
Lipopolysaccharide (LPS) endotoxins are important

factors of pathogenicity of gram�negative bacteria. The

ability of endotoxins to interact with molecules of a

macroorganism, in particular, with soluble serum pro�

teins, serum lipoproteins, and various cellular receptors

determine many biological features of endotoxins [1].

Moreover, on entrance of the bacterial cell into the body,

LPS become a target for polycationic antibacterial agents,

such as bactericidal proteins of the host and antibiotics

used to treat the infection [2].

The molecular mechanism of the interaction of LPS

with polycations is still insufficiently clear. Interactions

between negatively charged groups of the endotoxin and

positive groups on the polymers that bind to it are gener�

ally thought to underlie this mechanism [2, 3]. However,

there are also data indicating that formation of stable

endotoxin−polycation complexes is a result of hydropho�

bic interactions [4]. Despite great interest in this prob�

lem, there are only scarce data on the stoichiometry of

the complexes and on the effect of the endotoxin struc�

ture on the complexing [3, 5, 6]. This is mainly due to the

nature of LPS molecules themselves, which consist of

hydrophobic (lipid A) and hydrophilic (O�specific poly�

saccharide and core oligosaccharide) regions. The lipid

and the inner part of the endotoxin core contain nega�

tively charged groups (phosphate, pyrophosphate, car�

boxyl [7]) that are mainly responsible for their interaction

with various polycations.

Due to amphiphilicity, LPS in solution can produce

aggregations with supramolecular organization depend�

ing on both conditions of dissolving (temperature, poly�

mer concentration) and the endotoxin structure [1, 6].

This in turn influences the package density of macromol�

ecules in the LPS aggregations and availability of charged

particles for interaction with polycations [8].

We have earlier shown that LPS interact with the

natural polycation chitosan and produce stable complex�

es of different stoichiometry. The composition of these

complexes and their formation depend on both the LPS

structure and parameters of the medium where the com�

plexing occurs [9, 10].
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Abbreviations: LPS) lipopolysaccharides; Ch�HM) high molec�

ular weight chitosan (130 kD); Ch�LM) low molecular weight

chitosan (20 kD); D0 and Dexp) absorption of solution before

and after addition of LPS; ∆Dmax) absorption difference of the

tropaeolin−chitosan complex and tropaeolin−chitosan−LPS

solution corresponding to chitosan saturation with LPS; Q) sat�

uration degree of chitosan with LPS molecules; Kb) binding

constant.
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The present work is a continuation of studies in this

line. Its purpose was to study the interaction of endotox�

ins possessing differently polymerized O�specific chain

with chitosan in diluted solutions and determine the

binding constants of LPS with the polycation using

approaches of the endotoxin competitive binding with the

complex of chitosan−anionic dye (tropaeolin 000�2) and

also the direct binding of 125I�labeled LPS with chitosan

immobilized on Sepharose.

MATERIALS AND METHODS

Chloramine T (Serva, Germany), Sepharose 4B

(Pharmacia, Sweden), Na125I (Izotop, Russia), and the

dye tropaeolin 000�2 (Orange�2) (Soyuzreactiv, Russia)

were used. The dye was purified by recrystallization from

ethanol. All other reagents were of chemical purity

(Reakhim, Russia) and were used without additional

purification.

Isolation and purification of LPS. LPS were isolated

from the bacterium Yersinia pseudotuberculosis 1B serovar.

LPS�1 was extracted from the microorganisms grown at

4°C with a mixture of phenol−chloroform−petroleum

ether as described in [11], and LPS�2 was obtained by

extraction with 45% hot phenol as described in [12]. R�

Forms of LPS were extracted from the bacterium cultured

at 37°C with hot aqueous phenol as described in [12].

LPS�3 was prepared as described in [13]. The fraction

precipitated with acetone from the phenol layer was used

in experiments. The resulting LPS were purified from

nucleic acids by ultracentrifugation at 105,000g. The

monosaccharide composition and polymerization degree

of the O�specific chain of LPS were established by GLC

of monosaccharides prepared as polyol acetates accord�

ing to [14], with xylose as an internal standard.

Radioactive labeling of LPS. LPS�3 (2 mg) was dis�

solved in 0.2 ml of water, supplemented with 4 mg bro�

mocyanogen, and the mixture was stirred for 8 min at

0°C; the pH value of 10 was maintained by addition of

1 N NaOH. Then 1 mg tyramine hydrochloride was

added, the pH was adjusted to 8.0 with 0.2 M NaHCO3,

and the mixture was stirred for 16 h at 20°C. The tyrami�

nated LPS was isolated by gel chromatography on

Sephadex G�50 in phosphate buffer (pH 5.0). The tyram�

ination determined by absorption at 280 nm was 2 mol

tyramine per 1 mol LPS. Tyraminated LPS was iodinated

with chloramine T as described in [15]. The specific

radioactivity of 125I�labeled LPS was 2·104 cpm/µg.

Preparation of chitosans. Chitosans with molecular

weights of 130 and 20 kD (Ch�HM and Ch�LM, respec�

tively) were prepared as described earlier [16].

Titration of the tropaeolin 000�2−−chitosan complex
with LPS solution. To 80 µl of 0.005 M phosphate buffer

(pH 5.0), 40 µl of tropaeolin solution (0.08 mg/ml) and

20 µl of chitosan solution (100 µg/ml) were added. The

mixture was incubated for 20 min at 20°C. Then the

resulting complex was titrated with LPS solution

(200 µg/ml) preincubated at 37°C for 48 h, by successive�

ly adding portions of 5�10 µl. The mixture was incubated

at 37°C for 2 h (LPS�2, LPS�3) or 18 h (R�LPS, LPS�1).

The absorption was determined with a spectrophotometer

µQuant Bio�TEK Instruments (USA) at 483 nm in three

parallel samples, and the mean arithmetic value was cal�

culated. The value of ∆D = Dexp − D0 was calculated where

D0 and Dexp were absorptions of the solutions before and

after addition of LPS, respectively. The values of ∆Dmax

and Kb were determined from the Scatchard dependence

in ∆D/CLPS versus ∆D coordinates. The chitosan satura�

tion (Q) with LPS molecules was determined from the

ratio ∆D/∆Dmax.

The degree of cooperativity (h) was determined from

the Hill equation in logarithmic form [17]:

log(Q/1 − Q) = h log[CLPS] − log[Kb].

The number of binding sites on the endotoxin mole�

cule per amino group of chitosan was assessed from the

saturation curve plotting a tangent to the point that corre�

sponded to the maximal change in the reaction mixture

absorption. Then the LPS concentration corresponding

to chitosan saturation with the endotoxin was determined.

Preparation of Ch�LM�Sepharose. To 4 ml of water�

washed Sepharose 4B 2 ml of NaIO4 solution (15 mg/ml)

was added, and the mixture was stirred for 60 min and

then supplemented with 0.1 ml of ethylene glycol. After

10 min, the Sepharose was washed in water and supple�

mented with solution of Ch�LM (20 mg in 1 ml of

0.001 M sodium carbonate buffer containing 0.9% NaCl

(pH 8.0)). The mixture was stirred for 24 h, supplement�

ed with 60 mg NaBH4, maintained for 1 h, and washed

with water on a filter. To determine the amount of chi�

tosan bound to Sepharose, 1 ml of the sorbent was dried

and hydrolyzed with 2 ml of concentrated HCl in a sealed

ampule at 100°C for 4 h. The hydrolyzate was filtered and

evaporated. The amount of free glucosamine was deter�

mined by the Elson−Morgan method [18]. The amount of

glucosamine corresponding to the amount of immobi�

lized chitosan was 1.2 mg per ml of the sorbent.

Determination of equilibrium binding constants of
125I�labeled LPS�3 with immobilized chitosan. Ch�LM�

Sepharose was washed in 0.002 M phosphate buffer

(pH 5.0) and suspended in an equal volume of this buffer.

To 0.05 ml of Ch�LM�Sepharose (the chitosan concen�

tration in the reaction mixture was 0.002 M), varied vol�

umes of 0.001 M solution of 125I�labeled LPS were added

(the concentration was varied from 0.3 to 7 mM). The

medium volume was adjusted to 0.4 ml with phosphate

buffer, and the mixture was shaken for 4 h at 37°C and

then centrifuged. The precipitated sorbent was washed.

Then the radioactivity of the bound LPS was determined

using a RIA�GAMMA gamma�counter (LKB, Sweden).
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To determine the nonspecific sorption of 125I�labeled LPS

on Ch�LM�Sepharose, the binding was performed in the

presence of a 100�fold excess of unlabeled homologous

LPS (0.03�0.7 M). The nonspecific binding was 9�12%.

The binding data were plotted in Scatchard coordi�

nates, and the analytical plot suggested positive coopera�

tivity of the 125I�labeled LPS interaction with immobi�

lized Ch�LM. The binding parameters were calculated

with a computer program based on approaches proposed

in [19] using the following equation:

r/[S] = aKb
h[S]h–1/(1 + Kb

h[S]h),

where r is the ratio of the bound LPS concentration to the

concentration of added chitosan, S is the concentration

of free LPS, a is the number of binding sites on a chitosan

molecule, Kb is the binding constant, and h is the Hill

coefficient.

RESULTS

Characteristics of initial components of the complex.
LPS isolated from Y. pseudotuberculosis and different in

the O�specific chain polymerization degree were used.

LPS with 2.4, 13, and 24 degrees of the O�specific poly�

saccharide polymerization are denoted, respectively, as

LPS�1, LPS�2, and LPS�3. In addition, LPS without O�

specific chains (R�LPS) was also used in this work. The

polymerization degree of the repeated links of the O�spe�

cific polysaccharide and molecular weights of the corre�

sponding LPS are presented in Table 1. To perform radio�

ligand analysis, LPS�3 was radiolabeled with 125I.

Parameters of the complexing were calculated based on

molecular weights of LPS molecules.

Two samples of chitosan were used, with 4% acetyla�

tion degree of glucosamine residues and molecular

weights of 20 and 130 kD. By analytical centrifugation,

the chitosan samples were shown to have a rather narrow

distribution of molecular weights [16].

Because of chemical nature of the components, LPS

and chitosan interact with involvement of charged groups

(amino groups of chitosan, on one hand, and carboxyl

and phosphate groups of LPS, on the other hand). As a

result, the pH value of the medium, which determines the

ionization degree of these groups, could significantly

influence the binding of the components. In fact, we

found that the LPS−chitosan complex was produced at

the pH range of 4.0�7.0. Therefore, to study the binding,

the pH value of 5.0 was chosen.

Interaction of chitosan−−tropaeolin complex with LPS
and determination of polymer binding constants. Binding

constants of the endotoxin with the polycations were

determined using the lipopolysaccharide replacement of

the anionic dye in its complex with chitosan and record�

ing the released dye.

The interaction of four LPS samples (R�LPS, LPS�

1, LPS�2, and LPS�3) with Ch�LM and Ch�HM was

studied using the anionic dye tropaeolin 000�2 (sodium

salt of 4�(2�hydroxy�1�naphthyl)benzenesulfonic acid) in

0.005 M phosphate buffer (pH 5.0). As shown previously

[20], the dye was quantitatively bound to every ionized

amino group in the polycation molecule, and this signifi�

cantly decreased the absorption (to 70%) in the absorp�

tion maximum of the dye at 483 nm. On addition of LPS

solution to the tropaeolin−chitosan complex, the absorp�

tion of the reaction mixture increased to the value corre�

sponding to that of the free dye. This indicated the

lipopolysaccharide replacement of the dye in its complex

with chitosan and the endotoxin binding with the polyca�

tion. No effect of LPS on the absorption of tropaeolin was

recorded.

It should be noted that the endotoxin changed the

optical absorption of the tropaeolin−polycation solution

only if free LPS had been partially pre�dissociated at

Sample of LPS

R�LPS

LPS�1

LPS�2

LPS�3

n*

—

2.4

13

24

Molecular weight, kD

4.3

6.2

12.5

23.5

Table 1. Characteristics of LPS used in this work

* Polymerization degree of O�specific chain.

Fig. 1. Dependence of the absorption of LPS−Ch�LM−tropae�

olin mixture on the time of incubation at 37°C at the point of

chitosan saturation: 1) R�LPS; 2) LPS�2. To 100 µl of the Ch�

LM−tropaeolin complex the necessary amount of LPS solution

(200 µg/ml) was added, the resulting mixture was incubated at

37°C, and the value of A483 was determined every hour.

1 
0.3

0.2
2 

0.1

0.0
4

А483 

8 12 16 20

Time, h



BINDING CONSTANTS OF LIPOPOLYSACCHARIDES WITH CHITOSAN 335

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  3   2006

37°C for 48 h, whereas at 25°C the highly aggregated

endotoxin failed to displace the dye from its complex with

chitosan. To reach the constant value of the optical

absorption of the solution on titration of the tropaeolin−
chitosan−LPS complex, a certain time was required. At

37°C, the absorption value of the reaction mixture became

constant after 1.5�2 h when LPS with the O�specific poly�

saccharide chain (LPS�1, LPS�2, and LPS�3) were used

and only after 18 h in the case of R�LPS (Fig. 1).

Data on the LPS binding with Ch�LM presented as

linear Scatchard plots (Fig. 2a) suggest an interaction

with a certain type of binding sites and the absence of

cooperativity during the interaction. Values of the coop�

erativity coefficients determined from the Hill plot are

close to unity, confirming our hypothesis (Table 2).

In the case of complexes with Ch�HM, the

Scatchard plots were linear only for the polycation com�

plexes with R�LPS and LPS�1 (Fig. 2b). For the LPS with

the long O�specific chain (LPS�2 and LPS�3) the

Scatchard plot (Fig. 2c) had a characteristic inflection

point that could be caused by both the presence of two

type binding sites (with high and low affinity) and nega�

tive cooperativity.

On assuming the independence of the binding sites

on chitosan, the chitosan binding constants with LPS

were determined from the Scatchard and Hill plots. Their

values are presented in Table 2.

The LPS concentration corresponding to the point

of chitosan saturation with endotoxin was determined

from the saturation curves, and on this basis the number

of binding sites at the saturation point was calculated

(Table 2).

Radioligand determination of the LPS binding con�
stants with chitosan. Radioligand analysis with 125I�

labeled LPS�3 was also used to study the interaction of

LPS with Ch�LM. To separate the chitosan�bound LPS

from the unbound LPS, Ch�LM was immobilized on

Sepharose 4B. Chitosan was covalently bound to

Sepharose by activation of Sepharose with bromo�

cyanogen and divinylsulfone and by oxidation with perio�

date. The latter approach was the best, and it allowed us to

determine the polycation binding at weakly alkaline pH.

To determine Kb and the binding sites for LPS on

chitosan, an equal amount of immobilized chitosan was

titrated with the radioactive ligand 125I�labeled LPS�3.

Both the binding and titration of the tropaeolin−chi�

tosan−LPS complex were performed at 37°C, and the

reaction mixtures were incubated for 4 h to achieve equi�

librium.

The Scatchard plot describing the interaction of Ch�

LM with 125I�labeled LPS�3 (Fig. 3) has an ascending

branch in the region of low concentrations of the bound

ligand, and this suggests positive cooperativity in the

immobilized chitosan binding with LPS�3. In fact, in this

case the cooperativity coefficient (the Hill coefficient) is

higher than unity (h = 1.8).

Fig. 2. Scatchard plots for the binding of LPS with Ch�LM (a) and

Ch�HM (b and c): 1) R�LPS; 2) LPS�1; 3) LPS�2; 4) LPS�3. The

chitosan−tropaeolin complex (100 µl) was titrated with LPS solu�

tion (200 µg/ml), on successive addition of 5�10 µl portions. The

absorption was determined at 483 nm in three parallel samples,

and the arithmetic mean was calculated. C is concentration of the

added LPS, ∆D is the difference between the optical absorption of

the chitosan−tropaeolin solution before and after the addition of

LPS.
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The binding constants and number of binding sites

on chitosan were calculated on the basis of the coopera�

tive interaction model (Table 2). For LPS�3 the Kb value

was 3.5·105 M–1. Note that notwithstanding some differ�

ences in the Kb values obtained for different LPS, they are

on average rather similar.

DISCUSSION

We have earlier shown [10] that LPS and chitosan

interact with production of soluble complexes. In the

present work the effect of the length of the O�specific

polysaccharide endotoxin on its interaction with the

polycation and their binding constants were determined.

We used LPS isolated from the same strain of the bacteri�

um Y. pseudotuberculosis, and this allowed us to obtain a

number of samples with the same chemical structure,

which were different only in the polymerization degree of

the O�chains.

We found that the LPS were bound on the charged

amino groups of chitosan. This was concluded because

the endotoxin displaced negatively charged molecules of

the dye tropaeolin from its complex with the polycation

and the interaction occurred only at pH values from 4 to

7 where amino groups of chitosan were ionized. The

interaction was specific, because the binding sites on chi�

tosan were saturated on gradual addition of the ligand,

which was demonstrated by the saturation curves (data

not presented). Moreover, it was shown by the radioligand

analysis that unlabeled LPS considerably inhibited the

binding of radioactive LPS with the polycation.

The presented findings suggested that the interaction

under consideration is rather complicated. This was man�

ifested even at the initial stage of the process, which

required LPS aggregations to be pre�dissociated at elevat�

ed temperature for 24 h. The further binding could also be

realized only at 37°C, and more hydrophobic endotoxins,

short�chained or free of O�chains, had to be incubated in

the mixture for a significantly longer time (18 h) than

LPS with the long O�chains (Fig. 1). This seems to be

associated with the dissociation kinetics of LPS aggrega�

tions. Shortening of the O�specific chain is known to be

accompanied by an increase in the rigidity or package

density of the inner region of the polar head (KDO�phos�

phate�glucosaminebiose) [21]. Moreover, chitosan dis�

Complex

Ch�LM

R�LPS

LPS�1

LPS�2

LPS�3

[125I]�LPS�3

Ch�HM

R�LPS

LPS�1

LPS�2

LPS�3

Number of LPS moles
per NH2�group of chitosan

0.26

0.19

0.11

0.04

0.03

0.17

0.13

0.09

0.05

Table 2. Parameters of the LPS binding with Ch�HM and Ch�LM

h

1.020

1.000

0.9748

1.016

1.8

1.000

0.997

0.929

0.974

Kb × 105, M
(mean value)

0.775

1.012

1.797

5.973

—

0.329

0.606

—

—

Kb × 105, M
(Hill)

0.791

1.009

1.753

6.015

—

0.326

0.594

0.504

2.820

Kb × 105, M
(Scatchard)

0.759

1.015

1.840

5.930

3.5

0.331

0.617

—

—

Fig. 3. Scatchard plot of the binding of Ch�LM with 125I�labeled

LPS�3. To chitosan bound with 0.05 ml of Sepharose 4B, increas�

ing concentrations of LPS (0.3�0.75 µM) in 0.002 M sodium

phosphate buffer (pH 5.0) were added. [C] is concentration of

free LPS, r is ratio of bound LPS concentrations to chitosan.
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played higher affinity for more hydrophilic LPS�2 and

LPS�3. This was indicated by values of the dissociation

constants (Table 2) (an increase in the length of the O�

specific chain of LPS was associated with increase in its

affinity for chitosan). Thus, LPS�3 with the longest O�

specific chain had the highest binding constant to the

polycation.

The order of the binding constants (105 M) is in con�

sistence with values of these parameters found by other

authors for LPS complexes with other polycations

(human serum albumin [22] and polymyxin [2]).

The complexing depended not only on the LPS

structure but also on the molecular weight of the chitosan.

Thus, on the interaction of LPS�2 and LPS�3 with Ch�

HM (Fig. 2c) the Scatchard plot deviates from a straight

line.

It is difficult to interpret curvilinear Scatchard plots

in the framework of an adequate model of interaction in

the case of such a complicated system as LPS−chitosan,

where LPS is a macromolecular, potentially polyvalent

ligand with a slight heterogeneity and ability for aggrega�

tion in aqueous medium.

The Scatchard plot appearance as a concave curve

can indicate the presence of two independent binding

sites on the acceptor (chitosan), multivalency of the lig�

and (LPS), or the binding of components with negative

cooperativity [23]. The Hill coefficient value in our case

(Table 2) also fails to give an unambiguous answer to this

question. The h < 1 value can indicate the negative coop�

erativity or the existence of two types of binding sites with

similar values of the interaction constants [17].

The existence of two independent binding sites on

chitosan is unlikely because the polycation contains only

amino groups with predominantly the same environment.

The concave shape of the Scatchard curves can be also

due to polyvalency of the ligand. It is known that LPS

from the pseudotuberculosis bacteria contain a number of

nonequivalent negatively charged groups, which can bind

to the polycation [24]. The two binding constants are

likely to correspond to these interactions. All LPS used in

the experiments had the same number and nature of such

groups, thus the observed differences in the shape of the

curves cannot be explained in the framework of the

above�described model. A possible shielding of the

charged groups with polysaccharide O�chains, which

could cause the difference in the binding properties of

different LPS, also complicates the interpretation of the

findings.

Our results of computer�aided modeling of the LPS−
chitosan interaction [25] have shown that the binding

with only one phosphate in the first position of glu�

cosamine is most likely, whereas the interaction on the

other charged particles is energetically unfavorable.

Similar data, in particular, on the involvement of only one

LPS phosphate also in the first position of LPS glu�

cosamine during its interaction with a pulmonary protein

were obtained by Augusto et al. [26]. These authors have

shown the importance of the lipid molecule conforma�

tion during the complexing. The protein recognizes only

a specific conformation of the lipid molecule, and the

distance between phosphorus and nitrogen atoms is very

significant. This is consistent with our data on the effect

of temperature on the complexing. At 37°C, the

supramolecular organization of the endotoxin was

rearranged because of melting of acyl chains [27], and the

endotoxin molecule seemed to acquire a conformation

advantageous for interaction with the polycation.

Thus, we suggest that the concave shape of the

Scatchard curves of LPS�2 and LPS�3 binding with Ch�

HM can be a result of the mutual repulsion of ligands, or

anti�cooperative interaction. Large ligands sterically pre�

vent approach of other molecules to the binding sites near�

by. The approach of ligands during their binding to the

adjacent sites can be thermodynamically disadvantageous.

In the limiting case, the binding of two ligand molecules to

adjacent sites can be completely excluded (model with

binding site exclusion) [23]. This model allows us to

explain a relatively low saturation level of the binding sites

on LPS with the long O�polysaccharide chains.

Specific features of the Ch�LM and Ch�HM confor�

mations can also influence the manifestation of these

effects. The Ch�LM molecule is rather flexible [16] and

its conformation in solution presents a randomly coiled

sphere, whereas the Ch�HM molecule is rather rigid and

elongated. Due to the chain flexibility, the binding sites

on chitosan can spatially displace one relative to another

and lower steric obstacles at the binding of high�molecu�

lar�weight ligands that is impossible in the case of rigid

elongated molecules of Ch�HM. This seems to explain

our finding, that the number of binding sites per potential

binding link in Ch�LM is higher than in Ch�HM.

This explanation is confirmed by transformation of

the saturation curves according to the following equation

as proposed in the review [28]:

[1 − Q]C/Q = f(C).

The tangent of the inclination angle of this curve

denoted as κ and equal to zero indicates the absence of

cooperativity. In our case κ = 0.5 and 0.125 for the Ch�

HM complexes with LPS�2 and LPS�3, respectively,

which suggests negative cooperativity.

Thus, our data have shown that LPS�2 and LPS�3

bind to Ch�HM with negative cooperativity.

We observed that the increase in the O�chain length

was associated with decrease in the number of binding

sites on the endotoxin per link of chitosan. Thus, the

increase in the molecular weight of LPS caused by elon�

gation of the O�specific polysaccharide, from 6.2 to

23.5 kD, was associated with a decrease in the number of

binding sites on the endotoxin molecule from 0.27 to 0.03

as calculated per monomeric link of chitosan. This find�
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ing can be explained by a partial shielding by the long O�

chains of sites on the LPS molecule, which are responsi�

ble for the binding (such as negatively charged groups of

the core and lipid A) and can also provide spatial difficul�

ties for the ligand binding to the adjacent sites.

Because of aggregated state of LPS, their negative

charges are not easily available for amino groups; there�

fore, many more positive charges are required for satura�

tion than for a pure compensation of the charge [8]. Note

that the binding of Ch�LM with 125I�labeled LPS�3

occurred with positive cooperativity. The cooperative

interaction was also observed by us for the binding of

immobilized membrane proteins, porins, with LPS pos�

sessing long O�polysaccharide chains [29].

The cooperativity is likely to be due to immobiliza�

tion of chitosan. This leads to fixation of a number of chi�

tosan molecules in a limited space and can be favorable

for interaction of the bound ligand with the neighboring

chitosan molecule through both ligand−ligand interac�

tion (production of hydrogen bonds between the closely

located O�polysaccharides of the bound ligands) and lig�

and−acceptor binding (production of the bond between

the free valent group of the ligand and the adjacent mole�

cule of chitosan). The positive cooperativity of LPS�3

binding with Ch�LM can be provided by the carbohy�

drate−carbohydrate interaction of the long O�chains of

LPS bound with chitosan. Such type of intermolecular

interaction occurs on aggregating of LPS possessing long

O�specific chains [30]. The approach of chitosan�bound

LPS molecules, which ensures contact necessary for such

an interaction, in this experiment seems to be obtained

due to long O�chains of LPS and specific features of the

Ch�LM conformation.

The numbers of LPS�3 binding sites for Ch�LM

determined by different methods are similar. Thus, the

study on the LPS interaction with chitosan by the

approach based on the dye replacement seems to take

into account all bound ligands.

It should be emphasized that the data presented in

this work were obtained on dilute solutions of the poly�

mers (LPS concentration <0.1 mg/ml). In this case, in

the saturation point, on average, 9�11 glucosamine

residues are present per mole of LPS�2, depending on the

molecular weight of the chitosan. However, it was earlier

shown [9] that in concentrated solutions (LPS concentra�

tion 1 mg/ml) there were, on average, 200 glucosamine

residues per mole LPS during the binding of the same

LPS with chitosan.

Thus, the lower is the concentration of LPS, the

higher is its amount bound to chitosan during complex�

ing. Such a concentration dependence of stoichiometry

of the complexes seems to be determined by the aggrega�

tive state of LPS, which depends on its concentration in

the solution [31]. This is supported by our data on the

crucial significance of the aggregative state of LPS for its

binding with chitosan [9].

Thus, the interaction affinity and stoichiometry of

the LPS−chitosan complexes are essentially determined

by the structure of LPS and their concentration in the

reaction mixture. Increase in the length of the carbohy�

drate chains of LPS strengthens the interaction of the

complex components and lowers the amount of the

bound LPS. We have earlier established that the binding

of LPS with chitosan decreases its toxicity [32]. Varying

the stoichiometry and composition of the LPS−chitosan

complexes, we plan to study the effects of these factors on

the biological activity of endotoxins.
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