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Abstract—The kinetics of solubilization of pectic polysaccharides from purified cell walls of Lemna minor (duckweed)
and Apium graveolens (celery) by ammonium oxalate at 22° was determined. With cell walls of L. minor, 30 + 1
(average of three experiments, average deviation from the mean) and 34 + 1% of the total anhydrouronic acid of the
cell walls was solubilized in 15 min and 5 hr, respectively. Water at 22° solubilized 1.3 4+ 0.2% and 1.3 + 0.4% of the
total anhydrouronic acid in 15 min and $ hr, respectively. With cell walls of A. graveolens, 19 + 1% (average of two
experiments, average deviation from the mean) and 23 + 1% of the total anhydrouronic acid of the cell wall was
solubilized in 15 min and 3 hr, respectively. Water at 22° solubilized 0.9 + 0.6 and 0.9 + 0.1% of the total anhyd-
rouronic acid in 15 min and 3 hr, respectively. When trans-1,2-diaminocyclohexane-N,N,N’,N'-tetraacetic acid was
the extractant, recovery values based on weight for the soluble pectic polysaccharide fractions were incorrect (high).
Color formation in the uronic acid test was inhibited by sodium dodecyl sulfate. A rapid, two-step procedure for

isolating purified cell walls was developed.

INTRODUCTION

The primary cell wall of plants maintains the structure of
growing plant cells and is involved in a variety of impor-
tant biological processes [1]. Pectic polysaccharides* are
one of the three polysaccharide constituents of primary
cell walis. Little is known about the structural role of
pectic polysaccharides in cell walls or about their bio-
synthesis. Understanding these requires that the struc-
ture of the pectic polysaccharides be known. The com-
plete structure of any pectic polysaccharide has not been
determined and even less is known about the degree of
structural variation in the total complement of pectic
polysaccharides present in any one plant. In order to
obtain accurate structural information a suitable isola-
tion procedure must be used.

The amount of pectic polysaccharides solubilized from
cell walls is dependent both on the origin of the cell walls
and on the method of extraction [2-15]. A significant
portion of the cell wall pectic polysaccharides is readily
solubilized by chelating agents and the extent of their
solubilization is easily followed colorimetrically. Surpris-
ingly, the time course of solubilization of pectic polysac-

*Pectic polysaccharides are defined as those containing main-
ly galacturonic acid units in the main chain (backbone) of the
polysaccharide.
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charides from purified cell walls at 22° has not been
determined. Experiments of this type will show how
distinct the difference in solubility is between cell wall
pectic polysaccharides readily solubilized and those that
tend to remain in the cell wall. They will also permit
rational selection of the shortest possible extraction
time needed for complete solubilization of a fraction.
Our main goal was to determine the kinetics of solubil-
ization of pectic polysaccharides from purified cell walls
of Lemna minor (duckweed) and Apium graveolens
(celery).

Pure cell walls are needed before the kinetics of solubil-
ization of pectic polysaccharides can be determined. Both
organic [16, 17] and aqueous solvents have been used in
the isolation of cell walls, and both have their disadvan-
tages. When aqueous solvents are used cell wall constitu-
ents may be solubilized or enzymaticaily degraded or
both. The solubilization of cell wall pectic polysacchar-
ides during the preparation of cell walls has been re-
ported; however, in no case was the solubilized material
firmly identified [2-8]. Ionic detergents such as sodium
dodecyl sulfate (SDS) have been used in the isolation of
cell walls (187, but we found that SDS binds to isolated
cell walls and subsequently interferes with color develop-
ment in the uronic acid assay (this paper). Our second
goal was to develop an aqueous cell wall isolation pro-
cedure that was rapid, mild, simple and yielded pure cell
walls in good yield.
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RESULTS

Characterization of cell walls

Cell walls prepared from L. minor were dark green
after treatment with a Waring blender but pale green to
white after treatment with both a Waring blender and
a French press. This indicated numerous intact ceils with
intact chloroplasts were present after the homogeniza-
tion step but few were present after both steps. Examina-
tion of both preparations by both regular and confocal
light microscopy confirmed that this was the case. Exam-
ination of the final cell wall preparation by electron
microscopy showed only cell walls and an occasional
thick-walled cell were present. Membranes were not ob-
served adhering to cell walls. The final celery cell wall
preparations were cream-colored. Some small multicellu-
lar pieces of tissue were observed in the celery prepara-
tions and based on examination by light microscopy we
estimated 80-85% of the cells were broken. The protein
content of purified cell walls of L. minor and A. graveolens
was 5.5% and 1.0%, by weight, respectively. Purified cell
walls from other plants have similar protein contents
[19]. The uronic acid content of the cell walls of L. minor
and A. graveolens was 189 + 10 mg of anhydrouronic
acid per gram of dry cell walls (mean of three experi-
ments) and 251 + 10 mg per gram (two experiments),
respectively.

Solubilization of cell wall pectic polysaccharides

The average results of three experiments measuring the
time course of solubilization of pectic polysaccharides
from purified cell walls of L. minor at 22° with 0.05 M
ammonium oxalate (pH 5.5) are shown in Fig. 1. On
average 30 + 1% (average deviation from the mean) of
the total anhydrouronic acid of the cell walls was
solubilized in 15 min and 33 + 1% (two experiments for
this value), 30 + 3%, and 34 + 1% was solubilized in
1,3 and 5 hr, respectively. Water at 22° solubilized
1.3 + 0.2% of the total anhydrouronic acid of the cell
walls in 15 min and 1.3 + 0.4% in 5 hr. The total amount
of anhydrouronic acid recovered in the 15 min and 5 hr
ammonium oxalate soluble fractions and the correspond-
ing insoluble residue fractions was 99 + 5% and
101 + 4%, respectively. The total cell wall material
solubilized by ammonium oxalate in 15 min and 5 hr was
7.9 + 1.6% and 6.2 + 1.2%, respectively. These values
are based on the dry weights of the starting cell walls and
recovered ammonium oxalate residues.

The average results from two experiments measuring
the time course of solubilization of pectic polysaccharides
from purified cell walls of A. graveolens by 0.05M
ammonium oxalate (pH 5.5) at 22° showed that
19 +1%,22 + 1%,22 + 1%, and 23 + 1% of the total
anhydrouronic acid of the cell walls was solubilized in
15 min, 1 hr, 2 hr and 3 hr, respectively (Fig. 1). Less than
1% of the total anhydrouronic acid of the cell walls was
solubilized by 15 min and 3 hr extractions with water at
22°. In the above experiments, anhydrouronic acid values
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Fig. 1. Time course of solubilization of pectic polysaccharides
from purified cell walls L. minor (average of three experiments)
and A. graveolens (two experiments). Purified cell walls of L.
minor and A. graveolens were extracted with ammonium oxalate
(®, L. minor; A, A. graveolens) and water (O, L. minor; A, A.
graveolens) as described in the Experimental section. The anhyd-
rouronic acid contents of the dry cell walls and the method of
calculating percent values are given in the Results. Dry weights
of cell walls were calculated from wet weights and the wet
weight/dry weight ratio of the cell walls. For L. minor the
average wet-weight/dry-weight ratio of the cell walls was
15.3 4+ 2.4; for A. graveolens it was 12.7 1+ 0.4. Error bars show
the average deviation from the mean. AUA, anhydrouronic acid.

were normalized on the basis of 1 g dry weight of cell
walls extracted and then percentage values were cal-
culated. Percent values are relative to the anhydrouronic
acid content of dry cell walls, which was set equal to
100%.

Analysis of filtrates from the preparation of cell walls for
uronic acid

The amount of anhydrouronic acid in the combined,
dialysed filtrates obtained during the preparation of cell
walls of L. minor and A. graveolens was 13% (three
experiments)and 5.0% (two experiments), respectively, of
the total anhydrouronic acid present in the combined
filtrates plus cell walls. Percent values were calculated
from anhydrouronic acid values normalized on the basis
of 1g dry weight of cell walis extracted.

Effect of various chemicals on the uronic acid test

HCl (1 M), NaCl (1 M) and ammonium oxalate
(0.05 M) present individually in samples containing
known amounts of galacturonic acid had no effect on
color formation in the uronic acid test; control samples
were in water. In contrast, 0.0031% and 0.031% (w/v)
SDS present in a galacturonic acid solution inhibited
color formation 39 and 94%, respectively.

When SDS was used in the isolation of L. minor cell
walls, measurements of uronic acid in the ammonium
oxalate extract were low. Whole plants were homogen-
ized and to one half of the homogenate SDS was added
to a concentration of 0.52% (w/v) and to the other half
water was added. After stirring for 15 min and centrifug-
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ing, the cell wall fraction was washed once with 0.1 M
NaCl and once with water and then extracted twice with
ammonium oxalate, each time for 4 hr. The amount of
uronic acid detected in the ammonium oxalate soluble
extracts from cell walls prepared with SDS present, per
gram dry weight of cell walls, was 44% (average of two
experiments) of that in the water control.

Extraction of cell walls with trans-1,2-diaminocyc-
lohexane-N,N,N',N'-tetraacetic acid (CDT A)

Individual samples of cell walls of L. minor were ex-
tracted with CDTA and ammonium oxalate for 15 min
and 5 hr at 22°. The chelator-soluble fractions were dialy-
zed for 21 hr in water with six changes and dried to
constant weight. The dry weight of the 15 min and 5 hr
fractions solubilized by CDTA was 4.7 times and 4.8
times greater, respectively, than the corresponding am-
monium oxalate fractions. The values were normalized
on a per gram dry weight of cell walls extracted. The
anhydrouronic acid and total sugar content of the two
extracts obtained at each extraction time were basically
the same.

DISCUSSION

The results in Fig. 1 show there is a rapid solubiliza-
tion of pectic polysaccharides from purified cell walls of
L. minor and A. graveolens by ammonium oxalate at 22°
and then the rate of solubilization decreases sharply until
solubilization stops. The time needed for complete
solubilization of the 22° ammonium oxalate-soluble frac-
tion was approximately 30 min; there was, however, only
a slight increase in the percent solubilized between
15 min and 1 hr (Fig. 1). The almost complete cessation
of solubilization showed that the difference in solubility
between the soluble and insoluble pectic polysaccharides
is distinct. When impure preparations of cell walls of L.
minor were used (preparations obtained following the
Waring blender step), the rate of solubilization was not as
rapid as that shown in Fig. 1 and pectic polysaccharides
continued to be released for the entire S hr (data not
presented). This result shows the importance of using
purified cell walls. We conclude that the chelator-soluble
pectic polysaccharides are held in the cell wall by ionic
interactions alone.

Extraction times of 1.25-6.5 hr have been used to
solubilize the 22° chelator-soluble cell wall fraction [2, 8,
9, 12, 14]. Our results show that such long extraction
times are unnecessary and are probably undesirable be-
cause of the possibility of polysaccharide degradation.
The results in Fig. 1 show that a 30 min extraction with
ammonium oxalate at 22° is sufficient to solubilize the
chelator-soluble fraction, at least with the two cell walls
tested. Since a rapidly-solubilized pectic polysaccharide
fraction is present in both a monocot and a dicot, this
type of fraction may be present in the cell walls of many
higher plants.

The extent to which cell wall pectic polysaccharides
are solubilized during the preparation of cell walls is not

known. Our results with L. minor and A. graveolens show
that 13% and 5.0%, respectively, of the total uronic acid
units present in the cell walls plus filtrates were present in
the filtrates. It was not established if the uronic acid
material in the filtrates originated from the cell walls.
However, no significant amounts of pectic polysacchar-
ides were solubilized by water once the cell walls were
isolated (Fig. 1).

HCl and NaCl at 1 M and ammonium oxalate at
0.05 M in the sample solution do not interfere, with color
formation in the uronic acid test, but SDS does. CDTA,
when used as the extractant, was not completely removed
from the 22° chelator-soluble fraction by dialysis in water
and therefore incorrect (high) dry weights of the fraction
were obtained (data not presented). Similar results have
been reported by others [20].

The findings that the 22° chelator-soluble pectic poly-
saccharide fraction of plant cell walls was solubilized in
a short time — slightly more than 15 min — and that
solubilization of cell wall material virtually ceased after
this time period have not been reported previously. The
time needed for solubilization of the 22° chelator-soluble
fraction was the same for the two plants. In each plant
a specific percentage of the total cell wall pectic polysac-
charides was solubilized, however, the percent solubilized
was different for the two plants. These findings were
obtained only when purified cell walls were used.

EXPERIMENTAL

Materials and general methods. Lemna minor was
grown as described elsewhere [217]. Apium graveolens was
purchased from a local grocery. Dialysis tubing with
a 6000-8000 M, cutoff was from Spectrum Medical In-
dustries, Inc. Nylon mesh (3-15/6) was from Tetko, Inc.
Uronic acid and total sugar were determined with 3-
hydroxydiphenyl [22] and phenol-sulfuric acid [23], re-
spectively. The determinations of uronic acid and neutral
sugar in the combined filtrates were corrected for mutual
interference. Equations based on Beer’s law were derived
for calculating the concn of each sugar type measured in
the presence of the interfering sugar type. For the calcu-
lations, D-galacturonic acid monohydrate and sucrose
were used as the representative uronic acid and neutral
sugar types, respectively. The extinction coefficients of
these two in both sugar tests were determined and were
used in the equations. Bovine serum albumin was used as
the protein standard. Nitrogen by the Kjeldahl method
was determined by Galbraith Laboratories and the pro-
tein content was calculated by multiplying by 6.25. Sam-
ples were dried to constant weight under vacuum and
over P,Os at 22°. Cell wall prepns were examined by
transmitted brightfield microscopy with a standard light
microscope and those from L. minor were further exam-
ined by laser scanning transmitted brightfield micros-
copy with a Zeiss 10 laser scanning microscope. Cell wall
prepns of L. minor were also examined by transmission
electron microscopy at 10000 to 59000 x with a Phillips
CM 10 electron microscope operated at 100 kV. Samples
were fixed with glutaraldehyde and O,0O, and infiltrated
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with Quetol 651-vinylcyclohexane dioxide [24]. The
sample sections were 90 nm thick and were stained with
uranium acetate and lead citrate.

Preparation of cell walls and rate of solubilization of
pectic polysaccharides. An experiment with L. minor is
described; however, the same procedure was used with A.
graveolens except one extraction time was different.
Whole plants of L. minor were suspended in water at 22°
and the water was decanted. Washing was repeated four
times. Plants were freed of excess water with absorbent
paper and weighted wet (52 g). Petioles of 4. graveolens
were diced at 4° to cubes 0.5-1.0 cm on a side.

The following was performed at 4°. Plants (47.7 g, wet
wt) were suspended in 120 ml of 1.0 M NaCl and hom-
ogenized for four, 40-s periods in a Waring blender with
10 sec intervals between periods. The suspension was
filtered with 15 ym Nylon mesh, the particulate material
was washed with 75 ml of water and the combined fil-
trates were saved. The cell walls were resuspended in
120 ml of water and passed through a French pressure
cell at an average cell pressure of 16 000 pounds/in?. The
suspension was filtered through 15 ym Nylon mesh, the
cell walls were washed with 75ml of water and the
combined filtrates were saved. The cell walls were
weighed (9.3805¢g, wet wt) and examined microscop-
ically.

Two weighed portions of cell walls, each 0.4 + 0.04 g,
wet wt, were dried to constant weight and two weighed
portions, each 0.3 + 0.04 g, wet wt, were hydrolysed as
described below. The remainder of the cell walls was
divided approximately equally between six, 50 ml
beakers (each sample was about 0.85 + 0.05 g, wet wt)
and the wet weights recorded. Four of the cell wall
portions were suspended in 0.05 M ammonium oxalate
(pH 5.5) (8.5 ml per sample) and stirred for 15 min, 1, 3,
and 5 hr at 22°. Two portions were suspended in water
(8.5 ml per sample) and stirred for 15 min or 5 hr at 22°.
The suspensions were centrifuged at 4° and the super-
natant solutions were filtered. The residues were sus-
pended in water and the suspensions were centrifuged
and the supernatant solutions filtered. The washing was
repeated once and the three filtrates were combined and
analysed for uronic acid.

One weighed portion of the washed residue from both
the 15 min and 5 hr ammonium oxalate extractions, each
approximately 0.3 g, wet wt, was hydrolysed and a sec-
ond weighed portion (about 0.4 g, wet wt) of each was
dried to constant weight. Hydrolysis of samples was by
refluxing with 20 ml of 0.25 N HCI for 3 hr at 100° [25].
The hydrolysed samples at 22° were brought to pH
7 with 2.0 N KOH/0.5 M ammonium oxalate and stirred
for 10 min. The samples were centrifuged at 4° and the
supernatant solutions were filtered. The precipitates
were resuspended in water, the suspensions filtered, and
the appropriate filtrates combined and analyzed for
uronic acid. The results were normalized on a per gram
dry wt of cell walls basis and then converted to percent
(Fig. 1).

Analysis of the combined filtrates from the preparation
of cell walls for sugars. The volumes of the two combined
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filtrates obtained in the above procedure for the prepn of
cell walls were measured. A portion of each was centri-
fuged and the supernatant solutions were filtered
through separate 5.0 um MF-Millipore filters. The two
samples were dialysed in water for 26 hr, their volumes
were measured and they were assayed for uronic acid and
total sugar.
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