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ABSTRACT Cationic antimicrobial cationic peptides (CAMP) have been found in recent years to play a decisive role in hosts’
defense against microbial infection. They have also been investigated as a new therapeutic tool, necessary in particular due to
the increasing resistance of microbiological populations to antibiotics. The structural basis of the activity of CAMPs has only
partly been elucidated and may comprise quite different mechanism at the site of the bacterial cell membranes or in their
cytoplasm. Polymyxin B (PMB) is a CAMP which is effective in particular against Gram-negative bacteria and has been well
studied with the aim to understand its interaction with the outer membrane or isolated membrane components such as lipo-
polysaccharide (LPS) and to define the mechanism by which the peptides kill bacteria or neutralize LPS. Since PMB resistance
of bacteria is a long-known phenomenon and is attributed to structural changes in the LPS moiety of the respective bacteria, we
have performed a thermodynamic and biophysical analysis to get insights into the mechanisms of various LPS/PMB inter-
actions in comparison to LPS from sensitive strains. In isothermal titration calorimetric (ITC) experiments considerable dif-
ferences of PMB binding to sensitive and resistant LPS were found. For sensitive LPS the endothermic enthalpy change in the
gel phase of the hydrocarbon chains converts into an exothermic reaction in the liquid crystalline phase. In contrast, for resistant
LPS the binding enthalpy change remains endothermic in both phases. As infrared data show, these differences can be ex-

plained by steric changes in the headgroup region of the respective LPS.

INTRODUCTION

An important challenge in clinical care is the emergence of
increasing antimicrobial resistance in bacteria. Several species
are known which exhibit a pronounced resistance against the
cationic antimicrobial peptide (CAMP) polymyxin B (PMB),
for example. These include the deep rough mutant strain R45
from Proteus mirabilis and nonenterobacterial strains such
as those from Brucella abortus (1,2). It could be shown for
P. mirabilis Re45 that the resistance of the bacteria is directly
connected with a change of the chemical structure the hy-
drophilic sugar part of the lipopolysaccharide (LPS), in
particular the higher content of positively charged arabinose
in the headgroup region of LPS (3). Bacterial LPS, also
called endotoxin, is exclusively located in the outer leaflet of
the outer membrane of Gram-negative bacteria and belongs
to the most potent triggers of the human innate immune sys-
tem. In human mononuclear cells or in macrophages,
proinflammatory cytokines such as interleukins and tumor
necrosis factor « are already secreted at LPS concentrations
below 100 pg/ml (4). In the case of high LPS concentrations
in blood, the septic shock syndrome occurs which belongs to
one of the most frequent causes of mortality in hospitalized
patients in critical care units. One of the reasons for this high
mortality may lie in the fact that many conventional anti-
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biotics are able to kill the bacteria, which consequently may
lead to a release of LPS, but are not able to bind and neu-
tralize LPS (5). Therefore, in recent years several approaches
have been made to develop compounds, in particular
antimicrobial peptides, which can neutralize bacterial endo-
toxins (6-9). To this group belongs the decapeptide PMB,
which may effectively kill bacteria as well as neutralize free
LPS (10,11). Direct application of PMB as an antiseptic ther-
apeutic agent is, however, impeded by its inherent cytotox-
icity.

In previous investigations we have characterized the
LPS-PMB interaction thermodynamically (12-14) by taking
“normal’’ enterobacterial LPS from bacteria sensitive to the
action of PMB. It was found, among others, in isothermal
titration calorimetric (ITC) measurements that binding of PMB
to enterobacterial LPS is entropically governed in the gel
phase of the acyl chains of LPS (<30°C) but enthalpically
driven in the liquid crystalline phase (>35°C) (14).

Differential scanning calorimetry (DSC) measurements
were used to investigate the phase behavior of LPSRe in the
presence of PMB. At low PMB contents (PMB/LPS = 0.2
mol/mol) the presence of the peptide induced a broadening
of the coexistence range. At higher PMB content (PMB/LPS
molar ratios > 0.8:1), no phase transition was observed in
the temperature range between 5-95°C, indicating a complete
fluidization of the hydrocarbon chains. At this concentration
ratio, the amount of negatively charged LPSRe and positively
charged PMB cause an overall charge neutralization (14,15).

doi: 10.1529/biophysj.106.095711
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Here, we have extended these measurements to LPS from
PMB-resistant strains, i.e., to deep rough mutant LPS Re
(strain R45) from P. mirabilis and LPS from B. abortus. The
ITC measurements allow us to clearly differentiate the bind-
ing behavior of these LPS to PMB from that of ‘‘normal’’
LPS from PMB-sensitive enterobacterial strains: Above the
phase transition temperatures, T,,, binding is still endother-
mic (i.e., entropically driven), whereas that of enterobacterial
LPS to PMB is exothermic due to the dominance of the
electrostatic attraction between the negative charges of LPS
and positive charges of the peptide. We have furthermore
investigated the gel to liquid crystalline phase behavior and
the aggregate structure of the various LPS in the presence of
different amounts of PMB by DSC, Fourier transform in-
frared spectroscopy (FTIR), and synchrotron radiation x-ray
diffraction and have again found specific differences between
the LPS from PMB-sensitive and -resistant bacterial strains. A
thermodynamic characterization of the PMB:LPS binding for
different LPS, originating from bacteria sensitive to and
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resistant against PMB, is thus possible, which should also be
valid for other CAMP.

MATERIALS AND METHODS
LPS and lipids

LPSs from deep rough mutant strains Re from Salmonella minnesota R595
(PMB sensitive) and P. mirabilis R45 (PMB resistant) were extracted from
bacteria grown at 37°C by the phenol/chloroform/petrol ether method (16)
and smooth form LPS from B. abortus by the phenol:water technique (2).
LPS samples were purified, lyophilized, and used in their natural salt form.
PMB was from Sigma (Deisenhofen, Germany). The smooth LPS of its
BaAlpcC mutant was prepared likewise.

The known chemical structures of LPS R595 and LPS R45 (3) are il-
lustrated in Fig. 1. These natural samples are very heterogeneous, and LPS
R45 differs from LPS R595 essentially by the presence of a L-arabinose at
the first 2-keto-3-deoxyoctonate monosaccharide.

The structure of the B. abortus S-LPS is partly known (for a review, see
Iriarte et al. (17)). The O-polysaccharide is a homopolymer of N-formyl-
perosamine in « (1-2), and the core oligosaccharide is known to contain
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Chemical structures of LPSs from sensitive (S. minnesota R595) and resistant (P. mirabilis R45) strains according to Wiese et al. (3). Both LPS

have nonstoichiometric substituents (acyloxyacyl chain C-16 in position 2 of the glucosamine I, amino-arabinose linked to the 4’-phosphate of glucosamine II).
LPS R45 has a nonstoichiometric (~50%) substitution of an amino-arabinose (dark label), which leads to a reduction of the negative net charge as compared to
LPS R595. Furthermore, the amide-bound acyl chain in position 2’ consists of a C-14 rather than a C-12 chain. Measured charges are —3.4 for LPS R595 and

—3.0 for LPS R45 (3).
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quinovosamine, glucose, glucosamine, mannose, and 3-deoxy-D-manno-2-
octulosonic acid (Kdo). It lacks phosphate or acidic sugars other than Kdo.
The structure of the LPS of mutant BaAlpcC (PMB sensitive) is similar to
that of the wild-type B. abortus (PMB resistant) but for a core defect. This
mutant is deficient in the glycosyl transferase presumed to incorporate
mannose into the inner core but despite this defect keeps an intact
O-polysaccharide. The Brucella lipid A is a diaminoglucose disaccharide
carrying very long chain fatty acids (up to 32 carbons long) in acyl-oxyacyl
linkages. Resistance to PMB in B. abortus is attributed to the structure of the
core oligosaccharide and the peculiar lipid A (2) but not to phosphate
content, which is the same for the two LPS.

Sample preparation

The lipid samples were usually prepared as aqueous dispersions at high
buffer (20 mM HEPES pH 7.0) content, depending on the sensitivity of the
technique: 0.05-0.15 mM for the ITC experiments, 0.4 mM for the DSC
experiments, and 20 mM for the FTIR and x-ray experiments. In all cases,
the lipids were suspended directly in buffer, sonicated, and temperature
cycled several times between 5°C and 70°C and then stored at least 12 h at
4°C before measurement.

Isothermal titration calorimetry

Microcalorimetric measurements of peptide binding to endotoxins were per-
formed on a MCS isothermal titration calorimeter (MicroCal, Northampton,
MA) at various temperatures. The endotoxin samples at a concentration of
0.05-0.15 mM—prepared as described above—were filled into the micro-
calorimetric cell (volume 1.3 ml) and the peptide in the concentration range
0.5-5 mM into the syringe (volume 100 wl), each after thorough degassing
of the suspensions. After thermal equilibration, aliquots of 3 ul of peptide
solution were injected every 5 min into the lipid-containing cell, which was
stirred constantly, and the heat of interaction after each injection measured
by the ITC instrument was plotted versus time. The total heat signal from
each experiment was determined as the area under the individual peaks and
plotted versus the [peptide]/[lipid] molar ratio. Since the instrument works
in temperature equilibrium at a constant ‘‘current feedback’’ corresponding
to a power of ~74 uW, an exothermic reaction leads to a lowering of this
current and an endothermic reaction to an increase. All titrations, performed
at constant temperatures, were repeated at least two times.

As control for the ITC experiments, PMB was titrated into pure buffer;
however, only a negligible enthalpic reaction due to dilution could be ob-
served (data not shown).

Fourier transform infrared spectroscopy

The infrared spectroscopic measurements were performed on an IFS-55
spectrometer (Bruker, Karlsruhe, Germany). The lipid samples were placed ina
CaF, cuvette with a 12.5-um Teflon spacer. Temperature scans were performed
automatically between 10°C and 70°C with a heating rate of 0.6°C/min. Every
3°C, 50 interferograms were accumulated, apodized, Fourier transformed,
and converted to absorbance spectra. For strong absorption bands, the band
parameters (peak position, bandwidth, and intensity) were evaluated from the
original spectra, if necessary after subtraction of the strong water bands.

Differential scanning calorimetry

DSC measurements were performed with a MicroCal VP scanning calorimeter
(MicroCal). The heating and cooling rates were 1°C/min. Heating and cooling
curves were measured in the temperature interval from 10°C to 100°C. The
phase transition enthalpy was obtained by integration of the heat capacity curve
as described previously (18). Usually, three consecutive heating and cooling
scans were measured (19). The lipid dispersion was prepared according to
recently described protocols at a concentration of ~1 mg/ml (corresponding to
0.4 mM) in phosphate buffer saline at pH 7.4 (20).
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X-ray diffraction

X-ray diffraction measurements were performed at the European Molecular
Biology Laboratory outstation at the Hamburg synchrotron radiation facility
HASYLAB using the small angle x-ray scattering camera X33 (21). Diffraction
patterns in the range of the scattering vector 0.1 < s < 1.0nm ™' (s =2 sin 6/A,
26 scattering angle, and A the wavelength = 0.15 nm) were recorded at various
temperatures with exposure times of 1 min using a linear detector with delay
line readout (22). The s axis was calibrated with Ag-behenate, which has a
periodicity of 58.4 nm. The diffraction patterns were evaluated as described
previously (23), assigning the spacing ratios of the main scattering maxima to
defined three-dimensional structures. Lamellar structures are most relevant
here. They are characterized by reflections grouped in equidistant ratios, i.e., 1,
1/2, 1/3, 1/4, etc., of the lamellar repeat distance d,.

RESULTS
Binding measurements

It has been shown recently that the interaction of PMB with
enterobacterial rough mutant LPS from PMB-sensitive strains
is endothermic in the gel phase (below 35°C) and exothermic
in the liquid crystalline phase (>35°C) (14). ITC experiments
were performed at 37°C with LPS from the PMB-resistant
strains R45 and compared with LPS from the PMB-sensitive
strain R595 (Fig. 2). For this, 3 ul of a 3 mM PMB solution
were titrated into a 0.05 mM LPS dispersion every 5 min, and
the calorimetric signals were recorded. Clearly, for LPS R595
the peaks directed downward (Fig. 2) are characteristic for an
exothermic process, whereas for LPS R45 the upward peaks
are indicative of an endothermic process. Therefore, binding
of LPS R45 to PMB was monitored at temperatures below and
above the phase transition, i.e., in the range 25-50°C (Fig. 3).
It can be seen that the enthalpic change is always endothermic
and is more or less constant at 25°C and 30°C in the gel phase.
In the liquid crystalline phase at 40°C and 50°C, the AH-
values at the beginning of the titration seem to decrease, but
the basic course remains essentially the same. Thus, the com-
parison of these measurements with those for LPS from PMB-
sensitive enterobacterial strains and also free lipid A, which
exhibit exothermic binding isotherms at least in the liquid
crystalline phase (14), indicate a different binding mechanism.

Phase transition measurements

FTIR was applied for the analysis of various functional
groups of LPS from sensitive strain R595 and resistant strain
R45 in the presence of PMB. As a sensitive measure of the
state of order of the LPS acyl chains, the peak position of the
symmetric stretching vibration of the methylene group
v4(CH,) was taken. In Fig. 4, the peak position of v{(CH,)
is plotted versus temperature for the LPS R595- and LPS
R45-PMB complexes. For both samples, the phase transition
temperature, Ty, lies at 30 —35°C; for LPS R595 (Fig. 4 A), it
is drastically shifted to lower temperatures with increasing
PMB concentration; for LPS R45 (Fig. 4 B), however,
essentially a fluidization takes place in particular in the gel
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FIGURE 2 Isothermal calorimetric titration of LPS (0.05 mM) from
P. mirabilis R45 (top) and S. minnesota RS95 (bottom) with PMB (3 mM) at
37°C. The LPS dispersion in the calorimetric cell was titrated every 5 min
with 3 ul of PMB. The increase in the feedback power indicates an endo-
thermic, the decrease an exothermic process.

phase, which should result from the trans-gauche isomeri-
zation of the hydrocarbon chains.

Also DSC was applied for the elucidation of the chain
melting process (Fig. 5). The data clearly show a sharp
endothermic phase transition for the two LPS, with a phase
transition enthalpy change AH,, much larger for LPS R595
(39 kJ/mol) than for LPS R45 (20 kJ/mol, see Table 1). With
increasing PMB concentrations, the AH ,-values decrease and
there is a concomitant broadening of the peaks, particularly
at the onset of the acyl chain melting, which parallels the
infrared observations. For LPS R45, the endothermic peak
disappears at [LPS]/[PMB] = 1:0.4, whereas for LPS R595
two very small endotherms are seen even at [LPS]/[PMB] =
1:0.8. The broad transitions detectable in the infrared mea-
surements at [LPS]/[PMB] = 1:1 are no longer detectable
calorimetrically, indicating that a), the acyl chains of the lipid
do not undergo a phase transition in the temperature range
5-95°C, or b), the process of chain melting occurring over this
broad range is not resolvable by DSC.

LPS headgroup conformation

Infrared (IR) spectra of the LPS backbone, comprising the
phosphate and sugar vibrational bands, were recorded in the
absence and presence of an equimolar amount of PMB for
LPS R595 and LPS R45 (Figs. 6 and 7). The bands around
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1260 and 1220 cm ™" can be assigned to modes of the anti-
symmetric stretching vibration of the phosphate groups
,5(PO5), the bands at 1160-1170 cm” ! to glucosamine ring
modes, and the two bands in the range —1090 cm™ ! to
unspecific sugar ring modes (24). The spectra for LPS R595
(Fig. 6) clearly show that there are considerable changes of the
phosphate as well as the sugar modes. Regarding the phos-
phates, a drastic decrease of the band intensities at 1257 and
1221 cm ™' takes place; the former corresponds to phosphate
with low hydration, mainly due to the 4’-phosphate, and the
latter band to phosphate with high hydration, mainly due to
the 1-phosphate. (25). The decrease of the intensities can be
attributed to a strong reduction of the mobility of both phos-
phate groups. In contrast, the intensities of the phosphate
bands of LPS R45 are only slightly reduced in the presence of
PMB (Fig. 7). Similarly, for LPS R595 considerable band
shifts are observed for the two sugar bands at 1030-1040
cm ' and at 1070-1090 cm ™' with a large decrease of the
wavenumber value for the first band and a complete disap-
pearance and/or shift to higher wavenumbers for the second
(Fig. 6). In contrast, again, the spectra of LPS R45 do not
change much in the presence of PMB (Fig. 7), indicating only
low affinity binding.

Aggregate structures of LPS

The aggregate structures of both LPS were investigated in the
absence and presence of PMB using synchrotron radiation
x-ray small-angle diffraction. In Fig. 8, the logarithm of the
scattering intensity is plotted versus scattering vector s = (2
sin §/A) for both LPS in the absence and presence of an
equimolar amount of PMB. The diffraction patterns of both
LPS in the absence of PMB exhibit a broad maximum
between s = 0.1 and 0.35/nm, which can be assigned mainly
to a unilamellar structure. However, the occurrence of a broad
maximum between 0.4 and 0.55 nm indicates a second order,
which might result from more than one bilayer. Additionally,
small and sharp peaks are superimposed, which might be
indicative of a cubic phase, as previously reported (26), but
cannot be assigned unequivocally. In the presence of PMB,
the figure changes drastically leading in both cases to the
appearance of reflections at equidistant ratios typical for a
multilamellar phase. The sharper diffraction peaks for LPS
R45 should be due to a higher number of lamellae, but the
peak positions lying at similar values indicate an overall
similar structural preference. From these data, there is no basic
difference in the aggregate structures, and thus no explanation
of the differences in the ITC data can be derived from the
supramolecular structures with respect to the thermodynamic
differences as observed by ITC.

Investigations into Brucella LPS

For a test on the general validity of our findings, taxonom-
ically distant bacteria with differences in the PMB sensitivity

Biophysical Journal 92(8) 2796-2805



2800

LPSR45 +PMB

18m 16'!\
= 16 '1 14 \
g 1! 12 4
g 2! 101 |
= {
£ 0] 1 ‘
5 1011 5 \\
— 8 \. "/I\
g 6 1 . 61 *® .‘.\.
] u
X 44 .l.... 41 'l-...-.
I 2] l--I-.......-...... 2 LT LN P
04 : ; : . : 0 . ‘ . . .
0 1 2 3 4 5 [ 0 1 2 3 4 5 6
14
2o R !
T ol [ 2y
el "I 104 [ m
g ! A
= 61 | " 8 I /\1
5 [ m"m NRNAN
= 44 ] - IR RERYA |
g i "nn, . m 6 A% \// S L [ ]
E ] \./ll....../\./\.. 4= \f i/ \}/ - . //\
= | il N ML
T 0y 2f | | " “\
. . " .
21 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
[PMBJ:[LPS] (molar ratio) [PMBJ:[LPS] {molar ratio)

were investigated. For this, we have taken the PMB-sensitive
and -resistant a-Proteobacteria B. abortus (B.a.). The wild-
type strain 2308 is PMB resistant, whereas its BaAlpcC
mutant is PMB sensitive. The phase transition behavior was
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FIGURE 4 Gel to liquid crystalline (8 <> «) phase transition of the hydro-
carbon chains of LPS R595 (A) and LPS R45 (B) at different PMB concen-
trations. The peak position of the symmetric stretching vibration of the
methylene groups v(CH,) is plotted versus temperature.
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FIGURE 3 Enthalpy change of the LPS R45:
PMB reaction versus [PMB]/[LPS] molar ratio
between 25°C and 50°C, indicating exclusively

endothermic reactions.

analyzed by FTIR and DSC to study the temperature range of
their phases and the influence of PMB on it. In Figs. 9 and
10, the results are plotted for the two B. abortus LPS.
Interestingly, these two LPS differed considerably in T,,,
lying at >50°C for the mutant but ~30-35°C for the wild-
type LPS. In the presence of PMB, for the LPS from the
sensitive BaAlpcC mutant (Figs. 9 A and 10 A) a drastic
decrease of T}, takes place, whereas for wild-type 2308 LPS
(Figs. 9 B and 10 B) an overall fluidization rather than a
change in T, is observed. This is in accordance with the
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FIGURE 5 DSC heat capacity curves of mixtures of PMB with LPS R595
(left column) and R45 (right column) in various molar ratios. LPS concen-

trations were 1 mg/ml.
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TABLE 1 Phase transition enthalpies AH (in kdJ/mol) for the
indicated LPS at various PMB molar ratios

LPS/PMB

Mol/mol LPS R595 LPS Re45 LPS 2308 LPS IpcC
1:0 39 20 12 11
1:0.1 37 18 10 10
1:0.2 36 11 8 7
1:04 15/12 0 0 4
1:0.8 4 0 0 0
1:1.6 0 0 0 0

calorimetric analysis of the heat capacity curves as a function
of added peptide.

The enthalpy changes measured by DSC for B. abortus
LPS are much lower than for the enterobacterial LPS (see
Table 1), but the phase transitions disappear at similar [LPS]/
[PMB] ratios in both cases. The lower phase transition enthalpy
of LPS from Ba2308 and BaAlpcC indicates reduced hydro-
phobic interactions between the hydrocarbon chains compared
to, e.g., LPSR595.

In Figs. 11 and 12, we have summarized the results from
ITC measurements at 25°C, 35°C, and 45°C. The LPS from
B. abortus 2308 (T, = 32°C) exhibits exclusively endotherms
at all temperatures, with high AH-values during the first titra-
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FIGURE 6 Infrared spectrum of LPS R595 in the region of phosphate and
sugar vibrations in the absence (top) and presence (bottom) of an equimolar
content of PMB. The band components at 1260—1220 cm ™' correspond to
modes from the antisymmetric stretching vibration v,s(PO3), the band
components 1178-1030 cm ™' to unspecific sugar ring vibrations (36).
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FIGURE 7 Infrared spectrum of LPS R45 in the region of phosphate and
sugar vibrations in the absence (top) and presence (bottom) of an equimolar
content of PMB.

tions at 25°C, which decrease at higher temperatures. Clearly,
at [PMB]/[LPS 2308] = 0.5, all curves are nearly identical.
The behavior for the LPS of mutant BaAlpcC from B. abortus
is quite different. An endothermic reaction takes place in the
gel and an exothermic reaction in the liquid crystalline phase
corresponding to the behavior observed for enterobacterial
LPS from PMB-sensitive strains. Furthermore, binding satu-
ration takes place at a much higher [PMB]/[LPSlpcC] ratio
than for the PMB-resistant LPS.

IR spectra of the LPS backbone, comprising the phosphate
and sugar vibrational bands, were recorded in the absence
and presence of PMB for Ba 2308 and Ba AlpcC. As de-
scribed above for the LPS R595 and R45, the two Brucella
LPS exhibit completely different behavior: The resistant
wild-type LPS 2308 display nearly no significant changes in
the IR “‘fingerprint’’ region, whereas for the LPS mutant
BaAlpcC considerable changes of the IR spectra can be ob-
served upon PMB binding (data not shown).

DISCUSSION

Bacterial resistance represents an increasingly threatening
development in infectiology. In many cases the reasons for
this can be attributed to chemical changes of the cell enve-
lope of the microorganisms. In particular, since the outer

Biophysical Journal 92(8) 2796—-2805
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leaflet of Gram-negative bacteria, consisting mainly of LPS,
is the first point of attack for antibiotics and components of
the immune system, bacteria may develop mutations in the
chemical structure of LPS. Thus, lipid A modifications as
well as changes in the efflux pump have been observed to
cause CAMP resistance in Neisseria meningiditis (27), arab-
inose and glycine substitution of LPS in serum- and PMB-
resistant strains from Yersinia pestis (28), changes in LPS core
and lipid A structure in CAMP-resistant Brucella spp. (1), and
changes in lipid A and O-antigen structure in CAMP-resistant
P. mirabilis mutants (29). Interestingly, changes in LPS
chemical structure were also observed for combined quino-
lone and B-lactam resistance of Pseudomonas aeruginosa (30).

In most cases, the changes of the chemical structures
responsible for AMP resistance are not known in detail. Only
for some PMB-resistant enterobacteriaceae can the changes
in the chemical structures be quantitated; in particular,
4-amino-deoxy-arabinose is an additional substituent in the
lipid A and/or inner core oligosaccharide region of LPS
(31,32), similar to recent findings with LPS R595 and LPS
R45 (3) (see Fig. 1). In the last case the PMB sensitivity and
resistance of the bacteria were interpreted on the basis of
investigations of an asymmetric phospholipid/LPS planar
membrane mimicking the outer membrane of the bacteria. It
was found that the self-promoted transport of PMB through
the membrane directly correlated with the surface charge
density of the LPS layer: In the PMB-sensitive strain with
high negative charge density, PMB induced transient mem-
brane lesions with diameters large enough (d = 2.4 nm) for
permeation of PMB. For PMB-resistant strains, lesions too
small to be permeated by PMB were observed, most likely
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because the negative charge density was significantly lower.
Thus, the decisive parameter determining PMB resistance
seems to be additional positive charges in the headgroup
region of LPS (Fig. 1). In particular, the additional arabinose
in Fig. 1 is apparently a determinant of PMB resistance by
lowering the negative charge at the membrane surface and
representing a sterical disturbance for the attack of PMB.
For the PMB-resistant and -sensitive strains from B.
abortus, the precise details of the chemical structures of the
LPS are unknown. However, both chemical and genetic ana-
lyses as well as comparative genomics strongly suggest a
structure for the core oligosaccharide in which mannose
linked to Kdol is the first sugar in a lateral branch that protects
acidic residues from binding by polycations (17). Thus, the
mutant BaAlpcC, which lacks the putative mannosyl trans-
ferase, carries a severe defect in this branch and at the same
time an intact O-polysaccharide. With respect to phosphate
contents, there are no differences between the two LPSs.
Although they remain to be confirmed by precise structural
analysis, these data are consistent with the observations
presented here on the increased PMB binding of BaAlpcC.
We have found that the temperature dependence of the
PMB binding measured with ITC exhibited considerable dif-
ferences between LPS from resistant and sensitive strains: In
the liquid crystalline phase, for LPS from PMB-sensitive
strains the data clearly indicate an exothermic reaction (Fig.
2, bottom), in accordance with previous work for other endo-
toxins, lipid A, and LPS with moderately long sugar chains
lengths (LPS Re to Rc) (14). For other LPS with longer sugar
chains (LPS Ra and S-form), exothermic reactions are even
partially found in the gel phase. In contrast to this, LPS from
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FIGURE 9 Gel to liquid crystalline (8 <> ) phase transition of the hydro-
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concentrations. The peak position of the symmetric stretching vibration of
the methylene groups v((CH,) is plotted versus temperature.

PMB-resistant strains displays only endothermic reactions in
both phases (Figs. 3 and 11). This means that the entropically
governed reaction of PMB with the hydrophilic headgroup,
including the ordered water layer around the backbone as
observed in the gel phase, perpetuates in the liquid crys-
talline phase. Thus, the electrostatic attraction between the
positive charges of PMB and the negative charges of LPS,
resulting in an exothermic process, is superimposed by the
interaction of PMB with ordered water and counterion layers,
which are decomposed in an endothermic reaction. This
endothermic enthalpy change in the LPS backbone exceeds
the exothermic enthalpy change of the charge attraction, re-
sulting in a net endothermic process. Concomitantly with
these data, the phase transition behavior in the presence of
PMB is characteristically different for LPS from sensitive and
resistant strains. For LPS from sensitive strains (LPS R595
and LPS BaAlpcC, Figs. 4 A and 9 A), the phase transition
temperatures decrease considerably, in contrast with the situa-
tion with LPS from resistant strains (LPS R45 and LPS
Ba2308, Figs. 4 B and 9 B), where the decrease in Ty, is
replaced by a ‘‘smearing’’ of the phase transition over a wide
temperature.

It has to be emphasized that the two effects superimpose,
as can be deduced from a comparison of Figs. 9, 11, and 12,
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FIGURE 10 DSC heat capacity curves of mixtures of PMB with LPS
IpcC (left column) and LPS. 2308 (right column) in various molar ratios.
LPS concentrations were 1 mg/ml.

and LPS 2308/PMB becomes highly fluid at a 1:0.5 molar
ratio at all temperatures (Fig. 9 B), but the reaction in the ITC
remains always endothermic (Fig. 11). Vice versa, LPS lpcC/
PMB at a 1:0.5 molar ratio is fluid also at all temperatures
(Fig. 9 A), but nevertheless the reaction remains endothermic
at 25°C and 35°C and becomes exothermic at higher tem-
peratures (Fig. 12). This last finding means that the conver-
sion endothermic-exothermic is decoupled from the phases
of the acyl chains. The high phase transition temperature
(>50°C, Figs. 9 A and 10) is particularly noteworthy. For
other bacteria it has never been observed that LPS as the
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FIGURE 11 Enthalpy change of the LPS 2308/PMB reaction versus

[PMBJ/[LPS] molar ratio between 25°C and 45°C, indicating exclusively
endothermic reactions.
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FIGURE 12 Enthalpy change of the LPS IpcC:PMB reaction versus
[PMB]/[LPS] molar ratio between 25°C and 55°C, indicating endothermic
reactions at 25°C and 35°C and exothermic reactions above.

main component of the outer membrane is so rigid at 37°C
also in isolated form (wavenumbers at 2851 cm ™! corre-
spond nearly to the gel phase). This may be understood by
assuming that LPS within the outer membrane interacts with,
e.g., membrane proteins, in a way that the acyl chain fluidity
is increased, as observed for OmpT and PhoE (33,34).

The infrared spectra of the headgroup region (Figs. 6 and
7) provide a more precise characterization of the interaction:
The bands from the phosphate and sugar parts of the PMB-
sensitive strain (R595) are strongly affected by the PMB
binding (Fig. 6); in particular the drastic intensity decrease of
the two phosphate bands at 1220-1260 cm ™" indicates a im-
mobilization of these groups, and the shift or even disap-
pearance of the bands at 1030-1076 cm ™' indicates that PMB
binding also affects the sugars. In contrast, the headgroup
region of LPS from the resistant strain is nearly unaffected by
the presence of PMB (Fig. 7), indicating a lower accessibility
of PMB to the phosphate groups. From this and the obser-
vation that the overall negative headgroup charge is only
lowered from —3.4 for LPS R595 to —3.0 for LPS R45 (Fig.
1), it can be concluded that the steric changes due to the pres-
ence of the bulky amino-arabinose, rather than the change in
negative charge density, are the most important factors for the
expression of resistance to polycationic antimicrobial pep-
tides.

Interestingly, despite the considerable differences between
the two LPS chemotypes, the aggregation behavior in the
absence as well as presence of PMB is quite similar (Fig. 8).
Both LPS show a preference for a unilamellar structure,
possibly superimposed by a nonlamellar fraction, in accor-
dance with previous results (35). According to the data of
Snyder et al. (36), who performed x-ray diffraction studies
with LPS bilayers, a multilamellar structure with a low number
of lamellae can also not be excluded, and the appearance of the
broad ‘‘second order maximum’’ as described above (see Fig.
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8) would support this view. We have, however, found in recent
freeze-fracture electron microscopic experiments that the mor-
phology of LPS R595 consists of a kind of ‘‘open eggshells’
with no significant bilayer stacking at the surface (J. Howe,
W. Richter, and K. Brandenburg, unpublished results). This
rules out a high number of lamellae. In the presence of PMB,
a multilamellar structure is clearly detected. The periodicities
for both types of LPS in the presence of PMB lie around 5.20—
5.30nm and are thus significantly lower than the corresponding
values (5.9-6.4 nm) found in conditions under which LPS Re
adopts multilamellar structures (low water content or high
MgZJr concentration (37)). From this it can be deduced that
PMB results in an attractive interbilayer interaction which
lowers the thickness of the water layers between adjacent bi-
layers. The x-ray diffraction data imply, furthermore, that PMB
causes a considerable reaggregation also of the LPS from the
PMB-resistant strain R45, although the other presented data
indicate that only weak interactions are involved.

It must be emphasized, however, that for the expression
of bacterial resistance the LPS monolayer at the bacterial sur-
face is the decisive epitope and that the details of the inter-
action of PMB with the LPS headgroup region as described
above are more important than the aggregation behavior of
isolated LPS. This behavior should, instead, play a role in
the ability of CAMPs to inhibit the LPS-induced cytokine
production in immune cells as described earlier (6,38).
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