
Cell wall is a multifunctional, exceptionally impor�

tant part of a plant cell and whole plant organism, which

determines its biological features in many respects. Cell

wall properties and characteristics are a basis for or have

to be taken into consideration in practically all fields of

application and processing of plant raw materials.

Therefore, the study of formation of cell wall supramole�

cular structure is extremely important, especially in view

of the current attention to the study of nanostructures.

However, in spite of the demand, works in this field are

few and specialized reviews are practically absent. First of

all, this is due to the complexity of the system under study.

Many problems concerning the biosynthesis of indi�

vidual polymers still remain unsolved; as before, cell wall

serves as a real “stumbling stone” for molecular biologists

trying to identify the genes that encode enzymes for the

synthesis of separate bonds in a polymer [1]. The absence

of understanding of how individual polysaccharides are

synthesized impedes the study of their interactions during

supramolecular structure formation. The diversity of

bond types in plant cell wall polysaccharides is a separate

problem extremely complicating their analysis. Besides,

the key interactions during plant cell wall formation are

of the carbohydrate–carbohydrate type, one of the least

studied bond types [2, 3]. The existence of such complex�

es as plant cell wall is clear evidence of the importance

and large scale of carbohydrate–carbohydrate interac�

tions in nature. This review analyzes the existing

approaches to the study of interactions between polysac�

charides during the formation of plant cell wall, defines

the key components of this process, and generalizes the

findings.
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Abstract—Plant cell wall is an example of a widespread natural supramolecular structure: its components are considered to

be the most abundant organic compounds renewable by living organisms. Plant cell wall includes numerous components,

mainly polysaccharidic; its formation is largely based on carbohydrate–carbohydrate interactions. In contrast to the extra�

cellular matrix of most other organisms, the plant cell compartment located outside the plasma membrane is so structured

that has been named “wall”. The present review summarizes data on the mechanisms of formation of this supramolecular

structure and considers major difficulties and results of research. Existing approaches to the study of interactions between

polysaccharides during plant cell wall formation have been analyzed, including: (i) characterization of the structure of nat�

ural polysaccharide complexes obtained during cell wall fractionation; (ii) analysis of the interactions between polysaccha�

rides “at mixing in a tube”; (iii) study of the interactions between isolated individual plant cell wall matrix polysaccharides

and microfibrils formed by cellulose�synthesizing microorganisms; and (iv) investigation of cell wall formation and modifi�

cation directly in plant objects. The key stages in formation of plant cell wall supramolecular structure are defined and char�

acterized as follows: (i) formation of cellulose microfibrils; (ii) interactions between matrix polysaccharides within Golgi

apparatus substructures; (iii) interaction between matrix polysaccharides, newly secreted outside the plasma membrane, and

cellulose microfibrils during formation of the latter; (iv) packaging of the formed complexes and individual polysaccharides

in cell wall layers; and (v) modification of deposited cell wall layers.
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PLANT CELL WALL

AS A SUPRAMOLECULAR FORMATION

Plant cell wall is considered to be a composite mate�

rial, where crystalline components (cellulose microfib�

rils) interact with an amorphous matrix, the major com�

ponents of which are polysaccharides [4�6]. Cellulose is a

linear polymer consisting of glucose residues linked by β�

(1→4) bonds; individual chains are connected into a

supramolecular formation, i.e. microfibril. Cellulose is a

polymorphous compound; six polymorphs of this poly�

saccharide have been described. The most widespread of

these, cellulose I, is present in plants; it is characterized

by the parallel location of individual chains (all reducing

ends are uniformly directed).

Natural cellulose usually occurs in amorphous�crys�

tal state with a few types of polysaccharide organization:

crystal structure, amorphous state, surface cellulose of

crystal domains, and paracrystalline cellulose. Cellulose I

crystal structure consists of the two modifications: Iα and

Iβ. Phases Iα and Iβ are represented by triclinic and mono�

clinic unit cell, respectively. Phase Iα is metastable

because it can be converted into the more stable Iβ. Both

crystal cellulose phases are present in all cellulose sources

but in different proportions.

Non�cellulose polysaccharides are divided into two

groups. The first includes pectin substances – acid poly�

saccharides containing galacturonic acid. The major ones

are as follows: (i) polygalacturonic acid, a homopolymer

of galacturonic acid residues in the pyranose form linked

by α�(1→4) bonds; (ii) rhamnogalacturonan I; its back�

bone is constructed of dimers [→4)�α�D�GalAp�(1→2)�

α�L�Rhap(1→], side chains are structurally diverse (dif�

ferent length and degree of branching) and may consist of

β�D�(1→4)�galactans, α�L�(1→5)�arabinans, or ara�

binogalactans, where arabinose is usually terminal and

galactose links can be connected through C�4, C�3, or C�

6; and (iii) rhamnogalacturonan II, comparatively small

(with backbone containing only nine α�(1→4)�D�GalAp

links) but with an exceptionally complex structure; this

polysaccharide contains 12 different monosaccharides at

polymerization degree of about 60, and the diversity of

bonds between the monomers can be as much as 20 vari�

ants.

The second group has not so evident definition as the

first. Previously, it was named “hemicelluloses”, and now

it is called “cross�linking glycans” because the latter can

be bound to cellulose microfibrils; it is supposed to be a

basis of their functional role. Most of them are neutral

molecules, but sometimes glucuronic acid is found. It

should be noted that the ability to be bound to cellulose

has been revealed also in some pectin substances [7, 8].

The best known cross�linking glycan is xyloglucan.

Its backbone is a β�D�(1→4)�glucan, which branches by

means of binding xylose to the C�6 atoms of glucose. In

turn, xylose residues can be bound to galactose or arabi�

nose residues and galactose can be bound to fucose. The

structure of side chains is recorded, respectively, as D�

Xylp�α�(1→�backbone, or D�Galp�β�(1→2)�D�Xylp�α�

(1→�backbone, or L�Fucp�α�(1→2)�D�Galp�β�(1→2)�

D�Xylp�α�(1→�backbone, or L�Araf�α�(1→2)�D�Xylp�

α�(1→�backbone.

The widespread cross�linking glycans include also β�

D�(1→4)�xylans, including glucuronoarabinoxylan. The

C�2 or C�3 xylose residues can have branches containing

a single (or in short chains) α�L�Araf, as well as a single

α�D�GlcAp. In the cell walls of cereals, one of the major

polymers is glucan with mixed�type bonds: a linear mole�

cule, where glucose residues linked by β�(1→4) bonds,

like in the cellulose molecule, are alternated with β�

(1→3) bonds. Finally, the cross�linking glycans include

mannose�containing polymers (mannans, glucoman�

nans, galactomannans, glucogalactomannans), which are

usually present in minor amounts.

The most often cited concepts of the supramolecular

structure of plant cell wall concern the primary wall (the

wall of cells capable of growth, 100�200 nm thick, corre�

sponding to 3�4 microfibril layers) and describe it as three

interweaving but relatively independent polymer net�

works: (i) the network of cellulose microfibrils linked with

each other by different glycans (mainly through hydrogen

bonds); (ii) the gel�like network of pectins linked by cal�

cium ion bridges; and (iii) the network of structural pro�

teins covalently bound to each other and probably to

other cell wall components [9, 10].

The composition and structure of cell walls are var�

ied not only in different tissues but also in separate layers

and regions of an individual cell wall. This is most clearly

demonstrated during immunochemical staining with

antibodies – an exceptionally fruitful and extensively

applied method [11]. Nevertheless, the four main types of

cell wall combine, after deduction of nuances, nearly all

variants – two types of the primary cell wall and two types

of the secondary wall formed after cell extension has

stopped (its thickness can be up to 15,000 nm). In all cell

wall types, the backbone consists of cellulose microfibrils

and the differences are observed first of all in the compo�

sition of matrix polysaccharides, in particular major

cross�linking glycans. This is xyloglucan in the primary

cell wall of type I; β�D�glucan with the mixed bond type

and arabinoxylan in type II [10]. Xylan is almost the only

non�cellulose polysaccharide in the secondary cell wall of

type I; galactose�containing polymers are for type II [12].

Although cell wall types can be different also in the pres�

ence of non�carbohydrate components (e.g. proteins and

lignin), which are not considered in this review, classifi�

cation just on the basis of cross�linking glycans is charac�

teristic in itself as it underlines their key role.

The principal interaction in plant cell wall is forma�

tion of a cellulose–xyloglucan complex. Both polysac�

charides are β�D�(1→4)�glucan chains. In cellulose,

these chains are linked by hydrogen bonds into microfib�
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rils; self�association of xyloglucan molecules is prevent�

ed by a large number of side chains [13]. Xyloglucan is

present in all types of primary cell walls [13, 14] and has

been noted in some layers of secondary walls [15]. It is

the study of interactions between these polysaccharides

that has attracted the greatest attention. At the same

time, new approaches have been developed in recent

years for the analysis of participation of all key polymers

of plant cell walls in formation of their supramolecular

structure.

APPROACHES TO STUDY OF INTERACTIONS

BETWEEN POLYSACCHARIDES

DURING PLANT CELL WALL FORMATION

Several approaches give insight into the mechanisms

of formation of cell wall supramolecular structure (table).

Let us consider the capabilities and drawbacks of each

method.

Study of structure of natural supramolecular polysac�
charide complexes. Different methods for fractionation

and study of polymer complexes isolated from cell wall

give important information about its supramolecular

structure. All cell wall polysaccharides except for cellu�

lose are water�soluble compounds; they are fixed in the

cell wall by the bonds of different types [4]. Some bonds

are individually weak (e.g. hydrogen) but strongly bind

polymers due to their considerable quantity; other (cova�

lent) bonds, being relatively few, provide binding due to

the strength of a single bond.

The character of key bonds between polymers can be

studied by methods of cell wall fractionation, including

treatment of isolated cell walls first by chelating agents

(ammonium oxalate, EDTA, etc.), which bind calcium

and release the major portion of pectin substances, and

then by extraction with chaotropic agents (usually alka�

line solutions, up to 6 M), which solubilize many cross�

linking glycans by means of breaking their hydrogen

bonds with cellulose.

After these treatments, some of the molecules of

some polymers remain bound to cellulose and are

released only during microfibril destruction. Xyloglucan

[13, 16�18], galactan [12], and polygalacturonic acid [19]

have been found among such polymers in cell walls of dif�

ferent types. It is supposed that these polysaccharides are

physically captured by the formed cellulose microfibrils.

They are extracted by decomposition with cellulase [18]

or, when it is inefficient, dissolution of microfibrils in,

e.g. lithium chloride solution in N,N�dimethyl acetamide

[20], dimethyl sulfoxide solution containing tetrabutyl�

ammonium fluoride [21], or methylmorpholine�N�oxide

solution [4, 22].

Each of these fractions, even on application of step�

by�step fractional extraction, contains different polysac�

charides. Moreover, the same polysaccharide can be

found in different fractions. The differences in

extractability make it possible to divide xyloglucan mole�

cules into three fractions: physically interwoven into cell

wall (easily extractable by treatment with xyloglucan

endoglucanase); forming hydrogen bonds with polymers

(extracted by alkali); and tightly associated with

microfibrils, probably captured by them (extracted by

treatment with cellulase) [18].

Step�by�step enzymatic and/or chemical hydrolysis

of cell walls and their separate fractions reveals different

extractability of pectin substances. This approach has

shown that the most arabinan and galactan chains in the

cell walls of sugar beet and potato are rather tightly asso�

ciated with cellulose and not hydrolyzed by specific

enzymes [7, 8].

Obviously, such “smearing” over the fractions is evi�

dence of the different roles of groups of molecules of indi�

vidual polysaccharide in the maintenance of the

supramolecular structure. These features can be associat�

ed with (i) structural nuances of a certain group of mole�

cules (e.g. polymerization degree, side chain structures,

methylation and/or acetylation degree, localization of

modified groups), (ii) appearance in some of polysaccha�

ride molecules of covalent bonds with other polymers,

and (iii) probabilistic character of noncovalent interac�

tion with cellulose microfibrils. Most evidence has been

collected for the second assumption; the arguments for

the two other assumptions are mainly logical, though ara�

binoxylan of monocotyledons has become an example of

peculiar composition of a polymer extracted by increasing

concentrations of alkali [23, 24].

There is much evidence of the presence of covalent

bonds between homologous and heterologous cell wall

polymers. In many cases these bonds have been biochem�

ically identified, while in other cases it is assumed on the

basis of co�elution of two polymers with different proper�

ties. The latter is exemplified by elution on an ion�

exchange column, together with rhamnogalacturonan I

of xyloglucan [25] or glucomannan [12].

The identified covalent bonds between cell wall poly�

saccharides include ester bonds through a boron atom

between apiose residues (OH�2 and OH�3) of two

rhamnogalacturonan II molecules with the formation of

dimers [26, 27] and a cross�link between cell wall poly�

mers through phenolic compounds – hydroxycinnamic

acids attached to polysaccharides and aromatic amino

acids being components of proteins, first of all tyrosine.

The existence of bridges of aromatic components between

two polysaccharides (diferulic bridges) has been proved

biochemically. Besides, numerous isomers can be formed,

because different atoms of the phenol ring and propanoid

chain can participate in formation of this bond [28]. Not

only dimers but also tri� and tetramers of ferulic acid have

been isolated from cell wall [29�31]. This means that up

to four individual polysaccharides can be potentially

bound together.
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Approach

Survey of structure of natural supramolecular
complexes of polysaccharides obtained during
cell wall fractionation

Analysis of interaction between polysaccharides
“at mixing in a tube”

Study of interaction between individual isolated
matrix polysaccharides of plant cell wall and
microfibrils formed by cellulose�synthesizing
bacteria

Results obtained
and possibilities

available

Revealing character of
key bonds between cell
wall polysaccharides

Demonstration of pos�
sibility of spontaneous
interaction of polysac�
charides between each
other and revealing of
factors facilitating or
preventing this interac�
tion

Possibility of analysis
of interactions between
matrix polysaccharides
and cellulose microfib�
rils during their crystal�
lization

Possibility of studying
processes in vivo, rela�
tive homogeneity of
plant material, sim�
plicity of introduction
of exogenous substrates
and regulators

Possibility of studying
processes in vivo in an
intact system, without
disturbance of the
course of natural
processes

In rare cases, possibili�
ty of analyzing metab�
olism of individual
polysaccharide in a
particular type of cells
at a particular stage of
their development

Disadvantages

1. Occurrence of a series of different polysaccharides
in the same fraction

2. Occurrence of the same polysaccharide in different
fractions

3. Absence of information about time of bond appear�
ance, i.e. about steps of formation or modification of
cell wall supramolecular structure where this bond is
employed

1. Difference of conditions in vitro from conditions in
vivo

2. Exclusion of interaction between polymers and cel�
lulose microfibrils at moment of their assembly

3. Difference of used polysaccharides subject to mod�
ifications during isolation from native ones

4. Absence of information about steps of formation or
modification of cell wall supramolecular structure, to
which revealed interaction between polymers is cou�
pled

5. Difficulties of registration of weak interactions

1. Difference of used polysaccharides subject to mod�
ifications during isolation from native ones

2. Irreproducibility in a bacterial system of complex of
conditions existing in a plant cell

1. Absence of intercellular contacts and organismal
level of organization

2. Difference (from cell in tissue) of balance between
cell (cell wall) volume and ambient solution

3. Washing of substantial part of cell wall polymers
into cultivation medium

4. Application of exogenous labeled compounds,
which never get into plant cell from the environment
in vivo

1. Necessary application of substantial quantities of
label (entry of label into all compounds of a cell and
decrease in specific radioactivity of individual com�
pounds)

2. Difficulties with clear characterization of time of
pulse period due to prolonged transport of assimilates
and their repeated reutilization

3. Heterogeneity of tissues and complexity of isola�
tion of individual polysaccharides (in most cases)

Approaches to study of interaction between polysaccharides during formation and modification of plant cell wall

supramolecular structure

Study of cell wall for�
mation and modifica�
tion directly in plant
objects

a) application of sus�
pension cultures (also
in pulse–chase experi�
ments)

b) analysis of label
redistribution in intact
plant, including analy�
sis of tissue� and stage�
specific polysaccha�
rides in pulse–chase
experiments
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Hydroxycinnamic acids (mainly ferulic acid) are

attached only to some of the polysaccharides and, inside

the latter, only to some of the �OH groups of certain

monomers. Partial enzymatic hydrolysis of cell wall fol�

lowed by chromatography and identification of com�

pounds has shown the linkage of hydroxycinnamic acids

with the terminal arabinose residues (O�5) in glu�

curonoarabinoxylan [32, 33], with the terminal xylose

residue in xyloglucan [34], and with the side chains of

rhamnogalacturonan I: galactose (in position O�6 in the

backbone of β�(1→4)�galactan) and arabinose (in posi�

tions O�2 and O�5 in the backbone of α�(1→5)�arabinan)

[35]. In these polysaccharides the ratio of the above

monosaccharides and hydroxycinnamic acids is several

tens [36, 37]; the total content of phenolic acids in the

cell wall is not more than a few percent and, nevertheless,

they can substantially affect its properties [38].

It is supposed that there are bridges of a single ferulic

acid between a polysaccharide and a protein [39, 40] and

between polysaccharides [41]. In this case, the same mol�

ecule of hydroxycinnamic acid forms an ester bond with a

polysaccharide and an ether bond with a protein or

another polysaccharide. However, no components form�

ing such bonds have been revealed as yet. Additional

bonds appearing in the lignified cell wall [28, 42] are not

considered in this review.

Ionic bonds play an important role in maintenance

of the supramolecular structure of plant cell wall. They

include Ca2+�mediated interactions between uronic acid

residues with the formation of so�called “egg�box” struc�

ture [4, 43]. Steric limitations allow such structures to be

formed only when the length of non�methylated region of

polygalacturonic acid is no less than 10�15 monosaccha�

ride links. Ionic bonds can appear between alkaline cell

wall proteins and uronic acids [44].

Isolation of interacting polymers from the cell wall is

indispensable evidence for the actual presence of interac�

tion in vivo. However, it is difficult to study the mecha�

nisms of interaction in a multicomponent system such as

plant cell wall; besides, detection of one or another bond

gives no information about the time of its appearance

and, consequently, the steps of formation or modification

of the cell wall supramolecular structure where this bond

is employed. These problems are solved by using other

approaches.

Analysis of interaction between polysaccharides “at
mixing in a tube”. The simplest and most evident type of

experiments concerning the interaction between polysac�

charides is mixing cell wall components or fragments in

vitro and revealing the character of interactions between

them. This approach is reported in quite a number of

works, in particular, related to the interaction between

cellulose and xyloglucan or its fragments [18, 45�47] and

the interaction between xyloglucan and pectin substances

[48�50], pectin side chains and cellulose [7, 51], or the

binding of cell wall components to whole tissue frag�

ments, cells, and cell walls [52]. At the same time, the

conditions in vitro were varied, both in the presence of

different additives and in other parameters, in attempts of

reproducing some conditions in vivo.

If the assumption about the interaction between

polymers during cell wall fractionation is based on their

presence in the same fraction, registration of polymer

interaction “at mixing in a tube” requires special tech�

niques. The problem in the latter case is the weakness of

interactions, the complexity of polysaccharide structure,

and heterogeneity of molecules of individual polysac�

charide (by weight, structure and length of side chains,

presence of substituents, etc.). The strength of molecu�

lar interactions is quantitatively assessed by dissociation

equilibrium constant (Kd); it is as higher as the strength

of these interactions is less. The interaction is consid�

ered as strong at Kd < 100 nM, medium at Kd of 100 nM

to 10 µM, weak at Kd > 10 µM, and absent at Kd >

3000 µM [53]. Biologically significant interactions are

often within the range of tens and hundreds of micro�

moles; therefore, registration of such interactions is dif�

ficult.

Among the methods for studying interactions

between cell wall polysaccharides, there are practically no

methods extensively used in the analysis of carbohy�

drate–carbohydrate interactions in microorganisms and

animals that are based on immobilization (including

selective immobilization) of carbohydrate�containing

molecules [2, 54]. This is partly associated with different

tasks, because the above experiments most often are car�

ried out to study the processes of recognition, which are

highly selective and provided by short carbohydrate

chains; in the study of formation of plant cell wall

supramolecular structure, emphasis is placed on basic

interactions of large polysaccharides, each of them having

a certain degree of heterogeneity. The interaction

between plant cell wall polysaccharides is characterized

by using the following approaches:

– determination of the total content of carbohy�

drates in solution before and after the interaction (this

approach is realistic provided that the interaction product

is precipitated or can be separated from the solution in

some other way); at the same time, the sensitivity or

information value of the method can be enhanced by

introducing respective labels (radioactive, fluorescent,

etc.) into analyzed polymers [7, 17, 18, 45, 51];

– the analysis of variations in the size and/or molec�

ular weight by chromatography [17, 55, 56] and multi�

angular laser light scattering (MALLS) [53, 57], or deter�

mination of sedimentation coefficient in an analytical

centrifuge [53];

– revealing and characterization of the formed com�

plexes using different types of microscopy, including elec�

tron microscopy; optical analysis is also performed with

different dyes and labels [17, 46]; recently atomic�force

microscopy has been often used [56];
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– viscosimetric method; viscosity of the solution dif�

fers from the sum of viscosities of mixed components [17,

46].

The above approaches have demonstrated that cell

wall polysaccharides can really interact with each other,

and these interactions are influenced by a number of fac�

tors. So, it has been shown that dissolved cross�linking

glycans during precipitation can form ordered structures

similar in ultrastructure to the parts of the cell wall [58].

The study of interaction between xyloglucan and cellulose

in vitro showed an association of these polymers in solu�

tion; it depended on pH, assuming the involvement of

hydrogen bonds [46]. Xyloglucan fragments, the back�

bones of which are less than five glucose residues in

length, do not interact with cellulose [45, 59]. The char�

acter of interaction between xyloglucan and cellulose

through hydrogen bonds depends on the degree of crys�

tallinity of microfibrils [60] and on the molecular weight

of xyloglucan and composition of its side chains [61, 62].

Among the monomers of xyloglucan side chains, galac�

tose has the greatest effect on its interaction with cellu�

lose: in its absence, xyloglucan molecules aggregate with

each other; fucose has comparatively little effect [59, 63].

Computer modeling of xyloglucan–cellulose interaction

shows that the electrostatic interaction and van der Waals

forces make a significant contribution to adsorption sta�

bilization, in addition to hydrogen bonds [62].

The cross�linking glycans constructed on the xylan

backbone are capable of self�association and interaction

with cellulose; at the same time, the key factor is degree

of substitution – the fewer are side chains, the stronger is

the interaction [57, 64]. The first work where the ability

for self�association in a non�cellulose plant cell wall poly�

mer (arabinoxylan) was assessed quantitatively showed

the Kd value of 340 µM, i.e. the level of interaction was

within the same range as for some of the protein interac�

tions known for their biological significance [53]. The

character of temperature dependence is evidence of sub�

stantial contribution of hydrophobic interactions to self�

association of arabinoxylan molecules. It is considered

that the driving force of hydrophobic interaction between

carbohydrate chains is the amphiphilic nature of these

compounds possessing both hydrophobic (C/H) and

hydrophilic (C/O) surfaces [65]. It should be noted that

the polysaccharides used in that study were slightly differ�

ent from native polysaccharides as they had been isolated

from plant material by concentrated alkali.

In a series of experiments in vitro, M. C. Ralet and J.

F. Thibault investigated the potentials for interaction

between pectins and cellulose. In some of these experi�

ments, they made the conditions “in a tube” closer to the

conditions in vivo by using a press to produce a pressure

and obtain the high concentration of interacting poly�

mers available in the periplasm of plants [7, 51]. The

analysis of interaction between cellulose and pectins or

their structural domains (homogalacturonan, rhamno�

galacturonan I, side chains) in such experiments showed

that arabinan� and galactan�enriched pectins, just as iso�

lated arabinan and galactan side chains, bind to cellulose

microfibrils, in contrast to commercial pectin prepara�

tions and pectin backbone regions lacking side chains.

Transmission electron microscopy and X�ray analysis

have shown that only arabinan and galactan side chains

can interact with cellulose. A hypothesis has been made

that pectins can serve as a “double cohesive phase”,

interacting through homogalacturonan regions with the

major proteins and polypeptides and through side chains

with cellulose [51].

The interactions of matrix polysaccharides not only

with cellulose but also with each other have been ana�

lyzed. The literature on interactions between pectin sub�

stances is voluminous due to their extensive application,

first of all in food industry. Indeed, many experiments

were oriented towards process technology; their condi�

tions were non�physiological with some exceptions [66�

69].

The principal result of experiments in vitro was

demonstration of the possibility of spontaneous interac�

tion of polysaccharides with each other and identification

of some factors favoring or interfering with this interac�

tion. However, the conditions in vitro are significantly dif�

ferent from those in plant periplasm. It has been shown,

for example, that pectin concentrations within cell wall

are up to ~20%; however, in solution these polymers have

the form of a highly hydrated gel and their concentration

is no more than 5% [70]. Xyloglucan–cellulose complex�

es formed in vitro are less stable than those isolated from

the cell wall [18]; moreover, the content of xyloglucan in

these complexes is only 7% of its content in native com�

plexes [71].

It is obvious that the experiments in vitro reveal only

possibilities (and not all of them) for the interaction

between polymers, not allowing the assessment of

whether this interaction actually occurs, on what scale,

and when exactly during the formation of the real cell

wall. Besides, some of the interactions seem to take place

in the course of microfibril assembly, which is practically

impossible to reproduce in vitro. So, these experiments

are carried out with commercially available cellulose

preparations obtained from the formed cell walls; the vol�

ume/surface ratio in cellulose molecules from such sam�

ples is far from the value during microfibril synthesis in

vivo [70]. In this respect, the microorganism Acetobacter

xylinum synthesizing practically pure cellulose is a very

interesting model system. One can study the changes in

the structure and properties of formed cellulose by adding

different plant cell wall polymers to the cultivation medi�

um of A. xylinum. This model system reflects the situation

in a plant cell much more adequately than experiments in

vitro, because the interaction between polymers can occur

not only with the already formed microfibrils but also

during their crystallization.
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Study of interaction of polysaccharides of plant cell
wall matrix with microfibrils formed by cellulose�synthesiz�
ing bacteria. The ability to form cellulose microfibrils is

inherent not only in plants, but also in some other types

of organisms. An interesting model system for the study of

polysaccharide interaction has been developed on the

basis of the microorganism A. xylinum synthesizing prac�

tically pure cellulose characterized, like plant cellulose,

by the high crystallinity and strength [72]. Each bacterial

cell forms a single long cellulose microfibril; in the cul�

ture medium, these microfibrils repeatedly interlace to

form a film. By adding different plant cell wall compo�

nents to the A. xylinum culture medium, one can follow

the changes in the structure and properties of the formed

cellulose [71�75]. This model system has been used in a

series of works assessing the effect of nearly all key poly�

saccharides of the plant cell wall, including xyloglucan,

glucomannan, arabinoglucuronoxylan, and arabino�

galactan [72].

It has been shown that the family of glucomannan

polysaccharides has the highest affinity to A. xylinum cel�

lulose. X�Ray structure analysis, CP/MAS 13C�NMR,

FTIR�spectroscopy, and Raman scattering spectroscopy

have shown the effect of water�soluble β�1,4�bound poly�

saccharides (mannan, glucomannan, xylan, and xyloglu�

can) on aggregation of bacterial cellulose [76�79]. It has

been shown that the nature of xyloglucan binding to A.

xylinum cellulose is similar to the one observed in the

plant cell wall and that the binding occurs through for�

mation of cross bridges between microfibrils [71].

It has been shown that bacterial cellulose produced in

the presence of cross�linking glycans changes its crys�

tallinity. So, mannan reduces the degree of cellulose crys�

tallinity by decreasing the size of crystallites, whereas xylan

and xyloglucan are co�crystallized with cellulose, altering

the structure of its crystal lattice [78] and the Iα/Iβ cellu�

lose ratio [77, 79]. This effect is not observed during culti�

vation of microorganisms on a medium with pectin [80].

This approach has not only revealed some factors

determining the effects of different plant cell wall poly�

mers on cellulose structure but also clearly demonstrated

that the interaction between polymers can happen direct�

ly during the assembly of cellulose microfibrils. Upon

addition of xyloglucan to the A. xylinum cultivation medi�

um, the content of xyloglucan bound to cellulose was ten�

fold higher than in the case of mixing the commercial

preparations of these polymers in vitro [71].

In spite of indisputable success of the studies with

application of cellulose�synthesizing bacteria, the con�

straints of this experimental system are evident. First, the

composition of plant cell wall polymers concurrently

present during the assembly of cell wall supramolecular

structure is diverse compared to individual polysaccha�

rides, which might correct their interactions; the com�

posite mixtures of such type have not been studied in the

works with A. xylinum, and it is extremely difficult to ade�

quately assess their composition in a plant cell. Second,

the polysaccharides used in the experiments had been iso�

lated from the cell wall, so they could differ from the

native ones (in the course of isolation, they are often sub�

jected to rather severe treatments resulting in modifica�

tions of extracted polymers). For instance, alkaline

extraction used for the isolation of cross�linking glycans

leads to deacetylation of polysaccharides. Moreover, the

initial polysaccharide structure formed in the Golgi appa�

ratus, which after secretion of a polymer determines its

interaction with cellulose microfibrils during their forma�

tion, might substantially differ from the structure of the

same polysaccharide in the cell wall [20]. Finally, the

plant cell has a complex of conditions that are difficult

and sometimes impossible for reproduction in a bacterial

system. All the above necessitates the study of cell wall

formation directly in a plant.

Study of cell wall formation and modification directly
in plant materials. The analysis of processes that take

place during the formation of cell wall supramolecular

structure is coupled with some difficulties. In addition to

methodical problems concerning the isolation and analy�

sis of complex polysaccharides, they include, in particu�

lar, tissue heterogeneity of the samples. Cells of different

tissues have different composition and different dynamics

of cell wall deposition. Besides, cells of the same tissue

can be in different stages of development; it is not easy to

reveal the key processes and particularly their nuances in

different cell wall types by analyzing an averaged sample.

One more problem is that the cell wall polymers are accu�

mulated during the lifetime of a cell and some of them are

never subject to hydrolysis; against this constant back�

ground, it is difficult to single out the share of polymers

that have been deposited or modified during a certain

time. Besides, the necessary “reference point” in the

study of processes that happen with a polysaccharide dur�

ing its incorporation into cell wall is the detailed charac�

terization of initial polymer structure created in the Golgi

apparatus; however, polysaccharides present in the Golgi

apparatus seldom are accumulated in amounts sufficient

for analysis.

None of the existing model systems or approaches

would avoid all of these problems without creating new

ones. Nevertheless, an advance in research has been made

owing to (i) application of suspension cell cultures; (ii)

pulse–chase experiments for the study of label redistribu�

tion; and (iii) analysis of tissue� and stage�specific poly�

saccharides in the rare cases when they are available.

The advantages of plant cell suspension cultures,

including relative physiological homogeneity of a sample

(though genetic heterogeneity is generally significant)

and simplicity of introduction of exogenous labeled sub�

strates (they are added to cultivation medium), were real�

ized in a series of works from S. Fry’s laboratory [25, 81�

86]. In particular, they analyzed the processes taking

place during xyloglucan incorporation into cell wall.
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Xyloglucan was not purified to an individual compound,

and its presence in various fractions was assessed upon the

action of Driselase enzyme preparation (a complex of

identified endo� and exoglycanases). This preparation

decomposes various polysaccharides with the formation

of diagnostic disaccharide D�Xylp�α�(1→6)�D�Glc (iso�

primeverose) from xyloglucan; this disaccharide is used

for detection and quantitative assessment of the presence

of this polysaccharide in a complex mixture of polymers.

The changed weight of xyloglucan was registered by gel

filtration of separate fractions, and its association with

acid polysaccharides was registered by anion�exchange

chromatography.

In the course of experiments, radioactive exogenous

substrates (in small amounts but with high specific

radioactivity) were introduced into the cultivation medi�

um of plant cells; the fractions where the labeled xyloglu�

can penetrated and the time of this event were registered.

This is an example of the so�called pulse–chase tech�

nique, the essence of which is that after the completion of

exposure to labeled substrate (pulse period) the plant

material is sustained in its absence (chase period). The
14C� or 3H�monosaccharides are commonly used as

exogenous labeled compounds in the analysis of cell wall

formation and in the work with suspension cultures; dou�

ble labeling with 14C/3H [82, 87] and other substrates is

used in some cases, e.g. in the study of the course of for�

mation of cross�links between polymers through phenolic

compounds: 14C�labeled cinnamate [29, 88] or 14C�

labeled ferulate [89]. The choice of labeled substrate, its

concentration, specific radioactivity, and time of intro�

duction are the key experimental parameters that need

thorough elaboration.

This approach has shown that most newly synthe�

sized 3H�labeled xyloglucan is bound to the cell wall

almost immediately after the secretion [90].

Incorporation into the cell wall is accompanied by a dras�

tic increase in polysaccharide molecular weight by means

of formation of covalent bonds catalyzed by xyloglucan

endotransglycosylase (XET) [91]; the essential role of this

enzyme in formation of cell wall supramolecular structure

has been demonstrated using labeled xyloglucan�derived

nonasaccharides [81].

The dynamics of appearance of cross�links between

polysaccharides due to formation of diferulic acid has been

characterized using the cells from suspension cultures; it

has been found out which isomers of this acid are formed

within the Golgi apparatus and directly in the cell wall

[88]. The complexes of different polymers were found; the

dynamics of their appearance and duration of existence

were characterized [25]. Pulse�chase experiments with the

suspension cultures of monocotyledonous cells showed

substantial modification of the structure of deposited cell

wall polysaccharides during cell extension [92].

At the same time, the studies with suspension cultures

have a number of constraints. First, because of the absence

of cell–cell contacts and the organismal level of organiza�

tion, many processes occurring in a whole plant cannot be

reproduced. Second, suspension cultures have quite dif�

ferent balance between cell (cell wall) volume and ambient

solution compared to a cell as a component of tissue. A

considerable part of cell wall polymers are washed out into

the cultivation medium; on one hand, this makes it possi�

ble to analyze the processes probably taking place in a

plant but, on the other hand, it may significantly change

the process of polymer interaction, e.g. due to variation in

their concentrations in the cell wall or periplasm. Third,

application of exogenous labeled compounds, which can

never enter plant cells in vivo, always poses the question

about the natural course of the analyzed process, which is

thoroughly considered in only a few works.

Experiments on label redistribution in an intact plant

most fully reproduce the real processes that occur during

the formation and further modification of cell wall

supramolecular structure. The exogenous substrate in this

case can be 14CO2; photosynthesis in a 14CO2�containing

atmosphere provides natural influx of the substrate, the

effective entry of the label into different organs and cell

wall components, the absence of any damage to the plant,

and the possibility of prolonged chase periods make it pos�

sible to follow the processes during different stages of

development. However, this approach also has some draw�

backs. The label enters all of the cell compounds; conse�

quently, specific radioactivity of individual compounds

decreases and, therefore, it is necessary to use consider�

able amounts of the label, which is always difficult during

work with radioactive compounds. It is not always possible

to clearly characterize the time of the pulse period because

the label continues “walking” over the plant, getting into

tissues (especially heterotrophic) not only during the pho�

tosynthesis with 14CO2 but also after it. Besides, the above

problems associated with heterogeneity of tissues and with

the difficulty of isolating individual cell wall polysaccha�

rides are important in work with plants.

This approach has particular prospects in the rare

situations of studying a tissue� and stage�specific polymer

like, e.g. the particular type of rhamnogalacturonan I

(with the specific structure of side chains of galactose),

which is synthesized in sclerenchyma fibers during the

formation of secondary cell wall [93, 94]. This polysac�

charide accumulates in substructures of Golgi apparatus

before incorporation into the cell wall [95], so that it can

be extracted in amounts sufficient for structural analysis.

In the cell wall this polymer is concentrated in the frac�

tion of polysaccharides that are exceptionally tightly

bound to cellulose; a special method has been developed

recently for extraction of such polymers [20].

Pulse–chase experiments with such model system make it

possible to study in intact plants the processes that take

place during and after incorporation of individual poly�

saccharides into the cell wall of a certain type of cells at a

certain stage of development.



PLANT CELL WALL SUPRAMOLECULAR STRUCTURE 167

BIOCHEMISTRY  (Moscow)   Vol.  75   No.  2   2010

Relevant information about processes of cell wall

supramolecular structure formation in plant cells has

been obtained by different methods of microscopy. In

particular, the presence and localization of some of the

enzymes has been established by immunolocalization;

their activity in vivo has been demonstrated using, e.g.

fluorogenic substrates [96].

KEY PROCESSES DURING FORMATION

OF PLANT CELL WALL SUPRAMOLECULAR

STRUCTURE

The interaction of polysaccharides between each other

begins immediately after completion of their synthesis or

even during the course of it. Cellulose is synthesized by a

multienzyme complex located on the plasmalemma, and

polysaccharides are synthesized in the Golgi apparatus

[97]. With allowance for such localization, several key

stages in the formation of cell wall supramolecular structure

(figure) can be defined (to a certain extent conditionally):

1) formation of cellulose microfibrils, i.e. supramol�

ecular structures with several tens of cellulose molecules

in each section;

2) interaction between matrix polysaccharides with�

in the Golgi apparatus substructures;

3) interaction between newly secreted matrix poly�

saccharides and the being formed cellulose microfibrils

after exit of the contents of Golgi vesicles out of the plas�

malemma;

4) packaging of formed complexes and individual

polysaccharides in cell wall layers;

5) modification of deposited cell wall layers (also

during cell growth and development).

Formation of cellulose microfibrils. Cellulose I formed

by plants differs from thermodynamically more stable cel�

lulose II, which is formed, e.g. in vitro during precipitation

of dissolved cellulose, in a parallel arrangement of all indi�

vidual polymer chains in a microfibril [98].

The section of a microfibril from higher plant cell

walls has always an approximately equal number (several

tens) of individual chains. Cellulose molecules within a

microfibril can begin and end in different places; their total

length reaches several micrometers. Such quantity and

arrangement of molecules in a plant microfibril is

explained by the mechanism of cellulose synthesis by a

multienzyme complex that contains several tens of catalyt�

ic subunits, each synthesizing a single chain [97]. Enzymes

of this complex are integral proteins of the plasma mem�

brane; the substrate for the synthesis comes in from the

cytoplasmic side and the formed product comes out on the

opposite side of the membrane. Cellulose microfibrils are

formed on the basis of hydrogen bonds appearing between

single polymer molecules. Crystallization takes place

immediately after the formation of cellulose chains and is

considered as a process that limits the rate of synthesis [99].

Cellulose from different sources varies in the size of

crystalline regions; in most cases it is 2�3 nm. The largest

crystalline regions have been found in the cellulose of the

alga Valonia (up to 20 nm); in the fibrils of cotton seeds

Scheme of key processes during formation of plant cell wall supramolecular structure. 1) Formation of cellulose microfibrils; 2) interaction of

matrix polysaccharides within Golgi apparatus substructures; 3) interaction between secreted matrix polysaccharides and formed cellulose

microfibrils; 4) packaging of the formed complexes and individual polysaccharides in cell wall layers; 5) modification of deposited cell wall

layers. GV, Golgi vesicles; CW, cell wall; PM, plasma membrane; C, cytoplasm; CS, cellulose synthase
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and some plant fibers, the size of these regions is 5�6 nm

[100, 101].

The structure of cellulose on the surface of crys�

talline regions (surface cellulose) differs from the struc�

ture of cellulose within them. In the CP/MAS 13C�NMR

spectra, they are discriminated by C�4 signals: the signals

of surface and crystal celluloses are in the regions of 84

and 89 ppm, respectively. For the surface cellulose, it is

supposed that the O6–O2′ hydrogen bonds break up and

the O3′–O5 hydrogen bonds weaken; the planes of neigh�

boring glucose residues are turned by about 20° relative to

each other. The C�6 atom becomes more mobile and can

move from one conformation to another, which is clearly

demonstrated by the SP/MAS 13C�NMR spectra record�

ed with different intervals between the impulses [101].

The surface cellulose structure depends neither on the

size of crystallite nor on the phase of crystalline domain

directly adjoining the surface cellulose. Proportion of the

surface cellulose is inversely related to the size of crys�

talline domain.

Paracrystalline cellulose is practically unstudied;

there are no direct methods for its study, and it is judged

only by the CP/MAS 13C�NMR spectrum analyzed by

special mathematical processing [102]. By the time of

longitudinal relaxation on NMR spectra (by the mobility

of cellulose molecule), the degree of orderliness of a

paracrystalline cellulose molecule has intermediate values

between its crystalline and amorphous forms [102]. It is

supposed that paracrystalline cellulose is concentrated

within the crystalline domain, but there is no experimen�

tal evidence of its localization in the three�dimensional

cellulose structure.

In the amorphous regions of cellulose microfibrils,

the harmonious three�dimensional order is disturbed and

only the total directedness of chains is maintained. In

accordance with the amorphous–crystalline model, there

are no distinct boundaries between crystalline and amor�

phous regions and the transition between them is gradual

[98]. In spite of the great significance of amorphous cel�

lulose, its structure and role are practically unknown. The

reactions of interaction between cellulose and other sub�

stances can occur more readily in the amorphous regions

of cellulose microfibrils, and it can facilitate the forma�

tion of a complex between cellulose molecules and matrix

polysaccharides during cell wall formation.

Interaction of matrix polysaccharides within Golgi
apparatus substructures. The cell wall matrix polysaccha�

rides are synthesized in the Golgi apparatus; the interac�

tion between polymers begins in its substructures where

conditions for its regulation are created. These conditions

include modification of polysaccharides, preventing or

facilitating formation of a complex of individual mole�

cules. Thus, uronic acids are subject to methylation in the

Golgi apparatus, which substantially influences their abil�

ity to form gels and provide homo� and heterologous

interactions [103]. The methylation substrate is S�adeno�

sylmethionine [104], and the enzyme is pectin methyl�

transferase [105].

During the synthesis in the Golgi apparatus, some of

the polysaccharides are acetylated by means of acetyl�

CoA and acetyltransferase [106]. Acetylation can be very

intensive, but its functional role has not yet been eluci�

dated. Hydroxycinnamic acid residues [107, 108] provid�

ing covalent cross�links between cell wall polymers are

attached to polysaccharides also in the Golgi apparatus.

The transfer of ferulic acid residues from feruloyl�CoA to

arabinoxylan�modeling trisaccharide has been demon�

strated in vitro [109], but the enzyme performing this

reaction has not yet been isolated. Formation of cross�

links between polysaccharides with the involvement of

ferulic acid begins already in the Golgi apparatus with

formation of different diferulate isomers [88].

In some cases the presence of covalent bonds between

individual polysaccharides of the Golgi apparatus has

been demonstrated, but their nature is still unclear. Thus,

experiments in corn cell culture with labeled arabinose

have shown the ability of xylan and xyloglucan molecules

to interact in the Golgi apparatus with each other or with

other polymers [84]. Galactan synthesized by the micro�

somal fraction of pea epicotyls is included in a high�

molecular�weight complex containing polygalacturonic

acid, rhamnogalacturonan I, and xyloglucan, probably

linked by covalent bonds [49]. Xyloglucan molecules can

bind to each other in the Golgi apparatus, and their weight

increases from 300 to 2000 kDa [84]. This probably occurs

through transglycosylation; the enzyme that performs this

reaction, xyloglucan endotransglycosylase, has been

found in the Golgi apparatus [110].

The previously assumed existence of covalent bonds

between pectin substances and xyloglucan has been

proved recently, and this complex is formed not in the cell

wall but in the Golgi apparatus [25]. Monosaccharides,

especially their particular atoms participating in bond

formation, have not yet been revealed; however, some

arguments favor the idea that the bond is formed not

through a transglycosylation reaction but by using a

pectin molecule as a primer for xyloglucan synthesis.

Using labeled xyloglucan in the cell culture of Arabidopsis

thaliana, it has been shown that ~50% of xyloglucan is

synthesized de novo on pectin primer (the side chain of

rhamnogalacturonan I) in the protoplast and then enters

the apoplast and facilitates the assembly of cell wall

supramolecular structure, being stably retained in the lat�

ter [25]. These results somewhat dilute the term of “indi�

vidual polysaccharide”. Therein, one can consider the

question that has been debated up to now: whether the

components of pectin substances (polygalacturonic acid,

rhamnogalacturonan I, and rhamnogalacturonan II) and

separate molecules are synthesized as a single complex

[103, 111].

It should be noted that in most of the above works

Golgi apparatus was not isolated, but the polysaccharides
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present in clarified tissue homogenate were analyzed.

This approach is substantiated, besides the early works

where division into subcellular structures was really per�

formed [112], by the dynamics of label redistribution

among different fractions in pulse–chase experiments.

The label as a component of polysaccharides is found

exactly in this protoplasmic fraction (and in this fraction

only) already in the very first minutes after adding the

labeled polysaccharide to the medium. This is most obvi�

ous with labeled arabinose, a monosaccharide incorpo�

rated only into cell wall polymers. The dynamics of a label

suggests that secretion of polysaccharides takes no less

than 5 min; usually it is estimated as taking 20�25 min

[113].

The interaction of matrix polysaccharides with each

other in Golgi apparatus confines their distribution over

the inner cell wall layer after secretion. In some cases this

has been registered by electron microscopy. The matrix

polysaccharides secreted during the formation of gelati�

nous cell wall of flax fibers have gel�like consistence [94].

Thus, the contents of Golgi vesicles during secretion out

of the plasmalemma seem to be a macromolecular con�

glomerate (coagulum, as stated by Fry [113]) rather than

a solution of individual polysaccharides.

Interaction of secreted matrix polysaccharides with
the cellulose microfibrils being formed. When the contents

of Golgi vesicles are splashed out of the plasmalemma,

they interact with cellulose microfibrils on the basis of (i)

spontaneous interaction between polysaccharides and (ii)

the capture of some of the matrix polysaccharides by

being formed microfibrils. The formation of cell wall

supramolecular structure needs special conditions, which

can be provided by specific concentrations of interacting

substances, spatial restrictions, presence of cofactors, and

involvement of yet unidentified factors. There is scanty

information about possible participation of yet uncharac�

terized proteins in this process [48].

Upon fusion of a Golgi vesicle with plasmalemma,

its contents lie flat over the inner cell wall surface. As a

result of turgor pressure of the protoplast, the secreted

polysaccharides are concentrated, because the water from

the vesicles “flows” to distant cell wall layers, i.e. ultrafil�

tration takes place [113�115].

Enhanced concentration of polysaccharides creates

conditions for their marked spontaneous interactions (i.e.

conditioned thermodynamically rather than mediated by

enzymes), which seem to play the key role in supramole�

cular structure formation. The size of a “mesh” (i.e. the

distance between microfibrils) in the xyloglucan–cellu�

lose network is the same in the systems in vitro and in vivo

[46]. It is believed that xyloglucan forms a monolayer on

the surface of microfibrils [59]; on average, each glucose

residue in the xyloglucan backbone corresponds to one

hydrogen bond with cellulose [116]. The molecules of

cross�linking glycans during the interaction with cellulose

microfibrils change their conformation [63, 71, 117].

The neutral side chains of rhamnogalacturonan I

consisting of arabinans and galactans can also sponta�

neously interact with cellulose. However, these interac�

tions are less advantageous energetically than in the case

of xyloglucan and become less marked in the presence of

this polysaccharide in the system [51].

As a result of spontaneous interactions, matrix poly�

saccharides are not only localized on the surface of a

microfibril, but some of them penetrate it. This is possible

only in the period that precedes crystallization of the

microfibril, i.e. matrix polysaccharides must be in imme�

diate proximity to the cellulose–synthase complex. It

seems that the formation of a cellulose microfibril is

accompanied by physical capture of non�cellulose poly�

saccharide molecules. Xyloglucan is often mentioned as a

captured polysaccharide [13, 18]. Besides, there can be

other variants: in gelatinous cell wall, the major matrix

polymer in the fraction of polysaccharides tightly bound

to cellulose and extracted only under microfibril structure

disturbance is rhamnogalacturonan I with long galactan

chains [20]. The presence of galacturonic acid and the

absence of rhamnose in some of the systems suggest that

this fraction contains also polygalacturonic acid [118].

The captured polysaccharides can change the properties

of microfibrils and facilitate their interaction with the

matrix [119].

Packaging of polysaccharides in cell wall layers.
Autoradiography and electron microscopy of deposition

of polysaccharides has shown that the synthesized poly�

saccharides are deposited on the inner side of cell wall

adjoining the plasmalemma [120]; as a rule, the mobility

of polymers in the cell wall is substantially limited. In

cells cultured in vitro, some of the cell wall polysaccha�

rides pass through the cell wall and are washed out into

the medium; this means that the polymers can penetrate

through the cell wall (at least the primary one). Let us

consider the processes providing fixation of the polymers

in the cell wall, which happens rather quickly: secreted

xyloglucan is incorporated into the cell wall in less than

1 min [113].

Physical contact is achieved largely due to the turgor

pressure minimizing the gap between plasmalemma and

inner cell wall layers. The turgor pressure also facilitates

penetration of certain regions of some of the “new” poly�

mers to already deposited layers [115].

One of the important factors determining cell wall

structure is layer�by�layer deposition of microfibrils due

to the parallel movement of cellulose–synthase complex�

es over the plasmalemma surface. The direction of

microfibril deposition relative to the cell axis can vary in

time (e.g. during deposition of the secondary cell wall),

the orientation of microfibrils can be modified during cell

extension, but the microfibrils being formed are located

parallel to each other during deposition. The mechanism

of control of microfibril orientation is still debated [121�

123], but the overwhelming majority of authors think that
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it is implemented by cortical microtubes [5]. Exceptional

extension of microfibrils up to micrometers provides the

“anchoring” of new portions of cell wall material in the

already packed layers.

Transglycosylase reactions with participation of poly�

saccharide molecules already incorporated into the cell

wall play a substantial role in fixation of secreted polysac�

charides in the cell wall. The best known of such enzymes

is xyloglucan endotransglycosylase. This enzyme uses

xyloglucan molecules both as a donor and as an acceptor;

it cleaves some part of the chain in one xyloglucan mole�

cule and transfers it to another molecule [124]. Fixation of

new xyloglucan molecules in the cell wall is one of the

most important functions of xyloglucan endotransglycosy�

lase [125]. This function is argued by the fact that the inhi�

bition of cellulose formation by dichlobenil does not elim�

inate xyloglucan integration into the cell wall, at least dur�

ing 24 h [126]. Other transglycosylases, although less

effective and widespread than xyloglucan endotransglyco�

sylase, can provide incorporation into the cell wall of other

polymers, e.g. mannan [127].

The cross�links of polymers with involvement of fer�

ulic acid play an essential role in polysaccharide anchor�

ing in the cell wall. In experiments with the suspension

culture with 14C�labeled cinnamate, peroxidase blockers

(iodide, dithiothreitol, cysteine) inhibited the formation

of active oxygen forms, facilitating the formation of bonds

between phenolic compounds, and thus increased with�

drawal of labeled polysaccharides not fixed in the cell wall

into the cultivation medium [29, 88].

Formation of the bonds between polysaccharides is

influenced by variation of the character of their methyla�

tion and acetylation. Formation of ionic bonds, the most

typical of pectin substances, directly depends on the

methylation of uronic acids [128]. Carboxylic groups of

uronic acids are methylated during the synthesis of

pectins in Golgi apparatus. The cell wall contains an

enzyme (pectin methyl esterase) splitting off methyl

groups. Acetylation has been shown to occur along with

methylation in Golgi apparatus during the synthesis of

polysaccharides [129]. For instance, acetyl groups are

present in 80% of galactosyl residues in the trisaccharide

side chains of xyloglucan washed out into the cultivation

medium of maple cells [130]. The cell wall contains

pectin acetyl esterases; this fact argues for the possibility

of deacetylation of polysaccharides after their incorpora�

tion into cell wall, but neither deacetylation nor its func�

tional role has been studied in detail.

Deposited cell wall layers can be subject to subse�

quent restructuring due to post�synthetic modifications

of the polymers.

Modification of formed cell wall structure. The types

of restructuring of deposited cell wall layers can be divid�

ed into two groups. The first ensures cell wall modifica�

tion during various physiological processes, e.g. growth

through extension, fruit softening, exfoliation, formation

of intercellular spaces and aerenchyma, etc.; the second

is associated properly with the mechanism of formation

of cell wall supramolecular structure of a certain type.

Modifications of the first group are beyond the framework

of this review, the more so that the available information

is completely enough generalized in a series of publica�

tions [6, 131�133]. We will dwell on the processes related

to the second group; at the same time, cell wall lignifica�

tion will be left beyond consideration: this is a vast subject

but we are interested first of all in the carbohydrate–car�

bohydrate interactions.

One of the examples of restructuring of deposited

cell wall layers is transformation of a cell plate formed

during cytokinesis into a middle lamella (the outermost

cell wall layer). This process is accompanied by the

hydrolysis of callose, an amorphous β�(1→3)�glucan

forming the great bulk of the cell plate, and by demethy�

lation of polygalacturonic acid resulting in the formation

of Ca2+�pectate gel, through which plant cells are linked

with each other [128].

The restructuring of deposited cell wall “portions” is

most pronounced in gelatinous cell wall layers typical of

many plant fibrils [12, 134]. On electron�microscopic

photographs, the new (closest to plasmalemma) cell wall

layers have a typical “striped” structure with alternating

dark and light regions; such structure is subsequently

transformed into a homogenous structure. There are rea�

sons to believe that this process is associated with partial

hydrolysis and modification of the structure of tissue� and

stage�specific galactan; however, the essence of these

changes still has to be elucidated.

In conclusion of the survey of formation of cell wall

supramolecular structure, we should note that the extent

of comprehension of the studied processes does not cor�

respond to their scale. Even the seemingly simplest poly�

saccharide such as cellulose still remains insufficiently

characterized by the types of three�dimensional structure

and the role of its separate components in interaction

with other cell wall polymers. The peculiarities of cell wall

supramolecular structure determined by the diversity of

matrix polysaccharides have not been identified. The

more general problems concerning, e.g. the basic princi�

ples of carbohydrate–carbohydrate interactions or the

bases of formation of the secondary and tertiary polysac�

charide structure also need to be solved (sometimes, even

the existence of such concepts is rejected). Particular

consideration given recently to complex supramolecular

structures inspires hope for the finding of adequate

approaches to cell wall studies.
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