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lamellar and nonlamellar structures of free lipid A and Re
lipopolysaccharides from Salmonella minnesota and Escherichia coli
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ABSTRACT  The structural polymorphism of free lipid A and deep rough mutant lipopolysaccharide (LPS Re) from Salmonella minnesota
strain R595 and Escherichia coli strain F515 was characterized by Fourier transform infrared (IR) spectroscopy. For this, the 8 « «
phase states and the three-dimensional supramolecular structures, the latter deduced from small-angle synchrotron radiation x-ray
diffraction, were investigated at different water contents, Mg?* concentrations, and temperatures. The analysis of the IR data for
vibrations originating from the hydrophobic moiety shows that the 8§ <> a acyl chain melting is strongly expressed only for the stretching
and scissoring modes of the methylene groups. Vibrational groups originating from the interface region sense the acyl chain melting well
(ester carbonyl bands) or only weakly (amide bands), and those resulting from the pure polar moiety not at all. From the x-ray data, the
existence of lamellar (L), different cubic, and, for lipid A and LPS R595, also inverted hexagonal (H,) structures could be proven in the
temperature range 20-80°C with cubic < cubic and cubic <> H, transitions for the Mg?* -free and L < H, transitions for the Mg?*-con-
taining samples. These structural transitions can be characterized most readily by specific changes of the vibrational bands resulting
from the interface region: the ester carbonyl and the amide bands. The magnitude of the changes corresponds to that of the structural
rearrangement, i.e., is highest for the L <> H,, lower for the cubic <> H,, and lowest for the cubic < cubic transitions. The structural
transitions are only marginally expressed for vibrational bands of the hydrophobic moiety. Similarly, the band contours of vibrations from
the hydrophilic region are no indicators of the structural reorientations except for the carboxylate bands of LPS Re. Particularly the
stretching vibrations of the phosphate groups are nearly completely invariant; the absolute values of their half bandwidths, however,
differ significantly for lipid A and LPS Re, which seems to be of biological relevance.

The ability of IR spectroscopy to detect supramolecular changes also beyond the measureability by x-ray diffraction, i.e., at water

contents > 95 to 99.5%, is demonstrated.

INTRODUCTION

Lipopolysaccharides (LPS)! are the major amphiphilic
constituents of the outer leaflet of the outer membrane
of Gram-negative bacteria. They consist of an oligo- or
polysaccharide moiety and a covalently linked lipid
portion, termed lipid A, anchoring the LPS molecules
in the membrane (1). In mammals, LPS induce various
biological effects as constituents of the bacterial outer
membrane as well as in free form (2, 3) and are, there-
fore, called the endotoxins of Gram-negative bacteria.
The molecular mechanisms triggering the cell response
to endotoxic provocation are far from being under-
stood. Independent of the kind of interaction, however,
the elucidation of the physicochemical behavior of LPS
in aqueous solutions should be important, i.e., of the
three-dimensional supramolecular structures of LPS
aggregates and within these, the state of order of their
hydrocarbon chains. In various previous reports, the
B < a gel to liquid crystalline acyl chain melting behav-
1or for endotoxins could, on the whole, be determined
unequivocally (4). Enterobacterial LPS exhibit at
higher water contents (>90%) an acyl chain melting at
a temperature 7, = 30°C for deep rough mutant LPS,
whereas free lipid A has a T, around 45°C (5-7). The
values of T, and the state of order within each phase

Address correspondence to Dr. Klaus Brandenburg.
! Abbreviations used in this article: FT, Fourier transform; IR, infrared;
LPS, lipopolysaccharide(s); PE, phosphatidylethanolamine.

were found to depend strongly on ambient conditions
like water content and salt concentration, e.g., Mg?*
(6, 8).

The question of which supramolecular aggregate
structures are adopted by LPS and free lipid A was not
answered consistently in former publications. For exam-
ple, for different LPS and lipid A preparations at various
water and Mg?* contents, a variety of three-dimensional
arrangements were found or postulated (5, 7-12). For
clarifying these partially contradictory results, complete
phase diagrams were established recently, i.e., in a first
step for free lipid A and deep rough mutant LPS from
Salmonella minnesota and FEscherichia coli using
synchrotron x-ray small-angle diffraction (13-15).
From these results and those on LPS with longer sugar
chains (Brandenburg, K., unpublished data), it can be
stated that despite the high brilliance of synchrotron radi-
ation, an unequivocal structural determination at water
contents > 80% is difficult or even impossible, bearing in
mind at the same time that in most biological systems
the LPS content is lower than 1%. Moreover, because of
the restricted availability of synchrotron radiation, it
would be most advantageous if other experimental tech-
niques could be applied. In this context, > P-nuclear mag-
netic resonance (NMR) has been used successfully for
various phospholipid/water systems (16, 17). However,
beside similar limitations with respect to measurements
at high water content, interpretational difficulties arise

Biophys. J. © Biophysical Society
Volume 64  April 1993  1215-1231

0006-3495/93/04/1215/17  $2.00 1215



when so-called “isotropic signals” occur, which might
correspond, for example, to small unilamellar vesicles
but also to structures with cubic symmetry.

Infrared (IR) spectroscopy has been applied success-
fully for the elucidation of the physical behavior of
various phospholipid / water systems, e.g., the character-
ization of the state of order of their hydrocarbon chains
and the changes under the influence of different pH, salt
concentrations, and temperatures (18, 19). Further-
more, the detailed analysis of IR-active vibrations result-
ing from the polar and the apolar moiety, respectively,
gave a lot of information on intra- and intermolecular
interactions. Attempts to directly correlate three-dimen-
sional conformations to IR data were, however, under-
taken by only few authors. In particular, Mantsch et al.
(20, 21) investigated temperature-controlled transitions
of fully hydrated bacterial and erythrocyte-extracted
phosphatidylethanolamine (PE ) from the lamellar 8 to «
phase (L; to L,) and then into the inverted hexagonal
(H,;) structure. They found phase- and structure-charac-
teristic changes in the peak position, half widths, and
intensity of certain vibrational bands. These investiga-
tions, however, were restricted to a small region of the
complete phase diagram and could therefore not give
general statements about the ability of IR spectroscopy
to detect supramolecular structures and transitions be-
tween them.

This article is concerned with investigations into the
supramolecular structures and phase states of free lipid
A and LPS Re from E. coli and S. minnesota. The struc-
tural information from synchrotron x-ray small-angle
diffraction is correlated with the specific behavior of IR
bands in the polar, interface, and apolar region. The re-
sults show that the different lamellar and nonlamellar
(cubic, Hy) structures of the endotoxins have a particu-
lar impact on band position, width, and intensity of
some of the investigated vibrations. Whereas the depen-
dence of these parameters on the three-dimensional
structures, if at all, is only marginal for the bands origi-
nating from the pure hydrophobic and hydrophilic re-
gions, it is well expressed for the vibrations of the interfa-
cial region, particularly for the carbonyl stretching of the
ester groups and the amide bands. The results further
show that under conditions that are not accessible to the
structural elucidation with synchrotron x-ray diffraction
(>90-95% water content), a structural determination
with IR spectroscopy seems still to be possible.

MATERIALS AND METHODS
LPS and lipid A

As LPS, those from deep rough mutant Re of E. coli strain F515 and S.
minnesota strain R595 were used. The LPS were extracted from bacte-
ria by the phenol/chloroform/light petrol ether method (22), purified
and lyophilized, and were taken in their natural or Na* salt form. Free
lipid A was isolated from LPS Re by acetate buffer treatment, purified,

and converted to the triethylamine salt form (23). In Fig. 1, the chemi-
cal structure of LPS Re and its hydrophobic moiety lipid A is illus-
trated. The dashed lines indicate different substitutions of the respec-
tive groups in LPS from E. coli F515 and S. minnesota R595. Further-
more, the locations of the various IR vibrational groups investigated in
the present analysis are also shown.

Sample preparation

All LPS and lipid A samples were prepared as aqueous dispersions at
different concentrations varying between 50 and 99.5% water content
wt/wt. For this, the lyophilized lipids were suspended directly in water
or in deuterium oxide or in stock solutions of Mg?2* to realize a defined
molar [LPS]/[Mg?*] ratio. AH lipid samples were temperature cycled
at least twice between 4 and 70°C and then stored at 4°C =12 h before
measurement. Each of the lipid samples was used for the Fourier trans-
form (FT)-IR spectroscopy as well as for the x-ray spectroscopic mea-
surements.

For measurement of IR spectra of anhydrous samples, the endotox-
ins were suspended in chloroform and an appropriate amount was
spread on an attenuated total reflectance ZnSe plate.

X-ray diffraction

X-ray diffraction measurements were kindly performed by Dr. M. H. J.
Koch at the European Molecular Biology Laboratory outstation at the
synchrotron radiation facility, HASYLAB (C/O DESY, Hamburg,
Germany), using the double-focusing monochromator-mirror camera
X33 (24). Diffraction patterns in the range of the scattering vector
007 <s <1 nm™ (s =2-5inO/n- \, where 20 is the scattering angle
and A is the wave-length = 0.15 nm) were recorded with exposure times
of 2-3 min using a linear detector with delay line readout (25). The
wavelength calibration was done with dry rat tail tendon as a standard
having a periodicity of 65 nm. Further details of the data acquisition
and evaluation systems can be found elsewhere (26). The measure-
ments were performed in the temperature range from 20 to 80°C,
usually in intervals of 10°C. In the diffraction patterns presented here,
the logarithm of the diffraction intensities log /(s) is plotted against the
scattering vector s. The evaluation of the x-ray spectra was achieved
according to procedures described previously (8, 13-15, 27, 28).

FT-IR spectroscopy

The IR spectroscopic investigations were performed on a FT-IR spec-
trometer ‘5-DX’ (Nicolet Instruments, Madison, WI). The lipid sam-
ples were placed in a CaF, or a ZnSe cuvette separated by a thin, 12.5-
um Teflon spacer. Temperature was usually varied automatically be-
tween 10 and 85°C with a heating rate of 3°C/5 min. Every 3-4°C, 50
interferograms were accumulated, apodized with a Happ-Genzel func-
tion, Fourier transformed, and converted to absorbance spectra. In
some cases, subtraction of pure water spectra was performed, which,
however, gave no significant improvement of the spectra.

The position of the peak maxima of strong absorption bands can be
determined with a precision of better than 0.1 cm™' (11). In the case of
weak absorption bands, resolution enhancement techniques, i.e., Four-
ier self-deconvolution (29-31), were applied after baseline subtraction.
In this procedure, three parameters have to be chosen adequately: (a)
the peak width; (b) the resolution enhancement factor, which is a mea-
sure of the degree of band narrowing and is usually selected to be high-
est for a given output signal to noise ratio without producing negative
side lobes (30); and (c) the bandshape that is composed of a superposi-
tion of Gaussian and Lorentzian functions. A factor of 0.3 (Gaussian
proportion 70% and Lorentzian 30%) was usually applied, because in
this way the deconvoluted spectra were optimaily enhanced similar as
described in Blume et al. (32). The absorption bands were analyzed
with respect to peak position, integrated intensity (peak area), and
width. The latter was measured, if possible, at 50% bandheight, i.e., full
width at half height, or, in the case of overlapping bands, at a higher
bandheight (e.g., 75%). A similar procedure was also applied for the
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Chemical structure of deep rough mutant LPS Re and of free lipid A from Salmonella minnesota R595 and Escherichia coli FS15. The

dashed lines within the lipid A moiety indicate incomplete substitution of the respective groups. These should be completely absent in lipid A and

LPS Re from E. coli.

determination of band intensity. Thus, the absolute values of band
intensity and width are not necessarily comparable for the different
bands or samples.

The location of the various IR vibrational bands within the lipid A
and LPS Re molecules (see band numbering in Fig. 1) and their (tenta-
tive) assignment and peak positions (in cm™') are summarized in Ta-
ble 1. The assignment was performed according to present knowledge
(11, 33-35).

RESULTS
LPS from S. minnesota R595

As first and main example, deep rough mutant LPS from
S. minnesota strain R595 was analyzed with x-ray and
IR spectroscopy at a water concentration of 80% in the
absence and at an equimolar content of Mg?2*, respec-
tively. For a determination of the acyl chain melting be-
havior, the position of the symmetric stretching of the
methylene groups »,(CH,) is plotted in Fig. 2 for both
LPS preparations. Like the antisymmetric stretching
mode v, (CH,), this band is a sensitive marker of lipid
order or disorder (18). Clearly, the LPS sample in dis-

tilled water exhibits a phase transition at 7, ~ 31°C and
a transition range between 27 and 35°C, whereas the 1:1
molar sample of LPS and Mg?* has a T, value of ~40°C
with a transition range between 22 and 50°C.

The corresponding x-ray diffraction patterns of the
same batches are shown in Fig. 3, a and b. For the LPS
sample without Mg2*, the supramolecular structures
can be classified into three distinct temperature ranges:
(a) between 20 and 45°C, a structure with cubic sym-
metry occurs (e.g., at 40°C the observed reflections can
be indexed to 8.60 nm = d/V3,4.53 nm = dy/ V11, 3.09
nm = dqo/Vy24, 2.33 nm = d,/ V42, assuming a periodic-
ity dy = 15.0 nm) that might belong to space group Q?**;
between 45 and 65°C, an intermediate nonlamellar
structure tentatively termed Q, is observed; and at 7 =
70°C, the Hj; structure becomes predominant (dy; =
5.83 nm and 3.42 nm = dy/V3, 2.96 nm = di;/y4). The
spectra of the sample [LPS]/[Mg?*] = 1:1 M clearly
prove the existence of a pure lamellar phase between 20
and 60°C (occurrence of reflections at equidistant ra-
tios) and a transition into Hy, at a temperature Ty lying

Brandenburg

Structure of Endotoxins by FT-IR

1217



2854

28531

28514

Wavenumbers / cm™!

2850 1

2848

10 20 40 60 80
Temperature / °C

FIGURE2 Peak position of the symmetric stretching vibration of the
methylen groups v5(CH,) versus temperature for LPS R595 prepara-
tions at 80% water content. (O) Without Mg2*; (A) [LPS]/[Mg?*] =
1:1 M.

slightly below 70°C. For further details also at other
water and Mg?* contents, see Brandenburg et al. (15).
In Figs. 4, aand band 5, a and b, the corresponding IR
spectra, one original and various deconvoluted, are
shown in the wavenumber ranges 1,755-1,700 cm™! and
1,580-1,515cm™!, respectively. On the righthand side of
the figures, for the different temperature ranges an as-
signment to the aggregate structures L, Q, and Hj; de-
duced from the x-ray diffraction data according to Fig. 3
is given. The range of the ester carbonyl stretching vibra-
tion shows a splitting into three bands lying around
1,743-1,746, 1,727-1,730, and 1,710 cm™' (values are
usually given for the lowest temperatures; see Fig. 4, a
and b). The transitions between the nonlamellar struc-
tures (Qpq <« Q, < Hy) in Fig. 4 a for the Mg?*-free
sample and the transitions within the lamellar phases (L,
to L,) and from the lamellar into the Hy; structure (Fig. 4
b) for the Mg?* -containing sample can be differentiated
by particular changes of the band contours of the contrib-
uting vibrations. For example, the band around 1,710
cm™! broadens when passing from Q,,, to Q, and shar-
pens again when passing into the Hy; structure (Fig. 4 a).
A similar situation is found in the range of the amide II
vibration, which shows a splitting into three bands at
1,565, 1,550, and 1,533 cm™! (Fig. 5, a and b). Again, a
clear differentiation between the nonlamellar, cubic, and
Hy, (Fig. 5 @) on the one hand and lamellar L;and L, and
Hj; structures on the other hand (Fig. 5 b) is possible.
In the following, the behavior of some of the vibra-
tional bands presented in Figs. 4 and 5 is elucidated in
more detail. In Fig. 6 the bandwidths (a), intensities (4),

and peak positions (¢) of the two main ester vibrational
bandsat 1,730 and 1,710 cm™! are plotted as functions of
temperature for the LPS/water system. The 1,710 cm™!-
band seems to be sensitive, but only slightly, to the acyl
chain order that is expressed as increase in bandwidth
(a) and peak position (¢) and decrease in intensity (b).
Also, the supramolecular conformations seem to be ex-
pressed by an increase in bandwidth and a decrease in
band intensity at the Q,,, to Q, transition around 50°C
(Fig. 6, a and b) and a drastic increase in band position
and intensity and decrease in bandwidth at the transition
into Hy,. The vibration around 1,730 cm™! is a more
sensitive indicator of the acyl chain order. This is detect-
able by the strong increase of bandwidth and position
(Fig. 6, a and ¢) and decrease of intensity (Fig. 6 b).
However, for all three parameters, no evidence for the
Q,,4 to Q, transition is found. The transition into the H;;
structure causes no change in band position, a slight de-
crease of bandwidth, and a strong increase of band inten-
sity.

The same bands were analyzed in detail also for the
Mg?*-containing sample (see Fig. 4 b). For example, in
Fig. 7, a and b, the band widths and intensities, respec-
tively, are plotted versus temperature. Some characteris-
tics are found as described for the LPS sample in pure
water. The comparison with Fig. 6, 2 and b shows, how-
ever, that the changes at the 8 <> « acyl chain melting
temperature ( 7, lying at ~40°C; see Fig. 2) and at the
transition into Hy; are significantly more expressed than
for the MgZ*-free sample.

The behavior of the third component in the band con-
tour of the ester carbonyl stretching at ~1,746 cm™!
(data not shown ) compares well with thatat 1,730 cm™!,
i.e., the temperature course of the peak position indi-
cates the § < « transition and, only slightly, that into
H;;. Again, particularly the bandwidth is a sensitive
marker of the acyl chain melting and of the transition
into Hy; in that a distinct band broadening at T, and a
narrowing at 7y take place very similarly to the behavior
of the 1,730 cm'-band in Figs. 6 a and 7 a.

As an example for the temperature dependence of the
deconvoluted spectra in the range of the amide II vibra-
tion, the intensity of the band at ~ 1,565 cm™! is plotted
for the two LPS samples (Fig. 8). There is no indication
for the acyl chain melting. However, the transitions
within cubic structures and from cubic to Hy; for the
Mg?*-free sample and from the lamellar to H,; for the
Mg?*-containing sample are clearly detectable.

In the following, the comprehensive analysis of other
IR bands in the wavenumber range 3,500-700 cm™! is
described briefly separately for the apolar, interface, and
polar region (data not shown).

Vibrations resulting from the apolar moiety

For the bending mode of the end methyl groups
d.(CHj;), the band position and width are nearly invari-
ants over the whole temperature range for both LPS prep-
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FIGURE3 Small-angle x-ray diffraction patterns of LPS R595 preparations at 80% water content and at temperatures between 20 and 80°C. (a)
Without Mg?*; (b) [LPS]/{Mg?*] = 1:1 M. The listed spacings are in nm.

arations, whereas the band intensity increases slightly
during the 8 «» « transition. The situation for the anti-
symmetric stretching »,,(CHj,) is very similar, i.e., nearly
no changes take place in band positions and widths and
only slight changes of the band intensity at the 8 <« «
transition.

The band positions of both components of 6(CH,)
clearly indicate the acyl chain melting leading to a de-
crease from ~1,485.5 to 1,484.5 cm™! and from 1,467.5
to 1,466.0 cm ™!, respectively, during the gel to the liquid
crystalline phase transitions for both LPS preparations.

Both bandwidths, however, are nearly invariant at all
temperatures. The band intensity decreases considerably
at the lamellar to Hy, transition, whereas a weak decrease
is observed for the cubic to Hy, transition. In contrast, all
three band parameters of the main rocking progression
band v,(CH,) are largely invariant over the whole tem-
perature range.

For the acyl chain modes double-gauche at ~1,353
cm™!, kinks at ~ 1,366 cm™', and end-gauche at ~ 1,340
cm™! (36, 37), and, furthermore, one band at 1,324
cm™!, which might originate from the single C—H de-
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FIGURE4 Original (bottom) and deconvoluted IR spectra in the range of the ester carbonyl stretching vibration (C=0) for a LPS R595
preparation at 80% water content at selected temperatures. (a) Without Mg?*; (b) [LPS]/[Mg2*] = 1:1 M. At the righthand side of the figures, an
assignment to the three-dimensional aggregate structures as measured by x-ray diffraction is given for the corresponding temperature ranges (see
text). Deconvolution parameters ( peakwidth /resolution enhancement factor): 26/1.8.

formation mode (33) of the 3-hydroxy groups within the
acyl chains, a phase-specific behavior only of the end-
gauche vibration and that due to the formation of kinks
is found, i.e., a decrease of the bandwidth at T, for exam-
ple, but no correlation to any structural changes. In con-
trast, the double-gauche mode, if observed at all, does
not exhibit any phase- or structure-specific behavior.
Changes in the band position, but not the bandwidth of
the 1,324 cm™! vibration, can be correlated with the -
and a-phase states of the acyl chains but not with struc-
tural transitions.

Vibrations of the interfacial region

The amide I vibration is superimposed on the strong
bending vibration of the aqueous OH groups 6(OH)
around 1,645 cm™!. Therefore, measurements also were
performed in D,O (the 6(OD) band lies below the
1,800-1,500-cm™! range). The deconvoluted spectra re-
veal a splitting into three components (Table 1), which
responded only slightly to the acyl chain melting. How-
ever, at the L < H, transition (for the Mg?*-containing
sample), the peak position, particularly of the lowest fre-
quency band, was shifted to lower wavenumbers (from
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FIGURE 5 Original (bottom) and deconvoluted IR spectra in the range of the amide II vibration for a LPS R595 preparation at 80% water content
in the temperature range 10-90°C. (a) Without Mg?*; (b)) [LPS]/[Mg?*] = 1:1 M. At the righthand side of the figures, again the assignment to the
corresponding three-dimensional aggregate structures is given. Deconvolution parameters: 24/1.65.

1,659 to 1,653 cm™! at Ty ), whereas at the cubic to Hy,
transition ( for the LPS sample in pure D,0), practically
no changes were registered, i.e., the band position re-
mained at 1,652-1,653 cm™'. It should be noted that all
transition temperatures are shifted to higher values
(~5°C) due to the exchange of H,O by D,0.

A main band at 1,168 cm™' (deconvolution gives a
further component at 1,182 cm™!) was formerly attrib-

uted to the ester single bond stretching vibration
»(C— O) for phospholipids as well as for LPS (11, 34,
35, 38). Nearly the same bands were found for lipid A
(35) and were proposed to consist of a superposition of
the ¥(C—O) ester band and complex sugar modes. For
this band, no characteristic changes of band position,
width, and intensity correlating with transitions between
phases or structures were observed.
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Vibrations from the polar moiety

The antisymmetric stretching vibration of the phosphate
(PO, ™) at 1,260.0 is shifted to 1,261.3 in the presence
of Mg2* and exhibits, similar to the symmetric stretch
v,(PO,™), only minute changes over the whole tempera-
ture range for the band position and width. Only the
band intensity shows specific changes at 7. For the half
bandwidth of v,,( PO, ™) obtained from the original spec-
tra, absolute values of 22-24 cm™! for the aqueous and
16-19 ¢cm™ for the Mg?*-containing sample were
found.

A band at 930 cm™! previously assigned, at least par-
tially, to a vibration connected with the phosphate
groups ( 11) shows considerable fluctuations up to 70°C.
The Hj; structure, however, causes characteristic and re-
producible patterns differing for each LPS sample (39).

The deconvoluted spectra in the wavenumber range
1,090-990 cm™! are composed of four to five bands re-
sulting from unspecific vibrations within the sugar
moiety and are each characteristic for the Mg?* -free and
the Mg?* -containing sample. There is, however, no clear
evidence for a correlation with phases or structures.

LPS from E. coli F515

The same measurements were performed with a LPS Re
sample from E. coli strain F515, i.e., again at 80% water
content and in the absence and presence of an equimolar
content of Mg?*, respectively, and at temperatures be-
tween 20 and 80°C. The acyl chain melting behavior is
identical to that of LPS R595. The Mg?*-free sample
adopts nonlamellar cubic structures, and there seems to
be a transition at ~60°C between different cubic phases.
The Mg?*-containing sample assumes only lamellar
structures. Both preparations exhibit no transition into
Hj; up to a temperature of 80°C. The evaluation of the
ester and amide II band contours gave similar character-
istics as described above for the acyl chain melting and
the transition between different cubic structures. More-
over, parallel to the lack of a transition into Hy;, abso-
lutely no instances were found for the sharp and charac-
teristic changes at Ty in some of the band parameters
presented in Figs. 4-8.

Lipid A from LPS Re of S. minnesota
and E. coli

Further investigations were performed with free lipid A
preparations that exhibited a similar structural variabil-
ity as LPS R595. As an example of this, a lipid A sample

FIGURE6 Widths (a), intensities (b), and peak positions (c¢) of the
two low frequency ester carbonyl band components versus tempera-
ture for a LPS R595 preparation at 80% water content. (@) Band at
1,730 cm™'; (O) band at 1,710 cm™, The bandwidths in a were deter-
mined at half height for the 1,730-cm™! band and at 0.75 height for the
1,710-cm™ band, respectively.
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FIGURE7 Width (@) and intensities (5) of the two low frequency ester
carbonyl band components versus temperature for a LPS R595 prepa-
ration at 80% water content and at [LPS]/[Mg?*] = 1:1 M. (®) Band
at 1,730 cm™!; (O) band at 1,710 cm™'. The bandwidths in a were
determined at half height for the 1,710-cm™ band and at 90% height
for the 1,730-cm™' band, respectively.

from E. coli strain F515 at a water content of 55% in the
absence of Mg?* and at a [lipid A]/[Mg?*] molar ratio
of 1:2 was analyzed. Again, in a first step the acyl chain

melting was determined by monitoring »,(CH,) as func-
tion of temperature. The transition ranges were deter-
mined to 37-53°C (T, = 47°C) and 40-58°C (T, =
52°C) for the Mg?*-free and Mg?*-containing sample,
respectively. The corresponding x-ray spectra are plotted
in Fig. 9, a and b at four selected temperatures. For the
lipid A sample in pure water, the analysis shows a coexis-
tence of a lamellar and a cubic structure in the range
20-50°C (e.g.,at40°C, d, = 4.56 nm; d = 8.63 nm with
3.06 nm = dy/V8; 2.32 nm = dq/V14; 1.88 nm = dy/
y22), a pure cubic structure at 60°C (dg = 11.1 nm with
7.84 nm = dy/V2, 4.00 nm = dy/V8, 2.83 nm = dy/
¥16), and a H; structure at 80°C (dy = 5.68 nm with
3.36 nm = d,;/V3, 2.92 nm = dy/V4), whereas the sam-
ple with excess Mg?* adopts only lamellar structures
but with two periodicities indicating an interdigitated
phase (14).

As an example for the temperature dependence of the
corresponding IR spectra of the two lipid A preparations,
the position and width of the ester band component at
1,710 cm™! are plotted in Fig. 10, @ and b. Again, it
seems possible to correlate typical changes of these pa-
rameters (also of the band intensity; data not shown),
particularly for the LPS sample in pure water to changes
in lipid phases and supramolecular structures. Similar to
the behavior of the LPS R595 sample (Fig. 6 ), the peak
position increases only slightly at the 8 <> « but strongly
at the cubic to Hj; transition. In a similar way, analo-
gously to Fig. 6 a4, the bandwidth increases at the 8 < «
transition and the transition from mixed cubic/lamellar
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TABLE 1 Assignment of different bands found in the IR spectra

of LPS Re
Approximate peak
Band Tentative assignment position after
numbering* of vibration deconvolution
em™!
1 Symmetric stretch of methylene 2,850
groups »,(CH,)
1 Antisymmetric stretch »,(CH,) 2,920
1 Scissoring mode §(CH,) 1,467 and 1,485
i Wagging progression bands 1,300-1,180
Yu{CH3)
i Rocking progression band 720
7r(CH2)
I Acyl chain conformers double- 1,370-1,310
gauche, end-gauche, and
kinks
2 Symmetric bending of end 1,378
methyl ,(CH;)
2 Antisymmetric stretching 2,955
7,(CH;)
3 Bending of a-methylene 1,415
8a-CH,)
4 Ester double bond stretch 1,710, 1,730,
HC=0) 1,745
4 Ester single bond stretch 1,168 and 1,182
{C—O)
5 Amide I, primarily (C=0) 1,655, 1,670,
1,685
5 Amide II, primarily (N —H) 1,530, 1,550,
1,565
6 Antisymmetric stretch of 1,260
phosphate v, (PO,")
6 Symmetric stretch »,(PO,") 1,112 and 1,098
6 Unspecific phosphate vibration 930
7 Unspecific sugar vibrations 1,090-990
8 Symmetric carboxylate stretch 1,412
1(COO7)
8 Antisymmetric carboxylate 1,627

stretch »,(COO™)

The approximations for the peak positions listed in column 3 refer to
room temperature and 80% water content (for more detailed informa-
tion see text).

* See Fig. 1.

* Superimposed by an unspecific sugar mode.

to a pure cubic phase and decreases at the cubic to H;
transition. In contrast, the position and width of the
same band for the sample with excess Mg2* change only
slightly over the entire temperature range. For example,
a slight decrease of the bandwidth in Fig. 10 b seems to
indicate the 8 < « transition. The most important infor-
mation, however, is the parallelism of invariant lamellar
three-dimensional structures (Fig. 9 b) with the invari-
ant IR bands (Fig. 10, a and b), which is not only true for
this selected vibration but also for several others particu-
larly resulting from the interface region.

Similar to the situation found for LPS R5935, the band
contour of the phosphate vibrations, particularly of
v,(PO,7), is temperature invariant for both prepara-

tions (data not shown). However, the half bandwidths
differ, giving values of 17-18 cm™' for the Mg?*-free
sample and 15-16 cm™' for the Mg?* -containing sam-
ple, which, thus, are significantly lower and lie closer
together as compared with LPS R595.

The analysis was completed by measurements at ex-
tremely high water content (under near physiological
conditions), i.e., at 99.5% D,O content, which is far
beyond the measurability by x-ray small-angle diffrac-
tion. Lipid A from S. minnesota strain R595 was chosen
for which a complete phase diagram was established re-
cently (14). For this compound, at low and medium
water concentrations the 8 «» « acyl chain melting is
coupled with a transition into Hy;, i.e., these two pro-
cesses proceed simultaneously (between 48 and 63°C).
At the highest water concentrations (>80%), however,
the beginning of the transition into Hy; starts at ~65°C
after completion of the 8 < a chain melting (40-55°C),
i.e., these two processes are decoupled. In control experi-
ments at a water content of 80%, it turned out that the
results of the IR measurements have similar characteris-
tics as those described above for LPS R595 and for lipid
A from E. coli (except that the transitions are shifted 5°C
higher because of the exchange of H,O by D,0). A de-
tailed evaluation of the low frequency component of the
ester carbonyl stretching bands shows that at these ex-
tremely high water concentrations the band positions
change dramatically compared with lower water con-
tents, i.e., are shifted from 1,710 to 1,714 t0 1,716 cm™!
in the gel state of the hydrocarbon chains. Moreover, in
the presence of Mg?*, the main component of the ester
vibration usually lying at ~1,730 ¢cm™! split into two
components at 1,724 and 1,735 c¢cm™', respectively.
From the evaluation of the band intensity and width,
however, again correlations to structural changes seem
to be possible. For example, the intensity of the lowest
frequency ester band is plotted versus temperature (Fig.
11). It exhibits a strong decrease at 45-58°C that might
be connected with an acyl chain melting and/ or a transi-
tion between different cubic structures and an increase at
65-75°C, probably due to the transition into Hy. The
amide vibrations behave similarly, e.g., the band compo-
nents lying at 1,572, 1,542 and at 1,683 cm™! (data not
shown).

Specific vibrations of LPS Re

A careful comparison of the IR spectra of dehydrated
free lipid A and LPS Re shows significant higher absor-
bance in the wavenumber range 1,100-1,000 cm™! for
LPS Re that should be due to unspecific vibrations
within the 2-keto-3-deoxyoctonate sugar moiety. Ab-
sorption bands at ~ 1,412 and 1,627 cm™! that are exis-
tent to a significant degree only for LPS Re allow an
assignment to the symmetric and antisymmetric stretch-
ing mode of the COO~ (carboxylate) groups, respec-
tively, within the 2-keto-3-deoxyoctonate moiety of
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FIGURE9 Small-angle X-ray diffraction patterns for free lipid A from E. coli F515 at four selected temperatures and at 55% water content. (a)
Without Mg?*; (b) [lipid A]/[Mg2?*] = 1:2 M. The listed spacings are in nm.

LPS. The band contour of »,,(COO~) reacts only
slightly at the Q < H; transition by changes particularly
in peak position but strongly at the L < Hj, transition,
where a splitting occurs into two band components
around 1,633 and 1,619 cm™!, respectively (data not
shown). To test a possible protonation of the carboxyl-
ate groups around neutral pH, the acyl chain melting
behavior was checked similar to that reported in Bran-
denburg and Seydel (6), allowing to establish the posi-
tions of pK,’s. At pH 5-9, only slight variations of T,
were found; however, at pH 2-4 a significant increase
and at pH 9-10 a decrease of T, were observed. From
these results, it may be deduced that pK,’s should lie

between 4-5 and 9-10, respectively. A more detailed
analysis of the pH dependence of this spectral range
yields a vanishing of the 1,627 cm™'-band at pH 3, i.e.,
both carboxylate groups are protonated, whereas at pH
4-11 no change of this band can be noticed. In the basic
pH range (at ~pH 9.5), a change of the band contour of
v,s(PO,7) indicates a change in the protonation of the
phosphate group. Therefore, in the neutral pH range
both carboxylate groups seem to be deprotonated.

A band component between 1,420 and 1,400 cm™!
results from the bending vibration of the a-methylene
groups 6(a-CH,) and is superimposed on »,(COO~).
For LPS Re the change of the band contours in the wave-
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FIGURE 10 Peak position (a) and half bandwidth (b) of the lowest
frequency ester carbonyl band component for free lipid A from
E. coli F515 at 55% water content. (O) Without Mg?*; (A) [lipid A}/
[Mg>*]=12M.

number range 1,450-1,390 cm™! as function of tempera-
ture clearly indicates the transition into Hy; in that the
single components around 1,405-1,401 and 1,415-
1,410 cm™! shift drastically to higher values at T};. Fur-
thermore, similar to other vibrational bands presented
above, the half width of the latter band component
changes significantly for the Q to Hy; and much stronger
for the L to Hy; transitions (in both cases a band broaden-
ing takes place). In contrast, the bands at 1,400 and

1,418 cm™! found for lipid A do not show any significant
changes between 20 and 80°C. Therefore, the shifts of
the peak positions and the half bandwidths are due to
changes within the carboxylate group, whereas the band
contour of the bending vibration 6(«-CH,), although
located in the interface region, is not influenced by struc-
tural transitions.

DISCUSSION

Enterobacterial bisphosphoryl lipid A and deep rough
mutant LPS exhibit an extremely complex structural po-
lymorphism, i.e., the state of order of the acyl chains and
the three-dimensional structures adopted in an aqueous
environment strongly depend on water content, Mg2*
concentration, and temperature (4). At low water con-
centrations (<50%) and, independently of water con-
tent, at a lipid/Mg?* ratio of 1 or lower, only lamellar
structures were found (7, 10, 13-15). Above 50% water
concentration, preferentially nonlamellar or mixed la-
mellar/nonlamellar structures can be observed at Mg?*
concentrations below equimolarity (see Figs. 3aand 9 a;
[4, 8, 13-15]). Free lipid A and deep rough mutant LPS
Re from S. minnesota R595, moreover, adopt at higher
temperatures, starting between 55 and 70°C, hexagonal
II structures (Figs. 3 and 9 a), whereas for LPS Re from
E. coli F515 and for other rough mutant LPS Rd to Ra
from S. minnesota, this transition is not observed (15,
Seydel, U., M. H. J. Koch, and K. Brandenburg, unpub-
lished results). Most importantly, under near physiologi-
cal conditions (high water contents and at 37°C), free
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FIGURE 11 Intensity of the lowest frequency ester carbonyl band com-

ponent versus temperature for free lipid A from S. minnesota R 595 at
99.5% D,0 content.
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lipid A and LPS Re tend to form three-dimensional
structures with cubic symmetry. This was extensively
discussed previously and could be correlated with the
potency of these molecules to induce a variety of biologi-
cal effects in mammals (4, 8, 14), supporting the view of
Luzzati et al. (27, 28) and others (40-43) of the general
biological importance of cubic structures in amphiphile/
water systems. The fact that for the Mg?* -free samples,
cubic structures are found above as well as below T, i.e.,
also in the ordered (8) phase (Figs. 3 2and 9 a), is a very
new finding and was discussed recently (14, 15). As an
explanation the partial “fluidization” of the acyl chains
measured by IR and differential scanning calorimetry
was proposed, allowing the chain segments particularly
near the end methyl groups to be much more flexible
than those of comparable phospholipids in the same
phase state. In this way, more complex than pure lamel-
lar structures may be adopted. Interestingly, some pre-
liminary x-ray measurements at temperatures < 0°C
show that LPS Rs and free lipid A now adopt a multi-
bilayered organization (Seydel, U., and K. Brandenburg,
unpublished data).

Because of this high structural variability of free lipid
A and LPS R595, proven with small-angle x-ray diffrac-
tion, they seemed to be particularly suitable for a compar-
ative analysis applying x-ray and IR spectroscopy. The
results clearly demonstrate the ability of the IR tech-
nique to detect changes of the supramolecular arrange-
ments via monitoring certain vibrational bands. Gener-
ally, it can be stated that the single-band components
respond differently to structural reorientations and are
influenced, also independently of the particular supra-
molecular structure adopted, by variations of water con-
tent, Mg2*, and by the chemical structure. This holds
true especially for the band positions, i.e., from the abso-
lute values of the ester bands, for example, a differentia-
tion between the influences of water, Mg?*, and/or the
supramolecular structure is not possible. The band in-
tensities and widths, however, allow a more straightfor-
ward differentiation between structural influences and
those of ambient parameters.

Bands from the interfacial region

The vibrational bands resulting from the hydrophilic/
hydrophobic interface region are excellently suitable to
demonstrate the correlation of x-ray diffraction and de-
convoluted FT-IR data, with respect to a characteriza-
tion of the phase states and the different lamellar and
nonlamellar structures. This is exemplarily shown in
Figs. 3-5 for the LPS/water and LPS/water/Mg?* sam-
ples, respectively. The extent of the supramolecular reor-
ientations has a direct impact on the IR band parame-
ters, i.e., changes of the band parameters are much more
strongly expressed for the L <> Hy; than for the Q « H;
transition and lowest for the cubic < cubic transitions.
This becomes evident when comparing the changes in

band intensity for the ester bands (Q <« Hy,, Fig. 6 b, and
L « Hy, Fig. 7 b), the amide II bands (Fig. 8) and the
carboxylate bands at 1,410 and 1,627 cm™! (Q to Hy; and
L to H,;, respectively), and for the 1,710-cm™' ester
band and the amide II band (both cubic <> cubic transi-
tions; Figs. 6 a and 8).

For a better understanding of the mechanisms accom-
panying the structural transitions, the characterization
of the structure-sensitive vibrations on a molecular level
should provide a deeper insight. For this, literature data
for phospholipids might be useful, especially in the range
of the ester carbonyl stretching vibration. However, the
single components of the C—=0O ester band contour re-
sult from complex superposition of hydration effects,
contributions of the single acyl chain conformations,
and from the whole bilayer (44). For diacyl phospho-
lipids, two band components were assigned to the sn-1
and sn-2 acyl chains, respectively, having different con-
formations (45-47), and a third band component was
attributed to an overlapping of C—=0 vibrational bands
of neighboring molecules (48). A splitting of the ester
¥ C=—0) band contour due to different hydrogen bind-
ing of the two C=0 groups was first proposed by Frin-
geli (38) in his pioneering work on IR dichroic measure-
ments of various phospholipids. A similar assignment to
strong and weak hydrogen binding was performed also
for dimyristoyl phosphatidylserine (49). This was con-
firmed by Blume et al. (32) for the negatively charged
dimyristoyl phosphatidic acid: splitting of the carbonyl
bands occurs only when hydrogen bonding is possible
between the ester groups and the solvent, leading to a low
frequency due to hydrogen bonding and a high fre-
quency contribution due to the free carbonyls but inde-
pendently of the chain bearing the C—=0O group.

A splitting into three band components was found,
especially for negatively charged phospholipids (49, 50).
For enterobacterial endotoxins, a similar splitting of the
bands into three components is observed, although the
molecular architecture of these molecules is quite differ-
ent from that of diacyl phospholipids. The former carry
in general one double and three single esters, i.e., five
carbonyl C=0 bonds. The splitting occurs even in “de-
hydrated” LPS samples prepared from an organic sol-
vent; however, in these preparations there is still a re-
mainder of 5-10% water content. The degree of splitting
of the ester carbonyl bands is nearly unaffected by addi-
tion of Mg?* (Fig. 4). Comparison of the peak positions
of the Mg?*-free and Mg?*-containing sample shows,
however, that the two higher frequency components are
most affected by addition of Mg?*, resulting in a reduc-
tion from 1,746.5 to 1,742.9 cm™' and from 1,729.9 to
1,727.2 cm™" at the lowest temperature. For an interpre-
tation of this effect, it should be noted that for LPS R595
recently, stronger binding of water in the presence of
Mg?* was found, which was proven by differential scan-
ning calorimetry of free and bound water (15). More-
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over, for hydrated LPS samples in saturated water vapor,
two sharp IR bands centered at 3,320 and 3,350 cm™,
which can be attributed to intermolecular bound water,
were observed only in the presence of Mg2* (Branden-
burg, K., unpublished results). From these data it can be
concluded that (a) the structural rearrangement from
cubic to lamellar is accompanied by an increasing bond-
ing and alignment of water molecules, in agreement with
the higher overall order of the lamellar structures, and
(b) the kind and degree of splitting of the ester C=0
band contour essentially depends on the magnitude of
hydrogen bonding in the interface region but not at all
on the number of single C==0 groups.

Increased hydrogen bonding in the presence of cations
like Ca?* and Mg?* was also found for negatively
charged phospholipids (49-51). However, whether the
addition of divalent cations was accompanied by struc-
tural transitions as observed here for endotoxins was not
investigated in these reports except by Laroche et al.
(50), who did not find changes of the lamellar structure
for dimyristoyl phosphatidic acid upon addition of Ca?*.

Interestingly, for both LPS samples in the H;; struc-
ture, the band positions and shapes of the three compo-
nents are quite similar. This, again, indicates an interre-
lationship between hydration of the ester groups and the
supramolecular structures of the LPS assembilies.

Mantsch et al. (20, 21) investigated the temperature-
governed structural sequence L; <> L, <> Hy; of PE from
natural sources. As may be expected from the foregoing
discussion, the absolute values and the temperature de-
pendence of the peak positions are different from the
results for endotoxins. However, an excellent accor-
dance with the L; <> L, <> Hy, transition of LPS Re (Fig.
3 b) is found for the changes in width of the ester car-
bonyl bands: an increase at the lamellar § < « and a
decrease at the transition into Hy; with values for the half
bandwidths being very similar below T, and above Ty
(Fig. 7 a).

Bands from the hydrophobic and
hydrophilic moiety

Most of the band contours of IR vibrations resulting
from the pure polar and apolar moieties, respectively, do
not display a noticable dependence on the three-dimen-
sional structures. However, as shown previously in com-
prehensive analyses of phospholipids (18, 19, 52), some
bands from the hydrophobic moiety are excellent indica-
tors of the state of order of the hydrocarbon chains, par-
ticularly »,(CH,) and »,,(CH,). The small changes ob-
served here for the »,(CH,) vibration (Fig. 2) at 65—
75°C, i.e., around T, do not indicate the transition to
Hj, reliably, because similar changes in the peak position
of »,(CH,) were also observed for other rough mutant
LPS undergoing no transition into Hy;. The only excep-
tion with respect to structural sensitivity is the scissoring
band 6(CH,) that indicates, besides the transition be-

tween the 8 and a state, also that to the Hy; structure. The
band contours of all other acyl chain modes—Ilike the
conformers double-gauche, end-gauche, and kink se-
quences—the rocking modes v,(CH,), the bending §,,
and stretching vibration »,, of CH; do not detect struc-
tural rearrangements; even the acyl chain melting is not
or only poorly expressed. The invariance of the latter
vibrations was also observed for phospholipids (e.g., by
Mendelsohn et al. (53) and Casal and McElhaney (37),
who used the invariance of a particular rocking mode in
deuterated samples and of §,(CH,), respectively) in di-
palmitoyl phosphatidylcholine preparations for an abso-
lute determination of the conformational disorder
within the acyl chains.

The phosphate vibrational bands v, and v,,(PO, ™) are
nearly invariant for the different samples and structures.
This is surprising since it is assumed that divalent cations
bridge adjacent LPS molecules via binding to these
groups (54). However, the available data on phospho-
lipids are in full accordance with our observations, e.g.,
no influence of the peak positions of v, and v,,(PO,™) on
the L;, L,, and Hy, structures of natural PE was found
(55, 56). These findings were confirmed in a recent re-
port (57) for the L, < H; transition of dioleoyl phos-
phatidylethanolamine. From observations like these,
Casal and Mantsch (18) concluded that the headgroups
are nearly unaffected by the transition from the lamellar
to the nonbilayer Hy; phase and that the general confor-
mation and the degree of hydration in the phases are
quite similar.

The absolute values 1,260 cm™ for »,,(PO, ™) are dras-
tically higher than for phospholipids, for which they are
found at 1,220 in hydrated (phosphatidylcholine) and
1,240 cm™! for weakly hydrated (PE) systems (34, 52).
This suggests that the phosphate groups of lipid A and
LPS are extremely dehydrated in contrast to other bands
of the polar or interface region and in agreement with the
observation that Mg?2* has only a slight influence on the
bandwidth of »,,(PO,™) but not on the peak position.
However, the chemical environment of the phosphate
groups in LPS/lipid A is different from that in PE or
phospatidylcholine. The negatively charged compound
phosphatidic acid, bearing the phosphate group in the
terminal position, should be more suitable for a compari-
son. For hydrated dimyristoyl and dioleoyl phosphatidic
acid, we found the peak position of v, ,(PO,”) around
1,252 cm™! (K. Brandenburg, unpublished data). This
indicates that the absolute values for the peak position of
v, (PO,7) are, already in phospholipids, dependent on
the chemical composition.

The absolute values of the bandwidths are, however,
very different for lipid A and LPS Re, the former having
significantly lower values. As the bandwidth monitors
the freedom of motion of the absorbing groups and with
that the amplitudes and rates of motion within its imme-
diate environment, the phosphate groups of free lipid A
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seem to be motionally significantly more restricted than
those of LPS Re despite the basically identical supramo-
lecular structure. The lower mobility of the phosphate
groups within the free lipid A molecules might be the
reason for the recent finding that anti-lipid A antibodies
reacted much more strongly with lipid A incorporated in
phospholipid liposomes than with it in free form,
whereas the corresponding data for LPS R595 gave no
difference between the endotoxin incorporated in lipo-
somes and in free form (58). However, this interpreta-
tion should not be overemphasized because different
substitution of the two endotoxins with arabinose, for
example, (see Fig. 1) in nonstochoimetric amounts
might lead to different chemical environments of the re-
spective phosphate groups resulting in undefinite
changes of the bandwidth.

Only limited data are available for a comparison of the
results on endotoxins, i.e., those of Naumann et al. (7,
35) for the lipid A /water and LPS Re/water systems. In
contrast to the corresponding data shown here, these au-
thors found only lamellar structures in the temperature
range 10-60°C. This disagreement might possibly be
due to the distinct lyotropic behavior of endotoxins, i.e.,
the water content of the samples investigated by Nau-
mann et al. were “fully hydrated” (a definite lipid / water
ratio was not given) and might therefore not exceed a
value of 50% water content, which was found to be the
lower limit for the occurrence of nonlamellar structures
(14, 15). Considering the IR spectroscopic measure-
ments, the results from the evaluation of some vibrations
from the hydrophobic moiety, particularly »,(CH,), are
in full accordance with the present investigation. A di-
rect comparison to the behavior of vibrations from the
interface region, i.e., the ester carbonyl stretching bands
is not possible in a straightforward way due to the lack of
knowledge of the precise water content. However, the
behavior of the peak position of the lowest frequency
ester band for aqueous lipid A was reported to be at least
qualitatively similar to our observations (Fig. 10 @), i.e.,
in Naumann et al. (35), above T, a jump in the peak
position from 1,712.0 to 1,717.0 cm™! was found.

CONCLUSIONS

The approach of this article was to correlate x-ray spec-
troscopically determined supramolecular structures of
endotoxins with characteristics of various IR bands origi-
nating from different regions of the molecules. It could
be shown that supramolecular reorientations lead to
changes, particularly in the band position of vibrations
from the interfacial region, but that changes in ambient
parameters might cause the same effect. However, the
behavior of band intensities and widths allow a clearer
differentiation between the influence of a pure change of
ambient parameters and a concomitant change in the
physical three-dimensional structure.

The relative invariance of the phosphate vibrations is
of special interest. It is known that the phosphate groups
are essential for the biological activity of endotoxins (2)
and that they display, furthermore, characteristic anti-
body specificities (58). Therefore, a more detailed study
of the interrelationship between the biological reactivity,
the supramolecular conformations, and the mobility of
the phosphate groups of endotoxins might provide fur-
ther insight in the interaction mechanisms.

Furthermore, the determination of absolute band pa-
rameters, particularly of vibrations from the interface
region for different endotoxin preparations that also in-
cludes those with a more complete core oligosaccharide
(LPS from Rd to Ra mutants), should be subject to fur-
ther studies applying curve-fitting procedures of the origi-
nal spectra after deconvolution (32}, thus allowing the
precise reconstitution of the original spectra.

The results of this study should be confirmed in fur-
ther investigations also on phospholipids allowing a di-
rect structural determination without the need of x-ray
diffraction measurements. This would be highly advan-
tageous because IR measurements can be performed
quickly, are applicable over a wide range of water con-
tent, and, most importantly, require only small sample
amounts.
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