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Lectins as Membrane Components of Mitochondria from Ricinus communis
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1. Mitochondria were Isolated from developing endosperm of Ricinus communis and were
fractionated into outer membrane and Inner membrane. The relative purity of the two
membrane fractions was determined by marker enzymes. The fractions were also ex-
anilned by negative-stain electron microscopy. 2. Membrane fractions were sequentially
extracted in the following way. (a) Suspension in 0.5m-potassium phosphate, pH7.1;
(b) suspension in 0.1M-EDTA (disodium salt)/0.OSM-potassium phosphate, pH7.1;
(c) sonication in 0.05M-potassium phosphate, pH7.1; (d) sonication in aq. Triton X-100
(0.1 %). The membranes were pelleted by centrifugation at lOOOOOg for 15min, between
each step. Agglutination activity in the extracts was Investigated by using trypsin-treated
rabbit erythrocytes. 3. The addition of lactose to inner mitochondrial membrane resulted
in the solubilization of part of the lectin activity, indicating that the protein was attached
to the membrane via its carbohydrate-binding site. Pretreatment of the membranes
with lactose before the usual extraction procedure showed that lactose could extract
lectins that normally required more harsh treatment of the membrane for solubilization.
4. Lectins extracted from inner membranes were purified by affinity chromatography
on agarose gel. Polyacrylamide-gel electrophoresis of purified samples in sodium
dodecyl sulphate indicated that at least part of the lectin present in inner mitochondrial
membrane was identical with the R. communis agglutinin of mol.wt. 120000.

For many years it has been recognized that proteins
and glycoproteins capable ofbinding to specificcarbo-
hydrate residues can be extracted from seeds ofmany
different plants (Sharon & Lis, 1972; Lis & Sharon,
1973). The carbohydrate-binding ability of seed lec-
tins has been extensively utilized in studies of the
structure and topography of surface membranes of
animal cells, both during normal growth conditions
and in the transformed state (Hakomori, 1975;
Nicolson, 1976).

In contrast with the increased knowledge of mem-
brane structure brought about by the utilization of
lectins as an investigative tool, the role of carbohyd-
rate-binding proteins in plants has remained a largely
unresolved mystery. Bowles & Kauss (1975) showed
that carbohydrate-binding proteins could be extracted
from cellular membranes (dictyosomes, endoplasmic
reticulum, plasma membrane and mitochondria) of
plant tissue. The plant intracellular-membrane sys-
tem has been shown to be involved in the synthesis and
transport ofsecretory material destined for incorpora-
tion into the cell wall (Bowles & Northcote, 1972,
1974; Kauss, 1974; Bowles & Kauss, 1976a). A pre-
liminary study also indicated that a mixture of pro-
teins extracted from cell walls of Phaseolus aureus
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Roxb. exhibited sugar-binding activity (Kauss &
Glaser, 1974). The possibility therefore existed that
lectins recoverable in isolated membrane fractions
only represented secretory proteins contained within
the membranes during transport to the cell surface.
In addition, it also appeared possible that soluble
lectins present in the cytosol could bind to the sugar
moieties of the glycoprotein and glycolipid compo-
nents of cellular membranes during homogenization
of the tissue.

Thus, in order to confirm our suggestion that lec-
tins are indeed membrane components, mitochond-
rial membranes have been chosen for investigation.
Such organelles can be obtained intact in a high degree
of purity, are not involved in secretory processes,
and the possibility of artificial binding of cytoplasmic
lectins to inner membranes of mitochondria during
initial grinding of the tissue is most unlikely.

Evidence is presented in this report to show that
lectins, among them R. communis agglutinin 120, a
lectin previously only extracted from seeds ofR. com-
munis, can be recovered from inner mitochondrial
membranes. Lectin can be extracted by lactose,
indicating that it is held within the membrane by its
carbohydrate-binding site. The implications of these
results are discussed in relation to the physiological
function of lectins in plants, and the use of seed lectins
in membrane research.
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Methods and Results

Isolation of structural compartments of mitochondria
Mitochondria were isolated from endosperm

(normally 66g) of 5-day-old germinating seeds of
R. communis L. by isopycnic centrifugation in a suc-
rose gradient (Schnarrenberger et al., 1971). Fractions
corresponding to inner membrane, outer membrane
and matrix were prepared by the method of
Maisterrena et al. (1974). The fractionation procedure
(Scheme 1) involved initial swelling and rupture of
the mitochondria in 10mM-potassium phosphate
buffer, pH7.4, followed by separation of inner mem-
brane, matrix and outer membranes by both differen-
tial and sucrose-gradient centrifugation. Rupture of
the inner membrane by the swelling of isolated inner
membrane and matrix in water resulted in the re-
covery of pure inner membranes and soluble matrix.

Marker enzymes were used for the determination
of purity of the membrane fractions; methods for
measurement ofenzyme activities were identical with
those used in the references cited. NADPH-cyto-
chrome c reductase was used as a marker for outer
membrane (Donaldson et al., 1972), cytochrome c
oxidase as a marker for inner membrane (Schnarren-
berger et al., 1971) and malate dehydrogenase as a
marker for the matrix (Schnarrenberger et al., 1971).
The results of the enzyme activities are shown in
Table 1. If protein contamination of the two mem-
brane fractions by both matrix and intermembrane
proteins is not taken into account, it can be calculated
that the inner membranes are contaminated by 19%
outer-membrane protein, and the outer membranes
are contaminated by 8% inner-membrane protein.
Thus cross-contamination of the two membranes is
low. Malate dehydrogenase activity is still present

Total mitochondria

Homogenized in a Potter homogenizer with a loosely fitting pestle in 10mM-potassium phosphate,
pH 7.4, OC; diluted in the same medium (I mg ofproteinlml)and left to swell for 20min
Centrifuged at 105 OOOg for 60min at 4°C in a SW 25 rotor (rav, 9.1 cm)

Supernatant
discarded

Pelli

Supernatant = outer membra

Centrifuged atlOOOOOg for 6
in 8.6%Y. (w/w) sucrose in IOn
pH 7.4, and layered on to suc
(Sml, 51.7; 20ml, 37.7; 15 ml
pH7.4. Centrifuged at 105 oa
in a SW 25 rotor (rav, 9.1 cm)

Particulate band at 8.6-25.2%
sucrose = outer membranes

lOmM-Tris/HCI, pH7.4, added until
sucrose concn. was 10% (w/w). Centrifuged
at 105OOOg for 30min at 4°C in a SW271
rotor (rav, 8.2 cm)

Supernatant = matrix

Resuspended in 8.6x (w/w) sucrose in 10 mM-Tris/HCI buffer, pH 7.4

Centrifuged at 11 5OOg for 15 min at 4°C in a SW 25 rotor (ra'v, 9.1 cm)

I
nes Pellet = inner membranes + matrix

0min, pellet resuspended Suspended in 25.2% (w/w) sucrose in lOmM-Tris/HCI buffer,
nM-Tris/HCI buffer, pH 7.4, and layered on to sucrose (/., w/w) gradients (5 ml, 61.5;
crose (%, wlw) gradients 20 ml, 51.7; 15 ml, 37.7) in I0mM-Tris/HCI, pH 7.4. Centrifuged at
1, 25.2) in IO mM-Tris/HCI, 105 OOOg for 90 min at 4°C in a SW 25 rotor (rav, 9.1 cm)
Og for 90min at 4°C

Particulate band at 37.7-51.7%
sucrose = inner membrane+ matrix

Suspended in ice-cold water and homogenized
in a Potter homogenizer with a loosely fitting
pestle. Centrifuged at 105 OOOg for 30min at 4'C
in a SW 271 rotor (rav, 8.2cm)

I
Pellet = inner membranes

Pellet = outer membranes

Scheme 1. Generalprocedurefor thepreparation ofmembranefractionsfrom mitochondria ofRicinus communis endosperm
1976
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LECIINS AS MEMBRANE COMPONENTS

Table 1. Specific activities ofmarker enzymes in fractions ofmitochondria preparedfrom Ricinus communis endosperm

Seeds of R. communis were germinated for 5 days. The endosperm was homogenized and used to prepare mitochondria by
isopycnic sucrose-gradient centrifugation. Mitochondria were then fractionated into outer and inner membranes and
matrix by differential and discontinuous sucrose-gradient centrifugation. Enzyme assays were made on 50,ul samples.

Specific activity
(nmol/min per mg of protein)

Fraction
Total mitochondria
Outer membrane
Inner membrane
Matrix

Vol. Protein Malate
(ml) (mg/ml) dehydrogenase
30 4.2
9 0.44
9 2.42
55 0.2

18700
1720
3160
8320

Cytochrome NADPH-cytochrome
c oxidase c reductase
2050
400

3960
880

1.88
9.45
1.97
6.4

in the inner-membrane fraction, indicating that
matrix proteins were not completely removed by the
fractionation procedure. However, total activity of
the enzyme was greatest in the soluble fraction. It was
found that the specific activity of malate dehydro-
genase increased linearly in outer and inner mem-
branes and in the matrix fraction with increasing
protein concentration used in the assay.

Isolated membranes were examined by negative
staining with 2% (v/v) phosphotungstic acid, neutral-
ized by NaOH to pH6.8. Outer membranes were pre-
fixed in 1% OS04 before negative staining. Samples
were placed on Formvar-coated copper grids and
viewed in a Zeiss electron microscope (Plate 1). The
characteristic 'empty-sac' appearance of the vesicles
(Plate la and lb) are typical of isolated outer mem-
branes from animal mitochondria (Maisterrena et al.,
1974), in contrast with the non-fixed preparations of
inner membrane (Plates Ic and ld). The convoluted
nature of the cristae is clearly visible, and again
agrees with negative-stained preparations of inner
membrane from mitochondria of pig heart (Mais-
terrena et al., 1974) and rat liver cells (Sottocasa et al.,
1967).

Determination ofagglutination activity in the isolated
fractions

All extraction procedures were carried out immedi-
ately on preparation of the isolated membranes, i.e.
within 8h of the initial homogenization of the endo-
sperm tissue. Pellets of inner and outer membrane
were extracted sequentially in 4ml of extractant for
10min at 0WC, as follows. (1) Suspension in 0.5M-
potassium phosphate buffer, pH7.1 (extract 1).
(2) Suspension in 0.1 M-EDTA (disodium salt)/
0.05M-potassium phosphate, pH7.1 (extract 2). (3)
Sonication for 5s (Braun Sonic 300) in 0.05M-potas-
sium phosphate, pH 7.1 (extract 3). (4) Sonication for
5s in an aq. 0.1% Triton X-100 (extract 4). Each
extraction step was performed twice, and between
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each step the membranes were re-pelleted by centri-
fugation at 1000OOg for 15min. All centrifugations
were carried out at 4°C, in a Beckman Spinco L2
centrifuge, with a SW50 L rotor (ra,. = 7.3 cm).
The two extracts from each step were combined,

dialysed extensively for 20-40h against 4 x 5 litres of
0.05M-sodium/potassium, phosphate, pH7.4, con-
taining 0.9 % NaCl phosphate-buffered saline).
The non-diffusible material from each membrane
extract was made up to equal volume with the
phosphate-buffered saline and the matrix fraction
was dialysed directly against this buffer. Protein in
the non-diffusible material was determined by the
method of Lowry et al. (1951), with bovine serum
albumin (Sigma Chemical Co., Muinchen, Germany)
as a standard. Agglutination activity was tested by
using the Microtitre-plate method as described pre-
viously (Kauss & Glaser, 1974; Bowles & Kauss,
1975), against trypsin-treated rabbit erythrocytes
prepared from fresh blood by the method of Sharon
& Lis (1972).
The results of agglutination activity in extracts

1-4 of the membrane fractions are shown in Table 2.
Only those membrane components of the outer
membrane solubilized by high-molarity phosphate
buffer show agglutination activity against rabbit
erythrocytes. In contrast, the agglutination activity
of all the extracts of the inner membrane is very high,
indicating that all the extractants used are effective
in the elution of proteins from inner membrane
that exhibit carbohydrate-binding characteristics.
The sequential extraction procedure ensures that
there is a progressive solubilization ofthe membranes.
The results indicate that agglutinins may be eluted
both by extractants normally assumed to release
proteins loosely bound to the membrane, e.g. extrac-
tants 1-3, and by those used for proteins tightly
bound, e.g. detergent (Coleman, 1973; Helenius &
Simons, 1975).

It is of interest that, when extractant 1 was replaced
by acetic acid, a procedure that is generally used to
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Table 2. gglutination activity exhibitedby extractsofisolated innerandouter mitochondrial nmembranes
Inner and outer membranes were isolated by differential and discontinuous sucrose-gradient centrifugation. Membrane
pellets were extracted equentially with the solutions indicated in the Table. Agglutination activity of the extracts (in total
vol. 12.0ml) was determined by the titre-plate method with trypsin-treated rabbit erythrocytes.

Membrane type ... Outer membranes Inner membranes

Extract
1
2

3

4

Extractant
0.5M-Potassium phosphate, pH7.1
0.1 M-EDTA (disodium salt)/0.05M-

potassium phosphate, pH7.1
Sonication in 0.05M-potassium

phosphate, pH7.1
Sonication in aq. 0.1°% Triton X-100

Total protein
(mg recovered
from 66g
fresh wt. of
endosperm)

0.181
0.178

0.065

0.175

Agglutination
activity

(titre/25,u1)
128

0

0

0

Total protein
(mg recovered

from 66g
fresh wt. of
endosperm)

1.380
0.756

2.880

6.840

Agglutination
activity

(titre/25p1)
131072
32768

4096

524288

Table 3. Inhibition ofthe agglutination activity recoveredin extracts ofinner mitochondrialmembranes by sugarsandglycosides
Inner mitochondrial membranes were isolated and sequentially extracted. The action ofvarious sugars and glycosides on the
agglutination activity of the extracts was investigated by the titre-plate method. Extracts were diluted differentially with
phosphate-buffered saline before the inhibition tests. Results from one representative investigation out of ten experiments
are given (see the text for degree of variation). For details of extraction see Scheme 1 and Table 2.

Agglutination activity
(titre exhibited by 25,p1 of extract)

Sugar or glycoside tested at a final concn.
of 5mM in phosphate-buffered saline

No sugar added (control)
Lactose
N-Acetyl-D-galactosamine
Methyl a-D-galactopyranoside
Methyl fl-D-galactopyranoside

Extract ... 1

2048
4

512
16
4

2

64
2
32
16
2

3 4

64 1024
8 64
32 512
16 512
8 1074

remove extrinsic proteins of mitochondrial inner
membranes (Fleischer et al., 1968), lectin activity was
also observed in the extract. However, when identical
amounts (1.62mg) of inner membrane were used,
the titre in comparable extracts (7ml) of acetic
acid and high-molarity phosphate buffer was similar
(respective titres: 128 and 256), whereas the protein
in the same extracts was 324 and 117,pg respectively.
Further extraction of the acetic acid-treated mem-
branes indicated that substantial lectin activity was
still present in the membrane and was not denatured
by acid. The results show that acid extraction removed
more non-lectin protein and was therefore less
specific than extraction with high-molarity phosphate
buffer.
The high agglutination activity recovered in ex-

tracts of inner membrane is in contrast with that
obtained for the matrix fraction. A titre of 256 was
given by 25,u1, from a 60ml matrix fraction containing
9.08mg of total protein, prepared from 66g of endo-

sperm. In addition to the membrane-bound aggluti-
nating activity appreciable activity was also found in
the soluble fraction on the top of the initial sucrose
gradient used to prepare mitochondria. It was not
possible to directly compare these two types of bind-
ing activities, since there was always a gradual solubi-
lization of agglutinins from the membranes during
each of the numerous purification and washing steps
(see also the results for the mannitol control in
Table 4).
The ability of different sugars and glycosides to

inhibit lectin activity in the four extracts of inner
membrane was also investigated. Commercial
samples of sugars were obtained from either Serva
(Heidelberg, Germany), Sigma or Ferak (Berlin,
Germany). Extracts were prepared as before from
2.7mg of inner membrane, dialysed against the phos-
phate-buffered saline, and the non-diffusible material
for each extract was made up to 7.Oml. The results
from a representative experiment are given in Table 3.
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The Biochemical Journal, Vol. 160, No. 2 Plate 1

EXPLANATION OF PLATE I

Electron mnicroscopy ofnegative-stained preparations ofmitochondrial membranes

(a) and (b), Outer membranes fixed in OS04 before negative staining with sodium phosphotungstate (a, x28 000; b, x 150000);(c) and (d), inner membranes, negative-stained with sodium phosphotungstate (c, x31 000; d, x111000).

D. J. BOWLES, C. SCHNARRENBERGER AND H. KAUSS (facing p. 378)
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EXPLANATION OF PLATE 2

Disc electrophoresis ofextracts from mitochondrial inner membrane

The direction of migration is from the top. Electrophoresis of the samples was performed in 7.5y% (w/v) acrylamide gel con-
taining 0.1%Y sodium dodecyl sulphate, as described in the text. Gels were stained for protein by using Coomassie Brilliant
Blue B250. (a) Sucrose extract of the membranes; (b) lactose extract; (c) Ricinus agglutinin, mol.wt. 120000; (d) Ricinus
agglutinin, mol.wt. 60000.

D. J. BOWLES, C. SCHNARRENBERGER AND H. KAUSS

Plate 2
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LECTINS AS MEMBRANE COMPONENTS

Table 4. Effect of0.1 M-lactose on solubilization ofagglutinins andproteinsfrom mitochondrial inner membrane

Portions (6.47mg) of isolated inner membrane were first extracted in 0.05 M-Hepes/NaOH, pH7.0, containing either 0.1 M-
lactose or 0.1 M-mannitol. After centrifugation at I00 OOg for 15min at 4°C, the membrane pellets were sequentially ex-
tracted in the solutions indicated. Agglutination activity of the various extracts (total vol. 7ml) was determined by the titre-
plate method; data from two parallel determinations on each extract are given.

Composition of the first extractant ... Lactose Mannitol

Extractant
Material solubilized by first extractant
0.5M-Potassium phosphate, pH7.1
0.1 M-EDTA (disodium salt)/0.05M-potassium

phosphate, pH7.1
Sonication in 0.05M-potassium phosphate, pH7.1
Sonication in aq. 0.1°. Triton X-100

Titre
2048; 4096
2048; 4096

64; 128

16; 16
4096; 4096

Protein
(,g/ml)

51
52
21

Titre
8; 8

4096; 4096
512; 512

24 64; 128
255 8192; 8192

Galactosides containing both anomers of the sugar
were the best inhibitors of lectin action. The ,B-
anomers generally exhibited a more pronounced
effect than the a-anomers. In other experiments, a

similar influence was found by D-galactose, p-nitro-
phenyl a-D-galactoside and fi-D-galactoside, raffi-
nose, melibiose and stachyose, whereas smaller inhi-
bitory effects were found with L-rhamnose and L-
arabinose. The degree of inhibition by lactose, the
most potent general inhibitor, varied considerably
among the ten experiments. The inhibition was
always highwith extracts 1 and 2, and less pronounced
with extract 3. The variation in the degree of inhibi-
tion by lactose and other sugars was greatest with
extract 4 (ranging, for example, from almost complete
inhibition by lactose with ten dilution steps difference
to little inhibition with only one dilution step dif-
ference). However, despite these variations, the
inhibition studies strongly suggest that an agglutinin
in the crude extracts from the inner membrane has
binding properties very similar to those of lectins
isolated from seeds of R. communis (Kruppe, 1955;
Drysdale et al., 1968; Pardoe et al., 1969; Nicolson
& Blaustein, 1972; Nicolson et al., 1974).

Solubilization of lectins from the inner mitochondrial
membrane by lactose

The observations that lectin activity was high in
extracts of inner membranes and that the activity
was strongly inhibited by lactose led to an investiga-
tion into the extractability of lectins from inner
membranes by lactose.

Portions (e.g. 6.47mg of protein/sample) of mem-
brane were suspended in 4.5 ml of either 0.1 M-lactose
or 0.1 M-mannitol, dissolved in 0.05M-Hepes [2-(N-2-
hydroxyethylpiperazin-N'-yl)ethanesulphonic acid]
adjusted to pH7.0 by the addition of NaOH. Mem-
branes were re-pelleted by centrifugation at lOOOOOg
for 15min at 4°C by using a SW50 L rotor head.
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Each subsequent pellet was then sequentially ex-
tracted with different solutions as described above.
All extracts were dialysed against phosphate-buffered
saline, and lectin activity in the non-diffusible
material from each extract was determined.

Table 4 shows that suspension of inner membrane
in 0.1 M-lactose causes an extraction of lectin activity.
This effect cannot be explained by a non-specific
solubilization of proteins by the relatively high con-
centration of the extractant, since lectin activity in
the 0.1 M-mannitol extract is low. Similar results were
observed when sucrose was used instead of mannitol
in the control experiment.
To determine the effectiveness of only one ex-

traction by 0.1 M-lactose, a portion (1.62mg of pro-
tein) of inner membrane was sequentially extracted
three times by the sugar, by using methods identical
with those already described. The titres exhibited by
25,pl samples (from total extract vol. 7ml) were 128
for the first extraction, 4 for the second extraction
and 2 for the third. After the three lactose treatments
an appreciable amount of lectin activity was still left
in the membranes, as shown by further sequential
extraction with high concentrations of phosphate
buffer and Triton X-100 (titres of 16 and 512 re-
spectively). However, the data do indicate that one
extraction by 0.1 M-lactose is sufficient to solubilize
a great proportion of that part of the lectin that is
accessible to the sugar.
The results from a representativo study of the effect

of treatment of inner membranes with different ex-
tractants is shown in Table 5. Portions (1.62mg of
protein) of inner membrane were initially suspended
in 4ml of the following extractants: 0.1 M-lactose in
0.05M-Hepes/NaOH, pH7.0; 0.5M-potassium phos-
phate; aq. 1% Triton X-100; 0.05 M-Hepes/NaOH,
pH7.0. Each suspension was centrifuged at lOOOOOg
for 15min(4C, SW50 Lrotor head), and the resulting
membrane pellets were sequentially extracted as
described above. Equivalent samples from each

Protein
(pg/ml)

33
50
24

40
301
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Table 5. Effect on solubilization ofagglutinins andproteinsfront inner membranes by different extractants

Equivalent samples (1.62mg of protein) of isolated inner membrane were suspended in different extractants. After centrifu-
gation at 100000g for 15min at 4°C, the membrane pellets were then sequentially extracted in the solutions indicated.
Agglutination activity was determined by the titre-plate method.

Composition of the
first extractant ...

Extractant
Material solubilized by first extractant
0.5M-Potassium phosphate, pH7.1
0.1 M-EDTA (disodium salt)/0.05M-

potassium phosphate, pH7.1
Sonication in 0.05M-potassium phosphate,
pH7.1

Sonication in aq. 1% Triton X-100

0.1 M-Lactose in
0.05M-Hepes/ 0.5M-Potassium
NaOH, pH7.0 phosphate, pH7.1

Protein Protein
Titre (pg/ml) Titre (jg/mi)
256 26 512 26
32 5.6 1 1.7
8 Trace 8 Trace

0.1% aq. Triton
X-100

Protein
Titre (,ug/ml)
512 64.8
512 8.5

8 Trace

0.05M-Hepes/
NaOH, pH7.0

Protein
Titre (jig/ml)

8 23
512 11

8 Trace

8 5.2 16 6.9 4 0.8 16 4.7

64 54.0 512 56.6 16 14.0 512 53.3

extract were tested for agglutination activity and the
amount of protein present was determined. The
action of either 0.5M-phosphate buffer or detergent
on the membrane is clearly different from that of
lactose. The proportion of lectin recovered in extract
1, as determined by titre, was unaffected by detergent
pretreatment. Similarly, pretreatment with high-
molarity of phosphate buffer did not result in a de-
crease in the proportion of lectin recoverable in
extract 4.

Purificationandcharacterizationoftheagglutininsfrom
mitochondrial inner membrane

Lectins in inner-membrane extracts 1 and 4, and
those solubilized by lactose, were purified by affinity
chromatography on Bio-Gel-A/0.5M-agarose by the
method of Nicolson et al. (1974). The column (bed
vol. 12.0ml, height 25.0cm) was washed with 50ml of
phosphate-buffered saline to remove unbound pro-
tein, and the agglutinins were eluted with 50ml of
0.2M-lactose in the buffer. The column eluates and
the total extracts were dialysed against water, and
the non-diffusible material was freeze-dried. Samples
were taken up in 100,ul ofthe sample buffer containing
0.1 % sodium dodecyl sulphate and 2,u1 of I?-
mercaptoethanol, heated for 10min at 70°C, and
subjected to electrophoresis in 7.5% (w/v) polyacryl-
amide gels containing sodium dodecyl sulphate
(Davis, 1964). Under these conditions, commercial
Ricinus communis agglutinin RCA 120 (Miles-Yeda,
Lausanne, Switzerland) is split into subunits of
37000 and 29500 mol.wt. (Nicolson et a!., 1974).
These two bands could be observed in all of the crude
extracts 1-4 from inner membranes. Further, the
agglutinins purified from extracts 1 and 4 by affinity
chromatography exhibited the two bands character-
istic of the agglutinin RCA 120 subunits. In some

experiments a faint band representative of the 34000-
mol.wt. subunit ofagglutinin RCA 60 (Nicolson etal.,
1974) was also observed. The distribution of protein
bands on gels, after electrophoresis of lactose and
sucrose extracts of inner membrane, is shown in
Plate 2. It is clearly evident that the lactose extract
contains the protein bands characteristic of those
derived from agglutinin RCA 120. In addition, other
proteins common to those of the sucrose extract are
also present, and are therefore not released specifically
by lactose.

Discussion

Agglutinins isolated from plant seeds have been
widely used as investigative tools in membrane re-
search because of their ability to bind specific carbo-
hydrate groups exposed at the surface of animal cells
(Sharon & Lis, 1972; Lis & Sharon, 1973; Nicolson,
1974). The physiological role of lectins in plants has
been an intriguing but unresolved problem. One
report, on the formation of root nodules in Glycine
max, indicated that lectins may be involved in a
recognition of symbiotic bacteria by the root surface,
since an extract isolated from root tissue of soya-bean
could agglutinate only those strains ofbacteria known
to form nodules (Bohlool & Schmidt, 1974).
We have shown that carbohydrate-binding pro-

teins could be extracted from isolated plant
membrane fractions of endoplasmic reticulum,
dictyosomes and plasma membranes (Bowles &
Kauss, 1975, 1976a). However, since such membranes
constitute the intracellular transport system, it was
not possible to differentiate unequivocally between
the alternatives that the lectins recovered inmembrane
extracts were secretory proteins contained within
isolated vesicles, or were structural components of
the membranes.
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LECTINS AS MEMBRANE COMPONENTS

Our demonstration that lectins can be extracted
from mitochondrial inner membranes ofR. communis
endosperm provides strong evidence to suggest that
lectins are located generally in membranes of plant
tissue. It is probable that the presence of lectins in
soluble fractions ofseeds may be due only to progres-
sive solubilization of the proteins during the
extraction ofthe seeds. The fact that the lectins can be
extracted from the mitochondrial membrane by lac-
tose indicates that the specific carbohydrate-binding
ability of the lectin is involved in holding the protein
within themembrane. The implications of these obser-
vations with respect to the physiological function of
lectins and the structure of membranes are consider-
able.
Much evidence has accumulated to suggest that an

essential feature of the general process of membrane
fusion is that it is highly specific and shows a high
degree of spatial and temporal organization (Poste &
Allison, 1973). If, as our results suggest, lectins are
indeed plant-membrane components, the stage of
initial recognition and contact between membranes
in the fusion process may be mediated by a reversible
binding between a lectin of one membrane and a
complementary receptor on another. This mecha-
nism could provide a basis for recognition and con-
tact between different intracellular membranes during
the fusion processes that form the basis of endo-
membrane flow within the cell.

It is considered most probable that membranes
from both plant and animal sources have many struc-
tural and functional features in common. The pre-
sence of lectins in plant cell membranes allows the
suggestion that analogous sugar-binding proteins or
glycoproteins may also be present in membranes of
animal cells. Recent experimental evidence provides
support for the suggestion, since developmentally
regulated lectins can be isolated from muscle cells
(Nowak et al., 1976), and a lectin extracted from
plasma membrane of bovine liver can bind to re-
ceptors on cellular membranes in vitro (Bowles &
Kauss, 1976b). Thus the possibility exists that the
action of seed lectins in vitro mimics the action of
endogenous membrane lectins.
The sequential extraction procedure used in the

present investigation was an attempt to disrupt the
mitochondrial inner membrane progressively, and to
some extent to discriminate betweencharacteristics of
peripheral and integral membrane proteins (Singer &
Nicolson, 1972). It is generally assumed that only
integral proteins are critical for the maintenance of
structural integrity of membranes and that the peri-
pheral proteins, defined as those easily dissociated
from the membrane, possess a relatively unimportant
structural role (Singer & Nicolson, 1972; Coleman,
1973; Gulik-Krzywicki, 1975). However, lectin acti-
vity was recovered in all extracts of the inner mem-
brane. This indicated that lectinswere solubilized both
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by procedures normally regarded to release mainly
peripheral-bound membrane components (high-
molarity buffer or chelating agents) and by those
that solubilize integral components (detergent). The
release of lectins by this variety of procedures may
be due either to the direct extraction from the mem-
brane of the lectin molecule itself, or by an indirect
release of the lectin by solubilization of the endo-
genous lectin receptor. The lectin receptors may be
glycoproteins, intercalated hydrophobically into the
lipid bilayer of the membrane, or glycolipid mole-
cules, either ofwhich would be only solubilized by the
disturbance of the hydrophobic regions of the mem-
brane by detergent action. The presence of both lectin
and lectin receptor in the detergent extract may there-
fore be a possibility, and the titre subsequently ex-
hibited by the extract against trypsin-treated rabbit
cells may reflect the relative binding affinities of the
lectin to the endogenous and assay receptors.

Results of pretreatment of inner membrane with
lactose, before the usual sequential extraction, indi-
cated that the lactose was able to extract those lectins
usually solubilized by the full spectrum ofextractants,
i.e. pretreatment of the membrane with lactose led to
a loss in recovery of lectin activity in subsequent
extracts obtained by high-molarity buffer, chelating
agent and detergent. Pretreatment of the mem-
brane with extractants other than lactose gave very
different results. High-molarity phosphate buffer
did not elute lectins usually extractable with deter-
gent, and, similarly, detergent action did not result
in the elution of lectins extractable with high-
molarity buffer.
Thus it is clear that at least some ofthe lectin is held

within the membrane by its sugar-binding site and is
released by the addition of the hapten inhibitor, lac-
tose. However, there is also considerable lectin acti-
vity that cannot be released by the hapten, but is
released by more harsh treatment of the membrane.
Whether this lectin is also held within the membrane
via sugar-binding sites inaccessible to the lactose
molecule, or whether the lectin itself is intercalated
into the lipid bilayer and requires detergent action
for its removal, remains an unresolved question.
The observations strongly suggest, however, that

lectin-receptor binding occurs within membranes
and may therefore be involved in the maintenance of
membrane structure. Interaction between carbo-
hydrate-binding membrane components and sugar
moieties ofadjacent glycoprotein or glycolipid macro-
molecules could provide a sensitive reversible mecha-
nism for rapid structural rearrangements and lateral
movements ofcomponents within a fluid lipid matrix.
The project was financially supported by the Deutsche

Forschungsgemeinschaft. Expert technical assistance
from Ms. C. Glaser and Ms. M. Herbert was much
appreciated. Facilities for electron microscopy were pro-
vided by Professor W. Nagl and Dr. H. Fuge.

381



382 D. J. BOWLES, C. SCHNARRENBERGER AND H. KAUSS

Roefences
Bohlool, B. B. & Schmidt, E. L. (1974) Science 185, 269-

272
Bowles, D. J.&Kauss, H. (1975)Plant Sci. Lett. 4,41 1-418
Bowles, D. J. & Kauss, H. (1976a) Biochim. Biophys. Acta

in the press
Bowles, D. J. & Kauss, H. (1976b) FEBSLett. 66,16-19
Bowles, D. J. & Northcote, D. H. (1972) Biochem. J. 130,

1133-1145
Bowles, D. J. & Northcote, D. H. (1974) Biochem. J. 142,

139-144
Colernan, R. (1973) Biochim. Biophys. Acta 300,1-63
Davis, B. J. (1964) Ann. N. Y. Acad. Sci. 121, 404-427
Donaldson, R. P., Tolbert, N. E. & Schnarrenberger, C.

(1972) Arch. Biochem. Biophys. 152, 199-215
Drysdale, R. G., Herrick, P. R. & Franks, D. (1968) Vox

Sang. 15, 194-202
Fleischer, S., Eahler, W. L. & Deawa, H. (1968) Biochem.

Biophys. Res. Comini 32, 1031-1038
Gulik-Krzywicki, T. (1975) Biochim. Biophys. Acta 415,

1-28
Hakomori, S. (1975) Biochim. Biophys. Acta 417, 55-89
Helenius, A. & Simons, K. (1975) Biochim. Biophys. Acta

409, 29-77
Kauss, H. (1974) in Plant Carbohydrate Biochemistry

(Pridham, J. B., ed.), pp. 191-215, Academic Press,
London and New York

Kauss, H. & Glaser, C. (1974) FEBS Lett. 45, 304-311

Kruppe, M. (1955) Hoppe-Seyler's Z. Physiol. Chem.
299, 277-283

Lis, H. & Sharon, N. (1973) Annu. Rev. Biochem. 42,541-
574

Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall,
R. J. (1951) J. Biol. Chem. 193, 265-275

Maisterrena, B., Comte, J. & Gautheron, D. C. (1974)
Biochim. Biophys. Acta 367, 115-126

Nicolson, G. L. (1974) Int. Rev. Cytol. 39, 90-190
Nicolson, G. L. (1976) Blochim. Blophys. Acta 457, 57-108
Nicolson, G. L. & Blaustein, J. (1972) Biochim Blophys.
Acta 266, 543-549

Nicolson, G. L., Blaustein, J. & Etzler, M. E. (1974) Blo-
chemistry 13, 196-204

Nowak, T. P., Haywood, P. L. & Barondes, S. H. (1976)
Biochem. Biophys. Res. Commun. 68, 650-657

Pardoe, G. I., Bird, G. W. G., Uhlenbruck, G. (1969)
Z. Immunwtdtsforsch. Allerg. Klin. Immunol. 137, 442-
457

Poste, G. & Allison, A. C. (1973) Biochim. Blophys. Acta
300,421-462

Schnaffenberger, C., Oeser, A. & Tolbert, N. E. (1971)
PkW Physiol. 48, 566-574

Sharon, N. & Lis, H. (1972) Science 177, 949-959
Singer, S. J. & Nicolson, G. L. (1972) Science 175, 720-

731
Sottocasa, G. L., Kuylenstierna, B., Ernster, L. &

Bergstrand, A. (1967) J. Cell Blol. 32, 415438

1976


