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ABSTRACT. The physicochemical characteristics and in vitro biological activity of various synthetic hexaacyl
phospholipid dimers were compared with the respective behavior of bacterial endotoxins (lipopolysac-
charide, LPS). The structural variations of the synthetic amphiphiles include different stereochByB)cal (
configurations about their ester- and amide-linkages for the acyl chains and differences in the length of
the serine backbone spacer. The temperature of the gel to liquid crystalline phase transition of the acyl
chains T) lies between 10 and 1% for the compounds with the shortest backbone and decreases rapidly
for the compounds with longer backbones. The phase transition enthalpie8 k& mol~1) are considerably

lower than those of lipid A from hexaacyl endotoxins {28 kJmol™1). In contrast, the dependence of

T. on Mg?+ and water content shows a behavior typical for endotoxins: a significant increase with increasing
Mg?" and decreasing water concentrations. The aggregate structure is sensitively dependent not only on
the length of the backbone spacer but also on the different stereochemical variations. It can be directly
correlated with the biological activity of the compounds. Thus, as with natural lipid A, the capacity to
induce cytokine production in mononuclear cells is directly related to the affinity to form nonlamellar
cubic or inverted hexagonalthggregate structures. Together with the data on the transport and intercalation
of the dimers into phospholipid liposomes mediated by the lipopolysaccharide-binding protein (LBP),
our conformational concept of endotoxicity and cell activation can be applied to these non-LPS
structures: endotoxically active compounds incorporate into membranes of immune cells and cause
conformational changes at the site of signaling proteins such as Toll-like receptotrsabrakinels due to

their conical molecular shape.

Lipopolysaccharides (LPS), the endotoxins of Gram- as a reduction of the number of charges or the number and
negative bacteria, form the outer leaflet of their outer distribution of fatty acids or both, causes dramatic decreases
membrane. During cell division or upon attack of the immune of the bioactivity down to a complete loss of endotoxicity
system or destruction by antimicrobial drugs, LPS may be (3, 4). The systematic investigation of the structural require-
released from the bacteria into the blood circulation where ments for endotoxicity with synthetic lipid A analogues and
it has been observed to induce a variety of biological effects partial structures exhibited a broad pattern of biological
in mammals such as fever, pyrogenicity, and septic shock activities ranging from high endotoxicity for the synthetic
(2). Chemically, it consists of an oligo- or polysaccharide analogue of natural hexaacyl lipid A froBscherichia coli
chain covalently linked to a hexaacylated bisphosphorylated to complete inactivity for tetraacyl lipid A precursor la or
lipid moiety termed lipid A, which has been shown to IVa (5, 6). The latter, however, was able to inhibit the action
represent the “endotoxic principle” of LPR)( However, of agonistical LPS, that is, to act antagonistically.

Only relatively Sl|ght ChangeS Of the Chemical Structure, SUCh Aggregates of LPS and ||p|d A rather than monomgr;s (

8) are the biologically relevant units, which are required by
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FTIR Spectroscopylhe infrared spectroscopic measure-
ments were performed on an IFS-55 spectrometer (Bruker,

P °\ Karlsruhe, Germany). For phase transition measurements, the
Na0— =0 0=P—ONa lipid samples were placed in a Catuvette with a 12.5xm
o ws Teflon spacer. Temperature scans were performed automati-
N{S Nz cally between 10 and 70C with a heating rate of 0.6
o o )T i
Q C-min~%. For measurement of hydrated lipid samples, these
M0 50 were spread on a ATR Ge plate, and free water was
0 o evaporated. Every &, 50 interferograms were accumulated,
apodized, Fourier transformed, and converted to absorbance
spectra.
Differential Scanning Calorimetry (DSCRSC measure-
ments were performed on a Perkin-Elmer Pyris-1 DSC
(Norwalk, CT) with heating and cooling rates ofC-min—!
ER803022 in the temperature interval betwee® and 60°C (13). The
ER803732 _ o0 ER805044 R= o o reproducibility was controlled in three consecutive heating
ER805256 U\ J .  ERB05046 XLL(\/)JJY and cooling scand @). The accuracy of the DSC experiments
ER805259 . was +0.5 °C for the phase transition temperatures arid
kJ-mol for the phase transition enthalpy. The DSC samples
Compd. Stereochemistry | | Compd. were prepared by addingf- of buffer (phosphate buffer,

ER- 1,6,22,27 ER- n pH 6.8) to DSC Al-pans (Perkin-Elmer, no. 219-0041)
803022 RRRR containing a known amount{3 mg) of dry lipid powder.
803732  RS.SR 805044 4 The pans were sealed and equilibratedZd at—10 °C in
805256 RRS,S 805048 8 the DSC instrument. The DSC data were analyzed using the
805259 S.8,8,S Perkin-Elmer Thermal Data Analysis software. The phase

Ficure 1: Chemical structures of the six ER compounds. The

transition enthalpy was obtained by integrating the area under

compounds with larger backbone (ER805044 and ER805046) arethe heat capacity curvel4).
in the stereochemical R,R,R,R configuration.

X-ray Diffraction X-ray diffraction experiments on the

. ) o _aggregate structures of the lipids were performed at the
From these considerations, any amphiphilic molecules with gyropean Molecular Biology Laboratory (EMBL) outstation
negative charges in the hydrophilic backbone and clearly at the Hamburg synchrotron radiation facility HASYLAB
separated hydrophilic and hydrophobic moieties are candi- ysing the double-focusing monochromator-mirror camera
dates for agonistic or antagonistic endotoxin-like action, x33 (15). X-ray diffraction patterns, obtained with exposure
depending on whether they preferentially adopt a conical or times of 2 min using a linear gas proportional detector with
a cylindrical shape, respectively. On this basis we have gejay line readoutl), were evaluated according to previ-
recently defined a “generalized endotoxic principle” by oysly described procedures7. These allow us to assign
designing a synthetic phospholipid with an invariable the spacing ratios to defined three-dimensional aggregate
hydrophobic moiety composed of six acyl chains sym- siryctures, from which the conformation of the individual
metrically ester- or amide-linked to two phosphates, which molecules are deduced. In the diffraction patterns presented
are connected via a serine-like structure (compound pere, the logarithm of the scattering intensity, Ifg), is
ER803022) 9). We have shown that this compound fulfils  potted versus the scattering vecwr= 2 sin /4 (20 =
all criteria of endotoxicity except for activity in tHemulus scattering anglez = wavelength= 0.15 nm), and the
amebocyte lysate test, which recognizes the diphosphorylatedsacingad are calculated according ®= 1/d.
diglucosamine backbone of lipid A.Q). We have extended Fluorescence Resonance Energy Transfer Spectroscopy
these investigations by synthesizing derivatives of compound(FRE-D_ Transport of the lipids into liposomes made from
ER803022 differing in the length of the linkage between the phosphatidylserine (PS) or a phospholipid mixture corre-
phosphates on the one side and the stereochemistry of th%ponding to that of the macrophage membraney,PL
amide- and ester-linked acyl chains on the other side_ (Fig_uremediated by lipopolysaccharide-binding protein (LBP)¢, was
1) and hav<=T found th_at the bro_ad pfittern of endotoxic action getermined by FRET spectroscopy applied as a probe dilution
between highly active and inactive compounds can be g5s5ay {8). To the liposomes, which were labeled with the
mimicked by these synthetic phospholipids. donor dye NBD-phosphatidylethanolamine (NBD-PE) and
MATERIALS AND METHODS acceptor dye Rhoda_mine-PE, first_the lipids and the_n LBP
were added, all at a final concentration gi. Intercalation
Synthesis.The phospholipid-like structures ER803022, was monitored as increase of the ratio of the donor intensity,
ER805044, ER805046, ER805256, ER805259, and ER803732p, at 531 nm to that of the acceptor intensity, at 593 nm
(chemical structures in Figure 1) were synthesized at EISAI in dependence on time.
Research Institute of Boston, Andover, MA, based on  Stimulation of Mononuclear Cells (MNC) by the Lipids.
synthetic work done by Krisovitch and Regehl). The Mononuclear cells (MNC) were isolated from heparinized
preparation for the compounds are published as a U.S. Patenblood of healthy donors as described previouS)y The cells
(12), and can be made available on request. The structureswere resuspended in medium (RPMI 1640), and their number
were confirmed byH-, 1*C-, and®'P NMR, mass spectrom-  was adjusted to 5 1 cells/ml. For stimulation, 20@L
etry, and elemental analysis. of MNC (1 x 1(° cells) was transferred into each well of a
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FIGURE 2: Gel to liquid crystalline phase.t.ransmon behavior of W
the six ER compounds. The peak position of the symmetric 7.9 kimol
stretching vibration of the methylene groupg(CHy), is plotted 0l "~ t'heating scan|
versus temperature. Lipid concentration is 10 mM. In the gel phase, 0 10 20 30
wavenumbers are observed between 2850.0 and 2850-5arm Temperature (°C)
in the liquid crystalline phase between 2852.5 and 2853.5'cm P

Ficure 3: Differential scanning calorimetry data, plotted as the
specific excess heat capacityversus temperatufg of ER803022
96-well culture plate. The lipids were incubated for 30 min for three subsequent heating and cooling scans. Lipid concentration
at 37°C and added to the cultures at 20 per well. The 1S 1 mg/mL.
cultures were incubated if@t h at 37°C under 5% CQ ) . .
Supernatants were collected after centrifugation of the culture Th(_a_ﬁrst heating scan (F|g_ur_e 3) represents the p_hase
plates for 10 min at 409 and stored at—20 °C until transition of a cold hydrated lipid from the gel phase into

determination of TNE content. Immunological determina- the "9‘_“0' c_rystalline phase. Theo peak maximuom of t_he phase
tion of TNF was carried out in a sandwich ELISA using a transition is located &l = 8.4 °C (T2 = 3.8 C{YV'th a
monoclonal antibody against TNF (clone 6b from Intex AG, phase_ transition enthalpy aiH, = +7.9 kJmpI - The
Switzerland) and has been described earlier in deta). ( followmg cooling scan srlows_no hysteresis with respect to
Activation of CHO Reporter CellsThe CHO/CD14 the heitlng scarrg :753'4 C with a shoulder at 7.8C and
reporter cell line, clone 3E10, is a stably transfected CD14- aAH. = —7.5 kJ”.‘O' .) for the recrystaliization of_the fluid
positive CHO (Chinese hamster ovary) cell line that ex- hyd_rocarb(_)n Ch"?"ns Into an ordered phase W.'th the acyl
presses inducible membrane CD25 (Tac antigen) underCha'nS mainly aligned in an all-trans conformation.
transcriptional control of the human E-selectin promoter ~ The second heating scan, however, represents the ther-
pELAM.Tac (20). The CHO reporter cell line EL1 (CD14- motropic phase behavior of a lipid hydrated in the liquid
free) was obtained by stable cotransfection of CHO-K1 cells crystalline phase. By comparing the heat capacity curves of
with the plasmid pCEP4 and pELAM.Tac and was a kind the first and the second heating scan, it becomes obvious
gift of Dr. Egil Lien. Both cell lines react sensitively to the that the thermotropic phase behavior depends on the hydra-

activation of nuclear factor NkB. tion protocol. The maximum of the heat capacity of the
second heating scan & = 8.8 °C with a shoulder in the
RESULTS heat capacity curve at8 °C and aAH. = +15.8 kdmol™.

The higher phase transition enthalpy suggests that the
presence of water in the polar interface region of the lipid

) o after hydration in the liquid crystalline phase increases the
h_ydrocarbon cham_s was measured W't.h. infrared SPECLroscopy, 5y ger Waals interactions between the acyl chains.
via the determination of the peak position of the symmetric . ,
stretching vibration of the methylene groupgCHs). In The phase transition enthalpy of the second cooling scan
Figure 2, the wavenumber values of the peak positions are(AHe = —7.4 k3mol™) of ER803022 corresponds to that
plotted against temperature for all investigated ER com- ©f the first cooling scan. The thermotropic parameters
pounds. Interestingly, among the stereoisomers ER8030220btained from further heating and cooling cycles do not
ER803732, ER805256, and ER805259, the compound with changg with respect to those of the second cycle. The phase
the acyl chain linkages in R,S,S,R-configuration (ER803732) fransition entropyAS, = +56 Jmol™-K™* of hydrated
has not only a significantly lower phase transition temper- ER803022 is also extremely low and similar to that obtained
ature, T, (at approximately 7C), than the other samples for the phospholipid dilauroyl phosphatidylethanolamine
(around 12°C) but also a sharper transition. For the (DLPE,n=12:0)@4).
compounds with longer backbone spac@g, decreases For endotoxins, it has been reported that the phase
drastically to—0.5°C for ER805044 witm = 4 (see Figure  transition behavior strongly depends on the presence of, in
1) and to—18 °C for ER805046 witm = 8. The transition particular, divalent cations such as NMgs well as on the
was also determined with DSC, which is shown exemplarily water content (lyotropismp6, 26). Therefore, the influence
in Figure 3 for ER803022. The data show considerable of these parameters on tfie— a acyl chain melting of one
increases of the phase transition enthalpy between the firstparticular compound, ER803022, was investigated. From
and all further scans. Striking are tiaH values of 7.9 Figure 4, it becomes obvious th&t increases from 12C
15.9 kdmol~1, which are thus considerably lower than those in the absence of Mg to 17 °C at an equimolar content of
found for hexaacyl LPS (2838 k}mol~* (21, 22)) and even Mg?* (Figure 4a). A reduction of the water content from
for diacyl C14 phospholipids (2530 k}mol™! (23)). 80% to 50% has no influence dn, only a further reduction

Gel to Liquid Crystalline Phase Transition Befiar. The
B < a gel to liquid crystalline phase transition of the
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2854 Mg?"t are given in Figure 6. The diffraction patterns of
=~ a > ER803022 and ER805259 indicate a complex superposition
§ 28531 of different structures, a broad maximum between 0.1 and
g 2852, [ERB03022]:[Mg?] 0.4 nn?, correspo'nding.to a unilamellar structure, and
E _molar ratio further peaks, which might be related to nonlamellar,
§ 2851 —>— 1041 probably cubic structures. In contrast, ER805046 exhibits
S e only a broad maximum characteristic of a pure unilamellar

2850 e Jwe phase or a multilamellar phase with low lamellarity. Experi-

2854 ments performed at higher temperatures up t6G8howed
= b ey very similar diffraction patterns, that is, the same basic
£ U‘Ug&ﬁ
G 28534 r__.--’ aggregate structures.

g " eRs03022 The results in the presence of equimolar concentration of
E 28521 Water content (%) Mg?" are plotted in Figure 7. At 20C, all three samples
§ 28514 ——o7 exhibit diffraction maxima with equidistant spacing ratios
> —5—80 . . . .
$ o ——50 typical for a multilamellar structure. This structure is
2850~T " ) e maintained for ER805046 up to 70C. In contrast, for
10 0 10 20 %0 40 50 60 ER805259 and ER803022, .the diffra_ction patterns change
Temperature (°C) already at 50°C to one main reflection and two further

Ficure 4: Gel to liquid crystalline phase transition behavior of reflectiqns at 1/3 .ar]d 14/4 Qf the main spacing. This
ER803022 at different MiJ concentrations and at different water ~ pattern is characteristic for the inverted hexagonal phase, H

contents. Lipid concentration is 10 mM. The results at a lower water concentration of 50% are
presented in Figure 8 for ER805259 and ER803022. Clearly,

[ERB05046]:[Mg”] the patterns for ER805259 are typical for a multilamellar
—— 1:0 molar structure at all temperatures, whereas those for ER803022
- - - 1:1 molar under these conditions demonstrate the existence of a

nonlamellar cubic phase. For example, at 20, the
diffraction maxima at 3.88, 3.38, and 2.91 nm can be indexed
as 1A4/8-, 14/10-, and 1{/14-fold, respectively, of the
periodicityag = 10.8+ 0.1 nm. The two further reflections,
however, cannot readily be assigned.

Summarized, the tendency of ER803022 to form non-
lamellar structures is strong and that of ER805259 lower,
whereas ER805046 displays no such tendency at all. From
L. the aggregate structure, the shapes of the single molecules
1800 1600 1400 1200 1000 800 800 composing the aggregates can be deduced: ER803022

Wavenumber (cm’) molecules have the strongest tendency to adopt a conical-
Ficure 5: Infrared spectra of ER805046 in the range 18600 concave Cpnformatlon (the hydro_phoblc moiety has a higher
cm~1in the absence and presence of an equimolar content &f Mg cross-section tha,m the hydmp,h'l'c)' ER805259 molecules
with an assignment of the bands to the different vibrational modes. adopt a less conical conformation, and those of ER805046
The precise band positions are listed in Table 1. Lipid concentration adopt a purely cylindrical one.
is 1 mM. The X-ray diffraction experiments gave for ER803732 a

) . slight tendency toward a conical shape and for ER805044

°C (Figure 4b). Intercalation into Target Cell MembraneslVe have

Molecular Groups.In Figure 5, infrared spectra are reported previously that a necessary step for cell activation
presented exemplarily for compound ER805046 in the s the intercalation of LPS into the phospholipid matrix of
wavenumber range 188®00 cnt* and in the absence and  the target membranes mediated by lipopolysaccharide-
the presence of an equimolar amount of gThe single  pinding protein (LBP). This intercalation of the ER com-
peaks are assigned to the respective vibrations. Obviously,pounds was tested with phospholipid liposomes as model
for many vibrational bands, the addition of Kigleads to membranes applying FRET spectroscopy (Figure 9). To this

Absorbance (rel. units}

significant changes of the peak position. end, in a first step, the ER compounds, and for comparative
A detailed determination of the individual peak positions purposes also LPS Re, were added to phosphatidylserine (PS)
in the absence and presence of ¥ given in Table 1 for  liposomes. This did not yield a significant change of the

the three compounds ER803022, ER805259, and ER805046fluorescence signal except a slight intensity decrease due to
In particular for the phosphate bands, the@duced shift  the dilution. However, the addition of LBP in a second step
is high. Interestingly, for.{PO,”) Mg?* causes a decrease, after 100 s led to a strong intensity increase for all
whereas forv{(PQ,") it causes a drastic increase of the investigated samples. For the phospholipid mixture corre-
wavenumber values. sponding to the composition of the macrophage membrane,
Aggregate structuresSynchrotron radiation X-ray dif-  PLy,, similar results were found, only the signals were less
fraction experiments are presented exemplarily for ER803022,expressed.
ER805259, and ER805046 for different ambient conditions.  Cytokine-Inducing Capacityl he cytokine (tumor-necrosis-
The results at high water content at 2D in the absence of  factor o, interleukins) induction of mononuclear cells is an
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Table 1. Assignment and Peak Positions (Wavenumbers if)oofi Vibrational Bands from Three Selected ER Compounds in the Absence
(Top Values) and Presence of fg(Bottom Values)

compound
vibration ER803022 ER805259 ER805046
ester carbonyl(C=0) 1730.3 1732.7 1729.1
1732.0 1731.7 1727.3
amide | 1653.5 1651.9 1645.8
1650.1 1651.0 1644.9
amide Il 1556.6 and 1537.5 1558.1 and 1540.7 1544.2
1558.4 and 1539.2 1558.1 and 1539.9 1539.0
0 (CHy) 1463.3 1461.8 1462.6
1459.0 1461.8 1460.9
0 {(CHy) 13725 1375.5 1372.2
1372.9 1372.2 1368.9
phosphate 1237.9 1239.8 1243.0
va{PO7) 1230.8 1231.2 1237.6
ester (C-0) 1183.8 11845 1184.4
1176.8 1179.0 1176.8
phosphate 1107.0 1106.3 1110.6
v(PO7) 1119.1 1116.1 1119.3
—C-0—-P-0-C— 1059.9 1060.7 1066.1
1054.0 1051.0 1057.5
na 833.3 835.1 848.1
(840.3) weak 868.3
na 664.5 667.8 670.4
668.4 667.8 7094

(double peaks)

ay = stretching,0 = bending vibrations; s= symmetric, as= antisymmetric vibrations; na not assignable.

ER803022 ER805259 ER805046 ER803022 459nm  ER805259 389 ER805046
—20°C —20°C 415 —20°C
558nm 3-76nm .- 50°C ... 50°C nm =--- 70°C
599nm  4.27nm /

3.22nm
3.95nm

: 7 F
02 04 06 08 0.204 0608 0.2 04 0.6 0.8
0.1 02 03 04 05 0.1 02 03 04 05 0.1 0.2 0.3 04 05 s (nm*) s (nm-) s (nm*)
s (nm") s (nm*) s (nm*)

o . . Ficure 7:  Synchrotron radiation X-ray diffraction patterns of three
FIGURE 6: Synchrotron radiation X-ray diffraction patterns of three  gejected ER compounds at 80% water content in the presence of
selected ER compounds at 90% water content. Lipid concentrationan equimolar amount of Mg and at two temperatures. The

is 50 mM. The numbers indicate the spaciulgs 1/s. Due to this logarithm of the scattering intensity, ld¢s), is plotted versus the
nonlinear scale, the precision of the peak determination is different. scattering vectors = 2 sin 6/4; 260 = scattering anglei =

For example, the precision of the peak at 3.22 nm (left-hand figure) \yayelength= 0.15 nm.
is +0.01 nm; that at 8.8 nm i20.1 nm. The diffraction peak at
3.95 nm (right-hand figure) indicates the center of the broad

; antigen upon induction of NkB translocation. The experi-
reflection.

ments with the EL1 (only TLR4 is expressed) and 3E10
endotoxin-typical biological action. Therefore, the capacity (CD14+ TLR4) cells indicate that TLR4 alone is sufficient
of the ER compounds to induce TNFwas tested with to respond to ER80302_2, but not to ER8_05046 (data not
human mononuclear cells (MNC). The results presented in shO\_/v_n). In further experiments, the reactivity of 3E10 cells
Figure 10 show that the capacity was highest for ER803022 2dditionally transfected with human TRL2 were analyzed
and comparable to that of LPS Re (&fnot shown). The (Flgure.ll). Clearly, the inactive compound ER8(_)5946 did
three compounds with the same chemical structure butnot activate the expression of CD25. However, it is note-
stereochemical changes in acyl chain branching (see Figuré"’orthy that the compounds with very low TNFnducing
1) have medium (ER805256, ER805259) or weak (ER803732) capacity (ER805044 and ER803732, see Flgure 9) activate

TNFa-inducing capacity, and the compounds with a larger the expression of CD25 to a level comparable to that of the
backbone have very lown(= 4, ER805044) or even no(  &ctive compounds ER803022, ER805256, and ER805259.

= 8, ER805046) TNE-inducing capacity. For all ER compounds, the cells transfected with TLR2
CHO Cell Reporter SystenTo investigate a possible ~Féact less, indicating that this receptor does not play a role

involvement of CD14 and TLR4 in the recognition of the N the signaling process.

ER compounds, their activity was investigated in a Chlnege DISCUSSION

hamster ovary (CHO) cell reporter system and compared with

interleukin-1 (IL-1) as a standard. These cells are natural The observed correlation between the biological activity

TLR2 knockouts and express the human CD25 surface and the physicochemical characteristics of the ER compounds
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Ficure 10: Production of tumor necrosis factar(TNFa) from
human mononuclear cells in dependence on concentration for the
six ER compounds.
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Ficure 8: Synchrotron radiation X-ray diffraction patterns of
ER805259 and ER803022 at 50% water content and two temper-
atures. Lipid concentration is 50 mM. The logarithm of the
scattering intensity, log(s), is plotted versus the scattering vector

60 A

Expression of CD25 (geo mean)
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40 -
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114
1.0 o e -
oo JERRERERY Compound
084 y T T T Ficure 11: Relative activation of CHO reporter cells stimulated
S0 100 160 200 250 300

by the six ER compounds in comparison to LPS Re f@aimonella
minnesotastrain R595 and IL-1 as standard. The 3E10 cell line
Ficure 9: Time dependence of the ratio of donor fluorescence expresses CD14 and hamster TLR4, and the 3E10hTLR2 cell line
intensity,Ip, at 531 nm to that of the acceptor fluorescence intensity, additionally expresses human TLR2.

la, at 593 nm for the six ER compounds as compared to .

lipopolysaccharide LPS Re froBalmonella minnesotgirain R595.  Of Tc when lowering the water content, for the ER compounds
The lipids were added to the phosphatidylserine (PS) liposomes atis only observed at water contents significantly below 50%
50 s, and LBP was added after 100 s. The final concentration of (Figure 4b), while for endotoxins it occurs already when
all compounds was &M. lowering the water content from 90% to 630% 7). A
follow similar rules as that described earlier for endotoxins possible explanation of this different behavior may be the
(4,7, 9). The presented interpretation can be deduced from presence of the sugar backbone in endotoxins, which can
the preference of the compounds to adopt cubic inverted bind a significantly higher amount of water molecules than
structures (Figures-68), from their ability to intercalate into  the serine-like backbone of the ER compounds.
phospholipid liposomes in the presence of LBP (Figure 9), Interestingly, the phase transition data allow a discrimina-
and from their capacity to induce cytokines (Figure 10). tion between active and inactive compounds. As illustrated
Additionally, other endotoxin-typical characteristics are in Figure 2, the three highly active compounds ER803022,
shared by the synthetic compounds: the presence 6f Mg ER805256, and ER805259 have an identical phase behavior,
(Figure 4a) and a decrease of the water concentration (Figurewhile the other less active compounds melt at significantly
4b) cause an increase in the gel to liquid crystalline phaselower T..

Time (s)

transition temperaturd, thus mimicking the properties for Also, the influence of the stereochemistry becomes evident.
endotoxins 25, 26), although the absolute values ©f of For all compounds with the shortest backbome=(0, Figure

the ER compounds (Figure 2) do not compare with those of 1), only the R,S,S,R configuration of ER803732 leads to a
enterobacterial endotoxins (LPS,-387 °C; lipid A, 40— change inT, (from 12 to 7°C). Moreover, the insertion of

45°C (21, 25)). However, the lyotropism, that is, the increase the backbone spacem & 8, ER805046) leads not only to a
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drastic decrease i to —18 °C and increase in the channel MaxiK 80). The latter has been shown to be
wavenumbers ofgCHy,) over the whole temperature range, involved in transmembrane signaling by various bacterial
reflecting a much less dense acyl chain packing than for thevirulence factors in a very early stepgonistically active
compounds with short backbone, but also to interesting endotoxins, with a conical shape of the lipid A moiety, may
dependences of the peak positions of the infrared vibrationalexert a sterical stress after intercalation into the membrane,
bands. For example, for the different compounds, dramatic which may then induce a conformational change of the
changes of the wavenumbers in particular for the three bandsreceptor proteins leading to cell activation. Agonistically
originating from the phosphates but also for the amide bandsinactive compounds are not able to cause a conformational
can be observed (Figure 5, Table 1). In this context also the change, but they may occupy the LPS binding sites of the
low value of the enthalpy chang&H. (approximately 16 proteins and therefore block agonistic action. It should be
kJ-mol~* as compared to 3635 k3mol~* for LPS) should emphasized that this “conformational concept” may well
be mentioned. This reduction may be assumed to be due tocontribute to an understanding of cell activation; however,
the particular chemical structure of the ER compounds with an absolute proof for the occurrence of the single steps such
hydrophilic amide and ester groups deeply penetrating theas membrane binding to signaling proteins is still lacking.
hydrophobic moiety thus leading to a much more unfavorable In this context, we would like to suggest that membrane
acyl chain packing as in the case of LPS. activity of biologically relevant compounds might be a
The presented X-ray diffraction data (Figures&) allow process of general importance. Thus, for example, Navab et
a quantitative description of the endotoxin action of the al. (31) observed for particular peptides with different
compounds: whereas the biologically completely inactive hydrophobicity variations in their association with membrane
ER805046 forms a lamellar phase under all conditions phospholipids, which again strongly influenced inflammation
(unilamellar at 90% water content, Figure 6; multilamellar processes.
at 80% in 100 mM Mg" at 20°C as well as 70C, Figure As described, the main physieathemical characteristics
7), the aggregate structures of the active compounds can bef the synthesized phospholipids compare well with those
characterized according to their degree of activity. ER803022, of bacterial endotoxins, and the same is true for a typical
the compound with highest bioactivity has the strongest endotoxic reaction, the cytokine induction in mononuclear
tendency to form inverted structures, adopting a nonlamellar cells. Additionally, we have shown that the specific MaxiK
cubic structure even at 50% water content, where the lesschannel blocker, paxilline, which is able to inhibit the
active compound ER805259 exhibits already a multilamellar endotoxin-induced cytokine productio&q), is also able to
characteristic (Figure 8). Thus, the propensity of a given block that of the ER803022 compoung).
compound to adopt nonlamellar structures seems to be |n conclusion, we have shown that amphiphilic lipid
directly correlated with the ability to induce cytokine molecules such as the ER compounds with clearly separated
production in immune cells. hydrophilic and hydrophobic moieties, with at least two
The presented data allow us to conclude that the deter-pegative charges in the headgroup, and with the preference
mination of the aggregate structure under near physiologicalto adopt nonlamellar inverted (cubic, Haggregate structures
conditions as shown in Figure 6 may be sufficient to exhibit a strong capacity to activate mononuclear cells and

differentiate between completely active and inactive com- that for cell activation a general mechanism according to
poundS. It must be Conceded, hOWeVer, that a d|ﬁerent|at|0nthe mechanistic princip'e described above may be valid.

between active compounds with different degrees of activity
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