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Group A streptococcus (GAS) is a leading cause of severe, invasive human infections, including necrotizing
fasciitis and toxic shock syndrome. An important element of the mammalian innate defense system against
invasive bacterial infections such as GAS is the production of antimicrobial peptides (AMPs) such as cathe-
licidins. In this study, we identify a specific GAS phenotype that confers resistance to host AMPs. Allelic
replacement of the dltA gene encoding D-alanine-D-alanyl carrier protein ligase in an invasive serotype M1 GAS
isolate led to loss of teichoic acid D-alanylation and an increase in net negative charge on the bacterial surface.
Compared to the wild-type (WT) parent strain, the GAS �dltA mutant exhibited increased susceptibility to
AMP and lysozyme killing and to acidic pH. While phagocytic uptake of WT and �dltA mutants by human
neutrophils was equivalent, neutrophil-mediated killing of the �dltA strain was greatly accelerated. Further-
more, we observed the �dltA mutant to be diminished in its ability to adhere to and invade cultured human
pharyngeal epithelial cells, a likely proximal step in the pathogenesis of invasive infection. Thus, teichoic acid
D-alanylation may contribute in multiple ways to the propensity of invasive GAS to bypass mucosal defenses
and produce systemic infection.

Group A streptococcus (GAS) is a leading cause of super-
ficial bacterial infections such as pharyngitis (“strep throat”)
and impetigo. In the last two decades, GAS has been increas-
ingly associated with severe invasive diseases, including necro-
tizing fasciitis (NF) and toxic shock syndrome (TSS) (42, 46),
revealing a propensity of the pathogen to bypass host mucosal
defense barriers. One key component of mammalian innate
immunity that contributes to defense against invasive bacterial
infection is epithelial and leukocyte production of antimicro-
bial peptides (AMPs) such as cathelicidins and defensins (30,
34). The specific means by which invasive GAS isolates avoid
AMP killing to produce serious infections are not well under-
stood.

A number of bacterial pathogens exhibit intrinsic resistance
to mammalian AMPs (33, 38). Because of the cationic nature
of most AMPs, electrostatic attraction to the negatively
charged bacterial cell envelope is hypothesized to represent a
critical early event in the bactericidal process (11). Conse-
quently, modifications to bacterial cell surface constituents to
incorporate positively charged residues can decrease the affin-
ity of AMPs to reach their cell wall target of action and afford
the organism relative protection. Documented examples of this
phenomenon include addition of L-lysine to phosphotidylglyc-

erol (Staphylococcus aureus), modification of lipopolysaccha-
ride with aminoarabinose (e.g., Salmonella enterica), or D-alan-
ylation of lipoteichoic acid polymers (e.g., Listeria monocytogenes)
(1, 17, 23).

A component of most gram-positive bacterial cell walls, li-
poteichoic acid (LTA) is an amphiphilic polymer bound to the
cytoplasmic membrane through its glycolipid anchor (14). LTA
may be involved in processes such as the control of cell shape,
autolytic enzyme activity, and maintenance of cation ho-
meostasis (32). In GAS, LTA contributes to pharyngeal epi-
thelial cell attachment (3, 44). Classical biochemical and en-
zymologic studies indicated that GAS could incorporate
D-alanine into its membrane-bound LTA through a two-step
process involving a D-alanine-activating enzyme and D-alanine-
D-alanyl carrier protein ligase (5). Genome sequencing (12)
now reveals that GAS harbors a genetic locus with homology to
the four-gene D-alanyl-LTA (dltABCD) operons first described
in the model gram-positive organisms Lactobacillus casei and
Bacillus subtilis (18, 37).

In this study, we apply targeted mutagenesis to a serotype
M1T1 isolate from a patient with NF and TSS to determine the
potential contribution(s) of GAS teichoic acid D-alanylation to
(i) cationic AMP resistance, (i) impairment of human neutro-
phil killing, and (i) interaction with human pharyngeal epithe-
lial cells.

MATERIALS AND METHODS

Bacteria and growth conditions. M1T1 GAS wild-type (WT) strain 5448 is an
isolate from a patient with NF and TSS that is genetically representative of a
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globally disseminated clone associated with invasive GAS infections (21). GAS
cells were grown in Todd-Hewitt broth (THB), pH 7.5, or on THB agar plates
(THA). For antibiotic selection, 10 �g/ml erythromycin (Em) or 3 �g/ml chlor-
amphenicol (Cm) was used. Escherichia coli strains were grown in Luria-Bertani
broth (LB); antibiotic selection employed 500 �g/ml Em or 50 �g/ml Cm. For
functional assays, unless otherwise noted, bacteria were grown to early exponen-
tial phase in THB, washed three times with pyrogen-free phosphate-buffered
saline (PBS), resuspended in appropriate buffers, and adjusted to the desired
concentrations using a spectrophotometric method confirmed by pour-plate col-
ony counts.

Allelic replacement of the GAS dltA gene and complementation vector con-
struction. Precise, in-frame allelic replacement of the GAS dltA gene with the
chloramphenicol acetyltransferase gene (cat) was performed using a modifica-
tion of our established methods (20) and sequence information from the pub-
lished GAS M1 genome (12). PCR and the primers dltA-upstream-F (5�-GCTC
TAGAGCGCAAGAGGCAGCTGAATTAC-3�) and dltA-start-R (5�-CGGTG
GTATATCCAGTGATTTTTTTCTCCATCAGTCAATCTMCCTAAAATTC
ATTAT-3�) were used to amplify an �500-bp sequence immediately upstream of
dltA; �500 bp immediately downstream of dltA were amplified with the primers
dltA-end-F (5�-TGAGTGGCAGGGCGGGGCGTAAGATATTAAAACTTTG
ATTAATGAGGTCAAT-3�) and dltA-downstream-R (5�-CGGGATCCCGAT
GGGGCCACTTGAGAAAGT-3�). The dltA-start-R and dltA-end-F primers
were constructed with 25-bp 5� extensions corresponding to the 5� and 3� ends of
the cat gene, respectively. In a fusion PCR the upstream and downstream PCR
products were then combined with a 650-bp amplicon of the complete cat gene
(amplified from pACYC184) using primers dltA-upstream-F and dltA-down-
stream-R. The resultant amplicon, containing an in-frame substitution of dltA
with cat, was subcloned into the temperature-sensitive vector pHY304, yielding
targeting plasmid p�dltA. Subsequent steps in transformation and mutagenesis
were performed exactly as described previously (20). The precise in-frame, allelic
replacement of dltA with cat in mutant 5448�dltA, from the ATG start codon to
the native stop codon, was confirmed by PCR. For complementation analysis,
dltA plus flanking DNA was PCR amplified from the WT 5448 chromosome
using dltA-upstream-F and dltA-downstream-R; the PCR product was cloned
directionally into the expression vector pDCerm (20), yielding plasmid pdltA.

D-alanine quantification of teichoic acids by high-performance liquid chroma-
tography (HPLC). Cells were grown overnight without agitation at 30°C in Hogg
and Jago broth (19) containing 3% tryptone, 1% yeast extract, 0.2% beef extract,
0.5% lactose, 0.5% KH2PO4 supplemented with 0.4% sorbitol, and 1% glucose,
final pH 6.5. Cells adjusted to an optical density at 578 nm (OD578) of 20 were
heat inactivated (10 min, 99°C) and used for a mild alkaline hydrolysis carried
out at 37°C for 1 h in 0.1 M NaOH. Supernatant was neutralized, three-fourths
dried under vacuum, and used for precolumn derivatization with Marfey’s re-
agent (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide; Sigma) as described previ-
ously (22). Marfey’s reagent reacts with the optical isomers of amino acids to
form diastereomeric N-aryl derivatives that can be separated by HPLC. The
separation of the amino acid derivates (detection at 340 nm) was accomplished
using a C18 reversed-phase column (Hypersil ODS; column diameter � 3 mm,
length � 125 mm; Bischoff Chromatography, Leonberg, Germany) on a Beck-
man Coulter HPLC system at 30°C with a flow rate of 1 ml per min by linear
gradient elution from 0 to 50% acetonitrile in sodium acetate buffer (20 mM, pH
4) in 10 min followed by a 3-min isocratic elution at 50% acetonitrile in sodium
acetate buffer (20 mM, pH 4). The D-Ala derivatives showed a linear relationship
between the amount injected and the peak area in the range of 50 to 1,000 pmol.

Cytochrome c binding assay. Bacteria were grown to early exponential phase,
washed twice with morpholinepropanesulfonic acid (MOPS) buffer (20 mM, pH
7), adjusted to a final A600 of 7 in MOPS buffer plus 0.5 mg/ml cytochrome c
(Sigma-Aldrich, St. Louis, MO), and incubated at room temperature. As a
control MOPS buffer, 0.5 mg/ml cytochrome c was incubated under the same
conditions without bacteria. After 10 min, bacteria were removed by centrifuga-
tion (21,000 � g, 3 min) and the cytochrome c content of the supernatants was
quantified photometrically at 530 nm, the absorption maximum of the prosthetic
group.

GAS phenotypic analyses. The �-hemolytic phenotype reflecting streptolysin S
(SLS) expression was determined by plating 10 �l of exponential phase GAS on
THA plus 5% sheep’s blood for a 24-h incubation at 37°C. M protein dot blot
analysis on whole GAS cells was performed with antibodies to the N-terminal
domain of M protein as described previously (21), with an isogenic M protein-
deficient mutant (26) used as a control. The amount of mature cysteine protease
SpeB secreted by each isolate was determined by dot blot developed with anti-
SpeB antibodies, while the functional proteolytic activity of SpeB was measured
using the EnzCheck protease assay kit (Molecular Probes) as described previ-
ously (21).

Autolysis assay. The water-induced autolysis assay was performed as previ-
ously described (39), with some modifications. Briefly, cells grown to the mid-
exponential phase in Hogg and Jago broth supplemented with 0.4% sorbitol and
1% glucose were harvested and washed twice with sodium phosphate buffer (10
mM, pH 7.0). Autolysis was induced by washing the cells with ice-cold double-
distilled water. Cells were resuspended in sodium phosphate buffer (10 mM, pH
7.0) containing Triton X-100 (0.05%). The decrease of the absorbance at 600 nm
(A600) was monitored at 30°C for 4 h, with the initial A600 set to be 100%. The
assay was repeated three times with similar results.

pH sensitivity studies. The pH sensitivities of WT and �dltA GAS were
determined by comparing their ability to survive in sodium phosphate buffer (20
mM Na2HPO4/NaH2PO4 plus 1 mM MgCl2 plus 10 mM L-arginine) with pHs
ranging from 4 to 7. The latter series of experiments was performed essentially
as described previously (9). Briefly, the bacteria were grown to exponential phase
and harvested by centrifugation, adjusted to 1 � 109 CFU/ml in phosphate buffer
(pH 7.0), and then diluted 1:100 into phosphate buffer at the specified pH.
Aliquots were removed at specified time points, and dilutions were plated on
THA to enumerate surviving CFU.

Antimicrobial peptide, lysozyme, and hydrogen peroxide sensitivity. The mu-
rine cathelicidin mCRAMP was synthesized and purified (	99%) by the Loui-
siana State University Protein Facility. Polymyxin B and chicken egg white
lysozyme were purchased from Sigma, and hydrogen peroxide was obtained from
Fisher Scientific. In sterile 96-well microtiter plates, logarithmic-phase GAS cells
were adjusted to 105 CFU/ml in 100 �l THB containing one of the following
antimicrobial compounds in serial dilutions: mCRAMP (0 to 32 �M), polymyxin
B (0 to 256 �g/ml), lysozyme (0 to 12 mg/ml), or hydrogen peroxide (0 to 32
mM). Plates were incubated for 24 h at 37°C. The MIC was defined as the lowest
antimicrobial concentration yielding no detectable bacterial growth (A600 mea-
surement), and minimal bactericidal concentration (MBC) was defined as the
lowest antimicrobial concentration yielding no surviving bacteria when the sam-
ple was plated on THA.

Isolation of human neutrophils and autologous plasma. Blood was drawn
from healthy volunteers and heparinized. Autologous plasma was obtained by
centrifuging a blood aliquot at 1,000 � g for 5 min. The supernatant was
subsequently centrifuged at 3,000 � g for 5 min. The plasma was then stored on
ice until use. Neutrophils were isolated by density gradient centrifugation using
Polymorphprep solution (Axis Shield PoC AS, Oslo, Norway) according to the
manufacturer’s instructions. The neutrophil layer was washed with pyrogen-free
PBS without Ca2� and Mg2� at 4°C, and contaminating erythrocytes were
hypotonically lysed. Subsequently, neutrophils were washed twice and finally
resuspended in RPMI 1640. The viability of cells exceeded 95% as assessed by
trypan blue exclusion.

Neutrophil killing assays. Experiments were performed as described previ-
ously (23), with minor modifications. Early-exponential-phase WT and �dltA
mutant GAS cells were washed, resuspended, and adjusted to 5 � 106 CFU/ml
in PBS. Subsequently, the bacteria were diluted 1:5 in 100% prewarmed plasma
and incubated for 25 min at 37°C and then placed on ice until use. The preop-
sonized GAS cells were then diluted 1:4 into prewarmed RPMI 1640 containing
3.33 � 106 neutrophils/ml in 14-ml nonpyrogenic polypropylene round-bottom
tubes (Becton Dickinson) to provide a final neutrophil:bacteria ratio of 10:1. As
a control, preopsonized GAS were incubated under the same conditions without
neutrophils. All tubes were shaken at 200 rpm at 37°C, and samples were drawn
after 0, 7.5, 15, 30, and 60 min. Neutrophils were hypotonically lysed by the
addition of distilled water, and the numbers of surviving bacteria were quantified
by plating on THA plates and 24 h of incubation at 37°C.

Phagocytosis studies. To compare uptake kinetics of WT GAS and the �dltA
mutant by human neutrophils, bacteria were grown to early exponential phase
and fluorescence tagged in THB plus 30 �M calcein AM (Molecular Probes,
Eugene, OR) for 1 h at 37°C. Subsequently, the cells were washed four times in
cold PBS and adjusted to 5 � 106 bacteria/ml in PBS using a Neubauer improved
counting chamber for bacteria (depth, 0.02 mm; PolyOptik GmbH, Bad Blan-
kenburg, Germany) under fluorescence microscopy. Bacteria were preopsonized
and incubated with neutrophils as described above, and then samples were drawn
and diluted into cold PBS to stop the phagocytosis reaction. Neutrophils were
then separated from non-cell-associated bacteria by two differential centrifuga-
tion steps (180 � g, 10 min, 4°C) and placed on ice until analysis. Finally,
ethidium bromide (EtBr) at a final concentration of 16 �g/ml was added to the
samples and 200 neurophils/sample were examined for the presence of intracel-
lular bacteria by fluorescence microscopy as described previously (10). EtBr
causes extracellular calcein-labeled GAS to fluoresce red-orange, whereas
phagocytosed, intracellular GAS remain green because live neutrophils do not
take up the dye. This process allows distinction between intracellular and extra-
cellular bacteria by simultaneous visualization of both populations. Dead neu-
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trophils were excluded from analysis (always 
6% and equivalent to control
wells without bacteria).

Epithelial cell adherence and invasion. GAS adherence and invasion assays
with human HEp-2 epithelial cells were performed as previously described (44),
with some modifications. Briefly, newly confluent monolayers of �2 � 105 Hep-2
cells in 24-well plates were washed thrice with RPMI 1640. Early-exponential-
phase WT and �dltA GAS cells were grown and washed as above, adjusted to the
desired concentrations in RPMI 1640, and added to the wells in a 300-�l volume.
Multiplicities of infection (MOI) of 1:1 to 20:1 bacteria:cell were used. Plates
were centrifuged at 400 � g for 5 min to place GAS cells on the monolayer
surface and incubated for 1 h at 37°C under 5% CO2, and wells were washed
thrice with RPMI 1640 to remove non-cell-associated bacteria. In adherence
assays, the monolayers were subsequently lysed by the addition of H2O–0.025%
Triton X-100, and the dilutions were plated on THA to enumerate total cell-
associated CFU. For cellular invasion assays, 300 �l RPMI 1640 plus 100 �g/ml
gentamicin (Gm) plus 5 �g/ml penicillin (Pen) was added to the washed infected
monolayers to kill surface-associated but noninternalized bacteria. After incu-
bation for 2 h at 37°C, the wells were washed thrice and Hep-2 cells were lysed
for enumeration of intracellular bacteria as described above.

RESULTS

The dlt operon is responsible for the D-alanylation of tei-
choic acids in GAS and affects bacterial surface charges. In-
activation of the dltA gene in GAS WT strain 5448 was
achieved by precise, in-frame allelic replacement (Fig. 1A).
D-alanine of teichoic acids was liberated from heat-inactivated
cells by using a mild alkaline hydrolysis and quantified by
HPLC analysis. Figure 1B shows an overlay of the D-alanine
chromatogram peaks of WT GAS, the �dltA mutant, and the
�dltA mutant with plasmid pdltA expressing the GAS dltA gene
under the control of its own promoter. While the GAS �dltA
mutant revealed no detectable amounts of D-alanine, we found
7.06 � 1.31 nmol/ml D-alanine at an OD578 of 1 (means �
standard deviations of four independent derivatization reac-
tions). Complementation of the GAS dltA mutant led to a
considerable but not complete restoration of wild-type D-ala-

nine levels (3.54 � 0.27 nmol/ml D-alanine at an OD578 of 1;
Fig. 1B). To determine whether the observed defect in LTA
D-alanylation significantly altered the surface charge charac-
teristics of GAS, WT and mutant strains were incubated with
the cationic protein cytochrome c (Cyt c). The GAS �dltA
mutant bound significantly more Cyt c than the WT parent
strain (Fig. 1C), confirming a functional increase in net nega-
tive surface charge analogous to that observed in a previously
characterized dltA deletion mutant of S. aureus (24) used as an
assay control.

The �dltA mutant is unaltered in expression of other GAS
virulence factors. The GAS �dltA mutant was examined for
potential pleiotrophic effects on the known GAS virulence
factors SLS, M protein, and cysteine protease. The �-hemolytic
phenotype of GAS on blood agar is produced by SLS, a cyto-
toxin that may impede neutrophil killing (8). WT and �dltA
mutant GAS produced equivalent zones of �-hemolysis on
blood agar media (Fig. 2A). The M protein has a well-estab-
lished role in promoting GAS resistance to neutrophil killing
(45), but no differences in M1 protein expression between the
WT and the �dltA mutant were observed by immunoblot anal-
ysis (Fig. 2B). Finally, the GAS cysteine protease SpeB may
complex to the bacterial surface and act to degrade cathelicidin
antimicrobial peptides (35). WT and �dltA mutant GAS pro-
duced equivalent amounts of SpeB protein (Fig. 2B), and cul-
ture supernatants from each strain showed equivalent cysteine
protease activity (data not shown). Two phenotypic differences
were apparent between the WT and the �dltA mutant. As
previously shown upon insertional disruption of the dlt operon
in Bacillus subtilis (48), the GAS dltA mutant showed an in-
creased rate of autolysis; complementation of the mutant with
dltA on an expression plasmid returned the autolysin activity to
WT levels (Fig. 2C). The GAS dltA mutant was also observed
to form longer chains in stationary-phase culture compared to
the WT strain (Fig. 2D). This phenotype was reminiscent of
increased clumping of dltA-deficient Streptococcus agalactiae
described in stationary-phase cultures (40).

The GAS �dltA mutant exhibits increased pH sensitivity.
WT and �dltA mutant GAS cells grew equally well in THB
media at the unadjusted pH of 7.5 to 7.8 (data not shown).
Because an important host bactericidal mechanism involves
maturation and acidification of the phagosome (27), we exam-
ined the sensitivity of WT and �dltA to decreasing pH by
assessing their survival kinetics in 20 mM Na2HPO4/NaH2PO4,
1 mM MgCl2, 10 mM L-arginine buffered to a pH value of 7.0,
6.0, 5.0, or 4.0. Both WT and �dltA GAS showed �75% sur-
vival after 4 h at pH 6.0 but were killed rapidly within 1 h at pH
4.0 (Fig. 3). However, at pH 5.0, corresponding to the late
stages of neutrophil phagolysosome maturation, the �dltA mu-
tant exhibited a significantly accelerated rate of death com-
pared to the WT parent strain (Fig. 3). These results suggest
that D-alanylation of teichoic acids provides GAS relative pro-
tection against killing by acidification, a finding similar to that
observed in S. agalactiae (40).

GAS teichoic acid D-alanylation contributes to antimicro-
bial peptide and lysozyme resistance. Polycationic peptides
with bactericidal activity can be produced by microbes in niche
competition with other species or by higher organisms as part
of their innate immune defense. We tested whether the in-
creased negative surface charge of the GAS �dltA mutant was

FIG. 1. The dlt operon encodes teichoic acid D-alanylation in GAS
and affects bacterial surface charge. (A) Scheme for allelic replace-
ment of the dltA gene in a GAS chromosome. (B) HPLC analysis of
the D-alanine content of teichoic acids in WT, �dltA, and �dltA plus
pdltA GAS strains. (C) Binding of the cationic protein cytochrome c to
WT and �dltA GAS strains compared to analogous mutations in S.
aureus strain 113 (24). Data represent the mean values of protein
bound by the bacterium � standard deviations of four independent
experiments (**, P 
 0.005; ***, P 
 0.0005; two-tailed t test).
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associated with enhanced susceptibility to cationic AMP kill-
ing. As shown in Table 1, the isogenic GAS �dltA mutant
exhibited clearly decreased MICs and MBCs for the murine
cathelicidin mCRAMP compared to the WT parent strain.
Similarly, the �dltA mutant was more susceptible to the bac-
teria-derived cationic AMP polymyxin B. With both mCRAMP
and polymyxin B, complementation of the �dltA mutant with

an expression plasmid bearing a copy of the WT GAS dltA
gene increased resistance toward WT levels. These results in-
dicate that D-alanylation of teichoic acids is an important com-
ponent of the intrinsic resistance of GAS to cationic AMP
killing. The murein hydrolase lysozyme is produced by phago-
cytes to digest the cell wall peptidoglycan of engulfed bacteria.
We found the GAS dltA mutant showed significantly enhanced
susceptibility to lysozyme (MIC, 4 mg/ml; MBC, 8 mg/ml)
compared to the WT strain (MIC and MBC, both 	12 mg/ml).
In contrast, the WT and dltA mutant GAS strains were equiv-
alent in their susceptibility to hydrogen peroxide (MIC and

FIG. 2. Effect of the �dltA mutation on additional GAS phenotypes. (A) �-Hemolytic (streptolysin S) phenotype on sheep’s blood agar. (B) M
protein and cysteine proteinase SpeB expression by dot blot analysis. (C) Rate of water-induced autolysis activity as determined by decreasing A600.
(D) Phase-contrast transmission microscopy of WT and �dltA mutant GAS in exponential and stationary growth phases. Note the long chains
formed by the �dltA mutant in stationary phase.

FIG. 3. GAS �dltA mutant exhibits increased pH sensitivity. Expo-
nential phase WT and �dltA mutant GAS were incubated up to 4 h in
sodium phosphate buffer containing D-arginine buffered to the indi-
cated pH. (***, P 
 0.0005; two-tailed paired t test).

TABLE 1. MICs and MBCs for antimicrobials used in this study

GAS

mCRAMP Polymyxin B

MIC
(�M)

MBC
(�M)

MIC
(�g/ml)

MBC
(�g/ml)

WT 14.0 32.0 28.0 117.3
�dltA mutant 3.5 14.0 8.7 42.7
�dltA � pDltA 16.0 28.0 24.0 80.0
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MBC, both 4 mM), a key effector of neutrophil oxidative burst
killing.

GAS teichoic acid D-alanylation decreases susceptibility to
neutrophil killing. As vacuole acidification and production of
AMPs and lysozyme are all components of effective neutrophil
bactericidal activity, we hypothesized that GAS D-alanylation
of teichoic acid could help the bacterium to survive neutrophil
killing. Comparing the killing kinetics of preopsonized WT and
�dltA GAS strains by purified human neutrophils, the mutant
strain was eliminated more readily (Fig. 4A). As WT and �dltA
strains were phagocytosed by neutrophils with similar efficien-
cies (Fig. 4B), the observed difference in killing kinetics likely
represents an increased susceptibility of the �dltA bactericidal
killing mechanisms, including acidification and cationic AMP
production.

GAS teichoic acid D-alanylation promotes epithelial cell ad-
herence and invasion. LTA has been shown to play a role in
GAS epithelial cell attachment and uptake (3, 44). To assess
the potential contribution of the D-alanyl modification of tei-
choic acids to these processes, we compared interactions of the
WT and the �dltA mutant with cultured monolayers of human
pharyngeal epithelial cell line Hep-2. After 1 h of incubation of

GAS with the Hep-2 monolayer and vigorous washing, we
found a marked decrease in the total number of cell-associated
�dltA mutant bacteria compared to the WT parent strain
(44.9% � 3.7% reduction; P 
 0.005) (Fig. 5A). Using antibi-
otic protection to quantify those bacteria which had invaded
the intracellular compartment, an even more marked reduc-
tion of approximately 10-fold fewer internalized �dltA mutant
cells than WT GAS cells were observed at each of three MOI
tested (5, 10, 20) (Fig. 5B). As a control, no difference was
observed in the susceptibility of the WT GAS and the mutant
to the antibiotics used in the assay (gentamicin MIC, 6.25
�g/ml; gentamicin MBC, 12.5 �g/ml; penicillin MIC, 160 ng/
ml; penicillin MBC, 320 ng/ml). Taken together, these studies
reveal that D-alanylation of teichoic acids itself plays a role in
facilitating GAS epithelial cell attachment and invasion.

DISCUSSION

GAS is a major human pathogen increasingly associated
with deep-seated invasive infections. The ability of GAS to
produce invasive infection reflects the organism’s ability to
resist innate immune defenses and penetrate mucosal epithe-
lial barriers. In this study, we demonstrate that the dlt operon
of GAS functions to incorporate D-alanine into the teichoic
acids expressed on the bacterial cell surface. This modification
results in an increase in positive surface charge; increased
resistance to AMP, lysozyme, and neutrophil killing; and
greater adherence and invasion of pharyngeal epithelial cells.
Thus, D-alanylation of teichoic acids represents a potential
virulence phenotype that could contribute in multiple fashions
to the pathogenesis of invasive GAS infection.

An emerging theme in AMP resistance among pathogenic
bacteria is the modification of normally anionic cell surface
constituents with cationic molecules; the net effect of these
substitutions is to repel positively charged AMPs before they
can reach the cytoplasmic membrane to disrupt its integrity. In
a number of medically important gram-positive pathogens, D-
alanylation of cell-wall-bound LTA appears to serve this func-
tion, including S. aureus, S. agalactiae, and L. monocytogenes
(1, 7, 24, 41, 49). Our demonstration of dltA-encoded AMP
resistance in the leading pathogen GAS further illustrates the
potential broad significance of this bacterial adaptation.

Cathelicidin antimicrobial peptides contribute to innate de-
fense against invasive bacterial infection, as recently demon-
strated experimentally with GAS and Salmonella enterica (34,
43). dltA-mediated D-alanylation of GAS teichoic acids repre-
sents the first general mechanism for GAS cationic AMP re-
sistance proven by targeted gene deletion. Studies with purified
GAS proteins suggest GAS possesses additional virulence de-
terminants that may contribute to AMP resistance. The SpeB
cysteine protease of GAS can degrade human cathelicidin, a
phenomenon reversed by the SpeB-specific protease inhibitor
E64 (35, 45). Invasive serotype M1 strains (such as 5448, used
in this study) also secrete a protein known as SIC that can
interfere with host complement function (2). Recently, it was
shown that purified SIC binds and inactivates the human
cathelicidin and �-defensin (15). The AMP-repelling effects of
teichoic acid D-alanylation and the proteolytic and binding
effects of these GAS virulence factors may combine to pose a

FIG. 4. GAS LTA D-alanylation decreases susceptibility to neutro-
phil killing. (A) Phagocytosis and killing kinetics of WT and �dltA
mutant GAS by human neutrophils at a bacteria:cell ratio of 1:10. The
values represent the means and standard deviations of three indepen-
dent experiments (*, P 
 0.05, two-tailed t test). (B) Human neutrophil
phagocytosis of fluorescence-tagged GAS. The percentage of neutro-
phils with intracellular bacteria is depicted (200 cells examined per
sample); the graph shows mean values � standard deviations in one
representative study of three experiments with similar results.

FIG. 5. GAS teichoic acid D-alanylation promotes Hep-2 human
pharyngeal epithelial cell adherence and invasion. (A) Total cell-asso-
ciated bacteria after 1 h of incubation. Samples were run in triplicate,
and the mean values � standard deviations of three independent
experiments are shown (**, P 
 0.005; two-tailed t test). (B) Intracel-
lular bacteria quantified in an antibiotic protection assay after 1 h of
incubation followed by 2 h of antibiotic treatment to kill extracellular
bacteria. Samples were run in triplicate, and the mean values � stan-
dard deviations of one representative experiment of three performed
are shown (***, P 
 0.005; two-tailed t test).
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considerable challenge to host AMP-mediated innate immune
defenses.

Once pathogenic bacteria such as GAS reach subepithelial
tissues, neutrophils are recruited to the site of infection to limit
further spread of the invading microorganisms. Human neu-
trophils employ vacuole acidification and multiple cationic
substances, including cathelicidins, defensins, myeloperoxidase,
lysozyme, and phospholipase A2, to kill engulfed microorgan-
isms (16). We found that although the WT and �dltA mutant
GAS strains were phagocytosed with equal efficiency, the mu-
tant was much more rapidly killed by human neutrophils. We
conclude the association of teichoic acid D-alanylation with
GAS resistance to low pH, lysozyme, and cationic AMPs acts
to promote the organism’s survival within neutrophils, a phe-
notype recently appreciated to contribute to GAS virulence
(28, 29). Additional studies have recently challenged the clas-
sical notion that the surface expression M protein acts to block
GAS phagocytosis but rather indicate that the well-known
GAS virulence factor functions to promote neutrophil intra-
cellular survival (45). As D-alanylated LTA interacts to form
complexes with M protein on the GAS surface (36), the com-
bination of the two moieties in surface fibrillar extensions may
work in concert to retard intracellular killing.

The amphiphilic molecule LTA has been known to partici-
pate in host cell attachment by certain gram-positive patho-
gens, including GAS (4, 50). In other streptococci, LTA-me-
diated host cell interactions have been shown to involve both
hydrophobic interactions with the lipid portion of the polymer
as well as more specific interactions due to the glycerol phos-
phate polymer (31). Recently, free LTA was found to specifi-
cally block intracellular invasion of Hep-2 cells by S. pyogenes
without affecting overall cellular adherence (44). Our present
discovery represents the first demonstration that the D-alanine
modification of teichoic acid may itself contribute to the pro-
cess of GAS adherence and invasion. We hypothesize that the
incorporation of positive charges on the bacterial cell surface
promotes interaction with the negatively charged host cell sur-
face. An analogous situation may exist in Streptococcus pneu-
moniae, where removal of surface choline-binding proteins was
associated with a net increase in negative charge on the bac-
terial surface and decreased adherence to eukaryotic cells (47).

In summary, GAS D-alanylation of teichoic acids is encoded
by the dlt operon and contributes phenotypically to increased
net positive surface charge, relative resistance to cationic
AMPs, lysozyme, and low pH, greater survival against host
neutrophil killing, and greater epithelial cell adherence and
invasion. The pharyngeal epithelium represents the major res-
ervoir for invasive GAS disease (13), and serotype M1 isolates
associated with serious infection show an increased frequency
of epithelial cell invasion in vitro (6, 25). Thus, incorporation
of D-alanine into surface teichoic acids may contribute to GAS
pathogenesis both through interference with innate immune
clearance mechanisms and by facilitating penetration of host
epithelial barriers. The biochemical modification encoded by
the dlt operon may represent a novel therapeutic target for
prevention of invasive GAS infection, working to render the
organism susceptible to normal host mucosal barrier and im-
mune functions.
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