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Equilibrium Analysis of Calcium Binding to Cell Walls Isolated from
Plant Tissue
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Primary cell walls were isolated and purified from potato tubers and carrots via a Parr N,
bomb technique. Calcium binding to purified cell walls was measured with both calcium selective
electrode and use of the metallochromic indicator, Arsenazo III. The cell walls used in this study
were biologically active and presumably approached the physiological cell wall. Aliquots of the
untreated cell walls (control) were then salt-extracted or EDTA-treated and binding properties
were compared to the controls. In addition, the binding properties of freshly prepared cell walls
were compared to cell walls which were stored for 1 week at 2°C. Both simple Scatchard plot anal-
ysis and an electrostatic interaction model were used to evaluate calcium binding parameters. The
controls from the two tissue types had inherently different calcium binding properties and these
properties were affected by treating the cell walls with salt or EDTA. Cold storage treatment drast-
ically changed the binding properties of carrot cell walls but had negligible effect on potato tuber

cell walls.
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The cell wall is negatively charged due to the presence
of uronic acid residues and may act as an external compart-
ment which affects cation nutrient adsorption and conse-
quently nutrient absorption processes (Goldberg 1985). Cal-
cium is an essential nutrient which can comprise up to
1-3% (w/w) of dry plant tissue and most of it is localized in
the cell wall (Demarty et al. 1978). Calcium is required for
many cellular functions including the stabilization of cell
wall structure and regulating the activity of cell wall associ-
ated enzymes (Demarty et al. 1978).

Most studies on calcium binding properties were made
on isolated cells walls (Allen et al. 1985, Baydoun and Brett
1984, Demarty et al. 1978, Morvan et al. 1979, Sentenac
and Grignon 1981, Tepfer and Taylor 1981, Bush and Mc-
Coll 1987) from actively growing tissues. Most of these cell
wall preparations were treated with acid (Morvan et al.
1979, Sentenac and Grignon 1981), detergent (Allen et al.
1985, Demarty et al. 1978, Sentenac and Grignon 1981,
Harris 1983) or salt (Demarty et al. 1978) before calcium
binding was determined. These treatments will remove
some cell wall components (Morvan 1979, Kato and Nevins
1984, Labrador and Nicolas 1984, Nagahashi and Seibles

1986) and possibly affect the structure and binding prop-
erties of isolated cell walls. Binding studies with purified
untreated cell walls are more likely to approach physiologi-
cal conditions.

Recently, we developed a rapid procedure for isolating
large quantities of highly purified biologically active cell
walls (Nagahashi and Seibles 1986). Using this procedure,
cell walls were purified from two tissues (potato tubers and
carrots) and calcium binding was examined with both a cal-
cium selective electrode and a calcium indicator dye. Bind-
ing properties of untreated biologically active cell walls
(full complement of cell wall associated proteins) were di-
rectly compared with cell walls after salt extraction or
EDTA treatment. In addition, the feasibility of using
stored purified cell walls for Ca®* binding was determined.

Materials and Methods

Plant materials and initial tissue disruption—Russet
potatoes (Solanum tuberosum) and carrots (Daucus
carota) were purchased at a local market and stored in a
refrigerator or used immediately. Potatoes were peeled and
cut into large pieces and placed in homogenization medium
(Nagahashi and Seibles 1986). Carrots were peeled, cut into



172 inch thick discs, and vascular tissue was removed with
a cork borer. Both tissues were homogenized with homoge-
nization medium for 30 s at 4°C with a Waring blender.
The tissue homogenate was washed twice with cold water
and tissue clumps were trapped on a cheesecloth sieve. The
particulate sample was then suspended in fresh homoge-
nization medium and placed in a Parr N, bomb.

Cell wall purification and treatments—Potato tuber
tissue slices or carrot root discs were initially homogenized
in a Waring blender for 60 s at 4°C with an alkaline homog-
enization medium (Nagahashi and Seibles 1986). Intact
tissue clumps and broken cell walls were trapped on
cheesecloth and washed three times with cold deionized-
distilled water. The particulate matter was suspended in
fresh homogenization medium and transferred to the Parr
nitrogen bomb. After equilbrating at 1.032 x 10’ Pa for 15
min at 4°C, the contents were extruded from the bomb, the
cell walls were collected on cheesecloth and further purified
by washing six times with cold deionized-distilled water
(Nagahashi and Seibles 1986). Cell walls isolated with this
procedure were judged to be highly purified by electron mi-
croscopy and lack of cytosolic marker enzyme activity.
Purified cell walls were used directly for calcium binding
studies or were treated, as described in the text, before bind-
ing studies.

All treatments of purified cell walls were performed at
0-4°C. Salt extraction was accomplished with 2 M NaCl or
LiCl for 15 h with the salt solution replaced several times.
For some experiments, cell walls were washed with 10 mM
EDTA in 10mM HEPES buffer at pH7.5 for several
hours. After various treatments, all cell wall preparations
were washed thoroughly with ice cold water to remove treat-

ment reagents. The treated and untreated cell wall samples

were used immediately or stored in water with 1 mM f-mer-
captoethanol at 2°C for 1 week. All chemicals used were of
analytical grade.

Electron microscopy of cell walls—Cell wall samples '

were checked for morphological contaminants via micro-
scopic techniques. Light microscopy with a microscope
(BHA, Olmypus, Tokyo) was used to monitor removal of
starch bodies. Ultrastructural examination of purified cell
walls was performed with an electron microscope (EMB
10B, Zeiss) as described by Nagahashi and Seibles (1986).
Cell walls from carrots and potatoes showed no mem-
brane, organelle, or cytoplasmic fragments as contami-
nants and this was verified biochemically by lack of
membrane-associated and cytoplasmic-associated marker
enzymes.

Calcium binding assay—A pH meter (PHM84, Radi-
ometer Copenhagen, Copenhagen) along with a calcium
ion selective electrode (Model F2002 Radiometer Copenha-
gen) and an accompanying reference electrode (Ag/AgClin
saturated KCI) were used to measure the concentration of
free calcium present in the buffer solution of 25 ml aliquots

containing 50 mM KCl and 25 mM MOPS, pH 7.5. At this
ionic strength, cell wall-associated proteins were still bound
to the walls. To obtain a standard curve, increments of 1.0
M CaCl, were added to the buffer and millivolt readings
were taken after the system re-equilibrated (1-2 min inter-
vals) (Baydoun and Brett 1984, Hulanicki and Marek
1974). The —log (Ca’*) was plotted versus the millivolt
readings to yield the standard curve. For the assay, a 25 ml
aliquot was again used and to it was added a small amount
(30-70 mg dry wt) of purified cell wall material. The system
was stirred at a constant rate as increments of the standard
calcium solution were added. The stirring was stopped
momentarily and stable millivolt readings were taken (2-3
min after the addition of Ca-solution) and the concentra-
tion of free calcium ions present in the solution was calcu-
lated. Knowing the free calcium concentration and the
amount of calcium added, the bound calcium was easily de-
termined.

The free calcium concentration was verified by the
spectral changes of a metallochromic indicator, Arsenazo
III as described by Scarpa (1979). Briefly, after stable
millivolt readings were recorded, a small aliquot (<50 ul),
free from cell walls, was immediately withdrawn and
diluted with an indicator solution containing 25 mM KCl,
25 uM Arsenazo III, and 15 mM MOPS, pH 7.4. The dilu-
tion was designed to bring the calcium concentration be-
tween 1 and 10 uM. Difference spectrum were obtained be-
tween diluted Ca solution and Ca-free indicator solution
from 400 to 700 nm. The increase of absorbance at 652.5
nm was used to calculate total calcium concentration in
diluted solution. A standard curve was obtained by in-
cluding known amounts of Ca* in the indicator solution.

Dry wt of purified cell walls was determined as well as
the amount of endogenous Ca* present. The endogenous
Ca contents of potato tuber cell walls and carrot cell walls
by ash analysis were 0.015% and 0.030% of the dry wt, re-
spectively.

Simple binding analysis—The binding constant *)
and the number of binding sites (n) for calcium in treated
and untreated cell walls from potatoes and carrots were ob-
tained by both graphical and numerical methods of analy-
sis of the experimental data. Scatchard plots, v/ [1] versus v
where v is the amount (nmols) of bound calcium per unit
dry-wt of cell walls and [1] is the concentration of free calci-
um, were drawn for all of the binding experiments. For
linear Scatchard plots, straight lines were fitted by linear
regression analysis and k and n were determined from the
intercepts.

Complex binding analysis—Since plant cell walls may
be regarded as polyelectrolytes (Sentenac and Grignon
1981) the general binding equilibrium theory which is
suitable for macromolecules (Tanford 1968) may be ap-
plied to calcium binding to cell walls. We assume that cell
walls contain domains with different binding affinities to



the cation. Within each domain, the cation binding is fur-
ther influenced by the interactions between sites. Thus; in
general, the equilibrium between cell-wall bound and free
calcium cations assumes the following relationship:
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where V is the total number of bound calcium ions; v, is the
number of calcium ions bound in domain 1, n, is the capaci-
ty of type 1 binding sites, &, is the intrinsic binding con-
stant of type 1 sites, ¢,(v,) is an arbitrary function to
describe the interaction among type 1 sites, and 7 is the con-
centration of free calcium cations. The second and remain-
ing terms on the right-hand side equation (1) are used to
describe the contribution of type 2 and other binding sites.

Since the binding of Ca** to the negatively charged
sites of cell walls is presumably electrostatic in nature, the
explicit form of ¢,(v,) may then be:

#1(v) =2W12i21 / V)]

in which w, is a constant independent of z; (the charge of
the binding ions) and Z, which is the remaining negative
charges in domain 1 of cell walls with the extent of total
Ca’* ion binding as v,. Assuming there are m total negative
charges in domain 1 per unit weight of cell wall, Z, assumes
the form of:

Z= —(m—2v,) 3)
or
s(V)=4wm—8wv, @

In the case of negligible site interactions (¢(v;)=0) and
only one type of binding site, equation 1 reduces to:
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or the simplest form of the Scatchard equation:
F=k(n—7) ©)

If the binding analyses (plots of /I vs. V) shows a
linear relationship, equation 6 is sufficient for the quantita-
tive description of Ca>* binding to cell walls. In the case of
curvilinear binding plots, a more complex analysis is
necessary.

In the case of a single type of binding site, character-
ized by a characteristic intrinsic binding constant (k) with
electrostatic interaction, equation 1 would assume the form
of:
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As will be shown later, k and I (when expressed on a Molar
Concentration Scale) are usually small numbers and the ex-
ponential term is less than 1, thus:

V= nke~wm—8wr ®)
Since n and w are constants, equation (8) reduces to:
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in which A4, and A4, are nke **" and 8w, respectively. A
non-linear regression of v/I vs. v will yield 4, and A4,.

The Scatchard plots (v/1 vs. v) of Ca** binding to cell
walls of potato and carrots under different conditions, were
analyzed according to equation 6 or equation 9, or both.
Curvilinear plots were fitted by equation 9 using a non-
linear regression fitted program written at USDA on the
Modcomp Classic minicomputer. The program was written
in FORTRAN and is based on the Gauss-Newton algo-
rithm.

Results and Discussion

Calcium ion concentration determination—In the
absence of cell walls, the ion selective electrode method ap-
plied in the current work (Fig. 1A), exhibited a good linear
relationship between mV readings and the logarithm of Ca
concentration over a wide-range. This linear response was
used to estimate free calcium concentration in equilibrium
with bound calcium of cell wall samples as described in
Material and Methods. The possible interference by direct
contact of cell walls with the electrode was discounted be-
cause the equilibrium potential readings were taken with-
out stirring. To further ascertain this estimation, free calci-
um concentration in equilibrium with cell walls was also
determined by the metallochromic indicator method.

The spectral properties of Arsenazo III, a metallo-
chromic indicator, exhibit a pronounced red-shift upon
binding with Ca’* ions. The binding may be represented as
[Ca][Ars] 2 [CaArs]

Thus:

K. ——|CaArs]
®"[Ca][CaArs]

in which Ars, CaArs, and k, represent free indicator, Ca-
bound indicator, and the binding constant, respectively.
The concentration terms [Ca] and [Ars] refer to free Ca
and free Arsenazo III in the solution with the total concen-
trations of Ca and Ars as m and n, the equilibrium k, is
then:

10

ky=x/(h—x)(i—x) (11)

Since the binding of Ca induces maximum absorbance in-
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Fig. 1 (A) Standard curve of free Ca’* concentration (in mM)
determined by ion-selective electrode method. The relation-
ship between Ca®* ion concentrations and observed voltage
readings was established by the procedure described in the text.
The replacement of MOPS by Tris did not cause any noticeable
change of the standard curve. (B) Absorbance changes of a
metallochromic indicator, Arsenazo III, induced by the presence
of Ca** ion.  The exact procedure of measuring Ca’* ion in-
duced absorbance increases at 652.5 nm was described in text. The
binding constant of Ca-Arsenazo 1II was determined from the
data shown and equations (11) and (12). (C) Comparison of
free Ca?t ion concentrations in equilibrium with cell walls deter-
mined by ion-selective electrode and metallochromic indicator.
The exact procedure was described in text. The free Ca?* concen-
trations estimated from the mV readings (J) and the absorbance in-
creases (®) were plotted against the total Ca’* added.

crease at 652.5 nm, the term x may be related to absorbance
as:

= AA .
AA o

X i (12)

where 44 and AA,,., represent the absorbance increase
and the maximum absorbance (saturation level) due to the
formation of CaArs under the condition of a fixed 7 but
variable k. The application of equations (11) and (12) allow-
ed us to determine k, (Fig. 1B). In agreement with (Scarpa
1979), k, was found as 0.1191 uM™' under present ex-
perimental conditions. The term A ,,,, is estimated as the ab-
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Fig. 2 (A) Calcium binding to freshly isolated carrot cell
walls. Carrot cell walls were isolated and further treated with
salt or EDTA as described in Materials and Methods. —@- Repre-
sents untreated carrot cell wall. -~ Represents EDTA treated car-
rot cell wall and —O- represents salt-extracted cell wall. Solid lines
represent the best-fit curves obtained by either equation (6) or
equation (9). Dotted lines represent lines determined from the best
linear fit of first few points (no less than six, not all shown) for the
estimation of the thermodynamic quantities k and n. (B) Calci-
um binding to 1 week old carrot cell walls. Carrot cell wall
samples previously isolated and treated were stored at 2°C for 1
week. Symbols are the same as in (A).



sorbance increase generated in a solution containing Ca
one hundred times in excess of Arsenazo. Thus, the
unknown calcium concentration of a solution can be deter-
mined from the absorbance increase A4 caused by the pres-
ence of a fixed concentration Arsenazo III from equations
(11) and (12).

As described in Material and Methods, once the
equilibrium binding to cell walls was reached and the stable
potential reading was taken, a small aliquot of the clear
supernatant was withdrawn and immediately diluted with
buffered Arsenazo III solution. Usually, no more than 50
ul of the aliquot was diluted to 2 ml with the buffered solu-
tion. The exact volume of the aliquot used was calculated,
by assuming zero Ca binding to cell walls, to assure the
total Ca in diluted solution was less than Arsenazo III in
the buffer. The concentration, of free Ca in equilibrium
with cell wall solutions were determined by ion selective
electrode and compared to the dye binding assay. In
Fig. 1C, the estimated free calcium concentrations in
equilibrium with a fixed amount of EDTA-treated potato
cell walls, under various concentrations of total Ca, are
compared. As shown, the indicator method appears to give
a slightly higher estimation of Ca concentration. Never-
theless, the difference obtained by two different methods ap-
pears to be negligible. Thus, in the following experiments,
only ion selective electrode measurements were used to
determine Ca concentrations. Although atomic absorption
method can also be applied to determine Ca concentration,

the indicator method offers a greater sensitivity and re- ‘

quires only minimal sample volume. The latter advantage

Table 1 Effects of different treatments on Ca?* binding
parameters “ ° of purified cell walls

Sample n (nmol mg™Y) k (mM™)
Carrot
Fresh unextracted 439 11.11
Fresh salt extracted 222 8.33
Fresh EDTA treated 200 20.10
1 week unextracted 286 2.44
1 week salt extracted 219 5.00
1 week EDTA treated 210 6.67
Potato
Fresh unextracted 102 19.50
Fresh salt extracted 82 15.38
1 week unextracted 97 19.07
1 week salt extracted 92 12.50

“ The values for potato cell walls and EDTA treated carrot sam-
ples were estimated from the initial linear portions. In all cases,
the binding parameters were determined by linear regression
method.

® The reported values have no more than 10% error.

allowed us to accurately and simultaneously determine Ca
concentration in the same sample used for Ca ion electrode
method without significant interference.

Calcium binding to freshly isolated carrot cell walls—

Table 2 Negative cooperativity measured by electrostatic interaction model %

Estimated nk

S 1 A
ampre ! Y (Linear model) (Electrostatic model)
Carrot
Fresh unextracted — — 8,210 —
Fresh salt extracted — — 1,849 —
Fresh EDTA treated 7,860 —0.00088 4,020 3,888
1 week unextracted — — 698 —
1 week salt extracted — — 1,095 —
1 week EDTA treated 1,862 —0.00072 1,401 1,017
Potato
Fresh unextracted 1,991 —0.00119 1,989 1,225
Fresh salt extracted 1,640 —0.00115 1,261 1,125
1 week unextracted 1,905 —0.00138 1,850 1,115
1 week salt extracted 1,544 —0.00122 1,150 985

“ The values of w (the electrostatic interaction factor) and 4, were numerically determined by fitting equation (9) with a non-linear

regression program based on the Gauss-Newton algorithm.

% The values of the product nk were estimated by either from the data listed in Table 1 (line) or from determined 4, and w and estimated

n of Table 1.



The binding data of the carrot cell wall control (Fig.2A)
was simply described by Scatchard analysis (equation 6).
The binding parameters were graphically estimated and
numerically calculated by linear regression (Table 1). Salt
extracted carrot cell walls also showed a linear Scatchard
plot. Surprisingly, salt extraction decreased the number of
binding sites (r) and slightly lowered the binding constant
(k). Salt extraction can remove ionically bound cell wall
proteins (13) or possibly remove fragments of cell wall poly-
saccharides which bind calcium. If cell wall proteins or
polysaccharide fragments bind Ca’*, then salt extraction
would be expected to lower the Ca’* binding capacity (nk).

EDTA treatment resulted in a dramatic change com-
pared to the untreated control (Fig. 2A and Table 1). The
plot was curvilinear; however, the initial linear portion of
the curve (Table 1) could be used to estimate k and n.
EDTA treatment decreased the binding capacity by 50%,
but k was doubled (Table 1). EDTA may chelate endoge-
nous tightly bound Ca** so that sites previously occupied
became available during the binding assay.

For the curvilinear binding plots, we found that the ap-
plication of equation 9 was sufficient to quantitatively
describe the whole profile. The obtained 4, was used direct-
ly to calculate w which is really a measure of binding
cooperativity. On the other hand, as a complex expression
involving k, n, and w, the exact physical meaning of A4, is
difficult to decide. Nevertheless, it offers a way to determine
the validity of k and n estimated from the initial linear por-
tion of the curve. This can be achieved by comparing the
values of nk calculated from linear method to that calcu-
lated from A, and w. The binding parameters obtained by
the electrostatic model are shown in Table 2. It appears
that the values of nk product are reasonably close to each
other suggesting the estimation obtained by the initial
linear portion was acceptable. The binding of Ca’t to
EDTA treated cell walls appears to be strongly negatively
cooperative and most likely fits nicely with the electrostatic
interaction model.

Calcium binding to freshly isolated potato tuber cell
walls—In contrast to carrot cell walls, calcium binding to
potato tuber cell walls was more complex. For both the con-
trol (untreated cell walls) and salt extracted cell walls, the
electrostatic interaction model was needed to fit the cur-
vilinear binding curves (Fig. 3A). As shown in Table 1, the
binding capacity (#) and binding constant (k) of untreated
cell walls, estimated from the initial linear portion of the
curve, decreased only slightly after salt extraction. The ex-
tent of negative cooperativity in calcium ion binding, as
measured by w, is not affected (Table 2) and this indicates
that the electrostatic interaction between binding sites in
potato cell walls remains relatively unchanged by salt treat-
ment. Again, the estimated 7 and k values from the initial
linear responses were acceptable judging from the agree-
ment with the electrostatic interaction parameters.
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Fig. 3 (A) Calcium binding to freshly isolated potato tuber cell
walls. Potato tuber cell walls were isolated and treated as de-
scribed in the Materials and Methods. —®— Represents untreated
potato cell wall. -O- Represents salt-extracted potato cell wall.
Solid lines represent the best-fit curves obtained by equation (9).
Dotted lines represent the lines drawn for the graphical estimation
of the thermodynamic quantities £ and n. (B) Calcium bind-
ing to stored potato tuber cell walls. Potato tuber cell walls iso-
lated, salt-extracted and stored for 1 week at 2°C. Symbols are the
same as in (A).

Effects of cold storage on the Ca’" binding properties
of purified cell walls—Aliquots of purified cell walls were
initially frozen but after thawing, the cell wall suspension
had many clumps which were hard to disperse. Instead of
freezing, cell walls were stored in a refrigerator for 1 week
to determine if the Ca®>" binding properties were affected
by storage. Storage of untreated carrot cell walls lowered
both the binding capacity and binding constant when com-
pared to the fresh preparation (Fig.2 and Table 1). The
storage of salt extracted cell walls did not drastically
change the binding constant or binding capacity (Table 1).
These results both suggest that the cell wall autolytic pro-
cess (self-digestion) reported for some plant cell walls
(Labrador and Nicolas 1984) occurs in carrots and was like-



ly to be enzymatic. The reduction of k and n during storage
and the stabilization of these parameters after salt extrac-
tion is consistent with the ability of carrot cell walls to
autohydrolyze. Salt extraction has been shown to prevent
autolysis by removing cell wall-associated hydrolytic en-
zymes (Labrador and Nicolas 1984). Storage did not affect
the binding capacity of EDTA treated cell walls but after
storage, Ca’" did not bind as tightly as before (Table 1).
This observation was also consistent with the degradation
or loss of the native structure of the cell wall during
storage.

In contrast, storage treatment had minimal effects on
Ca’*-binding (Fig. 3 and Tables 1 and 2) properties of the
control or salt-extracted potato tuber cell walls. These
results were consistent with the fact that very little en-
zymatic autolysis of tuber cell walls occurred after 96 h of
cold storage (unpublished results).

In conclusion, we demonstrated that both Ca-ion selec-

tive electrode and Arsenazo III dye binding methods are -

suitable to measure calcium binding to purified cell walls
under proper conditions. The Ca’" binding profile (Scat-
chard plot) to cell walls is affected by different treatments,
e.g., mild salt extraction or cold storage. These treatments
induce significant changes in the intrinsic binding constant
(k) of Ca’* to cell walls. Dramatic decreases in total bind-
ing capacity (n) were observed in carrot cell walls but not in
potato cell walls. Yet, it is interesting to note that cell wall
structure appears to contain only one type of intrinsic Ca?*
binding arrangement as supported by the need of only one
intrinsic binding constant (k) to describe the overall pro-
cess. The negative cooperative Ca>" binding of potato cell
walls and EDTA-treated carrot cell walls appears to reflect
an electrostatic interaction, suggesting a close spatial ar-
rangement of the binding sites in the cell wall. However,
whether this relatively simple Ca** binding model can be
applied to cell walls prepared by other methods remains to
be determined.
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