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Abstract

A fraction enriched in plasma membrane was prepared from plant stems by low

shear homogenization and differential and sucrose density gradient centrifugation. The

plasma membrane fragments were identified by electron microscopy after differential stain-

ing with a mixture of phosphotungstic acid and chromic acid which specifically and

characteristically stained the plant cell plasma membrane. Chemical and enzymatic analyses

comparing plasma membrane-rich cell fractions from rat liver and onion stems showed

the characteristics of the surface membrane of the plant to be different from that of its

mammalian counterpart. Whereas rat liver plasma membranes were characterized by high

levels of the enzymes 5'-nucleotidase and Mg++ adenosine triphosphatase and a lipid

content high in sphingomyelin, these plasma membrane markers for the rat could not be

demonstrated in the plant preparations.

The physiological response of any plant or animal tissue to an

external stimulus involves the transmission of the stimulus across the

barrier between the cell's interior and its external milieu. This barrier is

the plasma membrane (or plasmalemma) plus any surface coat such as

the plant cell wall. Three principal functions are usually attributed to

plasma membranes: transport (both uptake and secretion); synthesis

and/or assembly of surface coats; and transfer of information between

the external environment and the cell's interior. Examples of such

processes include uptake of ions, metabolites and growth regulators (8);

secretion of enzymes (15); cell wall synthesis and assembly (23, 31); and

the hormonal control of plant growth through altered cell wall mechani-

cal properties (6, 16, 18).

Studies of the role of the plasma membrane in influencing plant

processes have been largely limited to indirect methods of analysis of

whole cells and tissues (4, 10). In general, this appears due to the limita-

tions set by the lack of cell free systems suitable for the analysis of such

a complex and delicate structure.

Cell membranes have been isolated from mammalian cells (2, 7,

22) but not from plant cells. Progress has been hampered by two factors:

(1) the inability to recognize isolated plasma membrane fragments in

cell homogenates; and (2) the lack of techniques that rupture the rigid

plant cell walls without destroying the fragile plasma membrane.

This report summarizes results of a study directed toward the

isolation, identification, purification and characterization of a plasma

membrane-rich cell fraction from plant stems.

1 Portions of these studies were conducted at the Institute de Biologie Moleculaire de la

Faculte des Sciences de Paris in the laboratory of Prof. E. L. Benedetti during a sabbatical

leave of absence from Purdue University by the senior author. We thank Drs. T. W.

Keenan and L. Marcel Merlin for use of unpublished information. Supported in part by a

grant from the NSF GB 7078 and a contract with the U. S. Army Biological Laboratories,

Frederick, Maryland. Purdue University AES Journal Paper No. 3909.
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Materials and Methods

Biological material. Green onions (Allium cepa) were purchased

locally and used on the day of purchase or stored at 4°C. Stem explants

were harvested by cutting roots and lignified stem regions from the

onion base. A cone of tissue 0.5 to 1 cm diam at the base and 0.5 to 1 cm

high was then removed from the central portion of the onion bulb using

a scalpel fitted with a narrow blade. Included in the explant were stem,

meristematic region and leaf bases. Scale leaves and the green (top)

portions of the onion were discarded.

Livers were obtained from male rats (200 to 250 g) of the Wistar or

Holtzman strains fed Purina Laboratory Chow or fasted 24 hr prior to

sacrifice.

Preparation of cell fractions. Approximately 5 g of stem explants

from 30 to 50 onions were collected and weighed. Homogenates were pre-

pared using a Polytron 20ST homogenizer (Kinematica, Incerne, Switzer-

land) operated at slowest speed for about 60 sec (19) or a loose fitting,

all-glass homogenizer of the Potter Elvehjem type. The homogenates were

then squeezed through a single layer of miracloth (Chicoppe Mills,

New York) to remove cell walls and tissue fragments and to break addi-

tional cells. Centrifugations were for 30 min using the SW-39 L rotor

for the Spinco Model L ultracentrifuge operated at 4°C.

A nuclei fraction, containing occasional wall fragments, proplastids

and mitochondria was obtained by low speed centrifugation (3,000 rpm

for 10 min). A fraction enriched in proplastids was obtained at 5,000 rpm

and a fraction enriched in mitochondria at 10,000 rpm. The fraction sedi-

menting between 10- and 20,000 rpm contained dictyosomes of the Golgi

apparatus and a variety of smooth membrane vesicles suspected of being

a mixture of plasma membrane and tonoplast (vacuole membrane) frag-

ments. Everything sedimenting between 20- 30,000 rpm was included in

the microsome fraction and consisted largely of fragments of rough

endoplasmic reticulum. The 30,000 rpm supernatant is referred to as the

soluble fraction of the cytoplasm.

The following homogenization media were employed:

(1) 0.5 m sucrose containing 10 mM sodium phosphate, pH 6.8 and

1% (w/v) dextran (Sigma average mol. wt. 225,000) (20);

(2) 0.5 M sucrose containing 37.5 mM Tris-maleate, pH 6.5; 1%
dextran and 5 mM MgCL (19);

(3) Medium II minus MgCl 2 (for estimation of phosphatide acid

phosphatase which was inhibited by Mg+ +
)

;

(4) 1 mM sodium bicarbonate (22).

Media (1), (2) and (3) gave smiliar results with plant preparations.

Medium (4) was used in the rat liver preparations.

Further fractionation of the 10- to 20,000 rpm fraction from plant

stems was obtained by centrifugation in a layered sucrose gradient yield-
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ing 5 bands (21). The uppermost band contained lipid droplets and was

discarded. The lowest bands contained mitochondria and endoplasmic

reticulum. The intermediate bands yielded dictyosomes and smooth mem-

branes free of dictyosomes.

Plasma membrane fractions from rat liver were obtained by a modi-

fication (7) of Neville's procedure (22). Golgi apparatus, endoplasmic

reticulum and other cell fractions from rat liver were obtained as

described previously (3, 14, 19).

Chemical assays. Protein was determined by the Lowry procedure

(13) or by the biuret method. Inorganic phosphorus was determined by

the method of Fiske and Subbarow (9). Polar lipids were separated by two

dimensional thin layer chromatography (12) and analyzed for phosphorus

by the procedure of Rouser et al. (27) as modified by Parsons and

Patton (24). Identity of the separated lipids was established by co-

chromatography with authentic reference compounds (Applied Science

Laboratories, State College, Penn.). Total sterols were measured by the

method of Jorgenson and Dam (11).

Morphological assays (electron microscopy). Portions of isolated pel-

lets were fixed in 67r buffered glutaraldehyde (0.1 M potassium phos-

phate, pH 7.2) for 18 to 20 hr with or without post fixation for 1 to 24 hr

in V/( osmium tetroxide (in 0.1 M sodium phosphate, pH 7.2). Specimens

were dehydrated through an acetone series; embedded in vestopal and

sections were stained by one of the following procedures:

(1) (with osmium post fixation)—Sections were stained with

aqueous uranyl acetate and/or lead citrate (25).

(2) (with osmium post fixation)—Sections were treated with 1%

periodic acid for 30 min followed by 5 washes of 10 min each with dis-

tilled water. The sections were then treated with a mixture of 1% phos-

photungstic acid plus 10% chromic acid in water (pH less than 1) for

2 to 5 min (PTA-CA procedure) (2). Finally, the sections were washed

to remove excess stain and mounted on copper grids.

(3) (no osmium)—Sections were treated directly with the mixture

of 1% phosphotungstic acid plus 10% chromic acid in water for 2 to 5

min; washed free of excess stain and mounted on copper grids (26).

Enzyme assays. Enzyme assays used 0.1 to 0.8 mg protein in a final

volume of 1 to 3 ml. The following enzymatic activities were determined

according to the procedures referenced: 5'-nucleotidase (7); Mg++-

ATPase (7); Na + -K + -Mg+ +-ATPase (7); phosphatide acid phospha-

tase (28); and invertase (5). Assays were carried out at the pH optima

for the total particulate fraction determined separately for liver and for

cnions (see Fig. 5, for example) and at near optimum temperatures

for each system (37°C for liver and 25°C for onions).

Results

When onion stem homogenates were fractionated, the fraction sedi-

menting between 20- and 30,000 rpm contained smooth (ribosome-free)

membrane vesicles of various sizes, many of which were suspected of
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Figure 1. Electron micrograph of an isolated cell fraction containing numerous smooth

(ribosomc-frce) vesicles of onion stem. Obtained by centrifugation between 20- and 30,000

rpm and fixed for 18 hours in 6</<< buffered glut araldehyde with post fixation for 24 hours

in l''/o osmium tetroxide. Section stained with lead citrate and uranyl acetate (Method 1).

Isolation Medium 3. X 32,600.

Figure 2. As in Figure 1 except section staining Method 2 using phosphotungstic acid

plus chromic acid which differentiates the darkly staining plasma membrane vesicles (PM)

from other smooth vesicles (V) presumed to represent tonoplast fragments. X 32,600.
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Figure 3. Onion stem tissue fixed in 6% glutaraldehyde for 20 hours and section stained

using Method 3. This electron micrograph shows that in the whole cell, the plasma mem-

brane (PM) is the only cell component staining with the phosphotungstic acid-chromic

acid mixture except for cell wall which occasionally stains (CW). Nuclei (N), tonoplast

(T) and mitochondria (M) are unstained. X 6,400.

being- derived from plasma membrane (Fig. 1). Dictyosomes and mito-

chondria were also present. However, using ordinary lead and uranyl

ion-based staining methods (Method 1), vesicles tended to look alike; for

example, those derived from plasma membrane could not be distinguished

from those derived from the vacuolar membrane (tonoplast).

To identify plasma membrane-derived vesicles, it was necessary to

use a staining procedure specific for plasma membrane. The PTA-chromic

acid procedure of Roland (26) was adapted for use with isolated cell

fractions (Fig. 2). When applied to whole plant cells, the plasma mem-

brane appeared as a dense, darkly-stained line (Fig. 3). The only other

cell component staining with the phosphotungstate-chromic acid procedure

(Method 2 or Method 3) was the cell wall. Nuclear membranes, mitochon-

dria, proplastids, Golgi apparatus, endoplasmic reticulum and tonoplast

did not stain.
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Figure 4. Plasma membrane fragment (PM) at higher magnification showing dark-light-

dark trilamellar pattern of the membrane. Isolated dictyosome of the Golgi apparatus

(GA) showyi for comparison is imstained. Conditions as in Figure 1. X 100,000.

A similar range of specificity was encountered with the isolated cell

fractions. Using- staining methods (2) or (3), it was easy to recognize

which of the fragments of the pellets were plasma membrane-derived

(Fig. 2). Figures 1 and 2 were obtained from sections of the same tissue

block. At higher magnifications (Fig. 4), the stained membranes retained

the dark-light-dark trilamellar staining pattern characteristic of the

plasma membrane when fixed in situ and stained by conventional methods.

No differences in staining quality could be detected among the cell frac-

tions isolated in each of the three homogenization media used for onion

stem.

We estimate our plant fraction to be no more than 50% plasma

membrane-derived, but a comparison of some of the properties of the

crude preparations with purified plasma membrane fractions from rat

liver shows them to be different (Table 1). A striking difference con-

cerns the presence of the so-called marker enzymes for plasma mem-

brane from mammalian sources. These include 5'-nucleotidase, Mg++-
adenosine triphosphatase and the Na + -K + -stimulated Mg+ + -adenosine

triphosphatase (2) which are concentrated in rat liver plasma membrane

but appear to be absent from the corresponding plant fraction. The results

are exemplified by studies of 5'-nucleotidase using AMP as substrate.

When examined at pH 7.0, a near optimum pH for the rat liver enzyme,
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total homogenate of onion stem had a specific activity of 0.06/umoles

inorganic phosphorous/hr/mg protein as compared with 1 to 2

^moles/hr/mg protein for rat liver homogenates. In contrast, the plant

enzymes exhibited a pH optimum at about pH 5.5 with a maximum spe-
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Figure 5. Distribution of phosphatidic acid phosphatase among cell fractions of onion

stem and rat liver:

A. pH relationship of total homogenate and particulate fraction of onion stem.

B. pH relationship of total homogenate and particulate fraction of rat liver.

C. Distribution of activity among cell fractions of onion stem.

D. Distribution of activity among cell fractions of rat liver.

(Key to labeling: TH = total homogenate. N = nuclei-; PP .-_ proplastid-; M — mito-

chondria-; PM = plasma membrane-; ER = endoplasmic reticulum (microsomes)-; and

GA — Golgi apparatus-rich cell fractions. S = soluble fraction of the cytoplasm.)
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cific activity at that pH of 0.16 /-orioles/hr/mg protein. With both the

5'-nucleotidase and the adenosine triphosphatase, 93'/- of the activity

was in the soluble fraction. The remaining !'/< of the combined particu-

late fractions was removed by washing and no activity was detected in

purified plasma membrane fractions.

Phosphatidic acid phosphatase is a fourth enzyme associated with

the rat liver plasma membrane (17). This enzyme showed a distribution

in the plant similar to that of the 5'-nucleotidase with more than 90%

of the activity being soluble, but the particulate fraction was active

(Fig. 5A). In contrast, the rat liver phosphatidic acid phosphatase

activity was largely particulate (Fig. 5B). The rat liver enzyme showed

a single pH optimum at pH 6.25, whereas the plant preparations showed

three optima: in the vicinity of pH 5.5; pH 6.0 to 6.25 and pH 8.0 to

8.5. The phosphatidic acid phosphatase activity at pH 6.25 for the plant

was more or less equally distributed among the various cell fractions

and not concentrated in the plasma membrane fraction as in rat liver

(compare Figs. 5C and 5D).

Invertase is one enzyme associated with the cell surface of plant

cells (30). Specific activities of various fractions in rmxmoles reducing

sugar/hr/mg protein were: 0-10,000 rpm fraction = 1.8; 10 to 20,000

rpm fraction (plasma membrane rich) = 0.4; and 20 to 30,000 rpm

fraction (microsomes) = 0.

The purity of the fractions precluded a complete phospholipid analy-

sis, but sphingomyelin, a major constituent of the rat liver plasma mem-

brane, was absent from the plant fraction (Table 1). Both fractions

were sterol rich although the predominant sterols of plants (stigmasterol

and /^-sitosterol) are different from those of rat liver (largely choles-

terol).

Discussion

Junctional complexes, hexagonal subunit patterns, 100 A knobs and

sialioproteins, all reliable markers for the animal plasma membrane (1,

2, 14), were absent from the plant cell surface. Thus, the first problem

was to devise a way to recognize plasma membrane in an isolated cell

fraction in the absence of positional relationships to other cell com-

ponents.

By treating glutaraldehyde-fixed pellets with or without osmium post

fixation with a mixture of phosphotungstic acid and chromic acid (PTA-

CA procedure), the plant plasma membrane stained specifically and

characteristically (26). This staining pattern appears to be applicable

to plasma membranes from plants other than onion (26).

Certain enzymes that have proven to be reliable markers for the

animal cell membrane appear to be absent from the plant cell surface.

Histochemical studies have revealed that certain nucleoside mono-, di-

and triphosphatases may be present in the plasma membrane of some

plants (29), but even when present they vary from cell to cell type and
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Table 1. Comparison of the properties of plasma membrane-rich cell

fractions isolated from plant and mammalian sources.

Constituent

Specific Activity or Amount

Rat Liver Onion Stem

5'-Nucleotidase

Mg++ -adenosine

triphosphatase

Mg + +-Na + -K + -adenosine

triphosphatase

Phosphatidic acid

phosphatase

Sphingomyelin

Sialic acid

Sterols

Buoyant density

50 /xmoles/hr/mg

protein

45 ^moles/hr/mg

protein

10 /umoles/hr/mg

protein

1 //mole/hr/mg

protein

18% of total lipid

phosphorous

32 mum/mg protein

5-6% of dry weight

1.16-1.18

not detected

not detected

not detected

0.1 /xmoles/hr/mg

protein

not detected

not detected

present

est. 1.4*

*Determined for membranes stabilized by the addition of 50 mM glu-

taraldehyde to the initial homogenization medium.

are often difficult to demonstrate. We found low levels of AMP hydro-

lyzing activity in the soluble fraction with a pH optimum in the acid

range. They probably represent unspecific acid hydrolases. A specific

membrane-associated 5'-nucleotidase was not demonstrated. With rat

liver plasma membrane, Widnell (32) showed that 5'-nucleotidase is a

lipoprotein specifically complexed with sphingomyelin. When the sphingo-

myelin is removed, enzyme activity is lost. It is of interest that the

plant plasma membrane fractions contain neither sphingomyelin nor

5'-nucleotidase.

With phosphatidic acid, the substrate is not only hydrolyzed by

the acid hydrolases of the soluble fraction from onion stem but also by

an activity of the particulate fraction. This activity has a pH optimum

in the range 6.0 to 6.25, similar to that for rat liver. A small fraction

of this activity appears to be associated with the plasma membrane-

rich fraction, but is present in all cell fractions and cannot be used as

a marker enzyme as it is with rat liver.

Our results support the contention of Emmelot and Benedetti (2)

that the plasma membrane is a highly differentiated membrane system

with its characteristics and composition varying according to species,

cell type and perhaps even the metabolic state of the cell. Our com-

parisons of rat liver vs. onion stem show the plasma membranes to be

different in many ways and that species differences are reflected in the

characteristics of the surface membrane.
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