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Molecular modelling techniques have been applied to calculate the three-dimensional architecture and the
conformational flexibility of a complete bacterial S-form lipopolysaccharide (LPS) consisting of a hexaacyl lipid
A identical to Escherichia coli lipid A, a complete Sabnonela typhimurium core oligosaccharide portion, and
four repeating units of the SalmoneUla serogroup B 0-specific chain. X-ray powder diffIaction experiments on
dried samples of LPS were carried out to obtain information on the dimensions of the various LPS partial
structures. Up to the Ra-LPS structure, the calculated model dimensions were in good agreement with
experimental data and were 2.4 nm for lipid A, 2.8 nm for Re-LPS, 3.5 nm for Rd-LPS, and 4.4 nm for
Ra-LPS. The maximum length of a stretched S-form LPS model bearing four repeating units was evaluated to
be 9.6 nm; however, energetically favored LPS conformations showed the 0-specific chain bent with respect to
the Ra-LPS portion and significantly smaller dimensions (about 5.0 to 5.5 nm). According to the calculations,
the Ra-LPS moiety has an approximately cylindrical shape and is conformationally wel defined, in contrast to
the 0-specific chain, which was found to be the most flexible portion within the molecule.

Lipopolysaccharides (LPSs) are macromolecular am-
phiphiles that are present exclusively in the outer leaflet of
the outer membrane of gram-negative bacteria. LPSs are
anchored in the outer membrane by their lipid A component,
and their polysaccharide chain is presented at the cell
surface (Fig. 1). Thus, LPSs not only are involved in
membrane functions essential for the survival of the bacte-
rium (e.g., the formation of an effective permeation barrier
to harmful substances) but also play an important role in a
number of recognition processes of the host's defense sys-
tem, which may invoke antibodies against the LPS surface
structures (28, 30). Since purified LPSs obtained from bac-
teria induce toxic effects, they are likely to represent impor-
tant factors in gram-negative infections; therefore, LPSs are
also called endotoxins (42). LPSs from different bacteria
generally differ in chemical composition. However, for some
strains the detailed chemical structures of LPSs have been
established (3, 10, 19). More recently, the three-dimensional
architectures of the three main LPS regions, i.e., the lipid
part (13), the core oligosaccharide (11), and the 0-specific
chain (2), were studied by molecular modelling techniques
and several different experimental methods. Most recently,
the crystal structure of a Salmonella 0-antigen dodecasac-
charide-Fab complex was reported (6). In this study, for the
first time, the three-dimensional structure of a complete
S-form bacterial LPS, as predicted by molecular modelling,
is presented. The statistical Monte Carlo modelling method
was used to estimate the flexibility of the LPS oligosaccha-
ride portion. X-ray powder diffraction experiments were
performed to measure the molecular dimensions of partial
LPS structures.

MATERIALS AND METHODS
Primary chemical structure of the calculated LPS model.

The model structure is composed of LPS components from
two different bacteria: the lipid part is from Escherichia coli
(13, 44), the core oligosaccharide is from Salmonella typhi-

* Corresponding author.

murium (11), and the 0-specific chain is characteristic for
Salmonella species of serogroup B (2). However, since the
E. coli lipid A structure was identified in S. typhimurium
LPS (27) and since the hexaacyl lipid A component of
Salmonella minnesota, representing the major lipid compo-
nent, was shown to be identical to the E. coli lipid A
structure (28), one might call the model considered here
Salmonella LPS. A detailed scheme showing the substitu-
tion pattern used in the calculations is given in Fig. 2.

Molecular modelling methods. The choice of a method for
evaluating conformational energies depends upon the size of
the structure, i.e., the number of degrees of freedom to be
investigated. In general, empirical methods have been cho-
sen for conformational analyses in large oligosaccharides (1,
13, 22, 24). The modelling programs used in this study were
GESA (geometry of saccharides) (1, 22) and CEC (confor-
mational energy calculations) (12). The CEC program uses
the ECEPP (empirical conformation energy program for
peptides) force field, which was demonstrated to be applica-
ble to saccharides as well as to proteins (13, 18, 26, 36, 43).
Both programs have provisions to account for the exoano-
meric effect (38). In CEC, a Monte Carlo routine (9, 21),
which allows an estimation of the conformational flexibility,
is implemented (9). In all calculations with GESA or CEC,
partial atomic charges were ignored. A more sophisticated,
very computer-time-demanding approach would require the
simulation of numerous solvent molecules and interspersed
cations to balance charges (31, 39), so it appears acceptable,
in a first attempt, just to account for the steric requirements
within the LPS models.

Starting geometries for the three LPS main regions. The
conformations of the LPS lipid part have been studied in
great detail. The data obtained for the hexaacyl E. coli lipid
A (13) correspond well to those of other studies on the
heptaacyl lipid A component of S. minnesota LPS (16, 29);
i.e., both molecules show the lipid A diglucosamine back-
bone tilted against the membrane normal by approximately
500, and both have tightly packed acyl chain arrangements.
The E. coli Re-LPS, composed of lipid A and a 2-keto-3-
deoxy-D-mannooctonic acid (KDO) dimer, has been mod-
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FIG. 1. Schematic representation of the general architecture of

enterobacterial LPS (28). Saccharides are depicted as hexagons,
acyls chains are shown as wavy lines, and phosphate and 2-amino-
ethylphosphate groups are shown as filled circles. One 0-specific
chain repeating unit is indicated in brackets.

elled (13). The lowest-energy E. coli Re-LPS conformation
(13) was chosen, and a third KDO moiety was attached in
analogy to the starting geometry for the KDO dimer. For the
rest of the core oligosaccharide moiety, an S. typhimurium
model data set was prepared as described recently (11). This
data set was modified by adding the missing phosphate and
2-aminoethylphosphate groups. A model of the Salmonella
serogroup B 0-specific chain was constructed from data
reported previously (2). Four repeating units were con-

structed.
In all calculations of the complete LPS molecule, the

mature lipid A component, except for the two phosphate
groups of the lipid A diglucosamine backbone, was kept
fixed. All other rotations around single bonds of the rest of
the LPS model were treated as variables (i.e., the complete
LPS model has 187 free axes).

X-ray powder diffraction experiments. Self-assembled LPS
samples with multiple bilayers were prepared as follows. To
lyophilized LPS (0.2 mg), 50 pl of water (distilled three
times) was added, and the mixture was shaken and ultrason-
ified (10 min). Droplets (5 pl) were then placed side by side
on the polished, hydrophobic side of a silicon wafer (a kind
gift of Wacker Chemie, Burghausen, Germany). After the
droplets dried, new droplets were spread out on the previ-
ously generated spots to mount an extended drop covering
an area of -5 by 10 mm. This drop was allowed to dry in the
air. LPS (for S. minnesota, lipid A of the Re mutant strain
R595, Re-LPS of strain R595, Rd-LPS of strain R7, and
Rc-LPS of strain R5; for S. typhimurium, Rc-LPS of strain
SL684 and Ra-LPS of strain TV119) was purchased from
Sigma Chemie (Deisenhofen, Germany) and used without
further purification. X-ray diffraction was performed with a
Phillips powder diffractometer. Data were collected with a
proportional counter by the conventional 0 - 20 method.
The monochromator was adjusted to the Cu-K. wavelength
of 0.15405 nm. Double-layer spacings (d) were calculated by
using Bragg's equation, n x A = 2 x d x sin(0), where n
denotes the order of reflection and 20 equals the scattering
angle. Errors were estimated from variations of the 20
peak-to-peak distances.

RESULTS
The results presented below focus on the overall structural

features of the model. Some important details, especially of
the main chain glycosidic linkages, are reported first. Then
the conformational flexibilities along the oligosaccharide
main chain and the molecular dimensions are presented.

Linkage ofKDO I to lipid A. In a previous study (13) it was
shown that there are only two main arrangements of the

KDO dimer with respect to lipid A. In the first type of
arrangement, the KDO I carboxyl group may approach the
GlcN II phosphate group, resulting in chelatelike geome-
tries, which are favorable in complexing divalent cations (8).
The other type of KDO arrangement is characterized by
hydrogen bonds from the C-7 or C-8 hydroxyl group of the
KDO II to the phosphate group attached to the GlcN I
residue of the lipid A moiety. In the present study, the latter
type of arrangement was found to be preferred for the
complete LPS molecule. Other orientations of the inner core
KDO I lead to a sharp bending directly at the linkage of lipid
A to inner core; in some cases, this causes the outer core
portion to point back into the hydrophobic domain. Thus, it
seems reasonable not to favor such conformations for the
complete LPS model (14). However, care must be taken
when partial core structures, for which a slight bending is
acceptable, are considered. Partial core structures may differ
in conformation from the complete LPS molecule.
A substituent in position 4 of KDO I is critical for the

Hep-KDO linkage conformation. The Hep-KDO linkage (Hep
is L-glycero-D-manno-heptose) is unique within the LPS
molecule with respect to the fact that the linkage oxygen is
oriented axially relative to both the reducing and the nonre-
ducing sugars. For such an axial-axial linkage type, only a
few reference structures are available in the Cambridge
Structural Database (5). However, in this source the crystal
structure of D-Gal-a(1-44)-D-Gal closely resembles the Hep-
KDO moiety. The Gal-Gal linkage conformation is ruled by
a hydrogen bond between 0-3-H-3 and 0-5' (37). Conse-
quently, a similar arrangement was calculated for an isolated
Hep-KDO dimer. Such a hydrogen bond, however, cannot
be formed if KDO I is substituted at the 4 position, which is
equivalent to the Gal-3 position because of the shifted
numbering in KDO. As a result, another linkage conforma-
tion type (35) was found for the Hep-KDO-KDO trisaccha-
ride. In the calculated complete LPS models the (core-)Hep-
KDO linkage has a strong impact on the direction in which
the core protrudes; thus, it appears important that the C-4
position of KDO I is blocked by being substituted by another
KDO or other groups.
The inner core forms a densely packed moiety. Although in

the calculated LPS model the Hep I residue carries a bulky
2-aminoethylpyrophosphate group, the prefered linkage con-
formation of the Hep 1-Hep II moiety showed only slight
deviations from that of the unsubstituted disaccharide. Our
own calculations revealed that the arrangement of the hep-
tose part of the inner core is very similar to that reported in
the literature (11), for which phosphates were not taken into
consideration. It should be noted that the overall shape of
the inner core was strongly anisotropic (i.e., the inner core
forms an entity approximately 0.8 nm high and 1.6 nm wide).
The densely packed sugars of the inner core and the phos-
phate groups indicate a calculated enormous partial density
of 1.51 to 1.56 g/cm3.
Outer core pentasaccharide. Because of the a(1-3) and

a(1-2) linkages, the outer core was reported to form one
loop of a left-handed helix with a repeating unit of about four
glycosyl residues (11). The arrangement appears to be very
shallow, so that the N-acetyl group of the GlcNAc residue
comes in close contact with the Gal II residue. Our calcula-
tions with the CEC program indicated a slight energetic
preference for a right-handed outer core arrangement in the
absence of the N-acetyl group of GlcNAc, whereas the
GESA calculations always showed a preference for left-
handed arrangements. In the presence of the N-acetyl group,
both programs yielded similar results, so this has no bearing
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FIG. 2. Chemical structure of the LPS model used in the calculations. The 0-specific chain consists of four identical repeating units and
a terminal Gal residue. Note that a hexaacyl lipid A component is used and that the two main chain heptoses are substituted in position 4 by
phosphate and 2-aminoethylpyrophosphate, respectively. On the right the designations of each of the saccharide residues are given.

for the calculated outer core structure, but it demonstrates
that the N-acetyl group is of some importance to the actual
conformation of the outer core.

Different side views of an LPS model (Fig. 3 and Fig. 4)
show similar outlines for lipid A and the inner core (i.e., the
smaller and the longer sides coincide). The outer core is
oriented in such a way that its smaller side appears to be
rotated about 90° with respect to lipid A and the inner core.

This specific orientation generates an apparent partitioning
between the inner and the outer cores (11).

Linkage of the 0-specific chain to the core oligosaccharide.
The 0-specific chain is attached to the core oligosaccharide
via the Gal-a(1-*4)-Glc II linkage. Since the attachment site
of the 0-specific chain turned out to be located at the
outermost and free end of the outer core, there seem to be no
steric hindrances directing the 0-specific chain in any spe-
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FIG. 3. Ball-stick and space-filling models of the Ra-LPS frag-
ment of the calculated structure. The lipid A, inner core, and outer
core each form compact segments. The anisotropic shape of the
inner core is similar to that of the lipid A component. The smaller
side of the outer core appears to be rotated about 90° with respect to
the smaller side of the inner core, thus generating an apparent
separation between the inner and outer core portions.

cific way. This would mean that the intrinsic properties of
the glycosidic linkage determine the overall orientation of
the 0-specific chain. Nevertheless, the conformations of the
Gal-Glc linkage were recognized to be limited to some extent
by close approach of both of the C-6 hydroxymethyl groups
of the saccharide. Therefore, we conclude that any increased
flexibility of the 0-specific chain cannot totally be attributed
to the linkage of the core to the 0-specific chain but must be
a property of the 0-specific chain itself (see below). In this
context it should be noted that the most extended form of the
LPS model (Fig. 4), which was obtained by application of a
stretching potential between the outermost parts of the
molecule, was found to be energetically disfavored, partly
because of short contacts at the linkage of the core to the
0-specific chain. In contrast, the energetically favored con-
formations of the complete LPS model showed a bent
0-specific chain (Fig. 5).

1.lnm RU

1.2nm RU

0-specific 9.6nm

chain 1.3nm RU

1.6nm Repeating

unit (RU)

Outer core 0.9nm

0.7nm

Inner core 0.4nm 4.4nm

Lipid A .n3.5nm

2.4nm

FIG. 4. Dimensions of the calculated LPS model and of partial
structures. The conformer depicted shows the 0-antigenic chain in
its most stretched form. The length of the 0-antigenic chain is an
upper limit, whereas dimensions for other molecular portions are
typical values. The dimensions of partial LPS structures up to the
Ra-LPS structure (including the outer core) fit quite well with
experimental data.

Flexibility within the oligosaccharide portion of the calcu-
lated LPS model. Up to now, long-chain (S-form) LPS,
especially the 0-specific chain, has frequently been sketched
as a linear, rodlike strand (20). More recent schemes show a
heavily coiled 0-specific chain (16, 28, 32). However, it is
clear that an oligosaccharide chain consisting of identical
repeating units is consistent with, a heavily coiled arrange-
ment only if it has such a high flexibility that bending can
occur; a totally stiff oligosaccharide chain would be better
described by more highly ordered structures like helices.
Thus, an estimate of the flexibility of the LPS oligosaccha-
ride portion is of great interest. To address this problem, we
carried out several Monte Carlo simulations. The Monte
Carlo procedure can be described as follows. As stated in
Materials and Methods, the LPS molecule has 187 free axes.
During a Monte Carlo simulation, small random rotations
around these axes are generated (i.e., small conformational
changes are induced). Depending on the conformational
energy, the generated conformations are accepted or re-
jected, and another trial is initiated (21). This generates a
series of conformations that might be considered as snap-
shots of a moving molecule (Fig. 6). By monitoring the
rotations around individual axes, it is possible to quantitate
the conformational flexibility at any site within the molecule.

Inspection of the flexibilities of all glycosidic linkages
within the molecule revealed that the LPS inner core region
is rather rigid compared with the 0-specific chain. The outer
core portion showed intermediate flexibility. Exceptions can
be found for the side chain saccharides within the inner and
outer cores. Within the 0-specific chain, the Rha-Gal and
Gal-Man linkages were found to be the most flexible link-
ages, with * angles showing an enormous range of possible
values. Similar findings are reported in the literature for the
Rha-Gal (2) and the Gal-Man (6) linkages.

Molecular dimensions of partial LPS structures as obtained
from X-ray powder diffraction experiments. Assuming that
LPS molecules, integrated in a lamellar, bilayered arrange-
ment, are not tilted or are only slightly tilted against the
membrane normal, the relationship of the bilayer spacing (d)
to the molecular extension (L) along the membrane normal is
expressed as L = d/2. Of course, this only holds true for
unswollen (i.e., not or only poorly hydrated) samples (23). A
number of studies on LPS bilayer spacings have been
reported in the literature. We carried out a series of X-ray
powder diffraction experiments to obtain dimensions of
bacterial LPSs that have chemical compositions close to that
of the calculated model (Table 1).

In the X-ray diffraction patterns of the various LPS
samples, three to five orders of reflection could be indexed
unambiguously, clearly establishing the bilayered structure
of the samples. For lipid A and Re-LPS, the first-order
reflection is accompanied by only very small higher-order
reflections; in contrast, the second-order reflections were
significantly more intense in longer LPS structures. This
finding is in agreement with the assumption that the head
group regions of these LPSs are enlarged compared with
those of lipid A and Re-LPS.

It should be noted that besides the chemical heterogeneity
of the LPS samples, the bilayer spacings generally depend
on the degree of hydration, temperature, and ion content of
the samples (33). The water content of our dried samples was
not measured but is probably very low. This is indicated by
the fact that the respective entries in Table 1 are close to the
minimum values, i.e., close to the unswollen bilayer dimen-
sions (23). Therefore, we conclude that such data are fair
measures of molecular dimensions.
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FIG. 5. Side views of an energetically favorable S-form LPS conformer showing the 0-specific chain at an almost right angle with respect
to the membrane normal. In a membrane arrangement, the 0-antigenic chain would lie flat on top of the head groups of neighbor molecules.
The acyl chain ends of a truncated molecule are shown on the bottom left.

It should be noted that the Rc-LPS core oligosaccharide
portion of S. minnesota differs from that of S. typhimurium
(i.e., the model structure); it lacks the outer core Gal I
residue, and the substitutions of the inner core region may
differ (4). However, all of the lipid A and Re-LPS structures
should be comparable to those of the calculated model. Also,
the experimentally established trends in differences in di-

mensions for partial LPS structures should correspond to the
respective differences within the calculated structure.

Dimensions of the calculated LPS model. In Fig. 4, side
views of a complete, fully stretched S-form LPS model are
given. This conformation was chosen for clearness of repre-
sentation. It has to be stressed that this stretched conforma-
tion shows typical dimensions up to the Ra-LPS structure.

J. BACTERIOL.
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FIG. 6. Selected snapshots of S-form LPS conformers generated during a Monte Carlo run; 404,700 conformers were generated in total,
and each 10,000th was selected. The Monte Carlo run was initiated from the energetically favored conformation depicted in Fig. 5. Note that
the 0-antigenic chain is no regular helix over longer chain distances and simulation periods and can be found in stretched or bent orientations,
whereas the LPS portions up to the Ra structure are almost conserved in conformation.

The dimensions shown in Fig. 4 are approximate values,
since it is not easy to define the beginnings and ends of the
partial LPS structures. However, it was decided to define
the baseline of the models at a position midway between the
acyl chain tails, which end at different levels. This choice is
justified by experimental data indicating that the acyl chains
interdigitate to some extent (17).
According to Fig. 4, the lengths of the lipid A and Re-LPS

parts were calculated to be approximately 2.4 and 2.8 nm,
respectively. The small increase in length (only 0.4 nm)
caused by the KDO portion is backed by three independent
X-ray experiments (Table 1). As mentioned above, the inner
core is densely packed, and it is obvious that the increase in

length from Re-LPS to Rd-LPS (about 0.7 nm) is again very
small. The Rc-LPS structure differs from the Rd-LPS struc-
ture by one Glc residue. However, since this Glc residue is
embedded within the outer core of the calculated LPS
model, there is no clear boundary between Rd-LPS and
Rc-LPS structures. The increase in length from Rd-LPS to
Rc-LPS was therefore estimated to be at least 0.2 nm and at
most 0.5 nm. The complete outer core contributes -0.9 nm,
and each repeating unit of the 0-specific chain, in its most
extended conformation, adds about 1.1 to 1.6 nm to the
length of the LPS model. The most extended model con-
former with four repeating units is 9.6 nm long; however,
in the energetically favored model with a bent 0-specific

VOL. 174, 1992
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TABLE 1. Dimensions of bacterial LPSs with structures comparable to that of the calculated model

Dimensions (L, nm)' of bacterial LPSs References
Species or model

Lipid A Re-LPS Rd-LPS Rc-LPS Ra-LPS S-form LPS or source

Escherchia coli 2.30 2.74 40
2.55 33

4.38 15

Salmonella minnesota 2.28 2.72 40
3.20 3.60 33
2.93 4.24 15

2.60 3.00 5.60 23
2.70 5.45 41

2.32-2.38 2.85-2.95 3.25-3.35 3.40-3.50 This study

Salnonella typhimurium 3.65-3.75 4.20-4.40 This study

Salmonella model 2.40 2.80 3.50 3.70-4.00 4.40 9.60" Calculated

a Molecular extensions (L) are assumed to be related to the X-ray bilayer periodicities (d) by L = d/2.
bDimension of the model with the 0-antigenic chain in its most stretched conformation.

chain, the size of the LPS is in the range of 5.0 to 5.5 nm
(Fig. 5).
The dimensions of the calculated model are in reasonable

agreement with our experimental data for S. typhimurium
LPS and with other data given in Table 1, except for the S.
minnesota Rd-LPS and Rc-LPS structures, for which the
dimensions are significantly smaller than those of the model.
This finding must be due to structural variations in the inner
core regions of the S. minnesota Rd-LPS and Rc-LPS
samples as compared with the modelled structure. It is most
probable that some of the heptoses and other substituents
are missing in such LPSs (3, 4, 28).

In conclusion, up to the Ra structure, the model dimen-
sions fit quite well to experimental data; thus, the calculated
model seems to be validated. However, it should be pointed
out that models with slightly different conformations (e.g.,
with alternative Hep III orientations) or even with slight
compositional variations (e.g., lack of Hep III) may produce
molecular dimensions similar to those of the calculated
structure. This means that none of the proposed LPS model
conformations is proven, but the good agreement of the
theoretical model with experimental data leads us to feel
confident that the calculated overall architecture is correct.
Therefore, we believe that the proposed models, at least up
to the Ra structure, are valuable working models.

DISCUSSION

Molecular modelling techniques were applied to calculate
the three-dimensional architecture and conformational flex-
ibility of a complete bacterial S-form LPS. In addition to
theoretical calculations, molecular dimensions of partial
LPS structures were evaluated from X-ray powder diffrac-
tion data. With these methods, one can expect to get detailed
structural model information. However, as is the case with
any theoretical model, there are some assumptions that can
limit the transferability of the calculations to real situations.
Because of the size of the molecule, the calculations had

to be restricted to a single, uncharged, nonhydrated, and
partially rigid molecule. It could be argued that ignoring
charges is the most serious simplification, since in the inner
core charges may have important consequences. Therefore,
it is evident that the calculated LPS model is a working

model that has to be checked against further experimental
data.

In this study, we chose a specific LPS primary chemical
structure. However, the three main subunits of the calcu-
lated model follow general patterns, so that the exchange of
any of the subunits by another one with a different primary
chemical structure would not necessarily lead to a totally
different spatial arrangement. For example, the hexaacyl E.
coli lipid A model used can be exchanged for a heptaacyl S.
minnesota lipid A model without significant effects on the
overall model conformation. Such a model modification has
not been calculated, but since the hydroxymethyl groups of
the GlcN II moieties of the E. coli and the S. minnesota
models show very similar orientations (13, 16), our assump-
tion should hold true. It is also obvious that some other types
of 0-specific chains (2) should be compatible with the
calculated model, since such 0-specific chain structures
differ from the one used in this study only by replacement of
the side-chain Abe for tyvelose and paratose, respectively
(3, 11). Finally, since it is reported that the E. coli Rl, R2,
R3, and R4 core oligosaccharides show conformations sim-
ilar to that of the S. typhimurium core (11), it can be argued
that these LPS portions are interchangeable in the calculated
model without significant changes in the overall conforma-
tion. In conclusion, the calculated model is probably com-
patible with a wide range of structural modifications.
From the calculated models, four structural domains can

be distinguished: lipid A, the inner core, the outer core, and
the 0-specific chain (Fig. 4). Therefore, such a subdivision
of LPS into regions can be based not only on primary
chemical structural data but also on the conformational
properties (overall shape and flexibility) of LPS. In this
context it is noteworthy that the inner core region in the
calculated models forms a compact structural element that
shows only minor flexibility and that has an anisotropic
shape similar to that of the lipid anchor. Therefore, it can be
speculated that the inner core plus the lipid anchor form one
functional entity of LPS. On the other hand, according to our
calculations, a subdivision of the inner core into KDO and
heptose regions is not straightforward concerning the overall
shape of the calculated model.

In the inner core and the lipid A head group regions,
several charged groups are located. An inspection of the
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CONFORMATION OF LPS 4805

models revealed that all phosphate groups are exposed to the
surface, whereas some of the KDO carboxyl groups are
buried in the inside of the molecule. Nevertheless, the lipid
A phosphate groups and the inner core region represent
characteristic charge patterns. It can be argued that such a
charge pattern might be one of the reasons for the excep-
tionally strong binding affinity of LPS (not of the 0-specific
chain but of partial structures down to Rc and Rd) to
monoclonal antibodies (7).
A rodlike overall shape has been proposed for LPS (20);

more recently, other authors suggested that LPS has a
heavily coiled structure (16, 28, 32). The present calcula-
tions, however, suggest that the LPS inner and outer core
oligosaccharide portions are conformationally rather well
defined, in contrast to the 0-specific chain, which is the most
flexible component within the complete LPS model. These
data, together with X-ray experiments indicating a small
increase in molecular extensions of S-form LPS with respect
to Ra-LPS of only 1.0 to 1.4 nm (Table 1), seem to favor a
heavily coiled 0-specific chain. However, we do not strictly
follow this line of reasoning. First, our calculations on the
flexibility of the 0-specific chain demonstrate that the 0-spe-
cific chains are likely to bend at specific sites, namely, at the
Rha-Gal and the Gal-Man linkages. Other parts of the
0-specific chain appeared to be relatively conserved in their
conformation, so that, on the average, significant stretches
of linear or helical and few coiled sequences alternate. Thus,
the 0-specific chain shows some degree of order. Second,
the small increase in molecular dimensions found in our
experiments indicates heterogenity in LPS composition
rather than a compressed and coiled 0-specific chain (25).
The following considerations support this conclusion. The

increase in length (AL) from Ra-LPS to S-form LPS is about
1.0 to 1.4 nm (Table 1). Assuming an upper limit for the
membrane area (A) of a single LPS molecule of 1.50 nm2 (13,
23), the 0-specific chain volume per molecule is AL x A =
1.5 to 2.1 nm3. Since the volume for one repeating unit was
evaluated to be 0.77 to 0.79 nm3, the number of repeating
units per LPS molecule would be 2 to 3. Although this value
is an average value and LPS material extracted from bacteria
can be assumed to consist of longer and shorter molecules
(25), our example demonstrates that the X-ray experiments
(16, 41) do not per se indicate long-chain LPS.

It is known from electron microscopic studies that anti-
body binding to the 0-specific chain can appear at distances
of more than 20 nm from the lipid region of the outer
membrane, indicating that at least some of the 0-specific
chains can be stretched (34). From the dimensions of the
most stretched LPS model, it can be estimated that more
than 11 repeating units are required to span such a distance.
Taking all of these data and the results of our model

calculations into consideration, the following model of the
arrangement of LPS in the outer membrane can be proposed.
The Ra-LPS portion shows a relatively well defined cylin-
drical overall shape, and its long axis can be assumed to run
parallel to the membrane normal. The 0-specific chain,
however, does not represent a regular helix over longer
chain distances. Furthermore, there would also be a good
agreement with experimental dimensions for S-form LPS,
assuming that the 0-specific chain prefers conformations in
which it is bent relative to the membrane normal and
partially lies flat on top of the head groups of other mem-
brane molecules, some of which lack parts of or the com-
plete 0-specific chain. The 0-specific chain is flexible
enough to be stretched out to significant distances into the
extracellular space (Fig. 6). Since a number of longer 0-spe-

cific chains may produce crossovers, a mechanically stable,
feltlike network may be formed. In this way, the layer
formed by the 0-specific chains can function as an effective
barrier against permeation of harmful substances (32).

It should be noted that the proposed outer membrane
architecture does not conflict with the model favored by
Labischinski et al. (16). Both models suggest irregular
0-specific chain arrangements. With our model, we predict
that these irregularities are not only irregularities of a single
0-specific chain but may also include feltlike crossovers of
several strands and chain length variations.

Sets of atomic coordinates and of glycosidic torsion angles
of the models are available from the authors.
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