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Electrokinetic properties of complexes of chitosan (Ch) with lipopolysaccharides (LPSs) from Escherichia coli
055:B5, Yersinia pseudotuberculosis 1B 598, and Proteus vulgaris 025 (48/57) and their size distribution were
investigated using ¢-potential distribution assay and quasi-elastic light scattering. The interaction of LPS from
different microorganisms with chitosan at the same w/w ratio of components (1:1) resulted in the formation
of complexes in which the negative charge of LPS was neutralized (LPS from E. coli) or overcompensated
(Y. pseudotuberculosis and P. vulgaris). The changing in size of the endotoxin aggregates during binding with
chitosan was observed. The binding constants of chitosan with LPSs were determined by a method with using
the anionic dye Orange II. The LPS from E. coli possess higher affinity to chitosan in comparison with the two
others samples of endotoxin.

Published by Elsevier B.V.

1. Introduction

Bacterial endotoxins (lipopolysaccharides, LPSs) are the major
biologically active amphiphilic components of the outer membrane of
Gram-negative bacteria. LPSs from different microorganisms have a
similar pattern of components. They are made up of a sugar portion: a
core moiety and O-specific carbohydrate chain. The latter one has
various lengths depending on the kind of bacterial strains and the
conditions of cultivation. The polysaccharide part of LPS is covalently
linked to the hydrophobic anchor, lipid A. Lipid A is a B-p-linked-
glucosamine disaccharide phosphorylates and acylated by ester and
amide-bound fatty acids [1].

The molecules of LPS exhibit a variety of biological activities in
mammals that may be beneficial at low concentrations of LPS, but
pathophysiological at higher endotoxin levels due to an overproduc-
tion of cytokine in immune cells, such as interleukins and tumor
necrosis factor alpha (TNF-«). Endotoxins are one of the major agents
that may cause septic shock, for which no satisfactory therapy exists.
[2] Current antisepsis strategies use anti-LPS [3] or anti-TNF-a
antibodies to bind and neutralize LPS or to capture the released TNF-
o, respectively; however, these strategies have limited success [4]. An
alternative strategy relies on the fact that naturally occurring positively
charged proteins that interact with LPS, such as lactoferrin [5,6], CAP18
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[7], NK-lysin [8], or shortened peptides derived from those molecules
[9], are capable of inhibiting the LPS induced production of
inflammatory cytokines by macrophages. A few years ago, David [10]
reviewed several structural classes of cationic amphiphiles, including
peptides and non-peptide small molecules (amphiphiles), in a broader
context with the focus on developing novel antiendotoxin strategies. It
is worth noting that lipopolyamines were shown to possess high
affinity to bacterial LPSs and to neutralize their toxcity in in vitro as well
in animal experimental models [11].

The molecular mechanism of the interaction of LPS with polyca-
tions in general is poorly understood. Interactions between negatively
charged groups of the endotoxin and positive groups on the polymers
that bind to it are generally thought to underlie this mechanism [12].
However, there are also data indicating that the predominant forces in
the formation of stable endotoxin-polycations complexes are hydro-
phobic interactions [13]. Despite great interest in this problem, there
are only limited data on the stoichiometry of the complexes and on
the effect of the endotoxin structure on the complexation.

We showed earlier that LPSs from Y. pseudotuberculosis and E. coli
interact with the natural polycation chitosan and produce stable
complexes [14,15]. The interaction of chitosan with LPS was shown to
modulate significantly the biological activity of LPS [15]. The binding
of a cationic polymer, such as chitosan, with LPS undoubtedly has an
electrostatic component involving ionic interactions between nega-
tively charged groups of LPS and positive groups on chitosan. The
phosphate and carboxyl substituents of LPS, which are located on the
lipid A-core fragment, are important contributors to the total negative
charge of LPS and appear to be major LPS binding sites for chitosan.
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But as is known, LPS, and lipid A in particular, can contain various
amount of negative groups and therefore can have different mechan-
isms of interaction with polycations.

To clarify this aspect, a comparative study of electrokinetic aspects
of the interaction of LPS from Yersinia pseudotubersulois, Escherichia
coli, and Proteus vulgaris with chitosan was carried out.

2. Experimental
2.1. Bacterial strain, growth, and isolation of the lipopolysaccharide

P. vulgaris 025 (48/57) were from the Czech National Collection of
Type Cultures (Institute of Epidemiology and Microbiology, Prague).
The bacteria were cultivated under aerobic conditions in nutrient
broth (BTL, Poland) under controlled conditions (37 °C, pH 7.4-7.6).
Cells were harvested at the end of the logarithmic growth phase,
centrifuged (5000 xg, 30 min), washed with distilled water, and
lyophilized. The LPS was isolated by the phenol-water procedure [16]
and purified by treatment with DNase and RNase (Boehringer
Mannheim, Germany). The LPS preparation thus obtained was
practically free of nucleic acid and contained less than 2.5% proteins.

Cells of Y. pseudotuberculosis (serovar 1B, strain 598) isolated from a
patient suffering from the far-eastern scarlatina-like fever (Institute of
Epidemiology and Microbiology, Vladivostok, Russia) were grown at 4 °C
in a previously described nutrient medium [17]. LPS from bacterial cells
was isolated using a phenol-chloroform-petroleum ether procedure
[18]. Nucleic acids were removed by ultracentrifugation at 105,000 xg.
The purified LPS (yield: 1.2%) contained less than 1% protein.

A preparation of LPS from E. coli 055:B5 was purchased from Sigma
(Sigma Chemicals, St. Louis, MO, USA).

The monosaccharide composition and polymerization degree of
the O-specific chain of LPS from Y. pseudotuberculosis and E. coli were
established by GLC of monosaccharides prepared as polyol acetates
[19], with xylose as an internal standard. According to the degree of
polymerization of the O-specific chain of the LPS, the molecular mass
of the LPS molecule was calculated.

The molecular mass of LPS from P. vulgaris 025 (48/57) was
calculated according to the molecular mass of the polysaccharide part
which was determined from the reaction of its reducing mono-
saccharide [20].

A chitosan (Ch) sample of molecular mass 130 kDa and a 4% degree
of N-acetylation was obtained by alkaline treatment of crab chitin

according to a published protocol [21]. The degree of N-acetylation of
the chitosan sample was calculated according to IR-spectroscopy data
[22]. The molecular weight of the chitosan was determined by the
Archibald method at 12,000 rpm [23].

2.2. Preparation of LPS-Ch complexes

LPS (1 mg) and Ch (1 mg) were dissolved separately in 0.5 ml of
0.1 M sodium phosphate buffer (pH 5.0). The solutions were stored for
48 h at 37 °C, then mixed and incubated for 18 h at 37 °C for LPS from Y.
pseudotuberculosis and P. vulgaris and at 25 °C for LPS from E. coli. The
LPS and chitosan solutions were decontaminated of bacteria by
filtration using “Millex GS” (Millipore, Ireland).

2.3. Titration of the Orange II-chitosan complex with LPS solution

To 80 ul of 0.005 M phosphate buffer (pH 5.0), 40 ul of Orange II (4-
(2-hydroxy-1-naphthylazo) benzenesulfonic acid sodium salt) solu-
tion (0.08 mg/ml) and 20 pl of chitosan solution (100 pg/ml) were
added. The mixture was incubated for 20 min at 25 °C. Then the
resulting complex was titrated with LPS solution (200 pg/ml),
preincubated at 37 °C for 48 h, by adding different portions of LPS.
The mixtures were incubated at 37 °C until a constant mean optical
density of the solutions during 2 h (LPS Y. pseudotuberculosis) or 6 h
(LPS P. vulgaris), or at 25 °C for 2 h (LPS E. coli). The absorption was
determined with a pQuant Bio-TEK Instruments spectrophotometer
(USA) at 483 nm in three parallel samples, and the mean arithmetic
value was calculated. The value of AD=Dex,~ Do was calculated, where
Do and Dey, were absorptions of the solutions before and after the
addition of LPS, respectively. The values of ADn.x and K, were
determined from the Scatchard plot in AD/Cyps versus AD coordinates.
The chitosan saturation (Q) with LPS molecules was determined from
the ratio AD/ADy,.x. The degree of cooperatively (h) was determined
from the Hill equation in logarithmic form [24]:

log (Q/1-Q)=h log [Cips| — log [Kp].

The number of binding sites on the endotoxin molecule per
glucosamine unit of chitosan was assessed from the saturation curve by
plotting a tangent to the point that corresponded to the maximal change in
the reaction mixture's absorption. Then the LPS concentration corre-
sponding to the chitosan saturation with the endotoxin was determined.

Table 1
The characteristics of lipopolysaccharides
LPS n? Average molecular mass, kDa Structure of O-specific chain References
Y. pseudotuberculosis 1B 24 6.2 o-Pari-1 [26]
)
3
—3)-a-D-Galy-(1—3)-0-D-Man,-(1—->4)-a-D-Man,-
(1->3)-o-L-Fuc,-(1—
E. coli 055 25 24 —3)-a-D-Gal,-(1—3)-B-D-Gal NAc-(1—6)-o-D- [27]
Gle NAc-(1—
3
.T
1-Gal,-D-p-(2«1)-Col;-o.
P. vulgaris 025 (48/57) 2 5.0 a-D-Glcp-S-(R-Lac) [20]
1

4
-»2)-0-L-Rha,-(1->2)-B-D-Riby-(1->4)-B-D-
Gal,NAc-(1-3)-B-D-Gle,;NAc-(1—>

2 Average polymerization degree of O-specific chain.
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Fig. 1. Scatchard plots for the binding of LPS with chitosan a) P. vulgaris LPS (1),
Y. pseudotuberculosis LPS (2); b) E. coli LPS (3). The chitosan-Orange Il complex (100 pl)
was titrated with LPS solution (200 pg/ml) by successive addition of 5-10 ul portions.
The absorption of the solution was determined at 483 nm in three parallel samples, and
the arithmetic mean was calculated. C is the concentration of the added LPS, AD is the
difference between the optical absorption of the chitosan-Orange II solution before and
after the addition of LPS.

2.4. Size and electrophoretic properties of the LPS—chitosan complexes

The sizes and ¢-potentials of the LPS aggregates and LPS—chitosan
complexes in solution were determined by means of a ZetaSizer Nano
ZS (Malvern, UK) operating at a wavelength 633 nm. Prior to mea-
surement the samples were left for 1 h to allow the large aggregates to
settle, as they can interfere with the measurements even if their
content does not exceed a few percent. The measurements were
performed at 25 °C for LPS from E. coli and at 37 °C for LPS from Y.
pseudotuberculosis and P. vulgaris. The hydrodynamic diameters of the
particles were automatically calculated with the instrument's soft-
ware based on analysis of the autocorrelation function. ¢-potentials
were calculated from experimentally determined electrophoretic
mobility using the Henry equation [25].

3. Results
3.1. The characteristics of lipopolysaccharides and chitosan

LPSs were isolated from the Y. pseudotuberculosis 1B 598 and from
P. vulgaris 025 (48/57) strains; a commercial sample of LPS from E. coli

0 55:B5 (Sigma) was also used. The average degree of polymerization
of the repeating units of the O-specific polysaccharides and the

molecular masses of the corresponding LPSs as well as the structures of
the corresponding O-specific polysaccharides are presented in Table 1.

The degree of N-acetylation of the glucosamine residues of chitosan
was 4%. The average molecular weight of chitosan was estimated as
130 kDa. The chitosan sample was shown by analytical centrifugation
to have a rather narrow distribution of molecular weigh [28].

LPS and chitosan interact with the involvement of charged groups
(amino groups of chitosan on the one hand and carboxyl and
phosphate groups of LPS on the other). As a result, the pH value of
the medium, which determines the ionization degree of these groups,
could significantly influence complex formation. Indeed we found that
the LPS-chitosan complex was produced at the pH range from 4.0 to
7.0. Therefore, to study the formation of the complexes, a pH of 5.0 was
chosen.

3.2. The determination of LPS-chitosan binding constants

The binding constants of the lipopolysaccharides with the chitosan
were determined using the displacement of the anionic dye Orange Il
(4-(2-hydroxy-1-naphthylazo) benzenesulfonic acid sodium salt) by
lipopolysaccharide in its complex with chitosan. The dye has been
previously shown [29] to bind to every ionized amino group in the
polycation molecule, resulting in decreased the dye absorption (to
70%) at 483 nm. On addition of LPS solution to the tropaeolin-chitosan
complex, the absorption of the reaction mixture at 483 nm increased
to the value corresponding to that of the free dye. This indicated that
the dye was displaced by lipopolysaccharide from its complex with
chitosan and the endotoxin-polycation complex was formed [30]. No
effect of LPS on the absorption of Orange Il was recorded.

It should be noted that LPS changes the optical absorption of the
Orange Il-polycation solution only after preincubation of the parent
LPS at 37 °C, whereas the endotoxin failed to displace the dye from its
complex with chitosan at 25 °C.

To reach the equilibrium state of the reaction mixture, a certain time
was required. To achieve this, the components of the complex were
mixed and maintained 37 °C for 2 h and 6 h for Y. pseudotuberculosis 1B
LPS and P. vulgaris 025 (48/57) LPS, respectively, for to obtain a constant
value of the optical absorption of the solution at 483 nm. In the case of E.
coli 055 LPS, the characteristic saturation curve was obtained only at
25°C(2h).

Data on LPS binding with chitosan, presented as linear Scatchard
plots (Fig. 1), suggest that the interaction occurs at independent sites
of the same type and that cooperativity during the interaction is
absent [31]. The values of the cooperativity coefficients determined
from the Hill plot [24] are close to unity, confirming our suggestion
(Table 2).

The binding constants for the chitosan-LPS complexes were
determined from the Scatchard and Hill plots assuming the indepen-
dence of the binding sites on chitosan. Their values are presented in
Table 2. The LPS concentration corresponding to the point of chitosan
saturation by endotoxin was determined from the saturation curves
and the number of binding sites was calculated (Table 2).

Table 2
Parameters of the LPS binding with chitosan

LPS Kpx10°, M Ky,x10°, K,x10°, M h*
(Scatchard) M (Hill) (mean value)

Number of LPS
moles per
glucosamine unit
of chitosan

P. vulgaris 025 0.264 0.280 0.272 0.986 0.58
Y. pseudotuberculosis 0.617 0.594 0.606 0.997 0.13
1B

E. coli 055 7.930 7970 7.950 1.034 0.06

h* — Hill's coefficient calculated according to materials and methods.
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¢-potential and particle size distribution for LPS and LPS-chitosan

Zeta potential Size, nm
LPS P. vulgaris -32.7+24 350.3£31.9
-8.0£2.2 96.7+£9.8
Complex 279425 300.5+37.5
24+2.7 56.05+4.31
>1 um
LPS Y. pseudotuberculosis -314 vB 32.2+25
-6.04 mB 147.0£22.6
Complex 21.2+0.6 137+11.9
1.6+x2.4 38.9+4.7
453+5.8
LPS E. coli -145+2.0 107.8+7.3
Complex 0.83+0.09 887.0+75.3
229.6+20.6

3.3. Surface charge compensation of LPS aggregates by chitosan

The results of measurements of the ¢-potentials and particle size
distributions of LPS and LPS-chitosan are presented in Table 3. The
measurements of the ¢-potentials of the LPS solutions showed that
under the experimental conditions (0.05 M Na-phosphate, pH=5.0)
LPS particles were negatively charged. In accordance with the size
distributions, two populations of particles varying in {-potential were
detected for LPS from Y. pseudotuberculosis 1B and P. vulgaris 025,

a

% in class

10000

16
14
12

104

% in class

10 1000 10000

d, nm
Fig. 2. Particle size distributions (by intensity) for LPS (a) and LPS-chitosan complexes

(b): 1— P. vulgaris 025 LPS (gray solid lines), 2 — Y. pseudotuberculosis LPS (dashed
lines), 3 — E. coli LPS (solid lines).

while a monomodal ¢-potential distribution was observed for E. coli
055 LPS. Electrostatically driven interactions of LPSs from different
sources with chitosan at the same w/w ratio of components (1:1)
resulted in the formation of complexes in which the negative charge of
LPS was neutralized (E. coli LPS) or overcompensated (Y. pseudotu-
berculosis and P. vulgaris LPS) (Table 3).

The particle size distribution in LPS solutions, characterized by
dynamic light scattering (DLS), revealed a monomodal distribution
only for E. coli O55LPS, while the presence of two particle fractions
was clearly detected in solutions of LPS isolated from P. vulgaris 025
and Y. pseudotuberculosis 1B (Fig. 2a, Table 3).

The DLS data indicate the formation of LPS-chitosan complexes
with sizes different from those of free LPS for all the studied systems. It
should also be noted that the complex of LPS from P. vulgaris 025
with chitosan has a very broad particle size distribution with high
polydispersity.

4. Discussion

Now it is conventional fact that cation binding to LPS can be
interpreted, at least initially, to be electrostatic and to result from the
attraction between the positive charges (lysine and arginine side-
chains) of the peptides and the negative charges (phosphates and
carboxylates) of LPS [32]. Similar investigations have been carried out
mainly on LPS isolated from Salmonella minnesota and E. coli. However,
LPSs isolated from various microorganisms have different amounts of
negatively charged groups, which can be an important factor in their
binding with polycations. Furthermore, LPSs are amphiphylic com-
pounds and can form aggregates with various parking types
depending on their primary chemical structure and ambient condi-
tions. These properties in their turn can affect the varied availability of
the negatively charged groups to bind with chitosan.

In order to study the influence of these aspects on the process of
endotoxin interactions with chitosan, LPSs from three different
microorganisms, Y. pseudotuberculosis, E. coli, and P. vulgaris, were
chosen. These LPSs possess different chemical structures: the number
of negatively charged groups in the lipid A-core moiety, the degree of
acylation of lipid A (Fig. 3), and the various lengths of the O-specific
chains(Table 1), that may influence the sizes [33] and packing densities
of the acyl chains in aggregates of LPS [34]. In addition, lipid A of
P. vulgaris LPS has an aminoarabinose group bound to phosphate on
non-reducing end of molecule and only single free phosphate groups.

NS &/ %N\ /"”"
(0] (0]

OH

H
=0
o) O‘ OH (@]
IEL Ry R,
14 1} 1; 14

Llpid A R} R2 R_'; Rq,
P. vulgaris 14:0 14:0 16:0 AraN
Y. pseudotuberculosis  12:0 H H H
E. coli 14:0 12:0 H H

Fig. 3. Schematic structure of lipid A of LPS [35,36,2].
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DSL data and &-potential measurements were used to study the
influence of these features of LPS structure to forming of LPS—chitosan
complexes. Several populations of particles were registered after
complex formation, and notable differences in the size distributions of
the LPS and LPS—chitosan complexes were observed. According to the
DLS data (Table 3), the complex of P. vulgaris LPS with chitosan has a
multimodal particle size distribution with very high polydispersity
(Fig. 2b). It is interesting to note that DLS and also sucrose gradient
sedimentation (unpublished data's) indicated the formation of com-
plexes with high polydispersity in size for LPS P. vulgaris. Similar
polydispersity in size was observed for complexes of LPS Y. pseutu-
berculosis with chitosan by DSL method (Fig. 2b). Earlier formation of a
number of LPS-chitosan complexes of different molecular weight was
registered for Y. pseutuberculosis LPS having short O-specific chains by
sucrose gradient sedimentation method [14]. At first sight it is possible
to expect that the formation of a number of complexes LPS-chitosan in
these cases is caused by the heterogeneity of initial LPS. However, the
experiments carried out don't confirm this, because after fractionating
of LPS and the subsequent binding with the chitosan a number of
complexes of different composition were also obtained [14].

The measurements of {-potential in LPS solutions showed that under
the experimental conditions (pH=5.0), LPS particles were negatively
charged. Showing the same trend as the size distributions, a monomodal
¢-potential distribution was observed only for the E. coli LPS, while two
populations of particles varying in -potential were detected for the LPS
from Y. pseudotuberculosis and P. vulgaris. Electrostatically driven
interactions of LPS from different microorganisms with chitosan at the
same w/w ratio of components (1:1) resulted in the formation of
complexes in which the negative charges of LPS were neutralized (E. coli
LPS) or overcompensated (Y. pseudotuberculosis and P. vulgaris) (Table 3).
Taking into account that the chitosan content in all the complexes was
much higher than required for charge neutralization of LPS, the
difference observed in the electrokinetic properties of the complexes
suggests that the availability of negatively charged groups on LPS
molecules is completely different and depends on the aggregate
structure of the endotoxins. Hexoacylated E. coli LPS with a long
0-specific chain formed monodispersed aggregates with the lowest
¢-potential among the studied LPSs. Thus at the fixed mass ratio
(1:1) one can expect the highest overcharging for the chitosan-
E. coli LPS complex. However, in this case the complex with the lowest
surface charge was formed. This can be connected with a macromole-
cular organization of LPS aggregates. It is known that the structure of LPS
is highly ordered, and the degree of order increases with lengthening O-
specific chain [37]. It was also established that the package of LPS
aggregates could be stabilized by carbohydrate-carbohydrate interac-
tions between long O-polysaccharide chains [38]. It has to be taken into
account that sugar part of LPS is directed towards the outside and
represent a barrier for the chitosan due to steric reasons. In this context
O-chains of E. coli LPS screens anion sites of endotoxin and its
accessibility for binding may be difficult. On the other hand chitosan
as enough hydrophilic polymer may penetrate to anionic sites of most
hydrophilic LPS but its excessive positive charge can be screened by
neutral O-specific chains.

This agrees with the data of the dye displacement assay (Table 2): 1
the chitosan glucosamine unit is bound with a small portion of mole of
E. coli LPS, confirming existence steric hindrances to interaction with
the polycation. (Table 2).

It should be noted that the narrow size distribution (Fig. 2b) as well as
the low surface charge of this complex exclude bridging the LPS
aggregates with chitosan as a possible mechanism of complexation. The
presence of the second population of particles with the same ¢-potential
but larger dimensions most likely reflects aggregation of weakly charged
particles of the complex rather than the formation of structures of
another type or the presence of the initial components of the complex.

In contrast to E. coli LPS with a long O-specific chain, the LPSs from
Y. pseudotuberculosis and P. vulgaris have short O-chains and penta-

and hepta-acylated lipid A, respectively (Fig. 3). According to the
chemical structures of the LPS it is possible to expect that it will form
densely packed aggregates of larger size [34,33]. In fact, according to
DLS data (Table 3), LPS from P. vulgaris forms aggregates with the
maximal size. Due to the short length of the O-chains, the negative
charges of LPS are not screened and the aggregates show more
negative electrokinetic potential than aggregates of E. coli LPS.

According to our earlier data [28], chitosan is a sufficiently rigid
linear polymer. Its penetration into the more densely packed
aggregates of LPS was difficult. In this regard, we can probably con-
sider the complex formation as binding on the surface of LPS
aggregate. Thus, in case of the Y. pseudotuberculosis and P. vulgaris,
LPSs we obtained complexes with high positive ¢-potentials. In this
case the interaction of the densely packed LPS aggregates with chi-
tosan can be very schematically presented as the interaction between
a highly charged polyelectrolyte and a charged sphere, which is
known to occur with surface overcharging upon polyelectrolyte ad-
sorption [39].

It is necessary to note that the O-specific polysaccharide of P.
vulgaris LPS has a negative charged residue of lactic acid (Table 1).
Complexation may be a result of the interaction of the amino groups of
chitosan with the two possible types of binding sites of P. vulgaris LPS:
the negatively charged groups in the core-lipid A part and/or the
carboxylic groups in the O-specific polysaccharide. Analysis of
Scatchard's plot (Fig. 2) point to an interaction with a single type of
binding site, but its affinity for binding with chitosan is notably less
than those of the two other investigated LPSs (Table 2). This is perhaps
connected with the different natures of the binding sites of the LPSs. In
the case of P. vulgaris LPS, chitosan is perhaps bound with carboxylic
residues in the O-specific chains of the endotoxin and the binding of
P. vulgaris LPS with chitosan takes place on the surfaces of LPS
aggregates. The highest amount of mole of P. vulgaris LPS bound with
1 chitosan aminogroups (Table 2) confirmed this opinion.

E. coli LPS has the highest affinity to chitosan (K,=7.95%10°> M),
which is ten times more than the chitosan binding affinities of
P. vulgaris and Y. pseudotuberculosis LPSs. This fact is well in accord
with our earlier data which showed that the affinity of LPS-chitosan
binding and the number of binding sites are determined by the length
of the O-specific polysaccharide of Y. pseudotuberculosis LPS [30]. At
the same time in contrast to the E. coli LPS, Y. pseudotuberculosis LPS
with the same length of O-specific chains has the K;,=2.8*10° M [30].
It is a reflection of features of lipid component of these LPS namely
fatty acid arrangement of lipid A or/and features of structure of core
region studied LPS and would be objects of future investigations.

5. Conclusion

The results submitted in the present study showed that the process
of interaction of LPS and chitosan is complicated and is supplemented
by changing supramolecular organization of LPS. Interaction depends
on at least on three factors: the surface charge of the LPS particles, the
lengths of the O-specific polysaccharide, as well as the fatty acid
content of lipid A. So for correct interpretation all aspects of endotoxin
binding with polycation it is necessary to consider both lipid and
polysaccharide parts of LPS molecule in complex.

Studying the influence of these factors on the supramolecular
structure of LPS and its change during interaction with chitosan and
also following modifications in its biological activity is important for
choosing strategies of antisepsis therapy in bacterial infection.

Acknowledgements

This work was supported financially by the programs for basis
research of the Russian Academy of Sciences: “Fundamental Sciences
to Medicine” and “Molecular and cell biology” Scientific Scholl
academician Ovodov Y.S. — 5796.2006.4.



6 V.N. Davydova et al. / Biophysical Chemistry 136 (2008) 1-6

References

[1] CR.H. Raetz, Biochemistry of endotoxins, Ann. Rev. Biochem. 59 (1990) 129-170.

[2] E.T. Rietschel, H. Brade, O. Holst, L. Brade, S. Muller-Loennies, U. Mamat, U.

Zahringer, F. Beckmann, U. Seydel, K. Brandenburg, AJ. Ulmer, T. Mattern, H. Heine,

J. Schletter, H. Loppnow, U. Schonbeck, H.D. Flad, S. Hauschildt, U.F. Schade, F.

DiPadova, S. Kusumoto, R.R. Schumann, Bacterial endotoxin: chemical constitu-

tion, biological recognition, host response, and immunological detoxification, Curr.

Top. Microbiol. Immunol. 216 (1996) 39-81.

M.E. Khattabi, H. Adams, E. Heezius, P. Hermans, F. Detmers, B. Maassen, P. van der

Ley, J. Tommassen, T. Verrips, J. Stam, Llama single-chain antibody that blocks

lipopolysaccharide binding and signaling: prospects for therapeutic applications,

Clin. Vaccine Immunol. 13 (2006) 1079-1086.

CJ. Fisher, S.M. Opal, J.F. Dhainaut, S. Stephens, J.L. Zimmerman, P. Nightingale, SJ.

Harris, R.M. Schein, E.A. Panacek, J.L. Vincent, Influence of an anti-tumor necrosis

factor monoclonal antibody on cytokine levels in patients with sepsis, Crit. Care

Med. 21 (1993) 318-327.

K. Brandenburg, G. Jirgens, M. Miiller, S. Fukuoka, M.H. Koch, Biophysical

characterization of lipopolysaccharide and lipid A inactivation by lactoferrin,

J. Biol. Chem. 382 (2001) 15-25.

[6] D. Caccavo, N. Pellegrino, M. Altamura, A. Rigon, L. Amati, A. Amoroso, E. Jirillo,
Antimicrobial and immunoregulatory functions of lactoferrin and its potential
therapeutic application, J. Endotoxin Res. 8 (2002) 403-417.

[7] J. Larrick, M. Hirata, R. Balint, J. Lee, J. Zhong, S. Wright, Human CAP18: a novel
antimicrobial lipopolysaccharide-binding protein, Infect. Immun. 63 (1995)
1291-1297.

[8] M. Andersson, R. Girard, P. Cazenave, Interaction of NK-lysin, a peptide produced
by cytolytic lymphocytes with endotoxin, Infect Immun 67 (1999) 201-205.

[9] G. Zhang, D. Mann, C. Tsai, Neutralization of endotoxin in vitro and in vivo by a
human lactoferrin-derived peptide, Infect. Immun. 67 (1999) 1353-1358.

[10] J. David, Towards a rational development of anti-endotoxin agents: novel
approaches to sequestration of bacterial endotoxins with small molecules,
J. Mol. Recognit. 14 (2001) 370-387.

[11] S.A. David, R. Silverstein, C.R. Amura, T. Kielain, D.C. Morrison, Lipopolyamines: novel
antiendotoxin compounds that reduce mortality in experimental sepsis caused by
gram-negative bacteria, Antimicrob. Agents Chemother. 43 (1999) 912-919.

[12] H.G.Boman, Peptide antibiotics and their role in innate immunity, Ann. Rev. Immunol.
13 (1995) 61-92.

[13] V. Frecer, B. Ho, J.L. Ding, De novo design of potent antimicrobial peptides,
Antimicrob. Agents Chemother. 48 (2004) 3349-3357.

[14] V.N. Davydova, .M. Yermak, V.I. Gorbach, LN. Krasikova, T.F. Solov'eva, Interaction
of bacterial endotoxins with chitosan. Effect of endotoxin structure, chitosan
molecular mass, and ionic strength of the solution on the formation of the
complex, Biochemistry (Mosc) 65 (2000) 1082-1090.

[15] LM. Yermak, V.N. Davidova, V.I. Gorbach, P.A. Luk'yanov, T.F. Solov'eva, A.J. Ulmer,
U. Buwitt-Beckmann, E.T. Rietschel, Yu.S. Ovodov, Forming and immunological
properties of some lipopolysaccharide-chitosan complexes, Biochimie. 88 (2006)
23-30.

[16] O.Westphal, K. Jann, Bacterial lipopolysaccharides: extraction with phenol-water and
further application of the procedure, Methods Carbohydr. Chem. 5 (1965) 83-89.

[17] Yu.S. Ovodov, RP. Gorshkova, S.V. Tomshich, Chemical and immunochemical
studies on Pasteurella pseudotuberculosis lipopolysaccharides — I Isolation and
general characterization, Immunochem. 8 (1971) 1071-1078.

[18] C. Galanos, O. Luderitz, O. Westphal, A new method for the extraction of R
lipopolysaccharides, Eur. ]. Biochem. 9 (1969) 245-249.

[19] LN. Krasikova, S.I. Bakholdina, T.F. Solov'eva, Heterogeneity of lipopolysaccharides
from Yersinia pseudotuberculosis: chemical characterization of various molecular
types, Biochemistry (Mosc) 64 (1999) 12083-12089.

3

[4

[5

[20] Y.A.Knirel, W. Kaca, N.A. Paramonov, M. Cedzynski, E.V. Vinogradov, A. Ziolkowski,
A.S. Shashkov, A. Rozalski, Structure of the O-specific polysaccharide of Proteus
vulgaris 025 containing 3-O-[(R)-1-carboxyethyl]-p-glucose, Eur. ]. Biochem. 247
(1997) 951-954.

[21] M.L. Wolfrom, T.M. Han Shen, The sulfonation of chitosan, J. Am. Chem. Soc. 81
(1959) 1764-1766.

[22] J.G. Domszy, G.A.F. Roberts, Evaluation of infrared spectroscopic techniques for
analysing chitosan, Macromol. Chem. 186 (1985) 1671-1677.

[23] W.J. Archibald, A demonstration of some new methods of determining molecular
weights from the data of the ultracentrifuge, ]. Phys. Chem. 51 (1947) 1204-1214.

[24] AV. Hill, A new mathematical treatment of changes of ionic concentration in
muscle and nerve under the action of electric currents, with a theory as to their
mode of excitation, J. Physiol. 40 (1910) 190-224.

[25] D.C. Henry, The cataphoresis of suspended particles. Part I. The equation of
cataphoresis, Proc. R. Soc. Lond. A. 133 (1931) 106-129.

[26] S.V. Tomshich, R.P. Gorshkova, Y.N. Elkin, Yu.S. Ovodov, Lipopolysaccharide from
Yersinia pseudotuberculosis type 1B. A structural study of O-specific chains, Eur. J.
Biochem. 65 (1976) 193-199.

[27] Y.A. Knirel, N.K. Kochetkov, The structure of lipopolysaccharides of gram-negative
bacteria. III. The structure of O-antigens: a review, Biochemistry (Mosc.). 59 (1994)
1325-1383.

[28] V.N. Davydova, M. Ermak, V.I. Gorbach, A.L. Drozdov, T.F. Solov'eva, Comparative
study of the physico-chemical properties of chitosans with varying degree of
polymerization in neutral aqueous solutions, Biofizika. 45 (2000) 641-647.

[29] V.P. Glazunov, V.I. Gorbach, A spectrophotomeric determination of the amino
group content in chitosan, Russ. ]. Bioorganic. Chem. 25 (1999) 216-219.

[30] V.N. Davidova, G.A. Naberezhnykh, I.M. Yermak, V.I. Gorbach, T.F. Solov'eva,
Determination of binding constants of lipopolysaccharides of different structure
with chitosan, Biochemistry (Mosc.). 71 (2006) 332-339.

[31] J.G. Norby, P. Ottolenghi, J. Jensen, Scatchard plot: common misinterpretation of
binding experiments, Anal. Biochem. 102 (1980) 318-320.

[32] J. Andrg, K. Lohner, S.E. Blondelle, R. Jerala, I. Moriyon, M.H. Koch, P. Garidel, K.
Brandenburg, Enhancement of endotoxin neutralization by coupling of a C12-alkyl
chain to a lactoferricin-derived peptide, Biochem. J. 385 (2005) 135-143.

[33] J.W. Shands, The physical structure of bacterial lipopolysaccharides of Salmonella
ewington, in: G. Weinbaum, S. Kadis, S. Ajl (Eds.), Microbial toxins, vol. 4, Academic
Press, New York, 1971, pp. 127-144.

[34] K. Brandenburg, S.S. Funari, M.H. Koch, U. Seydel, Investigation into the acyl chain
packing of endotoxins and phospholipids under near physiological conditions by
WAXS and FTIR spectroscopy, J. Struct. Biol. 128 (1999) 175-186.

[35] LN.Krasikova, V.I. Gorbach, V.V. Isakov, T.F. Solov'eva, Y.S. Ovodov, The application
of ®C-NMR spectroscopy to study lipid A from Yersinia pseudotuberculosis
lipopolysaccharide, Eur. J. Biochem. 126 (1982) 349-351.

[36] Z. Sidorczyk, U. Zahringer, E.T. Rietschel, Chemical structure of the lipid A
component of the lipopolysaccharide from a P. mirabilis re-mutant, Eur. J. Blochem.
137 (1983) 15-22.

[37] K. Brandenburg, U. Seydel, Physical aspects of structure and function of
membranes made from lipopolysaccharides and free lipid A, Biochim. Biophys.
Acta. 775 (1984) 225-238.

[38] A.A. Peterson, A. Haug, E.J. McCroarty, Physical properties of short- and long-O-
antigen-containing fractions of lipopolysaccharide from Escherichia coli 0111:B4,
J. Bacteriol. 165 (1986) 116-122.

[39] Y.W. Shin, J.E. Roberts, M.M. Santore, The relationship between polymer/substrate
charge density and charge overcompensation by adsorbed polyelectrolyte layers,
J. Colloid Interface Sci. 247 (2002) 220-230.



	Comparative study of electrokinetic potentials and binding affinity of lipopolysaccharides–chit.....
	Introduction
	Experimental
	Bacterial strain, growth, and isolation of the lipopolysaccharide
	Preparation of LPS–Ch complexes
	Titration of the Orange II–chitosan complex with LPS solution
	Size and electrophoretic properties of the LPS–chitosan complexes

	Results
	The characteristics of lipopolysaccharides and chitosan
	The determination of LPS–chitosan binding constants
	Surface charge compensation of LPS aggregates by chitosan

	Discussion
	Conclusion
	Acknowledgements
	References




