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Abstract

The physicochemical properties and biological activities of rough mutant lipopolysaccharides Re (LPS Re) as preformed divalent cation
(Mg?*, Ca®", Ba*>") salt form or as natural or triethylamine (Ten")-salt form under the influence of externally added divalent cations were
investigated using complementary methods: Differential scanning calorimetry (DSC) and Fourier-transform infrared spectroscopic (FT-IR)
measurements for the 3 < a gel to liquid crystalline phase behaviour of the acyl chains of LPS, synchrotron radiation X-ray diffraction
studies for their aggregate structures, electron density calculations of the LPS bilayer systems, and LPS-induced cytokine (interleukin-6)
production in human mononuclear cells. The divalent cation salt forms of LPS exhibit considerable changes in physicochemical parameters
such as acyl chain mobility and aggregate structures as compared to the natural or monovalent cation salt forms. Concomitantly, the
biological activity was much lower in particular for the Ca®>"- and Ba®"-salt forms. This decrease in activity results mainly from the
conversion of the unilamellar/cubic aggregate structure of LPS into a multilamellar one. The reduced activity also clearly correlates with the
higher order — lower mobility — of the lipid A acyl chains. Both effects can be understood by an impediment of the interactions of LPS with
binding proteins such as lipopolysaccharide-binding protein (LBP) and CD14 due to the action of the divalent cations.
© 2005 Elsevier B.V. All rights reserved.
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determining the serotype specificity (smooth form LPS) [1].
The sugar part represents a barrier against invading drugs,
while lipid A is mainly responsible for the variety of
biological reactions, which LPS causes in mammals [2].

1. Introduction

Lipopolysaccharide (LPS) is the major lipid component
from the outer leaflet of the outer membrane of Gram-

negative bacteria. It is composed of a lipid moiety called
lipid A and a covalently linked sugar part with a core
oligosaccharide of different lengths (different rough
mutants Re to Ra) and a polysaccharide part (O-antigen)
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These reactions, which occur in a dose-dependent manner
after release of LPS from the outer membrane, may be
beneficial at low concentrations, but at high concentrations
they may lead to pathophysiological effects including
sepsis, septic shock, and multi-organ failure [3]. In all
cases, the underlying cause of these effects is a release of
cytokines such as tumor-necrosis-factor-o (TNFa) and
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interleukins by immunocompetent cells such as mononu-
clear cells (MNC).

Since LPS bears two negative charges in the lipid A
part (1- and 4'-phosphates), and at least two further
negative charges (carboxylates) in the adjacent 2-keto-3-
deoxyoctonate (Kdo) moiety, the number and kind of
counterions as well as the cation concentrations in buffers,
in cell media, and of course in in vivo models are of high
relevance. The influence of counterions on LPS structure
was investigated by Snyder et al. [4], who found that
divalent, but not monovalent cations led to LPS aggrega-
tion. Furthermore, it was found that the salt form
influences the acyl chain and headgroup mobility of LPS
[5] as well as the phase transition temperature of the acyl
chains of the lipid A part of LPS and the state of order of
the acyl chains at a given temperature [6], and that
externally added divalent cations induce structural rear-
rangements of lipid A [7]. For a more detailed inves-
tigation of the influence of biologically relevant cations on
LPS properties we have studied the influence of Mg?" and
Ca**, and partially also of Ba®", as counterion as well as
externally added. It was found that the cations dramatically
change biophysical parameters such as acyl chain order
and aggregate structure, which might help to understand
LPS action.

2. Materials and methods
2.1. Lipids and reagents

Lipopolysaccharide Re from the deep rough mutant
Salmonella minnesota strain R595 was extracted by the
phenol/chloroform/petrol ether method [8] from bacteria
grown at 37 °C, purified, and lyophilized. This corre-
sponds to the natural salt form of LPS. In this form, the
main counterions are monovalent alkalines such as Na®
and K* as well as some organic ions such as spermine
and spermidine [1]. In low amounts also divalent
counterions are found. Defined salt forms (triethy-
lamine=Ten", Mg*>*, Ca®", Ba®") of LPS were produced
by extensively dialysing (for at least 48 h) the natural salt
form of LPS against the corresponding salt solutions
(e.g., 1 mM MgCl,, CaCl,, BaCl,), and subsequent
lyophilisation.

2.2. Sample preparation

The lipid samples were usually prepared as aqueous
dispersions (1 to 10 mM) for the phase transition
measurements (FTIR, DSC), and down to 0.01 ng/ml for
biological experiments. For X-ray diffraction, the concen-
tration was 50 mM. The lipids were directly suspended in
HEPES buffer, sonicated and temperature-cycled for
several times between 5 and 70 °C and then stored at 4 °C
for at least 12 h before measurement.

2.3. FTIR spectroscopy

Infrared spectra were recorded on a IFS-55 spectrometer
(Bruker, Karlsruhe, Germany). The lipid samples were placed
in a CaF, cuvette with a 12.5 pm teflon spacer, and the peak
position of the symmetric stretching vibrational band v,
(CH,) of the methylene groups around 2850 cm™' was
recorded. Temperature-scans were performed automatically
between 10 and 70 °C with a heating-rate of 0.6 °C/min.
Every 3 °C, 50 interferograms were accumulated, apodized,
Fourier transformed, and converted to absorbance spectra.

The infrared spectra were evaluated after base-line sub-
traction of neighbouring bands.

The order parameter S of the acyl chains (S=1 for
perfectly aligned and=0 for isotropically distributed sys-
tems) was estimated from the peak position x of v{(CH,) by
a third order polynomial [9]

S=—941.8+0.7217x,— 7.823 x 10 °x? —2.068 x 10~*x?.

2.4. Differential scanning calovimetry (DSC)

A stock solution of 1 mg/ml of LPS Re was dispersed in 10
mM phosphate buffer at pH 6.8. LPS aggregates were
obtained by sonication as described previously [10,11].
Differential scanning calorimetry (DSC) measurements were
performed with a MicroCal VP scanning calorimeter (Micro-
Cal, Inc., Northhampton, MA, USA) at heating and cooling
rates of 1 °C/min. Heating and cooling curves were measured
between 10 and 95 °C. The accuracy of the temperature
maximum of the heat capacity curve 7, is £0.1 °C and for the
phase transition enthalpy +5%. Three consecutive heating
and cooling scans were measured. For more details, see
Blume and Garidel [12].

2.5. X-ray diffraction

The aggregate structures of the endotoxins were deter-
mined from X-ray diffraction patterns recorded on the
double-focussing monochromator-mirror camera X33 of the
European Molecular Biology Laboratory (EMBL) outstation
at the Hamburg synchrotron radiation facility HASYLAB
[13]. The patterns, obtained with exposure times of 2 min
using a linear gas proportional detector with delay line
readout [14] were evaluated according to previously
described procedures [15]. These allow to assign the spacing
ratios to defined three-dimensional aggregate structures.

2.6. Calculation of the electron density for multilamellar
membrane stacks

The electron density profiles of the lipopolysaccharides in
lamellar phases were derived from the small-angle X-ray
diffractograms by standard procedures [16]. After correction
of the experimental data for detector efficiency, and sub-
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traction of the background scattering both from water and the
sample cell, all Bragg peaks were fitted by Lorentzian
distributions. Thereafter, a Lorentz correction was applied by
multiplying each peak intensity (peak area) by the square of
its corresponding wave vector s> [17]. The square root of the
corrected peak intensity was finally used to determine the
form factor F of each reflection. The electron density profile
relative to the constant electron density of the solvent was
calculated by the Fourier synthesis

h=4
o) =S F(Zf)
1

h—

where 4 is the order of reflection and d the lamellar spacing.
For centrosymmetric crystals such as lamellar stacks of lipid
bilayers, the electron density can be presented as a Fourier
cosine series, where the unknown phases are either 0 (+) or
(—). The origin was set to the center of the bilayer by fixing
the phase of the first order reflection to “—”. All electron
density profiles were reconstructed from 4 reflections, i.e.,
out of the possible 2*=16 combinations, the eight combina-
tions centered at the middle of the terminal methyl dip were
selected “————, ——— +, ——t—, ——++, —t——, —+—+,
—++—, —+++”. The most plausible phasing “——+—" gives
a profile that is quite similar to the hydrocarbon chain region
of well-studied phospholipids [18] with a headgroup size of
about 9 A [19]. All other phase combinations lead to
unplausible structural features, such as too large hydrocarbon
core, missing methyl dip, or too small head group size. We
note, that Snyder et al. [4] as well as Ding et al. [20] using the
hydration variation method determined the same phase
combination for Re LPS bilayer stacks in the gel-phase.

The decomposition of the lamellar d-spacing, d, into
structural components such as bilayer thickness and fluid
layer thickness is not trivial [21,22] and their errors lie
typically in the range of a few tenths of Angstrém. To
keep the analysis as simple as possible, we discuss the
bilayer thickness in terms of head to head group thickness,
dyy (cp. Fig. 3) and the water layer thickness in terms of
(d—dym)- The steric bilayer thickness dg may be expressed
as the sum of dyyyy plus the head group size, dy;, which we
define as the full width at half maximum of the maximum
electron density distribution (cp. Fig. 3), i.e., dg=duyp+dp.
Correspondingly, the free fluid interface thickness dyy
follows as dw=d —dg [23] and the lipid chain length
dc = dHH/2 — dH/2

2.7. Stimulation of mononuclear cells

Peripheral blood mononuclear cells were isolated from
whole heparinized (20 IU/ ml) blood of healthy donors by
centrifugation on Ficoll density gradient. After washing
three times with RPMI 1640 medium, the cells were
resuspended in serum-free medium and equilibrated at
5% 10° cells/ml. For stimulation, 200 ul per well of
heparinized whole blood or mononuclear cells (5x 10°
cells/ml in RPMI medium) were placed in 96-well culture

plates, and stimuli were added to the cultures at 20 ul per
well. The cultures were incubated in 5% CO, for 24 h at
37 °C. Supernatants were collected and stored at —20 °C
until the determination of cytokine levels. As cytokine
interleukin-6 was determined in a bioassay using the murine
cell line 7TD1 as described previously [24].

3. Results
3.1. Differential scanning calorimetry (DSC) of LPS Re

Three differential scanning calorimetric runs of a LPS Re
sample, natural salt form, are presented in Fig. 1A yielding
enthalpy changes AHyeating=139 kJ/mol and AHcooling=
—37 kJ/mol with only slight variations in 7, and AH . between
the three scans. In further experiments also the influence of
externally added Mg®" (Fig. 1B) and the preformed Mg*" salt
form (not shown) was studied (see also Table 1). Fig. 1B
illustrates that the phase transition temperature 7, (maximum
of the heat capacity curve) increases in the presence of
equimolar amounts of Mg*" (from 32 to more than 36 °C),
and that, in contrast to the natural salt form, the values of T, as
well as AH, increase for the first three heating-scans. In
further heating and cooling scans cycles, T, and AH,
correspond, within the accuracy of the method, to the data
as obtained for the third heating and cooling scan. An increase
in T, indicates that the gel phase is stabilized with respect to
the liquid crystalline phase, and furthermore, that stronger
interactions in the head group region of the lipid with the
cation take place. An increase in AH, is consistent with the
formation of additional van der Waals contact areas between
the hydrocarbon chains. This rearrangement seems to be
favoured in the liquid crystalline phase.

Interestingly, during cooling scans the transition becomes
very sharp indicating higher cooperativity, in contrast to the
cooling scans for the natural salt form.

3.2. X-ray diffraction and electron density calculations of
LPS Re

Synchrotron radiation X-ray diffraction was used to
study the influence of divalent cations on the three-dimen-
sional structure of LPS. The diffraction patterns of the Mg*"
salt and the natural salt form of LPS Re in the presence of
externally added Mg2+ (Fig. 2) illustrate that the reflections
are equally spaced characteristic for a multilamellar phase.
Similar diffractograms were observed at temperatures up to
70 °C (not shown). This means that the mixed cubic/
unilamellar aggregates that are observed at high water
content (under near physiological conditions) [25] are
converted into a multilamellar structure. The diffraction
patterns look alike regardless of the temperature or chemical
conditions, i.e., neither the peak shapes nor the peak widths
change. This means that the lattice disorder of both phases is
very similar and most probably the mechanical properties of
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Fig. 1. Differential scanning calorimetric (DSC) scans of lipopolysaccharide LPS Re from Salmonella minnesota strain R595 in the natural salt form (A) and
under the influence of externally added Mg>" (equimolar, B). The LPS concentration was 1 mg/ml in buffer.

the bilayers do not alter much when the main transition is
passed. Some samples showed additional traces of non-
lamellar phases (see Fig. 2: arrows), but the lamellar phases
were always predominant.

Table 1
Thermodynamic data of LPS Re (natural salt form), LPS Re Mg-salt, and in
the presence of externally added Mg

Scan AH, (kJ mol™") T, (°C)
LPS Re

Ist heating +39 32.1
1st cooling -37 32.4
2nd heating +39 324
2nd cooling -37 31.9
LPS Mg-salt

Ist heating +43 36.2
1st cooling —34 36.7
2nd heating +46 37.0
2nd cooling —34 36.7
3rd heating +51 37.2
3rd cooling -31 36.6
LPS Re+ MgCI2 1:1 molar

Ist heating +42 36.0
Ist cooling -31 36.6
2nd heating +45 38.1
2nd cooling -31 36.1
3rd heating +49 37.7
3rd cooling —34 35.5

For pure LPS Re, the data for the 3rd heating and cooling do not differ from
those of the 2nd scans.

Similar results were obtained for the Mg*" salt form of
LPS (data not shown).

From the analysis of the peak diffraction intensities in
Fig. 2, the electron density profile along the bilayer normal
was determined and the decomposition of the lamellar
periodicities d into its structural components was carried out
(see Materials and methods). In Fig. 3, the different
structural parameters of the bilayer system are explained.
The example shows the natural LPS Re form in the presence

log(l) (arb. units)

1 1 1 " Il " 1 n 1 2 1 2 1 L
0.01 002 003 004 0.05 0.06 0.07
s(A")
Fig. 2. Synchrotron radiation X-ray diffraction patterns of LPS Re from
Salmonella minnesota strain R595 for the Mg?* salt form (upper curve) and

the natural salt form in the presence of externally added Mg®" (lower curve)
at 50 °C. The arrows indicate traces of non-lamellar structures.
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Fig. 3. Electron density profiles of the Ly (dotted) and L, phase (solid) of
the LPS Re from Salmonella minnesota strain R595 in the presence of
externally added Mg?*. At 20 °C the d-spacing is 60.2 A and the head to
head group distance dy;=42.9 A. The head group thickness d;=8.8 A and
the hydrocarbon length d¢ is 17 A. In the fluid phase at 50 °C d= 54.7,
dyun=38.7, dy=17.8, and dc=15.4 A.

of externally added Mg>*. Comparing the Lp and L, phase,
we notice that in contrast to many other lipid systems the d-
spacing does not change much. Within a temperature span
of 30 °C the d-spacing decreases only by 5.5 A. Thereby the
main contribution is due to a reduction of the bilayer
thickness, while the water layer thickness remains nearly
constant. This can be another indication that bilayer
fluctuations in the fluid lamellar phase are suppressed,
however, it is also possible that attractive forces between the
sugar headgroups of apposing bilayers are responsible for
this as observed for cerebrosides [26].

The electron density distributions along the bilayer for the
LPS Re Mg*'-salt form (Fig. 4) yield similar results.
However, in both lamellar phases — comparing the values
at 20 and 50 °C — the head to head group thickness dyy is
about 2 A larger and the water layer is about 1 -2 A increased,
whereas the head group size of about 9 A is invariant.

3.3. DSC of LPS Re Ca’" salt form

The DSC data for LPS Re with external Ca®" cations are
shown in Fig. 5. The thermodynamic data together with
those from the Ca®" salt form of LPS are listed in Table 2.
Comparison of these data with those in Table 1 demon-
strates that Ca®" induces a stronger increase in 7, than Mg*"
and a significantly reduced AH.. The latter effect can be
interpreted as reduced hydrocarbon chain interactions. As
with the Mg”" samples, the AH,, values increase between the
first three scans, in particular for the Ca®" salt form,
indicating a rearrangement of the acyl chains.

3.4. X-ray diffraction and electron density of LPS Re Ca’"
salt form

As for all divalent salt forms of LPS Re also the
small-angle X-ray diffraction data of the Ca®" salt form

exhibit the first four diffraction orders typical for multi-
lamellar structures (data not shown). The evaluation of
the electron density distribution (Fig. 6A, B) gives similar
head-to-head group values dyy; as compared to the Mg**
samples, but with a significantly lower periodicity, which
essentially results from the much smaller water layer
between neighbouring bilayers. This is an indication of
dehydration effects in the polar head group regions as
induced by the presence and tight binding of Ca®". This
effect has been described previously for the interaction of
alkaline earth cations with negatively charged phospho-
lipids [27,28].

The Ba-salt form of LPS also gives diffraction patterns
characteristic for a multilamellarization (data not shown).
The evaluation of the electron density calculation is
presented in Fig. 7, showing that the values of the water
layer d—dyy are strikingly lower than those for the other
cations.

In Fig. 8, an overview of the electron density profiles at
40 °C of all three salt-forms is given, and the structural
parameters of the bilayer systems in the different salt forms
in the liquid crystalline phase at 40 °C are summarized in
Table 3.
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from 20 to 70 °C (B).
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3.5. Phase transitions of LPS in various salt forms

The phase transition temperatures 7. of LPS Re in

different salt forms was determined also with Fourier-
transform infrared spectroscopy (FTIR) by analysing the
symmetric stretching vibrational band, the peak position
of which is located around 2849 to 2850 cm ™' in the gel
and 2852 to 2853 cm ™! in the liquid crystalline phase,
respectively [29]. The results shown in Fig. 9 are in
agreement with the DSC scans (Figs. 1,5). Furthermore,
as already found with the electron density profiles, the
Ca*" salt form of LPS Re differs from the Mg*" salt form,

Table 2

Thermodynamic data of LPS Re Ca-salt and in the presence of externally
added Ca

Scan AH, (kJ mol™ ") T, (°C)
LPS Ca-salt

Ist heating 30 393
1st cooling -23 37.5
2nd heating 36 39.0
2nd cooling —21 372
3rd heating 49 38.9
3rd cooling —22 37.1
LPS Re+ CaCl, 1:1 molar

Ist heating 27 39.2
Ist cooling —26 37.2
2nd heating 35 38.7
2nd cooling —28 37.1
3rd heating 38 385
3rd cooling -27 36.7
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Fig. 6. Density maps of the Ly, (dotted) and L, phase (solid) for LPS Re
from Salmonella minnesota strain R595 in the Ca®" salt form at 90%
content at 20 and 50 °C, respectively (A). Bilayer periodicities d, head to
head group distances dyy, and thicknesses of the water layer d —dyy are
given from 20 to 70 °C (B).

the wavenumbers in both phases being significantly
reduced, which is indicative of a reduced acyl chain
mobility.

3.6. Biological activities of LPS in various salt forms

Finally, the biological activity of all salt forms of LPS Re
was measured by determining its interleukin-6 inducing
capacity in human mononuclear cells (Fig. 10). Clearly, the
LPS in Ten'- and natural salt form exhibit the strongest
activity down to less than 100 pg/ml, while LPS in Mg**
salt form is approximately 5 times less active. In contrast,
LPS in the Ba®" salt form and even more in its Ca®" salt
form is less active by orders of magnitude than the other salt
forms.

3.7. Correlation of bioactivity with state of order of acyl
chains

To compare the IL-6 inducing activity of LPS in the
different salt forms, the amount of LPS, which is necessary
to induce 10 ng/ml IL-6 (horizontal line in Fig. 10), is a
useful measure. The results in Fig. 11 (top) unequivocally
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illustrate that the Ba®"- and Ca®"-salt forms correspond to
the highest values (lowest activity). The values of the order
parameter S of the acyl chains of the LPS, which was
obtained from the wavenumber values at 37 °C in Fig. 9
according to the equation given in Materials and Methods,
correlate with the biological activity. As can be clearly
deduced from Fig. 11 (bottom), the LPS with lowest IL-6
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Fig. 8. Comparison of the bilayer profiles of LPS Re from Salmonella
minnesota strain R595 for the Mg2+, Ba®" and Ca®" salt form (from top to
bottom).

Table 3
Structural parameters of the L,-phase (at 40 °C) of LPS Re Mg*'salt,
Ba®"salt, and Ca®"-salt form, respectively

Structural LPS Re LPS Re LPS Re
parameters Mg?" form Ba®" form Ca®" form
d-spacing [A] 59.4 56.6 53.9

du TA] 40.6 43.0 39.9
d—dy [A] 18.8 13.6 14.0

dy [A] 93 8.2 7.5

dc [A] 15.7 17.4 16.2

The parameters were derived from the electron density profiles of Fig. 8.
Beside the d-spacing, the head to head group distance dyyy, the head group
thickness dy and the hydrocarbon chain length dc are given (cp. also Fig. 3).

inducing capacity have the highest S, i.e., lowest fluidity or
mobility of their acyl chains and vice versa.

4. Discussion

In the present study, the influence of divalent cations,
which are important constituents in all living systems, on
structural parameters of preparations from deep rough
mutant LPS Re, strain R595, were investigated. The
physicochemical properties of the investigated systems are
then correlated to their biological activity. The cations
Mg>", Ca®*, and Ba?', either as counterions or added as
external agents, cause considerable changes of the structural
polymorphism of LPS.

Whereas T, as well as AH vary only negligibly for the
natural salt form of LPS during the first three DSC scans
(Fig. 1A), in the presence of external cations (Fig. 1B for
Mg*") and for the Mg®" and the Ca*" (Fig. 5) salt forms
considerable increases in 7, (see also Tables 1, 2) are
observed. These are connected with an increase in the acyl
chain order (increase in order parameter S) corresponding to
a decrease of fluidity (Figs. 8 and 9). Interestingly, for LPS
in Mg®" forms (as counterion or as external agent), AH. is
higher than for the natural salt form in particular in the
second and third heating-scan (Table 1), whereas the AH -
values for LPS in the Ca®" preparations (Table 2) are
significantly lower. These are connected with an increase in
the acyl chain order (increase in order parameter S) due to
an increase in the trans configuration of the acyl chains.
From the data as obtained for the first scan of the Ca”"
preparations, the AH -values are smaller compared to the
data of the natural LPS form, although 7, of the Ca*"
systems are shifted up to 7 °C to higher temperature. With
further temperature cycling, AH. increases up to the third
cycle, whereas 7. remains mainly unchanged. Such behav-
iour has been observed for calcium—phospholipid systems
[27,28].

Three types of basic interactions of an external, charged
agent with lipid membranes are described which lead to
characteristic changes in the heat capacity curve: (a)
electrostatic interactions often lead to an increase in the
phase transition enthalpy with a concomitant increase in the
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Fig. 9. Peak position of the symmetric stretching vibration of the methylene groups v{(CH,) versus temperature for various salt forms of LPS Re from

Salmonella minnesota strain R595. In the gel phase, the peak position is around 2849.5 to 2850 cm™ ', in the liquid crystalline phase around 2852 to
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phase transition temperature; (b) electrostatic surface bind-
ing followed by partial penetration into the bilayer leading
to more drastic changes in the phase transition enthalpy and
temperature. The data indicate in most cases a decrease of
the temperature and enthalpy, the latter being due to a
decrease in chain and thus van der Waals interactions; (c)
pre hydrophobic interactions of integral membrane proteins
or hydrophobic agents lead to a more or less linear decrease
of the phase transition enthalpy, which is correlated with the
hydrophobic agent concentration. The half-width of the
phase transition and thus the cooperativity is increased
whereas only slight changes are detected for the maximum
temperature of the heat capacity curve [30,31].

Based on these considerations, it can de deduced that
type (a) interaction, i.e., pure electrostatic interactions is
predominant. However, also dehydration effects induced
by the presence of the divalent cations have to be
considered.
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Fig. 10. Interleukin-6 production of human mononuclear cells induced by

LPS Re from Salmonella minnesota strain R595 in different salt forms and
the concentration range 10 pg/ml to 1 pg/ml.

Most importantly, the unilamellar/cubic inverted aggre-
gate structures of LPS Re [24] are converted into multi-
lamellar structures by divalent cations (Figs. 2, 4, 6, 7),
independently of the kind of ion (Mg?*, Ca®", Ba®"). These
data allow the calculation of the electron densities along the
membrane normal, from which the geometry of the bilayer
systems (Figs. 4, 6, 7) can be inferred. It has been shown
that LPS or lipid A as multilamellar aggregate structure,
either in pure form, such as for pentaacyl lipid A or LPS
[32] or for hexaacyl lipid A or LPS in the presence of
neutralizing proteins or peptides [33], are biologically
inactive. Thus, the multilamellarization is a necessary
condition for inactivation. In this way, the cytokine-
inducing capacity of the LPS samples in the different salt
forms (Fig. 10) becomes intelligible: there is an extreme
decrease in the IL-6 production for the Ca®*- and the Ba**-
salt form of LPS, while the decrease for the Mg®"-salt form
is only moderate. A small remaining fraction (5—10%) of
non-lamellar structure, which may not be detectable with X-
ray diffraction (see, however, the arrows in Fig. 2), would
suffice to explain the remaining IL-6 inducing activity.
Furthermore, the water layer thickness in the Mg”*-salt form
is about 5 A larger as compared to the other two forms (cp.
Fig. 8 and Table 3), i.e., an enhanced free fluid volume
might facilitate the diffusion of LPS-binding proteins such
as lipopolysaccharide-binding protein (LBP).

The bilayer geometry for the different salts differs
significantly. It is remarkable that the head group size clearly
decreases from 9.3 A for the Mg”*-form (most active) down
to 7.5 A for the Ca®"-salt form (least active) (Table 3). Even
the fluidity of the chains in the Mg®*-salt form appears to be
highest of all, because the lipid chain length is the smallest.
However, then the bilayer thickness of the Ca”*-salt form
should be greater than the Ba®"-salt form, but this is not the
case. Thus, considering also the activity and fluidity
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measurements (Figs. 9, 10), it is tempting to believe that a
denser packing of the head group region is accompanied not
only by an effective stiffening of the hydrocarbon chains, but
also by an averaged tilt of the acyl chains. The latter would
implicit an increase of the van der Waals hydrocarbon chains
and thus an increase of the phase transition enthalpy (as is
observed in the calorimetric experiments).

Few literature data are available on electron density
calculations of LPS bilayers. Ding et al. [20] investigated
LPS bilayers, partially also in the presence of cations,
however, a priori as oriented multilamellar stacks. They
found values of around 45 A at 78 and 100% relative
humidity, and around 42—43 A in the presence of Ba®". The
latter value is similar to what we have found here (Table 3),
whereas no comparability is given for the former value,
since LPS dispersions do not form multilamellar stacks.

Snyder et al. [4] investigated LPS-chemotypes from Re-,
Rd-, Rc-, and Ra-mutants, also in the presence of divalent
cations, and found for all LPS in the gel phase a value of 42
A for the distances of the phosphate groups, which should
correspond to the value of dyyyy. This is nearly in accordance
to our data for the Ca®" salt form (Fig. 6), whereas for the
Mg®" (Fig. 4) and Ba®'-salt form we find significantly
higher values. It has to be taken into account, however, that
the comparability may not be given since Snyder et al.
prepared their multilayers at low rather than at high water
content. A further determinant of bioactivity of LPS could
be the acyl chain mobility. A large difference of cytokine-
inducing activity between enterobacterial lipid A and LPS of
two orders of magnitude was observed, and it was
speculated that the high acyl chain order of lipid A (T.=
45 °C) at 37 °C compared to LPS (T.=30 to 35 °C) could
account for this [34]. This is in agreement with the fact that

for LPS and lipid A from Coxiella burnetii, which have the
same acyl chain mobility at 37 °C, no difference in
bioactivity (although it is reduced as compared to enter-
obacterial LPS) could be detected [35]. Thus, the acyl chain
mobility is a priori not a determinant of endotoxin
bioactivity, but may modulate it significantly. In this way,
the high order parameter S of the arrangement of the acyl
chains for the divalent cation salt form of LPS (Fig. 11) may
contribute to their reduced cytokine-inducing activity.
Moreover, an eleven amino acid fragment of human
lactoferrin (LF11) and its N-acyl derivative also converted
the unilamellar/cubic aggregate structure into multilayer
ones, but in contrast to divalent cations, a disordering effect
on the acyl chains (higher mobility) in the gel phase was
observed in the presence of N-acyl-LF11 [36].
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