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A monoclonal antibody recognizes a 65 kDa higher plant membrane polypeptide 
which undergoes cation-dependent association with callose synthase in vitro 
and co-localizes with sites of high callose deposition in vivo 
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Summary. A monoclonal antibody (MAb) capable of immobilizing 
detergent-solubilized UDP-glucose: (1 ---, 3)-[3-glucan (callose) syn- 
thase activity from higher plants has been selected and characterized. 
On Western blots this MAb recognizes a polypeptide of about 65 kDa 
found in membranes isolated fi'om a variety of plant sources. The 
polypeptide recognized by this MAb does not appear to bind the 
substrate UDP-glucose, and evidence is presented which indicates 
that this polypeptide associates with the enzyme complex in a cation- 
dependent manner under conditions where the caltose synthase as- 
stmles a larger size. Indirect immunofluorescence localization with 
this MAb was positive with sieve plates of cucumber (Cueumis sa- 
tivus) seedlings, and with plasmodesmata of onion (Allium cepa) 
epidermal cells, both being sites of localized, stress-induced callose 
deposition. 

Keywords: Callose; 13-1,3-Glucan synthase complex; Monoclonal an- 
tibody; 65 kDa poIypeptide; Enzyme immobilization; Immunoflu- 
o r e s c e n c e .  

Abbreviations: BSA bovine serum albumine; DMSO dimethylsulf- 
oxide; DTT dithiothreitol; FITC fluorescein isothiocyanate; HB 
Hepes buffer; HBS Hepes buffer plus 0.15 M NaC1; IgG immuno- 
globulin G; MAb monoclonal antibody; MSB microtubule stabiliz- 
ing buffer; NP 40 Nonidet P 40; PBS phosphate buffered saline; SDS- 
PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis; 
UDP uridine diphosphate; UV ultraviolet. 

Introduction 

In higher plants, callose ([3-1,3-glucan) is a polymer 
often synthesized in response to wounding or pathogen 
attack. Deposition is often highly localized at the 

* Correspondence and reprints: Zellenlehre, Universt~it Heidelberg, 
Im Neuenheimer Feld 230, D-69120 Heidelberg, Federal Republic 
of Germany. 

plasma membrane-wall interface at sites of infection, 
and callose can also be synthesized in high amounts in 
plasmodesmatal regions and on phloem sieve plates, 
where it may play a role in blocking movement of 
components between cells (Eschrich 1956, Currier 1957, 
Schumacher 1967, Kauss 1990, Robards and Lucas 
1990). Callose is also synthesized without wounding at 
certain stages of development; the pollen tube wall is 
rich in callose (Herth etal. 1974, Cornish etal. 1988), 
cotton fibers deposit callose at the early stages of sec- 
ondary wall synthesis (Maltby et al. 1979), and the poly- 
mer is also transiently observed in the cell plate during 
cell division (Kakimoto and Shibaoka 1992). 
Callose synthase (UDP-gtucose: 9-1,3-glucan synthase) 
is known to be localized in the plasma membrane, and 
is activated by micromolar amounts of Ca 2 + in com- 
bination with a ]3-glucoside (Delmer 1987, Kauss 1990). 
Although the enzyme is stable, possesses high activity 
in vitro, and can be solubilized by detergents such as 
Chaps and digitonin, it has proven very difficult to 
purify to homogeneity. However, several recent reports 
in the literature have identified a variety ofpolypeptides 
which could be likely subunits of the enzyme. From 
affinity-labeling studies with the substrate UDP-glu- 
cose or its analogs, polypeptides of 57 kDa (red beet; 
Frost et al. 1990), 52 kDa (cotton fibers; Delmer et al. 
1991), or 32kDa (rye; Meikle etal. 1991) have been 
proposed as likely candidates for the catalytic subunit. 
Gel analyses of major polypeptides present in partially- 
purified preparations of callose synthase show enriched 
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polypeptides in the molecular  weight range o f  27-  

3 4 k D a  (Wasserman and W u  1992, Fink etal. 1990, 

Girard et al. 1992); 65-66 k D a  (Fredrikson et al. 1991), 

and 4 8 - 5 8 k D a  (Meikle etal. 1991, Duggha  and Ray  

1991, Girard et al. 1992). Taken  collectively, these stud- 

ies suggest that  the enzyme complex may  be comprised 

of  several non-identical subunits. This is also supported 

by the observations o f  Hayashi  et al. (1987) which show 

that  the size o f  the callose synthase is increased in the 

presence o f  divalent cations which could be interpreted 

either as aggregation or association with addit ional 

non-catalyt ic subunits. Recent  studies with co t ton  fi- 

bers indicate that  a 34 k D a  annexin-like protein as- 

sociates with the enzyme in a Ca 2 +-dependent  manner  

(Andrawis et al. 1993). 

Callose and cellulose synthases share the c o m m o n  fea- 

tures o f  bo th  being localized in the plasma membrane  

and utilizing the same substrate UDP-glucose  (Delmer 

1987). However,  per turbed condit ions which favor  cal- 

lose synthesis are not  favorable for cellulose synthesis; 

because o f  these similarities combined with apparent  

opposing modes o f  regulation, Delmer (1987) suggested 

that  the two enzymes might  share c o m m o n  subunits 

which are regulated in an opposite fashion in vivo. The 

cellulose synthase o f  higher plants also has not  been 

purified f rom plants, a l though polypeptides o f  84 and 

83 k D a  have been identified by affinity labeling studies 

with co t ton  fibers as possibly being analogous to the 

catalytic and regulatory subunits of  the well-charac- 

terized bacterial cellulose synthase (Amor  et al. 1991). 

Another  approach  to identify specific polypeptides for 

proteins, the purification o f  which has proven difficult, 

is to a t tempt  to select specific monoc lona l  antibodies 

(MAbs)  which recognize specific epitopes on the native 

enzyme. A recent example is the selection o f  a M A b  

apparent ly directed against some componen t  o f  the 

ryegrass callose synthase by use o f  a partially purified 

enzyme prepara t ion as immunogen  and subsequent se- 
lection o f  hybr idomas  which secreted M A b  which could 

form immunoprecipi table  complexes with the enzyme 

(Meikle et al. 1991). The precipitated complex was en- 

riched for polypeptides o f  30, 31, 54, and 58 kDa.  

Results presented in this paper  similarly describe the 

selection o f a  M A b  which can form an immune complex 

and immobilize detergent-solubilized callose synthase 

activity. We also show that  this M A b  recognizes a 

polypeptide of  about  65 k D a  f rom several different 

plant  sources. Immunoloca l iza t ion  studies show that  

the antigen recognized by this ant ibody is highly lo- 

calized to sites o f  high callose deposition, further sup- 

port ing the conclusion that  the antigen is a componen t  
of  the callose synthase. 

Material and methods 

Isolation and partial purification of callose synthase 

Membrane proteins were prepared and proteins solubilized with 
digitonin as described (Hayashi et al. 1987, Delmer et al, 1991). Plant 
tissues utilized included etiolated seedlings of mung beans (Vigna 
radiata), pumpkin (Cucurbita pepo var. Gelber Zentner), cucumber 
(Cucumis sativus vat. Delikatess badenia), and developing cotton 
fibers (Gossypium hirsutum Acala SJ-2; see Delmer et al. 1991). Glyc- 
erol gradient centrifugation ofdigitonin-solubilized proteins and rou- 
tine assay of callose synthase were performed as described by Delmer 
eta1. (1991). 

Hybridoma production 

Balb/c female mice were injected with a mixture of Vigna radiata 
(mung bean) membrane proteins containing callose synthase activity. 
This mixture was obtained by solubilization of membrane proteins 
in digitonin and subsequent product entrapment of callose synthase 
essentially as described previously (Hayashi etal. 1987). The specific 
activity of callose synthase in this preparation was about 900 nmol 
glucosyl units transferred to (1 ~ 3)-[3-glucan (callose) per rain/rag 
protein; in terms of specific activity, this represents a minimum 20- 
fold purification from the crude digitonin-solubilized protein prep- 
aration. The preparation used for immunization contained about 10 
clear bands detected by Coomassie Blue staining of gels from SDS- 
PAGE, and many more minor bands were detectable after silver 
staining of similar gels. The initial injections contained 90 lag protein 
in combination with complete Freund's adjuvant; subsequent injec- 
tions contained similar amounts of protein in incomplete adjuvant. 
Hybridomas were prepared from one of these mice essentially as 
described by Galfre and Milstein (1981 ), and the myeloma line SP 2/ 
O-Ag 14 described by them was used for fusion with the spleen cells. 

Selection and growth of hybridomas; purification of MAbs 

Screening of culture filtrates for MAbs directed against callose syn- 
thase was carried out using an immunoprecipitation procedure in 
which culture filtrate (50 I11) from individual hybridoma wells was 
incubated in 96-well plates for 2 h at 25 ~ with 50 lal of crude dig- 
itonin-solubilized mung bean proteins containing about 5 gg protein 
and 0.15 units (1 unit = 1 nmol/min) of callose synthase activity. 
Anti-mouse IgG (Sigma, St, Louis, MO; 25gl containing 17.5 gg 
protein in Ab buffer) was then added and incubation continued for 
another lh; following this, 25gl of a 1% (w/v) suspension of S. 
aureus cells (Sigma) in Ab buffer was added and incubation continued 
for a further 30 min with occasional shaking. The plates were then 
centrifuged 10 min at 4 ~ at 5,000 g. Supernatants were not routinely 
assayed; the pellets were resuspended in 0.1 ml 50mM Hepes/KOH 
pH7.3 containing lmM DTT, and immunoprecipitated callose 
synthase was detected by assaying the resuspended pellets for 
15rain at 25~ in 150gl final volume containing 0.13mM UDP- 
[I4C]glucose (specific activity 93 Bq per nmol), 6.7mM cellobiose, 
3.4mM CaC12, 0.3mM DTT, and 50mM Hepes/KOH pH7.3. 
Reactions were terminated by addition of 75 gl of 66% (v/v) ethanol 
containing 0.5N HC1. Reactions were then transferred to wells 
of a bio-dot apparatus (Bio-Rad, Mfinchen) fitted with a piece of 
Type A/E glass fiber paper (Gelman, Diisseldorf). Glucan formed 
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was collected by filtration from the wells and washed 7 times with 
66% (v/v) ethanol/0.5 N HC1. The glass fiber paper was then placed 
on Kodak O-Mat X-ray film overnight for radioautography of the 
radioactive spots containing glucan product; for quantification, the 
spots of glass fiber paper were cut and quantified by liquid scintil- 
lation counting. 
Hybl"idomas which screened positive in two different tests were 
cloned by limiting dilution and cell lines from positive clones were 
frozen and stored in liquid nitrogen in 95% (v/v) fetal calf serum 
containing 5% (v/v) DMSO and 0.005% (w/v) gentamycin. Clones 
of interest were adapted to growth on Ventrex (Portland, ME) HB- 
I medium containing 2% (v/v) fetal calf serum, 2 mM L-glutamine, 
25rag/1 ampicillin, 100rag/1 streptomycin sulfate, and 0.1% (v/v) 
Fungizone (Gibco, Grand Island~ NY). Culture filtrates were con- 
centrated by pressure dialysis (Amicon; YM-10 or PM-30 filters) 
and MAb purified using the Affi-Gel Protein A MAPS II MAb 
purification system (Bio-Rad). Each MAb was subtyped with Ouch- 
terlony immunodiffusion pIates (Serotec, Blackthorn, U.K.). 

Dot-blot enzyme immoblTization assay 

This procedure was adapted from the Bio-Rad procedure for im- 
munoblotting using their bio-dot apparatus fitted with a sheet of 
nitrocellulose (Schleicher and Schfill BA 85). Various dilutions of 
purified MAb (50pI) in I00mM Hepes/KOH, pH7.3 (HB) con- 
taining 0.15M NaC1 (HBS) were gravity filtered through wells in 
the apparatus. Blocking of additional protein binding sites was then 
performed by gravity filtration of 200 gl of 1% (w/v) BSA in HBS. 
This was followed by three rapid washes in vacuum with HBS, one 
wash with HB, and then addition and gravity filtration of 100~I of 
callose synthase partially purified by glycerol gradient centrifugation 
(Delmer etal. 1991). This was followed by 3 washes with HB; fil- 
tration was then blocked, and 100 I~l of assay mixture containing 
0.2raM UDP-[14C]glucose (Amersham; 93Bq per nmol), 20raM 
cellobiose, 5raM CaC12, 5raM MgCI~, 1raM DTT, and 50raM 
Hepes/KOH pH 7.3 was added to the wells. After incubation for 
15 rain, the wells were washed 5 times with HBS; the nitrocelluIose 
was dried, and areas underneath the wells containing [~4C]glucan 
were either subjected to radioautography or cut and product formed 
was quantified by liquid scintillation counting. 

Other assays 

Protein was assayed using the Bio-Rad protein assay kit with BSA 
as standard. SDS-PAGE was carried out using the procedure of 
Laemmli etal. (t970) as described in more detail by Delmer etal. 
(1991). Blotting of proteins and antibody probing of blotted proteins 
(Western blots) were performed as described by Elthon and McIntosh 
(1987) using anti-mouse IgG alkaline phosphatase conjugate 
(Sigma). 

In situ localization of antigen 

The antigen recognized by MAb 2-1 was localized using an indirect 
immunofluorescence procedure essentially as described by Quader 
etal. (1987) for the detection of microtubules. Longitudinal razor 
blade sections of the root region of cucumber (Cucumis sativus var. 
Delikatess badenia) seedlings, of mung bean (Vigna radiata) seed- 
lings, and freshly prepared adaxial epidermal cells of onion bulbs 
were used as source of tissue. Pollen tubes of Lilium longiflorum were 
cultivated in vitro as described (Herth et al. 1974). Following fixation, 
reduction, cell wall digestion, and extraction with 5% DMSO and 
5% NP-40, all as described (Quader etal. 1987), the objects were 

incubated for 1 h at 37 ~ with MAb 2-1 (18 gg/ml) in PBS. Specimens 
were either directly proceeded for immunolocalization and staining 
procedures as described above, or dehydrated in an ethanol series, 
embedded in resin LR White, sectioned with glass knifes on a Reich- 
ert OMU 2 ultramicrotome to yield 3 gm sections. After 3 washes 
with PBS, and further wash with freshly dissolved milk powder (5% 
milk powder in PBS; Moore 1989) to block nonspecific absorption, 
they were then reacted with MAb 2-1 (18 gg/ml) in PBS. After 3 
washes in PBS the objects or sections then reacted for 1 h at 37 ~ 
with anti-mouse IgG-FITC conjugate (Sigma; 1 : 15 dilution in PBS), 
and then were rinsed 3 times with PBS. Specimens were mounted 
for microscopy using Diazobicyclooctan (Sigma; 25-100mg/ml in 
10% PBS/90% glycerol, pH9.0). Aniline blue staining and Calco- 
fluor white staining methods were as described (Eschrich and Currier 
1964, Herth 1980). Fluorescence microscopy was performed with a 
Zeiss IM 35 microscope equipped with epifluorescence illumination, 
using either UV illumination or an FITC-specific filter comNnafion; 
objectives used were Plan Neofluar 40, 0.9; NPL Fluotar 40, 1.3 
(Leitz, Wetzlar) and Neofluar 100, 1.3. Photographs were taken with 
an OIympus OM 2 camera body with Ilford XP I film. 

Results 

Initial screening and characterization o f  MAbs  

Tests of the polyclonal  serum taken from the immu-  

nized mouse  several days before removing spleen cells 

for fusion indicated that  the serum conta ined  an t ibod-  

ies which both  inhibi ted and  allowed immunoprec ip i -  

ta t ion of  enzyme activity. Since our  hybr idoma  screen 

followed only activity in the pellet fraction, we would 

have selected against  clones which produced M A b  

which inhibi ted enzyme activity. On Western  blots of 

m u n g  bean  m e m b r a n e  proteins,  the i m m u n e  serum at 

a 1 : 500 di lu t ion allowed clear detection of a n u m b e r  

of  prote in  bands  (not  shown). 

The fusion yielded more  than  600 hybr idomas;  of  these 

abou t  400 were screened. Of  these, culture fluid from 

37 screened positive; in a second test 24 repeated as 

positive, a l though m a n y  of  these only gave a weakly 

positive response; 10 of  them most  promis ing  were 

cloned by l imit ing dilution.  In  more  r igorous testing 

of  affinity purified an t ibody  f rom these clones using 

the dot -blot  assay (see below), only  3 clones were con- 

sidered worthy of  further  study; these clones were des- 

ignated 2-1, 3-3, and  9-1. All of  these clones were found  

to produce  the IgG1 class of  ant ibody.  None  inhibi ted 

callose synthase activity even at high concent ra t ions  of  

ant ibody.  

Testing o f  purified MAbs  using the dot-blot enzyme 
immobilization assay 

Figure 1 shows the react ion of  the M A b  of  the clone 

of most  interest, 2-1, with digi tonin-solubi l ized m u n g  

bean or cot ton  fiber callose synthase part ial ly purified 
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Fig. 1. Immobilization of caIlose synthase activity using affinity- 
purified MAb 2-I. A Radioautograms of dot blots showing the 
production of [~4C]glucan produced by varying amounts of im- 
mobilized cotton fiber callose synthase. CS Oradient-parified caUose 
synthase; produced 330cpm (0.07nmot) of product per gg protein 
when applied directly to the matrix.BSA A btocking step with bovine 
serum albumin; MAb 2-1 0.6 gg of affinity-purified MAb 2-I. In all 
cases, CS was applied and subsequently washed in HBS containing 
I mM CaC12 and 5 mM MgCtz. B Experiment similar to A using 
20 gg of CS and 0.6 gg of MAb 2-1. In this experiment, the CS was 
applied and washed in HBS which contained either 10ram EDTA 
(ED), 1 mM CaCI~, or 1 mM CaC12 plus 5ram MgClz as indicated. 
C Varying amounts of MAb 2-1, as indicated, were applied to wells, 
blocked with BSA, and followed by application of 7.2 gg of mung 
bean eallose synthase, partially purified by glycerol gradient cen- 
trifugation. The applied 7.2 gg were set as 100% of activity and were 
capable of producing 15,500cpm (3.1nmol) of product when im- 
mobilized directly on the matrix. Following assay of bound enzyme, 
the wells were washed and regions of bound activity were cut and 
quantified by liquid scintillation counting 

by gradient centrffugation. Using affinity-purified 
MAb from this done,  we consistently observed im- 
mobilization of  cattose synthase activity. Figure t A 
and B shows this qualitatively using callose synthase 
from cotton fibers. These radioautograms of  dot blots 

show the [~4C]gtucan produced by various amounts of  
enzyme immobilized on the blot. The upper-most track 
shows the immobilization of  various amounts o f  the 
enzyme alone (CS), and indicates that activity can be 
preserved when enzyme is immobilized directly on 
blots, although activity recovered is somewhat inhib- 
ited compared to comparable assays in solution. If  all 
binding sites on the matrix are first blocked by a treat- 
ment with bovine serum albumin, then very little CS 
activity can subsequently be bound (BSA, CS). How- 
ever, addition of  0.6gg of  affinity-purified MAb 2-1 
to the blot prior to blocking results in the immobili- 
zation of  CS activity (MAb 2-1, BSA, CS). Figure 1 B 
shows that immobilization is more efficient when di- 
valent cations are present in the buffer when enzyme 
is applied. Figure 1 C shows a quantitative study per- 
formed using a similar enzyme preparation from mung 
beans. Saturation of  binding o f  enzyme occurred with 
about 1 gg of  affinity-purified MAb 2-1. In all these 
studies, the maximum amount  of  enzyme which could 
be bound at saturation was never more than about  
40% of  that applied, a result which might relate to the 
affinity between antibody and antigen, and/or to the 
difficulty in immobilizing a large enzyme with an an- 
tibody recognizing only a single epitope. Negative con- 
trols using similar amounts of  purified MAb from five 
other random clones showed no ability whatsoever to 
bind the enzyme (not shown). MAb 3-3 also was able 
to consistently immobilize enzyme activity, but at sat- 
uration, only about 20% of  total enzyme applied could 
be immobilized. MAb 9-1 on occasion also gave po- 
sitive results, but  reactions were less consistent than 
with MAb 2-t. 

Reaction of affinity-purified !vlAb 2-t with blotted 
membrane proteins 

Figure 2 shows the reaction of  purified MAb 2-1 on 
Western blots of  membrane proteins from mung bean, 
two varieties of cucumber, and cotton fibers. For  all 
preparations, a reaction with a polypeptide of about 
65 kDa is observed which, in cotton fibers, sometimes 
resolves into a doublet of  proteins of very similar mo- 
lecular weight. We have also shown similar reactions 
using membrane preparations derived from pea, corn 
and onion (not shown). Thus, this MAb appears to 
recognize a determinant on a polypeptide which is fairly 
conserved in the plant kingdom. When the other po- 
tentially-positive clones were tested, both 9-1 and 3-3 
showed reactions with the same 65 kDa polypeptide, 
whereas several MAbs which were selected as controls 
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Fig. 2. Western blots of membrane proteins following reaction with 
MAb 2-1. Approximately 5 pg of membrane protein was loaded per 
lane onto a 10% acrylamide gel; following SDS-PAGE, the proteins 
were blotted onto nitrocellulose and reacted with 1 gg/ml of affinity- 
purified MAb 2-I. A Mmag bean; B pumpkin var. Gelber Zentner; 
C cucumber var. Delikatess badenia; D cotton fibers. Numbers to 
the left of figure indicate the position of migration of molecular 
weight markers; T top of separating gel 

showed reaction with different polypeptides (data not 
shown). Thus, a good correlation exists between ability 
to immobilize caUose synthase activity and reaction 
with this 65 kDa polypeptide. Since MAb 2-1 was the 
most effective of the three clones, it was used for further 
studies. 
MAb 2-1 does not appear to be recognizing sugar de- 
terminants on the protein; treatment of the proteins 
prior to SDS-PAGE with anhydrous HF,  under con- 
ditions which destroy glycosidic, but not peptide, link- 
ages (Sanger and Lamport  1983), does not change the 
pattern of  migration of  the doublet nor  its ability to 
be detected on Western Nots (not shown). The protein 
appears to be an integral plasma membrane protein 
since it co-purifies with plasma membranes of  cotton 
fibers during two-phase plasma membrane purification 
procedures (Larsson etal. 1987), and requires either 
Chaps or digitonin for effective solubilization. 
Previous results of  ours with cotton fibers indicated 
that a polypeptide of  52 kDa could be affinity-labeled 
with the substrate UDP-glucose in a Ca2+-dependent 
manner, that this polypeptide co-localized with callose 
synthase activity on gradients, and was suggested to 
be the catalytic subunit (Delmer et al. 1991). Since, in 
those studies, no labeling was observed for a polypep- 
tide in the range of 65 kDa, this indicates that the poly- 
peptide recognized by MAb 2-1 is most likely not the 
catalytic subunit of  the enzyme. In order to study fur- 
ther the relationship of  the 65 kDa polypeptide to cal- 
lose synthase, we tested whether there was a coincidence 
between the pattern of  migration of  this polypeptide 

Fig. 3. Pattern of migration of callose synthase activity" and 65 kDa 
polypeptide during glycerol gradient centrifugation of digitonin-sol- 
ubilized cotton fiber membrane proteins in the presence or absence 
of divalent cations. E D T A  Gradient contained 5 mM EDTA and 
was centrifuged 20h at 100,000g. C a  2+ , M g  a+ Gradient contained 
endogenous levels of Ca 2+ and 5raM MgC12 and was centrifuged 
10h at 100,000g. Affinity-purified MAb 2-1 at 0.6gg/ml (EDTA) 
or 1.8 ~tg/ml (Ca 2+ , Mg 2+) was used as probe in Western blotting. 
Arrow indicates the direction of centrifugation 

with callose synthase activity during glycerol gradient 
centrifugation using digitonin-solubilized proteins 
from cotton fibers. During centrifugation in the pres- 
ence of the divalent cations Mg 2+ and Ca 2+, callose 
synthase activity migrates as a defined peak of activity, 
and Western blotting of these fractions shows a perfect 
correlation of localization of enzyme activity and of 
the antigen recognized by MAb 2-t (Fig. 3). However, 
as observed previously by Hayashi et al. (1987), if gra- 
dients are run instead in buffer containing EDTA in 
place of  divalent cations, the rate of  migration ofcaltose 
synthase is about 2 times slower, while the migration 
behavior of the bulk of  solubilized proteins remains 
unchanged. When gradients were run in the presence 
of  EDTA for twice the time used for the gradient con- 
taining cations, we reproducibly recovered more callose 
synthase activity, and the enzyme migrates to a similar 
position in the gradient; however, the 65 kDa poly- 
peptide detected by Western blots with MAb 2-1 no 
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longer migrates coincidently with callose synthase ac- 
tivity (Fig. 3). An identical shift was also observed in 
a comparable experiment using digitonin-solubilized 
proteins from mung beans (not shown). Such a result 
supports the idea that the increase in size of  the callose 
synthase is due to a cation-dependent association with 
other subunit(s), and that the 65 kDa polypeptide is 
most likely one such subunit. 

In situ localization of the antigen recognized 
by MAb 2-1 

Attempts at localization with mung bean seedlings or 
pollen tubes of  Lilium were hampered by the fact that 
a high nonspecific reaction with the second antibody 
could not be eliminated. However, a positive reaction 
with sieve plates was observed with MAb 2-1 when 
hand sections of  the phloem region of cucumber seed- 
lings were tested (Fig. 4 b, c). The cucumber root sieve 
plates stained also with aniline blue indicating the pres- 
ence of callose in situ (Fig. 4 a). Controls with the sec- 
ond antibody alone showed only a weak diffuse general 

staining (not shown). Because of difficulties in fixation 
of fresh material, cotton fibers were not examined. 
Most localization experiments in this study were per- 
formed with adaxial epidermal cells of onion bulbs. 
This material was chosen because of  being a classical 
object for callose deposition (Eschrich 1956); the cells 
show a strong wound reaction with intensely localized 
callose deposition in the plasmodesmatal regions; these 
regions can be localized by aniline blue fluorescence of 
the callose (Fig. 5 a). Figure 5 c and d shows that in- 
direct immunofluorescence reaction, using MAb 2-1 as 
first Ab, is restricted to the plasma membrane/cell wall 
region and is most intensely localized in the plasmo- 
desmatal regions where callose synthesis is most in- 
tense. A control using only FITC-conjugated second 
antibody gave no reaction; in addition, use of  another 
mouse MAb against brain alpha-tubulin as first Ab, 
showed specific reaction only with microtubules and 
not in the areas specifically recognized by MAb 2-1 
(Fig. 5 b). When tested on the 3 gm resin sections of 
embedded onion epidermal cells, Calcofluor white 
staining was restricted to cell walls except plasmodes- 

Fig. 4. Cucumber seedlings, longitudinal hand section of the phloem region of the root. a Two sieve plates of a phloem element stained with 
aniline blue (arrows). b and e Positive reaction of sieve plates with MAb 2-1; b survey (arrows), c high magnification. Bars: 10~tm 
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Fig. 5. Onion epidermal cells, a Aniline blue staining of plasmodesmata; b tubulin localization with an antibody to alpha-tubulin; c and d 
localizations of sites reacting with MAb 2-1 (arrows), Bars: I0 gm 
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mata (Fig. 6b), aniline blue weakly but selectively 
stained the plasmodesmatal regions (Fig. 6 a), and lo- 
calization with MAb 2-1 (Fig. 6c) was positive for 
plasma membrane and plasmodesmatal regions. 

Discussion 

The findings that MAb 2-1 can immobilize callose syn- 
thase activity and that the antigen recognized is con- 
centrated in situ in an area of high caUose deposition 
(plasmodesmata and sieve plates) argue strongly that 
this MAb is directed against a polypeptide component 
of the enzyme. The initial difficulties encountered with 
experiments to immunolocalize the MAb 2-1 reactive 
sites, like nonspecific absorption as in mung bean and 
pollen tubes of Lilium, are frequently encountered in 
such studies. They may be due to nonappropriate prep- 
aration and fixation conditions which might be over- 
come with further variations of the experimental pro- 
tocol. First attempts with immunogold localization of 
MAb 2-1 reactive sites were also not yet successful due 
to nonspecific absorption. The positive immunolocal- 
izations of MAb 2-1 reactive antigens with cucumber 
sieve plates and onion plasmodesmata show the main 
reaction at the same sites which also react strongly with 
aniline blue. In onion, however, the positive sites are 
not so well defined as the callose plaques deposited. 
Further studies with electron microscopic localizations 
are needed to resolve in detail whether the antigen is 
restricted to the plasma membrane or also trapped in 
the callose being deposited. 
The immunolocatizations with MAb 2-1 in no case so 
far showed reactions with sites of high cellulose de- 
position, like root hair tips or developing xylem ele- 
ments (same study, not shown). Thus it seems that the 
MAb 2-1 positive polypeptide does not interact with 
the cellulose synthase complex. This does not exclude 
the possibility that other components are shared in ~- 
t,3- and 13-1,4-glucan synthases (see Introduction). 
Western blot analyses indicate that this MAb 2-1 po- 
sitive antigenic component is a polypeptide of about 
65 kDa. Affinity-labeling studies (Delmer etal. 1991) 
do not indicate that this polypeptide interacts with the 

Fig. 6. Onion epidermal cells, LR White embedded, 3 pm sections. 
a Aniline blue staining, relatively weak reaction in plasmodesmatal 
regions (e.g., at arrows), cell wall with weak autofluorescence; b 
Calcofluor white staining, strong reaction of cell wall except plas- 
modesmata (e.g., at arrows); c localization ofplasmodesmata positive 
to MAb 2-1 (arrows). Bars: 10gm 
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enzyme substrate UDP-glucose; rather our studies in- 
dicate that this polypeptide interacts with the enzyme 
in a cation-dependent manner. We note that a fairly 
highly-purified caltose synthase from cauliflower also 
contained a doublet of polypeptides in the range of 65- 
66kDa (Fredrikson etal. 1991), and it may be that 
these polypeptides are related to the one recognized by 
our MAb 2-1. Because of differences in running con- 
ditions during SDS-PAGE, we also cannot exclude the 
possibility that one of the polypeptides in the range of 
55-60 kDa identified in other systems as being enriched 
in partially-purified caltose synthase preparations 
(Meikle etal. 1991, Dhugga and Ray 1991) could as 
well be homologs of the 65 kDa polypeptide. 
The specific function of this polypeptide is unknown, 
and these studies raise new questions about the struc- 
ture and mechanism of such glucan synthases. The most 
intriguing result concerns the natm'e of the larger en- 
zyme complex formed in the presence of divalent cat- 
ions. This complex always has reduced activity com- 
pared to the smaller complex in EDTA. Other recent 
studies of ours with the cotton fiber enzyme have iden- 
tified another 34 kDa annexin-like protein which also 
apparently associates with the enzyme in a calcium- 
dependent manner (Andrawis etal. 1993). In those 
studies, the association of the annexin protein with the 
enzyme has been shown to correlate with reduction of 
the activity of the enzyme. Further studies will be nec- 
essary to determine the significance of these associa- 
tions with respect to the regulation of callose synthesis 
in vivo. We have recently observed that the polypeptide 
recognized by MAb 2-1 undergoes a calcium-dependent 
phosphorylation in vitro (unpubl. obs.). Such a finding 
may indicate that regulation of phosphorylation is one 
factor which regulates enzyme activity, size, and/or 
localization in vivo. Possible functions for these non- 
catalytic subunits might be to play a role in priming 
the glucan synthase reaction, in regulation of activity, 
or in anchoring the enzyme to the cytoskeleton. This 
last possibility is particularly attractive, as callose syn- 
thesis is often highly localized in vivo. 
In conclusion, the results presented once again point 
out the complexity of glucan synthesis in plants, but 
at the same time, offer further approaches for isolating 
and characterizing specific polypeptides involved in 
glucan synthesis, and of studying factors which control 
the assembly and activity of the native complexes. 
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