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Structure/function relationships of lipoteichoic acids
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The role of lipoteichoic acids (LTAs) from Gram-positive bacteria as immunostimulatory molecules
was controversial for many years, as inadequate preparation methods as well as heterogeneous and
endotoxin-contaminated commercial preparations led to conflicting results. An improved purification
methodology for LTA now yields potent bioactive and chemically defined material, which is currently
being characterized in various models. A synthetic analogue of Staphylococcus aureus LTA has proven
the structure/function relationship. The key role of D-alanine esters for the immune response of LT'A
was confirmed by synthetic derivatives. The glycolipid anchor of LTA plays a central role analogous to
the lipid A of LLPS. Methodological aspects and criteria for quality assessment of ITA preparations are

discussed.
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INTRODUCTION

Successful therapeutic treatment of sepsis, i.e. a systemic
reaction of the body to a bacterial infection, is one of the
greatest open clinical challenges, as the lethality of sepsis
remains between 40-60%. Lipopolysaccharides (1.PSs),
components of the Gram-negative bacterial envelope,
are generally accepted as initiators of septic shock and
the inflammatory mechanisms initiated by 1.PS have been
well characterized.! Far less is known about the interactions
of bacterial and host structures in Gram-positive septic
shock, although the incidence of Gram-positive sepsis® and
the incidence of resistance of these bacteria towards antibi-
otics* has increased greatly in the last decades. Surprisingly,
the clinical symptoms of sepsis caused by Gram positive or
Gram-negative bacteria are practically identical, although
Gram-positive bacteria have no LPS.

The structural and functional Gram-positive analogue
of Gram negative LPS appears to lie in the class of lipotei-
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choic acids (LT'As). Like LPS, LTA isan amphiphile. LTA
is commonly composed of a hydrophilic backbone with
repetitive glycerophosphate units and D-alanine or hex-
ose substituents as well as a lipophilic glycolipid.

Some activities of LTA were recognized before the
chemical nature of this substance class was elucidated.
In 1953, Harris and Harris® described a factor that could
bind erythrocytes in the culture supernatant of group A
streptococei. The binding of this “sensibilization factor’
(SF) was shown by the coagulation of the erythrocytes
upon addition of antibodies raised against the whole bac-
teria. SF was extracted from streptococci and staphylo-
cocel with phenol and it was postulated that SF was
attached to Gram-positive bacteria and could be released
by them® Ten years later, Jackson and Moskowitz
showed that the phenol-extracted SF was composed of
an alanine-substituted polyglycerophosphate (PGP).
Independently, Dishon et al® discovered that carbohy-
drates were components of SF and also observed sponta-
neous binding of SF to various other animal cell types.
The term lipoteichoic acid (Greek: teichos, wall) was
first used by Wicken and Knox® and was coined by
Hewett et /.1 in 1970 to describe a polymer made up of
a polyglycerophosphate-ester coupled to a glycolipid
(specifically kojibiose coupled to palmitic acid).

LTA was originally defined as a polymer of repetitive
1,3-phosphodiester-linked  glycerol-1-phosphate  units

Konstanze©Online-Publikations-Syste(KOPS)
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-0pus-79506
URL: http://kops.ub.uni-konstanz.de/volltexte/2009/7950


http://ini.sagepub.com/
http://kops.ub.uni-konstanz.de/volltexte/2009/7950
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-79506

HO

349

AcHN
MOH GN: 15 %
= 3
0
+
JJ\/NHq D-Ala: 70 %
_O H it
CH
—OH Hydroxy: 15 %

Fig. 1. Chemical structure of LTA from & anrens DSM 20233 The degree of polymerization (%) ranges between 45 and 30 The fatty acids consist of (m, n
=C )y alkl chains, which are particularly methylated at positions @, 14 and 17, The average ratios of substituents are given.

with a glycolipid anchor The polyglycerophosphate
(PGP) part is substituted with D-alanine and sugar
residues. Variations in the degree of substitution and PGP
chain length convey a microheterogeneous character to
LTA." However, it has become increasingly obvious that
the term I'TA can no longer be used to describe a vniform
structural principle and a flexible definition was suggested
in 1994.2 This defines I'TA as being a macro-amphiphile,
containing alditolphosphate in the hydrophilic chain. This
revised definition includes both polyglycerophosphate
and polyribitolp hosphate backbones.

STRUCTURE/FUNCTION RELATIONSHIFP OF LTA

The analogy of the structure/function relationship
between LPS and ITA motivated many studies in the
1980s and 1990s, which aimed at investigating the role
of ILTA in Gram-positive septic shock. Many of these
investigations concluded that LTA represents an impor-
tant immunostimulatory principle. However, the often
conflicting publications left the role of ITA controver-
sial. Especially, LTA of Staphviococcus aurens, the most
prevalent Gram-positive pathogen, obtained from a
commercial sourceand purified by a standardized proce-
dure, proved to be biologically inactive !*1

Structure/function relationship in cytokine induction of
LTA from S. aureus

Over many decades, LTA was routinely prepared by adopt-
ing the phenol extraction method commonly employed for

Gram-negative bacterial LPS isolation. To test whether
this procedure might inactivate LTA from S. aureus, the
original extmction protocols were modified and the
chemical structure (Fig. 1) and immunostimulatory
activity of the resulting I'TA preparations (Fig. 2) were
characterized.!®

The main modifications to the procedure were the intro-
duction of butanol extraction instead of phenol, which also
enabled extraction at room temperature. Butanol had been
used previously to extract bacterial amphiphiles followed
by other chromatography steps."* Also, the use of the
volatile ammonium acetate buffer for hydrophobic interac-
tion chromatography (HIC) eliminated a later dialysis step.!”
The resulting I'TA (>99% purity) displayed immuono-
stimulatory potency regarding pro-inflammatory cytokine
induction similar to that of I PS from Pseudomonas aerygi-
nosa. Contamination with I PS could be excluded (< 6 parts
LIPS per billion parts LTA) by Limudus amoebocyte lysate
assay (LAL). The recent rapid methodological develop-
ments in nuclear magnetic resonance (NMR) spectroscopy
enabled the first quantitative, non-destructive analysis of an
intact L'TA and proved the ratio between glycerophosphate
chain, D-alanine and N-acetylglucosamine substituents, and
glycolipid anchor (Fig. 1). Fatty acid composition was
determined by gas chromatography/mass spectrometry
after methanolysis. Hydrofluoric acid hydrolysis was per-
formed to sepamte the glycolipid anchor. This was sub-
jected to silica gel chromatography. The composition of the
fatty acids of the glycolipid and the intact L'TA were com-
pared additionally by GC-MS electron impact induced
fragment generation.!

The comparison between the active LTA gained by the
amended purification procedure and phenol-extracted
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Fig. 2. Overnew of the innate immune responss to LTA . LTA from S awrens activates macrophages via TLE-2, CO14 and CD36; the mole of LBPis still unclear

This activation induces a strong recruitment signal for granulocytes wia IL-8 and G-CSF release. Due to a lack of 1L-12 production by macrophages, lymphocytes

and NE cells are not induced to release [FW-y. LTA activates the complement system by direct binding to Lficolin:

material with lower immunostimulatory activity, showed a
significantly lower D-alanine content in the latter LTA.
Furthermore, the specific hydmolysis of alanine esters of the
LTA led to a correlating decimation of the immunostimula-
tory activity. Further, new insights into the structure of LTA
were the significantly greater chain length of the polyglyc-
erophosphate and the presence of Nacetylglucosamine sub-
stituents on this “backbone’. Thus, the controversy about the
role and significance of I'TA as a Gram-positive immune
stimulus appeared to have been based mainly on insufficient
and incomplete structure/function analyses of LTA.

Structural degradation and heterogeneity of
commercial LTA preparations

Based on these results, the discrepancies between the dif-
fering activities of commercial preparations of LTA and in-
house extractions by the modified pmotocol were
investigated.?’ Conflicting results regarding the immuno-
activating properties of commercial and in-house isolated
LTA had already been described in 1992 by Keller et af.!?
Fractionation of commercial prepamations of LTA using
HIC followed by NMR analysis showed an inhomoge-
neous composition of this material. The I'TA contained in
the prepamtions was partially degraded. Thus, the ITA
content was only, on average, 61% in preparations from
Streptococcus pyogenes, 16% in Baciliuy subtifis material
and 75% in S careus preparations. The degradation
process resulted in I'TAs with shorter PGP chain len gths as
well as loss of D-alanine and MN-acetylglucosamine sub-
stituents. Based on their elution profiles after HIC, the lack
of phosphate and negative LAL test results, all these prepa-
rations contained further non-I'TA- and non-IP3-like

immunostimulatory components in differing quanti-
ties.”” In contrast to the repurified commercial LTA from
S aureus, ITA from B. subtilis and Strep. pyogenes did
induce the release of tumor necrosis factor (TINF)-¢t, inter-
leukin (TL)-1B, IL-6 and II.-10 iz vitFe in human whole
blood.?! While the purified I'TA prepared from this mater-
ial contained irrelevant LPS contamination as shown in the
LAT assay, the commercial preparations contained endo-
toxin equivalents of 10—100 ng/mg I'TA. Furthermore, the
ITA preparmtions from B. subiilis displayed significant
nucleic acid content. In comparison to the butanol-extracted
LTA, the repurified commercial LTA had uwp to 1000-fold
lower immunostimulatory potency.? Thus, the unspecific
content of the commercially available ITA prepamtions
and the suboptimal phenol extraction have hindered the
investigation of structure/function relationships in the past.

Synthetic LTA of S. aureus is a potent stimulus for
cytokine release

As a definitive proof of the biological activity of L'TA, a
novel, chemically synthesized LTA designed on the basis
of the new structural data showed functional activity
analogous to LTA extracted from S. aurens.** This syn-
thetic LTA with six glycerophosphate units contained the
same distribution of substituents as the I'TA of bacterial
origin: four D-alanine esters, one N-acetylglucosamine
and glycerophosphate at position 2 was not substituted
(Table 1; Fig. 3). Further, we found, by preparative isola-
tion of the intact lipid anchor from native LTA, that this
glycolipid is itself immunologically active regarding
cytokine induction in human whole blood. In compari-
son with native LTA or synthetic LTA, about 600 times
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Fig. 3. (A) Chemical structure of synthetic LTA; aand b, gentichiose rings, ¢ Macetyl glucosamine (see also Table 1), (B) Display of charged and
uncharged regions of synthetic LTA by semi-empirical caleulation of HOMO/LUMO orbitals (Estended Hueckel method, negative partial charges in Blue,

positive partial charges in red).

more molecules of the lipid anchor were required to
induce cytokine release. This finding was verified by the
analogous synthetic structure. However, at the same
molarity, a natural glycolipid with only one fatty acid
hardly induced any cytokine release. Experiments with
murine peritoneal cells showed that native LTA as well
as the synthetic glycolipid have the same receptor
dependency (TLR-2), in contrast to LPS which requires
TLR-4.2% The role of the D-alanine substituents could
finally be proven with synthetic ITA derivatives with
L-alanine substituents, which were less active by a factor

of 100, showing stereoselective recognition of the stimulus at
the polyglycerophosphate backbone’**> Structural deriva-
tives of the synthetic I'TA showed that the Macetylglu-
cosamine substituent and the gentiobiose sugar play no mle
in the induction of cytokine release.”

The availability of highly pure, wellcharacterized and
bioactive LTA preparations has stimulated a great num-
ber of studies on this molecule to define its biological
properties anew (overview in Fig. 2). It was demon-
strated that LTA employs CD14, LBP and also CD36 for

cytokine induction®®*** and induces a strong release of
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Table 1. 'H, ®C-Heteronuclear multiple-quantum coherence

(HMQC) assignments of synthetic lipoteichoic acid

150.4 600
MHz MHz
GleNAc ring ¢
22.6 Ac Ac 2.1
97.2 le-C le-H 5:1
54.0 2e-C 2¢-H 3.96
71.4 3e-C 3e-H 3.82
70.3 4e-C 4e-H 3.52
72.4 Se-C 5¢-H 3.95
60.9 6e-C 6e-H 3.82+3.91
Gentiobiose ring a
la-C la-H 4.47
73.4 2a-C 2a-H 331
75.9 3a-C 3a-H 351
4a-C 4da-H 341
5a-C 5a-H 3.63
6a-C 6a-H
Gentiobiose ring b
1b-C 1b-H 4.52
73.4 2b-C 2b-H 3.35
75.9 3b-C 3b-H 3.52
4b-C 4b-H
5b-C 5b-H
6b-C 6b-H
Glycerol — fatty acid
68.2 1-C I"H 3.87+4.07
27-C 2’H 5.35
o4 3-C 3-H 444+ 427
Glycerol — GleNAe
65.5 1-C I-H 453+ 447
76.2 2-C 2-H 4.05
65.5 3-C 3-H 453 +4.47
Glycerol — Ala4-15
64 CH,-C CH,-H 411
T4.4 CH-Ala-C CH-Ala-H 539
64 CH,-C CH,-H 411
Glycerol
66.8 16-C 16-H 3.88+3.92
71.1 17-C 17-H 391
62.4 18-C 18-H 3.62+3.69
Alanine
15.9 CH.-C H-H 1.63
49.2 CH-C CH-H 4.3
Fatty acid
14.2 R-CH, R-CH, 0.88
30.5 —(CIL), —(CH),~ 1.3
25.4 CO-CH,-CH CO-CH,- Lel
34.5 CH ,-CO-CH,-CH,- CO-CH,-CH,- 2.35/2.4

the chemo-attractants LTB* IL-8 C3a, MCP-1 and G-CSF
in whole blood at least comparable to stimulation with
the same concentration of LPS (Salmonells abortus
equi)” LTA induces procoagulant activity in mono-
cytes,® but does not stimulate or prime neutrophils.®
LTA specifically binds to L-ficolin and these complexes
initiate lectin pathway-dependent C4 turnover.*!

QUALITY ASSESSMENT OF LTA PREPARATIONS

The scientific literature describes many biological effects of
LTA ina broad spectrum of test systems, employing a large
assortment of raw or uncharacterized exfracts as immuno-
logical stimuli. The validity of results emerging under such
conditions is ¢learly doubtful. The primary goal should be a
clear-cut allocation of a biological effect to a molecular
substance with proven purity.

Following the publication of the optimized preparation
procedure for LTA, numerous groups world-wide have
started to work with this material and some plan to prepare
LTA themselves. The following section discusses the
methodological possibilities and critical varables in the
preparation of LTA as well as criteria which should be con-
sidered for the quality control of LI'A preparations.

Criteria for the purity of LTA

What is meant by purity? LTA and 1LPS preparations
were purified sufficiently for chemical and structural
studies decades ago. A contamination level of 1% does
not normally interfere with chemical analysis. However,
difficulties can certainly arise regarding the determina-
tion of biclogical characteristics if contaminating sub-
stances are present. For example, it was shown that
commercial preparations of LPS (commonly contarmi-
nated with 1% protein) lost all TLLR-2-dependent activity
after a further purification procedure.*

The heterogeneity of amphiphilic preparations pre-
sents a special problem in this regard, although this
microheterogeneity is clearly a defining characteristic of
bacterial amphiphiles. Of course, pure LTA solutions do
not oceur under physiological conditions. However, pure
LTA preparations allow definition of the minimal struc-
tural LTA composition required for direct and clear-cut
structure/function relationships.

Possible consequences of fermentation conditions for
LTA content and structure

For a selection of bacteria, it has been described that culture
conditions influence bacterial LTA content. The efficiency
of the LTA extraction itself may also depend on culture



conditions.!”** The state at which the bacteria are on the
growth curve does not appear to influence the cellular
LTA content, as was shown for Erterococcus jiecalis and
S aurens.® However, it should be noted that ITA release
into the growth medium during the stationary phase leads to
a reduction in the content of cellular LTA.

The cellular LTA content is influenced by the pH and
the type of carbohydrate added to the culture medium.
For example, a pH shift from 5.5 to 7 resulted in a 4-fold
increase in LTA content in cultures of Strepiococcus
muteans or Lactobaciiius fermentim. > Within the same
bacterial species and under specific concentration condi-
tions, fructose appeared to promote LTA biosynthesis
more than sorbitol or glucose.¥

The salt concentration in the culture medium has a large
influence on the content of alanine ester substituents of the
LTA of S aureus.™ Thus, itcould be shown that the degree of
alanylation was reduced with increasing salt concentrations.
Sodium and potassium chloride proved to be similarly effec-
tive in this respect.™ An analogous observation was made by
changing the pH in S aureus cultures from 6 to 8, resulting in
a decrease in the degree of alanine substitution from 0.75 to
0.07,% probably as a result of alkali-catalyzed hydrolysis of
the alanine esters.

Some of these descriptions may require further confir-
mation, as it has since been shown that the extmaction of
LTA from intact bacteria is incomplete. Furthermore, the
effects of culture conditions on the L TA structure should be
re-appraised using the more gentle extraction with butanol
at room temperature to conserve alanine content.!®

Necessity of cell disruption techniques for quantitative
LTA yield

Owing to the formerly unknown difficulty of quantitative
extraction of LTA from bacteria, earlier assessments of the
cellular ITA content of bacteria are probably too low.!%33%
Values given range between 1-3% of the dry weight or
2-3% estimated by the ratio of phosphate- or glycerine-
LTA per gram dry weight.!**! TTA from S, arrens makes up
7-9% of the total cellular phosphate.* Despite quantitative
extraction, the yield of LTA from S awens and
Enterococcus faecium obtained by inefficient disruption
methods was only about 10% of the total I'TA content. It
became especially clear that efficient cellular disruption is
essential when butanol extraction of B. subtifis ITA yielded
significantly less than 10% of the total LTA content in the
absence of sonication (authors” unpublished observation).

Extraction of LTA

The extraction of L'TA or I PS from bacteria or extracel-
lular supernatants is usually performed using aqueous
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Fig. 4. Example of a LTA hydrophobio interaction chromatography (HIC)
from 5. aurens after m-butyl alochol extraction. Bacterial extract was
subjected to an ootyl-Sepharcse column with a buffer gradient from 15%
to 60% spropyl alechol 1n 0.1 M ammonium acetate buffer, pH4.7. UV
detection was performed at 254 nm.

butanol or phenol. Contaminations with other cellular
components or medivm components cannot be excluded.

1. Nen-associcted conteaninctions (e.g. proteins, nucleic
acids and polysaccharides) can generally be removed
simply and completely by special forms of HIC.?
Enzymatic digestion with proteinases and nucleases
followed by gel filtration chromatography and
ultracentrifugation have also been employed.”

2. Associated contamindtions: the aptitude of
amphiphiles to form complexes with lipids, proteins
and polysaccharides by hydrophobic and/or ionic
interactions presents a complex problem.” Non-
covalent lipid interactions (e.g. with polypropylene
glycol [PPG], an anti-foaming agent commonly used
for the cultivation of bacteria, which inhibits the
immunostimulatory effects of LTA) can only be
removed completely by time-consuming, multiple
successive extractions with organic solvents such as
butanol or dichloromethane. Although the solubility of
polyglycerophosphate-TTA is low in these solvents,
the use of large volumes of the solvent necessarily
decreases the yield. Monomerization of micellar
protein or polysaccharide inclusions can be achieved
by addition of detergents to the HIC buffer. Here,
n-propylalcohol has proven useful as it has amphiphilic,
detergent-like qualities, is both bactericidal and volatile
under strong vacuum (authors” unpublished
observations).

Advantages of HIC

1. Using a linear gradient for elution, the HIC allows a one-
step separation of acylated LTA from contaminating
proteins, carbohydrates and lipids on the basis of
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Fig. 5. Example of HPLC of LTA from S5 aurens punfied by HIC. LTA (400 pg) was subjected to an EP-8 column 250 = 4 mm, Merck) at 40°C with a
buffer gradient from 100% water to 100% isopropyl alechol. UV detection was performed at 230 nm. LTA eluates at retention time of 21 min.

octyl-Sepharose and 15-60% #-propancl/ammonium
acetate buffer (pH 4.7-5.4),* as shown in Figure 4.

2. The purity of LTA obtained by HIC is similar to that
produced by the vesicle technique (liposomes), the latter
being successful only with larger quantities of L TA.* A
comparatively highly purified I'TA can also be attained
using ‘detergent’ anion exchange chromatography: this,
however, requires a later, thorough removal of the
detergent which, as shown by mass spectroscopy, is
extremely difficult to achieve (authors” unpublished
observations). The HIC can separate I'TA subpopulations
that differ in their degree of acylation and show
increasing total hydrophobicity within the peak integral
in the direction of the increasing pradient. A similar
separmation behavior is not given in the case of ‘detergent’
anion exchange chromatography orthe vesicle
technique.!!

The mechanistic elution principle developed for purifi-
cation by HIC should also be applicable to fast separation
of acylated LTAs and other bacterial amphiphilic mole-
cules using reverse phase high performance liquid chro-
matography (HPLC) with C-8 or C-18 packed stationary

phases,*” as shown in Figure 5.

Disadvantages of HIC

Under chromatographic conditions at a pH of around 7,
alanine esters may be hydrolyzed during the purification
process. In this case, separation should be performed ata
lower pH.* Due to the high absorption of the ammonium
acetate buffer at wavelengths below 260 nm, standard-
ized, sensitive online UV detection of elvates containing
LTA on an analytical to preparative scale is not straight-
forward. This can be solved with a flow-mode light scat-
tering detector, which is sufficiently sensitive for use in
preparative chromatography (see also Fig. 4).

Advantages of new LTA-NMR structural analysis
methodology

Non-destructive NMR spectroscopy has replaced indi-
rect analysis methods requiring total hydrolysis of LTA,
which were used in the 1970s to 1990s. With those, dif-
ferent biogenic sources of LTA and different preparation
methods produced NMR results with limited compara-
bility. Signal assignments were usually based on com-
parison of the !'H-chemical shifts of the isolated
materials with the signals of known structural elements,
making the identification of unexpected structural ele-
ments difficult.

The rapid methodological developments in the area of
NMR spectroscopy in the last years (e.g. inverse detec-
tion or the use of pulsed field gradients) enable the
assignment of extended C—H spin systems and analysis
of their covalent bonds. These strategies were previously
seldom used for the analysis of the substitution pattern of
LTA. Also, no studies with high field instruments (=600
MHz) have been reported in other publications on LTA
to date. This high sensitivity allowed a quantitative
NMR analysis of intact LTA including determining the
ratio between the PGP chain, its substituents and the
membrane anchor.!®

Chain length of the polyglycerophosphate backbone

Type and relative amounts of the substituents of the PGP
backbone could be determined directly from the "H-NMR.
The anomeric proton of Macetylglucosamine, the glye-
erol-CH of the alanine esters and the ¢t-methylene groups
of the two fatty acids showed resonance signals in spectral
regions that were not overlaid by other signals. Together
with the integral over the glycerol signals, the average
length of the PGP chain as well as the type and occurrence
of the substituents was quantified (Table 1).



Alanylation

Bound D-alanine could be differentiated from hydrolysed
D-alanine. The kinetics of the ester hydrolysis was fol-
lowed spectroscopically by 'H-NMR.

Glycosylation

Type, amount and anomeric stereochemistry of the sugar
substituents could be characterized by two dimensional
homo- and heteronuclear NMR spectra. After selective
de-alanylation, it could be shown that the sugar sub-
stituents were bound to the glycerophosphate backbone
with a certain distribution and not en bloc.

Membrane anchor

The isolated membrane anchor gentiobiosyl-diacylglyc-
erol was used to determine the length and branching of
the fatty acids.'

Open questions which can now be addressed include
whether the structure of LTA is modified under different cul-
ture conditions, how selective modification of ITA influ-
ences its function or stability and how the overall charge of
LTA influences its spatial structure. More gentle methods of
ionization (i.e. infrared lasers and nano-electrospray) may
enable mass spectroscopic analysis of intact ITA,

CONCLUSIONS

Improved characterization of the chemical structures of
bacterial agonists, especially LTA and 1.PS, will help to
elucidate the structural requirements for the activation or
inhibition of receptors on immune cells, such as the Toll-
like receptors. The investment into structure/function
relationships for LTA until now does not match, by far,
the efforts expended for its Gram-negative counterpart.
Newly available advanced analytical methods, however,
allow these studies to be carried out in a most efficient
manner. This will represent a valuable complement to
the functional characterization of this Gram-positive
endotoxin.
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