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INTRODUCTION

The wall of the gram-positive bacterium constitutes a mul-
tifaceted fabric that is essential for survival, shape, and integ-
rity (493). Macromolecular assemblies of cross-linked pepti-
doglycan (murein), polyanionic teichoic acids (TAs), and
surface proteins function within this envelope. TAs are com-
posed of wall teichoic acid (WTA) and lipoteichoic acid (LTA)

(24, 30, 33, 36, 158, 160, 291, 489, 499). WTA is covalently
linked to the peptidoglycan, whereas LTA is a macroamphi-
phile with its glycolipid anchored in the membrane and its
poly(glycerophosphate) (Gro-P) chain extending into the wall.
Protonated D-alanyl ester residues (Fig. 1), one of the principal
substituents of TAs in many low-G�C gram-positive bacteria,
are covalently linked to these chains and provide counterions
for determining the net anionic charge of the TA.

Together with peptidoglycan, WTA and LTA make up a
polyanionic network or matrix that provides functions relating
to the elasticity, porosity, tensile strength, and electrostatic
steering of the envelope (15, 76, 125, 130, 284, 319, 474). This
matrix is a polyelectrolyte gel with ion-exchange properties
required for not only maintaining metal cation homeostasis
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and control but also assisting in the “trafficking” of ions, nutrients,
proteins, and antibiotics (14, 35, 127, 199, 230, 291, 319, 483). The
wall matrix is also responsible, in part, for the permeability of
proteins (123, 125), the linkage of wall proteins (334, 357), and
the presentation of peptidoglycan hydrolases (autolysins) and ad-
hesins (173, 445), as well as being one of the determinants of cell
surface hydrophobicity (426). Under conditions of chemiosmosis,
a proton gradient further defines the ionic properties of this
matrix (256, 268). Within this complex continuum of anionic
charge, peptidoglycan provides its stress-bearing role against tur-
gor pressure (267). Thus, the envelope is an organelle that pro-
vides the necessary functions needed for cellular growth of the
gram-positive cell in its biological niche.

Although not all gram-positive bacteria have conventional
LTA and WTA, those that lack these polymers generally have
functionally similar anionic ones (413, 466). For example, li-
pomannan is found in place of LTA in Micrococcus luteus (379,
404). Its polyanionic character is determined by succinyl
groups esterified to the mannosyl residues. In another exam-
ple, growth of Bacillus subtilis in phosphate-limited medium
results in the replacement of WTA with teichuronic acid, a
phosphorus-free polysaccharide containing uronic acid resi-
dues (145). Each of these examples illustrates the importance
of a wall anionic polymer(s) during the growth of the organism.

Both the structures and biosyntheses of WTA and LTA have
been well characterized (22, 158, 160, 201, 293a, 401, 489).
However, the functions of TAs within the wall matrix have
been more difficult to define. The D-alanyl esters of these
polymers, resulting from a single D-alanine incorporation sys-
tem encoded by the dlt (for “D-alanyl-LTA”) operon (209, 367,

383), constitute important substituents for modulating the
properties of the envelope in many species. For this reason,
knowledge of these ester residues is essential for understand-
ing the functions of TAs in bacterial physiology as well as in
host-mediated responses.

The goals of this article are (i) to summarize the structures
and functions of D-alanyl-TAs in the envelope; (ii) to describe
the mechanism of D-alanine incorporation into TAs; and (iii)
to review the role of the D-alanyl esters in antibiotic action,
pathogenesis, adhesion, biofilm formation, and virulence. New
insights are emerging which provide a greater understanding of
the role played by these esters both in the growth of the
bacterium and in their function in host-mediated responses.
The ability to isolate mutants deficient in D-alanyl esters by
targeted mutagenesis provides a tool for addressing these
goals. In addition, an understanding of the D-alanine incorpo-
ration system provides screening reactions for designing novel
antibacterial agents targeted to D-alanyl-TA synthesis.

Since the WTA and LTA of Streptococcus pneumoniae con-
tain phosphorylcholine substituents instead of D-alanyl esters,
the review does not address the TAs of this organism; the
reader is directed to reference 164.

TEICHOIC ACIDS

Structures of WTA and LTA

A review of the literature reveals a wide structural diversity
of WTAs in gram-positive bacteria (22, 32, 149, 239, 355).
Some of this diversity is confined to the presence and nature of
the glycosyl substituents, D-alanyl esters, and repeating units
(monomers) (11, 33, 201). The monomers are joined via
anionic phosphodiester linkages to form linear chains that
constitute 30 to 60% of the cell wall. Two examples are 1,3-
glycerol-phosphate (-Gro-P-) and 1,5 D-ribitol-phosphate
(-Rbo-P-) (11, 33). WTA is attached to peptidoglycan via the
linkage unit (Gro-P)2 or 3ManNAc(�1–4)GlcNAc-P to C-6 of
the MurNAc residues (Fig. 2A) (9, 102, 205, 273).

The major WTA from B. subtilis 168 is D-alanyl-[�-D-glu-
cosylated poly(Gro-P)], with a chain length of 53 residues
(range, 45 to 60) (Fig. 2B) (32, 133, 393). The degree of
�-D-glucosylation is 0.8, but this has been shown to depend on
the age of the cells and the Pi concentration in the growth
medium (68, 190). This bacterium also contains a minor WTA,
poly (3-O-�-Glu-GalNAc) (441). The genus Bacillus contains
WTA with a variety of repeating units (22, 239). For examples,
B. subtilis 168, B. subtilis W23, and Bacillus coagulans contain
the monomers -Gro-P-, -Rbo-P-, -6-Gal(�1–2)GroP-, respec-
tively.

Staphylococci also contain either -Gro-P- or -Rbo-P- as the
repeating unit of WTA. For example, Staphylococcus aureus H
contains D-alanyl-[�,�-GlcNAc-poly(Rbo-P)] glycosylated on
position 4 of the D-ribitol in either an �- or �-linkage (Fig. 2C)
(38, 40). S. aureus Copenhagen contains this WTA with 15% �-
and 85% �-GlcNAc-poly(Rbo-P) WTA (430). On the other
hand, Staphylococcus cohnii contains poly(Gro-P) WTA with
glucosyl substituents (149). Although most WTAs conform to
the substituted poly(1,5-Rbo-P) or poly(1,3-Gro-P) structures,
there are exceptions; these include examples in which the re-
peating unit is either -Gro-P-glycosyl-P- or -GlcNAc-P- (18, 20,

FIG. 1. Protonated D-alanyl ester substituent linked to the 2� hy-
droxyl of a Gro-P unit (sn-glycerol 1-phosphate). Ion pairing of the
phosphodiester with the protonated amino group occurs on rotation of
the phosphodiester linkage.
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149). In addition, other species contain arabitol-P (e.g., Agro-
myces cerinus) (440) or erythritol-P (e.g., Glycomyces tenuis)
(403).

Without exception, the alanyl esters of TA are of the D-
configuration (25). In the poly(Rbo-P) WTA of S. aureus H,
the D-alanyl ester is found at position 2 of the -Rbo-P-mono-
mer (39, 346). In this WTA, a phosphodiester anionic linkage
and the vicinal 3�-OH of the ribitol flank the D-alanyl ester. In
contrast, two phosphodiester linkages flank the D-alanyl ester
of poly(Gro-P) TAs. When the 2�-OH of glycerol is substituted
by a glycosyl unit, e.g., in group D streptococci, the D-alanyl
esters are substituents on the sugar (496).

Many LTAs, originally named membrane TAs (17, 31, 291),
are macroamphiphiles composed of poly(Gro-P) (attached to
C-6 of the nonreducing glucosyl of the glycolipid anchor [type
I] [160, 170, 476, 498, 499]). The glycolipid is Glc(�1–
6)Glc(�1–3)(gentiobiosyl)diacyl-Gro in staphylococci, bacilli,
and streptococci (Fig. 3A) (135, 160, 428). The chain length of
poly(Gro-P) (Fig. 3B) varies from 14 to 33 and from 5 to 50
Gro-P units in LTA isolated from Enterococcus faecalis and
Lactobacillus rhamnosus ATCC 7469, respectively (301, 394).
The polydispersity of LTA in these organisms confirmed that
observed originally in Streptococcus agalactiae (331). In con-
trast to this LTA type, Lactococcus garvieae and Clostridium
innocuum contain type II and type III LTA, respectively. Type
II LTA has a -GalGal-Gro-P- repeating unit, while type III

LTA has a -Gal-Gro-P- repeating unit (160). Type I LTA
occurs in 84 of 86 strains of oral streptococci (the exceptions
are Streptococcus mitis and Streptococcus oralis) (221). Strepto-
coccus sp. strain DSM 8747, which is closely related to S.
pneumoniae (with phosphorylcholine TAs), contains type I
LTA with an average chain length of 10 Gro-P units partially
substituted by D-alanyl esters (417). The chain length distribu-
tion varies from 7 to 17, and the glycolipid anchor is a rare
3-O-(�-D-galactofuranosyl)-1,2-diacylglycerol (417). Based on
the side chain substituents of LTA, Bacillus strains/species are
divided into group A and group B. In group A (six members),
�-GlcNAc is linked to the -Gro-P- repeating unit, while in
group B (five members) �-Gal is linked (Fig. 3C) (239). B.
subtilis is an example of group A, and Bacillus megaterium is an
example of group B. Neither LTA nor a related anionic poly-
mer was found in Bacillus circulans and Bacillus polymyxa
(240). Comparative studies of 13 species of lactobacilli re-
vealed that 8 contain both LTA and WTA while 5 have only
LTA (41, 254). All possess a type I D-alanyl-poly(Gro-
P)[Glc(�1–6)Gal(�1–2)Glc(�1–3) diacylglycerol] (353). A sig-
nificant fraction of the glycolipid anchor is also Glc(�1–
6)Gal(�1–2)6-O-acyl-6Glc(�1–3) diacylglycerol (167, 353).
While this example implies a defined structure, Fischer (159)
has emphasized that microheterogeneity of LTAs is the result
of several variables: (i) fatty acid composition, (ii) kind and
extent of glycosyl substitution, (iii) length of hydrophilic chain;
and (iv) degree of D-alanylation.

In the high-G�C (�55 mol%) subdivision, LTA is generally
replaced by lipoglycans (160, 466). For example, Bifidobacte-
rium bifidum contains a macroamphiphile with single Gro-P
units attached to the glycan backbone by phosphodiester link-
ages and substituted with L-alanyl esters (156, 238). The lipo-
glycan of M. luteus is a mannan substituted with succinyl sub-
stituents esterified to approximately 25% of the mannose
residues. Sutcliffe (463) proposed that the diversity of these

FIG. 2. WTA. (A) Linkage unit. (B) Poly(Gro-P)(sn-glycerol 3-P)
moiety from B. subtilis 168 and poly(Rbo-P) from S. aureus H. (C) Sub-
stituents on poly(Rbo-P) and poly(Gro-P) characteristic of these bacteria.

FIG. 3. Type I LTA. (A) Glycolipid anchor. (B) Poly(Gro-P) (sn-
glycerol 1-P). (C) Substituents (X).
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cell surface components might be useful in classification of the
high-G�C and low-G�C (�50 mol%) gram-positive bacteria.

Pathways of LTA and WTA Biosynthesis

With the exception of D-alanyl esters, WTA and LTA are
assembled via different pathways (489). For example, in organ-
isms that have the repeating unit -Gro-P- for both LTA and
WTA (such as B. subtilis 168), the units are derived from
different sources. WTA contains sn-glycerol 3-phosphate de-
rived from CDP-glycerol (78, 201), whereas LTA contains sn-
glycerol 1-phosphate derived from phosphatidylglycerol (147,
176, 315). Because of the different origins of the Gro-P units,
the chains are not stereoisomerically identical. Thus, LTA is
not a precursor of WTA.

WTA assembly. The assembly of WTA requires four phases:
(i) synthesis of the (Gro-P)3-ManNAc-GlcNAc-PP-polyprenol
carrier (linkage unit carrier) (9, 200, 201, 502), (ii) polymer-
ization of the poly(alditol-P) on this lipid intermediate (78,
154, 183, 198, 205, 294, 326, 431), (iii) glycosylation of this
moiety (184), and (iv) attachment of the WTA linkage unit to
peptidoglycan. Undecaprenol phosphate is the carrier lipid on
which this linkage intermediate is assembled prior to attach-
ment (69, 201, 502). This lipid is identical to that involved in
peptidoglycan synthesis (490). Chain elongation in WTA as-
sembly occurs by successive addition of monomer from either

CDP-glycerol or CDP-ribitol to the terminal alditol-P that is
distal to the linkage unit (235, 259).

The genes (tagABDFEGHO) encoding the enzymes for the
assembly of WTA in B. subtilis 168 have been isolated and
characterized (Fig. 4) (293a, 401). These are organized into
two divergently transcribed operons (divergon), tagAB and
tagDEF (224, 329). The one-gene operon tagO and the two-
gene operon tag GH, involved in WTA translocation, are both
independent of the above divergon (293a, 451). tagF encodes
the polymerase responsible for formation of the poly(Gro-P)
moiety from CDP-glycerol (399, 431), tagD encodes the glyc-
erol 3-phosphate cytidyltransferase (382), and tagE encodes
the enzyme for glucosylation of the poly(Gro-P) from UDP-
glucose (Fig. 4). The regulatory elements of the divergon, two
�A-controlled promoters, are further modulated by signals
coupled to cell division as well as to growth phase, media
richness, Pi concentration, and temperature (328). Evidence
pointing to differences in the septal and cylindrical wall in this
strain may be correlated with the differential control of WTA
synthesis determined by the regulatory elements of this diver-
gon (328). Growth of strains with temperature-sensitive tag
mutations (exception tagE) at the restrictive temperature
caused an immediate cessation of WTA synthesis, while the
synthesis of LTA and phospholipid was not affected (398, 402).
In contrast to tagF, no conditional lethal phenotypes were
observed for tagE. Thus, glucosylation is not essential for

FIG. 4. Assembly of the glucosylated poly(Gro-P) WTA of B. subtilis 168. TagD, TagE, and TagF are enzymes in WTA synthesis, and TagO,
TagA, and TagB participate in linkage unit synthesis. Reprinted from reference 399 and amended with permission of the authors and publisher.
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growth. Interestingly, the synthesis of the poly(Rbo-P) WTA of
B. subtilis W23 is directed by the tar genes, also organized in
two divergently transcribed operons but with different regula-
tion from that observed in B. subtilis 168 (292). In W-23 four
promoters are needed for poly(Rbo-P) WTA synthesis,
whereas in B. subtilis 168 two promoters are needed for poly-
(Gro-P) WTA synthesis.

The synthesis of the linkage unit requires the sequential
transfer of GlcNAc-1-phosphate from UDP-GlcNAc (TagO)
and ManNAc from UDP-ManNAc (TagA) to polyprenyl phos-
phate to form lipid 2 (Fig. 4) (9, 205, 293b, 451, 502). Com-
pletion of the linkage unit is accomplished by the addition of
two or three Gro-P units from CDP-glycerol to this lipid
(TagB). In early studies of a putative LTA carrier (LTC) (154,
326), it was observed that poly(Rbo-P) polymerase from S.
aureus is strongly inhibited by D-alanyl esters (157, 271). While
the role of this LTC in WTA synthesis has not been supported
(157, 335), the inhibitory effect of D-alanyl ester residues on the
polymerase (169, 271) remains a distinct possibility in regulat-
ing the synthesis of WTA on the linkage unit (157). Both the
LTC and the linkage unit contain at least two or three Gro-P
units. A similar type of inhibitory effect has also been observed
in Bacillus cereus, where the glycosyltransferase is inhibited by
the D-alanyl esters of the LTA acceptor (442). Short-chain,
lipophilic LTA readily accepts D-alanyl esters (90, 155), and
thus the (Gro-P)n moiety of the linkage unit lipid, analogous to
the terminus of LTC, may also accept D-alanyl esters, resulting
in the inhibition of the poly(Rbo-P) or poly(Gro-P) poly-
merases. Under conditions of high D-alanylation, the assembly
of WTA on the linkage unit may be inhibited. Alternatively,
under conditions of low D-alanylation, the assembly of WTA
may be enhanced. This putative regulatory mechanism clearly
warrants further study.

LTA synthesis. Biosynthesis occurs via the transfer of Gro-P
units from phosphatidylglycerol with the formation of
elongated LTA and diacylglycerol (80, 147, 272, 469). In En-
terococccus hirae ATCC 9790, Gro-P moieties are added se-
quentially to the glycolipid acceptor, phosphatidylkojibio-
syldiacylglycerol (176). This observation is consistent with the
in vivo pulse-chase experiments that implicated phosphatidyl-
glycerol as the donor of Gro-P units (147, 185). On the other
hand, the discovery of a series of oligophosphoglycerophos-
pholipids derived from phosphatidylglycerol in Streptococcus
sanguis suggested that these lipids may be intermediates in the
assembly of LTA and that the mechanism of assembly may
differ from that observed in E. hirae (92). One of these lipids,
phosphatidylglycerophosphoglycerol, is formed from two mol-
ecules of phosphatidylglycerol. The resulting diacylglycerol is
phosphorylated by diacylglycerol (diglyceride) kinase and re-
utilized for phosphatidylglycerol synthesis (469). The elonga-
tion of the poly(Gro-P) moiety would appear to occur by the
distal (external) addition of Gro-P units (80). Using sequential
cleavage by phosphodiesterase/phosphatase, Taron et al. (469)
found that the newest Gro-P units added were the ones first
cleaved from the in vitro-synthesized LTA. Distal addition can
occur only while the growing poly(Gro-P) moiety is in contact
with the cytoplasmic membrane. The polydispersity of the LTA
chain length suggests that chain growth may terminate at any
point in elongation (300). Comparative studies of LTA glyco-
sylation in B. subtilis further illustrate aspects of structural

diversity. Glycosylation of the -Gro-P- repeating unit (three
strains, group A) is the result of GlcNAc transferases that
utilize �-GlcNAc-P-polyprenol (240, 443). Another intermedi-
ate, �-GlcNAc-P-polyprenol, is the precursor of �-linked gly-
cosyl groups in several Bacillus species. The mechanism of
elongation, the organization of this assembly system, and the
attachment of the glycolipid anchor are not well understood.

It was hypothesized that a specific glycerol phosphotransfer-
ase targets the glycolipid with a single Gro-P unit and that this
modified glycolipid would serve as the growing point for the
assembly of the poly(Gro-P) chain (161, 272, 417). In Strepto-
coccus sp. strain DSM 8747, the least abundant glycolipid (mo-
nohexosyldiacylglycerol) is selected of the four for the mem-
brane anchor (417). Several short-chain D-alanyl-lipophilic
LTAs that could participate in this targeting process have been
described (71, 287). To test this mechanism, mutants deficient
in glycolipid anchor were sought. The ypfP gene encoding the
diglucosyldiacylglycerol synthase, responsible for synthesis of
this anchor, was isolated and characterized from S. aureus and
B. subtilis (249, 250, 260). Inactivation of ypfP resulted in LTA
with diacylglycerol as the membrane anchor (260), an LTA
similar to that described by Chiu et al. (92). In 1976, Button
and Hemmings (79) observed the loss of the glycolipid anchor
in a phosphoglucomutase mutant of Bacillus licheniformis. The
poly(Gro-P) was linked, instead, to diacylglycerol. In at least
two organisms, B. coagulans and B. megaterium, the glycolipid
is also normally replaced by diacylglycerol as the LTA anchor
(160, 239). While not proven, these observations are consistent
with the assembly of the poly(Gro-P) moiety on phosphatidyl-
glycerol with subsequent transfer to the glycolipid anchor.

The synthesis of peptidoglycan, LTA, and WTA occurs
within the proton gradient of the membrane-wall matrix of the
growing cell (247, 257). Harrington and Baddiley (204) found
that the ionophore valinomycin disrupted this gradient and
thereby inhibited the synthesis of WTA and peptidoglycan. In
contrast, this ionophore had no effect on LTA assembly. Since
each of the phases of WTA synthesis was detected on the outer
leaflet of the protoplast membrane (50), it was suggested that
an enzyme complex rotates or reorients between the inner and
outer leaflets. At least one of these phases most probably
utilizes a translocation step facilitated by the ATP-binding
cassette transporter (TagGH) encoded by the tagGH operon
(293). The dependence of WTA synthesis on the proton gra-
dient (34) is consistent with an energy requirement for a trans-
port system necessary for the translocation of intermediates
across the membrane. Whether the proton gradient is coupled
to the rotation of an enzyme complex or used to drive a trans-
port system in the translocation of a polymer is not known.

Topography of TAs

Archibald et al. (19) proposed that the chains of WTA in B.
subtilis are arranged perpendicular to the surface of the wall. A
fraction (50%) of this WTA is located in a “fluffy”-layer region
beyond the wall (63, 132). It was postulated that this fibrous
layer reflects a region of autolysin-catalyzed degradation of
outer nonstressed peptidoglycan (189). A similar organization
was also observed in many strains of S. aureus (23, 478). This
topography is illustrated in Fig. 5.

Many bacteriophages show binding specificity for accessible
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WTA (12). By using pulsed incorporation of WTA in B. sub-
tilis, it was observed that phage bind initially only to the inner
surface of the wall (7, 13). Maximal binding to the cell surface
occurred after 0.75 to 1 generation. These findings indicated
that the assembly of WTA initiates at the wall-membrane in-
terface at many sites and that this is followed by movement of
covalently linked WTA-peptidoglycan through the thickness of
the cylindrical wall. At longer times after the pulse, phage
binding was detected only at the polar region. Using differen-
tial staining of WTA and teichuronic acid, Merad et al. (339)
established that in the transition from phosphate-limited to
phosphate-replete growth, the new WTA is evenly distributed
along the inner surface of the cylindrical region of the B.
subtilis cell. Therefore, insertion of new WTA occurs at the
membrane concurrently with peptidoglycan in an “inside-to-
outside” growth mode (119, 151, 269, 327, 339, 396, 397), with
a slower appearance in the cell poles (96).

LTA is found at the interface of the cytoplasmic membrane
and wall (157, 291, 489). Using immunoelectron microscopy,
Aasjord and Grov (1) established that LTA in S. aureus Cowan
not only is attached to the membrane but also penetrates the
wall. In Lactobacillus fermentum, an organism that does not
contain WTA, one portion of the LTA is exposed on the cell
surface while a second portion is concentrated at the mem-
brane (481). The surface-oriented LTA is responsible for the
serological specificity of this species (41). Based on turnover
experiments, the LTA is released from the cell surface during
growth (107, 344, 499). This transient LTA is noncovalently
associated with wall components (e.g., peptidoglycan and pro-
teins) through ionic interactions (157, 230). In group A strep-
tococci, the glycolipid moiety of the LTA becomes surface
oriented as a result of interaction with the M protein. Thus,
one of the determinants of cellular hydrophobicity in this bac-
terium is the anchoring of LTA with the hydrophobic moiety to
the medium (107, 344, 373).

TAs and the Glycocalyx

Many bacteria are enveloped with an additional matrix of poly-
mers known as the glycocalyx (104, 150, 179, 288). This matrix is
distal to the wall peptidoglycan and in some cases includes an S
layer, capsule, or slime layer. These highly hydrated (99%) struc-
tures play roles in adherence, access of macromolecules and ions,
and virulence. In several bacteria, coalescence of adjacent glyco-
calyces leads to biofilm formation (150, 179, 444). The glycocalyx
is composed of exopolysaccharides (467), WTA and LTA (74,
234, 376), wall-associated proteins (253), and a variety of mem-
brane constituents (179). A major fraction of the LTA-antibod-
ies–protein A-gold complexes in group B streptococci is located
within the glycocalyx (capsule) and organized as long, fibrous
threads spanning this structure (376). These threads appear to be
fibrillar in the glycocalyces of several organisms. Electron micros-
copy with the cationic dye ruthenium red defined regions of an-
ionic sites on the fibrils from S. aureus ATCC 6538P (321). In
Staphylococcus epidermidis, the solid component of the slime layer
is approximately 80% (wt/wt) TA and 20% protein (234). Based
on immunochemical labeling studies and LTA turnover experi-
ments, Wicken et al. (497, 501) concluded that LTA would be
expected to be a component of the glycocalyx and thus to play an
important role in its function. It was proposed that the spatial
divisions of the wall and glycocalyx are not rigid but “represent
regions in a continuum and individual types of cell-wall-associated
polymers may be distributed across the continuum both spatially
and also temporally if they are in transit” (501).

D-ALANYL ESTER

Content in WTA and LTA and Relationship
to Growth Conditions

The D-alanyl ester content in WTA and LTA is highly vari-
able. The molar ratios of D-alanine to P (degree of D-alanyla-

FIG. 5. Topography of WTA and LTA in S. aureus. Peptidoglycan (black lines) and WTA (green symbols) adapted with permission of the
author and publisher of reference 478. Topology of LTA (red symbols) and WTA derived from references 19, 158, 189, 481, and 500.
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tion) in LTA from a variety of species vary from not detectable
to 0.88 (157, 158, 165, 428). WTA generally has a lower ratio of
D-alanine to P than does LTA. For example, the ratio of D-
alanylation (WTA/LTA) in S. aureus is 0.75 (161, 312). Growth
of B. subtilis in two media of different richness resulted in ratios
of 0.2 and 0.5 (383).

Although these esters are constituents of TAs in many bac-
teria, some bacteria appear to lack D-alanyl esters: e.g. E. hirae
ATCC 9790 (157), Micrococcus varians ATCC 29750 (157), S.
cohnii (428), and S. pneumoniae (158). TA from actinomycetes
also contains no D-alanyl esters (355). Type II and type III
LTAs do not contain D-alanyl esters. Iwasaki et al. (239) found
that LTAs of Bacillus lacking the glycolipid anchors are also
deficient in D-alanyl esters. Thus, D-alanyl ester substituents
are generally found in the low-G�C subdivision of gram-pos-
itive bacteria, mostly those containing type I LTAs.

The D-alanyl ester contents of LTA and WTA of S. aureus
and B. subtilis are a function of the pH of the growth medium
(21, 145, 146, 312). In the former, the ester content varies from
0.75 at pH 6.1 to 0.07 at pH 8.1, and thus at the higher pH only
9% of the ester content was observed (312). MacArthur and
Archibald (312) reasoned that this observation might be in-
compatible with a regulatory function of D-alanyl-LTA. It was
proposed that the newly synthesized D-alanyl-LTA at pH 8.1 is
highly substituted and that the ester groups are subsequently
lost by base-catalyzed hydrolysis. The newly synthesized mol-
ecules would fulfill the functions that require the presence of
D-alanyl esters, while the alanine-free molecules would be ex-
creted or utilized when esters are not required. Growth of B.
subtilis in media of decreasing pH (i.e., 7 to 5) resulted in a
progressive increase in the D-alanyl ester content of WTA
(146). Ellwood and Tempest (145) concluded that the in-
creased ester content is necessary for the proper functioning of
TA in the cell at higher proton concentrations. This conclusion
may be important for interpreting the observation that S. mu-
tans deficient in D-alanine esters loses its acid tolerance re-
sponse (65).

In addition to medium pH, the degree of D-alanylation is a
function of the temperature (233, 370). For example, growth of
the facultative thermophile B. coagulans at 55°C resulted in a
threefold decrease in ester content compared to cells grown at
37°C. In addition, sublethal heating of S. aureus resulted in a
loss of 65% of the D-alanyl ester content of TA. “Repaired”
cells contained four times more D-alanine than did the freshly
heated cells (233).

The degree of D-alanylation is also affected by growth on
media containing increasing concentrations of NaCl. For ex-
ample, D-alanylation of S. aureus LTA decreased from 0.71 to
0.33 (D-alanine/P) as the NaCl concentration was increased
from 0.2 to 7.5% (171, 172). Koch et al. (270) suggested that
the high concentration of NaCl directly affects one of the
enzymes involved in the synthesis of D-alanyl-LTA. Both NaCl
and KCl markedly decreased the D-alanylation of membrane-
associated LTA when measured in an in vitro system from L.
rhamnosus (414).

In contrast to separate biosynthetic pathways for WTA and
LTA, the D-alanyl-ester substituents of WTA are derived from
those of D-alanyl-LTA (197). This is consistent with a single dlt
operon encoding the machinery of the D-alanine incorporation
system (383). One of the remarkable features of the D-alanyl

esters of TA is their dynamic turnover. For example, a t1/2 of 37
min was observed for D-alanyl-LTA in S. aureus growing at pH
7. It was postulated that the turnover is an enzyme-catalyzed
process (197). In toluene-treated cells of this organism, the
D-alanyl esters are lost from LTA and replaced by the ATP-
dependent incorporation of new ones (270). “Reesterification”
of vacant sites in LTA and WTA maintains the D-alanyl ester
content of both TAs. The rate of D-alanyl-LTA synthesis is
correlated with the rates of ester loss that occurs through
transfer to WTA and through “base-catalyzed” hydrolysis.
Thus, from both in vitro and in vivo pulse-chase experiments,
it was concluded that the D-alanyl esters of LTA are the pre-
cursors of those in WTA (197, 270).

Of major importance to this review is the observation that
the growth of B. subtilis under conditions of Mg2� limitation
resulted in elevated levels of WTA (143). Organisms grown
under these limiting conditions have a higher capacity and
affinity for binding Mg2� (145). Higher growth rates in Mg2�-
limited cells also resulted in an increased amount of TA in the
wall. These observations strongly support a requirement for
TA in cation assimilation and scavenging from the environment.

Chemical Reactivity

Knowledge of the chemical reactivity and stability of the
D-alanyl esters is important for understanding the functions,
distribution, and transacylation of these esters in the envelope.
They are unusually labile at alkaline pH. For example, at pH 8
and 37°C, the t1/2 of D-alanyl-LTA from L. rhamnosus is 3.9 h
(90). In contrast, the t1/2 at pH 6 and 37°C is �10,000 h. When
making stability measurements of D-alanyl-LTA from S. au-
reus, it was observed that �98% of the ester content was
recovered after 9 h at 25°C in the pH range from 4.0 to 6.8
(168) but that only 3% of the content was recovered when
D-alanyl-LTA was incubated at pH 8. These in vitro studies are
consistent with the in vivo growth experiments described in the
previous section. Esterification of the carboxyl group of ala-
nine increases the acidity of the protonated amino group by �2
pKa units (101). Thus, in the pH range from 7 to 8, the con-
centration of the nonprotonated amino function is increased in
D-alanyl-LTA compared with that of the zwitterionic amino
acid.

To explain the enhanced base-catalyzed hydrolysis of D-
alanyl-LTA, we suggest that in the unprotonated form, the
D-alanyl ester forms a transient D-alanyl-phosphodiester inter-
mediate stabilized by a hydrogen bonding to an adjacent 2�-
hydroxyl of a Gro-P unit (Fig. 6). This structure would be more
susceptible to base-catalyzed hydrolysis and thus would ac-
count for the lability of the D-alanyl ester at pHs of �7. Under
conditions of protonation, the amino group forms an ion pair
with the anionic phosphodiester, hindering the formation of
this intermediate and resulting in increased stability of the
D-alanyl ester in the range from pH 5 to 7. Thus, the features
that determine the reactivity and stability of the ester provide
a basis for interpreting a number of experimental observations
to be described in this review.

The vicinal hydroxyl groups in D-alanyl-glycerol play a role in
determining the stability of this ester (90, 168). Compared with
the stability of D-alanyl-LTA from L. rhamnosus at pH 6.0, the
t1/2 of D-alanyl-glycerol is 8.8 h at 37°C. The instability of
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D-alanyl-glycerol at this pH can be partially explained by the
inductive effect of the hydroxyl groups that increase the elec-
trophilicity of the carbonyl carbon (75). In addition, hydrogen
bonding of the -OH to the oxygen atom of the carbonyl (75,
504) enhances its electrophilicity (Fig. 7A). The ease of acyl
migration is illustrated by the postulated cyclic ortho diester
shown in Fig. 7B. These suggestions are consistent with the
chemical reactivities of hydroxyethyl-D,L-alanate and phospho-
hydroxylethyl-D,L-alanate in 0.1 M hydroxylamine at pH 7.4
and 37°C (439).

The reactivity of phosphohydroxyethyl-D,L-alanate in 0.1 M
hydroxylamine at pH 7.4 is similar to that of the type 1 LTA
(439). In the pH range from 5 to 6, the anionic linkages ap-
parently shield the carbonyl carbon from nucleophilic attack,
resulting in a greater stability of the ester while maintaining its
reactivity. In D-alanyl-poly (Rbo-P) WTA, the D-alanyl ester is
flanked by both a phosphodiester anionic linkage and a vicinal
OH group. Thus, the stability of this ester is different from that
of D-alanyl poly(Gro-P) LTA and D-alanyl-glycerol. In group D
streptococci, the D-alanyl esters of LTA are found on the
glucosyl units at either position 3 or position 4 (496). Since no
cis-vicinal OH groups are present, these esters are appreciably
more stable to alkali than are those of type I D-alanyl-LTA.

In 31P nuclear magnetic resonance (NMR) spectra of L. rham-
nosus LTA substituted with D-alanine, phosphorus has two addi-
tional peaks (0.57 and 0.62 ppm) in addition to the primary
resonance at 0.96 ppm. These shifts would appear to be the result
of differences in ion pairing between the amino function of the
chiral D-alanyl residue and the two adjacent phosphodiester an-
ionic linkages (45). Using MNDO-PM3 predictions, Arnold and
Neuhaus modeled two energy-minimized conformations, one in
which the protonated amino group forms ion pairs with the up-
chain phosphodiester and one in which the protonated group
forms ion pairs with the down-chain phosphodiester (F. Arnold
and F. Neuhaus, unpublished observation) (Fig. 8). In the up-
chain ion pair, the protonated amino group can form symmetrical
hydrogen bonds with the nonbridging oxygens, while in the down-
chain ion pair, one hydrogen bond would appear to be formed
with the nonbridging oxygen and one is formed with the bridging
oxygen of the phosphodiester linkage. Thus, the rotational char-
acteristics of the D-alanyl ester, determined by the cis-trans ori-
entation of the carbonyl oxygen and the C-2 proton of the glyc-
erol, allow for the different interactions in the two conformations.
While this review emphasizes the role of the D-alanyl ester in
decreasing the net anionic charge of TA, another physical feature
that has not been quantitated is the hydrophobic effect contrib-
uted by the D-alanyl residues to LTA and WTA. As described
below, the increasing lipophilicity of the LTA determined by
D-alanyl esters may play a significant role in a number of host
responses.

Distribution in LTA

A key feature of the D-alanyl esters of isolated LTA is their
even distribution along the poly(alditol-P) chain. Fischer et al.

FIG. 6. Formation of the acyl phosphodiester intermediate. Stabi-
lization by hydrogen bonding of the C-2 hydroxyl of glycerol increases
the electrophilicity of the carbonyl carbon. Protonation of the D-alanyl
ester would result in ion pair formation with the phosphodiester and
thus would inhibit the formation of the intermediate.

FIG. 7. (A) Enhanced electrophilicity of the carbonyl carbon in
D-alanyl-glycerol by hydrogen bonding to the C-1 hydroxyl of glycerol.
(B) Migration of the D-alanyl ester via the cyclic ortho ester interme-
diate. These structures are based on those proposed for acyl mobility
and reactivity in aminoacyl-tRNA (75, 192, 504).
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found that the esterification of LTA from S. aureus occurs
within a relatively narrow substitution range and that no ala-
nine-free species are present (168, 171). Stepwise hydrolysis of
the LTA revealed a uniform (even) distribution of the D-alanyl
esters (168). In additional studies it was observed by hydro-
phobic interaction chromatography that the molar ratio of
D-alanine to P increased from 0.54 to 0.81 as the length of the
hydrophilic chain decreased from 39 to 16 Gro-P units (159,
162). An inverse relationship was also found with E. faecalis
LTA by using anion-exchange chromatography (302). As the
chain length increased, the ratio decreased from 0.53 to 0.23.
These observations imply that shorter-chain LTA has a higher
degree of D-alanylation than does longer-chain LTA. The im-
plications of this observation are not understood. In Lactoba-
cillus lactis Kiel, the distribution of the D-alanyl esters is cor-
related with the random distribution of the �-D-
galactopyranosyl residues of the LTA (434).

A random distribution of D-alanyl esters was also deduced
for LTA from L. fermentum and Enterococcus faecium by using

31P NMR (45). D-Alanine incorporation in toluene-treated
cells of L. rhamnosus also did not show a gradient of D-alanyl
ester label along the poly(Gro-P) backbone even though a
gradient of Gro-P addition was easily observed during LTA
synthesis (91). The random distribution of D-alanyl esters
would appear to have significant implications for the transacy-
lation and redistribution of these esters within the wall.

We propose that transacylation of D-alanyl esters could oc-
cur during the isolation and purification of LTA and that the
apparent even or random distribution of the esters may, in fact,
be the result of events occurring after cell death. From the time
of LTA isolation to the time of measuring the distribution of
D-alanyl esters, a variety of manipulations, e.g., extraction,
purification, and concentrating steps, have been performed.
While transacylation has not been measured at each of these
steps, migration of D-alanyl esters from short-chain LTA to
long-chain LTA was easily measured in protein-free LTA mi-
celles (91). Therefore, the distribution of D-alanyl esters in the
TA at the time of exponential or balanced cell growth is prob-
ably not really known. It is conceivable that during the time of
growth a gradient of D-alanyl esters across the wall may exist,
determined by a variety of factors, e.g. the proton gradient (see
“Functions of teichoic acids” below). At the time of cell death,
this gradient collapses and redistribution of the esters occurs.
Clearly, additional experiments are required to assess the im-
portance of this proposal.

SYNTHESIS OF D-ALANYL-LTA

Overview

The synthesis of D-alanyl-LTA requires four proteins that
are encoded by the dlt operon (Fig. 9). Two of these are the
56-kDa D-alanine:D-alanyl carrier protein ligase (AMP form-
ing) (Dcl) and the 8.8-kDa D-alanyl carrier protein (Dcp). In
addition to the genes encoding Dcl (dltA) and Dcp (dltC), dltB
and dltD of this operon encode a transport protein (DltB) and
a membane protein (DltD) that ensures the ligation of D-
alanine to Dcp. Thus, incorporation of D-alanine is accom-
plished in the two-step reaction sequence:

ATP � D-alanine � Dcp ¡ AMP � PPi � D-alanyl-Dcp

(1)

D-Alanyl-Dcp � membrane-associated LTA

ºmembrane-associated D-alanyl-LTA � Dcp (2)

In this sequence, D-alanyl-Dcp provides the essential link
between the ligase (Dcl) and the D-alanylation of LTA. Trans-
fer of the activated D-alanine from this intermediate requires
that the acceptor LTA be membrane associated.

Proteins of the dlt Operon

In 1960, Baddiley and Neuhaus (43) detected an enzyme
that activates D-alanine by using a pyrophosphoryl cleavage of
ATP. Isolation of the gene encoding the activating enzyme
(dltA) (Fig. 9) from L. rhamnosus ATCC 7469 provided the key
for identifying the role of this enzyme in D-alanine incorpora-
tion (209, 367). The enzyme is a member of a large protein

FIG. 8. Predicted conformations of the D-alanyl ester on (Gro-
P)2Gro. Two conformations are shown: up-chain ion pairing (A) and
down-chain ion pairing (B). In panel A, the N™O distances are both
2.66 Å. In panel B, the corresponding distances are 2.61 and 4.70 Å. In
panel A, the carbonyl oxygen and the C-2 proton of glycerol are cis,
and in panel B they are trans. Resonance stabilization in the ester
linkage determines a rotational barrier (495) between the two con-
formers. For this figure, the flanking glycerol residues are truncated.
The conformations were calculated by the semi-empirical molecular
orbital method, MNDO-PM3 (457, 458; Arnold and Neuhaus, unpub-
lished).
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family that both activates and transfers amino or fatty acids via
a 4�-phosphopantetheine prosthetic group of a carrier protein
or coenzyme A CoA (262). It contains 7 of the 10 highly
conserved consensus sequences (A2, A3, A4, A5, A7, A8, and
A10) of the nonribosomal peptide synthetases (adenylation
domain) (209) described by Konz and Marahiel (278). A heat-
stable protein, which was formerly designated the D-alanine:
membrane acceptor ligase (309, 414), contains this prosthetic
group and functions as the D-alanyl carrier protein (Dcp) (117,
211). Thus, Dcl (DltA) not only activates D-alanine but also
ligates the activated ester to the 4�-phosphopantetheine pros-
thetic group of the carrier protein. Therefore, the activating
enzyme is now designated D-alanine:Dcp ligase (AMP forming).

In addition to dltA and dltC, the operon (Fig. 9) contains two
additional genes, dltB and dltD. The hydropathy profile of DltB
shows a pattern of 12 putative membrane-spanning domains
(367). A BLAST search with DltB from L. rhamnosus identi-
fied regions of DltB with sequence similarity to a variety of
transport proteins in the major facilitator superfamily and
ATP-binding cassette family. Three of these proteins include
proton antiporters that pump compounds (e.g., tetracycline,
glycerol 3-phosphate, and gluconate) from the cytosol at the
expense of the proton motive force. Amiloride, a pyrazinoyl-
guanidine inhibitor of Na� channels (263), prevents the syn-
thesis of D-alanyl-LTA in the in vitro incorporation system
when Na� is the only monovalent cation (367). No effect was
observed when K� replaced Na�. While it is not established,
we suggest that one of the functions of DltB is the secretion of
unfolded D-alanyl-Dcp. The reversibility of the thermal dena-
turation of Dcp (485) is consistent with this suggestion.

Comparison of DltB with a variety of O-acyltransferases

identified two conserved motifs that may also link this trans-
port protein to a superfamily of membrane-bound O-acyltrans-
ferases (219). It is of interest that this family also includes AlgI,
involved in the O acetylation of alginate in Pseudomonas
aeruginosa (174, 175). Based on low homology to transferases
requiring polyprenol, it was proposed that undecaprenol-P
might be an intermediate membrane acceptor in the D-alanine
incorporation system (211). However, compelling evidence for
D-alanyl-P-polyprenol is lacking, and it has therefore been con-
cluded that this lipid is not an intermediate in D-alanine incor-
poration (F. C. Neuhaus, unpublished observations). Whether
DltB functions in the actual secretion of D-alanyl-Dcp, whether
it functions as an acyltransferase, or whether it is bifunctional
is not known.

The membrane protein, DltD, functions in the selection of
the correct carrier protein, Dcp, for ligation with D-alanine
(reaction 1 [above]) and in the hydrolysis of mischarged D-
alanyl-ACPs (118). As shown in Fig. 10, it is proposed that
DltD facilitates the binding of Dcp and Dcl for ligation of Dcp
with D-alanine. The hydrophobic N-terminal sequence of DltD
is required to anchor this protein to the membrane, most
probably the inner leaflet (118). It had been proposed that
DltD functions in the final esterification step (383, 389). How-
ever, attempts to implicate DltD as a catalyst in reaction 2
(D-alanyl transfer to membrane-associated LTA) have been
unsuccessful (F. C. Neuhaus, unpublished observations). Thus,
the protein complex utilizing DltD to bind the cytosolic com-
ponents, Dcl, Dcp, ATP and D-alanine described in Fig. 10
guarantees the specific ligation of Dcp with D-alanine.

Based on this proposal, one of the paradoxes of the D-
alanine incorporation system is explained (Fig. 10). It was

FIG. 9. Comparison of the dlt operons from L. rhamnosus, B. subtilis 168, and S. agalactiae. The accession numbers are AF192553 (U43894),
X73124, and AJ291784, respectively. In addition, the sequences for dlt from L. monocytogenes (AJ012255), S. mutans (AF051356; AF049357), S.
aureus (AF101234; D86240), S. pneumoniae R6 (AE008562), L. lactis (AE006358), S. xylosus (AF032440), S. pyogenes (AE004092), S. gordonii DL1
subsp. Challis (AF059609), and L. plantarum (NC_004567) have been determined. For alignment and comparison of the dlt proteins, the
http://genolist.pasteur.fr/SubtiList site is invaluable. Each of the red genes is common to all dlt operons. The green genes in S. agalactiae represent
a novel two-component regulatory system (405). The genes in black are not required for D-alanylation. F is the rho-independent terminator.
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observed that the Km for D-alanine, as measured in the assay of
the isolated D-alanine-activating enzyme, is 70 mM (43). In
contrast, the Km for D-alanine in the synthesis of D-alanyl-LTA
is 18 	M (309). Thus, it would appear that the binding of Dcl
and Dcp to membrane-associated DltD enhances the affinity of
Dcl for D-alanine. This change in Km resulting from the binding
of Dcl to DltD would further ensure that Dcp is ligated with
D-alanine at the cytosolic concentrations of this amino acid.

D-Alanylation of LTA

The transfer of the D-alanyl residue from D-alanyl-Dcp to
LTA requires only that the acceptor LTA be membrane asso-
ciated (211) (reaction 2). None of the acyl carrier proteins
(ACPs) involved in fatty acid metabolism replace the require-
ment for Dcp, even though Dcl ligates D-alanine to ACPs in
the absence of DltD (211, 367). A distinct membrane-acceptor:
D-alanyl transferase that catalyzes reaction 2 has not been
detected.

Incubation of D-alanyl-Dcp with micellar LTA (Na� form)
resulted in the time-dependent hydrolysis of D-alanyl-Dcp
(261). In contrast, D-alanyl-ACP is not hydrolyzed. It was pro-
posed that D-alanyl-Dcp forms a complex with the poly(Gro-P)
moiety of LTA and that within this complex a “thioesterase-

like” enzyme mimic occurs. Based on the specificity for D-
alanyl-Dcp in the D-alanylation of LTA and this “thioesterase-
like” reaction, we suggest the presence of a specific binding site
in Dcp for LTA (261). Thus, while D-alanyl-Dcp is hydrolyzed
in the presence of isolated micellar LTA, transfer of the D-
alanyl residue occurs only when membrane-associated LTA is
used (211).

Structural studies of Dcp by multidimensional heteronuclear
NMR provided the basis for concluding that the carrier protein
is a homologue (three-helix bundle) of the ACPs involved in
fatty acid, polyketide, and nonribosomal peptide syntheses
(485) (Fig. 11). These studies also provided a basis for defining
two sites on Dcp: (i) the phosphopantetheine prosthetic group
linked to Ser39 at the N terminal of helix II, which is recognized
by Dcl, and (ii) a putative binding site utilizing invariant Arg64

for binding the poly(Gro-P) moiety of LTA. The first site is
modified by AcpS, the 4�-phosphopantetheine transferase of
primary metabolism in B. subtilis (117, 349). The second site,
which encompasses a 310-helix (helix II�) spanning residues
Asp63-Trp67 of Dcp, is, in part, made up of Arg64. The con-
served Trp67 plays an important role in positioning helix II�,
which in turn determines the orientation of Arg64 for partici-
pation in the binding of Dcp to the poly(Gro-P) moiety of

FIG. 10. Model for the incorporation of D-alanyl ester residues into membrane-associated LTA. DltD provides binding sites for Dcp and Dcl
on the cytoplasmic leaflet. DltB provides a putative channel for the secretion of D-alanyl-Dcp to the periplasm where D-alanylation occurs.
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LTA. This invariant cationic surface residue is missing from
ACPs involved in fatty acid metabolism (Fig. 12, arrow).

It is proposed that the transacylation of the activated D-
alanyl ester residue from D-alanyl-Dcp to membrane-associ-
ated LTA occurs by nucleophilic attack of the 2�-glycerol hy-
droxyl (R-O:) on the electrophilic carbonyl of D-alanyl-Dcp
(261) (Fig. 13). While the binding site on D-alanyl-Dcp is not

completely defined, it is further suggested that its interaction
with membrane-associated LTA positions the nucleophile (R-
O:) for transacylation of the D-alanyl ester to LTA. Thus, the
proposed mechanism for reaction 2 does not require a putative
membrane acceptor:D-alanyl transferase; only D-alanyl-Dcp
and membrane-associated LTA are required.

Transacylation of D-Alanyl Esters

Two features of the D-alanyl esters linked to LTA are that (i)
they are precursors of the D-alanyl esters of WTA and (ii) the
esters of both WTA and LTA are evenly distributed along their
backbone chains in isolated polymers. Based on these features,
it was proposed that the esterification of LTA with D-alanine
occurs in one of two modes: (i) addition at random or (ii)
addition at at specified loci in the poly(Gro-P) chain followed
by redistribution of the ester residues to other loci. If (ii)
occurs, a mechanism for distributing or transacylating D-alanyl
esters between and along TAs must exist. Two observations
have provided insights into this process.

In 1985, Childs et al. (91) observed the nonenzymatic
transacylation of D-alanyl esters from short-chain D-[14C]ala-
nyl-lipophilic LTA to long-chain hydrophilic LTA. This
transacylation required neither ATP nor the components of
the D-alanine incorporation system. No evidence for an en-
zyme-catalyzed transacylation reaction was detected. The only
prerequisite for this reaction was the assembly of the donor
and acceptor LTA species into a micelle. Since this transacy-
lation was described in micelles of pure LTA with high packing
density, the topological organization most probably does not
reflect that in the cellular membrane. However, as noted in
“Distribution in LTA” (above), this process may play a role in
redistributing the D-alanyl esters during purification and isola-
tion procedures, resulting in their uniform or even distribution.

FIG. 11. Ribbon diagram of the minimized average structure of
apo-Dcp (PDP entry 1HQB). Residues shown in white bury the Trp67

side chain (purple) in the hydrophobic core. Other key residues in-
clude the conserved Glu33 and Asp38(red) and Ser39 (yellow), as well as
a cluster of basic residues (blue) proximal to the phosphopantetheine
attachment site (Arg64, Lys65, and Lys72). Reprinted from reference
485 with permission of the publisher.

FIG. 12. Putative binding site for the poly(Gro-P) moiety on apo-Dcp. Surface representations, colored according to electrostatic potential, are
shown for apo-Dcp (A) and AcpP (PDP entry 1ACP, model 1) (B). Arg64 is conserved in all Dcp proteins, whereas Lys65 in L. rhamnosus Dcp
is not conserved. Reprinted from reference 485 with permission of the publisher.
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A second observation that provides an insight into the
transacylation process was detected in further studies of reac-
tion 2. It was discovered that the D-alanyl esters of membrane-
associated D-alanyl LTA are transferred to Dcp in the reversal
of this reaction (261) (Fig. 14). Reversal is consistent with the
high chemical reactivity of these esters. As in the case of the
forward reaction, the reverse is also specific for Dcp. Mem-
branes prepared from Lactobacillus casei 102S with inactivated
dltD also synthesize D-[14C]alanyl-Dcp from membrane-asso-
ciated D-[14C]alanyl-LTA. Thus, the observations presented in
Fig. 14 indicate not only that reaction 2 is reversible but also
that DltD is not a catalyst in this reaction.

Assuming that D-alanyl-Dcp is secreted (translocated) from the
inner leaflet of the cytoplasmic membrane to the wall matrix by

DltB, two reactions may occur: (i) D-alanylation of LTA and (ii)
D-alanylation of the resulting Dcp with D-alanyl ester from an
adjacent LTA molecule followed by D-alanylation at yet another
LTA site. Thus, transacylation (ii) of D-alanyl residues by this
mechanism will distribute the D-alanyl esters along and among the
LTA molecules of the wall. As illustrated schematically in Fig. 15,
it is proposed that this process of inter- and intrachain transacy-
lation is responsible for modulating the net anionic charge and
lipophilicity of the hydrophilic LTA chain. In this way, perturba-
tion of the D-alanyl ester content by either acylation or deacyla-
tion at one location in the membrane can be translated to an
adjacent location (365). The proposal does not account for dif-
ferences in the degree of D-alanylation of short-chain and long-
chain LTA noted above.

FIG. 13. Proposed mechanism for the formation of membrane-associated D-alanyl-LTA from D-alanyl-Dcp. B�� indicates an unknown proton
acceptor for generating nucleophile. The electrostatic interaction between D-alanyl-Dcp and the phosphodiester anion may be due to Arg64.
Reprinted from reference 261 with permission.

FIG. 14. Effect of Dcp concentration on the formation of D-Alanyl-Dcp from membrane-associated D-alanyl-LTA. The reaction mixture
contained 20 	g of membrane-associated D-[14C]alanyl-LTA and the indicated amounts of Dcp or ACP in 15 	l of reaction mixture. In mixtures
containing dltD::cat membranes, dltD was insertionally inactivated (118). The amounts of D-[14C]alanyl-Dcp formed were quantitated by nonde-
naturing polyacrylamide gel electrophoresis by the method of Heaton and Neuhaus (211). Reproduced from reference 261 with permission.
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LTA is located primarily at the membrane-wall interface,
with poly(Gro-P) chains extending into the wall. This topog-
raphy is consistent with the observations by Haas et al. (197),
who found that the D-alanyl esters of WTA are derived from
those of D-alanyl-LTA. Dcp in the membrane-wall matrix can
be utilized for D-alanyl-Dcp synthesis from membrane-associ-
ated D-alanyl-LTA. By this mechanism, Dcp can “catalyze” the
transfer of the D-alanyl ester from LTA to WTA. The thermo-
dynamic feasibility of this process for distributing esters be-
tween and along molecules of LTA and WTA is not well
understood.

Organization and Regulation of the dlt Operon

The dlt operon has been characterized in 12 species (Fig. 9).
Each of these contains four genes, dltABCD, in a novel orga-
nization. dltA and dltB, as well as dltC and dltD, overlap by
either 1 or 4 bp. Overlapping stop and start codons in the two
pairs of genes are characteristic of most dlt operons examined
and, thus, may be the basis for the mechanism of translational
coupling that coordinates the expression of these functionally
related proteins (375). In addition to dltABCD, Glaser et al.
(186) identified a fifth gene (dltE) encoding an oxidoreductase
in B. subtilis (Fig. 9). However, inactivation of dltE did not
inhibit D-alanylation (383). It has not been established whether
a fifth gene encoding an acetyl hydrolase is required for D-
alanylation in Streptococcus pyogenes. From these studies and
the position of the rho-independent terminator, it was con-
cluded that dlt contains a minimum of four genes encoding the
machinery required for D-alanylation.

The dlt operon was also identified in the genome of S.
pneumoniae R6 (44). Since this species contains phosphoryl-
choline esters instead of D-alanyl esters in both LTA and WTA
(164), the observation was unexpected. The organization of the
operon in this organism is identical to that described above.

Gene expression studies indicated that mRNAs of each dlt
gene are synthesized under normal laboratory growth condi-
tions (228). Whether there is an additional constituent of the
envelope that is D-alanylated remains to be established.

Our understanding of the regulatory elements that control
the expression of the dlt operon is fragmentary No single reg-
ulatory paradigm has been found that can be applied to the
expression of all dlt operons. Apparently, the multiplicity of
elements reflects the fact that individual species are adapted to
different growth requirements, stresses, and habitats. Never-
theless, a comparison of these elements has provided some
insights into the regulation of dlt.

The dlt operon in B. subtilis is part of the �x regulon (213).
�x-dependent promoters precede a variety of genes that affect
the composition or metabolism of the cell envelope. In addi-
tion to the PX promoter, another regulatory sequence that
controls its expression is the global regulator SpoOA, targeted
to a DNA-binding recognition sequence, the “OA box,” lo-
cated downstream of the �x-dependent promoter (383). In
addition to control by SpoOA, AbrB functions in the temporal
regulation of dlt transcription. This complex regulatory system
reflects, in part, the sporulation capability of this organism and
the fact that spore LTA contains no detectable D-alanyl ester.
In contrast, the L. rhamnosus dlt operon contains a single
putative promoter region (
10 and 
35 with a 20-bp spacer)
similar to those reported for Lactobacillus species (86, 209).

Poyart et al. (405) discovered two regulatory genes, dltR and
dltS, upstream of the dlt operon in S. agalactiae (Fig. 9). These
encode putative regulatory and sensor proteins of a two-com-
ponent regulatory system. Based on primer extension analysis,
two promoters were detected, PdltA, located in the 3� extremity
of dltS, and PdltR, located upstream of dltR. The efficiency of
PdltR is six times that of PdltA, and so it was concluded that the
dlt operon is transcribed mainly from the PdltR promoter. This

FIG. 15. Transacylation of D-alanyl ester residues along and among the chains of LTA and WTA. Interchain and intrachain transacylation is
illustrated as a mechanism for distributing the esters and for the formation of D-alanyl-WTA from D-alanyl-LTA. Whether this process occurs by
the mechanism described in reference 91 or that described in reference 261 has not been determined. A� represents the D-alanyl ester.
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two-component system modulates expression of the operon
and would appear to sense an environmental or external signal
related to the absence of D-alanyl esters in LTA (405). In
Lactobacillus plantarum, dlt includes an upstream gene, pbpX,
that encodes a putative D,D-carboxypeptidase. Using the dltA
and pbpX probes, Emmanuelle et al. demonstrated that the
five-gene cluster was transcribed as a single polycistronic
mRNA (P. Emmanuelle, P. Hols, M. Kleerebezem, R. Leer,
C. J. P. Boonaert, and J. Delcour, Abstr. Belg. Soc. Microbiol.,
p. 17, 2001). The expression of enzymes that function in both
peptidoglycan and TA assembly represents a novel link in the
syntheses of these polymers.

One of the missing pieces of information is a putative signal
molecule that would play a role in regulating the expression of
dlt. Poyart et al. (405) considered the amount of available
D-alanine in the cytoplasm to be such a regulator. Under con-
ditions of nutrient starvation, the decreased availability of D-
alanine might initiate derepression of dlt. Inactivation of the
alanine racemase gene provides a mechanism for controlling
the amount of available D-alanine. In contrast to gram-negative
bacteria, there is only one gene encoding the racemase (alr) in
B. subtilis (153), L. plantarum (222), S. aureus (282), and Lis-
teria monocytogenes (472). Kullik et al. (282) observed that the
S. aureus alr mutant, which synthesizes a fraction of its D-
alanine via the D-glutamic acid:aminotransferase (dat), had
40% of the parental D-alanyl ester content in LTA while the
ester content of WTA remained unchanged. This unexpected
result does not appear to support a role of D-alanine in dere-
pression, nor does it support the fact that D-alanyl esters of
D-alanyl-LTA are the precursor of those in D-alanyl-WTA.

Transcription profiling in S. aureus provided the basis for
identifying genes regulated by the agr (for “accessory gene
regulator”) locus (138). This is one of several loci involved in
regulating the expression of virulence factors in this organism.
One of these factors, encoded by dltD, is downregulated 58-
fold in an agr-dependent manner. Thus, dltD, which is poten-
tially repressed by agr, may provide a clue to the broader
regulatory network that functions to control the expression of
the machinery required for D-alanylation. Whether dltABC is
also under the agr control locus was not established. A com-
mon regulatory theme is not apparent from our comparison of
the dlt operons from various species; therefore, functions of
D-alanyl esters may be uniquely determined in each organism
for growth and adaptation to their respective habitats.

TARGETED MUTAGENESIS

Inactivation of the dlt Operon in B. subtilis

A variety of pleomorphic mutants from L. rhamnosus, par-
tially deficient in D-alanyl ester content, was isolated by using
chemical mutagenesis (371). However, since it was not known
whether these mutations were in an isogenic background or
whether a single mutation was, in fact, responsible for the
observed phenotype, the observations were difficult to inter-
pret (371). Earlier observations with a stable L-phase variant
of S. pyogenes showed that the LTA was deficient in D-alanyl
ester content (448). An analysis of the D-alanine incorporation
system from this variant indicated that the L-form membrane
does not function as an acceptor even though LTA is present.

Thus, while the L-form contains Dcl and Dcp, the membrane-
associated LTA does not accept the activated D-alanine (89).
Whether the D-alanyl ester deficiency plays a role in determin-
ing the stabilized L-form was not established.

With the identification of the dlt operon, it became feasible to
inactivate each of the dlt genes with an integrational plasmid and
hence to correlate D-alanyl ester deficiency with a specific pheno-
type. Inactivation of dltA, dltB, dltC, or dltD in B. subtilis resulted
in mutants with D-alanyl ester deficiency in both LTA and WTA
(383). Of the possible phenotypes examined, only enhanced au-
tolysis and increased susceptibility to methicillin were observed
(491, 492). Each bound more of the positively charged cyto-
chrome c, reflecting an increase in TA anionic binding sites. All
other growth parameters (basic metabolism, cellular content of
phosphorus-containing compounds, ultrastructure, cell separa-
tion, and formation of flagella) were normal.

D-Alanyl ester-deficient mutants of B. subtilis restored the
protein secretion deficiency resulting from defective PrsA
(236) and enhanced the production of recombinant proteins
(473). For example, a 2.5-fold increase in the level of plasmid-
encoded Bacillus anthracis protective antigen was observed in
the deficient mutant of B. subtilis. The extracytoplasmic li-
poprotein PrsA is a peptidyl-prolyl cis-trans isomerase that
assists in the folding of secreted polypeptides (277). It was
suggested that the increased net anionic charge in the deficient
mutant suppresses the mutation encoding defective PrsA by
promoting the stabilization and folding of wall proteins
through the increased binding of Ca2� and Mg2� to TAs. In
characterizing the dynamics of this process, Chambert and
Petit-Glatron (85) examined the rates of �-amylase and levan-
sucrase folding in the presence of the TA mimics, polyphos-
phates of various chain lengths. While levansucrase folded
rapidly in the presence of polyphosphate, �-amylase required
Ca2� in addition to polyphosphate. Using a DltA
 mutant of
B. licheniformis, Craynest et al. (112) observed a 1.5- to 7-fold
increase in the secretion of heterologous cyclodextrin glycosyl-
transferase. Thus, enhancement of protein folding in D-alanyl
ester-deficient mutants and in the presence of TA mimics fur-
ther emphasizes the role of metal ion binding, e.g Ca2�, in the
secretion and translocation of proteins (391, 483).

Even though the reported phenotypes are identical for each
dlt mutant from B. subtilis, the targeted insertions are not
always correlated with inactivation of a single gene in the
operon. For example, the integration of pLT65A into dltA
results in the disruption of the dlt transcriptional unit (383).
Therefore, the complexities of translational coupling and in-
terrupted transcription may also compromise expression of
downstream genes of the dlt operon.

Inactivation of the dlt Operon in Other
Gram-Positive Bacteria

In S. aureus and Staphylococcus xylosus, inactivation of dlt by
either random transposon or targeted mutagenesis results in
increased sensitivity of these bacteria to defensins, protegrins,
tachyplesins, magainin II, and other cationic peptides (389).
The enhanced sensitivity to these host defense peptides is
correlated with the higher net polyanionic charge of the TA in
the D-alanyl ester-deficient mutant. On the other hand, paren-
tal strains bearing additional plasmid-located copies of dlt ac-

700 NEUHAUS AND BADDILEY MICROBIOL. MOL. BIOL. REV.



quire increased resistance to these cationic peptides. It was
proposed that many pathogenic bacteria utilize TAs esterified
with D-alanine as a protection mechanism against these host
peptides (386, 387, 389).

The Dlt
 mutant of S. aureus was 8- and 50-fold more
sensitive to gallidermin and nisin, respectively. Resistance to
these lantibiotics was restored by complementation with the
plasmid bearing dlt (389). In contrast, resistance to nisin was
not correlated with the D-alanyl ester content in either Strep-
tococcus bovis or L. monocytogenes (115, 317). In the former,
nisin-resistant cells have more LTA than do nisin-sensitive
cells, while in the latter less anionic phosphatidylglycerol and
cardiolipin were found in the resistant strain (111, 317). Thus,
other mechanisms of acquisition of resistance to this lantibiotic
have also been defined.

Insertional mutagenesis of dltA in Streptococcus gordonii
DL1 (Challis) resulted in a loss of intrageneric coaggregation
and in the formation of pleomorphs (97). These strains were
characterized by aberrant septation, a lower growth rate, and
defective cell separation. Inactivation of dltC in Streptococcus
mutans resulted in a loss of acid tolerance and in a lower
growth rate (65). The mutant is characterized by unequal polar
caps and is devoid of a fibrous matrix on the cell surface.
Protons are more permeable in the mutant than in the parental
strain, an observation correlated with the loss of acid tolerance.
Insertion of Tn916 94 nucleotides upstream of the ribosome-
binding site in the S. mutans dlt operon resulted in the defec-
tive synthesis of intracellular polysaccharides (IPS) as well as a
loss of D-alanyl esters (454). IPS are glycogen-like polymers
synthesized by proteins encoded by glgP, glgA, and glgD. Fur-
ther studies of an insertion into dltA revealed that both oper-
ons are coordinately regulated and may be part of the same
regulon (S. Selgrade, N. Donovan, K. Wagner, and G. Spat-
afora, J. Dent. Res. vol. 81 [special issue], abstr. 0093, 2002).
The expression of dlt is growth phase dependent and modu-
lated by carbohydrates internalized via the phosphoenolpyru-
vate phosphotransferase system (PTS). When non-PTS sugars
are the sole carbohydrate source, the operon is expressed con-
stitutively. With sucrose as a carbon source, expression of the
dlt transcript is maximal. Spatafora et al. (454) observed that
the regulated expression of the dlt operon is cell density de-
pendent, subject to regulatory control by PTS sugars, and is
coordinately regulated with the glg operon for IPS synthesis.

Mutants of L. lactis defective for dltD expression grow
slowly, have increased UV sensitivity, and form longer chains
than does the parental strain (139). In addition, two mutations
in dltD suppress the acid stress resistance of RelA and AcrR
mutants (F. Rallu and E. Maguin, personal communication
cited in reference 122a). relA encodes ppGPP synthetase (408),
and acr encodes a regulator of ion efflux pumps. When dltD
was inactivated in L. casei 102S, increased cellular length (1.6-
fold) and enhanced antimicrobial sensitivities to cetyltrimeth-
ylammonium bromide and chlorhexidine were observed (118).

While it is apparent from these different phenotypes that the
D-alanyl esters of LTA play important roles in the physiology
of the individual species, there is no single phenotype or theme
that is common to all species examined. Aberrant cell forma-
tion (pleomorphs) resulting from inactivation of dlt was ob-
served in S. gordonii (97), S. mutans (65), and S. agalactiae
(clumping phenotype) (405). In contrast, no changes in mor-

phology were observed in the dlt mutants of S. aureus, S.
xylosus (389), B. subtilis (383), and L. monocytogenes (2). In a
different approach, earlier efforts to implicate D-alanyl esters in
the morphogenetic program of B. subtilis also were not suc-
cessful. For example, the outgrowth of B. subtilis spores pro-
vided a system for studying wall substituents during two syn-
chronous cycles of cell division (68). While these studies
indicated that the syntheses of TA and peptidoglycan are co-
ordinated during cell growth and division, no correlation be-
tween ester-linked D-alanine and the stage of growth was
found. Therefore, these observations do not argue for a unified
role of D-alanyl esters in the morphogenetic programs of bac-
teria containing D-alanyl-TA.

Mutants Defective in LTA and WTA Assembly

WTA plays an essential role in the growth and morphology
of B. subtilis 168. For example, rod mutants (66, 67, 420, 421)
that have temperature-sensitive defects in the assembly of
WTA undergo a rod-to-sphere transition at the restrictive
termperature. Growth of a tagF1 (rodC1) strain with a defect in
the Gro-P transferase TagF (Fig. 4) (399) at this temperature
gave WTA with chains approximately 8 units long, in contrast
to chain lengths of approximately 53 residues when the strain
was grown at the permissive temperature (393). This strain
contained only 16% of its WTA when grown at the restrictive
temperature. Thus, while the mutant grew with the decreased
amount of WTA, the morphology changed from a rod to a
sphere.

In 1989, Mauël et al. (330) established that the genes en-
coding WTA assembly in B. subtilis are essential for growth in
phosphate-replete media (293, 293a, 400). Using a mutant
strain with a deletion of tagD in B. subtilis, Bhavsar et al. (57,
58) showed a full phenotypic rescue on expression of a com-
plementing plasmid copy of tagD under tight transcriptional
control with xylose. These results, which define the indispens-
able role of WTA in phosphate-replete medium, show a pro-
gression of phenotypic changes on depletion of TagD (Fig. 4):
(i) deviations from rod to curved shape; (ii) enlargement to
irregular, bloated spheres; (iii) aberrant cell division evident in
malformed septa; and (iv) thickened peptidoglycan and cell
lysis. In a detailed analysis of the B. subtilis genome, it was
concluded that tagA, tagB, tagD, and tagO are essential for
linkage unit synthesis and that tagF, tagG, and tagH are essen-
tial for chain polymerization, translocation, and linkage to pep-
tidoglycan (265). These results clearly support a requirement
for polyanionic WTA in the growth of this organism in phos-
phate-replete medium.

The requirement for anionic wall polymers is also supported
by the observation that B. subtilis grown in phosphate-limited
media replaces its WTA, but not its LTA, with teichuronic acid
(145, 190, 489). Most of the enzymes involved in WTA synthe-
sis are almost undetectable during balanced growth of strain
W23 at low concentrations of Pi in chemostat cultures, while at
4 mM Pi they are maximally expressed (87, 88). The teichu-
ronic acid operon (tua) belongs to the Pho regulon (231), and
hence phosphate limitation induces its transcription (286, 452).
The transcriptional regulator, PhoP�P, plays a key role in the
activation of tuaA, the first gene in the operon, and in the
repression of tagA and tagD (407). The gene (tagO) which
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encodes the enzyme for synthesizing undecaprenyl-PP-Glc-
NAc, involved in the formation of the WTA linkage unit, also
represents a pivotal element in the phosphate switch between
WTA and teichuronic acid syntheses (451). The interdepen-
dence between WTA and teichuronic acid syntheses ensures a
constant level of anionic charge in the wall of this bacterium as
well as ensuring a reserve phosphate source (190).

Growth of phosphate-limited cultures of B. subtilis in the pres-
ence of NaCl reverses the WTA-teichuronic acid switching system
(144, 145). For example, as the NaCl concentration increases
from near zero to 6% in the medium, the wall phosphorus con-
centration increased 10-fold, reflecting an increase in WTA con-
tent. Even though the need to conserve phosphate was detected,
the culture reverts to WTA synthesis in the presence of Na�,
most probably to achieve more competitive binding of Mg2� and
assimilation of divalent cations. As described below, this obser-
vation is the basis for a suggested control system that may partic-
ipate in the regulation of WTA assembly.

Park et al. (381) isolated three groups of bacteriophage-
resistant mutants from S. aureus that are deficient in either
WTA or a specific component of WTA. One of these, strain
52A5, has both a reduced capacity and a lower affinity for
cations (320, 377). It grows 30% slower than the wild type, and
cell separation is defective. While these results have been cited
as evidence that WTA does not have a high affinity for divalent
metal cations, the results do not negate the role of TA in the
binding and assimulation of metal cations.

Mutants deficient in the poly(Gro-P) moiety of LTA have
not been isolated (157, 466). The absence of stable mutants
may reflect either the essential role of LTA in growth or the
fact that the mechanism of LTA assembly is not completely
understood. To define further the functions of LTA, mutant
strains deficient in the glycolipid moiety were sought. Glyco-
lipid synthesis in S. aureus is accomplished by diglucosyldiacyl-
glycerol synthase (YpfP) (260). The YpfP
 mutant replaces its
glycolipid anchor with diacylglycerol-anchored LTA. Under
most growth conditions, it was not possible to distinguish the
mutant strain from the parental strain. However, differences in
glycine sensitivity, viability in 0.85% NaCl, and morphology
were observed. These observations not only emphasize the
organism’s need for polyanionic LTA but also emphasize the
importance of the glycolipid anchor.

FUNCTIONS OF TEICHOIC ACIDS

Role of D-Alanyl Esters

Three functions of D-alanyl-TAs have been proposed: (i) to
modulate the activities of autolysins, (ii) to maintain cation ho-
meostasis and assist in the assimilation of metal cations for cel-
lular function, and (iii) to define the electromechanical properties
of the cell wall. The results presented in this review suggest that
these functions may be limited and that depending on the species,
additional roles in adhesion, biofilm formation, acid tolerance,
intrageneric coaggregation, protein folding, antibiotic resistance,
UV sensitivity, and virulence are also important. The multiplicity
of these diverse functions is described in this section.

It is curious that nature has chosen D-alanine, a stereoisomer
opposite to that in proteins, as a unique metabolite to play
roles in both peptidoglycan cross-linking and TA function in

the bacterial envelope (210). D-Alanine may be an integral
component of a regulatory system connecting the D-alanyl es-
ters of TA on the one hand and the D-Ala–D-Ala moiety of
peptidoglycan on the other. It is possible that by sensing and
responding to changes in the D-alanine concentration, some
bacteria gain a competitive advantage for growth in certain
conditions or habitats.

The ease of D-alanyl ester migration noted above strongly
suggests that this feature is related to D-alanyl-TA function in
the living cell. Although this is not proven, migration or
transacylation of the D-alanyl esters to specific locations or
regions within the wall matrix provides a unique mechanism
for transmitting signals that could determine the activities of
proteins requiring a specific ionic microenvironment for func-
tion, e.g., an autolysin. Thus, the absence (or presence) of
these esters within the wall matrix at specific locations might
constitute a targeting mechanism for proteins that are regu-
lated by localized ionic charge. In this way, D-alanyl-LTA is
envisaged to be a communicator of cellular needs during
growth of the bacterium. Defining the topological features
relating to this proposal will require additional experimental
methods that are not currently available.

D-Alanyl-LTA has a chemical reactivity that places it in a
class of biological molecules known as high-energy intermedi-
ates. As an example, aminoacyl-tRNA has a comparable reac-
tivity to that found for the D-alanyl ester of TA. A wall matrix
with these covalently linked, activated esters has a potential
source of free energy for driving reactions that occur in the
wall. The twofold turnover of the D-alanyl ester in one dou-
bling of S. aureus is consistent with this suggestion (166, 197).
While coupling of this high-energy intermediate to wall reac-
tions has not been demonstrated, this speculation warrants
additional consideration in further studies of the complex bio-
chemistry occurring in the wall.

Although this review addresses the D-alanyl esters of WTA
and LTA, it is also possible that these esters acylate other
constituents of the envelope. For example, Clark and Young
(95) found that D-alanyl esters in B. subtilis not only are linked
to TAs but also are covalently linked to two membrane pro-
teins of 80 and 230 kDa. It is also of interest that Surana et al.
(462) considered the latter protein to be a candidate for reg-
ulating B. subtilis microfiber twist development. While the
functions of these proteins have not been established, the fact
that dlt is expressed in S. pneumoniae, an organism that does
not contain D-alanyl esters in its TAs, suggests that other D-
alanyl constituents could also function in wall metabolism. For
example, D-alanylation of targeted envelope proteins may re-
sult in their activation. A second example is the linkage unit
lipid on which WTA is assembled. D-Alanylation of the (Gro-
P)n moiety of this lipid (Fig. 2A), an analog of the poly(Gro-P)
moiety of LTC, would strongly inhibit WTA synthesis. At low
D-alanylation, maximal WTA synthesis would occur. As de-
scribed, this proposed regulatory system might provide certain
species, e.g., S. aureus, with the ability to adjust WTA synthesis
for growth under high-salt conditions.

LTA and WTA in the Context of the Envelope

As mentioned in the Introduction, the growing cell possesses
a wall with a unique mixture of microenvironments, anion and
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cation composition, proton gradient, proteins, TAs, and pep-
tidoglycan. Each of these contributes to the functions of the
envelope as the cell undergoes growth, binary division, and
cell-cell separation. In this milieu, the protonated D-alanyl
esters of TA provide the counterions for interaction with the
adjacent anionic sites of TAs, peptidoglycan, and proteins.
Hydrogen bonds, electrostatic interactions, and van der Waals
attractions provide the forces that determine the properties
and organization of the TAs as well as the functions of these
constituents within the envelope.

The matrix is an elastic polyelectrolyte gel that swells or
shrinks in its response to a variety of factors, signals, environ-
mental stresses, and protons (130, 256, 319, 320, 474). The
molecular basis for the expansion and contraction of this gel
results in part from the charge-charge repulsion of the phos-
phodiester anionic linkages of TA. Under conditions of max-
imum repulsion (low ionic strength), hydrodynamic studies
indicate that isolated WTA exists in an extended or rigid-rod
conformation (133). Using dye-binding and circular dichroic
methods, Pal et al. (380) found that the conformation of WTA
is helical at low ionic strength and that addition of either Ca2�

or Mg2� disrupts this structure. At high ionic strength, WTA
behaves as a random coil. This reversible transition, rod versus
random coil, constitutes one of the features in concert with
peptidoglycan that determine the expansion and contraction of
the wall. We suggest that this transition also plays a fundamen-
tal role in determining the acceptor ability of LTA in the
D-alanine incorporation system.

One of the determinants of charge distribution in the enve-
lope of the respiring cell is the proton gradient (83, 247, 256,
257). It was estimated that this gradient extends approximately
2 nm into the wall matrix and can theoretically reduce the pH
at the membrane-wall interface by 3 to 4 pH units (266).
Kemper et al. (257) suggested that the estimation of this dis-
tance might be low when K� is present. At low pH, under
conditions of minimal net charge, the polyelectrolyte gel ma-
trix contracts (high density), while at high pH, under condi-
tions of high anionic charge, maximal expansion is realized
(low density) (319, 378). For example, with S. aureus walls, the
minimum and maximum volumes are 2.8 and 5.1 ml/g (dry wt),
respectively. That the proton gradient plays a major role in the
binding of cations and the regulation of autolysin activity has
been demonstrated for B. subtilis (82, 83, 247, 257, 479). Com-
petition between protons and mobile counterions in this matrix
will determine a gradient of packing density, as well as gradi-
ents of cations and active autolysins within the wall of the
growing, respiring cell (199, 343).

Of major interest to the goal of this review is the observation
by Ou and Marquis (378) that removal of the D-alanyl esters
from the WTA of S. aureus causes an expansion of the wall
from 5.1 to 10.1 ml/g. Such a volume change is the result of
charge-charge repulsion on ester removal and has been desig-
nated as resulting from “electromechanical interactions”
within the wall (130, 378). Thus, D-alanyl esters, as well as
protons, determine the density or compactness of the wall and
hence also constitute factors that regulate autolysin and cation
binding.

The wall-membrane matrix constitutes a periplasm, even
though an actual space is not observed as in gram-negative
bacteria (51, 340). Merchante et al. (340) proposed that the

negatively charged wall, acting as an external permeability bar-
rier, and the cytoplasmic membrane define the periplasm in
the gram-positive cell. On the other hand, Beveridge (51) pro-
posed that “the periplasm resides in and intermingles with the
fabric of the gram-positive wall.” According to the latter de-
scription, the periplasm consists of the functional components
that are associated with this fabric (53). It is this proposal that
correlates with many of the observations described in this re-
view.

The periplasm of B. subtilis contains 9.8% of the cellular
protein, part of which is attached to the wall fabric by a variety
of mechanisms (334, 340). In the respiring organism, the wall
has a relatively low pH, distinct from other regions of the cell
(83). In addition, the Donnan equilibrium further defines an
imbalance or distribution of mobile cations in the wall matrix,
which plays a role in cation homeostasis and accumulation as
well as establishing an environment for wall-protein function
(199, 378). Thus, this polyelectrolyte, composed of peptidogly-
can, TAs, and water (412), establishes an environment, differ-
ent from that of the medium, for the functioning of a fraction
of the organism’s protein. Gradients of packing density deter-
mined by metal cations and protons in this polyelectrolyte are
just some of the factors that define the properties of the wall
within which the stressed layers of peptidoglycan provide the
necessary tensile strength to protect the cell from turgor pres-
sure (268).

D-Alanyl Esters in the Binding of Ligands

Soon after the discovery of TAs (24), it was suggested that
their function is to bind the divalent cations Ca2� and Mg2�

(16, 215). For example, the poly(Rbo-P) WTA from B. subtilis
W23 binds Mg2� in the molar ratio (Mg/P) of 1:1 with an
association constant of 0.61 � 103 M
1 (212). To assess the
role of D-alanyl esters in binding, WTA samples with various
degrees of D-alanylation were examined (21, 289, 290). WTA
with a low D-alanyl ester content from Lactobacillus buchneri
bound one Mg2� ion for every two phosphodiester linkages
(bidentate binding), with an association constant of 2.7 � 103

M
1 (Fig. 16A) (289). Further studies with WTA from S.
aureus showed that the binding of Mg2� reflects the ratio of
D-alanine to P (21, 290). As the ratio increases, the probability
of the Mg2� cation binding to a single phosphodiester linkage
(monodentate binding) and to a counterion increases (Fig.
16B) (290). LTA from Streptococcus sanguis (D-alanine/P �
0.49) binds on average either one Ca2� ion or one Mg2� ion
per phosphodiester linkage (422, 423). The dissociation con-
stants (8.39 mmol/liter for Ca2� and 15.0 mmol/liter for Mg2�)
reflect a preferential binding for Ca2�. Using X-ray photoelec-
tron spectroscopy, Baddiley et al. (42) observed that the D-
alanyl ester residues have a marked effect on the nature of the
association of Mg2� in TA from B. licheniformis and L. plan-
tarum. When these esters are present, a fraction of the binding
is represented by the higher 2s electron-binding energy. This
indicates that a fraction of the cations have a weaker ionic
interaction. When esters are absent, a lower 2s binding energy
reflects a stronger ionic interaction. It was estimated that 58%
of the Mg2� ions have the higher Mg 2s binding energy and
42% have the lower binding energy in the walls of L. planta-
rum. Thus, in the absence of D-alanyl esters, bidendate binding
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occurs between two anionic phosphodiester linkages, while in
the presence of esters, monodentate binding of the cation to
the linkage occurs (Fig. 16).

Using 31P NMR, Batley et al. (45) observed that the D-alanyl
esters of LTA had no effect on the association constant of
Mg2�. While this observation contrasts with those by others,
the NMR experimental conditions, 10 to 20 mM EDTA and
polydisperse aggregates of LTA, may have confused the inter-
pretation of some metal ion binding experiments.

In addition to the phosphodiester linkages provided by LTA
and WTA, anionic sites for metal cations are also provided by
peptidoglycan. These include the carboxylates of the 
-D-glu-
tamyl and meso-diaminopimelyl (A2pm) residues in the cross-
linked glycan, as well as the terminal D-alanine carboxylates of
uncross-linked glycan. They also bind cations and thus consti-
tute a fraction of the wall-binding capacity (127). From a series
of covalent modifications of walls from B. subtilis 168, it was
concluded that while both TA and peptidoglycan each contrib-
ute sites for binding metal cations, the latter would appear to
provide a larger fraction (55, 131, 324, 453). In contrast, Heck-
els et al. (212) found that the WTA provides the larger fraction
of anionic binding sites in B. subtilis W23, an organism with

poly(Rbo-P) WTA. WTA and teichuronic acids are the prime
sites of metal binding in B. licheniformis (52). Using similar
modification methods, Rose et al. (424) also observed that
Ca2� binding is more phosphate group based in streptococci
and more carboxylate group based in several other genera.
Therefore, the relative contribution of peptidoglycan and TAs
to the binding of cations may depend, in part, on the bacterium
examined. Urrutia Mera et al. (479) found that a two- to
threefold higher concentration of metal cations is retained in
the walls of nonliving B. subtilis cells than in those of living
cells. It was speculated that protons compete with metal cat-
ions for the anionic sites in the wall matrix. Therefore, not only
does the living cell bind fewer metal cations, but also an asym-
metric distribution of metal cations may exist, determined in
part by the proton gradient.

Since the removal of the D-alanyl esters from the WTA of S.
aureus resulted in increased amounts of Mg2� bound to the
wall, it was concluded that the increased Mg2�-binding capac-
ity is the consequence of the decreased ester content (290).
Growth of this organism at lower pH values (5 to 6 versus 7 to
7.8) resulted in increased ester content in the wall and a de-
creased Mg2�-binding capacity (21). Alternatively, growth in

FIG. 16. Bidentate (A) and monodentate (B) binding of the Mg2� cation by phosphodiester linkages. In panel B, binding to the Cl
 counterion
would occur. For these structures, the ionic radius of nonhydrated Mg2� is used. Geometry optimization of structures was performed in Chem3D
(Molecular Modeling and Analysis), CambridgeSoft.
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7.5% NaCl gave a 66% reduction in D-alanyl ester content,
which resulted in more than a two-fold increase in the Mg2�-
binding capacity (215). In addition, as the growth temperature
was elevated, Mg2� binding was increased as D-alanylation was
decreased (233, 370). These results provide a clear correlation
between D-alanyl ester content and the Mg2�-binding capacity
of the wall.

The importance of cation binding in the wall was also dem-
onstrated with partially reconstituted wall-membrane prepara-
tions from B. licheniformis (230). Membrane-walls with a full
complement of LTA and WTA showed maximal synthesis of
WTA in the absence of added Mg2�. When both TAs were
removed from the preparation, Mg2� was required in a narrow
concentration range, while addition of LTA to the deficient
preparation had a damping effect on the Mg2� requirement of
the enzyme system. TA provides a buffering action for Mg2� in
the vicinity of the membrane, ensuring maximal activity of the
WTA synthetic system under widely different external condi-
tions. Hence, TAs are the components of the system that
mediate the interaction of cations with the membrane and wall
to maintain the optimal ionic environment of the biosynthetic
system under investigation. This is one of the key experiments
illustrating the role of TAs in maintaining cation homeostasis
for cellular function (14, 230).

The correlation of ligand binding capacity with D-alanyl ester
content has also been described for the dlt mutants of several
bacteria. For example, the B. subtilis Dlt
 mutant has a two-
fold-higher binding capacity for cytochrome c, a basic protein
for measuring binding, than does the wild type (491). A similar
increase (four-fold) in the availability of anionic sites was also
observed in the D-alanyl ester-deficient mutants of S. aureus
(389). Therefore, the ester deficiency in both LTA and WTA
leads to the increased availability of anionic sites to bind this
basic protein as well as other cationic ligands. Using cyto-
chrome c as a contrast-delivering ligand in electron micros-
copy, Wecke et al. (491) found, when comparing the mutant
and parental strains, that cylindrical walls bind more of this
ligand than do cross-walls. Graham and Beveridge (189) also
observed a heterogeneous localization of TA anionic sites
when using antibody specific for the glycosyl substituents of
WTA. Therefore, walls of exponentially growing B. subtilis
contain regions of structural differentiation that are deter-
mined in part by WTA.

The binding affinities of TAs for Mg2� and Ca2� are modest.
The interpretation of these results in cation assimilation and
binding has been the focus of some discussion (133, 134, 289,
377). However, high affinity for divalent cations in the wall
matrix would be counterproductive and thus would work
against the corresponding cation transport system of the cell
(e.g., the Mg2� transporter [348]). Nevertheless, the ratio of
the Ca2� concentration in the B. subtilis wall to the medium
concentration is 100 to 120 (54, 391). Therefore, binding ca-
pacity, as well as binding affinity, plays a role in determining
the concentration of cations in the wall. TAs, together with
peptidoglycan, function in concert within the wall and glyco-
calyx to provide these binding sites, which provide the conduit
for the trafficking of mono- and divalent cations to the mem-
brane.

While the focus of this review is on the role of protonated
amino groups of the D-alanyl esters in determining the net

polyanionic charge of the wall, other membrane and wall
substituents are also recognized to play a similar role. These
include the protonated ε-amino groups of L-lysyl-phosphatidyl-
glycerol (229, 388), the protonated 2�-amino groups of de-N-
acetylated N-acetylglucosamyl and N-acetylmuramyl residues
of peptidoglycan (10, 127, 506), and with the protonated
ε-amino groups of the L-Lys and amidated A2pm residues of
peptidoglycan (27). Amidation of the carboxyl groups of the
A2pm residues and 
-D-Glu residues (447, 475) also plays an
important role in determining the net anionic charge in many
bacteria. It is of interest that the TA of Streptomyces roseoflavus
contains L-lysyl esters in place of D-alanyl esters (356). Ion
pairing between the protonated amino groups of peptidoglycan
and the phosphodiester linkages of TA provides additional
neutralization of the anionic charge established by TAs in the
wall matrix. This provides an example of the complex interplay
between these two major groups of wall polymers.

In accordance with our view of the wall matrix, we envisage
divalent cations forming bridges between LTA and WTA, as
well as wall proteins and peptidoglycan (Fig. 17). Rose et al.
(425) extended this model to include bidentate Ca2� bridging
between cells in plaque. While this organization of bridging
cations is difficult to comprehend in detail, let alone to dem-
onstrate, it appears that the wall matrix, with its anionic con-
stituents and metal cations, represents a supramolecular orga-
nization that is used by cells for growth and survival.

D-Alanyl Esters in Autolysin Control

The inhibitory action of LTA on autolysins (peptidoglycan
hydrolyases) had been widely accepted in the literature (100,
172, 223, 461). It was suggested that the degree of D-alanyla-
tion influenced this inhibitory activity and that alanine-free
LTA and alanine-substituted LTA represented active and in-
active forms, respectively, of an autolysin inhibitor (172). The
arguments for and against this proposal were summarized for
B. subtilis, and it was concluded that there is “no real evidence
suggesting that LTA modifies the N-acetylmuramic acid L-
alanine amidase activity in vitro or in vivo” (129). Herbold and
Glaser (216) found, however, that the high affinity of this
amidase for walls requires WTA. The induction of autolysis in
Staphylococcus simulans 22 by the cationic lantibiotics Pep5
and nisin suggested that these cationic substances and autol-
ysins compete for the anionic sites on LTA (62). Higher levels
of these lantibiotics were required to initiate lysis when the
D-alanyl esters were removed. Therefore, the esters would ap-
pear to determine the number of binding sites on LTA for
autolysins (61, 62). The action of the hemolysin/bacteriocin of
E. faecalis (237) was inhibited by the D-alanyl-WTA of this
organism (114). Removal of the D-alanyl esters inactivated this
inhibitory activity and induced autolysis. Therefore, the num-
ber of binding sites for hemolysin/bacteriocin binding in S.
simulans would appear to be determined by the degree of
D-alanylation. It is recognized that autolysin binding to LTA
and WTA, determined in part by D-alanyl esters, constitutes
only one of the factors that may regulate and present these
potentially lethal hydrolases (82, 83, 129, 216, 445, 446, 450).

The ability to isolate D-alanyl ester-deficient mutants (383)
provided a new approach to examination of the role of these
esters in the regulation of autolysis (491). However, the ob-
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served increase in autolysin activity of the Dlt
 mutants from
B. subtilis was unexpected, because results with the isolated
micellar LTA had indicated that a decreased rate of autolysin
action might have been observed. This contradiction was re-
solved when Wecke et al. (491, 492) suggested that the inhib-
itory effect of LTA micelles observed in the earlier work is
actually the result of autolysin entrapment, preventing lysis.

A physical analysis of the LTA micelle revealed that it is
assembled from approximately 150 molecules with the hydro-
philic poly(Gro-P) chains extending 8.5 nm from a 5-nm core
(micelle diameter, 22 nm) (285). It was proposed that the
heavily coiled chains of the micelle trap the cationic autolysin
molecules and thus inhibit autolysis (491). However, it was
further postulated that the packing density of LTA in these
micelles is too high to reflect their actual organization in the
bacterial membrane. To address these proposals, LTA was
diluted into Triton X-100 micelles and tested as an inhibitor of
autolysin action (196; see also reference 99). Under these con-
ditions, the inhibitory activity was abolished. Micelles with a
decreased LTA concentration do not trap or sequester autol-
ysins, and therefore the inhibitory action of LTA that had
originally been described with high-density micelles may have
led to an equivocal conclusion. A molecule of membrane-

associated LTA in the cell is surrounded, on average, by eight
phospholipid molecules (195). Under these conditions, LTA
binds autolysin for presentation to the susceptible peptidogly-
can linkages. For species with D-alanyl esters, Wecke et al.
(491) proposed that the ester content determines the number
of anionic sites on LTA and WTA for autolysin binding. There-
fore, according to this hypothesis, the Dlt
 strain binds more
autolysin, resulting in an increased rate of autolysis.

SUPRAMOLECULAR ORGANIZATION OF LTA AND
THE NaCl-ACTIVATED D-ALANYL-DCP

“THIOESTERASE”

Several possible roles for the membrane in the D-alanylation
of LTA have been considered: (i) to establish a specific con-
formation or organization of the acceptor LTA, (ii) to contain
an enzyme required for D-alanylation, or (iii) to facilitate the
formation of a specific LTA complex with other membrane
constituents (309, 368, 414). From the evidence presented in
this review, conformational and organizational features of
LTA in the cell would appear to play a role in the D-alanylation
process. In 1974, Doyle et al. (133) noted that the inhibition of

FIG. 17. Interchain bidentate bridging of TAs by Ca2�. Up-chain and down-chain ion pairings with protonated D-alanyl esters are not illus-
trated.
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D-alanine incorporation by Na� and K� (414) might be related
to the conformation of the acceptor TA.

In studies of peptidoglyan assembly in gram-positive bacte-
ria, it was recognized that a spatial interrelationship or junc-
tion between the membrane and the wall (418) is required for
the proper processing and incorporation of nascent glycan
(251, 345, 347, 369). This relationship may be determined in
part by the intercalation of the poly(Gro-P) moiety of LTA
into the peptidoglycan matrix as well as by the bridging of the
growing peptidoglycan chains between the membrane and the
wall (218, 413, 489). Understanding the role of LTA in this
junction is also important to our understanding of the D-ala-
nylation process.

In low-ionic-strength medium, TA exists in the extended or

stretched conformation, while in high-ionic-strength medium,
screening of the anionic centers results in a decrease of charge
repulsion. This transition is illustrated schematically (Fig. 18)
with a type I LTA in the absence of other wall components,
e.g., peptidoglycan. In a biophysical analysis of type I LTA,
Gutberlet et al. (195) observed two types of interaction that
occur with LTA in vesicles of dipalmitoyl-sn-glycero-3-phos-
pho-1-glycerol (DPPG) at high ionic strength. The first occurs
between the glucosyl hydroxyl groups of the LTA glycolipid
anchor and the phosphoglycerol moiety of adjacent DPPG.
The second occurs as long-distance interactions between the
DPPG headgroup and the LTA poly(Gro-P) chain in random-
coil conformation, producing a stabilizing effect on the mem-
brane surface. It is remarkable that a single LTA molecule

FIG. 18. Scheme illustrating the salt-induced transition in the supramolecular organization of the membrane-associated poly(Gro-P) moiety of
LTA. At low ionic strength (
NaCl), the poly(Gro-P) chain assumes a stretched conformation, and at high ionic strength (�NaCl), it forms a
random coil. Courtesy of T. Gutberlat (presented at the Spring Colloquium on Molecular Modeling, Darmstadt, Germany, 1995) with permission.

VOL. 67, 2003 TEICHOIC ACIDS IN GRAM-POSITIVE BACTERIA 707



surrounded by 50 DPPG molecules results in a measurable
effect on the phase transition of DPPG. One explanation for
this effect is that LTA causes the formation of an unusual
gel-fluid transition observed in vesicles of phosphatidylglycerol
(415). This transition is accompanied by an increased mobility
of the poly(Gro-P) chain at high ionic strength. Therefore,
these observations define one of the LTA features that may
result in the inhibition of D-alanylation.

The transition of LTA between the extended and random-
coil conformations provides a basis for interpreting the effects
of NaCl on the D-alanine incorporation system (414). For ex-
ample, the addition of 0.25 M NaCl inhibits the incorporation
of D-alanine into membrane-associated LTA from D-alanyl-
Dcp by 50% while promoting its hydrolysis (261). The salt-
induced transition is the consequence of inhibiting charge-
charge repulsion in the poly(Gro-P) moiety of LTA. Random-
coil formation facilitates either an increased accessibility of the
acceptor LTA/D-alanyl-Dcp complex to bulk solvent or an in-
creased mobility of the poly(Gro-P) chain, leading to misalign-
ment of the nucleophile for D-alanylation. Therefore, it is pro-
posed that the NaCl-stimulated “thioesterase activity” is the
consequence of electrostatic screening of the poly(Gro-P) moi-
ety of LTA, leading to the random-coil conformation. The
result is hydrolysis of the D-alanyl-Dcp by LTA.

The addition of NaCl also inhibits the formation of D-alanyl-
Dcp from membrane-associated D-alanyl-LTA and Dcp (re-
verse of reaction 2). This inhibition is specific for Dcp and does
not occur in the presence of the ACPs involved in fatty acid
metabolism. The electrostatic screening of LTA by NaCl leads
to hydrolysis of D-alanyl-LTA in the presence of Dcp. Thus,
one of the features of membrane-associated LTA that is re-
quired for either the incorporation of D-alanyl ester from D-
alanyl-Dcp or its transfer from D-alanyl-LTA to Dcp would
appear to be the extended or stretched conformation of LTA
within the environment of the membrane.

31P NMR of whole cells of S. mutans provided an interesting
insight into the role of NaCl for determining the conforma-
tional mobility of LTA (416). Increasing the ionic strength of
the growth medium resulted in a narrowing of the line widths
of the resonances characteristic of the LTA phosphodiester
linkages. It is speculated that narrower linewidths in these
intact cells reflect a higher mobility of the linkages and hence
of the LTA molecule. From this in vivo study, it is argued that
the addition of salt increases the conformational mobility of
the LTA molecule, resulting in an inhibition of acceptor ability.
We suggest that D-alanylation of the poly(Gro-P) moiety oc-
curs in the extended or stretched conformation favored under
conditions of lower ionic strength. Under these conditions,
phosphodiester linkages would have minimal mobility, ensur-
ing alignment of the glycerol nucleophile for transacylation
from D-alanyl-Dcp.

D-ALANYL ESTERS AND PATHOGENICITY

Pathogenicity defines the ability of a bacterium to inflict
damage on the host (313). In this context, TAs function as
inducers of proinflammatory mediators, immunogens, comple-
ment activators, adhesins, and mitogens (158, 180, 232, 471).
Our goal in this review is to summarize the host responses
where the D-alanyl esters of TAs are implicated. Therefore, if

one can correlate the pathogenicity of an organism with the
ester content of its LTA and WTA, it is conceivable that
inhibitors of D-alanylation may be efficacious in modulating
some of these responses. There are three roles for polyanionic
TAs: (i) D-alanyl-TAs can provide the scaffolding for the pre-
sentation of adhesins and surface proteins that initiate the
infectious process; (ii) TAs can interact directly, both specifi-
cally and nonspecifically, with host receptors to elicit their
responses; and (iii) TAs can determine the effectiveness of
innate cationic inhibitors, as well as cationic antibacterial
agents. The ability to inactivate dlt provides an approach to
assess the role(s) of D-alanyl esters in pathogenicity.

Correlation with Antibacterial Action

The correlation of D-alanyl ester content with the actions of
cationic antimicrobial peptides, �-lactams, and glycopeptide
antibiotics was an unexpected result. For example, Peschel et
al. (389) inactivated dlt in S. aureus and S. xylosus and found
increased sensitivity to defensins, protegrins, tachyplesins, ma-
gainin II, and gallidermin. The enhanced sensitivity to these
cationic compounds resulted from the higher net polyanionic
charge in the Dlt
 cell. One of the D-alanyl ester-deficient
mutants was 10-fold more sensitive than the parental strain to
the host defensin, HNP1-3. Devine and Hancock (124) have
also concluded that since many gram-positive species possess
dlt, D-alanylation could be a common mechanism for resisting
peptides produced by other gram-positive bacteria (e.g., lacto-
coccin, nisin, and subtilin). The antibacterial activities of the
glycopeptides vancomycin, teicoplanin, and balhimycin are
also increased in mutants deficient in D-alanyl esters (390).

The bactericidal action of human group IIA phospholipase
A2 (PLA2) (pI � 10.5) is facilitated by the increased anionic
charge in the gram-positive organism (76). For example, PLA2

has been identified as one of the principal mediators of anti-
staphylococcal activity in human tears. This protein works in
concert with lysozyme and other antibacterial peptides as part
of the innate response of the host. Inactivation of dltA in-
creased the sensitivity of S. aureus to PLA2 by 30 to 100-fold
(279). Koprivnjak et al. (279) suggested that the increased
Ca2�-dependent activity of the bound PLA2 is responsible for
this enhancement. The increased polyanionic character of
LTA and WTA in the mutant facilitates the formation of
Ca2�-PLA2, leading to penetration and attack of the active
enzyme on bacterial membrane-phospholipids.

Insertional mutagenesis of dlt in a methicillin-resistant S.
aureus (MRSA) strain increased the resistance from 16 to 128
	g/ml in the mutant (354). For expression of low-level resis-
tance in this strain, the product of the mecA element, penicil-
lin-binding protein 2a (PBP2a, also known as PBP2�), is essen-
tial. Thus, dltABCD is a member of a group of genes whose
inactivation leads to increased resistance when the element is
present. These are distinct from the more than 20 aux or fem
genes, whose inactivation leads to decreased resistance (47, 48,
49, 122). Previously, O’Brien et al. (372) observed that mu-
tagenized strains of MRSA defective for D-alanyl ester forma-
tion have increased methicillin resistance. These results corre-
lated with the enhanced expression of methicillin resistance
when MRSA is grown in either 7.5% NaCl or at pH 8, condi-
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tions that lead to reduced D-alanylation (314, 429). In studies
of the mecA element in S. aureus, Jenni and Berger-Bächi
(245) found that although mecA altered autolytic behavior, it
had no effect on the cellular content, chain length, or D-alanine
substitution of LTA and WTA. In addition, Peschel et al.
(390) observed no differences in methicillin sensitivity in the
DltA
 PBP2�-deficient S. aureus mutant. Thus, inactivation of
dltABCD enhances methicillin resistance in strains of S. aureus
that contain the mec determinant. Growth of MRSA in the
presence of NaCl also leads to increased resistance and thus
mimics the phenotype of the inactivated dlt mutant of this
strain.

Komatsuzawa et al. and Ohta et al. (276, 374) found that
LTA plays an important role in the sensitivity of MRSA to
oxacillin and methicillin. Growth of a variety of clinical isolates
in the presence of 0.02% Triton X-100 increased both the
release of LTA and the sensitivity of the strain to these �-lac-
tams. For example, a 4.2-fold increase in the release of LTA
resulted in 2,048-fold increase in the susceptibility (MIC ratio)
to oxacillin. These findings strongly suggested that LTA re-
leased during growth in the presence of the detergent is asso-
ciated with a reduction in resistance to the antibiotic. The
D-alanyl-ester-deficient mutants of B. subtilis not only have a
higher rate of autolysis but also have a higher susceptibility to
methicillin (491). This was expressed by a faster loss of viability
and a slower recovery in the postantibiotic phase. The addition
of Mg2� protected both the mutant and parental strains from
methicillin-induced lysis. It was calculated that the net in-
creases in negative charge for WTA and LTA in one of these
mutants are 9 and 50%, respectively. The way in which the
anionic methicillin triggers lysis in the Dlt
 mutant is not well
understood (491).

Peschel et al. (386, 389) also observed that increased D-
alanylation of TAs confers resistance to cationic peptides in S.
aureus. For example, complementation of S. aureus and S.
xylosus Dlt
 mutants with plasmid-encoded dltABCD restores
the strains’ resistance to these peptides. Thus, while inhibition
of D-alanylation provides an approach to enhancement of the
action of innate antibacterial agents, increased D-alanylation
allows the organism to resist these compounds. In another
example, resistance to vancomycin in the VanB mutant of E.
faecium MT9 is correlated with a two-fold increase in the
D-alanyl ester content of LTA (196). The increase in the ester
content of MT9 is also associated with penicillin tolerance and
decreased lysis and killing by this �-lactam. In addition, it was
proposed that tolerance to oxacillin (484) in S. aureus is cor-
related with an increase in the D-alanyl ester content of TA
(312).

The cationic tear protein lactoferrin binds to the LTA of S.
epidermidis, blocking the anionic sites on the cell surface (296).
Studies suggest that this binding decreases the negative charge,
providing the tear lysozyme with greater accessibility to the
peptidoglycan of the organism. In addition, lactoferrin in-
creases the susceptibility of this organism to vancomycin (297).
Therefore, the actions of a number of antibacterial agents
targeted to wall assembly, membrane disruption, and protein
synthesis would appear to depend initially on the anionic bind-
ing sites of LTA and WTA for their assimilation by the cell.

Participation in Coaggregation,
Biofilm Formation, and Adhesion

Bacterial coaggregation and coadhesion in biofilms is an
important consequence of cell surface adhesins and other com-
ponents that interact to form networks of cell-cell aggregates
(105, 274). Generally, an adhesin on one cell binds specifically
to a receptor on another species, strain, or substratum. The
display of adhesins, as well as other wall-associated proteins, by
the bacterium occurs by at least three mechanisms of tethering:
(i) linkage to peptidoglycan by using sortase and the LPXTG
motif, as in the case of S. aureus protein A (357, 385, 433); (ii)
membrane attachment, as in �-lactamase and PrsA, via a
thioether-linked diacylglyceride (334, 464, 465); and (iii) ionic
binding with TAs. The importance of mechanism (iii) was
recognized in 1975, when Doyle et al. (128) suggested that TAs
bind hydrophilic molecules in hydrophobic areas of the cell
surface.

Two well-characterized groups of LTA-binding proteins
(244) are those targeted to the phosphorylcholine moieties of
S. pneumoniae TAs (72, 503) and those targeted to the TA of
L. monocytogenes via glycyl-tryptophan (GW) modules (81,
248). In the first group, if the phosphorylcholine is replaced
with phosphorylethanolamine, the proteins do not bind. These
choline-binding proteins are involved in the adherence, colo-
nization, and immunogenicity of the organism (427, 503). In
the second group, the GW module proteins are targeted to the
poly (Gro-P) moiety of LTA (70, 248). For example, In1B, a
surface protein required for internalization of L. monocyto-
genes, contains an anchor domain (Csa) made up of three
tandem repeats (GW modules of approximately 80 amino ac-
ids). This example is one of several that utilize the C-terminal
GW module repeat to dock cell surface proteins. Other exam-
ples include lysostaphin (a surface protein of S. simulans),
LytA (a staphylococcal phage-amidase), and Atl (an autolysin
targeted to the equatorial surface ring of S. aureus) (28, 29, 81).

The S-layer protein (CbsA) of Lactobacillus crispatus targets
the organism for binding to epithelial cells of the intestinal and
urogenital tracts. The N-terminal sequence, which is responsi-
ble for binding to host collagens and laminin, is distinct from
the C-terminal sequence, which binds this protein to the LTA
of the cell wall. However, the C-terminal LTA-targeting se-
quence is not homologous to the GW module described above
(8). Another surface layer protein, the S-protein of Lactoba-
cillus acidophilus, is also anchored to the cell wall, but in this
species the anchoring is done by WTA (449). The TA-targeting
sequences (26% sequence homology) differ from the GW
module and thus represent a novel mechanism that functions
to anchor the S-layer protein to the Lactobacillus cell wall (8).

Inactivation of dltA in S. gordonii DL1 (Challis) supports the
role of D-alanyl ester residues in cell-cell aggregation between
this species and its intrageneric partners, e.g., S. oralis 34 and
S. oralis C104 (97). These esters are required for display of a
100-kDa adhesin that is specific for these bacteria. Coaggre-
gation also requires divalent metal cations, especially Ca2�

(275, 338). Binding studies also strongly support the role of
LTA in Ca2�-facilitated aggregation, an important factor in
plaque cohesion (422, 424). The importance of metal cations is
further emphasized by the inhibitory effect of chelating agents
on this coaggregation process (470). Baddiley (37) proposed
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that the D-alanyl esters of TA are required for the proper
display of metal cations. When the ester content increases, the
cations on average share association with one phosphodiester
anion (monodentate) and a mobile counterion. Replacement
of the counterion with an anionic binding site of an adhesin
defines a role for the D-alanyl ester together with that of the
cation (Fig. 19). With ester-deficient LTA, the metal cation
binds with two phosphodiester anionic links (bidentate) and
hence is not displayed for effective binding of the adhesin. This
proposal is consistent with the role of the metal cation for
displaying the adhesin in coaggregation.

Mutants (Dlt
) of S. aureus lose their ability to form biofilms
on polystyrene or glass surfaces (193). The increased negative
surface charge leading to electrostatic repulsion in the TAs of
these mutants inhibits the initial step of biofilm formation. The
second step requires the secretion of the intercellular adhesin
poly-N-succinylglucosamine for cell-cell adhesion (110).
Complementation of the DltA
 mutant with a plasmid bearing
a copy of dlt restored biofilm formation. Hence, the D-alanyl
esters neutralize the net anionic charge, leading to a higher
capacity for colonization, an important feature that facilitates
the formation of a sessile, surface-oriented community of these
organisms (188).

LTA is a part of the cell surface receptor that plays an
important role in aggregation for the conjugal transfer of plas-
mid DNA in E. faecalis (137, 141). The aggregation substance
of the donor cell is a protein adhesin that binds to the surface
receptor of the acceptor cell. Dunny et al. (137) characterized
the binding of this substance with the receptor LTA as a
“molecular grappling hook” that brings the donor cell in close
contact with the acceptor and allows the subsequent formation
of a mating channel. It would be of interest to know whether
the D-alanyl esters of LTA play a role in this cell-cell transfer
mechanism. Additionally, in an endocarditis rabbit model, ad-
herence of E. faecalis requires two similar components, aggre-
gation substance and enterococcal binding substance (432).
LTA is a component of enterococcal binding substance and
hence would appear to play a role in this pathogenicity model.

Role in Virulence

A clear correlation between the D-alanyl ester content of
LTA and virulence has been established for L. monocytogenes,
S. agalactiae, and S. aureus (2, 103, 406). Inactivation of dlt in
L. monocytogenes severely impaired the virulence of this or-
ganism in a mouse infection model (2). The Dlt
 mutant
showed no morphological alterations, and its growth rate was
similar to that of the parental strain. However, the adherence
of the mutant strain to macrophages, hepatocytes, and human
epithelial cells was strongly restricted. It was suggested that the
increased polyanionic surface charge might be one of the fac-
tors responsible for impaired adherence. A second factor was
speculated to be the presence of adhesins possessing altered
binding activities (2). Altered binding may reflect the require-
ment of D-alanyl esters for the proper display of the metal
cation that is required for adhesin function (37). Using a sim-
ilar approach, Collins et al. (103) observed that mice injected
with a D-alanyl ester-deficient (Dlt
) strain of S. aureus have
significantly lower rates of sepsis and septic arthritis compared
with mice infected with the parental strain. The enhanced
killing rate of the mutant is the result of neutrophil antimicro-
bial activities rather than increased phagocytosis. These exam-
ples provide the best evidence, to date, for the role of D-alanyl
esters in virulence.

Attenuation of virulence in L. monocytogenes has also been
achieved with a double-inactivation mutant (dal encoding ala-
nine racemase and dat encoding D-amino acid aminotransfer-
ase) that requires D-alanine for growth (472). This mutant
requires D-alanine for peptidoglycan formation and for D-ala-
nylation of LTA. Assays for intracytosolic bacteria in a variety
of cell cultures indicated that the entry of the double mutant
into the cell in the absence of D-alanine is far less efficient than
for the parental strain. The results are consistent with a D-
alanyl-LTA requirement for entry of the bacterium into the
host cell. It is also of interest that this attenuated double
mutant was constructed as a vector for use in the development
of an AIDS vaccine (307, 411).

FIG. 19. Role of Ca2� in the presentation of an adhesin. With the exception of adhesin, the structure was energy minimized as described in
the legend to Fig. 16B. One or more cations may be involved in the binding of adhesin.
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LTA has been implicated in the virulence of a number of
gram-positive bacteria (46, 208, 466). For example, it was pro-
posed that adhesion of S. pyogenes (group A streptococci
[GAS]) to the host substratum is a two-stage process in which
the first is the interaction of the surface-oriented glycolipid
moiety of LTA with fibronectin of the host cell (106, 208, 373).
The ability of wall proteins to orient the glycolipid of the
transient LTA is the result of electrostatic attraction of the
poly(Gro-P) moiety and the positively charged Lys and Arg
residues of these wall proteins. In the second stage, adhesion to
the host substratum via surface-bound adhesins completes the
process. At least 17 different surface components of GAS ap-
pear to play primary roles in determining the tissue tropism of
the second step (106, 207). One of these, the M protein, is very
selective for adherence to epithelial cells (108, 109). Another,
the histone-like protein HlpA, released during limited cell
lysis, would appear to act as a virulence factor complexed with
LTA (459, 505). Growth of GAS in the presence of penicillin,
which promotes the excretion of LTA, diminished their ability
to adhere to epithelial cells (3). In studies of S. pyogenes inter-
nalization by epithelial cells (HEp-2), it was found that exog-
enous LTA inhibited entry of the bacterium into these cells
(437). Entry is dependent on the initial LTA-mediated adhe-
sion, and so the unique role of LTA in virulence would appear
to be defined in GAS.

One of the leading causes of neonatal sepsis and meningitis
is S. agalactiae (group B streptococci [GBS]). A number of
virulence factors include capsular polysaccharides, CAMP fac-
tor (protein B), hemolysin, C proteins, and lipoprotein recep-
tor antigen I (455). LTA may also play a role in mediating the
adherence of this organism to host cells (325, 360, 361). How-
ever, differences in LTA content, chain lengths, and LTA re-
lease (secretion) between virulent and avirulent strains are
responsible for determining a different mechanism of adher-
ence (187, 359). The initial stage of hydrophobic binding does
not involve the glycolipid fatty acyl substituents of released
LTA as was described for GAS (187, 325, 360). The glycolipid
moiety of GBS LTA is unavailable for hydrophobic interac-
tions at the cell surface to bind to epithelial cells (325). It is of
interest that adherence of the virulent strain did not occur if
the bacterium was grown under phosphate-limiting conditions,
an observation correlated with the deficiency of LTA (360).
Thus, while the adherence mechanism for GBS appears to be
different from that proposed for GAS (325), both are depen-
dent on LTA. D-Alanyl ester-deficient mutants of S. agalactiae
have a greatly decreased virulence in mouse and neonatal-rat
models (406). This decrease correlates with the increased sus-
ceptibility of the DltA
 strain to host defense peptides as well
as its higher susceptibility to killing by macrophages and neu-
trophils. Therefore, these observations support a role for LTA
and its D-alanyl esters as one of the determinants of virulence
in GBS.

LTA plays a role in the adherence of S. mutans to the
hydroxylapatite of the tooth surface (93). This interaction is
one of the factors that govern the formation of dental plaque
biofilms (220). Formation of plaque is associated with the
enhanced synthesis of extracellular LTA in the presence of
sucrose and increased plaque acidity (94, 203, 243). In re-
sponse, the low pH induces an acid tolerance response (ATR)
in S. mutans. Inactivation of dltC, which encodes the D-alanyl

carrier protein, resulted in acid sensitivity and a defective ATR
in the mutant (65). It was speculated that the deficiency of
D-alanyl esters is linked to increased proton permeability in
this strain. The involvement of LTA in the adhesion process
and the role of the D-alanine esters in the ATR further em-
phasize the importance of D-alanyl-LTA in plaque and biofilm
formation (188, 193).

S. aureus contains a variety of adhesins, including WTA as
well as LTA (323). Adherence to HeLa cells results from a
specific binding mediated by WTA that does not involve fi-
bronectin. Others, however, have suggested a role for WTA in
fibronectin-mediated (5, 60) binding to epithelial cells (6, 59).
Additional observations have emphasized the importance of
LTA from staphylococci in the adherence of various species to
uroepithelial, mucosal, and mesoepithelial cells (6, 84). The
role of the D-alanyl esters of LTA and WTA in these adher-
ence mechanisms is the subject of speculation.

Although the targets of penicillin action are peptidoglycan
transpeptidases (PBPs), other targets of �-lactam action may
exist in the gram-positive organism. For example, the secretion
of LTA is greatly stimulated during the interruption of cell wall
synthesis by penicillin (3, 4, 225, 227, 299, 358, 394, 487). This
stimulation is not always the result of bacteriolysis, since both
penicillin-tolerant and lysis-deficient bacteria also show en-
hanced LTA synthesis (73, 226, 394). Penicillin greatly in-
creased the secretion of vesicles containing LTA in the �-lac-
tam-tolerant L. rhamnosus ATCC 7469. These vesicles ranged
in size from 20 to 40 nm, and the chain lengths of the LTA
were 5 to 50 Gro-P units (394). The D-alanine/P ratio (0.26) of
the LTA isolated from either vesicles or membranes were the
same. Enhanced secretion of D-alanyl-LTA is also accompa-
nied by un-cross-linked peptidoglycan in many organisms
(482). For example, �-lactam inhibition of S. aureus stimulated
the release of LTA and peptidoglycan (4- to 9-fold and 60- to
85-fold, respectively). These observations are important in dis-
cussing the action of bacterial products in proinflammatory
responses.

WTA in either intact bacteria or cell walls is a potent im-
munogen (77, 264, 337, 500). In contrast, acid-extracted, puri-
fied WTAs are not immunogenic unless complexed with a
cationic precipitating agent (77). In the case of LTA, antibod-
ies to the poly(Gro-P) moiety (264, 499) and glycosyl substitu-
ents (241) have all been detected. Good correlation with the
type of TA and the serological specificity of lactobacilli and
staphylococci provided a useful means of classifying these gen-
era (41, 116). Antibodies in rabbits to the D-alanyl esters of TA
were also detected (252, 322, 336). The inhibition of the pre-
cipitin reaction by D-alanyl methyl ester supported the conclu-
sion that the D-alanyl esters of LTA and WTA are antigenic
determinants, together with the glycosyl and Gro-P determi-
nants. Although these inhibition experiments have been chal-
lenged (264), the number of reports describing D-alanyl esters
as an antigenic determinant in LTA and WTA argues for
further investigation.

The presence of antibodies to TAs in humans is widely
documented and results in many cases from cariogenic strep-
tococci or staphylococcal sepsis eliciting antibody responses.
An analysis of 53 human sera showed that 17 contained anti-
bodies to TA (318). In another study, the sera from blood
donors and from a heterogeneous group of patients with ver-
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ified or suspected staphylococcal infections revealed the pres-
ence of antibodies to poly(Rbo-P) WTA and LTA, as well as a
variety of other cell surface antigens (494). For the D-alanyl
ester epitope, about 30% of young adults have immunoglobu-
lin G (IgG) that precipitates with D-alanyl-LTA but not with
D-alanine-free LTA (303, 304, 305). Thus, the high frequency
of IgG responders to the D-alanyl esters of LTA is of major
interest for their immunostimulatory properties in oral biology.

LTA binds to erythrocyte membranes, rendering cells sus-
ceptible to hemagglutination (126, 362, 499, 500). With S.
pyogenes LTA, agglutination requires both the D-alanyl and
fatty acid acyl esters (242). The binding sensitizes erythrocytes
to agglutination mediated by IgM and IgG antibodies specific
for the poly(Gro-P) moiety of LTA. An analysis of these find-
ings revealed that sheep erythrocytes contain 7 � 106 binding
sites with a dissociation constant of 1.6 	M (500). The D-alanyl
esters also play a role in the interaction of LTA with the
classical complement pathway (311). For example, the concen-
tration for 50% inhibition of the hemolytic activity of purified
C1 (IC50) was 7.6-fold higher when the LTA was substituted
with D-alanyl esters. Thus, the effectiveness of LTA binding by
the first component of this pathway was compromised by the
decrease in polyanionic charge.

LTA is a member of a class of macromolecules known as
modulins, that induce a variety of proinflammatory mediators
(56, 98, 121, 160, 180, 214, 217, 255, 410, 477). In synergy with
peptidoglycan, LTA causes septic shock and multiple organ
failure (121, 342, 384, 456, 471, 488). The mediators in these
host responses include cytokines (e.g., interleukin-1�, interleu-
kin-6, interleukin-8 and tumor necrosis factor alpha [TNF-�]),
nitric oxide (310), and reactive oxygen (182, 306). In addition,
the activation of nuclear transcription factor NF-�B (142), the
induction of cyclooxygenase-2 protein (308), and the induction
and secretion of macrophage inflammatory protein-1� (113)
result from interaction of LTA with a variety of cell types.

Deacylation of LTA resulting in the loss of fatty acid acyl
and D-alanyl substituents abolished the formation of macro-
phage mediators (477). Cytokine secretion in response to LTA
is enhanced with cross-linking agents such as anti-poly(Gro-P)
antibody (316) and the polyvalent form of poly(Gro-P)-reac-
tive peptides (178). Pretreatment of the LTA from S. aureus
with cationic peptides blocks the ability of LTA to elicit TNF-�
production (436). In addition, the specific removal of the D-
alanyl esters from the LTA of S. aureus, without removing the
fatty acyl esters, greatly inhibits cytokine induction (350). LTA
from S. aureus and L. rhamnosus are better inducers of NO in
macrophages than is that from B. subtilis (258, 280, 471). While
the basic structures of the LTAs are similar, the higher lipophi-
licity of the LTA from S. aureus (350), correlated with a higher
D-alanyl ester content, may explain its enhanced activity com-
pared with that from B. subtilis. Therefore, D-alanyl esters
would appear to play an important, although so far unidenti-
fied, role in the induction of cytokines.

Signal transduction resulting in the induction of proinflam-
matory mediators requires the binding of LTA to CD14, a
macrophage pattern recognition receptor, and Toll-like recep-
tor 2 (TLR2) (98, 435, 468). Complex formation, facilitated by
the serum lipopolysaccharide (LPS)-binding protein, is re-
quired for cellular activation and the induction of the inflam-
matory response (152). Peptidoglycan also binds to this recog-

nition receptor, an interaction that is competively inhibited by
LTA (140). This complex participates in host defense by facil-
itating the clearing of either LTA or gram-positive bacteria
from the bloodstream. In addition, LTA and LPS utilize the
TLR2 receptor on the antigen-presenting dendritic cells, re-
sulting in their maturation (341). In comparing TLR2-deficient
with TLR2-containing mice, Kristian et al. (281) not only
found that D-alanylation of TAs contributes to the virulence of
S. aureus but also found that D-alanylation protects the bacte-
rium against the TLR2-dependent host defense. The macro-
phage type I scavenger receptor binds to a variety of gram-
positive organisms through surface-located LTA (136).
Removal of the D-alanyl esters from S. aureus LTA enhanced
its binding affinity to this receptor (191). For example, the IC50

of D-alanyl-LTA is 0.84 	g/ml whereas the IC50 of alanine-free
LTA is 0.23 	g/ml. Another receptor, the human mannose-
binding protein, which binds LTA from E. faecalis through
collagen repeats (Gly-X-Y), also is affected by the degree of
D-alanylation (395). LTA activates the platelet-activating fac-
tor receptor, which is G-protein-coupled, signaling the epider-
mal growth factor receptor (298). This signal system results in
the upregulation of mucin production in airway epithelial cells.
In contrast to the signaling pathway in macrophages, this re-
sponse does not require TLR2. Induction of mucin formation
in cystic fibrosis patients by S. aureus greatly aggravates the
condition (298). Either LPS or LTA induces cross-tolerance in
murine macrophages, resulting in desensitization (295). LTA
suppresses interleukin-2 function by direct binding to this T-
cell autocrine growth factor (392). LTA also binds specifically
to the pulmonary surfactant protein in the presence of Ca2�

(480). The LPS-binding proteins in chylomicrons induce the
detoxification of LTA (486). These are just a few of the exam-
ples in which LTA plays a role in host defense against gram-
positive pathogens.

A number of postinfection sequelae are dependent on the
D-alanyl ester content of LTA, and the role of this ester in
many other responses remains to be established. For example,
Jerić et al. (246) suggested that glycation adducts of D-alanyl-
LTA and host-reducing sugars could produce potential bioac-
tive ligands or chemical messages for signaling infection. This
intermolecular reaction is analogous to that involved in the
formation of glycated proteins, e.g., hemoglobin A1c found in
diabetic patients. However, in this example the N-terminal of
the protein is analogous to the amino group of the D-alanyl
ester. While this suggestion is consistent with the chemical
reactivity of the D-alanyl esters, this type of adduct formation
has been studied only in a series of model compounds (246).

The use of commercial LTA preparations in some of the
proinflammatory experiments has been criticized (177, 206,
351, 460). It was concluded that these preparations contain, to
various degrees, non-LTA immunostimulatory substances that
are decomposition products. By using a modified butanol pro-
cedure, Morath et al. (350) found that the decomposition of
LTA from S. aureus is inhibited. It was shown with this LTA
preparation that TNF-� induction is similar to that elicited by
LPS from P. aeruginosa and that good correlation between the
D-alanyl-ester content and induction of TNF-� in human whole
blood was demonstrated (350).

A synthetic analogue of LTA, (D-alanyl)4(�-GlcNAc)1(Gro-
P)6gentiobiosyl-sn-dimyristoylglycerol, induces cytokine re-
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lease with the same potency and pattern as does native LTA
(120, 352). For maximal activity, both the glycolipid and the
D-alanyl esters are required. Replacement of the D-alanyl es-
ters with L-alanyl esters results in a 100-fold decrease of activity
(352). The ability to synthesize LTA analogues will allow us to
identify the features necessary for biological action. Together
with the use of modified LTA preparations and the use of
mutants Dlt
, additional approaches to testing the function of
these esters in host-mediated responses are now available.

Sepsis and septic shock due to gram-positive bacteria have
become increasingly common in the past couple of decades
(64). Some of the clinical manifestations can be traced to LTA
and peptidoglycan (180, 181). Since these wall components
result mostly from bacteriolysis, LTA becomes a primary
player in postinfection host responses. This review has docu-
mented the importance of the D-alanyl esters in pathogenesis
and, where known, in several postinfection sequelae. Thus, the
D-alanylation of LTA merits consideration as a target for de-
fining new therapeutic strategies in addressing infections due
to gram-positive bacteria.

Rationale for Designing Inhibitors of
D-Alanine Incorporation

One of the goals of this review is to provide a rational basis
for the design of inhibitors targeted to the synthesis of the
D-alanyl esters of LTA and WTA. First, since a deficiency in
these esters results in increased sensitivity to a variety of host-
generated, innate antimicrobial peptides, inhibitors of D-ala-
nine incorporation will be of interest as potential antibacterial
agents. Second, since the D-alanyl esters play a role in the
immunostimulatory properties of LTA, inhibition of ester for-
mation may ameliorate some of the host responses. Two po-
tential targets resulting in decreased D-alanylation have been
defined in this review. The first is the reaction catalyzed by Dcl,
the D-alanine:Dcp ligase (reaction 1 in the Overview of “Syn-
thesis of D-alanyl-LTA”). The second is the D-alanylation of
membrane-associated LTA by D-alanyl-Dcp (reaction 2).

The incorporation system has a high specificity for D-alanine
(366, 368). D-Cycloserine and O-carbamoyl-D-serine, which in-
hibit reactions requiring D-alanine in peptidoglycan formation,
have no effect on the incorporation of D-alanine into LTA
(363, 368). Compounds that have only very modest inhibitory
activity include D-alanine hydroxamate and D-�-amino-n-bu-
tyric acid. Other analogues that show poor inhibitory activities
are �-fluoro-D-alanine and D-�-amino-n-butyric acid hydrox-
amate. Additional knowledge of the mechanism of D-alanine
activation and ligation to Dcp catalyzed by Dc1 in reaction 1
may lead to the design of more effective analogues directed to
this target.

The second target identified from our understanding of the
D-alanine incorporation system is the D-alanylation of mem-
brane-associated LTA by D-alanyl-Dcp (reaction 2). In this
reaction, two possibilities are suggested: (i) modification of the
conformation of membrane-associated LTA as the acceptor of
the D-alanyl ester from D-alanyl-Dcp and (ii) targeting of LTA
analogues to the putative binding site on Dcp. In the first,
compounds that facilitate the hydrolysis of D-alanyl-Dcp are
potential candidates for increasing the polyanionic charge of
LTA. For example, NaCl inhibits the incorporation of D-ala-

nine from D-alanyl-Dcp and enhances the hydrolysis of D-ala-
nyl-Dcp. Thus, the “thioesterase” activity resulting from the
binding of D-alanyl-Dcp to LTA provides a potental screening
reaction. In the second, a definition of the binding site on DCP
will provide the ability to target LTA analogues that may
inhibit the interaction of D-alanyl-Dcp with the poly(Gro-P)
moiety of LTA. The increase in the polyanionic charge of the
wall matrix resulting from inhibition at each of these sites
would render the organism more susceptible to innate cationic
antimicrobial peptides or naturally occurring cationic antibiot-
ics (124, 202, 387, 389). While this section does not provide
significant lead compounds as inhibitors, it presents three re-
actions in the D-alanylation of TAs that are readily assayed for
screening potential candidates. Hence, the assembly of TAs
and their esterification with D-alanyl esters provide targets for
the design of new antibacterial agents (163, 400).

CONCLUSION AND FUTURE DIRECTIONS

LTA and WTA, together with peptidoglycan, define the
polyelectrolyte properties of the periplasm that provides the
conduit—the continuum of anionic charge—between the cell
membrane, wall, and glycocalyx and the environment (Fig. 20).

FIG. 20. Continuum of ionic charge. A high-magnification, freeze-
substituted image of the septal region of an exponentially growing B.
subtilis 168 cell is shown. The tripartite structure of the wall shows the
fibrous nature of the outer layer. The electron photomicrograph is
reprinted from reference 189 with permission. (A�) represents the
D-alanyl esters of TAs, � represents mobile cations and other fixed
cationic functions on peptidoglycan, and � represents the phosphodi-
ester anionic linkages of TAs and anionic groups of peptidoglycan.
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Not only is this matrix responsible for cation homeostasis and
assimilation, but also it is responsible for the trafficking of
metal cations, nutrients, proteins, and antibiotics. While there
is not a discrete, defined space for this periplasm, as in the case
of gram-negative organisms, there is nevertheless a “compart-
ment,” or environment, where a myriad of cellular processes
occur. While this is not a compartment in the strict sense of the
word, the use of a less stringent definition allows us to define
a functional entity (333) where the ionic composition is regu-
lated, enzymes and other proteins are tethered, and energy is
provided by a nondiffusible intermediate, the D-alanyl ester.
Within the context of this compartment or periplasm, pepti-
doglycan functions to protect the integrity of the cell against
turgor pressure. The D-alanyl esters of LTA and WTA, the
focus of this review, allow many low-G�C gram-positive or-
ganisms to modulate the polyanionic charge and surface prop-
erties of this comparment.

In the words of Howard Rogers (419), “There may be no
clear beginning and certainly there is no clear end to the cell
surface. Rather, the envelope is an organ which for analytical
convenience we have separated into membranes, walls, and
glycocalyx, but in the living cell one shades into another and
they are all interdependent in function and formation.” The
D-alanyl esters of LTA and WTA described in this review are
one of the constituents that define the properties of this “or-
gan.”

Questions that address (i) the functions of D-alanyl-TAs, (ii)
the mechanism of D-alanylation, and (iii) the role of D-alanyl
esters in pathogenicity continue to be a focus of research in this
area.

(i) How do D-alanyl esters function in the presentation of
autolysins and adhesins? Is the function of the esters simply to
control the anionic charge in the envelope, or are there addi-
tional roles in displaying surface proteins? Are there other
cellular constituents that require D-alanyl esters for function?

(ii) What is the role of DltB, the putative transporter? Is it
organized with DltD, Dcl, and the carrier protein (Dcp) into a
supramolecular assembly for D-alanine incorporation? Is the
carrier protein with its D-alanyl thioester transported by DltB
to the periplasm? Is the carrier protein solely responsible for
transacylating D-alanyl esters to membrane-associated LTA in
the periplasm?

(iii) What is the mechanism(s) by which D-alanyl esters of
TAs determine virulence? Can inhibitors of virulence be de-
signed that are targeted to the incorporation of these esters?

Answers to each of these questions will provide interesting
insights into the roles of the D-alanyl esters of LTA and WTA
in microbial physiology as well as in host interaction and re-
sponses.
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168. Fischer, W., H. U. Koch, P. Rösel and F. Fiedler. 1980. Alanine ester-
containing native lipoteichoic acids do not act as lipoteichoic acid carrier:
isolation, structural and functional characterization. J. Biol. Chem. 255:
4557–4562.
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171. Fischer, W., and P. Rösel. 1980. The alanine ester substitution of lipotei-
choic acid (LTA) in Staphylococcus aureus. FEBS Lett. 119:224–226.
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188. Götz, F. 2002. Staphylococcus and biofilms. Mol. Microbiol. 43:1367–1378.
189. Graham, L. L., and T. J. Beveridge. 1994. Structural differentiation of the

Bacillus subtilis 168 cell wall. J. Bacteriol. 176:1413–1421.
190. Grant, W. D. 1979. Cell wall teichoic acid as a reserve phosphate source in

Bacillus subtilis. J. Bacteriol. 137:35–43.
191. Greenberg, J. W., W. Fischer, and K. A. Joiner. 1996. Influence of lipotei-

choic acid structure on recognition by the macrophage scavenger receptor.
Infect. Immun. 64:3318–3325.

192. Griffin, B. E., M. Jarman, C. B. Reese, J. E. Sulston, and D. R. Trentham.
1966. Some observations relating to acyl mobility in aminoacyl soluble
ribonucleic acids. Biochemistry 5:3638–3649.
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328. Mauël, C., A. Bauduret, C. Chervet, S. Beggah, and D. Karamata. 1995. In
Bacillus subtilis 168, teichoic acid of the cross-wall may be different from
that of the cylinder: a hypothesis based on transcription analysis of tag
genes. Microbiology 141:2379–2389.
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