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Pneumococcal lipoteichoic acid (LTA) is known to have a
completely different chemical structure compared with that of
Staphylococcus aureus: the polyglycerophosphate in the back-
bone is replaced in the pneumococcal LTA by a pentamer
repeating unit consisting of one ribitol and a tetrasaccharide car-
rying the unusual substituents phosphocholine and N-acetyl-p-ga-
lactosamine. Neither p-alanine nor N-acetyl-p-glucosamine, which
play central roles in the biological activity of the staphylococcal
LTA, has been reported. The extraction using butanol is more gen-
tle compared with the previously reported chloroform-methanol
extraction and results in a higher yield of LTA. We characterized
the LTA of two different strains of Streptococcus pneumoniae: R6
(serotype 2) and Fp23 (serotype 4). NMR analysis confirmed the
structure of LTA from R6 but showed that its ribitol carries an
N-acetyl-p-galactosamine substituent. The NMR data for the LTA
from Fp23 indicate that this LTA additionally contains ribitol-
bound p-alanine. Dose-response curves of the two pneumococcal
LTAs in human whole blood revealed that LTA from Fp23 was
significantly more potent than LTA from R6 with regard to the
induction of all cytokines measured (tumor necrosis factor, inter-
leukin-1 (IL-1), IL-8, IL-10, granulocyte colony-stimulating fac-
tor, and interferon 7). However, other characteristics, such as
lack of inhibition by endotoxin-specific LAL-F, Toll-like recep-
tor 2 and not 4 dependence, and lack of stimulation of neutro-
philic granulocytes, were shared by both LT As. This is the first
report of a difference in the structure of LT A between two pneu-
mococcal serotypes resulting in different immunostimulatory
potencies.

Streptococcus pneumoniae is one of the most common
Gram-positive pathogens that colonizes the upper respiratory
tract and causes many severe infections like otitis media, sinus-
itis, and more life-threatening diseases like pneumonia, bacte-
remia, and meningitis, when it gains access to the lower respi-
ratory tract or the bloodstream (1, 2). In the United States alone,
there were in the last 20 years approximately 7 million cases of
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otitis media each year, 500,000 cases of pneumonia, 50,000
cases of bacteremia, and 3,000 cases of meningitis (3, 4).
S. pneumoniae also causes a high mortality rate of 40,000 per
year in the United States. When the infection has cleared,
patients often retain neurological sequelae like hearing impair-
ment or learning disabilities.

Most bacteria are surrounded by a capsule, which makes rec-
ognition by the immune system more difficult. On the basis of
the differences in composition of the capsular polysaccharides,
S. pneumoniae can be divided into >90 serotypes (5, 6). But,
only seven serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) are
responsible for 65% of all cases of pneumococcal disease (7) and
23 serotypes for 90% (8).

A prevalent problem with S. pneumoniae infections is the emer-
gence of antibiotic-resistant strains in the last years. Previous stud-
ies show an increase in penicillin resistance of S. pneumoniae from
4% to 21% over a 3-year period (2), and there are some isolates that
are resistant to vancomycin (9) and levofloxacin (10). A thorough
understanding of the immune response to S. pneumoniae might
open up new treatment opportunities.

Like all Gram-positive bacteria, the cell envelope of S. prneu-
moniae consists of a cell wall containing several layers of pep-
tidoglycan with bound teichoic acids and lipoteichoic acids
(LTA),® which are anchored in the cell membrane. According
to previous reports (11, 12) the pneumococcal lipoteichoic acid
has a completely different chemical structure to the well char-
acterized LTA from Staphylococcus aureus. The polyglycero-
phosphate in the staphylococcal LT A backbone is replaced by a
pentamer repeating unit composed of ribitol and a tetrasaccha-
ride, and the phosphate content in the pneumococcal LTA is
much lower than that of LTA from S. aureus. The LTA back-
bone of staphylococcal LTA carries N-acetyl-p-glucosamine
and p-alanine, which both play a central role in the biological
activity of this LT A. Instead of these substituents, phosphocho-
line and N-acetyl-p-galactosamine are found in the pneumo-
coccal LTA (12).

The pneumococcal LTA stimulates the release of pro-in-
flammatory cytokines but was reported to be less potent in

3 The abbreviations used are: LTA, lipoteichoic acid; LPS, lipopolysaccharide;
TLR, Toll-like receptor; HIC, hydrophobicinteraction chromatography; LAL,
Limulus amoebocyte lysate test; LAL-F, Limulus antilipopolysaccharide
factor; GalpNAc, N-acetyl-p-galactosamine; B3-Glcp, glucose; AATGalp, 2-ac-
etamido-4-amino-2,4,6-trideoxygalactose; G-CSF, granulocyte colony-
stimulating factor; IFNv, interferon .
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comparison to LTA from S. aureus (13). Activation of the
monocytes occurs via the Toll-like receptor 2 (TLR-2) with
CD14 as co-receptor (14).

The LTA from S. pneumoniae described initially was isolated
by a very complex and time-consuming method (15, 16). After
autolysis of the bacteria and several enzyme treatments, a co-
fractionation of radioactive choline label and antigenic activity
was used for the preparation of the LT A. This complex isolation
procedure and the low yield of LT A were the reasons why struc-
tural studies were not performed before 1992. Using a chloro-
form-methanol extraction, Behr et al. (12) developed a simpler
and more effective isolation procedure resulting in the estab-
lishment of the structure of pneumococcal LTA from strain
R6 (12).

5 years ago a new isolation procedure for the LTA from
S. aureus was published using butanol for the extraction instead
of hot phenol or chloroform-methanol (17). It was shown that
the previously used methods resulted in a decomposition of the
LTA characterized by the loss of glycerophosphate units as well
as D-alanine and N-acetyl-p-glucosamine substituents (18). The
components of the LT A backbone seemed to play a very impor-
tant role in the biological activity of the LTA as indicated by the
activity of synthetic derivatives of the LTA from S. aureus,
which induced cytokine release in human monocytes that
depended on the stereoisomer of p-alanine substituents (19).
Since then, LTA from further bacteria like Bacillus subtilis,
Streptococcus pyogenes, Streptococcus agalactiae, and Lactoba-
cillus plantarum (18, 20, 21) have been isolated by this method.
All of these have a similar molecular structure and immuno-
stimulatory potency.

In the present study we asked whether the butanol-extracted
LTA from S. pneumoniae shows differences in its chemical
structure in comparison to the reported chloroform-metha-
nol-extracted LTA, possibly resulting in differences in the
immunostimulatory potency of these pneumococcal LTA.
For the biological characterization of the LTA we focused
our interest on the cytokine induction by human whole
blood, the activation of neutrophilic granulocytes, and the
TLR dependence. We chose two different strains of S. pneu-
moniae, the well known laboratory R6 strain (serotype 2),
which has been used in most studies since the 1950s, and the
Fp23 strain (serotype 4), which was isolated in 1987 and
whose complete genome sequence is published (22). The iso-
lation and characterization of the LTA from these strains
might help to elucidate the interaction between the patho-
gen and the immune system, giving a better insight into the
pathogenesis of S. pneumoniae.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Cultivation—S. pneumoniae strain R6
(serotype 2), kindly provided by E. Tuomanen, St. Jude’s Chil-
dren’s Research Hospital, Memphis, TN, and S. pneumoniae
strain Fp23 (serotype 4) provided by M. R. Oggioni, Diparti-
mento di Biologia Molecolare, Universita di Siena, Siena, Italy,
were grown to the late logarithmic phase (454, 0f 0.9) in Todd-
Hewitt broth (Oxoid, Milan, Italy). Bacteria were washed exten-
sively with distilled water and lyophilized.
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S. aureus (DSM 20233) was cultured aerobically and har-
vested after 18 h (stirring at 37 °C, 150 rpm) at an A of 3 by
centrifugation at 4225 X g for 20 min. Integrity of bacteria and
potential contaminations by Gram-negative bacterial species
were checked by Gram staining and microscopy. Until the
extraction, the bacteria were frozen at —20 °C.

LTA Purification—The bacteria underwent butanol extrac-
tion and hydrophobic interaction chromatography as described
(17). Briefly, after resuspension in 0.05 M citrate buffer at pH
4.7, bacteria were disrupted by sonification for 15 min. The
bacterial lysate (30 ml) was mixed with an equal volume of
n-butanol (Merck, Darmstadt, Germany) under stirring for 20
min at room temperature. Centrifugation at 17,200 X g for 40
min resulted in a two-phase system, and the lower, aqueous
phase was collected before the addition of fresh citrate buffer
for a second extraction. This re-extraction was performed
twice, and the three aqueous phases were pooled and lyophi-
lized. After resuspension of the sample in 35 ml of chromatog-
raphy start buffer (15% n-propanol in 0.1 M ammonium acetate,
pH 4.7), it was centrifuged at 26,900 X g for 60 min and filtered
(0.2 wm). The supernatant was subjected to hydrophobic inter-
action chromatography (HIC) on an octyl-Sepharose column
(2.5 X 11 cm) using a linear gradient from 15% to 60% n-pro-
panol in 0.1 M ammonium acetate (pH 4.7).

LTA Dealanylation—7.9 mg of LTA Fp23 in Tris buffer (1.25
M in MilliQ, pH 8.5) was stirred at 500 rpm for 24 h at room
temperature. After lyophilization the sample was purified by
HIC as described above. The absence of p-alanine in the LTA
Fp23 was confirmed by NMR analysis.

Phosphate Determination—This method is based on the for-
mation of phosphomolybdenum blue from phosphate. 50 ul of
a phosphate standard (0.65 mm, Sigma), and 100 ul of each
fraction was mixed with 200 ul of ashing solution (2 M H,SO,
and 0.44 m HCIO,) and incubated in open polypropylene vials
(Eppendorf, Hamburg, Germany) at 145 °C for 2.5 h. Then 1 ml
of reducing solution was added containing 3 mm ammonium
molybdate, 0.25 M sodium acetate, and 1% ascorbic acid. After
2 h at 45°C, 250 ul of each sample was transferred to flat-
bottom, ultrasorbant 96-well plates (Nunc, Wiesbaden,
Germany), and the absorption was measured in an ELISA
Reader (Rainbow, Tecan, Crailsheim, Germany) at 700 nm. The
LTA containing fractions were pooled, and the endotoxin con-
tamination of the LTAs was assessed by the kinetic Limulus
amoebocyte lysate assay (Charles River, Charleston, SC).

Whole Blood Incubation—Human whole blood incubations
were performed as described previously (23). Briefly, human
blood was drawn from healthy volunteers into heparinized
S-monovettes® (Sarstedt, Niimbrecht, Germany) and diluted
5-fold in RPMI 1640 medium (Biochrom, Berlin, Germany).
The following stimuli and inhibitors were used: 50 ul of each
chromatography fraction, which had been evaporated and
resuspended in 50 pl of 0.9% NaCl, LPS from Salmonella abor-
tus equi (Sigma), LTA from S. aureus (LTA Sa), LTA from
Streptococcus pneumoniae strain R6 (LTA R6) and strain Fp23
(LTA Fp23), which all were isolated in-house by n-butanol
extraction, Zymosan A from Saccharomyces cerevisiae (Sigma),
and polymyxin B (Sigma) and Limulus antilipopolysaccharide
factor LAL-F (a generous gift from F. Jordan, Charles River).
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The final volume was adjusted to 500 ul. Incubations were car-
ried out in open polypropylene vials overnight for 22 h at 37 °C
and 5% CO.,. The pelleted blood cells were then resuspended by
gentle shaking and were centrifuged at 400 X g for 2 min. The
cell-free supernatants were stored at —80 °C until cytokine
measurement by ELISA.

Isolation of Human Neutrophilic Granulocytes and Determi-
nation of the Myeloperoxidase Activity—Neutrophils were
obtained with a Percoll gradient (BD Biosciences) as described
(24). After the centrifugation of heparinized blood at 270 X g
for 20 min, the resulting buffy coat was mixed with 0.72% dex-
tran T500 (Sigma) in 50 ml of phosphate-buffered saline. 30
min later the erythrocytes had sedimented. The supernatant
contained leukocytes, which were centrifuged at 850 X g for 7
min and washed once with HEPES buffer. The cells were trans-
ferred to a discontinuous Percoll/HEPES buffer gradient (den-
sity 1.093, 1.088, 1.072, and 1.059) and spun for 15 min at 450 X
g The neutrophil band was transferred to a new tube and was
washed once with HEPES buffer at 850 X g for 7 min. Afterward
differential cell counts were determined with a Pentra60 (ABX
Diagnostics, Montpellier, France), and the cells were diluted to
5 X 10° cells/ml with RPMI 1640 medium (Biochrom) and 10%
autologous serum. Finally the neutrophilic granulocytes were
plated to 96-well culture plates (5 X 10° cells/well, Greiner,
Niirtingen, Germany) and were incubated with different stim-
uli for 22 h at 37 °C and 5% CO.,,

50 wl of a potassium buffer (50 mum, pH 6.0) containing EDTA
(10 mm) and 0.5% (w/v) hexadexylammonium bromide (both
Sigma) were added to the supernatants of the incubations.
Myeloperoxidase from human leukocytes (Sigma) served as the
standard. After the addition of 3,3',5,5'-tetramethylbenzidine
(Sigma), the activity of the myeloperoxidase could be deter-
mined. The reaction was stopped by the addition of H,SO,, and
the absorption was measured at 450 nm.

Isolation of Murine Bone Marrow Cells—C3H/He] mice,
characterized by a non-functional TLR4, and the correspond-
ing wild-type mouse strain C3H/HeN were purchased from
Charles River Laboratories. TLR2-deficient mice kindly pro-
vided by Tularik (South San Francisco, CA) and the corre-
sponding wild-type mice (129Sv/B57BL/6) were bred in the
animal facilities of the University of Konstanz and genotyped.
Mice were killed by terminal pentobarbital anesthesia (Nar-
coren, Merial, Halbergmoos, Germany). The humeri and
femurs of the mice were lavaged with 10 ml of ice-cold sterile
phosphate-buffered saline (Invitrogen). The lavages were trans-
ferred to siliconized glass tubes (Vacutainer, Bioscience, Heidel-
berg, Germany), and bone debris was removed. After one centrif-
ugation step the cell counts were determined. The cells were
diluted to 5 X 10°/ml with RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum (Biochrom), 100 IU/ml peni-
cillin/streptomycin (both from Biochrom), and plated to
96-well culture plates for stimulation with different stimuli.
After 22 hat 37 °C, 5% CO, supernatants were frozen at —80 °C
until cytokine measurement by ELISA.

Cytokine Measurement—Cytokines released by human
whole blood were measured by in-house sandwich ELISA using
commercially available antibody pairs and recombinant stand-
ards. Monoclonal antibody pairs against human TNF, IL-8, and
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IFNy were purchased from Endogen (Perbio Science, Bonn,
Germany), against human IL-18 and G-CSF from R&D (Wies-
baden, Germany), and against human IL-10 from BD Bio-
sciences. Recombinant standards for TNF and IL-18 were kind
gifts from S. Poole (National Institute for Biological Standards
and Control, Herts, UK), rIL-8 from PeproTech (Tebu, Frank-
furt, Germany), rIFNy from Thomae (Biberach, Germany), rG-
CSF from Amgen (Thousand Oaks, CA), and rIL-10 from BD
Biosciences. The release of murine TNF by bone marrow cells
was measured with the DuoSet-kit from R&D. Assays were car-
ried out in flat-bottom, ultrasorbant 96-well plates. The sec-
ondary biotinylated antibodies were detected by horseradish-
peroxidase-conjugated streptavidin (BIOSOURCE, Camarillo,
CA), and 3,3',5,5'-tetramethylbenzidine (Sigma) was used as
substrate. The reaction was stopped with 1 m H,SO,, and the
absorption was measured in an ELISA reader at 450 nm with a
reference wavelength of 690 nm.

NMR Spectroscopy—NMR spectra were obtained on a Bruker
Avance 600 spectrometer at 300 K using sample tubes with a
5-mm outer diameter. Spectra were measured for solutions in
D,O using sodium 3-trimethylsilyl-3,3,2,2-tetradeuteropro-
panoate as an internal standard for "H NMR (8, 0.00 ppm) and
acetone for "*C NMR (8. 30.02 ppm). For >'P NMR spectra 2%
phosphoric acid was used as external standard (6, = 0.00 ppm).

Two-dimensional homonuclear DFQ-COSY, TOCSY,
NOESY, and ROESY experiments and two-dimensional het-
eronuclear HMQC and HSQC (*H-'3C) were performed using
standard Bruker pulse programs. TOCSY, NOESY, and ROESY
experiments were performed in the phase-sensitive mode using
mixing times of 100 ms in the TOCSY and 200-ms spinlock for
NOESY and ROESY.

Statistics—Statistical analysis was performed using the
GraphPad Prism program (GraphPad Software, San Diego,
CA). Data are shown as means = S.E. For statistical analysis of
two groups of non-parametric data, Wilcoxon matched pairs
test (human data) and unpaired Student’s ¢ test (mouse data)
were used. Repeated-measure analysis of variance was assessed
using the one-way analysis of variance test followed by the Bon-
ferroni multiple comparison test (Figs. 3 and 13). A p value
<0.05 was considered significant. In the figures *, **, and ***
represent p values <0.05, <0.01, and <0.001, respectively.
Cytokine levels are given per milliliter blood, i.e. corrected for
the dilution factor 5 in the 20% blood incubation.

RESULTS

LTA Purification by Hydrophobic Interaction Chromatogra-
phy—After the butanol extraction of S. pneumoniae the aque-
ous phase was subjected to hydrophobic interaction chroma-
tography. The resulting fractions were screened for phosphate
content. For both strains of S. pneumoniae we obtained high
phosphate contents in the flow-through fractions (fractions
1-19), representing DNA and proteins that had not bound to
the chromatography column, and a second peak from fraction
43 to 50, corresponding to the fractions that yield LTA upon
extraction of S. aureus (Fig. 1, A and B). We screened the frac-
tions for IL-8 induction in human whole blood. The resulting
profile of the IL-8-induction by the fractions from strain R6
(Fig. LA) was congruent with that of the Fp23 strain fractions as
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FIGURE 1. Screening of HIC fractions after butanol extraction. After buta-
nol extraction of S. pneumoniae R6 (A) and Fp23 (B) the HIC-fractions were
screened for phosphate content and IL-8 induction in human whole blood.
The cytokine release was determined after 22 h in the cell-free supernatants
by ELISA. The mean profile of two blood donors is shown.

shown in Fig. 1B, whereas in both cases the peaks were broader
than the phosphate peaks (pooled fractions: 30 -57) as expected
due to the higher sensitivity of the human whole blood assay
compared with the phosphate measurement. The screening
profiles shown are representative for two extractions of the R6
strain and nine extractions of the Fp23 strain.

Exclusion of LPS Contamination in LTA Fp23 and LTA R6
Preparations—To exclude an LPS contamination we used dif-
ferent inhibitors and the Limulus amoebocyte lysate (LAL) test.
Polymyxin B is an inhibitor for negatively charged molecules
like LPS. LAL-F inhibits endotoxin-induced signals more spe-
cifically than polymyxin B by binding to the Lipid A portion
(25).

As expected, LPS-induced IL-8 release was reduced to 25 and
2% by Polymyxin B and LAL-F, respectively, showing the effi-
ciency of the inhibitors. The cytokine release induced by LTA S.
aureus, LTA Fp23, and LTA R6, respectively, were influenced
neither by polymyxin B nor by LAL-F (Fig. 2). The results from
these experiments were confirmed by the LAL showing for all
LTA extractions an LPS contamination below 2 endotoxin
units/mg of LTA, i.e. <200 pg LPS per mg.

Neither LTA Fp23 nor LTA R6 Activate the Release of
Myeloperoxidase by Neutrophilic Granulocytes—Knowing that
LTA from S. aureus does not induce myeloperoxidase release
from neutrophilic granulocytes, we investigated whether this
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FIGURE 2. Exclusion of LPS contamination in LTA Fp23 and LTA R6 prep-
arations. Human whole blood from four healthy volunteers was incubated in
the presence of 1 ng/ml LPS and 10 ug/ml LTA from S. aureus, S. pneumoniae
Fp23, and R6 for 22 h. Saline, 10 pg/ml polymyxin B, or LAL-F were added to
each stimulus. IL-8 was measured in the cell-free supernatants by ELISA. Data
are means =* S.E,, given as percent inhibition.
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FIGURE 3. Neutrophilic granulocytes induce no myeloperoxidase release
after stimulation with LTA. Isolated neutrophils (5 X 10°/well) from five
healthy volunteers were incubated for 22 hin the presence of LPS, LTA from S.
aureus, LTA Fp23, LTA R6, and zymosan and a combination of either stimulus
with zymosan. Myeloperoxidase release was measured in the cell-free super-
natant as 3,3',5,5'-tetramethylbenzidine turnover. All stimuli versus respec-
tive control, not significant; control without zymosan versus control with
zymosan, p < 0.001 (Bonferroni multiple comparison test).

+ zymosan

also holds true for pneumococcal LTA. Zymosan, a well known
activator of myeloperoxidase release, was used as a positive
control. LPS alone was able to stimulate the neutrophilic gran-
ulocytes. Myeloperoxidase release was not induced by LTA,
and LTA had no effect on the zymosan spike (Fig. 3).
Pneumococcal LTA Is TLR2- and Not TLR4-dependent—To
test the TLR dependence of the pneumococcal LTAs, we stim-
ulated bone marrow cells from TLR2"’" and TLR2™/~ mice
(Fig. 4A). As expected 1 ng/ml LPS induced similar amounts of
TNF in cells from wild-type and TLR2™/~ mice. However, 10
pg/ml S. aureus LTA, a known TLR2 agonist, exclusively
induced measurable TNF amounts in cells from TLR2 wild-
type mice. The stimulation of TLR2"/* wild-type cells with
LTA Fp23 and LTA R6 (each 10 ug/ml) resulted in comparable
TNF release, whereas the cells from TLR2 '~ mice did not
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FIGURE 4. TLR dependence of staphylococcal and pneumococcal LTA.
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(white bars) (B) with n = 8 to stimulation with 1 ng/ml LPS and 10 ug/ml
purified LTA, respectively. Data are means = S.E.

S.a.e. S. aureus

respond to these stimuli, showing TLR2 dependence of the
pneumococcal LTA. The results of the stimulation of TLR4
wild-type cells and cells with a non-functional TLR4 receptor
(Fig. 4B) showed no difference in the cytokine release of both
cell types after stimulation with LTA Fp23 and LTA R6.

LTA Fp23 Is as Potent as LTA from S. aureus in Inducing
Different Cytokines—We compared the cytokine release
induced by LTA from S. aureus and LTA Fp23. Human whole
blood was stimulated with increasing concentrations of either
LTA (from 10 ng/ml to 10 ug/ml), and the cytokine release was
measured by ELISA. Comparing the TNF release, the LTAs
were equipotent at each concentration (Fig. 54). From the same
samples we measured further cytokines and chemokines. With
10 pg/ml there was a high IL-8 (300 ng/ml) and IL-1 induction
(10 ng/ml) by both LT As. The G-CSF release (2000 pg/ml) was
similar to the TNF induction (1600 pg/ml), and there was only
avery low IFNy (600 pg/ml) and IL-10 (200 pg/ml) release (data
not shown). The induced cytokine release by the LTA from S.
aureus at 1 pug/ml was compared with the corresponding cyto-
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kine induction by LTA Fp23 at 1 ug/ml. Fig. 5B shows that LTA
Fp23 induced all measured cytokines and chemokines at nearly
the same level or even at significantly higher levels compared
with LTA from S. aureus.

LTA R6 Is a Weaker Cytokine Inducer than LTA Fp23—Next
we compared the LTA from the two pneumococcal strains.
Both LTAs were able to stimulate TNF release, but LTA Fp23
showed a significantly higher TNF induction compared with
LTA R6 (Fig. 6A). We observed the same lower activity of LTA
R6 on the level of further cytokines. At the concentration of 1
png/ml the LTA R6 induced only 50% of the G-CSF and IL-8
release compared with LTA Fp23. For TNF, IL-1, IL-10, and
IFNy the cytokine release by LT A R6 was reduced to 20 —30% of
that of LTA Fp23 (Fig. 6B).

NMR Analysis of LTA R6 Indicates N-Acetyl-p-galactosa-
mine Substituent at the Ribitol—Fischer et al. characterized
LTA structures isolated from different Gram-positive bacteria,
including S. pneumoniae strain R6, by chemical degradation
methods (12,26 -28). Yet, chemical manipulations may unin-
tentionally cleave labile substituents resulting in a loss of
structural information. The advance in the field of high res-
olution NMR in recent years allows the analysis of native
LTA with an estimated mass between 5 and 10 kDa. How-
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ever, structural investigations of lipoteichoic acid are still a
challenge because microheterogeneity of the fatty acid
chain, the length of the repeating unit, the glycosylation, and
alanylation pattern makes a complete assignment of native

lipoteichoic acid nearly impossible.
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FIGURE 6. Comparison of cytokine induction by LTA from S. pneumoniae
Fp23 and R6. Human whole blood from 12 healthy volunteers was stimu-
lated with the given concentrations of either LTA for 22 h. A, TNF release was
measured in the cell-free supernatants by ELISA. B, from the same incubations
all shown cytokines were measured by ELISA and plotted for 1 wg/ml stimulus
concentration. The detection limits for all cytokine ELISA were between 1 and
15 pg/ml. The cytokine release by the unstimulated controls was below this
detection limit for every cytokine measured. Data are means = S.E.

For assignment of the proton signals, 2D TOCSY and 2D
DQF-COSY experiments with water suppression technique
were used, and HSQC experiments were used for the **C chem-
ical shifts. Due to the small *J; ;5 11, and */;, 145 of GalpNAc, a
few signals of these sugars remained unassigned, and some sig-
nals of the ribitol unit could not be determined due to overlap
(Table 1). The structure is summarized in Fig. 7. The chemical
shifts for the pentamer repeating unit are in good agreement
with data regarding similar structures (29 -32).

The 'H NMR of strain R6 showed five anomeric signals, of
which the four signals of same intensity at ,; 4.61, 4.63, 4.97,
and 5.17, belong to the tetrasaccharide of the repeating unit.
The signal with smaller intensity at &;; 5.09 originates from
partial glycosylation of ribitol with a-GalpNAc. From the 'H
NMR integrals the degree of substitution with a-GalpNAc was
determined to be ~40%, and the average length of the LT A with
n = 2-3 of the repeating pentamer was also calculated from the
proton spectrum (Fig. 84).

The connectivity of the polysaccharide repeating unit was
determined by 2D NOESY and 2D ROESY experiments with
water suppression. The use of an HMBC spectrum was not
possible because of the low sample concentration. The syn con-
formation of the glycosidic linkage causes a strong NOE
between the two protons on both sides of the glycosidic bond.
This NOE is observed as the most intensive trans-glycosidic
signal and is particularly suited to identify the sequence of the
pentamer. The inter-residue NOE contact between H-1 of
the B-Glcp residue and H-3 of 2-acetamido-4-amino-2,4,6-
trideoxy-galactose (AATGalp) identifies the A-B linkage. The
B-C structural element is established with an NOE contact
between the H-1 of AATGalp and H-4 of a-GalpNAc. Further-
more the linkage between residues C and D is characterized by
the dipolar correlation of the a-anomeric proton of GalpNAc
with H-3 of B-GalpNAc. A cross-peak in the NOE spectrum
between H-1 of B-GalpNAc and the methylene group of ribitol
demonstrates the structural element D—E.

The glycosylation of ribitol with a-GalpNAc (marked with
“X” in the spectra) is identified from NOEs between the ano-

TABLE 1
"H NMR and "3C NMR data for the LTA from S. pneumoniae strain R6
Chemical shifts for
Sugar residues”
1 2 3 4 5 6 NAc
A: —6)-B-Glep-(1— 4.63 3.35 3.51 3.52 3.58 4.11,4.16
104.7 73.5 76.0 69.4 75.1 64.9
B: —3)-a-AATGalp-(1— 4.97 4.22 4.40 3.99 4.79 1.24 2.09
98.9 48.9 75.3 55.4 63.6 16.2 23.1
C: —4)-a-GalpNAc-(1— 5.17 4.32 3.94 4.11 ND? 4.01 2.11
6 94.1 50.0 67.4 77.3 64.2 22.8
1
D: —3)-B-GalpNAc-(1— 4.61 4.10 3.87 4.18 3.84 ~4.07 2.06
6 101.9 51.3 754 63.9 74.2 65.2 22.8
1
E (unsubstituted): —1)-Ribitol-5-P-(O— 3.89, 3.99 — ND? — 3.99, 4.06
71.2 67.3
X: a-GalpNAc-(1— 5.09 4.23 3.81 4.05 ND* 3.78, 3.84 2.05
94.2 50.0 68.3 68.7 61.7 ~22.8
At C: Cho-P-(O— 4.29 3.67 3.24
60.2 66.7 54.7
At D: Cho-P-(0O— 4.34 3.69 3.24
60.2 66.7 54.7

“Where AATGal is 2-acetamido-4-amino-2,4,6-trideoxygalactose, and all sugars belong to the D-series.

? ND, not determined.
€3.77/77.1, not resolved
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FIGURE 7. Structure and substitution pattern of the repeating unit of LTA isolated from S. pneumoniae strain R6. The percentage of glycosylation and the
average number of the repeating units was determined from the "H NMR spectrum.
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analyzed by NMR methods.

LTA Fp23 Carries D-Alanine
Bound to Ribitol, but LTA R6 Does
Not—The structure of the unsubsti-
tuted repeating unit of Fp23 was
determined to be the same as for the
lipoteichoic acid from strain R6,
with chemical shift variations below
0.02 ppm for proton shifts and
below 0.1 ppm for '*C (Table 2).

However, an important differ-
ence between the LTA from strain
R6 and Fp23 can already be
observed in the 'H NMR spectra

CH, of
D-Ala

free alanine
from hydrolysis

T

5.0

T

T T T T T
55 4.5 4.0 3.5 3.0 25

(B). The additional alanylation in the LTA from Fp23 is marked at 1.6 ppm.

meric proton (8;; 5.09) and &;; 4.16, 4.12, and 3.83. A single
doublet at §;; 5.09 suggests that glycosylation occurs at a single
O of the ribitol unit, but we could not resolve which of the three
secondary hydroxyls was glycosylated.

Four different signals could be observed in the *'P NMR
spectrum of strain R6 (data not shown), which were assigned by
comparison with literature data (12, 26 —28). The three signals
at 6, —0.79, —0.31, and 1.28 were approximately of the same
intensity and belong to phosphocholine groups (6, —0.79 and
—0.31), indicating that position 6 of each residue C and D were
substituted with a phosphatidylcholine, and the signal at 6, 1.28
was assigned to the ribitol phosphate. The small signal at 5,
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T
20
FIGURE 8. Comparison of "H NMR spectra of LTA from S. pneumoniae Fp23 and R6. 'H NMR (600 MHz and
300 K) with water suppression of LTA isolated from S. pneumoniae strain R6 (A) and S. pneumoniae strain Fp23

1 (Fig. 8). The additional signals
PP occurring in the spectrum of Fp23 at
&y 1.61, 5.20, 5.38, and 5.42 were
assigned to p-alanine linked to the
ribitol of the repeating unit. The sig-
nal at §;; 1.61 belongs to the methyl
group of D-alanine and shows >/ coupling in the DQF-COSY to
H-a of the amino acid at 8, 4.25. From HSQC spectrum **C shifts
for the CH, group (8. 15.8) and for the methine proton (5. 49.5)
were obtained. The three signals at 6,; 5.20, 5.38, and 5.42 with
identical intensity are assigned to the three methine protons of
ribitol, which is substituted with p-alanine. Each ribitol is substi-
tuted by not more than one p-alanine, but the position of alanyla-
tion varies in different repeating units or LT A molecules (Fig. 9).

An NOE contact between the methyl group and methine
protonsat §;; 5.20, 5.38, and 5.42 confirms this assignment. The
corresponding carbon shifts can be observed at 8 76.0, 76.2,
and 76.3, respectively (Fig. 10).

T T
1.5 1.0
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TABLE 2
"H NMR and "3C NMR data for the LTA from S. pneumoniae strain Fp23
Chemical shifts for
Sugar residues”
1 2 3 4 5 6 NAc
A: —6)-B-Glep-(1— 4.63 3.34 3.50 3.51 3.57 4.09, 4.14
104.7 73.4 76.0 69.4 75.0 64.9
B: —=3)-a-AATGalp-(1— 4.95 4.22 4.40 3.98 4.77 1.23 2.09
98.8 48.9 75.3 55.4 63.6 16.1 23.1
C: —=4)-a-GalpNAc-(1— 5.12 4.32 3.92 4.10 ND? 4.00 2.10
6 94.0 50.0 67.4 77.2 64.1 22.7
1
D: —3)-B-GalpNAc-(1— 4.59 4.09 3.85 4.15 3.82 ~4.06 2.05
6 101.9 51.3 75.3 63.9 74.1 65.1 22.7
1
E (unsubstituted): —1)-Ribitol-5-P-(O— 3.88,3.98 e ND” e 3.98, 4.05
71.2 67.2
X: a-GalpNAc-(1— 5.08 4.22 3.80 4.04 ND” 3.77,3.83 ND”
94.2 50.0 68.2 68.6 61.7
At C: Cho-P-(O— 4.28 3.67 3.23
60.1 66.6 54.6
At D: Cho-P-(0O— 4.33 3.69 3.23
60.2 66.6 54.6
¢ Where AATGal is 2-acetamido-4-amino-2,4,6-trideoxygalactose, and all sugars belong to the D-series.
2 ND, not determined.
€3.77,77.1, not resolved.
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FIGURE 9. Position of the p-alanine at the ribitol of LTA Fp23. Assignment of the methine protons of ribitol substituted with alanine on different positions.
The methine protons at position 2 and 4 could be determined for alanylation of ribitol in position 3.

Integration of these protons in "H NMR results in a nearly
1:1:1 ratio of the integrals and indicates that p-alanine is equally
distributed over all three positions of the ribitol unit. This is
explained by taking into account that the quite reactive p-alanyl
ester migrates via the cyclic ortho ester intermediate from one
position to the other as depicted in Fig. 11 (33, 34). As a further
conclusion each ribitol moiety is either glycosylated with
a-GalpNAc or alanylated but does not bear both substituents
together. The structure of the repeating unit of pneumococcal
lipoteichoic acid isolated from Fp23 strain is summarized in
Fig. 12.

From the integrals of the '"H NMR of Fp23 in Fig. 8B the
average chain length for this LTA was determined to be n = 2
with alanylation at almost every ribitol that is not glycosylated.
The occurrence of free p-alanine at &;; 1.47 and 6 16.7 for the
methyl group and &,; 3.78 and 8. 51.1 for the H-a generated
from hydrolysis of the labile p-alanine esters indicates that the
p-alanine content is more likely to be underestimated.

p-Alanine Determines the Potency of the Pneumococcal
LTA—To prove that the greater potency of LTA Fp23 over LTA
R6 is determined by its p-alanine substituents we subjected

33856 JOURNAL OF BIOLOGICAL CHEMISTRY

LTA Fp23 to alkaline hydrolysis at pH 8.5. NMR confirmed that
the resulting LTA lacked p-alanine but was otherwise intact.
The dealanylated LTA Fp23 was used as stimulus in compari-
son to LTA Fp23 and LTA R6. Human whole blood was stimu-
lated with increasing concentrations of either LTA (from 10
ng/ml to 10 ug/ml). As expected, the dealanylated LTA Fp23
induced TNF release comparable to LT A R6 and lower than the
intact LTA Fp23 (Fig. 13).

DISCUSSION

S. pneumoniae is one of the most common Gram-positive
pathogens. It is well known that the major virulence factors of
S. pneumoniae are the capsule and its polysaccharides, because
encapsulated strains were found to be at least 10° times more
virulent than strains lacking the capsule (35) like most labora-
tory strains (R6 and Fp23). However, several studies show that
patients have more LTA in their cerebrospinal fluid after treat-
ment of S. pneumoniae infections with low concentrations of
antibiotics than before and that this increases the neurological
sequelae and the mortality rate (36, 37). So it is important to
investigate the inflammatory potency of this LTA. Perhaps
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structural differences in the LT A molecules of two strains can
explain differences in their pathogenicity. To isolate an immu-
noreactive and pyrogen-free LTA from S. pneumoniae strain
Fp23 and R6, butanol extraction and hydrophobic interaction
chromatography were carried out.

Firstly we focused our interest on the immunostimulatory
potency of the pneumococcal LTA from R6 and Fp23 in com-
parison to the LTA from S. aureus. The biological activity of the

_ il N

LTA from S. pneumoniae

staphylococcal LTA is characterized by a strong release of che-
moattractant factors like LTB, and IL-8 (24). However,
although they are a strong stimulus for the recruitment of
phagocytes, they do not seem to activate the neutrophilic gran-
ulocytes directly, because no oxidative burst and no release of
myeloperoxidase could be measured after stimulation with
LTA from S. aureus (24). We obtained the same results with
both pneumococcal LTAs. So the recruitment, but not the
activation of phagocytes, seems to
be a common feature for all LTA.
According to the literature, LTA
from S. aureus binds to TLR-2 and
CD14. After the accumulation in
lipid rafts, this complex is subse-
quently internalized and the intra-
cellular signal cascade starts (38).
For S. pneumoniae it was shown
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hydrolysis which was caused by a clinical iso-
e late of S. pneumoniae serotype 3
(39). Additionally, the chloroform-
methanol extracted LTA from
S. pneumoniae strain R36A stimu-
lated peripheral blood mononuclear
cells via TLR-2 and with CD14 and
TLR-1 as co-receptors (13). In line
with these results, the pneumococ-
. cal LTAs from strain R6 and Fp23
were both TLR-2-dependent in
experiments with bone marrow
cells from wild-type and TLR2 ™/~
mice.

Despite the known differences in
the chemical structure, staphylo-
coccal LTA and the LTA from Fp23
were nearly equipotent in inducing
six different cytokines in human
whole blood. Because the pneumo-

A5 coccal LTA has a lower molecular
G<: 75 mass than the LTA from S. aureus,
7» the significantly higher cytokine
3 A3 release by LTA Fp23 would be less
pronounced when used at equimo-
lar concentrations. But the LTA
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FIGURE 10. Two-dimensional NMR analysis of LTA Fp23. HSQC spectrum (D,0, 600 MHz, and 300 K) of LTA
isolated from S. pneumoniae strain Fp23. Signals from ribitol moieties substituted with alanine are marked as £,
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FIGURE 11. Migration of the p-alanine at the ribitol. Migration of the reactive alanyl ester via the cyclic ortho ester intermediate within one ribitol unit.

p-Alanine does not migrate between different ribitol moieties.
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FIGURE 12. Structure and substitution pattern of the repeating unit of LTA isolated from S. pneumoniae strain Fp23. The percentage of alanylation,
glycosylation, and the average number of the repeating units were determined from the "H NMR spectrum.
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FIGURE 13. Comparison of cytokine induction by LTA from S. pneumoniae
R6, Fp23, and dealanylated LTA Fp23. Human whole blood from eight
healthy volunteers was stimulated with the given concentrations of either
LTA for 22 h. TNF release was measured in the cell-free supernatants by ELISA.
Data are means * S.E. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 (repeated-
measure analysis of variance with Bonferroni multiple comparison test).

co 10

to have alow biological potency (13, 40, 41), whereas all of them
used the chloroform-methanol extraction for the LTA isola-
tion, which is more harsh than the butanol extraction and all
examined S. pneumoniae strain R6 or the closely related R36A,
but not LTA from Fp23.

These results indicated that the differences in the immunos-
timulatory potency of LTA Fp23 and LTA R6 must stem from
differences in their chemical structure. We could confirm the pub-
lished structure for the LTA R6 (11, 12), but two differences were
observed. The LTA backbone only consisted of two repeating
units instead of five to seven, resulting in a lower molecular mass of
~4kDa, and an additional N-acetyl-p-galactosamine was found at
the ribitol. Interestingly, the LTA Fp23 additionally carried bound
p-alanine at the ribitol. This represents a new type of microhetero-
geneity in addition to the differences in the chain length of the LTA
backbone, the fatty acids, and the substitution, because here for the
first time a heterogeneity in the position of the substituent on dif-
ferent hydroxyl groups is described. In comparison, in LTAs from
S. aureus glycerol is present instead of the ribitol, and therefore
alanylation can only occur at a single fixed position. However, in
the pneumococcal LT A the p-alanine is equally distributed over all
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three secondary hydroxyls of the ribitol. Despite the constant
hydrolysis of the alanine esters, a high p-alanine content is
observed in the isolated material, which makes it highly probable
that the LTA is synthesized as a fully alanylated product.

As the p-alanine determines the potency of staphylococcal
LTA, and because this was the only structural difference
observed between the two pneumococcal LTAs, this could
explain the greater potency of LTA Fp23 to induce cytokine
release. This was confirmed by dealanylation of LTA Fp23,
which resulted in a reduction of cytokine-inducing potency of
LTA Fp23 to that of LTA R6. These observations correspond
with the results from Brueckner et al.,* who report that the d/tA
gene of S. pneumoniae R6 showed a mutation resulting in a stop
codon so that the dltA and ditB genes are knocked out. This
should lead to an inability to alanylate LTA. So, the p-alanine
content of the LTA from S. pneumoniae seems to be crucial for
full immunostimulatory potency as shown also for staphylococ-
cal LTA (19). In that study, several synthetic LTAs with small
differences in their molecular structures were used to deter-
mine which LTA substituent is necessary for the immuno-
stimulatory potency of LTA. Synthetic LTA is a useful tool,
especially because isolated native LTA are characterized by
microheterogeneity, e.g. the variability of substituents on the
hydroxyl groups of the ribitol moiety in the pneumococcal
LTA. A synthetic pneumococcal LTA would help to elucidate
the core structure of the pneumococcal LT A that is necessary to
activate immune cells. We also aim to clarify the interaction
between LTA and the receptors, especially with regard to the
role of p-alanine in receptor binding.

Taken together, the presence of Dp-alanine substituents,
shown here for the first time in pneumococcal LTA from the
strain Fp23, confers full immunostimulatory potency compara-
ble to that of LTA from S. aureus, whereas the presence of the
more complex pentamer repeating unit instead of polyglycerol
in the backbone and the shorter backbone length do not affect
the immunostimulatory potency of the LTA. Previous findings
of weaker immunostimulatory activity of S. pneumoniae LTA

4M. Kovacs, A. Halfmann, |. Fedtke, M. Heintz, A. Peschel, W. Vollmer, R.
Hakenbeck, and R. Brickner, personal communication, manuscript
submitted.
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appear to be linked to the choice of a laboratory strain, which
lacks p-alanylation and pathogenicity. Whether the latter char-
acteristics are linked represents an interesting hypothesis.
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