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Abstract
The cell surface of Gram-positive pathogens represents a complex association of glycopolymers
that control cell division, homeostasis, immune evasion, tissue invasion, and resistance to
antimicrobials. These glycopolymers include the peptidoglycan cell wall, wall-teichoic acids,
lipoteichoic acids, and capsular polysaccharide. Disruption of individual factors often results in
pleiotropic effects, making it difficult to discern regulation and function. In this review we collate
recent work describing these pleiotropic phenotypes, and propose that this is due to coordinated
regulation of biosynthesis or modification of these cell surface components. A better
understanding of the regulatory networks that control the relative prevalence of each factor on the
cell surface or their modulated functions may help facilitate the identification of new targets for
antimicrobial therapy.

Introduction
Gram-positive pathogens utilize complex defense mechanisms in response to extracellular
stress, be it environmental or host-derived. One such defense mechanism involves
modification of individual molecules of the cell surface. Unlike Gram-negative bacteria,
Gram-positive species have only a single cell membrane composed of the well-characterized
phospholipid bi-layer (Fig. 1). Protection for the membrane is provided by the adjacent thick
peptidoglycan layer (PG), which also acts as a scaffold for other components of the cell
surface. Interspersed throughout the multilayered peptidoglycan are the anionic teichoic acid
molecules that provide cell wall integrity as one of their many functions, as well as
supplying the major portion of the overall negative charge of the cell surface. Cell surface-
exposed proteins are attached to the cell wall and function in multiple interactions with the
extracellular environment. Lastly, a polysaccharide capsule (CPS) serves as the outer most
layer of the cell surface, providing additional protection from extracellular assaults. This
highly structured consortium functions cooperatively to provide stability and protection
from the external environment. Recent work on individual structural components of the cell
surface has demonstrated that disturbance of a single factor can result in pleiotropic effects,
underscoring the interdependence of each component to the overall function of the cell
surface. Consequently, loss or disturbance of any one of these closely associated factors may
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affect the regulation or ultimate function of another factor, resulting in a change in the
equilibrium in which the cell surface typically exists.

Although a complete understanding of the cell surface network is currently beyond our
grasp, this review will highlight recent work that has provided important new insights into
the complex associations occurring between multiple elements that contribute to overall
pathogen survival. Consideration of these distinctions is important to our understanding of
bacterial pathogen virulence, as the cell surface remains an extremely important target for
future antimicrobial therapy [1–3].

Peptidoglycan
The cell surface of Gram-positive pathogens is a highly complex assembly consisting of a
lipid bilayer, cell wall peptidoglycan (PG) [4], cell wall associated teichoic acids (WTA) [5],
membrane associated lipoteichoic acids (LTA) [6], capsular polysaccharide (CPS) [7], and a
variety of proteins associated with the cell membrane [8–10] or covalently attached to the
PG of the cell wall [11–13]. Peptidoglycan of the cell surface exists as alternating repeats of
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) with peptide side chains
attached to the NAM residue. Although made up of simple repeating subunits, a complex
association network of PG with multiple cell surface components occurs through cross-
linking and covalent and non-covalent interactions. Although a number of methods have
been employed to arrive at current models of peptidoglycan macromolecular structure,
including atomic force microscopy (AFM), nuclear magnetic resonance (NMR), and cryo-
transmission electron microscopy (TEM) [14], major obstacles still exist, including the
structural diversity of PG between different organisms. Future strategies will likely focus on
not just PG structures, but the full complement of interactions between PG, WTAs, LTAs,
and CPS, with subsequent comparisons to surface structures in which one or more
components are missing or altered by targeted mutations. For an excellent overview on the
coordination of peptidoglycan biosynthesis and cell division in streptococcal species, see
review by Sham et al., in this issue.

The importance of elucidating the actual structure of PG is highlighted by recent studies
involving the deletion of genes with homology to lytR, a member of the lytR_cpsA_psr
family, which is associated with transcriptional attenuation of PG hydrolases, their
processing and transport. The interruption of LytR function results in pleiotropic effects,
such as defective cell division, asymmetric septation, and altered antimicrobial sensitivity
[15–17]. Furthermore, the production of multiple phenotypes can be difficult to reconcile, as
shown in Streptococcus mutans, where deletion of lytR resulted in longer chain length
despite an increase in autolysis [15], two traits typically considered to be the product of
opposing processes. A similar phenomenon has been observed with insertional inactivation
of cpsA, the putative regulator of the capsule locus in Streptococcus iniae, resulting in much
longer chains of cocci [18] and increased autolysis when treated with non-ionic detergents or
when grown in culture (B.H. and M.N., unpublished data). These seemingly contradictory
findings emphasize the complexity of the PG cell wall network and its regulation by a
number of factors, and indicate that unidentified targets of regulation likely exist for LytR
family members beyond the PG hydrolase system that has been described thus far. For
example, in another Gram-positive pathogen, Staphylococcus aureus, the LytSR two
component system (no homology to the streptococcal LytR proteins) controls PG hydrolase
activity as well as proteins involved in bacterial programmed cell death, as described in the
review by Sadykov and Bayles in this issue. Therefore, a better understanding of the
structural form of PG under conditions in which regulatory elements such as LytR are
disrupted may provide insight on mechanisms responsible for controlling cell wall integrity.
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In addition to regulation of synthesis and recycling of PG, a number of modifications can be
made to PG, resulting in altered function. These include O-acetylation of NAM residues
catalyzed by the protein OatA, and N-deacetylation of NAG through the functions of the
PgdA protein. Both of these modifications confer resistance to lysozyme cleavage of the
glycosidic bond between NAM and NAG residues [19]. Regulation of OatA appears to be
enacted through two-component systems that sense cell wall stress resulting in upregulation
of oatA expression [20]. Importantly, WTA is covalently attached to the same C-6 atom of
NAM that is O-acetylated, suggesting there may be some cross-regulation of these processes
[5]. Expression of pgdA has been shown to be induced by oxidative stress in the Gram-
negative pathogen Helicobacter pylori [21], and similar regulation may exist for PgdA
homologues recently identified in Gram-positive pathogens [22]. Taken together, a number
of regulatory schemes involved in PG synthesis, turnover through autolysin activity, and
modification of PG residues converge to provide bacteria with a stable and functional cell
wall.

Lipoteichoic acids and wall-teichoic acids
Teichoic acids of Gram-positive species represent an interesting subset of the cell surface,
demonstrating a wide variety of functions including invasion of host tissue [23,24],
regulation of autolysis [25–27], and regulation of cell division [5,26,28]. Cell wall-
associated teichoic acid (WTA) and lipoteichoic acid (LTA) differ in overall structure, with
WTA covalently attached to NAM [5] and LTA anchored to the membrane via a glycolipid
[29]. However, similar modifications are made to both WTA and LTA, such as D-
alanylation [30], which has been shown to facilitate resistance to cationic antimicrobial
peptides, glycopeptides, lytic enzymes produced by neutrophils [5] and reduced autolytic
activity [27]. The similar processing of WTA and LTA appears to provide some functional
redundancy as disruption of both pathways simultaneously is lethal [26], however, the
phenotypes exhibited by individual disruption of LTA or WTA vary considerably.
Disruption of LTA has been associated with a decrease in autolysis in Staphylococcus
aureus, and this seems to be associated with reduced levels of cell wall-associated
hydrolases [26]. This is consistent with the prediction that LTA actively recruits autolysins
to septal regions during cell division to facilitate daughter cell separation [31]. The
association between LTA and autolysins is not currently known, but could include direct
binding of autolysins to LTA, or enhanced substrate accessibility for autolysins in the
presence of LTA.

The observations for LTA are in striking contrast to those found for WTA in which
disruption results in increased autolysis [32] and a concomitant decrease in lysozyme
resistance [25]. In S. aureus, WTA is hypothesized to indirectly mediate targeting of
autolysins to newly synthesized PG by excluding its access to older PG where WTA is
present, thus promoting its access to septal PG where WTA is absent and assisting with
daughter cell separation [32]. These hypotheses are supported by the observation that loss of
WTA results in indiscriminate binding of autolysins to the cell surface instead of preferential
localization to the septum [32]. In addition to spatial regulation of autolysin activity, WTA
has been shown to regulate peptidoglycan crosslinking in a spatial and temporal manner
[25]. Localized synthesis of intermediate forms of WTA at the septum appears to indicate
the presence of a mature cell wall, and temporally triggers penicillin-binding proteins (PBP)
to initiate crosslinking. Temporal regulation of this process may be important in permitting
the introduction of proteins and glycopolymers that may not be able to penetrate a highly
crosslinked cell wall [25].

Taken together, LTA and WTA appear to exert opposing and complementary functions
during daughter cell separation with LTA promoting autolysis at the septum while WTA
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selectively blocks autolysis elsewhere on the cell. WTA intermediates subsequently
accumulate at the septum, recruiting PBPs which crosslink the PG, forming a mature cell
wall. These observations suggest a tight regulatory scheme over the localization of both
elements during cell division, the mechanism of which is still not fully described. This
principle may explain observed abnormalities in Bacillus subtilis morphology [28] and S.
aureus cell division [26] when LTA is disrupted. Similarly, CPS and WTA have been
demonstrated to have direct effects on each other. Phase variation in Streptococcus
pneumoniae to a form that results in increased virulence relies on a switch from relative low
levels of CPS and high levels of WTA to relative high levels of CPS and low levels of WTA
[33]. Whether this results from direct competition for covalent attachment to PG, or if it is
due to a regulatory pathway that co-regulates levels of both CPS and WTA is not
understood. Clearly, WTA and LTA exert a fine tuned control over a number of important
processes, including cell division and resistance to cell wall reactive antimicrobial agents.
The effect that differing levels of CPS has on these traits has not been explored in depth, and
it may be that the absence or presence of CPS contributes to the dynamic equilibrium
experienced by components of the cell surface.

Capsule
The CPS of Gram-positive organisms can be covalently linked to a variety of surface
structures, with attachment to the peptide moiety of PG for Bacillus anthracis [34],
attachment to N-acetylglucosamine of PG for Streptococcus agalactiae [35], and covalent
attachment to the PG or membrane for S. pneumonia [7]. The enzyme that catalyzes the
covalent addition of CPS to these locations has not been determined for many Gram-positive
species, including S. agalactiae and S. pneumoniae [7]. The location of CPS linkage is
important to consider in the context of the cell surface as WTA may compete for these
ligation sites, or experience steric hindrance in the presence of CPS [7]. CPS appears to be
generally linked to NAG instead of NAM in S. agalactiae and S. pneumoniae [7], therefore
steric limitation may explain the relative balance between WTA and CPS described above
for S. pneumoniae. An understanding of how CPS ligation is controlled may shed light on
regulation of the other modifications that occur at or near this location.

Recent reports indicate that the presence or absence of CPS has a significant effect on
minimum bactericidal activity of a number of cell wall reactive agents for Streptococcus suis
[36] as well as vancomycin resistance in S. pneumoniae [37]. Insertional inactivation of
cpsA, which encodes the putative regulator of capsule synthesis in S. iniae, results in various
changes to antimicrobial sensitivity from cell wall-targeted compounds, with the cpsA
mutant demonstrating decreased capsule levels in conjunction with increased resistance to
lysozyme and bacitracin, and decreased resistance to ampicillin and methicillin (B.H. and
M.N., unpublished data). These results indicate a clear association between expression of
CPS and cell wall integrity, which may be mediated by the CpsA regulator protein. The
exact mechanism mediating these events is unclear, though reasonable suggestions have
been proposed based on simple occlusion of antibiotics via capsular stereochemistry or its
contribution to structural stability [36,37]. These effects are most likely the result of more
specific actions associated with perturbation of the cell surface, and these phenotypes may
be explained by considering the relative changes in PG, WTA, and LTA and the pleiotropic
effects that may occur with loss of CPS. Whether these regulatory events happen in response
to the host environment is currently not known; however, evidence exists for the regulation
of CPS expression in-vivo, with the observation that levels of CPS are decreased when S.
pneumoniae cocci come in contact with the surface of epithelial cells [38]. This scenario
suggests that bacteria may dynamically regulate levels or processing of CPS, WTA, and
LTA in response to host signals, essentially altering the cell surface from prevalent CPS and
immune evasion function to prevalent D-alanylated WTA and LTA with attachment and
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colonization function, as WTA and LTA have been shown to mediate adhesion to host cells
[39]. Supporting this model is the previously mentioned observation that CPS and WTA
levels are coordinately altered during phase variation in S. pneumoniae [33].

CPS in S. pneumoniae also has a direct effect on the number of bacterial cells present in a
single chain [40], with the presence of capsule generally leading to longer chains in S.
pneumoniae. The observation that this trait varies when secondary mutations are made to
genes responsible for regulation of cell division further underscores the complexity of the
cell surface and its regulation [40,41]. The deletion of cpsA in S. agalactiae and S. iniae
results in decreased production of CPS [18,42] which actually coincides with longer chains
(18), (B.H. and M.N., unpublished). Whether this phenotype is a consequence of reduced
capsule is unclear, or alternatively, CpsA may actively contribute to regulation of cell
division. The discrepancy between these observations suggests that fundamental differences
exist between S. pneumoniae and S. agalactiae concerning regulation of the cell surface, and
may relate to the presence of multiple cell wall processing enzymes in S. pneumoniae that
are absent in S. agalactiae, such as the PG hydrolases LytA and LytC. As with the other
components of the cell surface, this indicates that the role of CPS and its effects on
regulation of the cell surface in Gram-positive pathogens may indeed be species-specific.

Conclusions
Clearly, analysis of the bacterial surfome should include the contributions made by PG,
WTAs, LTAs, and CPS as each plays an individual role in pathogenicity and can have
profound effects on the associations occurring in the overall architectural network.
“Fingerprinting” or “protein profiling” is routinely performed to determine specific protein
components of various strains and species using two-dimensional electrophoresis along with
Mass spectrometry. Such “fingerprinting” methods would be useful for characterization of
the composition and relative abundance of surface associated glycosaminoglycan structures,
allowing differentiation between species and strains under specific conditions, particularly
as the intricate associations between cell surface components and the corresponding
implications for virulence and antimicrobial treatment are unraveled. Accomplishing this
goal necessitates technological enhancements in the methods currently used to probe the
bacterial cell surface. The determination that PG, LTA, WTA, and CPS have a shared pool
of precursors and, with the exception of LTA, also share the undecaprenyl-phosphate
acceptor (Und-P) for repeat unit synthesis [7,30] raises interesting questions about how
precursor fate and prioritization of Und-P for different substrates is controlled. Ostensibly,
this series of interconnected pathways has important points of regulation (Fig. 2), and work
describing regulation of branch points in this network or the point at which precursor fate is
decided is currently incomplete. A better understanding of how each of these components
relates functionally to one another in Gram-positive bacteria and the coordinated control of
the enzymes that facilitate their construction and eventual fate remains an exceedingly
important task in a future beset by the onset of antimicrobial resistance and vaccine escape
through serotype diversity.
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Highlights

• Peptidoglycan, teichoic acids and capsule are a major part of the cell surface
network

• Cell surface components function cooperatively to provide stability and
protection

• Recent work highlights the importance of understanding surface component
associations

• Greater understanding of cell surface network will provide new antimicrobial
targets
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Figure 1.
Simplified overview of the cell surface of Gram-positive bacteria, excluding proteins, with
the lipid membrane (LM), peptidoglycan (PG), lipoteichoic acid (LTA), capsular
polysaccharide (CPS), and wall teichoic acid (WTA).
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Figure 2.
Proposed model detailing the pleiotropic effects caused by disruption of individual
components of the cell surface. LM: Lipid membrane; PG: peptidoglycan; LTA: lipoteichoic
acid; CPS: capsular polysaccharide; WTA: wall-teichoic acid. Yellow circle represents an
autolysin. Bold lines indicate an increase in function, while narrow lines indicate a decrease
in function.
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Table 1

Effects on the cell surface by individual component disruption

Altered componenta

PG CPS WTA LTA

PG Abnormal morphology [16]
Assymetric septum [16]
Increased autolysis [15]
Increased chain length [15]

Increased sensitivity to
antimicrobials [36,37]
Altered chain length

[39,40]

Increased autolysis [32]
Decreased lysozyme resistance [25]
Decreased PG crosslinking [23,25]
Perturbation of PG [23]
Aberrant morphology [23]

Decreased autolysis [26]
Abnormal morphology [28]
Aberrant cell division [26]
Increased chain length [28]

CPS Covalent attachment of
CPS to PG [7,34,35]

Not considered [7] Increased levels of CPS [33] Unknown

WTA Covalent attachment of
WTA to PG [5]

Increased levels of WTA
[33]

Not considered [30,3] Can compensate for essential
function of LTA [5,26]

LTA β-lactam treatment causes
release of LTA [42]

Unknown Can compensate for essential
function of WTA [5,26]

Not considered [3,30]

a
A collection of phenotypes exhibited when components at the top are disrupted in some way in relation to the other components of the cell

surface. Categories “Not considered” were judged to be outside the scope of this summary and have been described at length in the associated
citation. Categories that are “Unknown” did not have significant findings to present in this context.
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