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Abstract

Synthetic lipid A analogues and partial structures were analyzed and compared with natural hexaacyl lipid A from E.
coli applying Fourier transform infrared spectroscopy. The investigations comprised (i) the measurement of the B < «
phase transition of the acyl chains via monitoring of the symmetric stretching vibration of the methylene groups, (ii) an
estimation of the supramolecular aggregate structures evaluating vibrations from the interface like ester carbonyl and
applying theoretical calculations (iii) a determination of the inter- and intramolecular conformations monitoring functional
groups from the interface and the diglucosamine backbone (ester carbonyl, phosphate). The phase transition temperature T,
was found to be nearly a linear function of the number of acyl chains for most bisphosphoryl compounds indicating
comparable packing density, whereas the deviating behaviour of some samples indicated a higher packing density. From the
determination of the supramolecular aggregate structures (cubic, H,,) of natural hexaacyl lipid A by X-ray small-angle
diffraction, the existence of the same aggregate structures also for the synthetic hexaacyl lipid A was deduced from the
nearly identical thermotropism of the ester carbonyl band. From this, a good approximation of the supramolecular structures
of al synthetic samples was possible on the basis of the theory of Israelachvili. The analysis of the main phosphate band,
together with that of the T. data and former colorimetric results, allowed the establishment of a model of the intermolecular
conformations of neighbouring lipid A /LPS molecules. The biological relevance of the findings is discussed in terms of the
strongly varying biological activity (between high and no activity) of the samples. © 1997 Elsevier Science B.V.
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1. Introduction be significantly lower than that of the parent LPS

[3,4]. It was furthermore found that lipid A variants

Lipopolysaccharides (LPS), the endotoxins of
gram-negative bacteria, consist of an oligo- or poly-
saccharide chain covalently linked to a lipid moiety
termed lipid. Lipid A has been shown to constitute
the ‘endotoxic principle’ of LPS [1,2], athough in
some biological test systems its activity was found to

* Corresponding author. Fax: + 49-4537-188632.

exist which deviate from the common structure of
enterobacterial lipid A, a diphosphoryl diglucosamine
acetylated with up to seven hydroxylated fatty acid
residues in ester or amide linkage. These lipid A
variants are found, for example, in Rhodobacter
capsulatus with only 5 acyl chains (and a length, on
the average, of only C-12) and exhibit no biological
activity despite identical backbone [5]. These obser-
vations provoked the discussion of requirements for
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the chemical structure to be fulfilled to induce endo-
toxicity. It was found that the minimal structure of
lipid A expressing biological activity is a backbone
composed of two hexosamine saccharides, which are
substituted by two phosphates and six fatty acids with
defined chain length (not too short and not too long,
preferentially C-14, [2,6]) as present in lipid A from
E. coli. For a detailed study of the dependences of
biological activity on chemical structure of lipid A-
like samples, previously various synthetic lipid A
analogues and partial structures had been synthesized
[7,8]. These compounds exhibited pattern of different
biological activities ranging from high endotoxicity
like interleukin induction in macrophages for com-
pound ‘506', counterpart of the natural hexaacyl lipid
A from E. coli, to complete inactivity for compound
‘406', at least in human-derived macrophages, the
latter compound corresponding to the tetraacylated
lipid A precursor la or IVa[9-13].

It may be obvious that the physical-chemical char-
acteristics of lipid A samples differing in their pri-
mary chemical structure, i.e., mainly in the acylation
patterns are different in aqueous suspensions. This
refers to physical parameters like critical aggregate
concentration (CAC, also called critical micellar con-
centration CMC which, however, may be misleading
as not necessarily micellar structures are formed above
the CAC), the B < o gel to liquid crystalline phase
transition with transition temperature T_, and the form
and shape of supramolecular aggregates (three-di-
mensional supramolecular structure, [14-16]). Fur-
thermore, also conformations of the various func-
tional groups like ester and phosphate should be
influenced by changes in the chemica structure.
Moreover, these physical parameters are, of course,
interdependent. For example, an increase in the vol-
ume of the hydrophobic moiety by addition of an
acyl chain will lead to a reduction of the CAC, to an
increase of T, and to a stronger tendency to assume
nonlamellar inverted structures. Concomitantly, intra-
and intermolecular conformations should vary due to
changing abilities for hydrogen bonding.

The aims of the present study were the determina-
tion of the B & o gd to liquid crystaline phase
behaviour of the hydrocarbon chains, an approxima
tion of the supramolecular aggregate structures and
changes between them, and the determination of the
intramolecular, within the single molecules, and in-

termolecular conformations, the relative orientation
of neighbouring molecules within the aggregates, of
synthetic lipid A analogues and partia structures at
37°C. The measurements were performed with
Fourier-transform infrared (FTIR) spectroscopy at
high water content to guarantee near physiological
conditions. The phase behaviour was elucidated by
evaluating the symmetric stretching vibration of the
methylene groups. For the determination of the supra-
molecular structure, small-angle X-ray diffraction was
performed with natura lipid A from E. coli as
‘standard’. As for the latter technique high amounts
(20 to 30 mg) are needed, an attempt was made to
determine the three-dimensional supramolecular
structures and changes between them with IR spec-
troscopy, which affords only minor amounts (< 1
mg) of the samples. This was performed by analysing
infrared bands in particular from the interface region,
which were shown previously to react sensitively to
transitions between, for example, lamellar (L) to
nonlamellar cubic (Q) or cubic to inverted hexagonal
(H,,) structures found in preparations of deep rough
mutant LPS or lipid A from Salmonella minnesota
[17,18]. In this way and also including theoretical
calculations on the molecular geometry on the basis
of the theory of Israelachvili and co-workers [19,20],
an approximation of the structural preferences of the
different synthetic lipid A partial structures was pos-
sible. A determination of their aggregate structures
should be of importance because it was found that the
preference to adopt, at least partially, nonlamellar
inverted structures is connected directly with the
ability of these molecules to express biological activ-
ity [16,21-23]. Finaly, a detailed study of various
IR-active vibrational bands from the polar region like
phosphate and ester was performed at 37°C to get
closer informations on intra- and intermolecular inter-
actions. This allows, together with the data from the
three-dimensional supramolecular structures, to ex-
amine possible molecular prerequisites for endotoxic
activity.

2. Materials and methods

2.1. Lipid A samples and synthetic structures

In Fig. 1, the chemical structures of the synthetic
lipid A analogues and partial structures are given.
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R a 4 S
R® R
Substituents
Sample Rt R2 R R4 X Y
516 G140Cq Cy4-OH C14-0-C1n C14-0-Cyy P P
514 C,s0-C 16 Cy4-OH C14-0C1z Ci4-0-Cy4 H P
506 C;4-OH Cy4-OH C14O-Cra C14-0-C14 P P
505 C,4-OH Cy4-OH C140-C1p C14-0-Cy4 P H
504 C140H Cy4-OH C4-0-C1a Cy4-O-C1s H P
LA20-PP C140-C1e Cy4-OH C140H Cy4-OH P P
LA21-PP C140H Cy4-OH C;4+0Cys Ci4-OH P P
406 C140H Cy4-OH Cy4-OH C14-OH P P
606 Cy4-OH H Ci4-OH H P P
LA18-PP C14OH Ci4 Cy4-OH Cia P P
LA17-PP Ciq Cisg Cia C1s P P

Fig. 1. Chemical structures of lipid A analogues and partial structures. Explanation: C,,—OH, ( R)-3-hydroxy-tetradecanoyl; C,,~O0—-C,,
(R)-3-(dodecanoyloxy)-tetradecanoyl; C,,—O—C,,, ( R)-3-(tetradecanoyloxy)-tetradecanoyl; C,,~O-C,;, (R)-3-(hexadecanoyloxy)-tetra-

decanoyl; P, phosphates (H ;PO; ).

They were synthesized as described previously
[7,24—26] and are present in the triethylamine (Ten)
salt form. Natural lipid A was isolated from LPS of
the deep rough mutant strain F515 of E. coli by
acetate buffer treatment, purified, and converted to
the Ten salt form. It differs from compound ‘506’
only by the presence of nonstoichiometric sub-
stituents in minor amounts. Triacylated natural lipid
A was a kind gift of U. Zahringer (Div. of Immuno-
chemistry, Forschungszentrum Borstel). It is substi-
tuted by C,,—~O-C,, in R® and by C,,—OH in R!
position.

2.2. Sample preparation

All lipid samples were prepared as agueous sus-
pensions at high water content, i.e., 96% water con-
tent corresponding to ca. 20 mM lipid concentrations
in the case of the infrared measurements, and 80%
water content in the case of the X-ray diffraction
experiments. For some synthetic products, the sam-
ples were prepared also at a lower water content
(75% corresponding to ca. 170 mM lipid concentra-
tion in the case of the hexaacyl lipid A). In all

experiments, the lipids were suspended directly in
HEPES buffer and were temperature-cycled at least
twice between 4 and 70°C and then stored at 4°C at
least 12 h before measurement.

The synthetic phospholipid dipalmitoyl phos-
phatidylcholine (DPPC), used as reference lipid, was
purchased from Avanti Polar Lipids (Birmingham,
AL).

2.3. FTIR spectroscopy

The infrared spectroscopic measurements were
performed on a FTIR spectrometer ‘5-DX’ (Nicolet
Instruments, Madison, WI). The lipid samples were
placed in a CaF, cuvette separated by a 12.5 pum
thick teflon spacer. Temperature-scans were per-
formed automatically in the range from 10 to 65-80°C
with a heating rate of 3°C/5 min. Every 3°C, 50
interferograms were accumulated, apodized, Fourier
transformed, and converted to absorbance spectra.

For strong absorption bands, the evauation of the
band parameters (peak position, band width, and
intensity) was performed with the origina spectra, if
necessary after subtraction of the strong water bands.
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Thus, the position of the peak maxima could be
determined with a precision of better than 0.1 cm™?.
In the case of weak absorption bands, resolution
enhancement techniques like Fourier self-deconvolu-
tion [27] were applied after base line subtraction. The
choice of the three parameters bandwidth, resolution
enhancement factor and Gauss/Lorentz ratio impor-
tant in this procedure was done as described recently
[18]. In the case of overlapping bands, in particular
for the anaysis of the ester carbonyl »(C=0O) and
phosphate vibration »,(PO; ), curve fitting was ap-
plied using a modified version of the CURFIT proce-
dure written by Moffat (NRC, Ottawa). An estima-
tion of the number of band components was obtained
from deconvolution of the spectra, and the curve fit
was then applied within the original spectra after
subtraction of base lines resulting from neighbouring
bands. Similar to the deconvolution technique, the
bandshapes of the single components are superposi-
tions of Gaussian and Lorentzian bandshapes. Best
fits were obtained by assuming a Gauss fraction of
0.55-0.60.

The B  a phase behaviour was monitored by
using the peak position of the symmetric stretching
vibration »(CH,). The phase transition temperature
T. can be determined by taking the midpoint of the
intersection of the tangents in the gel phase with that
of the inflection point of the transition range, and the
intersection of the latter with the tangent in the liquid
crystalline phase.

2.4. Small-angle X-ray diffraction

Small-angle X-ray diffraction measurements of
natural E. coli-lipid A were kindly performed by
M.H.J. Koch at the European Molecular Biology
Laboratory outstation at the synchrotron radiation
facility HASYLAB (c/0 DESY, Hamburg) using the
double focusing monochromator-mirror camera X33
[28]. Diffraction patterns in the range of the scattering
vector 0.07<s<1 nm ! (s=2sn@/n\, 20=
scattering angle, A = wavelength=0.15 nm) were
recorded with an exposure time of 2 min using a
linear detector with delay line readout [29]. The
wavelength calibration was done with tripalmitin hav-
ing a periodicity of 4.06 nm at room temperature.

The measurements were performed between 20
and 80°C in intervals of 10°C. In the diffraction

patterns presented here, the logarithm of the diffrac-
tion intensity log | is plotted vs. s, and the evalua-
tion of the X-ray diffraction patterns was achieved
according to procedures described previously [14,15].

2.5. Calculation of the critical packing parameter

According to the theory of Israglachvili and co-
workers [19,20], the supramolecular structure of lipid
aggregates obtained by packing of a large number of
single molecules can be approximated by simple
geometric parameters like the cross-sections of the
hydrophilic and hydrophobic moieties. Thus, only the
optimal surface area per molecule a, of the polar
headgroup, the critical chain length | of the hydro-
carbon chains which is dightly smaller than the
extended chain length, and the volume v of the
hydrophobic moiety should be known. The values of
[, and v can be estimated from eguations given by
Tanford [30] to

v = (0.0274 + 0.0269n) nm? and
|, = (0.154 + 0.1265n) nm

per saturated hydrocarbon chain with n carbon atoms.
From a knowledge of |, », and a, the ‘critical
packing parameter’ &= v /(a,l,) can be calculated,
which is a determinant for the aggregate structure
adopted by the lipids. At ¢ < 1/2, spherical micelles
or cylindrical micellar structures like H, in the range
1/2<é<1 flexible or planar bilayers (lamellar
structures), and at £ > 1 inverted structures of cubic
symmetry or the inverted hexagona (H,) structure
are formed. The most uncertain parameter in the
above estimations is a,, as its value may strongly
depend on ambient conditions like temperature and
hydration of the headgroup, and, in particular for
negatively charged lipids, on the kind and concentra-
tion of counterions necessary for compensation of
negative charges. Therefore, a reliable prediction of
the supramolecular aggregation is only possible if
experimental results of reference substances for an
approximation of a, are available.

3. Reaults

Three different vibrational bands were analyzed in
detail:
(i) the symmetric stretching vibration v(CH,) be-
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Fig. 2. Peak position of the symmetric stretching vibration
v{CH,) in dependence on temperature for synthetic bisphospho-
ryl lipid A analogues and partial structures with two (‘606'), four
(“406'), six (‘506'), and seven (‘516') acyl chains.

tween 2880 and 2820 cm~*! for the determination of
the B < o phase transition, (ii) the ester carbonyl
stretching vibration »(C=0) between 1760 and 1700
cm~! as indicator for changes in supramolecular
aggregate structure and intra- and intermolecular con-
formations, and (iii) the antisymmetric stretching vi-
bration of the negatively charged phosphates v, (PO )
between 1300 and 1180 cm™*! for intra- and inter-
molecular conformations.

3.1. B © « phase transition

The peak position of the »(CH,)-vibrationa band,
known to be a sensitive marker of lipid order [31],

was evaluated for the different compounds. In Fig. 2,
results are presented for some compounds with iden-
tical backbone, but different acylation patterns,
namely ‘606" with two, ‘406" with four, ‘506" with
six, and ‘516" with seven acyl chains (compare Fig.
1). Clearly, the temperature T, of the phase transition
increases with increasing number of hydrocarbon
chains. As was found previously, the wavenumber
values should lie around 2850 cm™* in the gel phase
and around 2852 to 2853 cm ~* in the liquid crys-
talline phase, it can be deduced that compound ‘ 606’
isnot at al, and ‘406" only partialy in the gel phase
in the observed temperature range. Therefore, T, can
only be roughly approximated for compounds ‘ 606’
and ‘406’ lying below 0°C for the former and around
15 to 20°C for the latter. In Fig. 3, T, is plotted vs.
the number of the acyl chains for the different lipid
structures. Also included is the T_-value for a natural
triacylated lipid A partia structure. Obvioudy, a
nearly linear relationship exists between the value of
T. and the number of acyl chains for the samples
with hydroxy fatty acids, i.e., ‘606, triacyl lipid A,
‘406', LA21-PP, '506’, and ‘516'. The T, of LA20-
PP, carrying three acyl chains at the reducing and two
at the nonreducing glucosamine, deviates from this
linearity. The observation of linearity implies that the
hydrocarbon chain packing density of all samples are
similar. Therefore, deviation from linearity to higher
T.-values (LA20-PP) indicates an increase in packing
density. It becomes furthermore obviousin Fig. 3 that
the number of hydroxy groups in the hydrophobic

Table 1
Phase transition temperature T, for all investigated lipid A analogues and partia structures
Sample No. of acyl chains T. Remark
(°C)
606 2 <0 At 0°C highly fluid
LA-17-PP 4 39 No 3-OH groups
LA-18-PP 4 30 Two 3-OH-groups
406 4 20 Lipid A precursor 1Va, 4 OH-groups, transition very broad
LA-20-PP 5 50 Precursor Ib, 3 acyl chains at the reducing, 2 at the nonreducing glucosamine
LA-21-PP 5 31 Two acyl chains at the reducing, 3 at the nonreducing glucosamine
503 6 75 Dephosphoryl lipid A-analogue
504 6 43 Monophosphoryl lipid A-analogue
505 6 48
506 6 43 Bisphosphoryl analogue of E. coli-lipid A
514 7 (38 Wesakly expressed, further transition at 58°C
516 7 48 Analogue of heptaacyl fraction of S minnesota-lipid A
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Fig. 3. B & a phase transition temperature T, for various syn-
thetic lipid A analogues and partial structures and a natura
triacyl lipid A in dependence on the number of acyl chains. Solid
line: Regression line obtained for the samples listed below the
x-axis. The error bars result from the uncertainty to determine the
inflection points of the curves in Fig. 2. For ‘606’ (*), T, was
obtained from an extrapolation.

moiety influences T,. The removal of two (LA18-PP)
or even four (LA17-PP) hydroxy groups leads to a
considerable increase of T_, due to the increase in
hydrophobicity.

The data for T, are summarized in Table 1 for all
compounds investigated. Also included is the syn-
thetic compound ‘503 lacking the two phosphate
groups at positions X and Y in Fig. 1. ‘503" exhibits
in the gel phase a relatively high conformational
disorder indicated by the peak position of »(CH,)
lying at 2851.2 cm™*. Interestingly, the T_-value of
the synthetic monophosphoryl lipid A counterpart
‘504" bearing the 4'-phosphate is the same as that of
the synthetic bisphosphoryl sample ‘506’, whereas
the synthetic monophosphoryl compound bearing the
1-phosphate, ‘505, has a significantly higher T..

From the peak position of »(CH,) at 37°C (see
vertical line in Fig. 2) the state of order of the acyl
chains for the different compounds can be estimated
to be very low (high ‘fluidity’) for the diacyl and
tetraacyl compounds ‘606’ and ‘406', respectively,
and very high for the hexaacyl and heptaacyl prod-
ucts. The two other tetraacyl compounds have, as
compared to ‘406', increasing chain order in the
sequence LA18-PP (two hydroxy groups) and LA17-
PP (no hydroxy groups). Interesting is also the differ-
ent acyl chain packing of compounds LAZ20-PP and

LA21-PP, being high for the former (3/2 configura
tion of the acyl chains) and medium for the latter
(2/3 configuration).

3.2. Three-dimensional structure

For the determination of the three-dimensional or-
ganization of lipid aggregates in agueous suspen-
sions, small-angle X-ray diffraction is usualy the
method of choice. However, even when synchrotron
radiation with its extremely high brilliance is used,
till 20 to 30 mg of lipid are necessary as a minimum
for a reliable determination of the supramolecular
structure under near physiological conditions (> 80%
water content). These large amounts are very often
not available. To overcome these limitations, another
approach was chosen.

(i) By applying synchrotron radiation X-ray
diffraction, the supramolecular structures, which for
endotoxins comprise lamellar (L), cubic (Q), and
inverted hexagona (H,,), and the transitions between
them were determined under near physiological con-
ditions in the temperature range 20 to 80°C for
hexaacy! lipid A from E. coli.

(ii) The same lipid A batch measured with X-ray
diffraction was anadyzed in paralel by IR-spec-
troscopy and then used as a ‘calibration standard’ to
assign particular characteristics of band contours and
their changes to supramolecular structures and to
structural transitions.

This is readily feasible since structural transitions
likeL « H,, or cubic Q « H, are accompanied by
characteristic changes of IR-active band contours in
the interface region like ester and amide, as was
recently found for LPS Re from S. minnesota R595
[18]. In particular, the most pronounced changes of,
e.g., bandwidth and peak position, can be observed at
the transition into H,,, either from a cubic or a
lamellar structure. Moreover, the peak position of
some band components can be characteristic for a
particular supramolecular structure, e.g., in the case
of the H,, structure.

(iii) The behaviour of natural lipid A was then
compared with that of the synthetic counterpart, the
hexaacy! lipid A analogue ‘506'. Thisis a reasonable
approach, because the main component of lipid A
from E. coli is a hexaacyl lipid A (content > 80%)
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Fig. 4. Small-angle X-ray diffraction patterns for lipid A from E.
coli LPS F515 at 80% water content and [lipid Al[Mg?* ] 10:1
M in the temperature range 20 to 80°C. For the diffraction
patterns at 40 and 80°C, the spacing ratios of the reflections
d=1/s are given.

identical to ‘506'. From this comparison, it should
then be possible to obtain data on the structural
preferences of this synthetic compound only from
infrared data.

(iv) From the results for compound ‘506’, also an
approximation of the supramolecular structures of the
other synthetic lipid A analogues and part structures
like heptaacyl lipid A ‘516" can be obtained on the
basis of the theory of Israglachvili [19,20]. The re-
sults for the former compound should give a reason-
able estimate of the optimal surface area/molecule
a,, which should, in first approximation, be similar
for al synthetic products with identical backbone.
Therefore, for the bisphosphoryl compounds the criti-
cal packing parameter can be calculated and, with
that, an estimate of their structural preferences.

Small-angle diffraction patterns for lipid A are
presented in Fig. 4 in the temperature range 20 to
80°C at 80% water content. A detailed analysis (for a
nearer description of the methodology see former
publications [14,21,33,34]) shows the occurrence of
mixed cubic (Q,) /lamellar (L) structuresin the range
20 to 50°C, a pure cubic (Q,) structure between 50
and 70°C, and the H, structure above 70°C. For

Absorbance (rel.units)

Absorbance (rel.units)

| NI BN N ST N |

~
77°C 82°C

T T T T
1760 1750 1740

T T T T T

1730 1720 1710 1700

Wavenumber (cm'1)

Fig. 5. Deconvoluted spectra in the range of the ester carbonyl stretch »(C=0) for lipid A from E. coli LPS F515 (A) and synthetic
hexaacyl lipid A ‘506’ (B) at various temperatures and at a water content of 75%. Deconvolution parameters: 26,/1.6 (bandwidth /resolu-

tion enhancement factor).
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example, at 40°C reflections are found at 8.66, 4.56,
3.06, 2.29, 1.85, and 1.51 nm, which can be grouped
into 3.06 nm =d,/y8, 2.29 nm = d,/y/14, 1.85 nm
=do/y22, and 1.51 nm =d,/y32, with d, = 8.70
nm as cubic periodicity and a remaining lamellar
structure with d, = 4.56 nm. The intermediate cubic
structure Q, is not resolvable in a straightforward
way. At 80°C, the reflections at d, = 5.75 nm and
336 nm=d,/y3 and 286 nm=d,//4 prove the
existence of the H,, structure. Therefore, from these
measurements a thermotropism Q,/L « Q, « H,
can be derived, and the former transition seems to be
roughly connected with the B & a chain melting
process.

The IR-analysis was performed by procedures de-
scribed earlier [18], and comprises the temperature
dependences of the band position and bandwidth of
deconvoluted spectra from the ester and amide groups,
in particular their low frequency components, which
were shown to respond sensitively to changes in
supramolecular organization. As an example, the es-
ter band contours (deconvoluted spectra) are plotted
for lipid A from E. coli (Fig. 5A) as well as for its
synthetic analogue ‘506" (Fig. 5B) at some selected
temperatures showing drastic changes in particular of
the low frequency band at 1710 cm~ % A detailed
analysis of the temperature dependence of this band
is given in Fig. 6 for lipid A (A) and is compared
with the respective behaviour of the synthetic sam-
ples ‘506’ and ‘516" (B). For the natural lipid A, the
transition into H,, around 75°C is clearly expressed
as proven by the shift of the band position to higher

Table 2

17164 A "L
1714 4 /
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Fig. 6. Peak position of the low frequency band component of the
ester carbonyl stretch »(C=0) in dependence on temperature for
lipid A from E. coli LPS F515 (A) and synthetic lipid A
anaogues hexaacyl ‘506" and heptaacyl ‘516" (B). The evalua
tion was performed with deconvoluted spectra as given in Fig. 5.

wavenumbers. Similarly, the Q,/L < Q, transition
a 50 to 55°C becomes apparent by an increase in
band position analogously to the behaviour previ-
ously shown for the Q; « Q, transition of LPS Re
[18]. Importantly, for ‘506" the spectral features seem
to be very much alike those of lipid A, slight increase
of the wavenumber at 50 to 60°C and a stronger one
around 70°C. This indicates a similar structural se-
quence Q, (or Q,/L), Q,, H, for the synthetic
compound. Furthermore, from the absence of any
significant change in peak position over the entire
temperature range for the heptaacyl lipid A analogue

Critical packing parameter ¢ and prediction of supramolecular structures deduced from ¢ for various synthetic compounds

Compound No. of

Critical packing Supramolecular Remark

acyl chains parameter ¢ structure
(prediction)

‘606’ 2 0.33 Micellar (M)
Triacyl lipid A 3 0.49 M or L Measured: Micellar H, (unpublished)
LA17-PP 4 0.66 L
LA18-PP 4 0.66 L
‘406’ 4 0.66 L Measured: L for lipid A from Rb. capsulatus[22]
LA20-PP 5 0.83 L
LA21-PP 5 0.83
‘506’ 6 >1.00 Qand/or H,, Measured: Q at 40°C, H |, at 70°C for lipid A from E. coli [14,18]
‘516’ 7 1.28 Q/H,

The measured supramolecular structures in the right column were obtained from some natural isolates with high structural similarity to

the respective synthetic products.
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‘516" the existence of transitions between mixed
cubic/lamellar and pure cubic or between pure cubic
structures as well as those into the inverted hexagonal
phase can be excluded, whereas a natural heptaacyl
lipid A isolated from the thermosensitive sscl mutant
of S thyphimurium SH7622 [35] exhibits a drastic
change of band parameters (position and bandwidth)
of the low frequency ester and amide Il band compo-
nents directly above T, identical to that of ‘516" at
48°C (data not shown).

From the application of the theory of Israglachvili
a lower limit for the critical packing parameter of
&= 1 (boundary lamellar /inverted) for lipid A and
‘506" can be assumed. Applying the formula intro-
duced by Tanford for the space requirement of the
hydrophobic moiety » and the critical chain length
|, the optima area/molecule can be calculated to
a, = 1.273 nm? assuming that all C14—OH or C14—
O-C,, chains have an effective chain length of C12
(this assumption might be justified because of the
existence of the 3-OH or 3-O—acyl groups). In Table
2, predictions of the supramolecular structural prefer-
ences are given for all compounds with identical
(bisphosphoryl diglucosamine) backbones. As é=1
for ‘506’ is a lower boundary, the values of a,
might, realistically, be lower and, with that, the struc-
tures given in Table 2 might be more inverted as
listed in the table. Due to the fact that values of a,
are not known for the monophosphoryl products ‘504’
and ‘505, the supramolecular structures of these
compounds cannot readily be estimated. However, if
it is assumed that the value of a, is lower than that
of ‘506" because of the smaller backbone and re-
duced repulsive forces between adjacent phosphate
groups, ¢ might be estimated to be > 1, i.e., inverted
structures should be expected also for the monophos-
phoryl compounds.

For the triacylated compound we have found a
micellar H, structure (own unpublished results). This
result is completely in agreement with the prediction
given in Table 2 as H, structures are expected to
appear a the border micellar /lamellar. The predic-
tions for the tetraacyl samples can be related directly
to structural determinations of lipid A from
Rhodobacter capsulatus having a similar volume of
its hydrophaobic portion and adopting a clear multi-
lamellar organization [22]. The synthetic heptaacyl
sample should have a clear tendency to adopt an

inverted structure, presumably H,, at least above the
phase transition temperature (48°C), whereas, surpris-
ingly, the IR data presented in Fig. 6 exclude this
possibility.

3.3. Intra- and intermolecular conformations at 37°C

Beside the determination of the organization of
large numbers of individual molecules within a
macroscopic aggregate (supramolecular structure), the
analysis of individual functional groups is of funda-
mental importance for the determination of intra- and
intermolecular conformations in particular when re-
garding experimental findings that endotoxicity could
be mainly exerted by monomers or small oligo- or
polymers [36,37]. The phosphate groups belong to
one of the most important functional groups, espe-
cially when considering that the existence of at least
one phosphate group was found to be essential for the
expression of endotoxic activity [6].

A comprehensive analysis was performed with the
antisymmetric stretching vibration of the negatively
charged phosphate v, (PO, ) in the wavenumber range
1300 to 1180 cm™* applying curve fitting procedures
as described in Section 2. It should be emphasized,
that this vibrational band usually consists of two or
more single components, the location and intensity of
which are connected with different degrees of hydra-
tion [38]. Thus, band components corresponding to
undisturbed vibrations can be found in the wavenum-
ber range 1250 to 1265 cm™!, whereas vibrations
disturbed by water adsorption give rise to bands
between 1230 and 1245 cm™?, and for extremely
high hydration at 1200 to 1225 cm™*. In Fig. 7a, the
spectral range 1320 to 1180 cm™! is plotted for the
synthetic samples with identical acyl moiety but dif-
ferent phosphate substitution. Presented are the single
band components obtained by curve fitting, their sum
is nearly identical with the origina spectrum (en-
velope curve, thick line). For ‘506, beside the small
band at 1261 cm™ !, one strong band at high
wavenumbers, one smaller component at medium and
one strong and broad band at lower wavenumbers
(see dso Table 3) are obtained. For the monophos-
phoryl samples ‘504" (only 4'-phosphate) and ‘505’
(only 1-phosphate) a complex splitting of the band in
single components is observed which cannot readily
be assigned to the respective 1- or 4'-phosphate
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Fig. 8. Spectrain the wavenumber range of the ester carbonyl stretch »(C=0) and single band components obtained from curve fitting
for hexaacyl lipid A analogues ‘504" (1-phosphoryl), ‘505" (4'-phosphoryl), and ‘506" (bisphosphoryl). Spectra were obtained at 37°C and

at 75% water content.

groups. Whereas for ‘505" two dominant components
around 1207 and 1237 cm™* and a higher wavenum-
ber component with a much lower intensity were
found, the situation for ‘504" is just the opposite with
the two most abundant band components around 1268
and 1250 cm™*. This implies a much stronger hydra-
tion of the 1- as compared to the 4'-phosphate. Con-
sequently, in the spectrum of ‘506’, composed of the

contributions of both groups, a superposition of one
strongly hydrated state of the 1-phosphate and two
further states with medium to low hydration, pre-
dominantly caused by the 4'-phosphate are observed.
However, the band contour of ‘506" has a signifi-
cantly higher overall similarity to ‘505’ than to ‘504" .

In Fig. 7b, the influence of Mg?* on the hydra-
tiona states is presented exemplarily for hexaacyl

Fig. 7. Spectra in the wavenumber range of the antisymmetric stretch of the negatively charged phosphate v, (PO ) and single band
components obtained by curve fitting assuming a Gaussian fraction of 0.55 for (A) hexaacyl lipid A analogues ‘504’ (1-phosphoryl),
‘505 (4-phosphoryl), and bisphosphoryl ‘506', (B) hexaacyl bisphosphoryl lipid A at varying Mg2* concentrations, and (C)
bisphosphoryl lipid A analogues and partial structures with two (‘606'), four (‘406'), six (‘506’), and seven (‘516’) acyl chains. Spectra

were obtained at 37°C.
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Table 3

Single band components of the phosphate vibration »,(PO5)
with half-value width (full width at half height) and relative
intensities obtained from curve fitting of the original spectra

Sample/no. Position/ Half-value Rel.
acyl chains cm™?! width/cm™1 intensity
606 1281.5 29.7 0.17
1260.5 16.4 0.22
2 1251.4 25.9 1.00
1231.3 30.3 0.83
1206.1 30.4 0.56
406 1273.6 24.3 1.03
1245.6 314 1.00
4 1218.8 40.8 2.96
1198.0 19.9 0.38
LA17-PP 1256.7 25.0 0.52
1232.9 36.7 1.00
4 1206.6 323 0.23
LA18-PP 1253.0 324 1.10
1233.2 32.6 1.00
4 1213.3 17.0 0.08
LA21-PP 1261.5 11.2 0.10
1254.5 216 1.00
5 1235.6 28.1 0.76
12115 40.6 0.93
504 1268.4 20.9 0.49
1251.9 28.1 1.00
6 1232.3 317 0.65
1200.1 34.8 0.29
505 1256.8 12.9 1.00
6 1237.2 234 3.00
1207.6 211 2.34
506 1261.0 8.3 0.20
1253.1 16.3 1.00
6 12359 26.3 1.10
1205.7 442 1.50
506+ Mg?* 1264.6 64.1 6.70
31M 1247.4 118 1.00
1231.3 39.7 514
506+ Mg?* 1280.1 52.2 1.40
11M 1261.0 12.6 1.00
1245.1 112.6 1.27
514 1256.9 218 1.00
7 1241.8 51.1 3.70
1203.5 39.9 0.70
516 1281.0 21.2 0.31
1262.1 23.0 0.55
7 1249.9 237 1.00
1232.2 25.8 0.93
1209.8 32.7 0.76

The intensities are related to the normalized intensities of the
band components between 1260 and 1245 cm~*. The precision
of the band position can be estimated to be 2 cm™! obtained
from variations of the Gauss fraction in the range 0.50 to 0.65.

‘506'. At lower Mg?* content, the low-wavenumber
band component aready disappears, while an ex-
tremely broad high-wavenumber component is ob-
served. At higher Mg?" content, only two high-
wavenumber components exist indicating a complete
Mg?*-induced dehydration of the phosphate groups.

Finaly, in Fig. 7c the synthetic samples with
identical polar backbone but varying number of acyl
chains are compared. Although the locations of the
band components of ‘506’ and ‘516 are similar
(neglecting the weak band at 1281 cm™* for ‘516’
which does probably not result from the phosphates),
the relative band intensities for the band components
around 1250, 1230, and 1208 cm ™! are 1:1.1:1.5 for
‘506" and 1:0.93:0.76 for ‘516', respectively. This
implies that ‘516’ is in a more dehydrated state than
‘506’. Striking is the observation of the intense band
components in the spectrum of ‘406’ indicating ex-
tremely high hydration. The headgroup conformation
of ‘406’ seems to be changed completely as com-
pared to the other samples. This is valid not only at
37°C, but in the entire temperature range 15 to 50°C.
The phosphate group hydration of compound ‘606’,
which was shown to adopt a micellar structure (Table
2), is not very pronounced. It is lower than for ‘506’
and seems rather to be similar to that of the heptaacyl
‘616'. A complete picture of the splitting of the
v,{PO; ) band contour into the single components by
curve fitting is given in Table 3. The precision of the
band positions of the single components can be esti-
mated to be ca. 2 cm™?, which was deduced from
variations of the Gauss/Lorentz ratio in the range
0.50 to 0.65. From a comparison of the tetraacyl
compounds ‘406’, LA17-PP, and LA18-PP, again the
importance of the 3-OH groups becomes evident. The
data indicate an increase of the relative intensity of
band components due to lesser hydration (1253 to
1256 cm™*) for the samples with decreasing numbers
of OH-groups in the acyl chain region. The compari-
son of the monophosphoryl compounds ‘504 and
‘514" with 6 and 7 acyl chains, respectively, does not
provide evidence for strong differences in the hydra-
tion conditions but in the splitting of the bands with a
more homogeneous phosphate environment of sample
‘514" which may be connected with a changed three-
dimensional structure.

Also, the ester carbonyl stretching band contour
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already utilized above for the elucidation of changes
in the three-dimensional structure (Fig. 5) was ana-
lyzed for the hexaacyl synthetic compounds at con-
stant temperature (37°C) and at a water content of
75%, to avoid the superposition by the strong OH-
bending at 1650 cm~*. The results from curve fitting
of the origina spectra are given in Fig. 8 for the
samples ‘504’, *505’, and ‘506" and compared to that
of DPPC. It should be noted that the splitting of the
ester bands are batch-dependent. For example, the
spectrum for the DPPC batch obtained from Avanti
Polar Lipids was well-resolved whereas those from
batches from other origin were less resolved, the low
frequency band exhibiting only a dlight shoulder at
1725 to 1730 cm™ 1,

Clearly, the lipid A analogues exhibit a high inten-
sity frequency band component between 1708 and
1715 cm™?, which is only present with low intensity
or not a al for DPPC. The occurrence of the low
frequency component can be interpreted to result
from strong hydrogen bonding [39] of the synthetic
samples which is much lower, but still present (band
at 1725 cm™') for DPPC. It can clearly be taken
from Fig. 8 that the number of ester groups (4 in the
lipid A analogues, 2 in DPPC) is not responsible for
the ester carbonyl band splitting. The spectra of the
two monophosphoryl samples are surprisingly well-
resolved and very similar, but different from that of
‘506" clearly demonstrating the influence of phos-
phate substitution on the hydration of the interface
region. In particular, the location as well as the
intensity of the low frequency band indicates for
‘504" and ‘505" an even stronger hydrogen bonding
to the ester groups than for ‘506'. Furthermore, the
addition of Mg?* cations (data not shown) leads to a
change of the intensity ratio of the lower to the
medium frequency (1725 to 1730 cm™ 1) in favour of
the former which is indicative of an increase of water
binding to the ester groups. This effect is only
marginal for ‘506, its low frequency band is a priori
relatively strong (Fig. 6b), but clearly expressed for
lipid A. Consequently, in the presence of Mg?* the
spectra of lipid A and ‘506 are very similar.

Compound ‘406" again behaves quite different
with respect to the position of the two low frequency
components at 1718 and 1738 cm ™! indicating differ-
ent conformations of the two remaining ester groups
(not shown).

4. Discussion
4.1. Phase transition temperature T,

The temperature T, of the B & a acyl chain
melting transition is for the 3-hydroxylated com-
pounds, except for LA20-PP, nearly linearly depen-
dent on the number of acyl chains (Fig. 3). From this,
a similar packing density of their hydrocarbon chains
can be deduced considering results found for satu-
rated C-12 to C18 lecithins, which show a nearly
linear increase of T, and AH, with increasing acyl
chain length [40]. In a similar way, the increase of the
T.-values for the tetraacyl compounds from ‘406’
(four OH groups) over LA18-PP (two OH-groups) to
LA17-PP (no OH-groups) is an expression of the
increasing hydrophobicity. Interesting is the higher T,
of the synthetic precursor Ib LA20-PP with 3 acyl
chains linked to the reducing and 2 to the nonreduc-
ing side of the diglucosamine as compared to that of
the isomer LA21-PP with a reversed linkage. This
emphasizes the importance of the linkage type and
the acylation pattern governing the packing density of
the hydrocarbon chains and should be important in
the light of known differences of lipid A structures
like that of the nonenterobacterial species Chro-
mobacterium violaceum. In this lipid A, the acyl
chains are linked in a 3 /3 configuration to the diglu-
cosamine [11] rather than in a 4/2 configuration as
for lipid A from E. coli and ‘506'.

4.2. Supramolecular structure

The characterization of the supramolecular struc-
ture of endotoxin aggregates in aqueous dispersions
is important for the determination of the molecular
shape of the individual molecules which was found to
be a determinant of endotoxicity of lipid A [22,32].
The method of choice for the elucidation of the
three-dimensional supramolecular structure is small-
angle X-ray diffraction. For this, however, also when
utilizing synchrotron radiation at least 20 to 30 mg of
sample material are required. Therefore, an indirect
approach was chosen by determining the aggregate
structures in dependence on temperature for the
‘calibration standard’ natural hexaacyl lipid A with
X-ray diffraction (Fig. 4) and correlating particular
changes of the ester band contours (Figs. 5 and 6) to
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the observed changes of the aggregate structure. The
fact that synthetic hexaacyl lipid A ‘506" exhibits the
same characteristic changes of the band contours
(Fig. 6) alows an assignment of this compound to an
inverted structure (cubic, H,) and, with that, to a
minimal value of the packing parameter of ¢= 1.
From this, a determination of the parameter a, is
now possible for all synthetic products with the same
diphosphorylated backbone and, with that, of their
three-dimensional structural preference. The approxi-
mation of a, does not consider a possible inclination
of the diglucosamine backbone with respect to the
membrane normal as proposed for the hexaacyl com-
pound (see next paragraph). Assuming an inclination
angle of 30° the decrease in the effective a, would
lead to an increase in ¢ by ca. 15% which, however,
would not change the predicted aggregate structures
of the tetra- to heptaacyl compounds. Only the triacyl
compound would now unequivocally adopt a lamellar
structure. For this compound, however, own X-ray
diffraction measurements indicate the existence of the
H, structure, preferentially occurring between M and
L structures, which is thus in excellent accordance
with the structural prediction.

It should be emphasized that detailed statements
on the thermotropic phase behaviour of the single
synthetic products cannot be given. The results for
one single compound, natura lipid A (Fig. 4), clearly
demonstrate the complexity of the aggregate struc-
tures occurring already at one fixed water content.
Therefore, for a knowledge of the detailed structural
polymorphism, each synthetic compound must be
analyzed separately. However, this was not in the
scope of the present paper. Rather, the basic tendency
for each compound to assume M, L, or inverted Q,
H, structures was the main interest and the results
seems to be of fundamental importance with respect
to the expression of biological activity (see later
paragraph).

Temperature-induced changes in supramolecular
structures are accompanied by characteristic changes
occurring in band contours of vibrations resulting
from the interface region like ester. The fact that the
heptaacyl compound ‘516" does not express such
changes, i.e., does not pass into the H, structure
(Fig. 6) above T, is difficult to understand from the
value of the critical packing parameter (Table 2) and
also in the light of the fact, that the natural heptaacyl

lipid A from S thyphimurium assumes the H,, struc-
ture above 50 to 55°C. One may speculate that a
higher affinity for lamellar structures for ‘516" as
compared to ‘506’ may have a noticeable effect on
the biological activity. And in fact, it was shown that
‘516’ is significantly less active than lipid A from E.
coli or ‘506’ in typica in vivo tests (lethality and
pyrogenicity) as well as in vitro systems (antigenicity
and macrophage activation [9-12]), whereas the natu-
ral heptaacy! lipid A showed similar activity as natu-
ral hexaacy! lipid A (A. Schromm, private communi-
cation). However, the lack of one of the two 3-OH
groups, the lower CAC, and the lower *solubility’ in
water for compound ‘516’ as compared to the hexaa
cyl samples may also modify the biological activity.

4.3. Intra- and intermolecular conformations

The analysis of the vibrational bands of the phos-
phates makes obvious considerable differences be-
tween the bisphosphoryl compounds (Fig. 7c). This
clearly emphasizes the importance of variations of
the acyl chain structure for the expression of various
different complex hydrational states of the two phos-
phate groups. In particular, ‘406" exhibits the highest
degree of hydration. This might be correlated with
the lamellar supramolecular structure of compound
‘406’ and, probably, the absence of any inclination of
its acyl chains with respect to the membrane normal
allowing a good access of water molecules to the
phosphate groups. Such access might be hampered
for the compounds ‘506" and ‘516" assuming inverted
structures and, possibly, aso an inclination of the
acyl chains with respect to the membrane normal (see
model below). However, the comparison with the
hydration states of ‘606’ with its micellar structure,
also alowing access of water to the phosphates,
indicates also other influences. For example, the high
amount of OH-groups in ‘406" might be important.
These strictly hydrophilic groups close to the back-
bone may lead to the formation of an ordered water
layer along the whole interface region including not
only the phosphate groups intra- but also intermolec-
ularly.

The results obtained from these conformational
studies, from data of the phase transition behaviour
and from former investigations [41,42] now allow to
give a schematic diagram of the packing of neigh-
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Fig. 9. Model of the intermolecular conformation of neighbouring
LPS molecules, Kdo = 2-keto-3-deoxyoctonate (further explana-
tion see text).

bouring lipid A molecules (Fig. 9). The lipid A
diglucosamine backbone is oriented at an angle of 20
to 40° with respect to the membrane normal with the
1-phosphate surrounded by a pure agueous environ-
ment, whereas the 4'-phosphate is buried in the back-
bone-close hydrophobic region probably facing the
3-hydroxy groups of the neighbouring molecule. The
existence of this particular intermolecular conforma-
tion is a new finding but is backed by several obser-
vations and considerations: (i) The results from the
phosphate band analysis indicate a highly hydrated 1-
and a much less hydrated 4'-phosphate, and the for-
mer state was strongest expressed in ‘506" (Fig. 7a).
(ii) Results from IR ATR measurements gave
dichroitic ratios of 1.10 to 1.25 for a sugar band at
1075 cm™!, which indicates an inclination of the
diglucosamine backbone as described above [41].

Computer model calculations also yielded a similar
inclination leading to a hexagonal dense packing of
the acyl chains similar as found for phospholipids
[43,44]. However, from the model calculations using
energy minimization techniques a reversed inclina-
tion was postulated, i.e., the 1-phosphate buried in
the hydrophobic part of the neighbouring molecules
and the 4'-phosphate directed towards the water phase.
Assuming an intermolecular conformation as pro-
posed here (Fig. 9), the computer calculations led to a
much more unfavourable packing of the acyl chains
being far away from a close packing [45]. However,
our model nevertheless seems to be redlistic in the
light of two further observations

(i) Some of the synthetic compounds, i.e., LA17-
PP, LA18-PP, and LA20-PP (Fig. 3) melt at a consid-
erably higher T.. From this, it may be deduced that
they have a significant closer packing of their hydro-
carbon chains than the respective isomers, in particu-
lar than the other synthetic products like ‘506" which,
again, cannot be closely packed.

(i) In calorimetric measurements it was found that
the enthalpies of the B < « acyl chain melting
transition for LPS R-mutants lies around 30 to 33 kJ
mol ~* (for lipid A even around 15 to 25 kJ mol %),
and is with that much lower than for saturated phos-
pholipids like DMPC and DMPE, if taken on the
basis of the total number of methylene groups [42].
Even if the effective length of the hydrocarbon chains
was assumed to be only C-12 due to the presence of
the OH-groups, the resulting 72 C-atoms should yield
A H-values around 72 kJ mol ~1. This again indicates
that the samples in Fig. 3 obeying the linear depen-
dence of T, versus acyl chain number are, due to the
existence of the 3-OH and 3-O-acyl groups, not
closely packed.

Furthermore, it should be considered that the com-
puter calculations were performed for single
molecules in vacuo, i.e., neglecting the influence of
water and neighbouring molecules and may, there-
fore, lead to wrong conclusions.

Our findings are in good agreement with the early
findings of Emmerling and co-workers[46] who stated
that ** the ordered state of the hydrocarbon chains was
less well developed than in most biological mem-
branes and lipids’. Instead of the 0.42 nm X-ray
wide angle reflection attributable to the p-type or-
dered conformation of the hydrocarbon chains (gel
phase), they found for hydrated E. coli wild-type
LPS one reflection at 0.433 nm which converted to a
diffuse reflection at 0.45 nm at 35°C typical for the
a-phase. In contrast, Labischinski et al. [44] found a
wide-angle reflection at 0.425 nm for dried samples
of lipid A, LPS Re, and LPS S-form which, however,
remained unchanged up to 50°C. Thus, these results
clearly indicate that the dried endotoxin samples al-
low a much higher packing density of the acyl chains
and, concomitantly, do not even undergo the B © «
transition. These results were confirmed by later in-
vestigations into the structural polymorphism of lipid
A and rough mutant LPS from S minnesota, in
which highly ordered multilamellar stacks were found
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at lower water content (<50%) and increasingly
unilamellar or nonlamellar structures at higher water
content [33,34].

4.4. Influence of Mg?*

Divalent cations like Mg?* and Ca?* are known
to be essential not only for the stability of the outer
membrane of the bacteria but also for the expression
of biological activity of endotoxin [46]. Furthermore,
it was shown previously that addition of Mg?* at
molar concentrations of [endotoxin):[Mg?*] <1 led
to (&) an increase of the T, values and of the states of
order in both phases and (b) to a transition into a
multibilayered organization from a nonlamellar or
mixed lamellar /nonlamellar (lipid A, short sugar-
chain LPS, i.e, mutants Re and Rd) or unilamellar
structure (longer sugar-chain LPS, i.e, Rc to Ra)
[16,21].

From the evaluation of intra- and intermolecular
conformations, performed exemplarily for ‘506,
drastic effects of Mg?* on hydration states could be
deduced. Thus, for example, a decrease in hydration
was observed for the phosphate groups but an in-
crease for the ester groups (Fig. 7b). The decrease
can be explained by a direct binding of Mg?* cations
to the negatively charged phosphate groups leading to
aloss of bound water, whereas the increase of hydra-
tion of the ester groups should be due to a more
indirect action of Mg?* cations which are known to
form a hydration shell. These ‘ hydrated cations' may
interact predominantly with uncharged but polar
groups of the interface region thus stabilizing the
intra- and intermolecular order leading, together with
the Mg?* bound to the phosphate, to an increase of
multilamellar structures.

4.5. Comparison with literature data

Although various investigations into the elucida-
tion of the B « o acyl chain behaviour and the
supramolecular arrangement of natural lipid A and
LPS preparations (see [14,33,42,43,46]) have been
performed, very few data are available regarding
biophysical studies on chemically well defined syn-
thetic lipid A and part structures. Thus, Naumann et
al. [48] found T_-values of 44 and 47°C for com-
pounds ‘506" and ‘516’, respectively, being in accor-

dance to our data. Labischinski et al. [49] reported on
conformational studies of bacterial and synthetic lipid
A partia structures comprising also the products
‘406', ‘506’, and ‘516'. These authors concluded in
accordance with our findings that the synthetic hep-
taacyl compound ‘516" revealed an unexpected con-
formational behaviour with a different acyl chain
packing than the other synthetic compounds and that
the ester carbonyl groups of ‘506" and ‘516 are
involved in much stronger hydrogen bonding as com-
pared to phospholipids like DPPC.

4.6. Correlation to biological activity

It was found previously that a peculiar conforma-
tion of lipid A is a prerequisite for the expression of
endotoxicity [1,4,47]. We have found that this confor-
mation should comprise a higher cross-section of the
hydrophaobic as compared to the hydrophilic moiety,
i.e,, a conica shape of the lipid A molecule leading
to nonlamellar inverted supramolecular structures of
the lipid A aggregates as observed in Fig. 4 [23,32].
The dependence of the peak position of the ester
band component (Fig. 6) on temperature for ‘506’,
which is identical to that of lipid A, now allows the
assignment of the aggregate structure also of this
compound to a mixed cubic/lamellar or pure cubic at
T <55°C, a second cubic at 55°C < T < 70°C, and
the H,, phase a T > 70°C. Furthermore, a definition
of the parameter a, and with that, a structural predic-
tion for the various bisphosphoryl products with two
(*606'), four (*406', LA17-PP, LA18-PP), and five
acyl chains (LA20-PP, LA21-PP) is now possible
(see Table 3). For al these compounds, no biological
activity has been reported [12,50,51] at least with
respect to cytokine production in human
monocytes,/macrophages. This should be due to the
missing ability of these products to adopt conical-
shaped conformations of the individual constituting
molecules as described above.

The structural preference of monophosphory! lipid
A samples could recently be determined for hexaacyl,
but also pentaacyl 4'-monophosphoryl lipid A sam-
ples from S. minnesota assuming at 40°C a cubic and
at 70°C a H,, structure ([23] and own unpublished
results). Furthermore, their acyl chain order does not
differ significantly from that of ‘506’. In these terms,
similar molecular conformation and acyl chain order,
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the lower biological activities [11,12] of ‘504" and
‘505" cannot be understood. The only striking differ-
ence between the mono- and the diphosphoryl sam-
ples as observed here is the ester carbonyl hydration
being much lower for the latter. An explanation for
differences in biological response could also be the
lower charge for the monophosphoryl samples which
changes the ‘solubility’ of the lipids, i.e., leads to
differences in aggregate size and stability, but also to
a smaler value of the CAC and, with that, to a much
smaller number of monomers/oligomers a a given
concentration.

It should be noted that compound ‘406, which
does not induce cytokines in human cell lines, may
act as a potent antagonist of endotoxin by suppress-
ing biological response completely when added in
molar excess to LPS [4,52,53]. However, it was
found that in murine-derived macrophages, it may act
also as relatively strong agonist with an activity being
one order of magnitude lower than LPS [54,55]. This
discrepancy is surprising when considering that other
antagonists like lipid A from Rhodobacter
sphaeroides have this property independently of the
cellular system selected.

Anyway, the prerequisite for the antagonistic ac-
tion of lipid A-like structures should be the cylindri-
cal conformation of individual molecules leading in
aggregated form to a lamellar supramolecular struc-
ture and the existence of a sufficient number of 3-OH
acyl chains. This could lead to peculiar intra- and
intermolecular conformations of single groups like
the phosphates (Fig. 7c) contrasting with the spectral
pattern of agonistic compounds. In this context, the
spectral behaviour of lipid A from Rhodobacter cap-
sulatus, exhibiting similar antagonistic potency as
*406’, should be mentioned. This lipid A givesrise to
avery similar spectrum as ‘406’ in the range 1320 to
1180 cm™~! with the highest intensity band compo-
nents corresponding to very high hydration and nearly
no component corresponding to low hydration of the
phosphate groups (own unpublished results). It has,
moreover, only one 3-OH group but two further
3-oxo groups. Therefore, a closer characterization of
these and other potent antagonists should be impor-
tant (lipid A from Rh. sphaeroides has two hydroxy
and one oxo group, [56]).

Many biological processes are influenced by the
acyl chain order [57], which can be roughly estimated

by the peak positions of »(CH,). It may be assumed
that biological action/activity may be enhanced for
more unordered acyl chains to facilitate interaction
with, e.g., target cell membranes. As the acyl chain
order, however, issimilar for compounds ‘504’ , ‘505’
‘506', and ‘516', whereas distinct differences are
observed with respect to their ability to induce cy-
tokines in macrophages, there is no direct correlation
of biological activity to acyl chain order. Thisimplies
that, in accordance with recent findings for different
LPS with varying sugar chain lengths or in different
salt forms [21-23], a low acyl chain order is not a
priori a prerequisite for biological activity.
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