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The physical structure of the lipid component of the outer membrane of Gram-negative bacteria, here
mutants of Salmonella minnesota, was studied with different optical and calorimetric techniques on the
bilayer and with film balance measurements on the monolayer system. Special emphasis was laid on the
elucidation of the phase behaviour of lipopolysaccharides and its isolated lipid component, free lipid A,
differing in the length of the polysaccharide moiety. All samples exhibit the phase transition gel-liquid
crystalline of the hydrocarbon chains with T, for free lipid A lying well above the growth temperature of the
bacteria (37°C), while the mutant lipopolysaccharides show values in the range 30-37°C. The state of order
of the hydrocarbon chains at 37°C is lowest for the deep rough mutant lipopolysaccharides. Thus, an
explanation of the high sensitivity of the mutants Re and Rd against hydrophobic drugs is possible. The
behaviour of several physical quantities, e.g. enthalpy and cooperativity of the phase transition indicates that
free lipid A and, to a lower extent, also the deep rough mutant lipopolysaccharide (mR595) form inverted
structures. From this a model is derived for the mechanism of incorporation of lipopolysaccharide into the
outer leaflet of the outer membrane after its lipid and saccharide parts have been translocated separately
from the cytoplasmic membrane.

Introduction

In contrast to the cell envelope of Gram-posi-
tive bacteria, Gram-negatives contain a second
membrane, the outer membrane, located at the cell
surface. Both membranes act as particular physical
and functional barriers to protect the cell from or
adapt it to environmental changes. The two mem-
brane differ considerably in their lipid composi-
tion: while the inner membrane is symmetric and
contains only phospholipids the outer membrane
is asymmetric. Its inner leaflet is built up from
phospholipids, the outer leaflet from lipopolysac-

Abbreviations: PC, phosphatidylcholine; DPPC, dipalmitoyl-
phosphatidylcholine; PE, phosphatidylethanolamine.
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charides. The architecture of the outer membrane
of Gram-negative bacteria has been the subject of
recent reviews [1,2]. The objective of this paper
was to investigate the special role of lipopolysac-
charides in its barrier function.

Briefly, these lipopolysaccharide molecules con-
sist of a covalently bound lipid component, called
lipid A, which anchors the lipopolysaccharide in
the membrane, and a polysaccharide moiety, the
core and the O-chain (responsible for the O-anti-
gen property). Polysaccharide-free, i.e. precipitated
(or isolated) lipid A is termed free lipid A [3,4].
Phospholipids take care of their part in this barrier
function as constituents of as well the cytoplasmic
as of the outer membrane by regulating the fluid-
ity, i.e. the mobility of the hydrocarbon chains, via
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the synthesis of different fatty acids with respect
to length and degree of saturation [5,6]. In a
normal physiological state most.of the membrane
phospholipids are in a liquid-crystalline state.
Upon a change in, for instance, temperature, pH
value, or upon the action of some drugs they may
be transfered to a gel state which leads to a
reduction in their permeability. Since a participa-
tion in the barrier function of the outer membrane
can be assigned to the lipopolysaccharide, it is to
be expected, that it shows similar phase behaviour
(thermotropic phases with a gel-liquid crystalline
phase transition).

However, although this assumption is somehow
stringent and the respective behaviour of phos-
pholipids was and is still subject of a great number
of investigations, astonishingly little effort was
spent on the elucidation of this topic. Further-
more, the few available data on lipopolysac-
charides do not render a uniform description but
are even contradictory. This refers mainly to dif-
ferences in the observation of the gel-liquid crys-
talline transition and of the fluidity of the hydro-
carbon chains of lipopolysaccharides [7-12].

With the present investigation (abstract in Ref.
13) an attempt was made to elucidate the some-
times contradictory statements by combining the
results obtained from the application of indepen-
dent techniques which should allow to compre-
hend information on the basic structure and the
phase behaviour, especially on the phase transi-
tions, of lipopolysaccharides under physiological
conditions. Furthermore, the influence of varia-
tions in the length of the polysaccharide moiety
(using different mutant-lipopolysaccharides) on the
various physical parameters was studied. These
results may be helpful for an understanding of the
correlation between the different sensitivities
against hydrophobic substances, the different bio-
logical activities, and the physical structures.

From the results a proposal for the 3-dimen-
sional structure of lipopolysaccharide and free lipid
A is made which implies a modification of existing
models for the mechanism of the incorporation of
lipopolysaccharide in the outer leaflet of the outer
membrane.

The methods applied comprise various fluoro-
metric techniques and differential thermal analysis
with the bilayer system and film balance measure-
ments with the monolayer system.

Materials and Methods

The optical and calorimetric techniques have
been described in detail elsewhere [14]. Briefly,
fluorescence measurements were performed on an
Aminco-Bowman fluorescence spectrometer using
N-phenylnaphthylamine as a probe to determine
the temperature range of the phase transition and
its midpoint, i.e. the phase transition temperature
7., and the van’t Hoff enthalpy AH, . Fluores-
cence polarisation measurements were done with
diphenylhexatriene as a probe to get information
on microviscosities and the state of order of the
lipid molecules. The formation of closed lamellar
structures (vesicles) was checked via the release of
the fluorescent dye 6-carboxyfluorescein at the
phase transition.

For the calorimetric measurements a heat-flow
device described earlier [15] was used. The lipid
samples were placed in the measuring cell and the
measured (downward) endotherms were calibrated
by direct comparison with fatty acid samples
placed in the reference cell (upward endotherm)
[14].

Monolayer measurements at the air-water inter-
phase were performed with a film-balance from
Kriiss (Hamburg, F.R.G.) scanning the pressure-
area curves at constant temperatures (isotherms).
The monolayers were prepared by spreading a
1073 M lipid solution in chloroform on a 0.1 M
NaCl subphase. In some cases the pH of the
subphase was varied by addition of suitable
amounts of hydrochloric acid. Lipopolysac-
charides with a higher amount of polysaccharide,
being not soluble in chloroform, were dissolved in
a mixture of phenol/chloroform/ petroleum ether
(2:5:8, by vol.). After spreading the sample (20 to
30 pl) on the interphase, the solvent was allowed
to evaporate during 30 min before measurements.
Control experiments with the latter solvent and
with pure chloroform showed identical isotherms
for phospholipids indicating that no solute was
lost in the subphase.

The various lipopolysaccharides analysed
originated from different mutants of the strain
Salmonella minnesota (structures see Fig. 1) and
were taken in their natural salt form [16]. The
wild-type lipopolysaccharide (S form), the struc-
ture of which is not shown in Fig. 1, contains an
additional saccharide moiety, the O-side chain,
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Approximate
Mutant Strain molecutar weight Structure
Re mR 595 2685 K?O —~[Lipid A
KDO
(P)- OCHy —CH, NH,
Rd, mR 4 2895 Hep ————— K?o~ Lipid A
KDO
(P)— OCH, — CH,NH,
Rdy P~ mR7 3105 Hep — Hep K?O* Lipid A
KDO
(P)—0CH, —CH, NH,
Rd, P* mRz 3325 Hep — Hep K,DO—-
KDO
—OCH, ~CHyNH; (P)—O0CH; —CHaNH,
Re P~ mR 5 3285 Glc — Hep — Hep K?O* Lipid A
KIIJO
(P)-OCH —CHyNH,
'
Rb, mR 345 4335 Glc — Gal — G:c — pr — Hep ——— KI?O—- Lipid A
Gal Hep ® KDO
®—ocn,—cn,NH, (P)—OCH; — CH,NH,
®
Ra mR 60 4585 GlcNAc — Glc — Gal — G6lc —- H'ep — Hlep _— Kl:')O* Lipid A
Gat Hep @ KDO

(P)—OCH; —CH2NH, @—ocn,-cn,nn,

Abbreviations: KDO = 2-Keto-3-deoxyoctonate , Hep = Heptose , Glc = Glucose , Gal= Galactose , GlcNAc = Glucosamineacetyl

Fig. 1. Chemical structures of the defective lipopolysaccharides from the mutants Ra through Re of S. minnesota after [21). The
wild-type lipopolysaccharide additionally contains the covalently-linked O-chain essentially consisting of a varying number of

repeating units of a pentasaccharide [17].

which is specific for each bacterial serotype. For S.
minnesota, the composition of the O-side chain
was determined by Luderitz et al. [17].

The strains and the corresponding lipopolysac-
charides have been described previously [18]. The
smooth and the rough form lipopolysaccharides
were isolated from bacteria either by the phenol-
water method [19] or by the phenol/chloroform/
light petroleum procedure [16,20].

Also, free lipid A’s of S. minnesota were in-
vestigated (structure Fig. 2). It should be pointed
out that lipid A’s from different mutants of the

same strain are identical in structure. However, the
structure of lipid A as illustrated in Fig. 2 is not
homogeneous in respect to fatty acid composition
and phosphate content (dashed lines in Fig. 2).
For example, in approx. 50% of the lipid A mole-
cules of Salmonella, the phosphate group linked to
the glucosamine I (on the right side in Fig. 2) is
substituted by a phosphorylethanolamine residue
[21].

Lipid A was isolated from lipopolysaccharide
usually by acid hydrolysis, purified, and converted
to the triethylamine-(TEN), in some cases also to
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Fig. 2. Structure of lipid A of S. minnesota. The dashed lines indicate that the respective fragments are only partially synthesized by

the bacterial cell (‘microheterogeneity’) [21].

the Na-salt form [16,22]. The various hydrolysis
techniques differ in the degree of cleavage of 2-
keto-3-deoxyoctonate and organic phosphate,
HF- and HCl-treatment being more effective than
acetic acid. Here, mostly the HF-treatment was
applied.

Beside free lipid A, the compound lipid A
(OH™) was investigated which was obtained from
free lipid A by NaOH treatment leading to the
cleavage of the ester bound fatty acid residues and
leaving only the two amide-bound acyl residues.

Dipalmitoyl-L-a-phosphatidylcholine (DPPC)
as ‘standard’ phospholipids was purchased from
Sigma (Munich, F.R.G.) and used without further
purification, and the preparation of the lipid
vesicles was done as described previously [23].

From the optical data (with N-phenylnaph-
thylamine) and the calorimetric data from bilayers

the temperature 7, and the enthalpies AH,,),

dé
AH .. =4.R.-T2[ &Y
. 4RT°(dT)r_r

(R gas constant, # ratio of melted to non-melted
lipid) of the gel-liquid crystalline phase transition
can be calculated as well as the cooperativity of
the phase transition § =AH,;/AH,_,,.

From fluorescence polarisation measurements
the ‘polarisation’ P= (I, —1,)/(I, +1,) and the
‘anisotropy’ r= (I, ~1I,)/(I,+21,) can be de-
termined. In addition to the equations presented
in Ref. 14, the relation between r,, (residual fluo-
rescence anisotropy for ¢— o0) and r was ap-
proximated via a least square fit of a polynom of
3rd order using the 81 empirical values from artifi-
cial and biological membranes collected by Van



Blitterswijk et al. [24]. The fit yields
r,=—0.03r+594r? —8.47°

From that, the order parameter

S=(ru/r)"’

(r, = 0.362 for diphenylhexatriene) was calculated.

The values for S of all measured lipid systems
turned out to deviate by maximal 1% from those
calculated with the aid of the empirical relations
presented by Pottel et al. {25] (especially Equation
14) using experimental values of 125 membrane
systems.

The relative error was calculated according to

AS/S=06(1-r/r,)
containing all empirical values at a 90% confi-

dence level. An estimate of the microviscosity,
derived from the Perrin equation, is given by

_ 2.4 poise-r.,
N =Napp — Th—r.
_ 2P

Mapp = 0 46— P

is the approximation of Shinitzky and Barenholz
[26] resulting from the Perrin equation by neglect-
ing . The error can be estimated to A7 =2.9
(r/ry)* at a 90% confidence level.

The monolayer measurements were evaluated
by means of the two-dimensional Clausius-
Clapeyron equation [27]

da,
dT

AQc =Tc(Ac_'Ac)'

to determine the latent heat AQ_ of transition.

A, and A, are the areas of the expanded and
condensed phase, respectively, #, the pressure at
which the condensation occurs. 4, and A_ are
determined from the intersections of the tangent
of the extrapolated isotherm in the condensed
phase and from the tangent of the isotherm at the
beginning of the phase transition, respectively, with
the tangent at 7 = =
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Results

For a better understanding of the results ob-
tained for free lipid A or the various mutant
lipopolysaccharides they are compared with the
respective results obtained for DPPC with each
method. In Fig. 3 the slopes of the fluorescence
intensities d/,,;/dT versus temperature obtained
from free lipid A, lipopolysaccharides of wild-type
(S form) and mutants mR595, mRé60 are given and
compared with that of DPPC. All preparations
(labeled with the fluorophore N-phenylnaph-
thylamine) show pronounced phase transitions
which can be assigned to the gel-liquid crystalline
transition of the hydrocarbon chains in accor-
dance to the main transition of DPPC at approx.
41°C. Furthermore, free lipid A exhibits two addi-
tional transitions at approx. 30 and 40°C. The
former could be explained by assuming a small
fraction of a lipid A-2-keto-3-deoxyoctonate com-
pound corresponding to the lipopolysaccharide
mR595 left in the free lipid A preparation after
acid hydrolysis for cleaving 2-keto-3-de-
oxyoctonate [22].

This possibility is confirmed by results obtained
from mixtures of free lipid A and lipopolysac-
charide mR595 leading to more or less pro-
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Fig. 3. First derivative of the fluorescence intensity after tem-
perature dl ;s /dT versus temperature T for free lipid A (4)
and the lipopolysaccharides from wild-type (1) and mutants
mR595 (2) and mR60 (3) as compared to DPPC (5). Fluoro-
phore: N-phenylnaphthylamine.
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nounced fluorescence increases at both transition
temperatures (not shown) of as well lipid A as
lipopolysaccharide mR595 depending on the mix-
ing ratios. These findings,at the same time, strongly
suggest that a mixture of these two lipids does not
result in a homogeneous phase but leads to sep-
arate domains.

Whether the slightly pronounced transition in
the free lipid A preparation at approx. 40°C can
be assigned to a Ly — Py transition observed in
DPPC at 32-36°C [9,28] can at present not be
decided definitely.

Interestingly, the lipopolysaccharide S form
gives rise to two pronounced maxima which can in
no way be explained by contaminations with other
lipid components. While the second maximum can
be assigned to the main phase transition of the
hydrocarbon chains, the first maximum could
originate from a conformational transition in the
O-chain. This is backed by the observation that a
respective peak cannot be observed for all the
other lipopolysaccharide preparations, which dif-
fer from the S form in that they are missing the
O-chain and, furthermore, by the results from
fluorescence polarisation measurements with di-
phenylhexatriene (Fig. 4) giving no indication for
the occurrence of the phase transition at approx.
16°C. Due to its non-polar behaviour diphenyl-
hexatriene, in contrast to N-phenylnaphthylamine,
is a marker exclusively of the hydrocarbon moiety.

Also from Fig. 3 and from Table I, it can be
taken, that only for the deep rough mutant lipo-
polysaccharides (especially mR595, mR4) the phase
transition is completed at the physiological
(growth) temperature of 37°C, whereas the more
smooth mutant lipopolysaccharides are partially in
the gel state at this temperature. Interestingly, for
the free lipid A a transition well above 37°C is
found.

Fig. 4 presents a plot of the fluorescence
polarisation P versus temperature T for various
mutant lipopolysaccharides and free lipid A in
comparison with the respective measurement for
DPPC. Obviously, the difference between the val-
ues for P in the gel and in the liquid-crystalline
states, respectively, is highest for free lipid A and
decreases with increasing length of the polysac-
charide moiety. Also, from this figure the phase
transition temperature can be taken. In Table I

these values are summarized and compared with
the respective data from the other technique ap-
plied. The order parameter S (calculated for 37°C
from the fluorescence polarisation data in depen-
dence on the molecular weight (Fig. 5)) shows the
highest value for free lipid A, and after traversing
a minimum for the deep rough mutant lipo-
polysaccharides increases to the smooth mutant
lipopolysaccharides again. The calculation of the
approximation for the microviscosity 7 (see Meth-
ods) yielded that this quantity should be used only
in the liquid-crystalline state of the hydrocarbon
chains, i.e. for anisotropy values r <0.13 (or P <
0.18) the relations An/m <AS/S and An/5 <0.5
hold true. In a more ordered state S seems to be
more adequate especially for high r values (see
error bars in Fig. 5) because (as has been stated by
Pottel et al. [25]) the fluorescence polarisation
measurements with diphenylhexatriene give rather
information on the packing than on the membrane
viscosity. A pretransition at 7 =40°C for the
free lipid A is also indicated by depicting the slope
of the order parameter —(dS/dT) versus temper-
ature in the transition region (not shown).
Examples for measurements with differential
thermal analysis are presented in Fig. 6, where
scans of free lipid A and of the mutant lipopoly-
saccharide mR4 are compared with the scan of a
DPPC sample. The scan of the free lipid A sample
shows two endothermic peaks. The one at the
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Fig. 4. Fluorescence polarisation P versus temperature T for

free lipid A (5) and various lipopolysaccharides from mutants

of S. minnesota mR595 (1), mR4 (2), mRz (3), mR60 (4) as

compared to DPPC (6). Fluorophore: diphenylhexatriene.
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PHASE TRANSITION TEMPERATURES 7, OF VARIOUS MUTANT-LIPOPOLYSACCHARIDES FROM S. MINNESOTA
MEASURED BY DIFFERENT OPTICAL TECHNIQUES AND DIFFERENTIAL THERMAL ANALYSIS

n.v., no (closed) vesicles; —, not measured. The standard deviation for the measurement of 7, amounts to 0.5 deg. C due to variations

between different samples.

Mutant lipopolysaccharides
S. minnesota

T.(°C)

from binding

from binding

from release

from differential

of N-phenyl- of diphenyl- of 6-carboxy- thermal analysis
naphthylamine hexatriene fluorescein
Lipid A TEN form 46.5 450 n.v. 475
Lipid A (OH™) 34.0... - 38.0 -
36.0
Lipopolysaccharides
from mutants
mR595 320 31.5 n.v. 30.0
mR4 295 33.0 (31.0)* 29.5
mR7 33.0 - 32.0 33.0
mRz 335 35.0 - 330
mRS5 34.0 335 345 340
mR60 36.5 37.0 38.0 36.0
S form 370 38.0 385 38.5

only slight increase in I5;,.

higher temperature can be assigned to the gel-liquid
crystalline transition and the one at the lower
temperature again to a possible contribution of a
2-keto-3-deoxyoctonate-containing portion. Fur-
thermore, beside for free lipid A and lipopolysac-
charide mR595, the phase transition enthalpy (Fig.
7) is independent of the length of the polysac-
charide side chain indicating that for these lipo-
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Fig. 5. Order parameter S (37 © C) versus molecular weight for
free lipid A (1) and some lipopolysaccharides from mutants
mR595 (2), mR4 (3), mRz (4) and mR60 (5). The error bars
(+ AS) were calculated according to the formula presented in
Methods.

polysaccharides the polysaccharide does not in-
fluence the conformation of the lipid A moiety
within the membrane preparations.

As described in Methods, from a combination
of AH ,, (fluorometric measurement) and AH_,

—

Endotherm (reference)

Endotherm (sample)

-—

50 60

n
=]
8
=
=}

Temperature (°C)

Fig. 6. DTA heating scans for free lipid A (3) and lipopolysac-
charide of mutant mR4 (1) as compared to DPPC (2). The
downward endotherms result from 47.3 mg lipopolysaccharide
mR4 (1), 7.2 mg DPPC (2), and 23.6 mg free lipid A (3),
respectively. The upward endotherms were obtained from 1.26
mg dodecanoic acid (1), 1.00 mg tetradecanoic acid (2), and
2.44 mg tetradecanoic acid (3), respectively.
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Fig. 7. Phase transition enthalpy 4 H_ versus molecular weight
for free lipid A (1) and various lipopolysaccharides from
mutants mR595 (2), mR4 (3), mRS (4), mRz (5), mRé60 (6), and
wild-type (7). The value for the S form lipopolysaccharide was
obtained assuming a molecular weight of 20000 amu. The
standard deviation of the measurements amounts to approx.
10% due to variations between different samples.

(calorimetric scan) the cooperativity of the phase
transition can be calculated and shows the highest
value for free lipid A (£=26) and decreasing
values for the lipopolysaccharides with longer
polysaccharide chains (lipopolysaccharide from
mR595, £ = 15, and from mR60, ¢ = 10).

Interesting results were obtained from the fluo-
rometric monitoring of the release of 6-carboxy-
fluorescein which usually starts at the beginning of
fluidization after incorporation in closed lipid
structures. Most of the preparations except those
from the two lipid A forms (Na-salt- and TEN-
form) and from the lipopolysaccharide mutant
mR595 exhibit a steep increase in the fluorescence
intensity Ig,, just before reaching 7, and should,
therefore, form closed spherical structures. The
mutant mR4 seems to be a border case showing, if
any, only a slight increase in /.

In Table I the values for T, obtained from the
various techniques are listed showing satisfactory
agreement. There seems to be no obvious deviation
for the values of any single technique.

Fig. 8A gives pressure-area isotherms from film
balance measurements with free lipid A (HF-
treated) as compared to DPPC (Fig. 8B). Similar
curves were obtained with some other mutant-lipo-
polysaccharide preparations, which showed, how-
ever, only slightly pronounced or even vanishing
transitions.

As presented in Table II, monolayers were
formed by all lipopolysaccharide preparations ex-
cept those of the mutant mR60 and the wild-type
(S form). This is in agreement with observations
made earlier that native (smooth form) lipopoly-
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Fig. 8. (A) Monolayer isotherms for dephosphorylated lipid A
of S. minnesota. (1) 9°C, (2) 13°C, (3) 20°C, (4) 25°C, (5)
30°C, (6) 35°C, (7) 45°C. (B) Monolayer isotherms for
DPPC. (1) 15°C, (2) 22°C, (3) 30°C, (4) 37°C.



TABLE 11

THE LIMITING AREA PER MOLECULE AND THE TWO
HIGHEST VALUES FOR THE HEAT OF TRANSITION
AQ. AND THE RESPECTIVE TEMPERATURES T
CALCULATED FROM THE CLAUSIUS-CLAPEYRON
EQUATION FOR DIFFERENT LIPID A’s AND LIPO-
POLYSACCHARIDES OF S. MINNESOTA AS COM-
PARED TO DPPC

Compound Limitingarea 4AQ. atT
per molecule (1)) ()]
(¢/nm?)
DPPC 0.53 437 22
Lipid A*®
HAc treated 0.72 25.5 15
18.1 20
HCl treated 0.92 337 15
307 23
HF treated 0.90 29.7 20
246 25
Lipid A (OH™) 0.35 b
Lipopolysaccharide
from mutant mR595 2 1.05 439 10
320 15
from mutant mR4 ? 1.07 40.2
230 1
from mutant mRz ? 1.22 b
from mutants mR5 1.18 b
from mutant mR3452%  1.25 ¢

from mutant mR60 no monolayer

S form no monolayer

# In phenol /chloroform/petroleum ether (2:5:8, by vol.).
® Phase transition too weak for a reliable evaluation.
¢ No phase transition.

saccharide does not form monomolecular films
[29]. It must be noted that the distinctness of the
transition regions is significantly higher with a low
phosphate content in the lipid A moiety.

The values calculated from these measurements
for the limiting area per molecule p and the heat of
transition AQ_ according to the two-dimensional
Clausius-Clapeyron equation are summarized in
Table II. It is worth mentioning that for free lipid
A a decrease in the pH value from 7 t0 2.9 led to a
marked increase in AQ_ but left the p value nearly
unchanged. A similar behaviour was observed for
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Escherichia coli lipid A. For this, in any case a
significantly lower AQ_-value was measured. This
might be explained by the absence of a hexa-
decanoic fatty acid residue [30].

Furthermore, for the deep-rough mutant-lipo-
polysaccharide of mR595 and mR4, the tempera-
ture for which a maximum value of AQ_ was
calculated according to the Clausius-Clapeyron
equation are more than 10 °C lower than that for
free lipid A in analogy to the values of 7, mea-
sured from the bilayer system. In a similar way,
these compounds show a significantly higher AQ,
than free lipid A.

Discussion

From the presented results the following con-
clusions can be drawn.

1. Phase transition temperature T,

All free lipid A- and lipopolysaccharide-pre-
parations exhibit under physiological conditions,
i.e. under high water content (> 99%) a phase
transition, which can be assigned to the order-dis-
order transition 8 — a of the hydrocarbon chains
as measured with fluorometric techniques. The
same transition can also be observed with a lower
water content (80 to 95%) applying differential
thermal analysis. The transition temperature T,
have in all cases (except for free lipid A) values
around 37°C or lower. For free lipid A, the T,
value is higher by several degrees, the absolute
value depending on the content of organic phos-
phate and on 2-keto-3-deoxyoctonate not being
cleaved by acid hydrolysis.

Also, in the monolayer system a phase transi-
tion corresponding to that of the bilayer system is
observed. The T values calculated according to
the Clausius-Clapeyron equation show a similar
tendency: The free lipid A giving rise to highest
and the mutant-lipopolysaccharides to lower T,
values.

The observation of a T, well above 37°C for
free lipid A is consistent with the fact that this
compound is no constituent of the membrane and
that therefore no regulatory role can be assigned
to this molecule. The amount of organic phos-
phate, mainly in position 1 of the reducing gluco-
samine part, and the amount of sugar strongly
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influence some of the measured quantities (e.g. T,
AQ.). Even though at the moment no figures can
be given for the absolute amount of phosphate and
2-keto-3-deoxyoctonate left after the various acid
hydrolysis procedures it is known that the acetic
acid treatment should produce free lipid A still
containing considerable amounts of 2-keto-3-de-
oxyoctonate and phosphate. A comparison of the
presented T, values with data from literature could
not be performed because up to now investigations
in this respect have been published only for some
wild-type lipopolysaccharides. Liu et al. [31] who
investigated the effect of a special endotoxin (i.e.
lipopolysaccharide mR595) on the phase transition
of different phospholipids, did not comment the
slight increase in fluorescence intensity of N-phen-
ylnaphthylamine (presented in their paper in Fig.
1) at app. 33°C, which is possibly due to a transi-
tion of the lipopolysaccharide within a DPPC/
lipopolysaccharide mRS595 (1: 8, molar ratio) mix-
ture.

The few results for E. coli lipopolysaccharide
(smooth forms) show variations of T, between
22°C and 33.5°C [6-8]. Only very recently, how-
ever, Coughlin et al, [32] found two ‘structural
transitions’ at 20 and 40 °C for E. coli lipopolysac-
charide measured with two ESR spin probes. The
authors termed these transitions ‘thermotropic’
without specifying them more precisely, but possi-
bly there is a connection to the two transitions of
the S form lipopolysaccharide presented in Fig. 3.

Anyway, the different 7, values for lipopolysac-
charides described in literature cannot be ex-
plained by different preparations or measuring
techniques alone but indicate that still some confu-
sion concerning an interpretation exists.

2. Fluidity and state of order

As can be taken from Fig. 4 differences in P
and therefore in S (see Methods) nearly vanish at
temperatures well below and above 37°C. Thus, a
comparison of the ‘state of order’ has necessarily
to be carried out at a fixed temperature. Con-
tradictory statements in literature concerning the
influence of the polysaccharide chain on the ‘state
of order’, “mobility’, or ‘fluidity’ may be explained
by the fact that this necessity has not been taken
into consideration. Some authors found the state
of order of the lipid A portion of the lipopolysac-

charide to be independent of the length of the
polysaccharide chain [2], others, however, found a
higher state of order for a lipopolysaccharide bear-
ing a longer polysaccharide portion [10,11,33]. Both
statements could be brought into agreement if the
former is assumed to be valid outside and the
latter within the transition region.

The order parameter S (37°C) calculated from
fluorescence polarisation measurements at a fixed
temperature of 37°C (Fig. 5) increases with in-
creasing length of the polysaccharide side chain. A
comparison with free lipid A is inadequate because
at this temperature it is still in the gel-state while
the mutant-lipopolysaccharides are predominantly
in the liquid-crystalline state. The higher fluidity
of the deep-rough mutant lipopolysaccharides at
T=37°C as compared to the other lipopolysac-
charide preparations is in agreement with results
from Tamaki et al. [34] and Wilkinson et al. [35]
who observed an increase of the sensitivity be-
tween Rc and Rd mutants. This behaviour was
explained by Nikaido [36] with an increase in the
phospholipid content in the outer membrane (first
observed by Smit et al. [37]) due to a decrease in
the lipopolysaccharide content. The present ob-
servations do not exclude this possibility but point
out that the increasing fluidity of the lipopolysac-
charides of the deep rough mutants might be re-
sponsible for their sensitivity.

3. Physical structure

For free lipid A, the fatty acid moiety is the
determining portion for the lateral space require-
ment of the molecule within the membrane. This
follows from a comparison of the limiting areas for
free lipid A and lipid A (OH™) which were mea-
sured by the monolayer technique to be 0.95 and
0.35 nm’, respectively. From this and the fact, that
with the addition of 2-keto-3-deoxyoctonate and
increasing length of the polysaccharide side chain
the limiting areas reach a maximum value of 1.25
nm? per molecule, it is concluded that, for the
lipopolysaccharide of the more smooth mutants,
the determining portion for the lateral space re-
quirement is the polysaccharide moiety. Further-
more, from comparison of the quantities S (37°C)
(Fig. 5), AH_ (Fig. 7), and £ a clear variation
between free lipid A and lipopolysaccharide mR4
and a relative invariability for all the other mutant



lipopolysaccharides can be deduced. It therefore
seems most likely that between free lipid A and
lipopolysaccharide mR595 on the one side, and
between lipopolysaccharide mR595 and mR4 on
the other side, there must occur structural modifi-
cations which can be explained by an increase in
the cross-sectional area of the hydrophilic region
and a more parallel orientation of the hydro-
carbon chains by the apposition of additional sugar
residues, especially with a negative charge (2-keto-
3-deoxyoctonate).

As described in Results (Table I), except for
lipopolysaccharide mR595 and free lipid A for all
other lipopolysaccharide preparations closed struc-
tures were obtained as was shown by the release of
6-carboxyfluorescein.

For the formation of closed lamellar bilayer
structures the effective cross-section of the hydro-
carbon moiety must be lower than that of the
hydrophilic head-group region. This assumption is
confirmed by an estimation of the ‘critical packing
parameter’ according to a formula given by Israe-
lachvili and co-workers [38] x =v/a ! (v volume
of the hydrophobic part, a area of the hydrophilic
head group, / length of the acyl chain) yielding an
x value for free lipid A well above 1. Therefore, it
can be expected that free lipid A and lipopolysac-
charide mR595 (at least partially) do not form
lamellar but inverted structures such as ‘lipidic
particles’ or spherical inverted micelles which
transform to the hexagonal H|, phase in thermo-
dynamic equilibrium [39]. Inverted structures,
especially the H|; phase, have been observed for
several phospholipids (e.g. phosphatidylethanol-
amines) and phospholipid mixtures [39-435].

The assumption of a transition to or within an
inverted structure for free lipid A is supported by
the results from differential thermal analysis and
fluorescence polarisation measurements. The
former yield markedly lower 4 H, values for free
lipid A and lipopolysaccharide mR595 as com-
pared to the other lipopolysaccharide prepara-
tions. This can be explained by the lower number
of interacting sites of the opposing methyl end
groups. Similarly, the observed higher increase in
the fluidity (Fig. 4) at the phase transition for the
same substances may be explained. Furthermore,
by assuming that, at least partially, the structures
are of the Hy; type, the measured higher coopera-
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tivity values for free lipid A and lipopolysac-
charide mR595 can readily be explained by the
cylindrical geometry leading to a more parallel
alignment of the lipid molecules in one dimension.

Therefore, for an understanding of the observed
phase transitions of free lipid A at T, =46°C and
T = 40°C (e.g. Fig. 3), it may be assumed for the
former that it originates from a transition within
an inverted structure, e.g. H;; the latter in a
transition between different structures, e.g. cubic-
hexagonal (with cubic structure units similar to
Schwarz’s minimal surface [43]). This would be
confirmed by the low values of the various mea-
sured quantities (see d//dT in Fig. 3, dS/dT, and
H! <1KkJ).

It must be noted at this point that the presented
results give strong evidence for the existence of
inverted structures at least for free lipid A. This is
confirmed also by the results of some electron
micrographs. An absolute proof, however, cannot
be given at present. Unfortunately, up to now
there is no direct evidence for the existence of
inverted structures such as ‘lipidic particles’ or
‘inverted micellar intermediates’ [39]. Even estab-
lished methods such as the NMR technique may
indicate isotropic or hexagonal phases, although
other techniques definitely confirm the existence
of only one lamellar phase [46].

The proposed structural models for free lipid A
and lipopolysaccharides allow some conclusions
on possible mechanisms for the translocation of
the lipopolysaccharide molecule from its locus of
biosynthesis in the inner half of the cytoplasmic
membrane to its final destination in the outer
leaflet of the outer membrane. Some existing mod-
els assume that from the cytoplasmic membrane a
vesicle is released and subsequently fuses with the
outer membrane at special sites [1,47]. A severe
objective to this model seems to be the diameter of
these vesicles of as large as 40 nm, which have to
pass the periplasmic space inclusive the pepti-
doglycan layer.

Other models propose a direct fusion between
the two membranes [1,47,48). Here, a lipopolysac-
charide molecule is assumed to be synthesized in
or to diffuse to a special domain in the inner
leaflet of the cytoplasmic membrane. Due to the
structure in the site of fusion, in which a lipidic
particle may be absent or present, the lipopolysac-
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charide molecule then reaches, by two flip-flop
mechanisms, first the area where the outer mono-
layer of the cytoplasmic membrane is connected
with the inner monolayer of the outer membrane
and, subsequently, the outer monolayer of the
outer membrane [1]. In favour of this model is the
fact, that these particular adhesion zones (Bayer’s
Jjunctions) between the two membranes have been
observed in several rod-shaped microorganisms
[49,50]. A rather strong argument against this
model is the fact that the time required for a
flip-flop of lipid molecules for example for di-
myristoyl PC is 80 min or under the influence of
an exchange protein still 31 min [51]. The assump-
tion of two flip-flop processes seems therefore to
be rather unimaginable for example for bacteria
like E. coli with generation times of about 20 min.
As has been reported by Miuthlradt and co-workers
(48] the time after which newly synthesized lipo-
polysaccharide can be detected on the bacterial
surface is as low as 30 s.

Considering these contradictions, the following
modifications of the model are suggested:

Not the complete lipopolysaccharide but lipid
A + 2-keto-3-deoxyoctonate molecules are synthe-
sized in particular domains of the inner monolayer
of the cytoplasmic membrane. These domains
bulge towards the outer membrane (Fig. 9A), are
finally strangulated, and form inverted structures
within the region of existing Bayer’s junctions
(Fig. 9B). These structures are considerably smaller
in diameter than the corresponding geometries
built up from complete lipopolysaccharide mole-
cules. Finally, the incorporation into the outer
leaflet of the outer membrane and the attachment
of the polysaccharide chains take place under the
influence of a specific protein, which has been
observed to interact in the outer membrane with
the lipid A portion of lipopolysaccharide but only
to a low amount with the complete lipopolysac-
charide [52]. The polysaccharide moiety, which
(according to this model) is added in a last step in
the outlined process, might be translocated to the
outer membrane by interaction with proteins
which, too, are known to be transferred within the
sites of membrane adhesion [53].

The proposed model is related to the ‘direct
fusion model’ [47] but does not presume flip-flop
processes. Furthermore, the model is confirmed by

Symbols:

Lipopoly -, ﬂ Lipid A /KDO - ,
saccharide * precursor "

8 Phospholipid

Fig. 9. Model for the translocation of a lipopolysaccharide
‘precursor’ into the outer membrane with subsequent attach-
ment of the polysaccharide component (A) The first step is
illustrated with lateral diffusing lipopolysaccharide molecules
(c) in the outer membrane (a) at sites of adhesion (d) of outer
and cytoplasmic (b) membranes. The lipopolysaccharide ‘pre-
cursor’ is biosynthesized in the inner leaflet of the cytoplasmic
membrane (e). (B) The lipopolysaccharide ‘precursor’ in an
inverted structure moves from the cytoplasmic towards the
outer membrane while the gap in the inner leaflet of the
cytoplasmic membrane is refilled with newly synthesized mole-
cules (e). Finally, the cycle is completed by the incorporation of
the * precursor’ into the outer leaflet of the outer membrane and
the attachment of the polysaccharide component under the
influence of a specific protein.

three observations.

(i) The rates of lipopolysaccharide production
are identical for smooth and deep-rough mutants
of Gram-negatives (e.g. mR595 and S form [37]).



This would mean identical rates of the insertion of
the respective lipopolysaccharide into the outer
monolayer of the outer membrane which can
hardly be expected from the assumption of a
translocation of the complete lipopolysaccharide
molecules.

(ii) Osborn and co-workers [54] found the trans-
location to be unidirectional, i.e. an incompletely
lipopolysaccharide, incorporated into the outer
membrane under non-permissive conditions, was
not completed following subsequent shift to per-
missive growth conditions. However, this irreversi-
bility is (in contrast to the former models) just a
particular demand of the model proposed in the
present paper.

(ii1)) Osborn et al. [55] observed a very low
translocation rate for a precursor of lipid A resem-
bling closely lipid A (OH™) structure described
above. These authors assumed that for the effec-
tive translocation more complete lipid A-like
structures should be necessary. This assumption
again can readily be explained by the tendency of
these lipid A-like molecules to form inverted struc-
tures which can be excluded for the lipid A (OH ™)
molecules as described before.

In a recent paper Mulford and Osborn [56]
suggest a mechanism in which the core-lipopoly-
saccharide and the O-chain are translocated sep-
arately to the periplasmic space where the attach-
ment of the O-chain should take place. This as-
sumption is deduced by the authors from ferritin
labeling of the O-antigen chain at the exposed
periplasmic face of the inner membrane. However,
it has to be taken into account that the presence or
absence of the lipid moiety of the lipopolysac-
charide should not influence the antigenic proper-
ties of the O-chain.
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