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Abstract—The composition of ionogenic groups and ion-exchange capacity were studied in the polymeric matrix of cell
walls isolated from the pollen grain and tissues of vegetative organs (leaves and stems) of Lilium longiflorum Thunb. The ion-
exchange capacity was evaluated at different pH values and ionic strength of 100 mM. In the two-layered pollen wall and
the somatic cell walls four types of ionogenic groups were found: amino groups, two carboxyl groups (represented by residues
of uronic and hydroxycinnamic acids), and phenolic OH-groups. The groups of all four types are present in the intine,
whereas the exine contains one type of anion-exchange and two types of cation-exchange groups. The contents of each type
group and their ionization constants were determined. The qualitative and quantitative compositions of structural polymers
of the pollen intine and somatic cell walls are significantly different. It is suggested that hydroxycinnamic acids should be
involved in cross-linking of polysaccharide chains in both the intine and somatic cell primary walls, and such cross-links
play a crucial role in the structural organization and integrity of the pollen grain wall.
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During the development of the male gametophyte of
angiosperms, a complicated specialized wall is formed
which, together with the external hydrophobic lipid—pro-
tein layer (tryphine), plays a crucial role in the defense of
the pollen grain, its transfer to the stigma surface and
interaction with it, and also in triggering the germination
and formation of the pollen tube [1-3]. In the majority of
angiosperm species, the pollen wall includes the external
and internal layer, or exine and intine, respectively. The
main component of the exine is a polymer sporopollenin
consisting of fatty acid derivatives and phenols.
Sporopollenin provides for the resistance of exine to
physical and chemical exposures, which is, in particular,
manifested by conservation of the pollen wall sculpture in
geological deposits during thousands of years [4-6]. In
some cases, sporopollenin is joined into a group of pro-
tective polymers, together with lignin, cutin, and suberin
[5, 7]. The intine contains structural polymers specific for
the primary wall of plant somatic cells, such as a
microfibrillar cellulose component, matrix of pectins and
hemicelluloses, and also structural and mobile proteins
[1]. The intine has a unique ability to sharply increase its

* To whom correspondence should be addressed.

surface during hydration that precedes the pollen grain
germination. Under in vitro conditions, the pollen grain
volume for a few seconds increases 2-3-fold. But what
features of the intine structural polymers are responsible
for a rapid change of the rigid wall to a loose and elastic
state is poorly investigated, but a priori, ionogenic groups
of the intine are likely to be of importance during such
processes. Both layers of the pollen wall can be consid-
ered as a three-dimensional polymeric matrix with iono-
genic groups in the structure. As it has been shown for the
isolated walls of somatic cells [8, 9], the type, distribu-
tion, and concentration of such groups significantly
determine the matrix behavior during the hydration, as
well as the diffusion in the matrix of physiologically active
molecules and ions.

So far, the state and location of pectins in the intine
have been mainly studied by immunochemical approach-
es. However, the findings of different authors are contra-
dictory. Thus, Aouali et al. [10] found in the lily intine
both esterified and acidic pectins, but according to
Hasegava et al. [11], acidic pectins appeared only after
the pollen grain germination, while esterified pectins
were present both before and after germination. In work
[12], methyl-esterified pectins were absent in the germi-
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nated pollen grain and the intine contained a very small
amount of acidic pectins. But the question about the con-
tents in the intine of free carboxyl groups of uronic acids
is important because they can interact with calcium ions
and thus strengthen the rigidity of the matrix polymeric
structure. So the determination of their contents in the
intine is essential for comprehension of mechanisms
which control the functioning of the extracellular com-
partment of the pollen grain during germination. It
should be noted that pectin esterification is also believed
to play the central role in the regulation of elasticity and
permeability of the polymeric matrix of the walls of
somatic cells [13, 14] and pollen tube [15]. Other mecha-
nisms responsible for regulation of properties of the
somatic cell wall matrix are also under discussion, in par-
ticular, the features associated with the presence of differ-
ent phenolic derivatives providing for the cross-linking of
the polymers [16, 17]. There are no available literature
data concerning these compounds in the intine.

Thus, qualitative data on the structural polymers of
the pollen wall are contradictory and quantitative data are
insufficient; therefore, new approaches must be devel-
oped to study this issue. A physicochemical description of
features of the pollen wall polymeric matrix as a natural
ion exchanger can be used as such an approach. The pres-
ent work is a comparative study of the ionogenic group
composition in the pollen wall (intine and exine) of lily
and in the cell walls of vegetative organs of the same plant.

MATERIALS AND METHODS

Cut-off Lilium longiflorum Thunb. cv Worldwhite
plants were studied. Dry pollen grains were collected from
open anthers and stored at —20°C. The cell walls of vege-
tative organs were studied in the intermediate parts of the
leaves of the four upper circles and stem fragments on the
same level.

Cell walls were isolated from the unfrozen vegetative
tissues, as described in [8, 18]. The severed leaves or stems
were weighed, placed into a glass ion-exchange column
(V =250 ml), and washed successively in 1% alkali and
acid solutions and in distilled water until the disappear-
ance of CI™ in the washing waters, and then dried to con-
stant weight in the presence of CaCl, at 55-60°C.

To isolate and purify the pollen two-layered walls,
which included the exine and intine, the pollen was
washed free from the tryphine in some portions of diethyl
ether and fixed in the mixture of equal volumes of
absolute ethanol and acetone for 2 h at 6°C. After the fix-
ation, the pollen was precipitated by centrifugation (600g,
1 min) and washed in distilled water. Then the material
was treated successively with 2% SDS, 1% NaOH, and
1% HCI and filtered across a nylon filter with 11-um
pores (Millipore, USA) using a vacuum pump. Each
treatment was performed for 30 min and was alternated
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with washing in distilled water. After the purification, a
part of the material was left to prepare the exine, and the
rest was dried and used for the subsequent potentiometric
analysis.

To prepare exine, isolated and purified two-layered
walls were incubated for 24 h at 25°C in 25 mM MES-
NaOH buffer (pH 4.5) supplemented with 1% cellulase
(from Trichoderma viride; ICN, USA) and 1% pectinase
(from Aspergillus niger; ICN). Then the preparation was
washed free of the enzymes in distilled water, incubated
for 24 h in 2% SDS solution, washed in water, and dried
to constant weight at 55-60°C.

To evaluate the purification degree and integrity of
the isolated cell walls, the preparations were examined
with a light microscope. The purification of the cell walls
was considered complete in the case of absence in the
preparation of nuclei and their fragments (the largest
fragments of the protoplast). The nuclei were stained with
DAPI (4',6-diamidino-2-phenylindole) using the con-
ventional technique [19]. Axioplan 2 imaging MOT
microscope (Zeiss, Germany) was used supplemented
with the AxioVision 4.2 software (Zeiss) and an AxioCam
HRc digital camera (Zeiss).

The qualitative and quantitative compositions of the
ion-exchange groups were determined by potentiometric
titration using separate weights [8]. Dry weights of the
preparations (40 = 0.1 and 10 = 0.1 mg for the vegetative
organ cell walls and pollen wall, respectively) were
placed, respectively, in 50- and 10-ml ground conic flasks
with ground stoppers and filled with 12.5 or 3 ml, respec-
tively, of KOH or HCI solutions of varied concentration
but with the same ionic strength of 100 mM adjusted with
the appropriate solutions of NaCl. The concentration of
the alkali and acid was varied in the range from 0 to
10 mM. After 48 h, the preparations were separated from
the solution, which was used to determine pH with a
Model 3320 pH Meter (Jenway, England) and the con-
centration of the remaining acid or alkali by titration with
Bromothymol Blue as the indicator. By changes in the H*
or OH™ concentrations the sorption capacity of the cell
wall was calculated at the fixed pH, value using the for-
mula:

(Ch—CyV

Si 2 ) (1)
where S; (umol/g dry weight of cell walls) is the cation-
exchange capacity of the samples at the corresponding
value of pH,; C" and C*¢ (mM) are the initial and equilib-
rium concentrations of KOH or HCI in the solution; V'

(ml) is the solution volume; g (g) is the sample weight.
The titration curves were calculated as described in
[8, 20]. The contents of each type ion-exchange group
(AS’, j is the group type) were determined from experi-
mental curves of the pH-dependence of the sorption
capacity of the pollen wall or somatic cell walls. The con-
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tents of free amino groups in the samples were deter-
mined by non-aqueous titration in acetic acid [21].

Ionization constants of ionogenic groups were calcu-
lated using the Henderson—Hasselbach equation as mod-
ified by Gregor [22]:

pH = pK, + nlog,o(a/1 — ), (@)

where pK, is an apparent ionization constant of the poly-
mer ionogenic group, o is the dissociation degree, # is a
constant depending on the polymeric matrix structure
and the counter-ion type. On calculating the correspon-
ding value of log,,(a;/1 — o) for every pH; value and
using regression analysis, the pK/ and »’/ values were
obtained for each step of the ionization. )

~Using the resulting values of the parameters (AS j,
pKaj, nj), the calculated curves of the S; = f (pH,) depend-
ence were determined for all points of the experimental
pH, values using the summarized equation [23]:

| km K pH)/W
S5t = St~ SAS [1+10 I, 3)

Ji=1

where 5 is the maximal cation-exchange capacity of the
samples; AS’ is the amount of the j-type ionogenic
groups; S is the calculated ion-exchange capacity of
the pollen wall or somatic cell walls at the corresponding
value of pH,. S, AS’, and S are expressed in pmol
per g dry weight of the walls; pK is the apparent ioniza-
tion constant of the j-type ionogenic groups; #” is the con-
stant of Eq. (2) for the j-type ionogenic groups; k is the
number of points on the potentiometric curve; m is the
number of ionogenic group types.

The adequacy of the approach used for description of
the acid-base equilibrium was evaluated by regression
analysis determining parameters of the equation:

S[calc e B.Sie)(p + A’ (4)

where S and S (umol per g dry weight of cell walls) are
the ion-exchange capacity, experimental and calculated
from the Eq. (3) at the corresponding value of pH;; A and
B are regression parameters. The calculations have shown
complete adequacy of the model chosen to the experimen-
tal data, which is supported by the correlation coefficients
(™) of the dependences S = AS) and the 4 and B
coefficients of Eq. (4). In all variants 7" — 1, the A4 value
is not more than the experimental error, and B — 1.

The composition of the ionogenic groups in the
structural polymers of the intine were calculated from the
ratio of the intine and exine mass fractions (M, and M.,,
respectively) in the two-layered pollen wall using the for-
mulas:

Mm :(1 _Nw/Nex)’ (5)
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where M, and M., are mass fractions of the intine and
exine in two-layered pollen wall, respectively; N, and N,
are numbers of two-layered pollen walls and exines
per mg dry weight, respectively, determined with a
Fuchs—Rosenthal counting chamber. The N, and N, val-
ues were found to be (8.8 + 0.3):10° and (25.0 + 1.9)-10°,
respectively. Using these values and formulas (5) and (6),
the ratio M,,/M., was found to be 0.65 : 0.35.

The contents of the j-type ionogenic groups in the
intine (AS/,) were calculated by the formula:

ASL, = (AS), - 0.35AS7,)/0.65, 7

where AS? and ASZ, (umol per g dry weight of the sample)
are contents of the j-type ionogenic groups in two-layered
pollen wall and exine, respectively.

RESULTS

In the cell wall preparations obtained by successive
extraction of the protoplast components and the wall sol-
uble components, the architecture of vegetative organs,
leaves and stem (Fig. 1, a-c), and also the structure of the
pollen wall (Fig. 2, a and b) were retained. But these
preparations contained no nuclei and their fragments,
which indicated a rather high degree of purification from
the protoplast components. The exine prepared by enzy-
matic hydrolysis was free of intine fragments (Fig. 2¢).

In the experimental titration curves of the pollen wall
and cell walls isolated from the vegetative organ tissues
(Fig. 3), the region of positive 5; values corresponds to
release of protons in accordance with the reaction:

~COOH + Na" — ~COONa + H",

where ~ indicates the polymeric chain, and the region of
negative S; values corresponds to uptake protons accord-
ing to the reaction:

~NH, + H" - ~[NH,]".

At pH > 11 and pH < 2, values of the cation-
exchange (Sf) and anion-exchange capacities (S*")
reach the maxima, and the S and S*" values character-
ize the total contents of acidic and basic groups in the
polymeric structure which are capable of involvement in
the exchange reactions at the appropriate values of the
environmental pH.

The polymeric matrix of the pollen wall and of the
lily leaf and stem cell walls contained four types of iono-
genic groups capable of being involved in the exchange
reactions with environmental ions under appropriate
conditions: three types were cation-exchange groups, and
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a b

Fig. 1. Preparations of the intact leaf (a) and cell walls isolated from the lily vegetative organs (b, ¢). One can see chloroplasts in the guard
cells of the intact leaf stomata (a). In the preparations of the cell walls isolated from the leaf (b) and stem (c) the organ’s architecture is pre-

served and organelles are absent.

Fig. 2. Pollen grains (a), isolated two-layered pollen walls (b), and exines (c) of lily. The autofluorescence (excitation at A,,,, = 365 nm).
The intact pollen grains (a) are encircled with a two-layered pollen wall (the intine and reticular exine) and covered with the tryphine layer
seen as lipid drops. The structural organization is retained in the preparations of two-layered pollen wall (b) and exine (c). There are no
intine fragments in the isolated exines (c).

the fourth type exchanges anions (Tables 1 and 2). The
intine contained all the four types, whereas in the exine
one anion-exchange group and two-cation exchange
groups were present (Table 1).

The calculated values of pK, (Table 2) were com-
pared with the ionization constants of ionogenic groups

in the cell walls of other plant species [8, 18, 20], and the
groups with pK, values of 3.5-4.3 were suggested to be
carboxyl groups of uronic acids, the groups with pK, of
7.1-8.3 seemed to be carboxyl groups of hydroxycinnam-
ic acids, and the groups with pK, of ~10 were likely to be
phenolic OH-groups.

BIOCHEMISTRY (Moscow) Vol. 71 No. 8 2006
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Fig. 3. Potentiometric titration curves of the polymeric matrix of
the cell walls isolated from the lily pollen grains and vegetative
organs: /) stem; 2) leaf; 3) two-layered pollen wall; 4) exine. The
ionic strength of the solution during titration was 100 mM. §
(umol per g dry weight of the cell walls) is the ion-exchange capac-
ity of the cell wall polymeric matrix. The bars show * standard
error.

The content of free amino groups and carboxyl
groups of hydroxycinnamic acids in the intine is many-
fold higher than that in the leaf and stem cell walls (Table
1). The contents of carboxyl groups of uronic acids were
virtually the same in the intine and stem cell walls, and
they were nearly threefold lower than those in the leaf cell
walls (Table 1). It should be noted that the intine was dif-
ferent from the somatic cell walls in the qualitative com-
position of both hydroxycinnamic and uronic acids
(Table 2).

The exine was similar to the intine in the contents of
free amino groups and carboxyl groups of hydroxycin-
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namic acids, but the contents of phenolic OH-groups in
the exine were considerably higher than in the intine and
somatic cell wall: the OH-group contents in the exine are
1.7-, 2-, and 5-fold higher than those in the intine, leaf,
and stem, respectively. The exine was characterized by the
absence of carboxyl groups of uronic acids (Table 1). The
qualitative composition of hydroxycinnamic acids of the
exine was different from that of the intine and somatic
cells, which was indicated by different ionization con-
stants of carboxylic groups of these acids (Table 2).

The qualitative composition of ionogenic groups in
the structural polymers of the cell walls isolated from the
leaf and stem was the same (Table 2). However, these two
vegetative organs were significantly different in the ratio
of all ionogenic groups in the walls. In the leaf cell walls
the contents of uronic and hydroxycinnamic acid car-
boxyl groups were 3- and 1.7-fold higher, respectively,
than in the stem cell walls, the contents of phenolic OH-
groups was 2.7-fold higher, but the contents of amino
groups was 1.4-fold lower (Table 1).

Thus, clear distinctions were shown between the
exine and intine, on one hand, and the cell walls of the
leaf and stem, on the other hand. The two layers of the
pollen wall were characterized by significantly higher con-
tents of amino groups and carboxyl groups of hydroxy-
cinnamic acids.

DISCUSSION

The total contents of cation-exchange groups (S¢*)
were shown to be approximately the same in the two lay-
ers of the pollen wall and the leaf cell walls (purified from
the protoplast but retaining integrity), but 2.5-3-fold
higher than in the stem cell walls. However, in all cases
the S value was 5-18 times higher than S" (Table 1).

Table 1. Quantitative composition of ionogenic groups in pollen wall and somatic cell walls of lily

Tonogenic group Two-layered pollen wall Intine* Exine Stem Leaf
Amino groups (5") 469 + 35 465 + 125 476 £ 25 175+ 14 129 + 12
Carboxyl groups 250 £ 30 38585 not detectable 335+ 20 1000 £ 50
of uronic acids
Carboxyl groups 1300 + 95 1246 + 274 1400 = 100 300 + 28 500 % 45
of hydroxycinnamic acids
Phenolic OH-groups 1100 £ 65 884 + 168 1500 + 120 300 £ 25 800 % 50
St 2650 £ 120 2515 + 427 2900 + 180 935+ 93 2300 £ 120

Note: S (S2") is the total cation-exchange (anion-exchange) capacity of the cell wall polymeric matrix. All values in the table are expressed in pmol

per g dry weight of the preparation.

*Values for intine are calculated on the basis of the experimentally determined exine and intine fractions in two-layered pollen wall (see

“Materials and Methods”).
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Table 2. Ionization constants (pK,) of cation-exchange groups in the polymeric matrix of the pollen wall and the

somatic cell walls of lily

Pk,
Ionogenic group
two-layered pollen wall intine* exine stem leaf
Carboxyl groups of uronic acids 4.25 ~4.2 not detectable 3.64 3.55
Carboxyl groups of hydroxycinnamic acids 8.29 >7.6 7.56 7.10 7.21
Phenolic OH-groups 10.07 ~10.0 10.13 10.21 10.11

* The pK, is evaluated approximately on the basis of the corresponding data for two-layered pollen wall and exine.

This means that the structural polymers of the pollen
wall, as well as those of the leaf and stem cell walls, are
natural cation exchangers.

The data on the quantitative composition (Table 1)
and ionization constants (Table 2) of ionogenic groups in
the pollen wall and cell walls of the leaf and stem tissues
allowed us to reveal specific features of the structural
polymers of the intine, exine, and leaf and stem cell walls.

Specific features are especially pronounced in the
exine: it has no uronic acids, but the contents of phenolic
OH-groups and carboxyl groups of hydroxycinnamic
acids are the highest. These findings are consistent with
the literature data and confirm the idea that phenolic
compounds are important structural components of
sporopollenin. The presence of phenolic compounds in
the exine polymers has been shown by many authors
using various approaches. Thus, by 'H-NMR analysis,
sporopollenin of Typha angustifolia was found to have
four different three- and four-substituted phenolic com-
pounds [6]. By pyrolysis chromatography combined with
mass spectrometry, p-coumaric acid was shown to be the
quantitatively prevalent phenolic compound of sporopol-
lenin from Pinus mugo [24]; p-coumaric and ferulic acids
were also found in sporopollenin from Helleborus foetidus,
Pinus silvestris, Betula pendula, and Vicia faba [25]. In the
purified exine of Cucurbita maxima, p-coumaric acid was
revealed immunocytochemically, mainly in the region of
the germination pore, in the inner layer of the exine, and
also in micro- and macrospinules [26].

The high contents of free amino groups found in the
walls (Table 1) suggest the presence of noticeable
amounts of structural proteins, and this is in agreement
with biochemical data. In the purified wall of the
Arabidopsis leaf the protein fraction was 14%, similarly to
the cellulose fraction [27]. Values of the same order for
the protein fraction (10-20% of the cell wall weight) were
obtained for cell walls of other higher plants [28, 29].
Note, that amino acids which are prevalent in the struc-
tural proteins of somatic cells include positively charged

lysine and histidine, as well as tyrosine which has the phe-
nolic OH-group [30]. These amino acids are also found in
structural proteins of the maize exine, the fraction of
which was 0.3% of the pollen grain total protein [31]. And
many structural proteins of the exine are glycosylated [31,
32].

The same types of ionogenic groups are revealed in
the intine and cell walls of the lily stem and leaf (Tables 1
and 2). The finding of free carboxyl groups of uronic acids
and amino groups in the intine (Tables 1 and 2) are in
agreement with the cytochemical data and the resulting
idea that the intine is a highly organized complex of poly-
saccharides and structural proteins, which is similar to
the primary wall of other cells of plants [1].

The contents of free carboxyl groups of uronic acids
in the intine are low relatively to the leaf walls (Table 1),
but they are comparable with the contents of these groups
in the cell walls of the lily stem (Table 1) and somatic cells
of other plant species [8, 20]. The data on the high con-
tents of carboxylic groups in the leaf walls (Table 1) are in
consistence with the data of other authors. Thus, the
pectin fraction in the Arabidopsis leaf is 43% of the cell
wall weight [27]. We have shown that pectins of the intine
are specified by uronic acids different of those of the lily
somatic cells (Table 2).

Phenolic OH-groups and carboxyl groups of hydroxy-
cinnamic acids were first found in the intine (Table 1).
The contents of the hydroxycinnamic acids are signifi-
cantly higher than in the somatic cell walls, and these
acids are also different in their qualitative composition
(Table 2). Note that the question of phenolic compounds
in the intine was not considered earlier in the available lit-
erature. Nevertheless, studies on somatic cells revealed an
important structural function of hydroxycinnamic acids,
such as ferulic, sinapic, p-coumaric, and caffeinic acids
[17]. The residues of these acids bound to the side chains
of structural polysaccharides can be involved in oxidative
dimerization reactions and thus cross-link polymeric
molecules to one another [33].

BIOCHEMISTRY (Moscow) Vol. 71 No. 8 2006
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Hydroxycinnamic acids are suggested to form cross-
links between polysaccharide molecules in the intine, as
they do in the primary walls of somatic cells. The contri-
bution of hydroxycinnamic acids to the matrix rigidity in
the intine has to be significantly higher in the dehydrated
pollen grain than in the somatic cell walls (Table 1).
During hydration at the initial stages of the pollen grain
germination, these cross-links (probably, ester bonds) can
be hydrolyzed, and this can result in a rapid loosening of
the intine polymeric matrix.

Thus, the physicochemical approach to studies on
properties of the male gametophyte wall of angiosperms
has allowed us to reveal specific features of the polymeric
matrix composition of the intine, which can play a deter-
mining role for its structural organization and function-
ing. The presence in the intine of carboxyl groups of
uronic and hydroxycinnamic acids that are involved in
ion-exchange reactions suggest that the intine can act as
a buffer capacity, which can locally regulate ion-exchange
flows between the gametophyte vegetative cell and the
surface cells of the stigma.

The work was supported by the Russian Foundation
for Basic Research (project Nos. 05-04-49370 and 04-04-
49379).
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