. agalactiae (GBS), a multiantenna poly-
saccharide was structurally characterized several decades ago
as GBC common to all GBS strains (13). The tri-Rha terminal
motifs of the phospho-octasaccharide subunits constitute the
major antigenic determinant of GBS serological classification.
More recently, two elements were highlighted in this complex
structure: a stem oligosaccharide made of five Rha residues
and a substituting multiantenna structure made of repeated
octasaccharide that contains one phosphate (10) (Fig. 1B). The
gene cluster involved in GBC biosynthesis is part of the
S. agalactiae core genome (34), in agreement with the
conserved GBC structure among strains. In contrast, different
strains of L. lactis synthesize complex Rha-CWPS that exhibit
high structural diversity (35) (Fig. 1B). This structural diversity
parallels the genetic variations found within the large gene
cluster responsible for their biosynthesis (36). To date, more
than 10 chemical structures have been established by 2D-NMR
spectroscopy studies in different strains. The variable part of
the structures determines their sensitivity to bacteriophages,
which suggests the influence of a coevolutionary arms race
between phage receptor-binding proteins and their saccharidic
ligands at the bacterial surface (17, 19). In general, Rha-CWPS
in L. lactis appear to be composed of a rhamnan chain (14)
that is covalently linked to a variable oligosaccharide or
polysaccharide component exposed at the bacterial surface
(Fig. 1B) (37, 38). In several strains, the rhamnan chain is made
of identical tri-Rha subunits, while in L. lactis IL1403, it is a
disaccharide subunit (27) (Fig. 2) and, in strain UC509.9, a
tetrasaccharide with three Rha and one Glc (39) (Fig. 1A). The
rhamnan chain may also be substituted with lateral mono-
saccharide Glc; this was found in very low amounts in strains
MG1363 and 3107 (40) but was present on each tri-Rha sub-
unit in strain SK11 (Fig. 1) (36). In most described structures,
the polysaccharide substituents are made of pentasaccharide
or hexasaccharide subunits containing a phosphate group
(Fig. 1B) (37, 38, 41). The oligosaccharide substituents consist
of a trisaccharide in strain IL1403 (27) or a hexasaccharide in
strain UC509.9 (39), with notable nonstoichiometric GroP
substituents in both strains. In S. thermophilus, the structures
of two Rha-CWPS (called RGP in the original studies) estab-
lished by NMR revealed an identical backbone structure, with
subunits made of two L-Rha and one Glc, together with lateral
oligosaccharide side chains containing similar sugars but
different structures (15, 16) (Fig. 1). Finally, in strain V583 of
E. faecalis, a complex structure was described for EPA
(another type of Rha-CWPS), with a rhamnan backbone
covalently bound to teichoic acid–like chains (42) (Fig. 1).
Since the epa chromosomal locus exhibits variability among
strains, structural diversity is likely in the decorating chains
(43).
A conserved ABC transporter–dependent pathway for
rhamnan backbone biosynthesis

Biosynthesis of rhamnose-containing polysaccharides re-
quires the sugar-nucleotide dTDP-Rha as a precursor.
4 J. Biol. Chem. (2022) 298(10) 102488
dTDP-L-Rha is synthesized from Glc-1-phosphate through a
four-step enzymatic process involving the enzymes RmlA, B,
C, and D (44) (Fig. 3). In L. lactis, all four rmlABCD genes are
found in the gene cluster encoding Rha-CWPS biosynthesis
(14), while in S. pyogenes and S. agalactiae, only certain rml
genes are present in that locus, with others clustered in
another part of the genome (45, 46). Because inactivation of
one of the rml genes generally leads to severe growth and
morphology defects, and even death, the Rml enzymes have
been proposed as possible drug targets (47).

Commonly, besides rml genes, the chromosomal loci
involved in rhamnan biosynthesis (most often named rgp)
encode several glycosyltransferases, including three predicted
rhamnosyltransferases as well as two genes encoding an ABC
transporter. Pioneer work on S. mutans proposed a biosyn-
thesis scheme based on an ABC transporter–dependent
pathway (48), which appears to be conserved in S. pyogenes
(28) as well as in L. lactis (14) and E. faecalis (42). In this
pathway, the polysaccharide chain is assembled on a lipid
carrier in the cytoplasm and transported across the inner
membrane by an ABC transporter. Biosynthesis is initiated on
the cytoplasmic side of the cell membrane on a lipid acceptor,
presumably undecaprenyl-phosphate (C55-P), by
phosphoglycosyltransferase-catalyzed transfer of a sugar-
phosphate from the corresponding nucleotide sugar precur-
sor donor (49). In S. mutans, the first enzyme of the biosyn-
thesis pathway was identified (outside the rgp locus) as RgpG, a
phosphoglycosyltransferase from the TagO/WecA family that
has undecaprenyl-phosphate N-acetylglucosaminyl 1-P trans-
ferase activity (50). Thus, GlcNAc-P is the first sugar added to
the lipid precursor, giving rise to C55-PP-GlcNAc (Fig. 3). In
the final structure linked to peptidoglycan, the GlcNAc residue
located at the polymer reducing end constitutes a linkage unit.
In most other species, including S. pyogenes, S. agalactiae, and
L. lactis, homologs of RgpG (named gacO, gbsO, and tagO,
respectively) are also located outside the rgp locus (14, 28, 51),
whereas, in E. faecalis, the homolog ef2198 is located at the 50

end of the epa locus (42). The next step is catalyzed by the
rhamnosyltransferase RgpA, which transfers the first rham-
nosyl residue from the dTDP-L-Rha precursor onto the
GlcNAc-primed lipid intermediate acceptor (52). Two other
glycosyltransferases (RgpB and RgpF) elongate the chain,
catalyzing the transfer of L-Rha into positions 3 and 2,
respectively, of the previous L-Rha. Notably, in L. lactis
MG1363, rhamnan is composed of trisaccharide repeating
subunits with two 2-linked and one 3-linked α-L-Rha (-2-α-L-
Rha-2-α-L-Rha-3-α-L-Rha-) (Fig. 2). The biosynthesis of such
a structure requires that one of the two enzymes, RgpB or
RgpF, sequentially adds two α-1,2-linked L-Rha, while the
other adds only one α-1,3-linked L-Rha; the way in which this
process is regulated is not clear at present. In S. thermophilus,
the Rha-rich linear core chain is composed of a trisaccharide
repeating unit that contains two 2-linked Rha and one 6-linked
Glc (-6-α-Glc-2-α-Rha-2-α-Rha-) (Fig. 1). The conserved part
of the biosynthesis locus encodes three glycosyltransferases,
two with high sequence identity with L. lactis RgpA and RgpB
and the third with significantly lower sequence identity with



Figure 3. General scheme proposed for rhamnan biosynthesis involving an ABC transporter–dependent pathway. The gene names refer to Lac-
tococcus lactis, but this scheme is generally conserved for all rhamnan chains. Synthesis is initiated at the cytoplasmic side of the membrane, by the transfer
of GlcNAc-P onto C55-P by a phosphoglycosyltransferase (TagO). The enzymes RmlA, B, C, and D are involved in synthesis of the rhamnose precursor dTDP-
L-Rha. The rhamnosyltransferase RgpA transfers the first rhamnosyl residue onto the C55-PP-GlcNAc lipid intermediate acceptor and the chain is further
elongated by two other rhamnosyltransferases, RgpB and RgpF. Chain polymerization is possibly terminated by the addition of a sugar (GlcNAc residue in
L. lactis) by RgpE. The ABC transporter (comprising RgpC and RgpD) catalyzes the transfer of rhamnan chains to the outer side of the cytoplasmic
membrane. Following export, rhamnan is most probably anchored covalently to peptidoglycan acceptor sites via a phosphodiester linkage to MurNAc (or
GlcNAc) residues of the glycan chains, by an LCP transferase (LcpA in L. lactis). On the right side is represented the GT-C–fold glycosyltransferase (WpsJ)
involved in side-chain addition onto rhamnan (detailed in Fig. 4). LCP, LytR-CpsA-Psr.
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L. lactis RgpF (15). These observations suggest that
S. thermophilus RgpF could be the glycosyltransferase that
adds Glc in the rhamnan subunits.

Mass spectrometry analysis of rhamnan from L. lactis has
detected chains with an average length of 33 Rha residues in
strain MG1363 (14) and up to 24 Rha residues in strain IL1403
(27). In addition, mass spectrometry data from L. lactis
MG1363 suggest that a terminal cap sugar (GlcNAc or Glc) is
present at the nonreducing end of the rhamnan polysaccharide
chains. Similarly, in L. lactis IL1403, a putative terminal Glc
was detected by NMR. The RgpE glycosyltransferase present in
the locus was proposed to be involved in chain termination
(35), thereby regulating chain length by a mechanism similar
to that previously proposed for other polysaccharides synthe-
sized by an ABC-transporter pathway (3). However, no
experimental evidence is available regarding this hypothesis; in
L. lactis, rgpE appears to be essential and could not be inac-
tivated (35). Proteins sharing moderate sequence identity with
RgpE are encoded in the rgp cluster in S. pyogenes (annotated
GacF), S. mutans, and S. thermophilus but their function is also
not elucidated. RgpC and RgpD encode a permease and an
ATP-binding protein, respectively, and together constitute the
ABC transporter responsible for exporting the elongated chain
outside the cytoplasmic membrane. In the final step, the
rhamnan chain is anchored covalently onto peptidoglycan,
most probably by a transferase in the LytR-CpsA-Psr (LCP)
family (53), which catalyzes the transfer of the phospho-chain
onto MurNAc residues of the peptidoglycan chains (14)
(Fig. 3), as described below in more detail.

Certain lactobacilli, but not all of them, synthesize CWPS
with a high Rha content (54, 55), but these are not considered
part of the Rha-CWPS family because of poor sequence ho-
mology at the level of their biosynthesis gene clusters. Instead
of being synthesized by an ABC transporter–dependent
pathway, like rhamnan (48), lactobacilli CWPS are synthe-
sized by a Wzx/Wzy-dependant pathway (56). In the Wzx/
Wzy pathway, repeat units are synthesized on C55-PP at the
cytoplasmic side of the membrane, transported to the inner
side by a Wzx-type flippase, and polymerized by a Wzy poly-
merase that transfers the growing CWPS chain from its lipid
carrier to the nonreducing end of a newly flipped C55-P-repeat
unit (4, 57).
Attachment of side-chain substituents onto the
rhamnan backbone: the main role of multicomponent
glycosylation systems

As mentioned above, the rhamnan backbone of all Rha-
CWPS is substituted with glycan moieties of various sizes
and structures, which may be specific to one bacterial species
J. Biol. Chem. (2022) 298(10) 102488 5
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or highly variable among strains within a species. The addition
of side-chain substituents to the rhamnan backbone is
accomplished through the activity of multicomponent trans-
membrane glycosylation systems. These systems, which are
conserved in both Gram-negative and Gram-positive bacteria,
are composed of three or four proteins that perform extrac-
ytoplasmic glycosylation of glycopolymers such as lipopoly-
saccharides, WTA, LTA, and CWPS (58–60). They involve
two types of glycosyltransferases belonging to GT-A or GT-C
superfamilies that are defined on the basis of structural fea-
tures (61). GT-A–fold enzymes are characterized by a Ross-
man domain with several α-helices flanking a β-sheet core on
both sides. They contain a DXD motif and a divalent cation at
their catalytic site and exclusively use nucleotide-sugar donors
as substrates (62). GT-C–fold glycosyltransferases are integral
membrane proteins with a modified DXD signature and
exclusively utilize lipid-linked sugar donors (63).

The three-component glycosylation system includes: (i) a
membrane-associated GT-A–fold glycosyltransferase, which
transfers the modifying sugar from the UDP-sugar donor to a
lipid carrier, C55-P, to form a C55-P-sugar intermediate at the
inner side of the cytoplasmic membrane; (ii) a flippase of the
GtrA family with four transmembrane segments, which flips
the C55-P-sugar through the membrane; and (iii) an integral
membrane glycosyltransferase with a GT-C fold, which
transfers the sugar from the lipid carrier to the final glyco-
polymer at the outer side of the cytoplasmic membrane
(Fig. 4A) (58). More recently, a four-component glycosylation
system has also been described, featuring a GT-A–fold gly-
cosyltransferase and a small membrane protein activator to
catalyze C55-P-sugar formation, a flippase with 12 trans-
membrane segments belonging to the Wzx rather than the
GtrA family, and finally, a GT-C fold glycosyltransferase
(Fig. 4B) (60). Unlike the GT-A–fold components, the GT-C
fold glycosyltransferases in these systems do not exhibit
sequence conservation, which reflects their specificity toward
their diverse glycan acceptors. They are instead identified as
integral membrane proteins (with 8–13 transmembrane heli-
ces) that share predicted structural similarity (as detected by
HHpred software (64)) with other membrane-associated GT-
C–fold glycosyltransferases that have an established 3D-
structure, including 4-amino-4-deoxy-L-arabinose (L-Ara4N)
transferase (ArnT) and archaeal oligosaccharyltransferase
(AlgB).
Monosaccharide substituents

In L. lactis, a three-component glycosylation system—
comprising the two glycosyltransferases CsdA (GT-A fold) and
CsdB (GT-C fold) encoded by two adjacent genes, and a flip-
pase (CflA) encoded in another chromosomal locus—was
shown to be involved in the addition of side-chain Glc to the
rhamnan backbone (Fig. 4A) (40). In WT L. lactis NZ9000
grown in laboratory conditions, the amount of Glc grafted
onto rhamnan is very low. However, in a mutant strain that
overexpressed the two csdAB genes, nearly all [-2-α-Rha-2-α-
Rha-3-α-Rha-] subunits were found to possess a side-chain Glc
6 J. Biol. Chem. (2022) 298(10) 102488
connected to the 3-Rha. The typical level of rhamnan gluco-
sylation appears to vary between strains, since NMR analysis of
L. lactis SK11 revealed that each rhamnan subunit structure
contained a side-chain Glc (36). The environmental or cellular
signals that could possibly modulate rhamnan glucosylation
have not been identified.

In S. pyogenes, elucidation of the mechanism of side-chain
GlcNAc addition to the polyrhamnose backbone of GAC
revealed that this process relies on a four-component glyco-
sylation system (Fig. 4B) (60). In the first step, a GT-A–fold
glycosyltransferase, GacI, transfers GlcNAc from UDP-
GlcNAc to C55-P; this activity is strongly enhanced by a sec-
ond small membrane protein (GacJ) with three trans-
membrane helices. The next step is performed by a flippase
(GacK) belonging to the Wzx family and in the final step, a
polytopic GT-C glycosyltransferase, GacL, catalyzes the
transfer of GlcNAc onto rhamnan.

Homologs of GacI and GacJ are present in E. faecalis and
numerous other bacteria, suggesting that similar modes of
GlcNAc grafting onto rhamnan can occur in other bacteria
(60). In E. faecalis V583, the Rha-CWPS (EPA) has a rhamnan
backbone made of five Rha, with side-chain monosaccharides
that include Glc and GlcNAc (Fig. 1A). The proteins involved
in the addition were not identified experimentally, but it is
possible that the GacI/J homologs EF2190 and EF2189, which
are present in the epa locus of E. faecalis, could be involved in
GlcNAc side-chain linkage (42). Glc side chains might then be
added by an as-yet-unidentified three-component glycosyla-
tion system.
Complex oligosaccharides or polysaccharide substituents

In L. lactis, the structural diversity of Rha-CWPS is strik-
ingly high, mostly as a result of extensive variability in complex
side-chain substituents (Fig. 1B). In addition to the Glc
monosaccharide found on rhamnan (most often in low
amounts as described above), the rhamnan chain is also
decorated with oligosaccharide or polysaccharide substituents.
CWPS biosynthesis is encoded in a large genomic cluster of
around 20 kb, with a more-conserved 50-positioned region
encoding rhamnan synthesis and a more-variable 30-located
region that was shown to encode the biosynthesis of oligo-
saccharides or polysaccharide substituents. Bioinformatic
analysis of this gene cluster has led to the identification of four
genotypes of L. lactis strains, that is, types A, B, C, and D (36).
In C-type strains, for which most structures are known, poly-
saccharide substituents (called polysaccharide pellicle or PSP)
are composed of repeating pentasaccharide or hexasaccharide
subunits that contain phosphate for most of them (Fig. 1B)
(36–38, 41). (Fig. 1B). They have been shown to be covalently
attached to the rhamnan backbone (14), although the exact
nature of the chemical linkage remains to be established. In A-
and B-type strains, Rha-CWPS structures consist of a
rhamnose-rich chain or rhamnan, with short oligosaccharide
substituents made of six or three residues (27, 39) (Fig. 1B).

Based on experimental data and bioinformatic analysis,
recent work has proposed a comprehensive biosynthesis



Figure 4. Schematic representation of side-chain substituent synthesis and addition to rhamnan chains by multi-component glycosylation sys-
tems. A, three-component glycosylation system. The model depicts extracytoplasmic addition of Glc to rhamnan in Lactococcus lactis. This system includes
(i) a membrane-linked GT-A fold glycosyltransferase (CsdA), which transfers the modifying sugar (Glc) from the UDP-sugar donor to the lipid carrier, C55-P, to
form a C55-P-sugar intermediate at the inner side of the cytoplasmic membrane; (ii) a flippase of the GtrA family which flips the C55-P-sugar through the
membrane (CflA); and (iii) an integral membrane glycosyltransferase with a GT-C fold (CsdB) which transfers the sugar from the lipid carrier to the final
glycopolymer (rhamnan) at the outer side of the cytoplasmic membrane. Such a system is also used to add Glc onto PSP subunits in L. lactis. B, four-
component glycosylation system. The scheme depicts the extracytoplasmic addition of GlcNAc onto rhamnan in Streptococcus pyogenes. This system
uses two proteins instead of one to generate C55-P-sugar (GlcNAc in this example): a glycosyltransferase with a GT-A fold (GacI) and a small membrane
protein activator (GacJ) to catalyze the process. The remaining two components are a flippase (GacK) belonging to the Wzx family and a GT-C–fold gly-
cosyltransferase (GacL), which transfers the sugar from the lipid carrier to the final glycopolymer (rhamnan) at the outer side of the cytoplasmic membrane.
In S. pyogenes, GlcNAc is partly modified by GroP (see Fig. 1B), added extracellularly by GacH (not shown on the scheme). C, complex modification system
derived from the four-component glycosylation system allowing to synthesize polymeric PSP substituents as described in L. lactis MG1363 (type C strain).
Synthesis starts by the transfer of GlcNAc to C55-P by WpsA/WpsB (GacI/GacJ homologs). The repeat unit is then synthesized on the C55-P-GlcNAc lipid
precursor at the intracellular face of the cytoplasmic membrane by the successive addition of (phospho)monosaccharides catalyzed by various glycosyl-
transferases (WpsC,D,E,F). The linear pentasaccharide PSP repeat unit is flipped to the outside of the cytoplasmic membrane by a flippase of the Wzx family
(WpsG). It is polymerized by WpsI, with WpsH as a copolymerase and/or chain-length regulator. Finally, the GT-C–fold glycosyltransferase WpsJ transfers the
PSP onto rhamnan. It is worth noting that, in L. lactis MG1363, the final PSP (with an hexasaccharide repeat unit) also has a side-chain Glc (not shown on the
scheme, see Fig. 1B), presumably added outside the cytoplasmic membrane by a distinct three-component glycosylation mechanism (see Fig. 3A). D,
complex modification system derived from the four-component glycosylation system allowing to synthesize oligosaccharide substituents as described in
L. lactis IL1403 (type B strain). In type A and type B strains, the side-chain substituents are oligosaccharides. The mechanism proposed for synthesis and
anchoring is similar to the one described for polymeric PSP in panel C, without the proteins involved in the polymerization of subunits (WpsI and H). In
IL1403, GalNAc is partly modified by GroP (see Fig. 1B), presumably added intracellularly (not shown on the scheme). GAC, group A carbohydrates; GroP,
glycerol-phosphate.
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scheme for the complete heteropolysaccharide, comprising
both rhamnan and PSP in L. lactis (35). In the proposed model,
a complex multicomponent glycosylation system—which ap-
pears to be an evolutionary refinement of the four-component
system—allows complex PSP chains to be synthesized and
attached to the rhamnan backbone as glycosidic substituents
(Fig. 4C). PSP synthesis is initiated by the WpsA and WpsB
proteins (homologs of GacI/GacJ), which transfer GlcNAc
from UDP-GlcNAc to C55-P, generating a monophosphate
intermediate, C55-P-GlcNAc. In the case of L. lactis MG1363,
the PSP subunit is then further elongated by four glycosyl-
transferases, WpsC/D/E/F, in the cytoplasm. The flippase
WpsG, belonging to the Wzx family, flips the C55-P-oligo-
saccharide outside the cytoplasmic membrane, and a polytopic
J. Biol. Chem. (2022) 298(10) 102488 7
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GT-C–fold glycosyltransferase, WpsJ, transfers the PSP (or a
first PSP subunit) from the lipid intermediate onto rhamnan.
In C-type strains, the polymerization of oligosaccharide sub-
units to generate PSP involves WpsI, a GT-C fold glycosyl-
transferase that is able to use C55-P-oligosaccharide as a donor.
This process is thought to be regulated by WpsH, which is
predicted to have two transmembrane helices and one large
extracellular loop, similar to the Wzz proteins that have been
proposed to act as copolymerases regulating (lipo)poly-
saccharide length in the Wzx/Wzy pathway (57). Remarkably,
WpsA/B, WpsG flippase, and GT-C–fold WpsJ are all
conserved components encoded in the cwps gene cluster in all
L. lactis strains. Therefore, the proposed model for synthesis
and attachment of side-chain substituents to rhamnan,
involving a multicomponent glycosylation system, is relevant
for all L. lactis strains with PSP substituents (e.g., type C
strains) or oligosaccharide substituents (e.g., type A and B
strains) (Fig. 4D). Notably, WpsI and H are absent in type A
and B strains, which is consistent with their proposed function
in PSP polymerization (35, 36).

In S. thermophilus, two different structures of Rha-CWPS
(named RGP) have been recently described, characterized by
trisaccharide or tetrasaccharide side chains with a GlcNAc at
their reducing end (15, 16) (Fig. 1). Homologs of genes
encoding WpsA, B, H, and J are present in the rgp biosynthesis
locus. Thus, the process of anchoring the side-chain oligo-
saccharide onto the rhamnan chain likely follows a similar
scheme as that proposed for L. lactis (Fig. 4D). Interestingly, in
pathogenic S. agalactiae, homologs of WpsA, WpsB, WpsH,
and WpsI are encoded in the biosynthesis locus of GBC (46),
which suggests some degree of conservation between the
complex scheme employed for L. lactis Rha-CWPS biosyn-
thesis and that used for GBC.
Teichoic acid–like structures as substituents

The complete structure of the Rha-CWPS (EPA) of
E. faecalis V583 was recently established (42). It is composed
of a rhamnan backbone with partial substitution of mono-
saccharides including Glc and GlcNAc and in addition, highly
complex decorations of teichoic-like structures (Fig. 1). These
structures consist of phosphopolysaccharide chains that are
reminiscent of the phosphate-containing PSP chains of
L. lactis type C strains. However, they are characterized by the
presence of ribitol, a typical constituent of WTA (7), in their
subunit (indeed, these chains were previously isolated as WTA
(65)). A high degree of genetic diversity has been identified in
the locus encoding EPA biosynthesis, suggesting that these
decorations may be likewise diverse in structure. Notably, a
similarly variable genetic locus has been identified in Entero-
coccus faecium, indicating that this bacterial species also syn-
thesizes complex Rha-rich CWPS with variable substituents
(43).

Interestingly, NMR experiments detected poly-GroP chains
associated with Rha-CWPS isolated from R. gnavus, which
may thus potentially represent another case of a teichoic acid
substituent of Rha-CWPS (25). In the type D strain L. lactis
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184, the PSP substituent of rhamnan was found to contain one
ribitol-P in its subunit and alanine substituents and could also
be classified as a teichoic acid–like structure (36). Despite this
difference, strain 184 still possesses all of the features
described above for rhamnan modification by a complex four-
component mechanism, including WpsA/B, WpsG flippase,
and WpsJ GT-C–fold glycosyltransferase (35). In contrast, the
way in which teichoic acid chains are assembled and trans-
ferred onto rhamnan chains in E. faecalis is less clear. The
current model for this biosynthesis pathway (42) hypothesizes
that the teichoic acid subunits are synthesized as a C55-PP-
subunit inside the cytoplasm (similarly to WTA), flipped
outside the cytoplasmic membrane by a Wzx flippase, and
polymerized by a Wzy-like polymerase, at which point the
chains might subsequently be attached extracellularly to
rhamnan by a protein in the LCP family.
Secondary modifications of glycosidic substituent groups

Another layer of complexity in the structures of certain Rha-
CWPS arises from chemical modifications of the glycosidic
substituents of rhamnan chains. These modifications include
the addition of side-chain monosaccharides or GroP groups.

NMR analysis of several type C strains of L. lactis, such as
MG1363 or SMQ388, has revealed side-chain Glc branched
onto the oligosaccharide subunit of PSP (Fig. 1B) (37, 41).
Although the Glc side-chain is present in every subunit, it is
not synthesized in the cytoplasm as part of the subunit but was
shown to be grafted onto it on the outer side of the cyto-
plasmic membrane by a three-component system (40)
(Fig. 4A). The two glycosyltransferases involved, CsdC and
CsdD (GT-A and GT-C fold, respectively), appear to work in
concert with the putative flippase CflA. Remarkably, the CflA
protein is also involved in the addition of Glc to rhamnan by
CsdAB in the same strain, as well as the addition of Gal on
teichoic acid chains by CsdEF (40). The fact that the CflA
protein is shared by three different three-component glyco-
sylation systems in L. lactis suggests the existence of possible
cross-talk between the three systems dedicated to the glyco-
sylation of cell wall glycopolymers.

Another type of secondary modification described in
S. pyogenes rhamnan (GAC) consists of the addition of a GroP
group to the C6 hydroxyl group of GlcNAc substituents (29).
This decoration, found on approximately 25% of GlcNAc,
provides negatively charged groups that transform GAC into a
polyanionic cell wall glycopolymer. GroP transfer is catalyzed
by the enzyme GacH, which is a membrane protein in the
same family as LtaS (involved in synthesizing the poly(GroP)
backbone chains of LTA (66)). As for LtaS, the most likely
donor substrate for GacH is phosphatidylglycerol, and GroP
addition is thought to take place extracellularly. Since GacH is
conserved in numerous streptococci, GroP substituents could
be a widely distributed modification of Rha-CWPS in these
bacteria, as confirmed in particular in S. mutans (29).

In type A and B strains of L. lactis, NMR analysis of Rha-
CWPS has also detected nonstoichiometric GroP sub-
stituents located on branching oligosaccharide side chains of
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rhamnan (Fig. 1B) (27, 39). However, no GacH homologs are
present in these L. lactis genomes, and the genes involved in
GroP addition have not yet been identified. One putative
candidate has been reported from the cwps cluster of the type
B strain IL1403: the gene ycbG, which encodes a protein with a
LicD domain (36) that is associated with phosphocholine or
phosphosugar transferase activity (23) and is predicted by HH-
Pred software to exhibit structural similarity with fukutin, a
eukaryotic ribitol-P transferase (67). Moreover, the same cwps
locus also encodes a putative glycerol-3-phosphate-cytidylyl-
transferase (TagD1) involved in CDP-Gro synthesis, which
could provide a donor substrate to YcbG. Since YcbG is devoid
of a predicted signal peptide, GroP modifications would most
likely be added intracellularly. Homologs of these two proteins
are also present in strain UC509.9, in which Rha-CWPS also
bear oligosaccharide side chains partly substituted with GroP
(Fig. 1B).

As described above, GroP groups provide negative charges
to components of Rha-CWPS. Other structures contain chain
substituents with oligosaccharide subunits linked by phos-
phodiester bonds, like PSP in L. lactis or teichoic acid–like
structures in E. faecalis (Fig. 1). Thus, as a whole, Rha-
CWPS appear to be polyanionic cell wall glycopolymers,
similar to WTA. In a few cases, no phosphate group has been
identified in the Rha-CWPS structures, but there is a possi-
bility that it could be lost during acidic extraction procedures,
as was reported for GAC in S. pyogenes (26).
Covalent attachment of Rha-CWPS to peptidoglycan by
LCP transferases

LCP proteins were first identified as the enzymes involved in
the ligation of WTA onto peptidoglycan (68). They are
phosphotransferases that catalyze the transfer of the reducing
end of the glycopolymer chain to peptidoglycan from a lipid
carrier–bound intermediate (C55-PP-glycopolymer); this is
accomplished via the formation of a phosphodiester bond with
the C6 hydroxyl group of MurNAc (or GlcNAc) residues of the
glycan chains of peptidoglycan (53, 69, 70). LCP proteins,
initially characterized in B. subtilis, are widely distributed in
Gram-positive bacteria. The typical structure has an N-ter-
minal transmembrane domain for anchoring and a C-terminal
catalytic domain. Several paralogs are often present within a
single species and their respective roles remain to be assigned.
Nevertheless, it is clear that their function encompasses
anchoring of WTA as well as other CWPS (53).

The extraction of Rha-CWPS from the cell wall generally
requires harsh acid treatments or the digestion of peptido-
glycan by mutanolysin, indicating that, like WTA, they are also
covalently bound to peptidoglycan. The involvement of LCP
proteins in the anchoring of rhamnan to peptidoglycan was
investigated in L. lactis (14). Two lcp paralogs, named lcpA and
lcpB, are present in L. lactis but neither is in the close vicinity
of the cwps gene cluster. Experimental data pointed toward the
involvement of LcpA but not LcpB in anchoring rhamnan onto
peptidoglycan: the lcpB gene could be deleted whereas lcpA
could not. In a mutant strain with attenuated expression of
lcpA, alterations in the cell wall structure were noted, along
with the presence of free rhamnan in the cell wall (revealed by
high-resolution magic angle spinning nuclear magnetic reso-
nance (HR-MAS NMR) spectroscopy). These data strongly
suggested that LcpA, but not LcpB, participates in the
anchoring of rhamnan to peptidoglycan. Similarly, in
S. mutans, the two LCP proteins, BrpA and Psr, were found to
play a role in Rha-CWPS attachment to the cell envelope.
Their inactivation significantly reduced quantities of cell wall–
associated Rha-CWPS and led to concurrent extracellular
accumulation in the culture supernatant (71).

Generally speaking, Rha-CWPS are most likely covalently
linked via a GlcNAc-phosphodiester bond to the C6 hydroxyl
group of MurNAc. Until very recently, though, the chemical
structure of the linkage unit had not been experimentally
established. Work in S. pyogenes revealed that GAC is linked to
peptidoglycan through glucosamine-1-phosphate rather than
the expected GlcNAc-P, which explains why GAC is not
released from cell walls by mild acid treatment (26). This GlcN
residue is formed by enzymatic N-deacylation of the GlcNAc
residue located at the reducing end of the rhamnan chain after
its synthesis, and this modification is catalyzed by a de-N-
acetylase named PplD. Homologs of this enzyme are present in
many streptococci and lactococci, in which they probably
perform the same function. In L. lactis, extraction of rhamnan
requires harsh acid treatment, which suggests similar de-N-
acetylation of GlcNAc in the linkage unit. Importantly, by
introducing positive charges (located on GlcN) inside the cell
wall, this modification has functional implications, one of them
being an increased resistance to host cationic antimicrobial
peptides.

In S. agalactiae, biochemical evidence was obtained that
Rha-CWPS (GBC) is covalently bound to MurNAc, whereas
capsular polysaccharide is attached via a phosphodiester bond
to GlcNAc (72). The presence of a phosphodiester bond be-
tween GBC and peptidoglycan is likely if an LCP protein is
involved in its attachment to peptidoglycan.

Interestingly, the C6 hydroxyl group of MurNAc, on which
Rha-CWPS are covalently bound, is also the site of O-acetyl
group addition, catalyzed by O-acetyltransferase, on the
peptidoglycan chain. Peptidoglycan O-acetylation has an
important role in bacterial physiology and can, in particular,
modify peptidoglycan sensitivity to cleavage by endogenous
peptidoglycan hydrolases (73, 74). Since both peptidoglycan
modifications likely take place at the septum during cell divi-
sion, competition between Rha-CWPS and O-acetyl groups for
attachment could constitute a possible regulatory mechanism
of cell wall biogenesis, which warrants further investigation.
Localization of Rha-CWPS in the cell wall

The initial characterization of Rha-CWPS in streptococci as
carbohydrate antigens that enable serotype identification of
streptococci suggests that they are accessible to antibodies at
the bacterial surface. Nowadays, the spatial organization of the
glycopolymer constituents in the cell wall can be assessed at
the nanoscale with powerful biophysical techniques (75). The
J. Biol. Chem. (2022) 298(10) 102488 9
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application of both transmission electron microscopy (TEM)
and atomic force microscopy (AFM) in L. lactis revealed that
the variable PSP side-chains of Rha-CWPS form a layer outside
the bacterial cell (37). With TEM, PSP was visualized as a dark
layer outside the cell, which disappeared in a mutant devoid of
PSP. Topographic imaging of the surface of live bacteria by
AFM revealed that the surface of WT bacteria was smooth,
while in the absence of PSP, the surface appeared rough. The
surface localization of PSP was also supported by an analysis of
intact bacterial cells by HR-MAS NMR, a technique that
makes it possible to directly analyze surface-exposed and/or
flexible components of intact bacteria (76, 77). HR-MAS NMR
was applied to WT L. lactis and revealed the presence of
surface-exposed flexible PSP, but not rhamnan (14). Instead, in
a mutant devoid of PSP, rhamnan was detected at the surface,
indicating that it became exposed in the absence of PSP and/or
became more flexible inside the cell wall. These results
demonstrated that the rhamnan core is trapped inside the
peptidoglycan layer, while the PSP substituents are exposed at
the bacterial surface (Fig. 5). This spatial organization is
consistent with PSP’s role as a receptor that is recognized by
bacteriophage receptor-binding protein (RBP) and required for
phage adsorption at the bacterial surface (38). When AFM was
conducted with tips functionalized (with LysM domain, spe-
cifically) to recognize GlcNAc of glycan chains in peptido-
glycan, it revealed that peptidoglycan was accessible at the
surface only in mutant L. lactis devoid of PSP pellicle (Fig. 5).
Moreover, the results of this study indicated that peptido-
glycan may be organized as cable-like structures around the
main axis of the cell (78). Since these experiments were
Figure 5. Schematic view of the localization of Rha-CWPS in the cell
wall of various Gram-positive bacteria. The peptidoglycan network is
represented in gray. Rhamnan polymers are shown as chains of green circles
and polymeric side-chain substituents (PSP or teichoic acid (TA)-like) as
chains of orange circles. When present, capsular polysaccharides (CPSs) are
shown as chains of purple circles. LTA are shown as chains of brown hexa-
gons. The position of the different polysaccharide chains relatively to the
peptidoglycan network is deduced from the results of the various bio-
physical approaches applied on the different bacterial species, as described
in the text. Rha-CWPS, Rhamnose-rich cell wall polysaccharide; LTA, lip-
oteichoic acid.
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performed before the discovery of rhamnan, it would be
interesting to investigate whether rhamnan participates in the
formation of these cable-like structures.

SimilarHR-MASNMRstudies onE. faecalis cells revealed that
the teichoic acid decorations of Rha-CWPS are exposed at the
bacterial surface, together with the CPS produced by this bacte-
rium(Fig. 5). Like inL. lactis, the rhamnanchainwas embedded in
the cell wall, reducing its mobility and surface exposure (42).

In GBS, TEM and AFM analyses indicated that peptido-
glycan is covered by a thin layer of Rha-CWPS (GBC) that is
overlaid by a thicker layer of capsular polysaccharide (79). In
addition, AFM molecular imaging with specific lectin probes
showed that removal of CPS enables the detection of pepti-
doglycan at the bacterial surface, indicating that GBC does not
prevent peptidoglycan detection and thus that it is most
probably partly embedded in the peptidoglycan layer (Fig. 5).

Finally, in S. thermophilus, the short oligosaccharide sub-
stituents of the Rha-rich backbone were shown to be involved
in phage adsorption (15). They were detected by a fluorescence
microscopy experiment on whole bacterial cells in which the
RBP of an infecting phage was fused with GFP, thus con-
firming that oligosaccharide side chains are exposed at the
bacterial surface.
Role in bacterial cell morphogenesis and division

In Gram-positive bacteria, the peptidoglycan sacculus is
considered the major structural component of the cell wall as
it plays a primary role in maintaining cell shape and integrity
during growth and division. Peptidoglycan biosynthesis is a
complex process requiring numerous enzymes and regulators
to be assembled in protein complexes which are finely regu-
lated in time and space (80, 81). However, it now appears that
other cell wall glycopolymers, such as WTA (82, 83) and Rha-
CWPS, are also essential for cell wall homeostasis and cell
division.

In L. lactis, efforts to inactivate the tagO gene, which initi-
ates rhamnan chain biosynthesis, have not been successful,
suggesting that rhamnan is an essential component of the cell
wall. When tagO expression was attenuated, dramatic alter-
ations were observed in cell shape and septum positioning,
which provides evidence for the importance of Rha-CWPS in
cell wall biogenesis (14). Remarkably, the impairment of PSP
(side-chain substituents) synthesis also resulted in prominent
alterations to cell shape and division, leading to the chaining
and sedimentation of L. lactis mutants (35, 37). This pheno-
type was observed in particular, in a NZ9000-wpsA mutant in
which the initial PSP biosynthesis step—the transfer of
GlcNAc-P to C55-P—was compromised. With the inactivation
of wpsA, C55-P is not sequestered in PSP biosynthetic in-
termediates, and thus this mutation should not impair pepti-
doglycan synthesis. Therefore, these results suggest that PSP,
the variable component of L. lactis Rha-CWPS, is required for
the proper functioning of the cell division machinery in
L. lactis (35). In GBS and GAS, complete loss of Rha-CWPS
production was obtained by inactivating the gbsO or gacO
genes. The resulting mutants exhibited severe growth defects,
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morphological alterations, and cell division abnormalities
(28, 51). In the gbcO mutant strain, reduced peptidoglycan
cross-linking was observed, indicating functional alterations in
the machinery of peptidoglycan synthesis. In addition, mislo-
cation of the peptidoglycan hydrolase PcsB, which plays a
significant role in cell division and separation, was detected
(51). A recent study elegantly illuminated the function of Rha-
CWPS in S. mutans and more specifically, that of its decora-
tions (31). The S. mutans serotype c carbohydrate (SCC) has a
rhamnan backbone with side-chain Glc that is decorated by
GroP chemical groups. It was demonstrated that this modifi-
cation is required first to ensure proper localization of the
peptidoglycan hydrolase AtlA, which is involved in daughter
cell separation and in addition, to control the localization of
MapZ, a protein previously shown to guide FtsZ-ring posi-
tioning at the cell equator during cell division (84, 85). AtlA
was shown to bind to SCC rhamnan through its Bsp domains,
but this binding is prevented by GroP modifications, thus
suggesting that immature SCC recruits AtlA. In the absence of
GroP modifications on SCC, AtlA was mislocated, resulting in
bacterial autolysis. To date, the mechanism by which MapZ
recognizes immature SCC is unknown. This study highlights
the critical role of Rha-CWPS modifications in cell division in
S. mutans.
Role of Rha-CWPS as bacteriophage receptors

Bacteriophages—viruses that infect bacteria—have evolved
to recognize, adhere to, infect, and replicate in their bacterial
host, which typically results in host death by cell lysis. In the
context of increasing antibiotic resistance, phages that target
bacterial pathogens are considered promising new tools for
therapy (86). In contrast, phages that infect lactic acid bacteria
in the course of food fermentation have serious detrimental
effects, particularly in milk fermentation, leading to poor
quality products and economic losses (18, 87). In all cases,
deciphering the molecular basis of the host-phage recognition
mechanisms is of critical importance. An early and essential
step for the success of the phage infection cycle is the
adsorption of phage particles to the host surface, which occurs
through specific recognition of a component—either a protein
or glycopolymer—of the bacterial outer layer. Because of their
exposure on the cell surface, Rha-CWPS are exploited as phage
receptors in numerous species.

Early studies examined the involvement of Rha-CWPS in
bacteriophage adsorption at the surface of many streptococci,
with a specific focus on the side-chain substituents of the
rhamnan backbone (10). For example, in S. mutans, the α-1,2-
linked Glc side chain of serotype c is recognized by specific
phages for adsorption (88). Similarly, monosaccharide sub-
stituents of WTA are also crucial determinants of phage
adsorption in Listeria monocytogenes (89) or Staphylococcus
aureus (90).

In L. lactis, the isolation of bacteriophage-insensitive mu-
tants and the identification of the mutations responsible
pointed toward CWPS as receptors for phages in the 936
family (now termed skunaviruses), at a time when the L. lactis
Rha-CWPS structure was not yet characterized at the molec-
ular level (91). At present, hundreds of phages are known to
infect lactic acid bacteria, particularly L. lactis, making this
system one of the most advanced models of phage–host in-
teractions that involve a carbohydrate receptor (17). The var-
iable part of Rha-CWPS, the PSP or oligosaccharide
component, has been shown to serve as the ligand of
numerous siphophage RBPs (19, 92). Moreover, differences in
the structure of lactococcal PSP act as the primary factor
determining hosts’ bacteriophage sensitivity and explain, at
least partially, the narrow host range of lactococcal phages
(38). A study utilizing surface plasmon resonance was able to
characterize the molecular-level interactions between phage
p2 RBP and its cognate saccharidic receptor (93). The authors
reported that the relatively low affinity (compared to that
observed for a protein receptor) measured between p2 RBP
and its saccharidic receptor is most likely compensated by the
high avidity effect provided by the multiple receptor-binding
sites of the baseplate. Moreover, the interaction between
strain SMQ388 and phage 1358 was investigated by deter-
mining the crystal structure of the phage RBP in complex with
a chemically synthesized trisaccharide derived from the host
PSP (94). Further modeling of the complete hexasaccharide
subunit of SMQ388 PSP showed it docked into the RBP
crevice. In addition to RBP, the distal tail (Dit) protein of
siphophages contains other carbohydrate-binding modules
that have an auxiliary role in infection. They recognize the
same receptor as RBP and may help orient the viral particles
for DNA injection (95). Glucosylation of both rhamnan and
PSP was shown to increase resistance to phage predation,
particularly in the presence of high salt concentrations (con-
ditions encountered during cheese manufacturing) (40).
Recent work performed on S. thermophilus also showed that
the variable short oligosaccharide side chains of Rha-CWPS
constitute the molecular moiety recognized by phages for
adsorption (15). Overall, evidence from L. lactis and
S. thermophilus points to the variable components of complex
Rha-CWPS acting as phage receptors, with their structural
variability serving as the primary determinant of sensitivity to
phages. The progress achieved in deciphering the molecular-
level interactions between bacteriophages and their bacterial
hosts has opened the door for new strategies for selecting dairy
starter strains that are resistant to phage attack (36).

In E. faecalis, an inhabitant of the human gastrointestinal
tract and a cause of nosocomial infections, phage therapy
could provide a means of curing infections by multidrug-
resistant enterococci (96). Several studies have shown that
the enterococcal Rha-CWPS, EPA, is the receptor of some lytic
phages, and in particular, that EPA decorations play a role in
phage adsorption (97, 98). Exposure to specific phages, both
in vitro and in vivo in the mouse gut, results in the emergence
of resistant mutants with mutations located in the variable epa
genes, which could possibly hamper phage therapy. However,
these mutants had reduced colonization potential and/or
reduced sensitivity to cell wall–targeting antibiotics (beta-
lactams or vancomycin), possibly because of fitness defects.
Thus, the most promising strategy to target enterococci may
J. Biol. Chem. (2022) 298(10) 102488 11
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be the use of phage therapy in combination with antibiotics
(99, 100).
Role of Rha-CWPS in bacteria–host interactions

Rha-CWPS, both as a whole and through their side-chain
modifications, appear to affect the virulence of pathogenic
streptococci and enterococci. In an in vivo infection model,
the deletion of rgpF in S. mutans—leading to the interrup-
tion of Rha-CWPS synthesis—resulted in attenuated viru-
lence in Galleria mellonella (101). In this case, though, the
absence of Rha-CWPS resulted in fitness defects in bacterial
cells, which could contribute to the observed phenotype. In
S. pyogenes, the absence of GlcNAc side chains on GAC led
to attenuated virulence in animal models, which was asso-
ciated with increased sensitivity to neutrophils and serum
killing as well as with a higher susceptibility to the human
antimicrobial peptide cathelicidin LL-37 (28, 102). In
contrast, S. pyogenes mutants devoid of gacI (involved in
GlcNAc side-chain addition onto rhamnan) and gacH
(involved in GroP addition to GlcNAc) exhibited signifi-
cantly increased resistance to human Group IIA phospholi-
pase A2 (hGIIA). hGIIA is a secreted cationic antimicrobial
protein of the human immune system that is particularly
active against Gram-positive pathogens, which it kills by
degrading phospholipids of the bacterial membrane. The
resistance of gacI and gacH mutants most probably arises
from the reduction in negative charges (the phosphate
groups of GroP bound to GlcNAc) at the bacterial surface or
inside the cell wall, which are required for hGIIA binding
and diffusion through the cell wall to reach the membrane
(29, 103). A gacO mutant of S. agalactiae, which did not
produce GBC at all, was also resistant to hGIIA, possibly for
the same reason: the absence of the negatively charged GBC
that contains a significant amount of phosphate (103).
Interestingly, inactivation of the de-N-acetylase PplD in
S. pyogenes, which deacetylates the linkage GlcNAc, had the
inverse effect on bacterial sensitivity to cationic antimicro-
bial peptides. By producing positively charged GlcN, PplD
contributes to the neutralization of the negative charges
displayed by GroP, thus increasing protection against
cationic antimicrobial peptides (26).

In E. faecalis, the Rha-CWPS EPA was also found to
contribute to pathogenesis, specifically through its side-chain
decorations, which were characterized in strain V583 as
teichoic-like chains (42). Mutations in the variable section of
the epa gene cluster, which is involved in the biosynthesis of
EPA decorations, were found to impair intestinal colonization
in a mouse model (20). Likewise, the decorations were also
found to be essential for virulence in a zebrafish infection
model (104). The presence of EPA has been associated with
increased resistance to phagocytosis (21) and its decorations
appear to be involved in phagocyte evasion (104). A similar
result was found in L. lactis: increased phagocytosis by mac-
rophages was observed for mutants lacking PSP chains made
of phosphohexasaccharide subunits (37). Specifically, EPA
decorations, which were formerly considered to be WTA, were
12 J. Biol. Chem. (2022) 298(10) 102488
reported to confer resistance to complement-mediated
phagocytosis by neutrophils via the mannose-binding lectin
pathway (65). As expected from their structure, the absence of
EPA decoration results in a lower negative cell surface charge
but was unexpectedly found to increase resistance to lysozyme
(104).

In the cell wall of R. gnavus, a prevalent gut microbe asso-
ciated with the inflammatory bowel disorder Crohn’s disease,
Rha-CWPS was shown to have a proinflammatory character,
inducing TLR-4–dependent secretion of pro-inflammatory
cytokines (TNFα) by dendritic cells (25). In this case, the po-
tential role of teichoic acid–like substituents in these immu-
nomodulatory effects remains to be investigated.

Overall, Rha-CWPS and their negatively charged side-chain
modifications, either formed of small moieties or long chains,
play a critical role in host colonization and the interactions of
bacteria with different effectors of the host immune system.
Because of their role in pathogenesis, different steps of the
biosynthesis pathway could constitute novel targets for the
design of antimicrobial compounds.

Since they are conserved between strains of the same species
or serotype, Lancefield group carbohydrates have been pro-
posed as potential antigens for vaccine design, especially to
fight S. pyogenes infections (105). In animal models, protective
antibodies directed against GAS were generated as a result of
exposure to the poly-rhamnose backbone conjugated to a
carrier protein (28). These antibodies also promoted opsono-
phagocytosis by neutrophils in vitro. However, for vaccine
design, detailed knowledge of the structure of the immunizing
antigen is of prime importance since, for example, antibodies
induced against GlcNAc side-chain substituents of GAC could
cross-react with human tissue antigens, which would strongly
limit vaccine development (26, 106).
Other roles of Rha-CWPS in bacterial adaptation to the
environment

Rha-CWPS also contribute to protection from stress,
resistance to antimicrobials, and adaptation to a biofilm versus
planktonic lifestyle. Increased expression of the Rml enzymes
involved in dTDP-L-Rha biosynthesis was observed in
E. faecalis biofilms compared to planktonic cultures, suggest-
ing that EPA serves as a major component of the extracellular
matrix. EPA was also shown to protect bacterial cells against
high salt concentration (107). In S. mutans, Rha-CWPS were
found to protect cells against various hostile conditions,
including saline, high temperature, acid, and oxidative stresses
(101). In addition, disruption of RGP biosynthesis led to
enhanced sensitivity of bacterial cells to β-lactam antibiotics,
which target peptidoglycan transpeptidation (108). Similarly,
loss of EPA by E. faecalis is associated with increased sus-
ceptibility to several cell-wall–targeting antibiotics (99, 100).
In S. thermophilus, exposure to bacitracin resulted in the
increased expression of rmlC, which is involved in dTDP-Rha
biosynthesis through a response involving a two-component
system, which suggests a role for Rha-CWPS in protection
against this antibiotic (109).
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Conclusions and outlook

Rha-CWPS are highly abundant cell wall glycopolymers that
are covalently attached to the peptidoglycan sacculus in many
Gram-positive, ovoid-shaped cocci in the genera Streptococcus,
Enterococcus, or Lactococcus, which lack typical WTA. The
wealth of knowledge accumulated in recent years definitively
demonstrates that Rha-CWPS are polyanionic glycopolymers
that fulfill essential functions similar to those of WTA in
bacterial physiology, phage binding, and interactions with the
host. Current research has provided new clues for fighting
phage attacks during food fermentation or using phage therapy
against multidrug-resistant pathogens and has raised the
possibility of predicting the sensitivity of a specific strain to a
given phage. In particular, Rha-CWPS have been revealed as
essential glycopolymers for cell wall homeostasis and bacterial
fitness in pathogenic streptococci or enterococci, and therefore
their biosynthesis pathway represents an attractive target for
the development of novel antimicrobials.

The side-chain modifications attached to the rhamnan
backbone play critical roles in numerous functions of Rha-
CWPS, and the complex arsenal of enzymes involved in their
biosynthesis has been deciphered in several cocci. More
studies are needed to biochemically confirm or elucidate all
steps of side-chain substituent biosynthesis, particularly for
complex substituents. In addition, the spatiotemporal control
of the different molecular events—including rhamnan
anchoring to peptidoglycan by LCP proteins and the attach-
ment of side-chain substituents to rhamnan by GT-C–fold
glycosyltransferases—remains to be investigated.

Finally, the question of how Rha-CWPS biosynthesis is co-
ordinated with that of peptidoglycan remains challenging. One
approach for addressing this topic could be the use of meta-
bolic labeling coupled to high-resolution microscopy tech-
niques to visualize the localization and dynamics of the
synthesis of Rha-CWPS relative to that of peptidoglycan (110,
111). Results obtained in S. mutans indicate a direct interac-
tion between Rha-CWPS and certain proteins essential in cell
division and point out a regulatory role of the negatively
charged side-chain substituents of Rha-CWPS (31). Whether
and how a similar role might be carried out by the complex
and variable decorations of the rhamnan chain present in
lactococci and enterococci warrants further investigation.
More generally, the possible interactions between the proteins
of the cell division machinery and the enzymes of the Rha-
CWPS biosynthesis pathway—or the Rha-CWPS themselves
—represent an exciting area of future study. This will provide
new insights into the cell division mechanisms in ovoid-shaped
Gram-positive bacteria and pave the way for future identifi-
cation of targets for novel antimicrobials for mitigating the rise
of multiple antibiotic resistance.
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