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Cholinesterases from Plant Tissues
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ABSTRACT

The distribution and localization of cholinesterase in Phaseo-
lus aureus, Glycine max, and Pisum sativum is described. The
enzyme is present in roots, leaves, stems, root callus tissue, root
cells suspension cultures, and root nodules. Cholinesterase in
roots is found primarily in the cell wall. In cell fractionation ex-
periments, at least 959% of the cholinesterase activity is as-
sociated with cell wall material. The enzyme can be solubilized
by salt solutions, whereas Triton X-100 and sodium deoxy-
cholate solubilize relatively small amounts of the enzyme. Cyto-
chemical techniques have been employed to show the presence
of cholinesterase activity at the cell surface and in the cell wall
of certain cells of the root.

Acetylcholine has been reported to be present in extracts
prepared from leaves, stems, buds, and roots of Phaseolus
aureus Roxb., the mung bean (18, 19). More recently a
cholinesterase has been extracted and purified from P. aureus
tissue (31, 32). In studying the functional aspects of ACh®
biochemistry in plants, it is necessary to ascertain its location
in the organs, tissues, and cells of the plant. Although ACh
cannot be localized using cytochemical techniques, there are
several methods available which can be used to localize ChE
activity. This report will present biochemical, cytochemical,
and cell fractionation data which describe the distribution and
localization of ChE in P. aureus.

MATERIALS AND METHODS

Materials. Seeds of Phaseolus aureus Roxb. and Pisum
sativum L. var. Alaska were soaked in aerated tap water for
24 hr and grown in vermiculite in growth chambers (16-hr
photoperiod) at 24 C. Dark-grown plants were harvested under
a green safelight. Root callus tissue, root cell suspension
cultures, and root nodules (all derived from Glycine max L.
Merr.) were provided by Dr. M. Reporter of the C. F. Ketter-
ing Laboratory, Yellow Springs, Ohio.

The chemicals were purchased from the following sources:
acetylthiocholine chloride, DTNB, neostigmine bromide, Tri-
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ton X-100, sodium deoxycholate, and choline chloride (Sigma
Chemical Co., St. Louis, Mo.); glutaraldehyde (Ladd Research
Industries, Inc., Burlington, Vt.); sucrose, special enzyme
grade (Schwarz Mann, Orangeburg, N.Y.); and ammonium
sulfate (Mallinckrodt Chemical Works, St. Louis, Mo.). The
buffer used was 10 mm K phosphate, pH 7.0, unless other-
wise specified.

Most of the subcellular fractions were prepared using the
HB-4 rotor in a Sorvall RC-2B centrifuge. A TY-65 fixed-
angle rotor and a Beckman L2-65B ultracentrifuge were used
to obtain the 100,000g pellet and supernatant fraction.

Extraction of Cholinesterase. The method of extraction is
that described by Riov and Jaffe (32) and was carried out at
4 C. Tissues from seedlings were homogenized in two volumes
(v/w) of buffer in a VirTis homogenizer, and the homogenate
was stirred for 30 min and was filtered through two layers of
a 54-um mesh nylon net. The enzyme in the residue was
solubilized by extracting the material collected from the nylon
net with two volumes of 4% (w/v) (NH,).SO, in buffer. After
regrinding the residue, the homogenate was stirred for 60
min. filtered through nylon net, and centrifuged for 15 min at
20,000g. The enzyme solubilized in 4% (w/v) (NH,).SO, was
precipitated from the solution by adding solid (NH,).SO, up to
80% saturation and redissolving the resulting precipitate in
buffer. This solution was dialyzed against buffer overnight,
and the dialysate was centrifuged to clarify the extract.

Cholinesterase Assays. ChE activity was measured photo-
metrically using a modification of the method of Ellman et
al. (9). One of two procedures was followed depending on
whether we were assaying extracted and solubilized ChE or
assaying particulate fractions. In the case of extracted and
solubilized enzyme, the standard reaction mixture in a final
volume of 0.54 ml contained 0.25 ml of 0.5 M K phosphate,
pH 8.0; 20 pl of 2.6 mM DTNB prepared in buffer containing
37.5 mg NaHCO./100 ml, and 0.25 ml of enzyme. A control
assay using preincubation with neostigmine bromide at a
final concentration of 25 uM was also performed to correct for
the spontaneous hydrolysis of acetylthiocholine, for the re-
action of DTNB with free sulfhydryl groups in the prepara-
tion, and for the hydrolysis of acetylthiocholine by other en-
zymes present in the preparation. Neostigmine has been
identified as a potent and specific inhibitor of ChE activity in
these preparations (32). After preincubation at 37 C for 30
min, the reaction was initiated by the addition of 20 ul of
12.5 mm acetylthiocholine chloride. The mixtures were in-
cubated for 12 min and the absorbance determined at 412 nm.
Activity was calculated as nanomoles of acetylthiocholine hy-
drolyzed per min, based on 1.36 X 10* for the molar extinction
coefficient of the yellow anion (2-nitro-5-thiobenzoate) formed
during the reaction.

To assay particulate fractions the standard reaction mixture
volume (and that of all ingredients) was increased 2.5-fold.
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Following the incubation period, the reaction mixture was
immediately filtered with suction through one Whatman GF/B
glass fiber filter. The filtrate was collected in a cooled centrifuge
tube, centrifuged at 20,000g for 10 min and the absorbance of
the supernatant fluid was determined. In both assay procedures
the concentration of ChE was adjusted so that the net ab-
sorbance was directly proportional to the amount of enzyme
assayed (32).

ChE activity was also assayed in intact roots from P. aureus.
Individual roots systems were cut from the plant and placed
in 20.25 ml of the assay medium at 37 C. Aliquots of 0.5 ml
were removed at regular intervals and the A4,,, determined. At
4 min, neostigmine bromide (to give a final concentration of
25 uM) was added to the medium.

Riov and Jaffe (32) reported that (NH.).SO, catalyzes the
hydrolysis of acetylthiocholine. We have found that sucrose
also acts as a catalyst, interfering with the ChE assay and
giving high absorbance values in control assays. Therefore
fractions containing high concentrations of either (NH,).SO, or
sucrose were dialyzed against buffer before they were assayed.

Cell Fractionation. Roots of 12-day-old seedlings of P.
aureus were homogenized with a mortar and pestle with acid-
washed sand in two volumes (v/w) of homogenizing medium
(0.44 M sucrose; 0.05 M K phosphate, pH 7.4). The crude
homogenate was filtered through two layers of nylon net and
both fractions were saved. The filtrate was fractionated using
either differential centrifugation or sucrose discontinuous
gradient centrifugation. In the first case, the homogenate was
first centrifuged at 1,000g for 10 min. The supernatant fluid
was collected and the pellet was resuspended, dispersed in a
small volume of the homogenizing medium, and recentrifuged.
The supernatant fluid from the wash was combined with the
first supernatant fluid, the combined supernatant fluids were
centrifuged at 10,000g for 10 min, and the pellet was washed
once with homogenizing medium. The 10,000g supernatant
fluid and wash were centrifuged at 100,000g for 90 min. The
three pellets were individually suspended in buffer and di-
alyzed against buffer overnight. An aliquot of the 100,000g
supernatant fluid was also dialyzed. In one experiment,
(NH,).SO, or Triton X-100 was added to the filtrate to give
final concentrations of 4% (w/v) and 0.5% (v/v), respectively.
The residual plant material was resuspended in buffer and
homogenized in a VirTis homogenizer. An aliquot of this
homogenate was also dialyzed.

A one-step sucrose discontinuous density gradient was pre-
pared by first adding 5.0 ml of 2 M sucrose (containing 0.05 M
K phosphate, pH 7.4) to a 30-ml centrifuge tube. Twenty-five
ml of homogenate filtrate were layered over this step, and the
preparation was centrifuged at 27,000g for 5 hr. Three frac-
tions were collected from the tube: the supernatant fluid, the
material which accumulated at the interface of the supernatant
fluid and the sucrose step (interface fraction), and a pellet. The
pellet was resuspended in buffer and the three fractions were
dialyzed against buffer overnight. In one experiment,
(NH,).SO, or Triton X-100 was added to the filtrate and su-
crose step to give a final concentration of 4% (w/v) and 0.5%
(v/v), respectively. In another experiment the interface frac-
tion was divided into four equal aliquots and diluted with 0.05
M K phosphate, pH 7.4. Additions were made to each of the
aliquots to give the following compositions: (a) no addition
(control); (b) 4% (w/v) (NH,).SO,; (¢) 0.5% (v/v) Triton
X-100; or (d) 0.2% (w/v) sodium deoxycholate. The samples
were then centrifuged at 100,000g for 90 min, the pellets re-
suspended in buffer, and the resuspended pellets and super-
natant fluids dialyzed against buffer overnight.

Solubilization Studies. Tissues from P. aureus or Pisum
sativum were homogenized in 10 volumes of buffer in a
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VirTis homogenizer and centrifuged at 27,000g for 20 min.
The supernatant fluid, which contained less than 2% of the
total ChE activity, was discarded and the pellet was re-
suspended in the medium to be tested using approximately the
equivalent of 5 ml/g fresh weight. The suspension was vigor-
ously stirred for 1 hr and centrifuged at 27,000g for 20 min.
The pellet was suspended in buffer (using the equivalent of 5
ml/g fresh weight) and both the suspension and supernatant
fluid were dialyzed against buffer overnight.

Cytochemical Studies. The root systems from 12-day-old
seedlings of P. aureus were fixed for 1 hr in 2% (v/v)
glutaraldehyde in 0.1 M K phosphate, pH 7.0, at 4 C. They
were then rinsed for 1 hr with several changes of 0.1 M K
acetate, pH 6.0, or in the acetate buffer containing 0.5 mm
neostigmine bromide. Following the rinse period the roots were
placed in Karnovsky-Roots cytochemical medium (21) pre-
pared in the acetate buffer and using acetylthiocholine chloride
as substrate. Following an appropriate period of incubation at
room temperature, the roots were rinsed for 1 hr with several
changes of distilled water. Four separate controls were used:
(a) the incubation in the Karnovsky-Roots medium was
omitted; (b) neostigmine bromide was added to the medium to
a final concentration of 0.5 mM; (c) the substrate was omitted
from the medium; or (d) the root systems, following fixation
and rinsing, were suspended over a boiling water bath for 30
min.

Two alternative method were employed to prepare the roots
for examination. Roots which were to be examined with the
light microscope were dehydrated through an ethanol series and
finally placed in glycerol. Roots which were to be examined by
electron microscopy were post fixed with osmium tetroxide
following the water wash. They were then dehydrated with
ethanol, washed with propylene oxide, and embedded in
Araldite-Epon. Silver and gold sections were cut using glass
knives in a Reichert OM U2 ultramicrotome and were ex-
amined with a Siemens Elmiskop I electron microscope.

RESULTS

Cholinesterase Activity in Plant Organs. ChE is present in
all of the organs of P. aureus that were examined from both
light- and dark-grown plants (Table I). The values in this
table represent extracted and purified enzyme activity and
therefore are only a portion of the total enzyme activity initially
present in the tissues. We have also identified ChE activity in
callus tissue, root cell suspension cultures, and root nodules,
all derived from Glycine max.

Cell Fractionation. The data from the differential centri-
fugation and sucrose density gradient centrifugation fractiona-
tions (Tables II and III) indicate that from 90 to 95% of the
total ChE activity is present in the plant residue material
trapped on the nylon net. ChE activity in the filtrate is asso-
ciated with particulate matter and is heterodisperse, with ChE
present in all the pellets and absent from the 100,000g super-

Table 1. Cholinesterase Activity Extracted from
Plant Parts of Phaseolus aureus

Extractable Cholinesterase Activity

Plant Part |
| Dark-grown Light-grown
!
1 nmoles/min-g fresh wt
Bud | 0.4
Leaves ! 1.5 1.1
Hypocotyls or stems ! 0.06 0.7
Roots ‘ 1.6 ' 2.2
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Table II. Distribution of Cholinesterase Activity in
Subcellular Fractions Prepared by
Differential Centrifugation

Cholinesterase Activity
Fraction
Control Tiea X300 | &Biie8,
%

Residue 94.3 + 2.3t ! 96.6 92.4
Filtrate

1,000g Pellet 1.6 £ 0.5 0.9 0.4

10,000¢ Pellet 1.0 04 1.1 0.1

100,000g Pellet 3.1 £ 09 0.4 0.2

Supernatant fluid 0 0.9 6.8
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Table I11. Distribution of Cholinesterase Activity in Subcellular
Fractions Prepared by Sucrose Discontinuous
Density Gradient Centrifugation

Cholinesterase Activity
Fraction
ot | 2B | GO,
%

Residue 91.9 = 3.4 88.6 86.5
Filtrate

Supernatant fluid 0.9 &+ 0.2 2.4 10.8

M fraction 23+1.0 3.0 2.5

Pellet 49 £ 1.3 6.0 0.2

1sp

Table 1V. Solubilization of Cholinesterase from
Phaseolus aureus Roots by Media

Cholinesterase
Activity
Solubilized

Medium

(1) 0.01 M K phosphate, pH 7.0 0.8
(2) 0.59% (v/v) Triton X-100 in No. 1 5.9
(3) 0.29% (w/v) Na deoxycholate in No. 1 3.1
(4) 0.1 M EDTA in No. 1 7.5
(5) 0.2 M K borate, pH 8.5 6.2
(6) 0.2 M CaCl, 2.2
(7) 0.6 M choline chloride in No. 1 4.6
(8) 0.6 M KCl in No. 1

9) 4% (w/v) (NH,):SO, in No. 1

natant fluid (Table II). When Triton X-100 or (NH,).SO, is
added to the filtrate, the distribution of ChE activity among
the four fractions is altered, particularly in the latter case.
There is a loss of activity from the three pellets and an in-
crease in the ChE activity in the supernatant fluid. Approxi-
mately 60% of the ChE activity in the filtrate passes through
2 M sucrose (Table III). Lesser amounts are found in the
supernatant fluid and in the interface fraction. (NH.).SO, (4%
[w/v]) in the filtrate and sucrose step causes large changes in the
distribution of ChE activity among the three fractions, but
0.5% (v/v) Triton X-100 does not effect such changes. The
most striking change is the removal of nearly all ChE activity
from the pellet and the activity’s appearance in the super-
natant fluid. When the solubility properties of the ChE in the
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interface fraction were examined we found no ChE was
solubilized in the control or Triton X-100 treatments; however
4% (w/v) (NH,).SO, solubilized nearly half the ChE and
0.2% (w/v) deoxycholate solubilized approximately 20% .

Solubilization Studies. Various media were tested for their
ability to solubilize ChE activity from root tissue of 12-day-old
P. aureus seedlings (Table IV). Of the nine media tested only
0.6 M KCI and 4% (w/v) (NH,).SO, solubilized a substantial
portion of ChE. We observed no loss of ChE activity during
any of these treatments.

In a second experiment, particulate material prepared from
P. aureus seedlings of different ages was extracted with 4%
(w/v) (NH,).SO, in buffer. On a fresh weight basis, the total
ChE activity doubles from day 6 to day 18 (Table V). However,
the fraction of ChE activity which can be solubilized with 4%
(w/v) (NH,).SO, decreases from 50% in 6-day-old roots to
about 20% in 18-day-old roots. Thus the increase in total
activity is due to an increase in the insoluble fraction of ChE.

In a third study, several tissues from 12-day-old seedlings of
P. aureus and P. sativum were examined for total and soluble
ChE (Table VI). On a fresh weight basis, the roots have the
highest amount of ChE, and both the total and the soluble
ChE vary with the tissue. Two internodes from light-grown
pea stems were examined: No. 3 internode, an internode which
had ceased elongating; and No. 5 internode, an internode
which was still elongating. The total ChE activity as well as
the fraction of the activity soluble in 4% (w/v) (NH,).SO, in
the third internode is about equal to that in the fifth internode.

Cholinesterase Assays of Intact Roots. ChE activity can be
detected at the surface of the roots of P. aureus (Fig. 1). The
Aus of the assay medium begins to increase immediately after
the addition of the substrate. Furthermore, the addition of
neostigmine to the medium results in complete inhibition of
the ChE activity within 4 min. The rate of substrate hydrolysis
observed in the presence of 25 uM neostigmine bromide is
equal to the rate of nonenzymatic hydrolysis at pH 8.0.

Table V. Total and (NH,):SO.-Soluble Cholinesterase
Activity in Roots from Phaseolus aureus of
Different Ages

Age of Plants Total I Insoluble Insoluble
- days _ nmoles/min-g fresh wt %
6 34.7 17.1 49.3
8 32.5 15.7 48.3
10 40.4 28.1 69.5
12 42.5 29.8 70.2
14 69.2 48.4 70.0
16 68.2 50.2 73.6
18 69.7 54.3 77.9

Table VI. Total and (NH,):SO,-Soluble Cholinesterase
Activity from Various Organs

Plant Part Total Activity Soluble Activity
nmoles/min-g fresh wt % of total
Buds? 17.1 40.4
Leaves! 5.35 37.4
Hypocotyl! 2.00 56.8
Roots? 42.5 29.8
Internode No. 32 6.55 73.1
Internode No. 52 6.60 67.6

1 12-day-old light-grown Phaseolus aureus.
2 12-day-old light-grown Pisum sativum.
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Fi1G. 1. ChE activity assayed with intact roots. A root system
from a 7-day-old dark-grown P. aureus seedling was placed in the
assay medium and preincubated at 37 C for 5 min. At T = 0 acetyl-
thiocholine was added and at T = 4 min neostigmine bromide was
added to a final concentration of 25 uM.

Cytochemical Studies. The final reaction product of the
cytochemical reaction is copper ferrocyanide, a reddish brown,
electron-dense precipitate. Thus the same preparations can be
used for both light and electron microscopic studies. When the
roots are incubated in the Karnovsky-Roots medium a visible
reddening of the roots occurs. When control preparations are
compared to the experimental preparation a difference in in-
tensity of red color is apparent after a 30 min incubation
period at room temperature; and the difference becomes more
pronounced during incubation periods of 2 to 3 hr. The dif-
ference is apparent to the unaided eye throughout the length
of the root system and this observation was verified with the
use of a microspectrophotometer (data not shown).

Roots which were processed for electron microscopic ob-
servations were incubated for 40 min or less. If longer incuba-
tion periods were used there was a high density of back-
ground reaction product present, most likely a result of the
autohydrolysis of acetylthiocholine.

We have examined two regions of the roots of P. aureus.
Most observations have been of sections made from approxi-
mately 500 pm behind the tip where there are still one or two
layers of root cap cells present (Fig. 2A). Other sections have
been prepared from a region behind the root cap where the
epidermal cells have begun to vacuolate. Even after the short
incubation periods employed, there is considerable back-
ground reaction product present. This background material
is particularly ewadent in root cap cell cytoplasm and in the
cell walls between adjacent root cap cells (Fig. 2B). Occasion-
ally the electron-dense material can be seen over the cytoplasm
of other cells (Fig. 2E), but it is neither consistent from one
cell to another nor associated with any cytoplasmic organelle
in particular. The only sites where we have consistently ob-

LOCALIZATION OF CHOLINESTERASE

755

served reaction product in the experimental materials and
not in the control treatments is in the cell walls between pre-
epidermal, epidermal, and cortical cells (Fig. 2, E-H). In these
walls, the reaction product can be seen immediately adjacent
to the plasma membrane (Fig. 2, E and H) and also in the in-
terior of the cell wall (Fig. 2, E, F, and H). In cells in which
the protoplast has pulled away from the cell wall, the reaction

product can be seen to remain alongside the cell wall (Fig.
2G).

DISCUSSION

Two components of acetylcholine metabolism have been
identified in Phaseolus aureus: ACh (18, 19) and a cholin-
esterase (31, 32). Both molecules have been shown to be
present in all the organs of both light- and dark-grown plants,
and both are found in highest amounts in the roots and in the
aerial buds (18, 19, 31, 32). These components are not present
in equal amounts, on a fresh weight basis, in all the plant
organs examined and the functional significance of these dif-
ferences is not understood at this time.

The primary finding of the work reported here is the locali-
zation of ChE in the cell wall. First, the cell fractionation
studies indicate that at least 95% of the ChE in roots is
associated with cell walls. From 90 to 95% of the ChE remains
with the plant residue material on the nylon net and over half
of the ChE in the filtrate can sediment through 2 M sucrose, a
property which indicates that the enzyme is probably asso-
ciated with cell wall material (23). The solubility properties
of the enzyme also point to an association between ChE and
cell walls. Triton X-100 (4, 7, 8, 15, 16, 26, 27) and sodium
deoxycholate (4, 7, 8), agents which are often used to solubilize
membrane-associated proteins, solubilize relatively little ChE
in our preparations (Table IV). Furthermore, 0.5% (v/v)
Triton X-100 was relatively ineffective in solubilizing ChE
from the various subcellular fractions prepared from P. aureus
(Tables II and III). However, salt solutions which are often
used to elute enzymes from cell walls (24) solubilize up to 50%
of the ChE in our preparations (Table V). Ammonium
sulfate (4%, w/v) also solubilized a substantial portion of the
ChE from the subcellular fractions (Tables II and III). How-
ever, it should be noted that reagents such as 0.1 M EDTA (10)
and 0.2 M CaCl, (5), which have been used by others to solu-
bilize protein components from cell walls, were relatively in-
effective in solubilizing ChE. The results of the assays with in-
tact roots also indicate that ChE is present at the cell surface
(2, 3, 25).

In spite of these data supporting an association between
ChE and the cell wall, there are many reports in the litera-
ture documenting the spurious binding of solubilized enzymes
to cell walls. For example, Jansen et al. (20) have shown that
large amounts of exogenous pectin esterase, pepsin, peroxidase,
and a-chymotrypsin will bind to washed cell wall preparations
from Avena coleoptiles. Hawker (14), in a study of invertase
activity in grapes, suggested that tannins may be important in
the formation of artifactual protein-cell wall associations, but
he was able to solubilize invertase with borate or Triton X-100.
Arnold (1) has reported the solubilization of a B-fructofurano-
sidase from grape berries with 0.2 M borate, pH 8.5. In our
system, 0.2 M borate, pH 8.5, solubilized relatively little ChE.
Some authors (12, 23, 27, 29) have suggested that some of the
enzymes associated with cell wall preparations are constitu-
ents of plasma membrane fragments adhering to the walls and
to membranes in plasmadesmata. However, in the case of
monovalent ion-stimulated ATPase, an enzyme which has
been demonstrated to be present in purified plasma membrane
preparations (17), the amount of the enzyme which is found
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FiG. 2. Cytochemical localization of ChE in P. aureus roots. The roots from which these micrographs were made were incubated in the cy-
tochemical medium for 40 min at room temperature. A-D: control treatments. A: phase-contrast micrograph showing the general region of the
root on which most of our observations were made. Arrows indicate cell walls in which we have identified ChE activity; bar = 20um. B: minus
substrate control. Grains are present in the root cap cell cytoplasm (rc) but nearly absent from the cell walls; bar = 0.5um. C: heat-inactivated
control. Electron dense material is scattered throughout the cytoplasm of these two pre-epidermal cells but there is little or no reaction product
in the cell walls; bar = 0.5um. D: plus neostigmine control. A few scattered electron-dense grains can be seen in cell wall between these two
epidermal cells; bar = 0.5um. E-H: experimental treatment. E: portions of two pre-epidermal cells are shown here. The reaction product can
be seen at the interface of the plasma membrane and the cell wall (arrow) and in the interior of the wall (double arrows). A few scattered grains
can be seen in the cytoplasm; bar = 0.9um. F: portions of two epidermal cells showing the reaction product in the cell wall interior (double
arrows) and at the interface of the cell wall and the plasma membrane (arrow); bar 0.9um. G: in cells in which the plasma membrane has pulled
away from the cell wall the reaction product is found with the cell wall; bar = 0.9um. H: Portions of two pre-epidermal cells (PE) and one cor-
tical cell (CO) can be seen. The reaction product here is seen primarily at the interface of the plasma membrane and cell wall (arrows) but some
is present in the interior portion of the wall also (double arrow); bar = 0.9um.

in the wall fraction is considerably less than we report here identified ChE activity in radial and tangential cell walls be-
(11). tween pre-epidermal, epidermal, and cortical cells. The en-

The cytochemical evidence presented here gives independent zyme appears to be present in the interface between the proto-
verification of the cell wall localization of ChE. We have plast and the cell wall, and also in the interior of the wall. We
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have neither observed a polarization of the activity nor have we
observed an association between ChE and plasmadesmata. It
is possible that ChE is a part of the plasma membrane and that
the reaction product of the cytochemical reaction diffuses into
the cell wall where it forms the accumulations observed in the
micrographs. However, Hall (12), in a report of a cytochem-
ical study of ATPase activity in maize roots, presented micro-
graphs showing restriction of the final reaction product to the
interface between the protoplast and the cell wall and over
plasmadesmata. Since we do not see this kind of picture, we
conclude that the reaction product present in the interior of
the cell wall represents sites of ChE activity in that region of
the wall. The histochemical studies are not exhaustive because
we have examined only a relatively small portion of the cells
present in the root. However, we have never observed ChE

activity in the cytoplasm of any of the cells which we have ex-
amined, and there is no evidence from the cell fractionation
studies to indicate that a large proportion of the enzyme is as-
sociated with cytoplasmic organelles. We conclude that ChE
is a native constituent of the cell wall in the cells that were ex-
amined.

However, a small amount of ChE appears to be associated
with cytoplasmic organelles. For example, from 2 to 3% of the
total ChE in the roots is found in the interface fraction, which
probably contains mitochondria, tonoplast membranes, plasma
membranes, disrupted Golgi bodies, and microsomal material.
The ChE activity in this fraction may be a native constituent
of some of these membranes or it may be present as an arti-
fact. This activity could also represent nascent wall material
present in cytoplasmic vesicles. At least two possible explana-
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tions can be given to account for the absence of any cyto-
chemical evidence for intracellular ChE. First, the components
of the cytochemical medium may not penetrate the plasma
membrane. However, we have observed electron-dense reac-
tion product material in the cytoplasm of cells in both control
and experimental treatments. The reaction product does not
appear to be associated with any subcellular organelle in par-
ticular. Second, we may speculate that ChE is found intracel-
lulary in large amounts only in immature cells which have not
yet been examined cytochemically. We cannot distinguish be-
tween these possibilities with the information we have now but
this question is under investigation.

The wall-associated ChE appears to be present in two forms
—one readily solubilized by 4% (w/v) (NH,).SO, and another
which is insoluble under these same conditions. This phenome-
non has been observed with at least five other cell wall-asso-
ciated enzymes (6, 13, 22, 28, 30), and in one case has been
suggested to be due to the presence of noncovalently and co-
valently bound populations of the enzyme (30). We have no
evidence to indicate a covalent attachment between ChE and
components of the cell wall. Riov and Jaffe (32) reported that
the ChE could be extracted from P. aureus roots in two dif-
ferent molecular weight forms—one with an estimated mol wt
of 80,000, and another with a mol wt greater than 2,000,000.
We do not know if there is any relationship between these two
molecular forms and the two populations which differ in their
solubility in 4% (w/v) (NH,).SO..

Finally, the information we have reported here may be use-
ful in answering questions of the function of these molecules
in plants. The information we now have regarding the distri-
bution of ACh and ChE activity throughout the plant indicates
that any hypothesis of the action of ACh in plants must take
this into account. The cell wall localization of ChE may indi-
cate one of several functions. The enzyme may be part of a
rapid intercellular communication system between cells. How-
ever, such a system seems superfluous in the presence of plas-
madesmata. The hypothesis proposed by Jaffe (19) and subse-
quently supported by more recent data (31) is that ACh is a
native metabolic regulator in P. aureus. Our data regarding the
cell wall localization of ChE are not inconsistent with this hy-
pothesis. However, more information is needed to confirm this
hypothesis.
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