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VOORWOORD 

Een voorwoord waarin iedereen bedankt wordt die op enigerlei wijze ' 
heeft bijgedragen aan dit proefschrift, komt op mij enigszins over als "" 
het plaatsen van de 'acknowledgements' aan het begin van een 
wetenschappelijk artikel. ^ 

/f 
Ik zal dat dus ook niet doen. \; 

"Dit proefschrift kwam tot stand door de niet aflatende samenwerking "-
van velen". 

Nou, daar heb ik zo mijn twijfels over. 
Alleen de promovendus schrijft het proefschrift. 

Al de andere dingen echter, de zogenaamde 'bijkomende zaken', zijn ^ 
het uiteindelijk die het mij mogelijk hebben gemaakt mijn proefschrift ^ 
deze inhoud en deze vorm te geven. En daarvoor kan ik de mensen ~> 
om mij heen niet genoeg bedanken. 
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Mijn ouders, Marlie, Servé en Loes (en natuurlijk Tom en Roel): 
bedankt! 

Op de afdeling Botanie III mag gelachen worden. Dat de afdeling, ^ 
gezien zijn kleine omvang, toch elk jaar weer een relatief groot aantal ; 
publicaties produceert, geeft aan dat de gezellige sfeer zeker geen 
afbreuk hoeft te doen aan het niveau van het wetenschappelijk i 

onderzoek. Dat daarbij een niet geringe eer is weggelegd voor 
degenen die de afdeling runnen staat buiten kijf. 
Mijn directe collega-promovendi vanaf het prille begin: Frans Wilms, 
Liesbeth Pierson, Twan Rutten, Ton van Amstel en Anneke de Win 
wil ik bedanken voor enerzijds het plaveien van de moeilijke paadjes 
en anderzijds het vertrouwen tot het volgen van de paadjes die ik zelf 
dacht geplaveid te hebben. Bedankt voor jullie steun! 



; Ton van Amstel bedank ik speciaal voor het vullen van de 
^ koffiepauzes (en vaak ook de bekertjes!) 
\ Bedankt ook Bart Knuiman, Tineke Oostendorp, Micke Wolters-Arts, 

Huub Geurts en Jelle Eygensteyn: jullie waren samen de 'backbone' 
; van mijn gebruikte technieken. 

\ Mijn studenten Eric de Ridder, Ron Vervuurt en Barend de Graaf 
bedank ik voor hun inzet, maar vooral voor alle leuke discussies over 
meestal niet-wetenschappelijke onderwerpen. 

4 For her inerasable impression on some members of the department 
, (well, I can only speak for myself) and her contribution to the 'fun' I 
^ thank Fiona Doris. De vergelijkbare positieve spontaniteit van 'onze' 
; zoologe Wilma Pauly heb ik als een enorme stimulans gezien. 

José Adema en José Broekmans, jullie zouden eigenlijk een grote tekst 
boven je deur moeten hangen met: 
"Uiteindelijk kom je toch bij ons terecht!" 

4 Fijn dat jullie er dan ook zijn en, hoe druk ook, altijd even tijd 
kunnen maken! Bedankt! 

,x- Ein gesunder Geist in einem gesunden Körper! Meine Freunde in 
Deutschland: Norbert Gularek, Rudolf Voermans und Thomas 
Hoenselaar möchte Ich deshalb herzlich danken für die viele Stunden 
pro Woche die so wichtig waren um meinen Geist so ab und zu mal 

% richtig frei zu machen! 

Dit laatste is uiteraard ook van toepassing op mijn vrienden van de 
handboogclub. Om goed te schieten moet je je concentreren, en dat 
kan alleen maar wanneer je bewust afstand kunt nemen van andere 
zaken. Voor het stimuleren tot deze innerlijke oefeningen bedank ik 
jullie! 

Voor het regelmatig 'vluchten' bedank ik naast Marlie ook Joep 
Gijzen, René Schouten en Huub Beckers en hoop ik dat we dat nog 

, vaak kunnen doen. 

The critical reading of the manuscripts or parts of the manuscript by 
Prof M. Steer, Dr G. Barendse, Dr N. Lubsen, Drs R. Kroone, Mrs 

^' A. Jenks, Drs J. Klerkx and Fiona Doris is greatly appreciated. 



Vivian Bremer wil ik van harte bedanken voor de eer die zij mij ^ 1 1 
schonk door een serie kunstwerken op mijn werk te baseren en Dr h 
Rinus van Herpen voor zijn rol in de aanzet hiertoe en de vele 
gedachtenwisselingen die er op volgden. V 

Bedankt, Annet de Hond, Marianne Kuenen en Wietske Vollema voor С 
jullie oneindige geduld als alles weer eens een paar dagen, weken of " 
maanden uitgesteld werd! ; 

Harry 
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GENERAL INTRODUCTION 

1. The cytoskeleton 

Cells contain a vast range of structurally and functionally ]-
integrated complexes of protein structures. The threadlike elements of .-
this three-dimensional network interact with each other, the plasma 4"; 
membrane and cell organelles. Because they were initially presumed to Ζ 
have a skeletal function, they have been named the cyto-skeleton. The ;-
word skeleton is usually associated with a system of hard and rigid Ζ 
parts within or surrounding vulnerable weaker parts that need support 
and protection. This definition is in fact more applicable to the cell 
wall, forming a protective layer around the membrane-coated ,; 
cytoplasm with its delicate organelles and vesicles, than to the v 

cytoskeletal proteins. The cytoskeleton, on the contrary, does not , 
merely form a rigid type of structure, its various elements have been -j 
found to be of a very dynamic nature. They are constantly being 
assembled and dis-assembled. Their arrangements vary as cells ? 
develop. They and their subunits are transported throughout the 
cytoplasm and across the plasma membrane. 

2. History 

As there is some evidence in prokaryotes for the presence of Λ 
microtubules (Margulis et al. 1978) and actin-like filaments i" 



¡ (Williamson et al. 1979), the cytoskeleton as an essential basic 
ψ; structure is presumed to have evolved from unicellular to multicellular 
" organisms (Pollard 1984). 
Γ Although microtubules in the mitotic spindle were known for a 
% long time from birefringence experiments, the study of the structure in 

plant cells, now known as the cytoskeleton, started three decades ago 
' when microtubules were discovered and described by Ledbetter and 
ν Porter in 1963. Microtubules are cytoplasmic fibers with a tubular 

,.. form, usually composed of 13 protofilaments linked to each other 
' (Fig. 1). 

Major breakthroughs in understanding cytoskeletons in 
" mammalian cells were achieved by Weber and co-workers (1975) who 

visualized intracellular cytoplasmic microtubules for the first time by 
immunofluorescence microscopy and suggested a possible connection 

I- between the microtubular and microfilament system. Osbom and co-
^ workers contributed significantly to these findings, when individual 
, microtubules were observed by immunofluorescence as well as 
- electron microscopy (1978b), and three-dimensional images of 

microtubules, microfilaments and intermediate filaments in whole 
animal cells were presented (1978a). In 1979, Lloyd and co-workers 

;, applied the immunofluorescence technique successfully to plant cells, 
shortly followed by Wick and co-workers in 1981. 

Due to their presence in muscle tissue, actin microfilaments, 
together with myosin are well known to generate movement. Their 
existence in non-animal cells was not established until 1966, when 
electron microscopic techniques showed the presence of cytoplasmic 
microfilaments in cells of Nitella (Nagai and Rebhun 1966). Although 
Franke and co-workers (1972) showed the presence of microfilaments 

.. Figure 1: Schematic representation of the structure of a microtubule and its subunits. 
\ The a-(light) and ß-(dark) tubulin subunits join to α,β-heterodimers, which 
'; polymerize to microtubules with a diameter of 25 nm and varying lengths. Usually 

13 proto filaments compose the microtubular wall. The center-to-center distance of 
, two longitudinally arranged tubulins is 3.5 nm, the center-to-center distance of two 

protofilaments is 4.4 nm (drawings by the author, adapted after Shigenaka et al. 
1989, Raudakoski et al. 1988). 
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О A I in higher plants, Condeelis (1974) was the first to prove the existence 
| of actin in higher plant cells using heavy meromyosin labelling. It was 
| not until 1979 that their organization in animal cells could be 

visualized by fluorescence (Wulf eí al. 1979). 

actin microfilaments (F-actin) 

G-actin monomer 

Figure 2: Schematic representation of the structure of a microfilament. 
G(globular)-actin polymerizes to F(filamentous)-actin. Two such filaments twist 
around each other and form the 7 nm helical microfilaments. There are 14 
monomers per helical repeat (drawings by the author, adapted after Schutt 1987, 
Raudakoski et al. 1988). 

Actin as a normal component of plant cells was described by 
Parthasarathy and co-workers in 1985. In comparison with the 
diameter of the microtubules (25 nm), these new filaments of 7 nm 



were named 'micro'filaments. The subunits of globular (G) actin are <·-
arranged in two long-pitch helices (Bullitt et al. 1988, Erickson 1989), i 
connected by two types of bonds: longitudinal bonds which connect ? 
the subunits within each long pitch helix, and diagonal bonds which % 
connect subunits across these helices (Fig.2). 

The development of ultrastructural techniques led to the ^ 
discovery of more filamentous protein structures of various diameters -
(both actin filaments and microtubules have numerous associated 'I 
proteins). Subsequently, filaments of 7-11 nm in diameter were called 7, 
intermediate filaments (Lazarides 1980). 

The surfaces of coated pits on the cytoplasmic side of the * 
plasma membrane are composed of clathrin triskelions (Pearse 1976, ; 
Kirchhausen et al. 1986), which contain three heavy and three light ν 
chains (Fig.3) and form a structure on the plasma membrane 
associated with endocytosis (Pearse and Bretcher 1981, Robinson and , 
Depta 1988). Eventually they form clathrin-coated vesicles which are ^ 
transported from the plasma membrane to other parts of the cell 
(Emons and Traas 1986). Clathrin is not a cytoskeletal protein. It can > 
be regarded as a coat protein that, occasionally, can interact with the 
cytoskeleton (Imhof et al. 1983, Walker and Agoston 1987). Amongst \ 
other things, clathrin-coated vesicles are functional in retrieving excess / 
membrane (Bretcher and Pearse 1984, Robinson and Depta 1988) and '" 
the transport of storage proteins (Harley and Beevers 1989). ; 

3. Classification 

In order to classify them into separate groups, two different 
kinds of cytoskeletal elements are now recognized: filamentous ч 

proteins and associated proteins. On the basis of electron microscopic 
observations, the filamentous proteins can be subdivided into 
microtubules, microfilaments and intermediate filaments. Microtubules * 
and microfilaments form the constant backbone of the cytoskeleton 
(Derksen et al. 1990). 

In plant cells, some of the microtubule-associated proteins 
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known from animal cells have been identified: MAPs (Cyr and / 
Palevitz 1989), calmodulin (Wick et al. 1985) and kinesin (Moscatelli <", 
et al. 1988). Also actin filament associated proteins have been ;| 
recognized in higher plant cells: ankyrin (Wang and Yan 1988), С 
spectrin (Wang and Yan 1988, 1991, Michaud et al. 1991), myosin V 
(Parke et al. 1986, Tang et al. 1989) and profilin (Valenta et al. 
1991). As examples of intermediate filaments, which are best ;, 
described for animal cells, the cytokeratins, vimentin, desmin and the " 
nuclear lamins can be mentioned (Steinert and Roop 1988). 
Intermediate filaments have been shown to anchor the karyoskeleton, 
specifically lamin B, to the cytoskeleton (Georgatos and Blobel 1987). 

4. Techniques of visualization 

Visualization of the cytoskeletal elements has proven to be a -
task in itself. Initially, electron microscopy had aided in giving an 
image to the words. Microtubules especially, were easily recognizable 
in osmicated fixed preparations (Traas 1984). Apart from conventional 
fixation and contrasting methods (Hardham and Gunning 1978), the , 
electron microscopic techniques used in localization vary from , 
freeze-drying (Heuser and Kirschner 1980), immunogold staining (De * 
Mey et al. 1982, Lancelle and Hepler 1989), dry cleaving (Traas 
1984) and freeze-substitution (Lancelle et al. 1987, Lancelle and 
Hepler 1989) to polyethylene glycol embedding (Hawes et al. 1983, 
Hawes and Home 1985), deep-etching (McLean and Juniper 1988, , 

Figure 3: Diagram of clathnn tnmers (tnskehons) joining to form a clathnn coat. 
Clathnn tnskehons are composed of three heavy chains and three light chains 
associated to the proximal arm. Each arm has a globular terminal domain at the tip. .. 
During assembly two types of tnskelion interactions occur involving either , 
vertex-distal arm contacts or the vertex-elbow contacts by addition of a second layer 
of tnskehons. When a coat is assembled, the terminal domains point inward toward 
the center of the lattice, (drawings by the author, adapted after Blank and Brodsky 
1987, Keen 1990, Lemmon et al. 1991). 



ОД л Naramoto et al. 1990), heavy meromyosin labelling (Stepkowski et al. 
Il 1985, Usui et al. 1985) and cryosputtering (Lindroth et al. 1990). The 
'<l use of scanning tunneling microscopy in this field is still very new and 
'„ subsequently nearly undocumented (Ruppersberg et al. 1989). 
?~ On the light-microscopical level, microtubules have been 
'; visualized by immuno-gold staining (De Mey et al. 1982) and by 
U immuno-gold silver-enhancement (Satiat-Jeunemaitre 1990). 
'"' Fluorescence microscopy has shown that microtubules form extensive 
', bundles, mainly in the cortical region of the cell. Mostly, these 

*; cortical microtubules are distributed perpendicular to the cell's long 
;, axis; isodiametric cells display a random distribution. 

However, osmication and certain fixation methods are very 
4 harmful to actin microfilaments (Mersey and McCulley 1978) and 

other cytoskeletal proteins (Riederer 1989). 
Immunofluorescence, through the use of fluorescently labelled 

••\ antibodies, greatly enhanced the possibilities, but was still not ideal: 
^ the effects of various fixation regimes on immunofluorescent 
, preparations was described by Wick and Duniec (1986). 
^ A simpler procedure utilizing phalloidin, a toxin produced by 

the mushroom Amanita phalloïdes enabled visualization of filamentous 
>; actin in situ without the detrimental effect of aldehyde fixation (Wulf 
' et al. 1979, Faulstich et al. 1988, Adams and Pringle 1991). The 

, coupling of fluorochromes to phalloidin provides a convenient means 
\ of visualizing actin, because the interaction appears to be specific for 
-* polymerized (F) rather than for unpolymerized (G) actin (Parthasara-
; thy 1987). 
,ΐ In light microscopy, the use of antibodies conjugated with 
4 fluorochromes is widespread, as well as the use of the previously 
-- mentioned fluorescently labelled phallotoxins. 

A few years ago, the introduction of a Con focal Laser 
Scanning Microscope opened new possibilities in viewing this material 

5 and consequently optical sections of the preparations could be 
examined, thereby reducing background fluorescence (Brakenhoff et 

: al. 1985). 



5. Functions 

As mentioned above, the cytoskeletal elements are not merely ^ 
acting as a skeleton, on the contrary, they represent a complex of 
closely related dynamic protein structures, functioning in more than ^ 
just giving rigidity and protection to the cell. ^ 

Actin is suggested to play a role in cell shape determination " 
(Hahne and Hoffman 1984, Parthasarathy et al. 1985), karyokinesis y 
(Forer 1978, Schmit and Lambert 1985b), cytokinesis (Clayton and --, 
Lloyd 1985, Schmit and Lambert 1985a, 1987, 1990, Traas et al f 
1987, Lloyd and Traas 1988), graviperception (White and Sack 1986, \ 
Wendt and Sievers 1986), cell wall deposition (Seagull et al. 1986) \ 
and functions in cytoplasmic streaming (Jackson 1982, for review see \ 
Staiger and Schliwa 1987). The hypothesis that actin filaments could '" 
play a role in organelle movements (Takagi and Nagai 1983, Witzmun 
and Parthasarathy 1985) was supported by the findings of 4. 
myosin-coated beads moving along actin filaments (Spudich et al. ; 
1985). Moreover, tip growth in pollen tubes and root hairs seemed to 
depend on actin (Franke et al. 1972, Herth et al. 1972, Parthasarathy ' 
et al. 1985, Pierson et al. 1986). 

Microtubules are known to play a role in celi division 
(Hoffmann et al. 1984). The microtubules of the mitotic spindle play <. 
an important role in transporting chromosomes to the poles. 
Additionally, they provide spatial guidance to, for instance, cellulose s 

synthesizing complexes lying in or on the plasma membrane (Tiwari et *-
al. 1984), or to actin microfilaments (Pollard et al. 1984), forming a + 
preprophase-band (PPB) and consequently determining the plane of с 
cell division (Gunning 1982]. In moss protonemata they play a role in f 
polarized growth (Schnepf and Quader 1987). ?* 

χ" 

*.-

6. Inhibitory experiments -

Efficient labelling and detection were not negatively influenced 



g by fixation alone. Through the years, many circumstances became 
^ known to influence cytoskeletal behaviour and many toxic effects of 
|: certain chemicals on these proteins were identified. The knowledge of 
^ these effects has not only aided in more efficient localizations, but 
S subsequently enabled a far better understanding of the functions of the 
* cytoskeletal elements to be reached by using it in carefully designed 
- inhibitory experiments. Some microtubule-disrupting agents, for 
4 example amiprophosmethyl (Morejohn and Fosket 1984, Falconer and 
% Seagull 1987, Murata and Wada 1989, Hogetsu 1991), colchicine 
{' (Hensel 1986, Leadbeater 1987, Marc et al. 1989, Murata and Wada 
ì; 1989, Seagull 1990, Wilms et al. 1990, Galatis and Apostolakis 
[y 1991), oryzalin (Cleary and Hardham 1988, Wacker et al. 1988, 

Salitz and Schmitz 1989, Galway and Hardham 1989, Seagull 1990), 
Γ; nocodazole (Jochova-Svobodova et al. 1989), trifluralin and taxol 

(Seagull 1990), and propyzamide (Akashi et al. 1988) turned out to be 
'4 extremely useful in investigating the functional relationship to other 
"s cellular components. Additionally, the effects of cold incubation 
-; (Melki et al. 1989) and high concentrations of Ca2+or Mg2+ on 
¿ disassembly of microtubules (Kakimoto and Shibaoka 1986, Gal et al. 
\ 1988, Wang et al. 1989) was investigated. The influence of the 
^ calcium regulatory protein calmodulin (Nishida and Kumagai 1979, 
|1 Cyr 1991) and tau factor (Dustin 1984), as well as the effect of 
^ anti-tubulin antibodies on microtubules (Fiichtbauer et al. 1985, 
^ Draber et al. 1990) was determined. 

A comparative approach in actin microfilament study was 
provided by the existence of actin-disrupting agents such as the 

ƒ cytochalasins (Salitz and Schmitz 1989, Seagull 1990, Tiwari and 
ƒ Polito 1990, Soong et al. 1990, Bottalico et al. 1990, Heslop-Harrison 
l étal. 1991, McCurdy étal. 1991). 

Ί 7. Applications 

The results obtained from research of cytoskeletal elements 
;; have found their direct applications in biotechnology. 



Cytochalasin В was used in enucleation of plant protoplasts 
(Wallin tf a/. 1978). 

The changes in distribution and organization during 
differentiation of actin filaments (Derksen et al. 1986) and 
microtubules (Traas et al. 1984) has led to their use as markers for 
cell division (Flanders et al. 1990, Gunning and Sammut 1990, Brown 
and Lemmon 1990) and cell differentiation (Traas et al. 1990, Wilms 
and Derksen 1988, Mineyuki and Furuya 1985, Gorst et al. 1986). 

The induction of micronuclei in order to employ them for 
genetic manipulation was accomplished by using the microtubule 
toxin amiprophos-methyl (Sree Ramulu et al. 1988a, 1988b). 

8. Cytoskeletal associations 

The co-alignment of cellulose microfibrils and microtubules as 
observed in some plant cells (Lloyd 1984), indicated a functional 
relationship between them. 

Emons (1982) and Emons and Wolters-Arts (1983) showed 
that, in root hairs of Equisetum, microtubule direction does not orient 
microfibrils. Additionally, in Boodlea, microfibril deposition was 
unrelated to microtubule orientation (Mizuta and Okuda 1987). 
Nevertheless, a spatial relationship was observed between microtubu
les and rosettes (Giddings and Staehelin 1988). Also microtubules 
together with other membrane and extracellular factors could be 
involved in the process of cellulose microfibril orientation (Traas and 
Derksen 1989). 

Pollard and co-workers (1984) already described the interaction 
between actin filaments and microtubules. Co-distribution of both 
cytoskeletal elements was observed (Pierson et al. 1986,1989, Lancel-
ìeetal. 1987). 

A spatial (and functional) connection between microtubules, 
coated pits and microfilaments was described by Emons (1987). 



I 9. Aim of this thesis 

This thesis reports on a study of the spatial organization and 
'\ relationships between various kinds of cytoskeletal elements in 
jl protoplasts as compared to regenerating protoplasts. Subsequently, 
45 their putative functional relationships are discussed. 
Й In order to enable future research to elucidate specific 
* cytoskeletal functions, it is clear that a detailed description of the 
'\ structural features of the cytoskeleton is required. However, 

describing these elements in detail, especially in relation to other 
x cytoskeletal proteins, calls for very specific, often not yet developed 

techniques. So, additionally, no matter how time-consuming, new 
methods on visualization of individual protein structures had to be 

ч developed or improved. 
Most of the experiments were carried out on cell suspensions 

- of tobacco. Culturing cells of Nicotiana plumbaginifolia or Nicotiana 
¿ tabacum enabled a constant supply of actively growing, 
Í non-differentiating cells. These cells could be used to prepare 

protoplasts, which have turned out to be extremely useful in all kinds 
$ of localization and labelling procedures, mainly because they lack the 
, mechanical barrier of the cell wall. 

In chapter 2, the organization of microtubules in protoplasts 
; from Nicotiana plumbaginifolia is compared to that in non-

'," differentiated walled cells and differentiating (elongating) cells. 
¿ Putative actin filaments are seen connecting microtubules to coated 
./ pits. The relationship between microtubules and coated pits is 

quantitated. 
A quantitative approach to the relationship between coated pits 

^ and microtubules in different cell types from root hairs of Equisetum 
^ hyemale, is carried out in chapter 3. 
, Confocal imaging is used in chapters 4, 5 and 6 to study the 

distribution of specific F-actin structures as they occur in plant cells. 
In chapter 7, a special technique of double-labelling is 

£ presented, in which cells are not fixed but extracted prior to 



(immuno-)labelling. Щ 
Localization of a spectrin-like protein in plant cells and ; 

double-labelling of this protein with tubulin is presented in chapter 8. £ 
Finally, in chapters 9 and 10 the main results of this study are *> 

summarized in English and Dutch, respectively. ^ 
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O R G A N I Z A T I O N OF M I C R O T U B U L E S AND 
MICROFILAMENTS IN PROTOPLASTS AND 
REGENERATING PROTOPLASTS DERIVED FROM 
SUSPENSION CELLS OF TOBACCO: A QUANTITATIVE 
ANALYSIS 

ABSTRACT 

The cortical cytoskeleton of suspension cells, protoplasts and ; 
regenerated protoplasts of tobacco was studied by means of fluorescent 
probes at the light-microscopical level and by means of dry-cleaved 
and freeze-fractured preparations at the electron-microscopical level. -
No differences in the organization of the cortical cytoskeleton of the 
suspension cells and protoplasts were observed. Mostly, the 
cytoskeleton showed highly organized domains within superficially 
random-like patterns. 

Microtubules formed extensive bundles with up to 10 elements 
per cross-linked bundle. About 65 cross-bridges occurred per μΐη. The , 
cross-links were 25 to 50 nm long and 5 to 20 nm in diameter. On the 
average, 56% of the entire microtubular length was present in the 
cross-linked bundles. Length and abundance of microtubules ranged 
between 0.8 - 14.28 /tm and 0.93 - 4.29 μνη/μνη2 respectively. 
Elongated cells derived from regenerated protoplasts displayed " 
microtubule-distributions perpendicular to the long cell axis. 

In dry-cleaved preparations, microtubules were regularly 
aligned with microfilaments, either as parallel or as 'stitched' 
filaments. These alignments did not occur over distances longer than 
1.46 μΐη. 

The distribution of the coated pits appeared to depend on 



^ microtubular distribution. Coated pits often were connected with the 
ƒ microtubules by means of putative actin filaments. 

% Key words: dry-cleaving, freeze-fracturing, freeze-substitution, 
£ immuno-fluorescence, microfilaments, microtubules, Nicotiana 
\ plwnbaginifolia, Nicotiana tabacum, protoplasts 

INTRODUCTION 

The cytoskeleton in interphase cells of higher plants consists 
mainly of cortical microtubules and actin filaments. The cortical 

\ microtubules appear to be interconnected and may form large arrays. 
^ Actin filaments occur in different forms: large bundles, probably 
/ involved in generating plasma streaming, and fine cortical filaments. 
* The existence of intermediate filaments, as found in animal cells, has 

not been demonstrated yet, though there is evidence the constituents of 
intermediate filaments are present (review: Derksen et al. 1990). Parts 

t% of the cortical actin filaments and intermediate filaments co-localize 
with microtubules (e.g. Lancelle et al. 1987, Pierson et al. 1989, 
Tiwari et al. 1984, Goodbody et al. 1989). However, as many co-

i localizations have been observed merely at the light-microscopical 
', level and most electron-microscopical preparations show only a small 
' part of the cell, information on the interactions between cytoskeletal 

elements is limited. Moreover, most observations have been carried 
..;: out on highly specialized cells like pollen tubes (e.g. Pierson et al. 
% 1989). 

To study the cortical cytoskeleton on the electron-microscopical 
level, dry-cleaving has proved useful, allowing quantification of 

/ cytoskeletal properties (Traas et al. 1984, 1985). Protoplasts are 
''"' suitable subjects for dry-cleaving studies, as they lack a cell wall and 

thus large cleaved areas are easily obtained. However, the 
^ cytoskeleton in protoplasts may not be representative for that in intact 
,' cells. For example, the abundance of microtubules in protoplasts 



seems to be much lower than in walled cells, as judged from the data <. 
presented in many papers (Doohan and Palevitz 1980, Lloyd et al. $. 
1979, Van der Valk et al. 1980). The technique of dry-cleaving has ^ 
often been cntisized because it was thought to pull away a large part ,* 
of the cortical cytoskeleton, leaving the quantitative measurements "^ 
rather doubtful. Freeze-fracturing preparations however, may show ;* 
imprints of the cortical cytoskeleton on the PF-side of the plasma T-
membrane (Northcote and Lewis 1968, Hereward and Northcote 1973, ' 
Itoh 1975). Using freeze-fracturing, cortical cytoskeletal elements are L 
not removed from the inside of the cell and their actual distributions ^ 
are not affected. ; 

The present study aims to describe the physical connections \ 
between associated cytoskeletal elements and to quantify the extent of ; 
these associations. Therefore, besides protoplasts from a cell culture -
of Nicotiana plumbaginifolia, we also studied non-enzyme treated cells 
and cells during wall degradation by means of fluorescent probes at « 
the light-microscopical level and by using dry-cleaved preparations at 
the electron-microscopical level. Furthermore, in order to compare -
dry-cleaving to freeze-fracturing, these techniques were used on 
protoplasts and regenerated protoplasts of Nicotiana tabacwn. 

MATERIALS AND METHODS 

Plant material and protoplast isolation 

Suspension cells of Nicotiana plumbaginifolia were maintained 
on B5 medium (Gamborg et al. 1968) supplemented with 0,5 mg/1 -
2,4-dichlorophenoxyacetic acid (2,4-D) on a rotary shaker at 200 rpm <' 
in the dark at 28 0C. Cells were subcultured once every 3 to 5 days by 
adding fresh medium to the cells and by a twofold dilution. The '* 
enzyme mixture used for protoplast isolation consisted of 5 % cellulase 
Onozuka RIO (Yakult, Japan), 0.5% macerozyme RIO (Serva, ^ 
Heidelberg) and 0.4 M mannitol at pH 5.6. Protoplasts were isolated 
from log-phase cultures by incubation of suspension cells in the 



enzyme solution for 3 to 4 hours at 28 "С on a rotary shaker (30 
rpm). The protoplasts were collected on 0.4 M sucrose after rinsing 

' with W5 solution (Sidorov et al. 1981). Preparations were made from 
non-enzyme treated cells, cells after 2 or 4 hours incubation in the 
enzyme mixture and from protoplasts immediately before or after 

X collection on sucrose medium. Cells and protoplast were handled with 
extreme care as to avoid mechanical damage. 

Fixation and preparation for immunofluorescence 

Protoplasts were fixed in 3% formaldehyde, 10 mM ethylene 
glycol-bis (ß-amino-ethylether) -Ν,Ν,Ν',Ν'- tetracetic acid (EGTA), 5 
mM MgS04, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10% 

.{ dimethylsulphoxide (DMSO) in 100 mM 1,4-piperazinediethane-
sulfonic acid (PIPES) buffer, pH 6.8 for one hour. After fixation the 
protoplasts were rinsed in PIPES for 15 min, attached to poly-L-lysine 
coated coverslips, and immediately processed. Procedures were as 

. described by Wick and co-workers (1981). The primary antibody was 
a monoclonal rat anti-tubulin (MAS 077b, Sera Lab Ltd, Crawley 

•-, Down), the secondary antibody was an fluorescein isothiocyanate 
(FITC)-conjugated goat anti-rat antibody (Nordic BV, Tilburg). 

F-actin was visualized using rhodamine-phalloidin as a probe 
(Wieland 1977). For double staining of microtubules and actin 
filaments, rhodamine-phalloidin was added to the second antibody as 
described by Pierson and co-workers (1989). In order to avoid 
fading, preparations were mounted on glass slides in Citifluor 
Glycerol/PBS (Agar Scientific Ltd, Stansted, U.K.). Observations 
were made using a Leitz Orthoplane microscope, equipped with 
appropriate filters. Micrographs were taken with a Leitz Vario 

' Orthomat combination on either Agfapan professional film 400 ASA 
or Fujichrome DX colour reversal film 400 ASA. Selected 
preparations were also studied in the Bio-Rad MRC-500 Confocal 
Imaging System and photographed from a high resolution flat screen 
monochrome monitor with Agfa APX 100 film. 



Staining ofF-actin by means of extraction procedure 

Cells and protoplasts were added to equal amounts of 
extraction buffer (100 mM PIPES buffer, pH 6.9, containing 10% 
(v/v) DMSO, 10 mM EGTA, 10 mM MgS04, 0.05% (v/v) Nonidet 
P-40 and 0.4 M mannitol as osmoticum) and rhodamine-conjugated 
phalloidin for 5 min. (Hussey et al. 1987). Preparations were screened 
and photographed immediately as described above. 

Chemical fixation and preparation for dry-cleaving 

Cells and protoplasts were fixed in 0.5% glutaraldehyde, 10 
mM EGTA, 5 mM MgS04 in 100 mM PIPES buffer, pH 6.8 for one 
hour. Non-enzyme treated cells were washed 2x in PIPES buffer, 
treated with Cellulase (Onozuka RIO) for 30 min., washed again (3x) 
and extracted for 1 hour in buffer (Traas 1984). Further treatments 
were the same for all the material used. After rinsing twice with 
distilled water, cells and protoplasts were allowed to settle on 
poly-L-lysine coated grids. Post-fixation took place for 30 min in 
0.5% osmium tetroxide, followed by staining in 0.5% uranyl acetate, 
also for 30 min. Protoplasts were dehydrated in ethanol and prepared 
for critical-point drying. Dry-cleaving was performed as described 
earlier (Traas 1984). The material was photographed in a Jeol JEM 
100 CX II. 

Cryofixation/freeze-substitution and preparation for dry-cleaving 

Formvar-coated poly-L-lysin grids were loaded with 25 μ\ of a 
suspension of protoplasts. Cryo-fixation took place in -165 0C 
propane. Grids were plunged into liquid propane using a custom-built 
freezing apparatus resembling that described by Lancelle and co
workers (1986). Frozen specimens were transferred to liquid nitrogen. 
Freeze-substitution took place at -80 0C for 36 hrs in a CS Auto 
freeze-substitution device (Reichert-Jung, Vienna, Austria). The 
freeze-substitution medium consisted of 1% tannic acid (Mallinckrodt 



^ Inc., Paris, Kentucky, USA) in acetone. During the period of heating 
•ζ up to 20 0C in steps of 4 0C, the medium was replaced at -30 0C. 
t Three rinses with cold acetone were followed by the addition of 1% 
r Os04 /0.1% uranyl acetate in acetone. After warming up, the grids 
"fl were washed several times in acetone, critical point-dried and 
îî dry-cleaved as described previously for chemically fixed material. 

Elongation of suspension cells 

Elongation of Nicotiana tabacwn cells in culture was 
established according to the procedures of Hasezawa and co-workers 
(1983). 

Freeze-fracturing of cells or protoplasts 

For freeze-fracturing, cells or protoplasts were transferred into 
a small volume of B5-culture medium (Gamborg et al. (1968). Copper 
specimen holders (Balzers) were coated with a yeast suspension. A 
droplet of cells or protoplasts was placed between two copper holders, 
which were 'shot' into LN2-cooled propane (T= -170 0C). After a few 
seconds, the copper holders were quickly transferred to LN2 and 
freeze-fracturing occurred in a Balzers Freeze-fracturing device. After 
breaking, the material was etched two minutes at -100 0C, 
shadowcasted with platinum at an angle of 45 0, and reinforced with 
carbon. Replicas were floated on distilled water and transferred to 
40% chromic acid. After two hours the replicas were rinsed three 
times in distilled water and collected on formvar coated grids. 

Вша collection 

The exact magnification of micrographs taken of cleaved and 
freeze-fractured cells was established with a grating replica. 
Microtubules, microfilaments and coated pits were traced from the 
micrographs on plastic sheets. Protoplast areas, lengths of 



microtubules and microfilaments, as well as distances between these ™ 
elements and between coated pits and microtubules were measured ;л 

using a Kontron Videoplan computer. Measurements were carried out ^ 
on 10 protoplasts selected for the largest possible cleaved areas. They f> 
derived from three independent experiments. ^ 

To test whether the distribution of microtubule-coated pit ^ 
distances has a structural basis or results from randomly distributed о 
elements, the SAS statistical programme was used to generate a %% 

number of sheets displaying randomly distributed markers. The sheets 
were enlarged to give a number of markers/area similar to the number ч 

of coated pits on each original micrograph, projected over the traces -
of the microtubules and the distances between microtubules and ', 
markers were measured. 

RESULTS 

Light-microscopical observations 

All preparations studied showed more or less irregular patterns τ 
of cortical microtubules (Figs. 1 and 2). Individual protoplasts and ; 
cells could differ considerably in the distribution of their cortical 
microtubules. Besides criss-cross patterns, many protoplasts and cells -
showed domains with wave-like or parallel configurations. Only the '! 

non-enzyme treated cells showed regular patterns (Fig. 2a). These ' 
patterns were limited to one to three sides of the polygonal cells. No ,• 
indication for other differences between the different preparations was '-
found. The distribution of microtubules in whole mounts did not differ , 
from that in cleaved parts (note that protoplasts often cleaved 
spontaneously during mounting). However, whole mounts gave 
considerably more background fluorescence in the cell (Fig. lb), ; 
mainly as a result of antibody binding outside the focus level. f 

F-actin was stained with rhodamine-phalloidin using both 1 
fixation and extraction procedures. Though the latter procedure was ,, 
more reliable and yielded preparations with more detail, no essential "' 



Figures la,b: Immunotluorescence microscopy of protoplasts showing random 
orientations of cortical microtubules, a: Protoplast fragment, b: Whole mount. 
Figures lc,d: Confocal images of protoplast stained for tubulin (c) and F-actin (d). 
Arrows indicate partial co-localization of microtubules and F-actin. Bars: 10 μηι. 

I 
si differences were observed between the two procedures. Actin 

filaments formed a basket around the nucleus from where they ran in 
bundles to the periphery of the cell or protoplast. Occasionally, 



hoop-like arrangements were observed in the cortical cytoplasm (Fig. ;s 

2f). Due to the strong fluorescence of the bundles and the deformation , 
of the cell residues during their preparation, individual filaments were \ 
difficult to trace. Even in non-enzyme treated cells fine cortical ^ 
filaments could be observed seldomly (Fig. 2d). Besides the difference ' 
in numbers of cells with cortical actin filaments no differences '' 
between cells and protoplasts were observed (Figs. 2e and 2f). \ 

Double labelling of tubulin and F-actin revealed in part a 
co-distribution of actin bundles and cortical microtubules as shown for 
protoplasts in Figs. 1c and Id. 

Dry-cleaving 

After dry-cleaving, nonuniformly sized patches of the critical-
point dried protoplasts (Fig. 3a) or cells remained on the grid. The ;s 

size of the patches left on the grid was not proportional to the size of „.. 
the original cells or protoplasts. Measurements in 23 protoplasts \ 
revealed patch sizes varying between 2 and 63 % of the original 
plasma membrane area. The size of patches from suspension cells was 
much smaller, not allowing extensive quantitative measurements. After 
dry-cleaving, the cytoskeletal elements attached to the plasma , 
membrane were visible (Figs. 3 and 4). If cleaving occurred through 
the vacuole, a small but undisturbed layer of cortical cytoplasm ; 

remained on the grid. After dry-cleaving, microtubules showed nearly 
the same patterns as observed in immunofluorescence preparations. 

In the 10 cleaved protoplasts that were selected, the relative 
abundance of microtubules ranged from 0.93 to 4.29 μπι/μίτι2, with an 
average of 2.75 μΐη/μπι2. The length of the microtubules varied from " 

Overleaf: Figures 2a,b,c: Immunofluorescence microscopy of suspension cells , 
stained for tubulin, a: Non-enzyme treated cells, b: Cells after 2 hrs in enzyme : 

mixture, c: Protoplast (4 hrs in enzyme mixture). Figures 2d,e,f: Confocal 
fluorescence microscopy of cells stained for F-actin. d: Fine cortical actin filaments 
in a non-enzyme treated cell, e: Group of non-enzyme treated suspension cells, f: 
Protoplast (4 hrs in enzyme mixture); note hoop-like arrangement of F-actin 
filaments. Bars: 10 μιη. 
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^ less than 1 μπι up to 14.28 μπι, with an average length of 2.35 μνη. 
; Microtubules appeared to form bundles of up to ten elements running 
4 parallel to each other (Figs. 3b, 3c and 4a). In the bundles many 
'* cross-bridges interconnecting the microtubules could be seen (Figs. 
', 3b, 3c, 3d and 3e). The lengths of these cross-bridges varied between 

4 25 and 50 nm, their diameters ranged from 5 to 20 nm (Figs. 3b, 3c, 
3d and 3e). Measurements on 21 randomly chosen parts of cross-

:•., bridged microtubules (of 1.5 μπι length each) showed an average 65 
, cross-bridges per micrometre. If microtubules are considered to form 

bundles only when interconnected by cross-bridges, bundle formation 
can be quantified unambiguously. The portion of microtubules in 

t bundles averaged 56% (see Table 1). Measurements on a few cleaved 
preparations from the variously treated cells showed results within the 
range of those obtained for the selected protoplasts. 

In preparations of suspension cells and protoplasts many 
microtubules showed free, uncapped endings (Fig. 3g, thick arrow). 

; Some microtubules, however, were seen ending in a tangle of 
', filamentous structures (Fig. 3f), or in a cluster of globular particles, 
~ giving the microtubule-ending a 'club'-like appearance (Fig. 3g). 

Crossing microtubules were also regularly present. The vertical 
- distance between these microtubules appeared to be short, probably 
'' less than 50 nm (Figs. 4c, 4d and 4e). 

'.. Overleaf: Figure 3a: Dry-cleaved preparation of a protoplast of Nicotiana plumba-
,- ginifoha. Bar: 5 μη\. Figure 3b: The cortical cytoplasm of protoplast in 3a at 

higher magnification, showing microtubules (mt), microfilaments (mf, arrows), 
^ coated pits (cp) and coated vesicles (cv, arrowheads). Bar: 0.5 μπι. Figure 3c: 

Several bundles of parallel oriented microtubules in the cortical cytoplasm of 
protoplast. Note cross-bridges (arrows) between microtubules. Figure 3d: 
Cross-bridges between microtubules appear when their distance is less than 50 nm. 
Figure 3e: Periodically spaced interconnections between microfilaments (arrows) and 
microtubules. Figure 3f: Microtubule-ending closely associated with non-directi-

'; onally oriented microfilaments (arrows). Figure 3g: Microtubule-endings closely 
associated with small globular structures (arrows) forming "club"-like appearances. 
In figure 3g an uncapped microtubule ending is indicated by a thick arrow. Figure 
3h: Coated pits situated along and connected with filament (arrows). Bars in figures 

, 3c-3h: 0.25 μπι. 



Figures 4a,b: Dry-cleaved preparation of a non-enzyme treated suspension cell of 
Nicotiana plumbaginifolia. Figure 4a: Parallel microtubules in cortical cytoplasm. 
Bar: 0.5 μτη. Figure 4b: Microtubules, coated pit and microfilaments in cortical 
cytoplasm. Bar: 0.25 /ли. Figures 4c,d: Stereomicrographs of cortical cytoplasm of 
protoplast, showing three-dimensional distribution of microtubules. Bar: 0.5 μπι. 
Figure 4e: Reconstruction of the distribution of the microtubules in figures 4c and 
4d. 



Although numerous F-actin filaments, either in bundles or as 
fine filaments, could be seen with rhodamine-phalloidin as a probe, 
the dry-cleaved preparations of cells and protoplasts showed only a 
few, broad hoops of microfilaments. Putative microfilaments could be 
observed, either connecting coated pits and microtubules (Figs. 3b and 
3h), or co-aligned with microtubules (Fig. 3e). In the latter case, they 
either followed the microtubules at a fixed distance, at about 10 nm, 
or they showed a periodically spaced attachment (Fig. 3e). 
Occasionally, individual filaments were observed running along a 
microtubule over distances up to 1.46 μνη. Since the diameter of the 
filaments appeared to be variable (from 5 nm up to 15 nm), they 
cannot be classified unambiguously as microfilaments. 

Numerous coated pits and coated vesicles were present. 
Measurements on 10 selected protoplasts showed a density of coated 
pits varying between 0.23 and 2.40 per μίτι2 of membrane. 
Measurements on a few cleaved preparations from the variously 
treated cells showed similar results. 

Connective threads, possibly microfilaments, between 
microtubules and coated pits were regularly seen in all preparations, 
sometimes via another filament. Sometimes coated pits occurred in 
rows along the filaments (Figs. 3b and 3h). Only occasionally, coated 
pits and coated vesicles were connected with the filaments 
accompanying microtubules. Stereomicrographs showed that the 
connections seen were real and did not result from superimposition of 
the various elements, as the structures were definitely lying in the 
same plane of focus (Fig. 4c). 

The distances between coated pits and the nearest microtubule 
were measured in 10 protoplasts. The pooled results are shown in Fig. 
5a. More than 75 % of the coated pits were situated within 200 nm 
from the nearest microtubule. Measurements on the randomly 
generated markers projected over the traces of the microtubules 
resulted in different distributions (Fig. 5b). Using the chi-square test 
the difference showed to be highly significant with ρ < 0.0001. 

Freeze-substitution 
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Figures 5a,b: The SAS statistical programme was used to create a number of sheets 
displaying randomly distributed markers. The sheets were enlarged to achieve a 
number of markers / area, comparable to the concentration of coated pits on 
individual electron micrographs. The distances between coated pits and nearest 
microtubule on the electron micrographs (figure 5a) are compared to the distances 
between the artificially generated, randomly distributed markers and their nearest 
microtubule (figure 5b) In both groups of measurements, identical intervals were 
compared. 
Chi-square test was 109.855 and ρ < 0.0001. 
Because of inaccurate measuring in the lower interval of 0-40 nm, inherent in the 
Kontron Videoplan System, interval 0-40 nm was omitted from the graphs. 

Occasionally, protoplasts were cryo-fixed and freeze-substituted 
prior to critical point-drying and dry-cleaving. The results obtained 
from this physical fixation compared to the previously mentioned 
chemical fixation were similar. The only difference being the presence 
of a lattice-like structure in cryo-fixed and freeze-substituted material 
(Fig. 6). 

Freeze-fracturing 



Figures 6a,b: Dry-cleaved preparation of a protoplast of Nicotiana tabacum BY-2 
after cryo-fixation and freeze-substitution. In figure 6a fine filaments can be 
observed running parallel to microtubules (small arrows). Note the lattice-like 
structure absent from chemically fixed and cleaved material (thick arrow). In figure 
6b coated pits are clearly visible. Bars: 0.25 μ,νη. 

Coated pits and microtubules were visible in freeze-fractured 
material as concave and convex structures, respectively (Fig. 7). 
Using this technique of freeze-fracturing, quantitative measurements 
could be performed on cortical microtubules and coated pits in a state 
where no cytoskeletal elements could have been removed during the 
process, as was suggested for dry-cleaving. As shown in figures 8a-d, 
patterns of microtubules and coated pit distributions in protoplasts of 
Nicotiana plumbaginifolia were similar to those after dry-cleaving 
(Fig. 3b). The number of coated pits / μίτι2 after freeze-fracturing was 
0.93 and the relative abundance of microtubules 2.02. Elongated cells 
of Nicotiana tabacum displayed microtubule-distributions 
perpendicular to the long cell axis (Figs. 9a-d), while microtubules 
were randomly distributed in protoplasts. Coated pits were 
occasionally surrounded by a ridge, probably due to preparation 
artefacts. 

DISCUSSION 



Figure 7: Model of a plant cell with partially removed cell wall showing | 
microtubules and coated pits after dry-cleaving (right), imprints of microtubules and | 
coated pits on the PF-side of the plasma membrane after freeze-fracturing (centre). 

i 
8: 
:::: 

The cortical cytoskeleton was essentially the same in all 
preparations and was not changed by protoplast formation. However, [ 
due to mechanical distortions, abundancy and length of microtubules | 
in the protoplasts decreased and microfilaments disappeared if the | 
preparations were not handled with extreme care. The more or less i 
random patterns of microtubules seen here are similar to those | 
observed in other protoplasts (Doohan and Palevitz 1980, Lloyd et al. | 
1980, Van der Valk et al. 1980, Hasesawa et al. 1988). However, | 
since microtubules often form domains with ordered patterns or 
bundles, as is especially clear from the dry-cleaved preparations, the | 



Figure 8a: PF-side of plasma membrane of a protoplast of Nicotiana plumbaginifolia 
after freeze-fracturing. Bar: 1 μπι. Figure 8b: Freeze-fractured preparation of a 
protoplast of Nicotiana plumbaginifolia with imprints of microtubules and coated pits 
on the PF-side of the plasma membrane. Bar: 5 /лп. Figure 8c: Reconstruction of 



the microtubule population in figure 8b. Figure 8d: Detail of figure 8a. Bar: 0.1 

μιη. 

Figure 9a: PF-side of the plasma membrane of an elongated cell of Nicotiana 
tabacum BY-2 after freeze-fracturing. Bar: 1 μηι. Figure 9b: Imprints of 
microtubules and coated pits on the PF-side of the plasma membrane of an elongated 



^ overall random organization must be considered a superficial view. 
Protoplasts showing these domains may derive from the polygonal 

, cells, which thus may have preserved their microtubular organization. 
' The occurrance of these random like patterns may relate to the more 

; or less isodiametric or polygonal morphology of the cells and 
ц protoplasts (Lloyd et al. 1980). 
,' The organization of the actin skeleton is similar to that in 
-' carrot protoplasts (Traas et al. 1987). Occasionally, cortical actin 
\ filaments and microtubules co-localized in double stained preparations. 
^ Extensive co-localization has been demonstrated in pollen tubes 
ί" (Pierson et al. 1989) and root hairs (Emons 1987), no essential 

differences were observed between extraction and fixation procedures 
; (Pierson 1988). 
-," Quantitative measurements on the dry-cleaved preparations 
, showed that length and relative abundance of microtubules are similar 

to previous counts in other cells (Traas et al. 1984, 1985). The extent 
; to which microtubules are present in bundles is impressive, even when 

the very strict criterion of extant cross-bridging is used. Such 
extensive bundle formation has not been observed in other dry-cleaved 

, material (Traas 1984, Traas et al. 1984, 1985). Sometimes, the 
bundles contained as many as ten elements and are thus the largest 
bundles ever reported in plant cells. In dry-cleaved seed hairs of 
Cobaea (Quader et al. 1986), the parallel microtubules are densely 
packed, giving the impression of huge bundles. Since only few cross-

ί bridges between the microtubules in Cobaea seed hairs were observed, 
' by our definition they should not be considered as true bundles. The 

4 cross-bridges seen in the present study have regularly been observed 
in freeze-prepared material of plant cells (Hawes and Martin 1986, 
Lancelle et al. 1987, Tiwari et al. 1984). Length, density and 

^ diameter of the cross-bridges as seen here were similar to those 
, calculated from micrographs published in these papers. The 
" dimensions of the cross-bridges are, however, not consistent with 

; (continued from overleaf) cell of Nicotiana tabacum BY-2 after freeze-fracturing. 
Bar: 5 μτα. Figure 9c: Reconstruction of the microtubule population in figure 9b. 
Figure 9d: Detail of figure 9a. Bar: 0.1 /xm. 



Table 1. Quantitative measurements earned out on microtubules of 10 protoplasts ;· 
using a Kontron Videoplan Computer. 

Protoplast nr. area* length1" rel.ab.c bundles* 

2.60 
4.29 
3.17 
3.45 
3.07 
2.17 
4.21 
2.02 
0.93 
1.59 

61.36 
62.08 
60.76 
52.38 
55.10 
49.97 
60.94 
35.53 
61.55 
63.17 

• Membrane area of protoplast patches left on the gnd after dry-cleaving (μηι2). 
ъ Total length of microtubules (μιη). 
c Relative abundance of microtubules (μιη/μιη2). 
d Percentage of total microtubular lenth appearing in bundles (i.e. being cross-

bndges). 

data reported for specific microtubule-associated proteins as MAPI 
(Olmstedt 1986) and MAP2 (Centonze and Sloboda 1986, Lewis et al. 
1989, Olmstedt 1986, Vallee et al. 1984) and adligin (Aamodt et al. 
1989). From their length, they could represent the tau factor (Lewis ', 
et al. 1989, Hirokawa et al. 1988) or the bundling proteins isolated 
from suspension-cultured carrot cells (Cyr and Palevitz 1989). 

In dry-cleaved preparations, cortical microfilaments were much 
less abundant than expected from the results in rhodamine-phalloidin s 
stained cells or protoplasts. They were not degraded during fixation as ¿, 
they were present in the same amount in freeze-substituted, cleaved 
protoplasts (Fig. 6). Thus, the rhodamine-phalloidin stained filaments -
may have been removed during cleaving. Microtubules aligned with 
microfilaments have been observed in dry-cleaved preparations (Traas 
et al. 1985), in deep-etched whole mounts (Hawes and Martin 1986) 
and in sections of freeze-substituted material (Emons 1987, Lancelle et 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

29.77 
115.30 
104.88 
35.12 

108.06 
74.84 

270.48 
12.22 
91.62 

280.20 

77.36 
494.24 
323.40 
121.25 
323.05 
162.59 

1137.79 
24.72 
85.07 

445.57 



*• al. 1987, Tiwari and Polito 1988). This alignment has been thought to 
I indicate a possible cortical transport function at the plasmalemma 
,** (Traas et al. 1987). In dry-cleaved preparations the microfilaments 
' often appear to be "stitched" to microtubules, a configuration that 

probably can only be seen by means of cleaving techniques. It is not 
* excluded that part of these filaments, which often showed diameters 
'"- larger than those reported for F-actin, may represent intermediate 
'' filaments (Dawson et al. 1985, Goodbody et al. 1989), as suggested 
4 by Derksen and co-workers (1990). 

The threadlike imprints on the PF-side of the plasma membrane 
" as shown in freeze-fractured preparations (Figs. 7, 8 and 9) cannot be 

caused by cellulose microfibrils as they are convex and must be 
impressed from the cytoplasmic side of the plasma membrane. 
Therefore, according to their width, they must originate from cortical 
microtubules (Northcote and Lewis 1968, Hereward and Northcote 

- 1973, Itoh 1975). The round concave imprints, also on the PF-side of 
the plasma membrane (Figs. 7, 8 and 9), must be caused by endocyto-
tic vesicles. The evidence that these must be coated vesicles was found 
in the freeze-fractured preparations from elongated cells, where 

^ probably due to some preparation artefact, a convex ridge around the 
concave structure was present. Such a ridge could never have been 
caused by impression of a smooth endocytotic vesicle (see also 
Coleman et al. 1987). The occurrance of these imprints of 
microtubules and coated pits as shown in freeze-fractured preparations 
is probably a result of the procedure prior to freezing of the cells. 
Imprints are not always as clearly visible as displayed in this study 

\ when elongated cells were used. The dimensions of microtubules and 
coated pits measured in freeze-fractured preparations were always 
similar to those found after dry-cleaving. We believe that the 
freeze-fracturing method presented above enables quantitative 

; measurements, not only on lengths and distributions of cortical 
microtubules, but also on densities and distributions of clathrin coated 
pits. 

The relative abundance of coated pits in dry-cleaved 
preparations did not differ from previous counts in protoplasts (Emons 
and Traas 1986). The highly significant difference in distribution 

', between coated pits and randomly generated markers with the same 



density (Figs. 5a and 5b) proves that microtubules, to a large extent, 
must determine the site of formation of the coated pits. Coated pits 
were often connected with filaments, which in turn were connected 
with microtubules. Bridges between microtubules and coated vesicles ;' 
that were persistent during microtubule isolation, were observed in ^ 
animal cells (Imhof et al. 1983). These bridges putatively contained -
actin and MAP2 (kinesin ?) leaving the possibility for actin and *' 
microtubule driven motion. However, the physiological reason for the 
specific coated pit distribution in plants and the mechanism used to -
achieve it are yet unknown. 
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DISTRIBUTION OF CLATHRIN-COATED PITS IS RELATED 
TO CORTICAL MICROTUBULES IN GROWING CELLS BUT 4 
NOT IN NON-GROWING CELLS I 

ABSTRACT 

The distances of clathrin-coated pits to the nearest cortical ; 
microtubules were measured in different cell types of Equisetwn •,-
hyemale, and these were compared to the distances of artificially 
generated random markers to the same microtubules. Statistical % 

analysis of the data showed young growing cells to possess ^ 
non-random distributions of coated pits, while in full-grown cells 
coated pits seemed to be randomly distributed in relation to the ^ 
microtubules. 

Key words: clathrin, coated pits, Equisetwn hyemale, microtubules 

INTRODUCTION 

Many aspects of the relationships between different cytoskeletal 
elements and other structures in plant cells have been investigated over 
the past decade. Co-distributions of microtubules and actin filaments ' 
have been seen in a great number of cells using various procedures ; 
(Tiwari et al. 1984, Lancelle et al. 1987, Goodbody et al. 1989, 



^ Pierson et al. 1989, Kengen and Derksen 1991, Kengen and De Graaf 
4 1991), for co-orientation of cellulose microfibrils and microtubules see 
o! Emons and co-workers (1991). Relationships between intermediate 
{ filaments and microtubules have been described by Dawson and 
\ co-workers (1985). Coated pits have been observed to be connected by 
,; microfilaments (Kengen and Derksen 1991) and in human 
^ lymphoblastoid cells there is evidence of an active role of actin 

microfilaments in the formation of coated vesicles (Salisbury et al. 
1980). Not only have biochemical associations between coated vesicles 

; ; and microtubules in the mammalian brain been described (Imhof et al. 
\ 1983, Walker and Agoston 1987), but physical connections between 
\r coated pits and microtubules have also been observed in deep-etched 

plant suspension cells (Hawes and Martin 1986) and in dry-cleaved 
preparations of protoplasts (Kengen and Derksen 1991). 

^ Coated pits and coated vesicles of plant plasma membranes are 
* believed to play a role in retrieving excess membrane from the plasma 
'," membrane (Bretscher and Pearse 1984), while microtubules might 
- serve as tracks for coated vesicles in transport processes (Imhof et al. 

V 1983). 
^ As microtubules seem to determine the formation site of coated 

pits in plasma membranes of protoplasts (Kengen and Derksen 1991), 
an attempt was made to determine a similar relationship in 

/· meristematic (root meristem) and differentiated cells (root hairs and 
, cortical cells) of Equisetum hyemale. 

MATERIALS AND METHODS 

Stem cuttings of Equisetum hyemale L., containing several 
nodes were grown on an aqueous soil extract (Meekes 1985) under 

"- greenhouse conditions. After 6 days, roots emerged at the nodes and 
) produced extensive root hair populations. Roots 3 cm long were fixed 
X for 3-4 h in a combination of 2% glutaraldehyde and 2% 
, formaldehyde in 100 mM 1,4-piperazinediethane-sulphonic acid 
·•' (PIPES) buffer, pH 6.8, containing 10 mM ethylene glycol-bis (ß-



amino-ethyletherJ-N.N.N'.N'-tetraacetic acid (EGTA), 5 mM MgS04 

and 1 % tannic acid (Mallinckrodt, USA). The roots were < 
subsequently rinsed in buffer and treated for 10 min in 5-10% .· 
cellulysine (Calbiochem) in buffer to enhance cell separation. After a ', 
15-h rinse in buffer, the roots were transferred to distilled water ^ 
where the tips were cut from the roots in order to obtain meristematic ]\ 
cells and cortex cells in separate preparations. Root hairs were j 
processed as described by Traas and co-workers (1985). 4 

For the preparation of meristematic and cortical cells, the -
epidermal layer and stele were removed using tweezers, and the -'; 
remaining parts were allowed to settle on formvar/carbon and 
poly-L-lysine coated grids. After the material had been attached to the . 
grids, it was post-fixed with a 0.5% solution of osmiumtetroxide in ; 
distilled water for 30 min, rinsed, transferred to a 0.5 % solution of -
uranylacetate in distilled water for 30 min and subsequently -
dehydrated in an ethanol series. The cell strips were critical point , 
dried and then cleaved as described by Traas (1984). The material was [ 
examined in a Philips EM 201 or Jeol JEM 100 CX II. 

The exact magnification of the micrographs of cleaved cells -
was established with a grating replica. Microtubules and coated pits 
were traced from the micrographs onto plastic sheets. Distances " 
between microtubules and coated pits were measured using a Kontron , 
Videoplan computer. Measurements were carried out on 25 cells that 
were derived from seven independent experiments. To test whether the ^ 
distribution of microtubule-coated pit distances has a structural basis ; 

or results from randomly distributed elements, we used the SAS < 
statistical programme to generate a number of sheets displaying * 
randomly distributed markers. These sheets were enlarged to give a -
number of markers per area similar to the number of coated pits on 
each original micrograph and projected over the traces of the -
microtubules; the distances between the microtubules and markers 
were then measured. 

RESULTS 



Figure 1: Dry-cleaved preparation of a young root hair of Equisetum hyemale. Bar: 
0.5 μνα. Figure la : Microtubules (small arrows) and coated pits (circles) can be 
observed at the plasma membrane. Distances between coated pits and the nearest 
microtubules were measured and compared to distances of artificially generated, 
randomly distributed markers (figure lb). Coated vesicles (thick arrows) were not 
included in the measurements. 

Measurements on the distances between microtubules and 
I coated pits, and microtubules and randomly generated markers (Fig. 
I 1) are given in figures 2 and 3. The density of coated pits per unit 



area was high in protoplasts of Nicotiana (Figs. 3a and 3b), young " 
root hairs (Figs. 1, 2a and 2b) and meristematic cells (Figs. 2e and 2f) *' 
of Equisetum, and relatively low in older (fullgrown) root hairs (Figs. 0 
2c and 2d) and cortical cells (Figs. 2g and 2h) of Equisetum (see also f 
Emons and Traas 1986). ''-

The distribution of distances to microtubules of coated pits and 5' 
complementary markers was tested for significance using the chi- s, 
square test (see Table 1). To be able to compare the results obtained ^ 
on Equisetum hyemale with the results on protoplasts of Nicotiana " 
plumbaginifolia, described earlier by the same authors (Kengen and ; 
Derksen 1991) we put data from the latter into the same interval ft, 
groups as those used for Equisetum, including the measurements in the , 
lower interval of 0-40 nm (see Kengen and Derksen 1991). 

DISCUSSION 

In the study presented here, the distribution of coated pits ' 
appeared to depend on the distribution of microtubules, as has been , 
shown previously for protoplasts of Nicotiana plumbaginifolia (Kengen * 
and Derksen 1991), thus leading to the conclusion that microtubules s 

might determine the formation site of coated pits. We used different ^ 
cell types of Equisetum hyemale to determine whether a similar " 
relationship was true in other cell types. Our results clearly indicate ^ 
that in both cortical cells and full-grown root hairs the distribution of 
coated pits must be regarded as a random one. However, in both 
young root hairs and meristematic cells, their distribution is ^ 
non-random and relates to the distribution of the cortical microtubules. " 
The statistical analysis provided significant evidence for the coated pits -
to be located at certain distances from the cortical microtubules, which ì 
was also the result determined for protoplasts of Nicotiana 
plumbaginifolia (Kengen and Derksen 1991). 

As microtubules and actin filaments show strong ; 
interrelationships and often co-distribute, this relationship may depend ^ 
on actin and not on microtubules, especially as microfilaments have 
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Figure 3: Nicotiana plunibaginifolia (protoplasts). Distances between coated pits and 
the nearest microtubule (figure 3a) compared to distances between the artificially 
generated, randomly distributed markers and their nearest microtubule (figure 3b). 

been observed connecting both coated pits and coated vesicles to 
microtubules (Kengen and Derksen 1991). Since coated pits are 
believed to play a role in retrieving excess membrane during cell \ 
growth, a higher density of coated pits in actively growing cell types } 
compared to full-grown cells might be expected. Therefore, if 
microtubules determine the formation site of coated pits, as was 
suggested previously by Kengen and Derksen (1991), a stronger 
relationship between coated pits and microtubules would be expected 
to exist in cells more active in retrieving excess membrane, hence in 
actively growing cells. 

Microtubules strongly influence the distribution of membrane ^ 
proteins, and it is therefore possible that they may also affect ч 

microfibril orientation in expanding cells, but not in non-growing 
cells. The relationship between microtubules and coated pits described 

Figure 2: Equisetum hyemale. Measurements on the distances of microtubules to 
coated pits (figures 2a, 2c, 2e and 2g) and microtubules to artificially generated, 
randomly distributed markers (figures 2b, 2d, 2f and 2h). Identical intervals were 
compared in both groups. Figures 2a and 2b: Young growing root hairs. Figures 2c 
and 2d: Full-grown root hairs. Figures 2e and 2f: Menstematic cells. Figures 2g 
and 2h: Cortical cells. 



Table 1. Statistical analysis of the distribution of clathnn-coated pits in relation to 
the nearest microtubule. 

plant cell type significance* 

Equisetum 
Equisetum 
Equisetum 
Equisetum 
Nicotiana 

young root hairs 
full-grown hairs 
menstematic cells 
cortical cells 
protoplasts 

ρ < 0.001 
non-significant 
ρ < 0.025 
non-significant 
ρ < 0.001 

Distances between microtubules and clathnn-coated pits were compared to 

distances between microtubules and artificially generated markers. Markers were 

randomly distnbuted. Chi-square test was used to test for significance (df = 5). 

in the present article may serve as a marker for determining the 
influence of microtubules on plasma membrane mobility. 
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THE PRESENCE OF F-ACTIN RINGS AS REGULAR 
CONSTITUENTS OF HIGHER PLANT CELLS 

ABSTRACT 

F-actin rings occur regularly in protoplasts and cells of cell ч 
cultures of Nicotiana tabacum L. and Tagetes minuta L. They also 
occur in pollen tubes and their subprotoplasts. Therefore, they can be 
regarded to constitute regular components of the actin skeleton. > 
Transient stages between F-actin rings and putative storage actin (the 
'spikes', see Cresti et al. 1985) and between rings and regular actin , 
filaments were observed. It is suggested that the occurrence of actin 
rings represents an intermittent stage between storage F-actin and actin -
filaments that may occur in all cells during reorganizations in the actin ч 

skeleton. 

Key words: actin, fluorescence microscopy, phalloidin 

INTRODUCTION 

Actin filaments constitute regular parts of the plant 
cytoskeleton (review: Derksen et al. 1990). They may be involved in 
many processes like growth regulation and organelle distribution, but 



s their most prominent role concerns the generation of directional 
;, motion of plasma and organelles (review: Emons et al. 1991). 
; Filamentous (F-) actin occurs predominantly as bundles of long 
h filaments, which extend from the nucleus towards the cell's periphery 

and also as fine cortical filaments that often co-localize with 
: microtubules (Derksen et al. 1990). In germinating pollen, thick, short 
Y and compact bundles ('spikes'), and small circular arranged F-actin 

occur that have been interpreted as storage actin (Tiwari and Polito 
\ 1988, Cresti et al. 1986). Spikes also occur in subprotoplasts of pollen 
} tubes (Rutten and Derksen 1990). 

F-actin rings have also been reported for the red alga 
Cyanidium (Kuroiwa et al. 1988), the moss Fuñaría (Tewinkel and 
Volkmann 1987, Quader and Schnepf 1989), the fern Adiantum 
(Kadota and Wada 1989) and higher plant cells (Hasezawa et al. 1988, 
Kuroiwa 1989, Tiwari and Polito 1988). The occurrence of F-actin 
rings has been attributed to organelle division (Kuroiwa 1989), but 

"' mostly their function is regarded unclear or an artefact (Tewinkel et 
; al. 1989). 
,; The present study concerns the occurrence and function of 

F-actin rings in various cell types. 

MATERIALS AND METHODS 

Suspension cells of Tagetes minuta L. were cultured in 4.72 g/1 
MS-medium (Murashige and Skoog 1962), supplemented with 20 g/1 

", sucrose, 100 mg/1 myo-inositol, 5 mg/1 6-benzylaminopurine (BAP) 
> and 0.5 mg/1 α-naphthalene acetic acid (NAA) on a rotary shaker at 

100 rpm. Incubation conditions were 28 0C, pH 5.6 and continuous 
light. Cells were subcultured once every week. Protoplasts were 

4S prepared as described earlier (Kengen and Derksen 1991). Suspension 
; cells of Nicotiana tabacum BY-2 Go were cultured as described by 

Nagata and co-workers (1981). Subprotoplasts from pollen tubes of 
Nicotiana tabacum cv Samsun were prepared according to Rutten and 

' Derksen (1990). 



Small suspensions of protoplasts of Tagetes minuta L., of cells ^ 
of Nicotiana tabacum BY-2 Go or of subprotoplasts from pollen tubes 4 
of Nicotiana tabacum cv Samsun were added to equal amounts of 
extraction buffer (100 mM piperazine-N,N'-bis(2-ethanesulfonic acid > 
(PIPES) buffer, pH 6.9, containing 10% (v/v) dimethylsulfoxide \. 
(DMSO), 10 mM ethylene glycol-bis (ß-amino-ethyl- ,; 
ether)-N,N,N\N'-tetraacetic acid (EGTA), 10 mM MgS04, 0.05% ; 
(v/v) Nonidet P-40 and 0.4 M mannitol) and rhodamine-conjugated or 
TRITC-conjugated phalloidin for 5 min. (Traas et al. 1987). "-
Occasionally, preparations were made without DMSO and/or Nonidet „ 
P-40 in the extraction buffer. 

Pollen tubes of Lilium longiflorum Thunb. cv White Europe ' 
were isolated from the style 48 hrs. after self-pollination (see Pierson ' 
et al. 1986), and fixed for 5-10 min. in 2 % freshly dissolved , 
paraformaldehyde (w/v) in 100 mM potassium-phosphate-buffer, -
containing 10 % sucrose, 10 mM EGTA and 5 mM MgSO^ pH -
7.0-7.2. After fixation, the material was rinsed in buffer for 15 min., 
attached to poly-L-lysine coated coverslips, and immediately ' 
processed. F-actin was visualized using rhodamine-phalloidin as a 
probe (Wieland 1977). 

In order to avoid fading, preparations were mounted on glass ; 
slides in Citifluor Glycerol/PBS (Agar Scientific Ltd, Stansted, U.K.). -
Observations were made using a Leitz Orthoplane microscope, 
equipped with appropriate filters. Micrographs were taken with a Leitz 
Vario Orthomat combination on either Agfapan professional film 400 , 
ASA or Fujichrome DX colour reversal film 400 ASA. 

RESULTS 

Circular F-actin was found in all material, regardless whether ; 
cells were fixed or extracted by different procedures. Small rings 
occurred in cells from cell cultures of Nicotiana tabacum and Tagetes 
minuta (diameter: 1.8 - 2.7 μίτι) and in the protoplasts of these cells 
(shown for Tagetes in Fig. la). Circular F-actin was present in about , 
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5% of the cells in all preparations. No clear differences between cells \ 
from the lag phase and log or stationary phase were found. F-actin Л 
rings were mostly non-cortical and stained much brighter than the N 

regular actin filaments. The larger rings were often twisted or ξ 
distorted (Figs. 1c and Id). The F-actin rings could not be related to '-' 
any organelle or structure in the bright-field or phase-contrast ; 
microscope (Figs, le and If). The rings occurred mostly without clear / 
differences in the actin skeleton (Figs. Ig and Ih). Besides F-actin " 
rings, spikes were present in many protoplasts and cells (Fig. la). ',; 

In pollen tubes similar small rings (Fig. 2a) were seen together " 
with large rings of 8 micrometres in diameter (Figs. 2b and 2c). The > 
latter were almost cortical. In subprotoplasts of pollen tubes many ', 
different types of rings occur together with spikes (Figs. 2d-2f). The 
diameter of the rings ranged between 2 and 4 /xm. Transient forms ; 

between rings and filaments (Fig. 2e) and rings and spikes (Fig. 2f) <• 
were regularly seen. Mostly, the actin skeleton was disturbed around 
the actin circles. No relation with any organelle or cytoplasmic \ 
structure could be established in either pollen tubes or their 
subprotoplasts. 

Figures la-Id: F-actm distribution in protoplasts from suspension cells of Tagetes 
minuta. Epifluorescence of rhodarmne-conjugated phalloidin after extraction. Figure -
la: Cytoplasmic actin filaments and actm rings in a group of cells still attached to 
each other after incomplete removal of the cell wall. Arrows indicate 'spikes'. 
Figure lb: Reconstruction of the group ot cells in la. Figure 1c: Protoplast contai- ч 

ning 'gamma'-shaped F-actin structure Figure Id: Protoplast containing twisted or 
'dumbbell'-shaped F-actin structure. 
Figures le-lh: F-actin distribution in suspension cells of Nicottana tabacum BY-2. .. 
Confocal imaging of epifluorescence of TRITC-conjugated phalloidin after ", 
extraction. Figure le: F-actin nng in cytoplasm. Figure If: Phase-contrast image of ^ 
the cell shown in figure le. Arrow indicates location of F-actin nng. Figure lg: * 
F-actin nngs together with intact actin skeleton in cells treated with DMSO and 
Nonidet P-40 in the extraction medium. Figure Ih: The presence of F-actin nngs in "• 
a suspension cell of Ntcotiana tabacum BY-2 after TRITC-phalloidm staining, when % 

dimethyl sulfoxide and Nonidet P-40 (detergent) were omitted from the extracting '% 

and staining solution. Bars S um. 



DISCUSSION 

^ F-actin rings were present in all cell types studied, thus they 
<" must constitute regular components of the actin skeleton. As F-actin 
] rings were present in both extracted and fixed material, their 
'", occurrence cannot be considered an artefact of preparation. They have 

been found in cells treated both with or without DMSO or Nonidet 
о P-40 in the extraction buffer (Fig. Ih). 

The F-actin rings observed in our material are similar to those 
,\ observed by Hasezawa and co-workers (1988). However, the circular 
^ profiles described by Tiwari and Polito (1990) are not comparable as 
( they seem to represent an actin-coating of organelles. The actin rings 
ii; in our material could not be related to any organelles and therefore a 

function in organelle division as described for Cyanidium (Kuroiwa 
; 1989) seems unlikely in our material. The fact that actin 

microfilaments actually participate in plastid division was confirmed in 
' Fuñaría by anti-actin antibody labelling of the constricted regions 

(Tewinkel and Volkmann 1992). However, rhodamine phalloidin did 
4 not label these possible plastid-dividing structures. As Palevitz and Liu 
s (1992) showed that phalloidin has hardly any affinity to some types of 

actins, the nature of these constricting actin structures might be 
different from the rings in our material. 

The large F-actin rings in pollen tubes have not been found 
ƒ, elsewhere, their function remains completely unclear. 

Figures 2a-2c: F-actin distribution in pollen tubes of Lilium longiflorum. 
Epifluorescence ot rhodamine-conjugated phalloidin after fixation. Figure 2a shows a 

^ pollen tube tip with an actin ring of 1 μπι together with actin filaments. The pollen 
j tubes in figures 2b and 2c contain distorted ring-formed actin structures of 8 μπι in 
4 diameter. Figures 2d-2f: F-actin distribution in subprotoplasts from Nicotiana 
'" tabacum pollen tubes. Epifluorescence of rhodamine-conjugated phalloidin after 
*• extraction. Figure 2d shows a subprotoplast containing an F-actin ring. Figure 2e: 

Several local accumulations of actin filaments. Figure 2f: Short actin filaments and 
nng-hke actin structures of various diameters are present throughout the cytoplasm. 
Arrow indicates intermediate structure between ring and 'spike'. Bars: 10 μτη. 
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The simultaneous occurrence of F-actin and spikes and of 
transient stages between F-actin and regular filaments, indicate that 
F-actin rings are used in either storage or mobilizing of storage 
F-actin. Taking into account the transient stages between spikes and 
F-actin rings, most prominently seen in subprotoplasts, it seems 
inevitable to consider the F-actin rings as the intermittent stage 
between storage F-actin, the spikes, and the regular actin filaments. 
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F-ACTIN FORMS A BASKET-SHAPED NUCLEOSKELETON IN ; 
ELONGATING CELLS OF NICOTIANA TABACUM BY-2 

ABSTRACT 

TRITC-phalloidin in extraction buffer was used to stain actin in 
suspension cells of tobacco. Confocal immunofluorescence microscopy 
indicated the presence of F-actin containing structures in interphase * 
nuclei of elongating cells of Nicotiana tabacwn BY-2. The results o 

were not affected by the omission of DMSO from the extraction 
medium. These structures, actin 'baskets', were present in about 20% 
of the cells after induced elongation and varied in size, shape and 
number per nucleus. The cytoplasmic actin array remained intact. It is 
proposed that the baskets have a transient character and are related to 
differentiation. 

Key words: CLSM, elongation, F-actin, nucleus, protoplasts, TRITC-
phalloidin 

INTRODUCTION 

In a variety of animal cells, actin is not only present in the ' ; 

cytoplasm, but also in the nuclei (Scheer et al. 1984). Isolated nuclei 



of Amoeba and of amphibian oocytes contain actin as a major protein 
(Krohne and Franke 1980, Gounon and Karsenti 1981). Actin may be 
a part of the nuclear matrix (Verheyen et al. 1986) and has been 
suggested to function in chromosome condensation (Rungger et al. 
1979) and in transcription (Manley et al. 1980) and transport of RNA 
(Ueyama et al. 1987). The cytoplasm of plant cells contains a network 
of actin filaments that matches the pattern of plasma streaming. This 
network is connected to a meshwork of actin filaments that envelopes 
the nucleus (Derksen et al. 1986, Staiger and Schliwa 1987). The 
presence of actin filaments in the nuclei of plant cells has only been 
reported for some meiotic and mitotic spindles (Traas et al. 1987, 
Lloyd 1988, Schmit and Lambert 1990), its function remaining 
uncertain so far. 

Detection and localization of F-actin in plant cells has often 
been carried out on cytological preparations with fluorescent 
phallotoxin as a probe (Kengen and De Graaf 1991, Kengen and 
Derksen 1991). It has been used mainly in combination with extraction 
procedures, since most fixatives degrade F-actin (Lloyd and Traas 
1988. Though very effective, the use of fluorescently labelled 
phalloidin extraction media is questionable, as these media contain 
high concentrations of dimethyl sulfoxide (DMSO), which may induce 
F-actin formation especially in the nucleus, as has been shown for 
some animal cells (Cook 1988). 

In the present study, we have attempted to detect and localize 
F-actin in interphase nuclei of plant cells. We used elongating cells 
derived from protoplasts of tobacco suspension cells with trimethyl 
rhodamine isothiocyanate (TRITC)-phalloidin in extraction media with 
and without DMSO. 

As they show random networks of microtubules, protoplasts 
are described to be unpolarized (Simmonds 1986, Traas et al. 1990). 
Indeed, protoplasts exhibit a non-recognizable polarization. When, 
triggered by changes in the hormone balance of the growth medium, 
evidently unpolarized suspension culture cells pass into elongation and 
growth by way of reverted protoplasts, it is regarded in this study as 
the onset of differentiation. 

Confocal laser scanning microscopy (CLSM) was used to 
discriminate between F-actin in the nucleus and the F-actin meshwork 



enveloping the nucleus. Electron microscopy (EM) was used to study : 
the ultrastructure of the F-actin. 

MATERIALS AND METHODS 

Plant material 

Cells of tobacco (Nicotiana tabacum L. "Bright Yellow 2 Go") >-
were cultured in a suspension in modified Linsmaier and Skoog's 
medium, supplemented with 3% sucrose, 255 mg ΚΗ2Ρθ4 and 0.2 
mg/ml 2,4-dichloro-phenoxyacetic acid (2,4-D), pH 5.8 at 26 0C in \ 
the dark. The cells were subcultured every 7 days (Nagata et al. -
1981). 

Preparation of protoplasts 

Protoplasts of suspension cells were prepared by incubation in 
1% (w/v) Cellulase "Onozuka" RS (Yakult Pharmaceutical Ind. Co., 
LTD., Tokyo, Japan) and 0.1% (w/v) Pectolyase Y-23 (Seishin , 
Pharmaceutical Co., LTD., Tokyo, Japan) in 0.4 M mannitol during 2 ; 

hrs. Subsequently, protoplasts were rinsed three times in 
Fukuda-Murashige-Skoog (FMS) medium, collected on 0.4 M sucrose 
and transferred to FMS elongation enhancing medium according to 
Hasezawa and Syono (1983). 

Log phase suspension cells and 7-14 days old elongated cells 
were used for staining preparations. 

Extraction and staining 

Extraction medium consisted of 100 mM piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES) buffer, pH 6.8, 10% (v/v) DMSO, \ 
10 mM ethylene glycol-bis (ß-amino-ethylethe^-N.N.N'.N'-tetraacetic 



acid (EGTA), 10 mM MgS04, 0.05% (v/v) Nonidet P-40 and 0.4 M 
; mannitol (Traas et al. 1987), supplemented with 100 μ\ of TRITC-

' labelled phalloidin (Sigma Chemicals, St.Louis, USA) per 5 ml of 
extraction medium. One volume of this solution was mixed with an 

, equal volume of elongating cells in suspension and incubated for 5-90 
min. A droplet of this mixture was mounted directly onto glass slides, 
covered by a coverslip and sealed with nailpolish. Cells were also 
stained without DMSO or with neither DMSO nor detergent in the 

^ extraction medium. Control experiments were carried out using 
TRITC alone and with unlabelled phalloidin to block actin staining. 
Heterochromatin was not stained simultaneously with actin, because of 
the strong fluorescence of ethidium bromide. 
Micrographs were taken using a Nikon Inverted Microscope Diaphot 
(Model TMD) equipped with a CF N Plan Apochromat DM 60x in 
combination with a Bio-Rad MRC-600 Confocal Imaging System (Bio-
Rad, Cambridge, Mass., USA). An argon laser provided the spot 
source for illumination. Optical section thickness was about 0.5 μΐη. 
Photographs were taken from a high resolution flat screen 
monochrome monitor on Agfa APX 100 film. 

Electron microscopy 

Figure la: Optical section ot an actin filament array in interphase suspension culture 
cells. A meshwork ot actin filaments surrounds the nucleus (n) and radiates to the 
cell's periphery. The nucleolus is indicated by an asterisk (Bar: 10 μιη) Figure lb: 
Elongating cells of Nuutiana tabacum BY-2 derived trom protoplasts (Bar. 100 μτη). 
Figure 1c: Optical section ot cortical actin filaments in an elongating cell Note the 
fine filaments present in the cortical cytoplasm (Bar: 25 μπι). Figure Id: Optical 
section through an elongating cell treated with both DMSO and detergent in the 
extraction medium showing an actin structure within its nucleus (n). The nucleolus is 
indicated by an asterisk (Bar: 10 μιη). Figure le: Optical section of the cortical actin 
skeleton of the cell in figure Id. Figures If-lh: Basket-like actin structures visible 
within the nuclei of three different elongating cells treated with both DMSO and 
detergent in the extraction medium. In figures If and lg, nucleoli are indicated with 
an asterisk (Bars: 10 μηι). 
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After incubation for 5-90 min in extraction medium, cells were 
| fixed in a mixture of 2% glutaraldehyde and 2% formaldehyde in 100 

f. mM potassium phosphate buffer, pH 7.0, containing 10 mM EGTA 
f: and 5 mM MgS04, for 90 min. Cells were rinsed three times in buffer 
y· and once in distilled water. Postfixation took place during 90 min in 
Щ 1% osmium tetroxide. After rinsing in distilled water, cells were 
;.; transferred to 0.5% uranyl acetate for 1 hr, followed by dehydration 
;] in an ethanol series, and finally embedding in Spurr's resin (Spurr 
І 1969). 

2 Cryofixation and freeze-substitution 

Punches (3 mm) of dialysis tube were boiled for 30 sec in 0.4 
! M sucrose and subsequently rinsed for 5 min in the same medium. 
I Punches loaded with 25 μΐ of a suspension of elongated cells were 

::v attached to a nylon gauze, and tightened in an open clenching ring 
.. soaked in 0.4 M sucrose. 
"i Prior to cryofixation in -165 0 C propane, punches were dried 
ivi by pressing the nylon carrier onto moistened filter paper for 10 sec. 
м- Punches were plunged into liquid propane using a custom-built 
^ freezing apparatus resembling that described by Lancelle and 
,ί co-workers (1986). Frozen specimens were transferred to liquid 
f; nitrogen. Freeze-substitution took place at -80oC for 36 hrs in a CS 
Щ Auto freeze-substition device (Reichert-Jung, Vienna, Austria). The 
!::•; freeze substitution medium consisted of 1% tannic acid (Mallinckrodt 

Inc., Paris, Kentucky, USA) in acetone. During the period of heating 
il up to 20oC in steps of 4 0 C, the medium was replaced at -30oC: three 
| rinses with cold acetone were followed by the addition of 1% 
^ OSO4/0.1 % uranyl acetate in acetone. 

;•; Figures 2a-2o: Optical sections of a nucleus of an elongating cell treated without 
?::: DMSO in the extraction medium, showing the successive occurrence of six 
Щ intranuclear actin baskets. The strong fluorescence in figure 2a is due to the 
•i meshwork of actin filaments surrounding the nucleus. Figure 2p: Transmission 

: image (bright field) of the nucleus in figures 2a-2o. The nucleus is indicated by (n), 
? the nucleolus by an asterisk (Bars: 5 /im). 





After warming up, the specimens were washed several times in 
acetone and flat-embedded in Spurr's resin (Spurr 1969) on Cylon CT 

t (Supelco Inc., Belleforte PA, USA) coated slides. The material was 
sectioned with a Sorvall Porter-Blum MT5000. Sections on formvar 

^ coated grids were stained with uranyl acetate/lead citrate and 
examined in a Jeol JEM 100 CX II electron microscope (Jeol Ltd., 

""' Tokyo, Japan). 

RESULTS 

Fluorescence 

Suspension cells of Nicotiana tabacwn BY-2 showed no 
detectable F-actin within the nucleus (Fig. la). However, in about 

Î' 20% of elongating reverted protoplasts examined, interphase nuclei 
, contained basket-like F-actin structures (Figs. Id, If-lh, 2, 3a, 3d, 4a 

and 4b). Both cell types showed the expected pattern of cytoplasmic 
F-actin (Figs. 1c and le). Disappearance of the fine cortical filaments 
as described by Sonobe and Shibaoka (1989) after a few minutes of 
incubation was not observed. 

Figures 3a and 3d: Optical section ot nuclei (n) in elongating cells treated without 
DMSO in the extraction medium, showing actm baskets apart trom the nucleoli 
(indicated by asterisks). Figures 3b and 3e: Transmission images of figures 3a and 
3d. Figures 3c and 3f': Phase-contrast images ot figures 3a and 3d. (Bars: 10 /xm). 
In figure 3f a region ot increased density (arrowhead) is visible colocalizing with the 
actin basket in figure 3d (arrowhead). 
Figure 3g: Electron micrograph of a nucleus (n) in an elongating cell treated with 
both DMSO and detergent in the extraction medium prior to fixation. Filamentous 
structures are indicated by arrows. The nucleolus is indicated by an asterisk (Bar: 1 
¿tm). Figure 3h: Electron micrograph ot a nucleus (n) in a cryo-fixed 
freeze-substituted elongating cell (nm = nuclear membrane). Note the filamentous 
structures present within the nucleus and in the cytoplasm (arrows) (Bar: 0.5 /im). 
Inset: higher magnification ot the filamentous structures in figure 3h (Bar: 0.1 μιη). 
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Figures 4a and 4b: Optical sections of nuclei (η) of elongating cells showing the 
filamentous structure of the actin baskets. Note the presence of the actin filaments in 
the cytoplasm surrounding the nuclei. Figure 4a: Oblique section near the periphery 
of a nucleus of an elongating cell treated with both DMSO and detergent in the 
extraction medium (Bar: 10 μιή). Figure 4b: Medial cross-section of the nucleus in 
figure 2 which was treated without DMSO in the extraction buffer (Bar: 5 μτή). 

The baskets in the nuclei varied in size (8-20 /¿m), shape 
I (round to distorted ellipsoid) and number (up to 6 per nucleus in the 
! cells examined)(Figs. If-lh, 2, 4). Within the baskets a specific 
| filament organization was detected (Fig. 4). 

TRITC alone was unable to detect the baskets, only the 
I nucleolus stained faintly with TRITC. Pretreatment with phalloidin 

largely blocked the staining with TRITC-phalloidin. The presence of 
| an F-actin basket was independent of the inclusion of DMSO in the 

extraction medium and of the incubation time (Figs. 2, 3a and 3d, 
4b). Nor did the detergent in the medium affect the staining pattern 
(data not shown). 

The basket's position in the nucleus was precisely ascertained 
and compared with complementary transmission images. 

I Colocalization of a basket with discernable intranuclear structures 
| (e.g. nucleoli) could not be confirmed (Figs. 3a and 3b). Comparison 
i of complementary phase contrast and fluorescence images did not 



reveal regions of decreased density within the nucleus (Figs. 3a and ^ 
3c). On one occasion a globular region of increased density was found ^ 
(Fig. 3c-3e). 

Electron microscopy I, 

Electron microscopic preparations showed the damage to the ^ 
integrity of the cytoplasm and the nuclei caused by the extraction -
procedure. Though cytoplasmic actin filaments could not be traced in 
these preparations, nuclei showed the presence of microfilaments 
within their boundaries (Fig. 3g). In cryo-fixed and freeze substituted 
preparations of non-extracted cells, microfilaments in the cytoplasm 
were hardly detectable, but microfilaments belonging to the ч 

intranuclear baskets and the meshwork surrounding the nucleus were ; 
found (Fig. 3h). 

DISCUSSION 

The results clearly show the presence of actin in some nuclei of 
elongating reverted protoplasts. The fluorescent structures seen after 
TRITC-phalloidin staining must be actin as they do not stain with 
TRITC alone and the staining can be blocked by phalloidin. Only the 
staining of the nucleolus seems to depend largely on TRITC binding. 
In a variety of cells DMSO has been shown to cause the formation of , 
F-actin-like structures in the nuclei, for example in Dictyostelium •• 
(Fukui 1978, Fukui and Katsamaru 1979), Amoeba (Fukui and Katsa-
maru 1979) and HeLa cells (Fukui and Katsamaru 1979), PtK2 cells 
(Sanger et al. 1980a, 1980b, Osbom and Weber 1980, Wehland et al. i 
1980) and zoospores of Phytophthora (Jelke and Oertel 1990. As the '', 
staining is unaffected by the absence of DMSO in the extraction 
medium (Figs. 2, 3a, 3d and 4b), the actin baskets seen cannot be ' 
artefactual formations caused by DMSO. Nor did permeabilization of " 
the cell membrane by detergents in the extraction medium or 



-, degradation of the wall during protoplast formation affect the staining 
patterns (not shown). Thus, the presence of actin in the nuclei of 

;' elongating cells must be considered genuine. 
The filamentous, non-crystalline nature of this actin is indicated 

^ not only by the phalloidin staining itself (Wulf et al. 1979), but also 
.. by the EM observations showing typical 7 nm-sized microfilaments 
s% (Fig. 3h). Numerous studies at the ultrastructural level have shown the 

presence of similar structures, which were considered to be F-actin 
r; (LeStourgeon 1978). 

We were unable to correlate the baskets with any defined 
regular structure in the nucleus. Nor did we find nucleolus-associated 

% bodies (NABs) as described by Lafontaine and co-workers (1991) for 
'" plant nuclei, or polymorphic interphase karyosomal associations 

(PIKAs) as seen in human cells (Saunders et al. 1991. In one instance, 
s however, we found a dark globular structure inside a basket that could 
,; not be further identified (Fig. 3f)· Judging from its high density in the 

phase contrast microscope it might be heterochromatin (Rungger et al. 
¿ 1979). 

The presence of actin baskets only in nuclei of elongating 
reverted protoplasts implies a relationship to this kind of elongation, 
which was triggered by changes in the hormone balance of the growth 
medium. Possible functions of this actin, either directly in RNA 
transcription (Manley et al. 1980), or in RNA transport (Ueyama et 

- al. 1987) can neither be excluded nor corroborated from cytological 
' studies alone. However, the specific basket shape suggests they 

delineate a specific nuclear domain. The diversity in numbers, sizes 
and shapes of these baskets and their presence in only 20% of the cells 
do not contradict any specific functions, as the structures observed 
may have a transient character. Their presence during elongation 
might also depend on the original stage in the cell cycle in which the 
cells remain after protoplast formation. The actin baskets cannot be 
remnants of spindle actin, because they are absent in suspension cells 
and non-elongating protoplasts. 
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ABSTRACT 

TRITC-labelled phalloidin was used to visualize F-actin 
distributions during mitosis in Nicotiana tabacum BY-2 suspension 
cells. Aphidicolin was used to synchronize cell suspensions, which 
enabled sufficient numbers of mitotic cells to be obtained. F-actin was 
present in the spindle, and its orientation seemed to correlate with the 
known microtubular arrays. The use of confocal microscopy greatly 
reduced background fluorescence, and therefore fine actin filaments 
could be observed in spindles thought to be devoid of actin. 

Key words: Confocal Laser Scanning Microscopy, F-actin, mitotic <· 
spindle, Nicotiana tabacum, TRITC-phalloidin 

INTRODUCTION 

F-actin appears to be universally present in plant cells. It 
shows discrete distributions and is involved in directional transport and " 
locomotion (Seagull 1989, Derksen et al. 1990, Emons et al. 1991). 
Identification and localizations are largely based on the use of 



fluorescent phallotoxins (Parthasarathy et al. 1985), as well as on 
ν antibody labelling (Molé-Bajer et al. 1988, McCurdy and Gunning 

1990). 
F-actin in the cytoplasm occurs both as filaments encaging the 

nucleus and radiating to the cell's periphery and as fine cortical 
filaments that form arrays similar to those of the microtubules (Sonobe 

^ and Shibaoka 1989, Katsuta et al. 1990, Kengen and Derksen 1991, 
'- Kengen and De Graaf 1991). Cytoplasmic actin filaments remain 

present during cell division. The cortical actin filaments largely show 
the same changes in organization as the cortical microtubules: they 
are present in the preprophase band and also in the phragmoplast 
(Derksen et al. 1986, Kakimoto and Shibaoka 1987, 1988, Traas et al. 
1987, 1989, Palevitz 1987a, 1987b, Katsuta et al. 1990, McCurdy and 

; Gunning 1990, Schmit and Lambert 1987, 1990). 
The occurrence of actin in the spindle apparatus of higher plant 

% cells during metaphase and anaphase was first described by Forer and 
^ Jackson (1976), who used heavy meromyosin labelling. Through the 
- use of phallotoxins spindle-specific F-actin has been shown to be 

present in a variety of plant cells (Seagull et al. 1987, Traas et al. 
1987, 1989, Schmit and Lambert 1987, 1988, Van Lammeren et al. 
1989), but its exact function still remains unclear. 

A possible function for F-actin in chromosome movement has 
been under discussion ever since the observations of Forer (Forer 
1966, Forer and Jackson 1976, Forer 1988, Menzel 1989). However, 

- evidence has accumulated that chromosome movement depends on a 
microtubule-based, kinesin-like, motor protein (Kiehart et al. 1982, 
Scholey et al. 1985, Leslie et al. 1987, Masuda et al. 1988, Enos and 

' Morris 1990, Zhang et al. 1990, Hagan and Yanagida 1990, 1992), 
although a dynein-like protein has occasionally been found to be 
associated to the spindle (Pfarr et al. 1990). 

In plant cells, actin does not appear to be necessary for 
chromosome movement (Schmit and Lambert 1987, 1988, 1990, 
Palevitz 1980, 1987a, Hasezawa et al. 1991), but it may be 

, fundamentally involved in determining the division plane (Schmit and 
"'' Lambert 1987, Lloyd and Traas 1988, Traas et al. 1989, Mineyuki 

and Palevitz 1990). 
As reports on the presence and position of F-actin during 



specific stages of nuclear division in higher plant cells were not 
always congruent, we have attempted to precisely localize F-actin in \ 
the spindles of tobacco suspension cells by means of confocal 
microscopy of trimethyl rhodamine isothiocyanate (TRITC)-labelled , 
phalloidin. Synchronization of cell cultures provided sufficiently large \ 
numbers of dividing nuclei with spindles. 

MATERIALS AND METHODS 

Plant material 

Cells of Nicotiana tabacum "Bright Yellow 2" Go were 
cultured in a suspension in modified Linsmaier and Skoog's medium 
supplemented with 3% sucrose and 0.2 mg/ml 2,4-dichloro-phenoxy-
acetic acid, pH 5.8 at 26 0C in the dark. The cells were subcultured -, 
every 7 days (Magata et al. 1981). 

Synchronization and fluorescent labelling 

BY-2 cells from the log-phase were synchronized following in 
general the method of Nagata and co-workers (1982) in which 
aphidicolin, a specific inhibitor of DNA polymerase a, is used to 
accumulate cells in the S-phase. Instead of adding 5 mg/1 aphidicolin 
for 24 h, however, some modifications were made (doubling time of -
the cell cultures: 24 h), the same amount was added 3 times at 12-h " 
intervals in order to cope with the aphidicolin-inactivating activity of 
the cells. For obvious reasons, microtubule-disrupting drugs like " 
propyzamide could not be used to further improve synchronization. 
Mitotic indices were 28% maximally, as determined by counting 
800-1000 propionic orcein-stained cells per preparation (Dyer 1963). 
Preparations were made at 30- or 20-min intervals after the removal of 
aphidicolin. Samples for F-actin staining were taken over a period of 
1-2 h when a minimum number of the cells (about 15%) were in 





mitosis. TRITC-labelled phalloidin was applied as described by 
Kengen and De Graaf (1991). Controls were carried out by staining , 
with rhodamine or by blocking with phalloidin prior to staining with 
TRITC-phalloidin. Uncoupled TRITC and phalloidin were used at the ^ 
same concentration as TRITC-phalloidin. Chromosomes were * 
observed either under bright field conditions or by means of 
fluorescence microscopy through the addition of 50 jug/ml of ethidium 
bromide. Micrographs were made using a Nikon Inverted Microscope v 

Diaphot (Model TMD) equipped with a CF N Plan Apochromat DM 
60x in combination with a Bio-Rad MRC-600 Confocal Imaging 
System (Bio-Rad, Cambridge, USA). An argon ion laser provided the 
spot source for illumination. Photographs were taken from a high , 
resolution flat screen monochrome monitor on Agfa APX 100 film. 

RESULTS 

The numbers of synchronized BY-2 suspension culture cells % 

were rather low after a 36-h treatment with aphidicoline, possibly due . 
to an insufficient growth rate (Nagata et al. 1992). However, the 
mitotic indices were sufficiently high to study F-actin in a number of 
spindles of dividing cells. 

Actin filaments in interphase cells were organized as described 
previously (Kengen and De Graaf 1991, Kengen and Derksen 1991). 

Figure la: Optical bection of BY-2 suspension culture cells showing the organization \ 
of actin filaments during interphase. Figure lb: Optical section of synchronized BY-
2 suspension cells showing metaphase (m) and anaphase (a) actin spindles. Figures 
Ic-le: Three optical sections of the same BY-2 cell showing F-actin staining in the -
nucleus during prophase. Figure If: Corresponding transmission image of the cell in 
figures Ic-le. Figure lg: Metaphase F-actin spindle in BY-2 cell. Figure Ih: 
Cortical actin skeleton of the cell in figure lg. Figures li and I j : Dual visualization 
of transmission and fluorescence image ot BY-2 cell during metaphase. ) 
Chromosomes were stained with ethidium bromide. Bars: 10 /xm 



Typical images belonging to the formation and disappearance 
\ of the preprophase band and phragmoplast, respectively, and re-

establishment of the cortical actin filaments during division could be 
^ observed (not shown). No detectable changes in the organization of 

the other cytoplasmic actin filaments were observed, including those 
- encaging the nucleus at interphase (Figs, la and lb). Actin rings in 
, the cytoplasm (see chapter 4) and "baskets" of F-actin in the nucleus 
^ (see chapter 5) were not seen during either prophase or metaphase. 

The number of small vacuoles per cell increased as the cells entered 
^ G2 and mitosis (Figs, lb, lg, 2d-2f), as described for Allium 

meristematic cells (Sacnstán-Gárate et al. 1974). 
Linear actin filaments were present in the mitotic spindles of 

- all of the cells examined. Their orientation seemed to correlate with 
,- the known microtubule orientation in the spindle (Figs, lb, lg, li and 

2). It appeared possible to visualize actin filaments and chromosomes 
simultaneously under bright field conditions or after ethidium bromide 
staining. Although physical connections between actin filaments and 

; chromosomes could not be observed due to the limited resolution, 
F-actin appeared to be present throughout the spindle. 

In prophase nuclei the actin filaments were entangled between 
ц the chromosomes (Figs. lc-lf)· During metaphase, the actin filaments 
0 stretched from the chromosomes to the distant poles in parallel arrays 
'- (Figs. Ig and li). In anaphase and early telophase, a small line of 

short actin filaments parallel to the pole-to-pole axis seemed to be 
present in the developing phragmoplast (Figs. 2f and 2g), while longer 

' filaments were still present between the poles and the division plane 

, Figures 2a-2c: Anaphase - telophase transitions in synchronized tobacco BY-2 cells. 
F-actin was stained with TRITC-phalloidin. Figures 2d-2f: Three optical sections of 

', an late anaphase actin spindle in the same BY-2 cell. Note the faint staining of the 
developing phragmoplast in figure 2f (arrows). Figures 2g-2i: F-actin spindles in 
synchronized tobacco BY-2 cells. Figure 2g: F-actin staining in early telophase. 

;.. Figures 2h and 2i: Dual visualization of BY-2 cell in telophase. Chromosomes are 
, stained with ethidium bromide. Figure 2h: Telophase spindle of BY-2 cell. Actin 
\ was stained with TRITC-phalloidin. Figure 2i: Transmission image of cell in figure 

2h. Bars: 10 μπι. 
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Figures 3a-3d: Transmission images of BY-2 cell after the new wall has been 
formed (3a and 3c), accompanied by two fluorescent images of actin distributions in 
the cytoplasm (3b) and in the cortical cytoplasm (3d). Bars: 10 μιη. 

(Fig. 2). During mitosis the cortical microfilament array remained 
(Figs. Ih and 2d). 

After telophase, F-actin staining in the phragmoplast decreased 
(Fig. 2h), but the longer filaments between the cell plate and the new 



daughter nuclei remained (Fig. 3b). A simultaneous visualization of 
the cytoplasmic and cortical array of microfilaments is shown in 
figures 3b and 3d. ; 

Staining with TRITC and blocking with phalloidin showed that 
the staining truely depends on TRITC-phalloidin binding. Only a 
vague but clearly visible background derived from TRITC binding. 

DISCUSSION 

The results reported here confirm earlier reports on the 
rearrangement sequence of cortical actin filaments and the unchanged 
organization of the non-cortical actin filaments during cell division. It 
should be borne in mind, however, that a similar organization does 
not exclude the fact that the filaments are highly dynamic and their , 
spatial location may change. 

The absence of nuclear "baskets" further argues for their 
specific link to cell elongation (see chapter 5). It has been suggested 
that cytoplasmic actin rings function as a rapidly available source of 
F-actin when cells quickly rearrange their actin skeleton (see chapter 
4). Although there may be a relationship to a specific stage in the cell 
cycle, it is also possible that the cytoplasmic actin rings associate with 
a specific type of differentiation or even degeneration in some cells. 
Actin rings may be actively involved in plastid division (J.G. Duckett, 
personal communication, Kuroiwa 1989). As these rings are absent 
during nuclear division, pro-plastid division does not occur 
simultaneously with nuclear division in BY-2 cells. The size of the ' 
rings found in interphase cells does not correspond with the size of the 
pro-plastids. Thus, if the rings are related to plastid division, they 
must be condensed rings that are left over after plastid division is 
almost completed with the larger rings formed at the onset of plastid 
division remaining unseen. 

In Haemanthus endosperm nuclei a F-actin meshwork forms -
around the nucleus at the onset of mitosis, becoming stretched towards 
the poles during anaphase (Schmit and Lambert 1987). So far, 



Haemanthus has been an isolated case in this respect. Our 
observations also differ from those of Schmit and Lambert (1987) in 
that actin filaments are present inside the spindle, the actin filaments 
encaging the nucleus are persistent and they do not stretch during 
anaphase. F-actin has been shown to be present in the meiotic 
spindles of several species (Van Lammeren et al. 1989, Sheldon and 
Dickinson 1986, Hogan 1987, Traas et al. 1989). A specific 
association with chromosomes in meiosis I has been reported for lily 
microsporogenesis (Sheldon and Hawes 1988). However, reports on 
mitotic spindles are scare. They have been shown only in two types of 
cell cultures, -alfalfa (Seagull et al. 1987) and carrot (Traas et al. 
1987)- and in Haemanthus endosperm (Schmit and Lambert 
1987,1988). Several functions have been attributed to spindle F-actin: 
the stabilization of microtubules in the spindle, determination or 
memorization of the plane of division and phragmoplast formation 
(Traas et al. 1989). Thus, the presence, absence or differences in the 
organization of spindle F-actin may be explained by a reference to 
different functions. The firstly described localization of F-actin in 
prophase nuclei might play a role in chromosome contraction. 
According to Hasezawa and co-workers (1991) the presence of F-actin 
in the metaphase spindle of tobacco BY-2 cells is obscure. However, 
in our BY-2 cells F-actin appeared to be present, with distributions 
similar to those found in alfalfa (Seagull et al. 1987). Clearly, in this 
case differences must derive from the procedures used. Whether 
F-actin can be detected unambigously in the spindle with phallotoxins 
has been a matter of discussion (Schmit and Lambert 1987, Palevitz 
and Liu, 1992), as phalloidin has hardly any affinity to some types of 
actins (see Palevitz and Liu, 1992). Moreover, the extraction 
procedure and the type of fluorochrome-phalloidin used may influence 
the results. Rhodaminyl lysine phallotoxin (Traas et al. 1989), 
pretreatment with maleimidobenzoyl N-hydroxysuccimide ester 
(Hasezawa et al. 1991), the omission of detergent from the extraction 
medium (Pierson 1988) and the use of different buffers and detergents 
(Abe and Davies 1991) have been claimed to greatly improve results. 
On the other hand, the presence of dimethyl sulfoxide (DMSO) in the 
extraction media has been claimed to cause artefactual changes in 
F-actin organization (see also discussion in chapters 4 and 5). These 



Claims could not be proven with BY-2 cells (chapter 5, Derksen and 
co-workers, personal communications). It is also possible that F-actin 
in the spindle remains unseen due to the strong refractions from 
chromosomes and spindle added to the background caused by TRITC. / 

The use of the confocal microscope in the present study > 
allowed us to reduce most of these adverse effects. It therefore may be 
concluded that F-actin will be found in most of the spindles of both -,-
meiotic and mitotic cells if the appropriate techniques are used. 
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MICROTUBULES AND ACTIN FILAMENTS CO-LOCALIZE 
EXTENSIVELY IN NON-FIXED CELLS OF TOBACCO 

ABSTRACT 

Microtubules and actin filaments were simultaneously stained 
and optimally preserved in detergent extracted tobacco protoplasts. ΐ 

Successful staining of microtubules depended on the presence of either 
mannitol or sucrose, which apparently prevented microtubule 
degradation by the antibodies. Calcium had no visible effects on the ; 

organization of microtubules or actin filaments, neither did ч 

dimethylsulfoxide stabilize microtubules. As seen by means of 
confocal laser scanning microscopy, co-localization occurred -
throughout the cell and extended over large distances, up to 14-15 μΐυ. ч 

Key words: actin filaments, extraction, microtubules, Nicotiana 
tabacwn BY-2, protoplasts, FITC-phalloidin 

INTRODUCTION 

To study the spatial distribution of the cytoskeletal elements of ^ 
plant cells in the light microscopie fluorescent probes, mostly " 



antibodies or combinations thereof, have been used almost exclusively 
- (for review, see Lloyd 1987). Microtubules have been studied using 

', specific antibodies in cells extracted with microtubule stabilizing 
buffers (Lloyd et al. 1980, Van der Valk et al. 1980), or in cells after 

: formaldehyde fixation (Lloyd et al. 1979, Wick et al. 1981). The 
;> study of actin filaments has relied primarily on the low molecular 
•> weight fluorochrome conjugates of phalloidin (Wieland 1977), 

especially in combination with extraction procedures, that avoid actin 
filament degrading aldehyde fixatives (Traas et al. 1987). Though 

' the extraction procedures used for microtubules and actin filaments are 
" very similar, double-labelling of microtubules and actin filaments has 

only been performed on aldehyde fixed cells. These studies showed 
microtubules and actin filaments to co-localize to some extent 

:: (Pierson et al. 1989, Kengen and Derksen 1991), but might not have 
shown the complete image of the actin filaments. 

In the present study we have simultaneously labelled 
" microtubules and actin filaments in non-fixed tobacco protoplasts. 

MATERIALS AND METHODS 

Suspension cells of Nicotiana tabacum L. (Bright Yellow 2 Go) 
, were cultured according to standardized procedures (Nagata et al. 

1981). Protoplasts were made by incubation in 1 % (w/v) Cellulase 
"Onozuka" RS (Yakult Pharmaceutical Ind. Co., LTD., Tokyo, Japan) 
and 0.1 % (w/v) Pectolyase Y-23 (Seishin Pharmaceutical Co., LTD., 
Tokyo, Japan) in 0.4 M mannitol during 2 hrs. Subsequently, 
protoplasts were rinsed in W5 (Sidorov 1981) and purified by 
centrifugation at 800 rpm on 0.4 M sucrose. In some experiments the 
calcium (125 mM) of the W5 medium was replaced by an equimolar 
amount of magnesium. Fixation or extraction for fluorescent labelling 

'' occurred after each of these steps. Material was fixed in 
para-formaldehyde in buffer consisting of 100 mM 

^ piperazine-N,N'-bis(2-ethanesulfonic acid)(PIPES), 10 mM ethylene 
Γ glycol-bis (ß-amino-ethyletheO-N.N.N'.N'-teraacetic acid (EGTA) and 



5 mM MgS04 (Kengen and Derksen 1991). 
Extraction was carried out in medium prepared according to 

Traas and co-workers (1987). The extraction medium consisted of 100 
mM PIPES buffer, pH 6.9, containing 10% (v/v) dimethylsulfoxide , 
(DMSO), 10 mM EGTA, 10 mM MgS04, 0.05% (v/v) Nonidet P-40, ,/ 
0.4 M mannitol and 1 /ixg/ml fluorescein-iso-thiocyanate ^ 
(FITC)-labelled phalloidin (Sigma Chemicals, St.Louis, USA) and was , 
applied as described previously (Kengen and Derksen 1991). Cells 
were kept in this complete medium during the entire procedure. 
Protoplasts were incubated in the dark for 3 hrs. After this first 
extraction, 25 μΐ of anti-tubulin (MAS 78b, Sera Lab Ltd, Crawley 
Down) was added and incubated for 16 hrs. Without rinsing, 25 μΐ 
Texas Red conjugated anti-rat IgG (Calbiochem, La Jolla, USA) was 
added and the incubation was continued for another 2-3 hrs. 
Protoplasts were rinsed by several careful centri fugation steps of 2 
min. each at not more as 500 rpm. Droplets (30 μΐ) of the protoplast 
suspension were mounted on glass slides and could be examined 
directly. After storage at 4 0C during a few days, background 
fluorescence was considerably reduced. 

Micrographs were taken using a Nikon Inverted Microscope 
Diaphot (Model TMD) equipped with a CF N Plan Apochromat DM 
60x in combination with a Bio-Rad MRC-500 Confocal Imaging 
System (Bio-Rad, Cambridge, USA). An argon ion laser provided the 
spot source for illumination. Photographs were taken from a high 
resolution flat screen monochrome monitor on Agfa APX 100 film. 

RESULTS 

Labelling with FITC-phalloidin showed bundles of actin ' 
filaments throughout the cytoplasm (data not shown) and more or less 
randomly distributed finer bundles in the cortical region (Figs, lb, Id 
and 2b). No differences were observed between preparations taken at 
various stages of protoplast isolation and no effect of replacement of 
calcium by magnesium was observed. In fixed preparations the larger, 



cytoplasmic, bundles of actin filaments can be seen also, but the finer 
cortical bundles are mostly absent (data not shown). 
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Figure 1: Fluorescence microscopy on protoplasts from tobacco BY-2 suspension 
cells. Figures la-Id: Double labelling of tubulin and F-actin in the cortical cyto
plasm after extraction. Tubulin was immunotluorescently labelled using Texas-Red 
conjugated antibodies (figures la and 1c) and F-actin by FITC-phalloidin (figures lb 
and Id). Figures la and lb: Some examples of co-localizations of microtubules 
and actin filaments are indicated by arrows. Bar = 10 μιη. Figures 1c and Id: 
Absence of microtubule and F-actin co-localizations after extraction, although an 
extensive double labelling is present. Bar = 10 μιη. 



With exception of the cells taken from the W5 medium, the 
distribution of immunolabelled tubulin in extracted cells (Figs, la, 1c 
and 2a) did not show differences with that in fixed cells (Fig. 2c). J 
Microtubular configurations from the mitosis were occasionally seen * 
after fixation as well as extraction (Fig. 2d), but most cells showed the ' 
seemingly randomly oriented, typical cortical network of microtubules 
(Figs, la, 1c and 2a). Cells that were taken from the W5 medium 
showed microtubules in fixed preparations, but no labelling was 
possible in extracted cells, even when calcium was replaced by 
magnesium. DMSO did not stabilize microtubules, as reported for 
plant cells by Schroeder et al. (1985). Double labelling of 
microtubules and actin filaments occurred in all cells, except in those 
taken from the W5 medium. 

Generally, microtubules and actin filaments co-localized to a 
large extent in double labelling preparations, although some cells did 
not have any visible co-localization (Figs. 1c and Id). Even in the 
cortical plasma, where actin filaments were hardly seen in fixed 
preparations (Figs, la and lb, 2a and 2b), co-localizations occurred 
and were observed over long distances, up to 15 μΐη. 

DISCUSSION 

The present results show that double labelling can be highly -
reliably performed on extracted cells, circumventing the negative " 
effects of fixation. Though calcium in high concentrations is believed 
to destabilize microtubules (Dustin 1984), their loss during extraction 
of cells taken from W5 medium without purification on sucrose, is not 
due to the presence of calcium as all cells were always washed in the 
W5 medium and replacement of calcium by magnesium did not effect -
the labelling. Moreover, microtubules of the mitotic spindle are very 
susceptible to the presence of calcium (Wick et al. 1985), but they \ 
remain intact during the procedure. Therefore, it seems likely that the 
assembly of the microtubules is inhibited (Dráber et al. 1990) or the 
microtubules even desintégrate by the action of the antibodies 



Figures 2a and 2b: Fluorescence microscopy on a group of protoplasts from 
tobacco BY-2 suspension cells. Double labelling of tubulin and F-actin in the cortical 
cytoplasm after extraction. Tubulin was iinmunotluorescently labelled using 
Texas-Red conjugated antibodies (figure 2a) and F-actin by FITC-phalloidin (figure 
2b). Figure 2c: Organization of cortical microtubules after formaldehyde fixation. 
Bar = 10 μιτι. Figure 2d: Optical section through a metaphase spindle showing 
microtubules after extraction, with calcium replaced by magnesium. Bar = 5 μτη. 



(Füchtbauer et al. 1985), and that stabilization occurs by the presence ' 
of mannitol (Burch and Marchant 1983) or sucrose (Spiegelman et al. ' 
1979). The stabilizing effect of dimethyl sulfoxide on microtubules, as 
reported by Schroeder et al. (1985), could not be confirmed in our -
experiments. 

Generally the distributions of microtubules and actin filaments 
were similar to those described previously (Kengen and Derksen -
1991). Microtubules co-localize with the larger bundles of actin -
filaments in the central cytoplasm, as was reported previously (Kengen ^ 
and Derksen 1991). The confocal microscope clearly separates the ' 
cortical cytoskeleton from the rest of the cell and extensive co-
localization can be observed. The actin filaments did not co-localize 
with microtubules to a larger extent as compared to fixed material, but 
in addition an extensive network of actin filaments remained visible 
(Kengen and Derksen 1991). Possibly, actin depolymerization by -
aldehyde fixatives is prevented by connections with co-localizing 
microtubules. > 

The present observations are in agreement with electron 
microscopical studies on tobacco cells, showing that cortical 
microtubules can be accompanied by putative actin filaments over 
distances up to 15 μιη (Kengen and Derksen 1991). 
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PRESENCE AND LOCALIZATION OF PROTEINS 
IMMUNOLOGICALLY RELATED TO ERYTHROCYTE 
SPECTRIN IN PLANT CELLS 

E 

ABSTRACT 

Plasma, nuclear and some organellar membranes of protoplasts 
from suspension cells of Nicotiana tabacum BY-2 Go and plasma and 
vesicular membranes of pollen tubes of Nicotiana tabacum were 
stained with a polyclonal antibody raised against chicken spectrin. In 
western blots of cell extracts solubilized with SDS this antibody 
recognized a polypeptide with an apparent molecular weight of 210 
kDa. The results are consistent with the idea that a spectrin-like 
protein may be involved in cytoskeleton-membrane interactions in 
plant cells. The staining pattern in pollen tubes suggests a connection 
to exocytosis. 

Key words: immunofluorescence, Nicotiana tabacum L. Bright Yellow 
2, pollen tubes, protoplasts, spectrin, tubulin 

INTRODUCTION 

Spectrin and actin are major components of the membrane , 
skeleton that lines the cytoplasmic face of the erythrocyte membrane ; 



1 CO Ï (Bennett 1985). The membrane skeleton is a flexible structure that 
'x appears to be important in maintaining the shape and mechanical 
'c properties of the erythrocyte (Moon and McMahon 1990). Spectrin is 
r- also thought to be involved in regulating vesicle-membrane 
I* interactions (Bennett 1990) in providing an order for integral 
;1 membrane proteins within the plane of the lipid bilayer and in 
>, coupling membrane proteins to components of the cytoskeleton 
" (Bennett and Lambert 1991). Spectrin molecules are cross-linked at 
' their ends in an association with actin (Bennett and Lambert 1991). 

Several proteins that are immunologically related to such 
' erythrocyte membrane skeletal proteins as spectrin and protein 4.1 
¿ have been found recently in various non-erythroid tissues. 

Spectrin-like protein (fodrin) in epidermal keratinocytes (Kaiser et al. 
5 1989, Yoneda et al. 1990, Shimizu et al. 1990) and in eccrine sweat 

glands (Shimizu et al. 1990) have been identified by immunochemical 
'I methods. Although elaborate work has been carried out by Wang and 
,\ Yan (1988, 1991) in identifying spectrin on the plasma membrane of 
s higher plant leaf cells, its actual detection in situ is very recent 
- (Michaud et al. 1991). 

The aim of the investigation presented here was to determine 
-< whether proteins immunologically related to spectrin were present in 

cells of higher plants. We first showed the presence of a spectrin-like 
' protein in plant cells using an immunoblot analysis and then we 

\ examined the localization of spectrin-like proteins in protoplasts 
ή derived from suspension culture cells of Nicotiana tabacum BY-2 Go 
,; as well as in pollen tubes of Nicotiana tabacum using fluorescently 
Γ labelled antibodies. Simultaneously, we studied double-labelling of 

tubulin and spectrin-like protein. 

MATERIALS AND METHODS 

Plant material 

Cells of tobacco {Nicotiana tabacum L. "Bright Yellow 2") 



were cultured in a suspension in modified Linsmaier and Skoog's 
medium supplemented with 3% sucrose and 0.2 mg/ml 2,4-dichloro-
phenoxyacetic acid (2,4-D), pH 5.8 at 26 0C in the dark. The cells 
were subcultured every 7 days (Nagata et al. 1981). 

Pollen was obtained and incubated as described by Derksen and 
co-workers (1985). 

Preparation of protoplasts 

Protoplasts of suspension cells of Nicotiana tabacum L. 
("Bright Yellow 2" Go) were prepared after incubation in 1% (w/v) 
Cellulase "Onozuka" RS (Yakult Pharmaceutical Ind. Co., Ltd., 
Tokyo, Japan) and 0.1% (w/v) Pectolyase Y-23 (Seishin 
Pharmaceutical Co., Ltd., Tokyo, Japan) in 0.4 M mannitol for 2 h. 
The protoplasts were then rinsed in W5 (Sidorov 1981) and collected 
on 0.4 M sucrose. 

Fixation and immunolabelling 

Protoplasts were fixed in 1.5% formaldehyde, 10 mM ethylene 
glycol-bis(ß-amino-ethyIether)-N,N,N',N'-tetracetic acid (EGTA) and 
5 mM MgS04 in 100 mM 1,4-piperazinediethane-sulfonic acid 
(PIPES) buffer, pH 6.8 for 3 h. After fixation the protoplasts were 
rinsed in PIPES for 15 min, attached to poly-L-lysine-coated 
coverslips and immediately processed. Subsequent procedures were as 
described by Wick and co-workers (1981). The primary antibody was 
a polyclonal rabbit antibody to chicken spectrin (Sigma Chemical Co., 
St.Louis, USA), and the second antibody, a Texas-Red-linked, 
anti-rabbit IgG from donkey (Amersham, UK) or a FITC-conjugated, 
anti-rabbit IgG from goat (Sigma). 

Fixation and further treatment of the pollen tubes prior to 
immunolabelling were as described by Derksen and co-workers 
(1985). 

The preparations were mounted on glass slides in Citifluor 
Glycerol/PBS (Agar Scientific Ltd, Stansted, UK). Conventional 



Д fluorescence microscopy was carried out using a Leitz Fluorescence 
^ Microscope. Confocal fluorescence micrographs were taken with a 
^ Bio-Rad MRC-600 Confocal Imaging System (Bio-Rad, Cambridge, 
^ USA) using a Nikon Inverted Microscope Diaphot (Model TMD) 
^ equipped with a CF N Plan Apochromat DM 60x n.a. 1.40. 
Ц An argon ion laser provided the spot source of exitation light 
? and synchronized moving mirrors generated the sweep pattern. Thirty 

sweeps of each image were collected and averaged. The images were 
"' photographed from a high resolution, flat-screen monochrome monitor 
.. and photographed with Agfa APX 100 film. 

Л Preparation of cell extracts 

¿ For protein extraction 1 g of wet Nicotiana tabacum BY-2 cells 
were mixed with 5 ml extraction buffer (0.3 mM Tris/HCl and 0.4 

,; mM ethylene diamine tetra-acetic acid (EDTA) pH 8.0 supplemented 
? with 0.4 mM phenylmethylsulfonyl fluoride (PMSF), 0.45 /ig/ml 
* antipain, 6.7 /xg/ml aprotinin, 6.7 /ig/ml N-benzoyl-L-arginine-ethyl-

- esther (BAEE), 0.67 μg/ml leupeptide, 0.45 μg/ml pepstatine and 6.7 
/ig/ml N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (all 
chemicals were purchased from Sigma Chemical Co., St. Louis, Mo., 

„ USA). Cells were collected from the suspension by filtering and 
"'" ground to a fine powder in liquid nitrogen. After incubation for 15 
/ min at 30 0C the extract was centrifuged for 20 min at 20 000 g and 

the supernatant saturated to 50% with ammonium sulphate. The 
'̂  resulting precipitate was collected, resuspended in 10 ml extraction 
4 buffer and desalted with centripreps-30 concentrators (Amicon, 

v Beverly, Mass., USA) using three changes of 10 ml extraction buffer. 
" The protein concentration of the final solution was adjusted with 

extraction buffer to 1 mg/ml. 

'-$ Preparation of pig erythrocyte ghosts 

,s' Blood was collected from adult pigs at the local 
' slaughterhouse. Erythrocyte ghosts were prepared by hypotonic lysis 



in 5 mM MgCl2, 5 mM NaNj, 1 mM EGTA, ImM dithiothreitol 
(DTT), 0.5 mM PMSF and 5 mM Tris-HCl (pH 7.5) at room 
temperature (Granger et al. 1982). The membranes were stored at -20 
0C until used. After the pig erythrocyte ghosts were suspended in 
sample buffer, the protein concentration was adjusted to 1 mg/ml. 

Gel electrophoresis and immunoblotting 

Proteins were analysed on 10% (w/v) SDS-PAGE gels 
according to Laemmli (1970) using the BIORAD mini-protean II -
apparatus (Bio-Rad Laboraties, Richmond, Calif., USA). The gels 
were silver stained according to Morrissey (1981). For 
immunoblotting the proteins were electrophoretically transferred to a 
nitrocellulose membrane (Bio-Rad) as described by Towbin and co
workers (1979). Strips 3 mm in width were cut from the protein blot 
and used for the immuno reaction. Non-specific binding sites were 
blocked with 1% bovine serum albumin (BSA) pH 7.0 for 15 min at ' 
30 0C. The strips were subsequently incubated with a polyclonal 
antibody to spectrin (Sigma, rabbit anti-chicken spectrin) or a -
monoclonal against tubulin (Rat monoclonal MAS 77c, Sera Lab Ltd., : 

Crawley Down, UK) diluted 1:1000 in PBS with 0.1% BSA and 
0.05% Tween-20 for 60 min at 30 0C. After three 5-min washing 
steps with PBS the strips were incubated with a second 
peroxidase-conjugated antibody, either goat anti-rabbit (Nordic, 
Tilburg, The Netherlands) or rabbit anti-rat (Sigma Chemical Co., St. 
Louis). Incubation was for 1 h at 30 0C. After another three washing p 
steps the antibody-antigen complex was visualized by chromogenic 
development using diamino-benzidine HCl (DAB) 0.05% in PBS 
supplemented with 0.06% (w/v) hydrogen peroxide. i 

RESULTS 

To determine whether the plant cell contains polypeptides 



immunologically related to spectrin, immunoblotting was performed 
with a commercially available polyclonal antibody against spectrin 
(Figs, la and lb). The immunoblotting revealed that these antibodies 
reacted with polypeptides of 240 kDa when purified erythrocyte 
spectrin was used and with polypeptides of 210 kDa when total plant 
extracts were used. 

180 
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84 

65 

Figure la: Protein content of pig erythrocyte ghosts on gel (lane 1); the α and β 
spectrin subunits showing molecular weights of 240 and 220 kDa, respectively. A 
blot of this erythrocyte ghost preparation (lane 2) was incubated with a polyclonal 
antibody raised against chicken spectrin that recognized the 240 kDa α-spectrin 
band. Figure lb: Electrophoretic analysis of Nicotiana tabacum BY-2 cell extract 
(lane 3) shows two proteins with apparent molecular weights of 232 and 210 kDa. A 
parallel gel lane was blotted on nitrocellulose paper and incubated with the 
polyclonal spectrin antibody, which specifically recognized a 210 kDa protein (lane 
4). A second blot incubated with the monoclonal anti-tubulin showed a clear reaction 
with the 52 kDa band (lane 5). 

To examine the localization of a spectrin-like protein in plant 
cells, we utilized immunofluorescence microscopy in combination with 
anti-spectrin antibodies. When protoplasts of Nicotiana tabacum BY-2 



Figure 2: Conventional immunofluorescence microscopy on protoplasts from 
Nicotiana tabacum BY-2 suspension cells. Bars: 10 μηι. Figure 2a: Labelling of a 
spectrin-like protein at the plasma membrane and the nuclear membrane (arrows). 



were fixed and stained with antibodies that showed cross-reactivity 
with erythrocyte spectrin on the immunoblots, the cell's periphery was 

^ brightly stained (Figs. 2a and 2c). The immunological reaction was 
' also present on the nuclear membranes (Fig. 2a), some vesicular 
;.; membranes (Figs. 2c, 2f, 3a, 3c and 4a), as well as on mitochondrial 
- (Figs. 2b, 2e, 2f, 3a and 3c) and plastid membranes (Figs. 2e and 3c). 
^ The nature of these organelles was largely based on size, morphology 

' and location in the cells. The pre-immune serum gave no staining of 
,\ these membranes. 

Tubulin staining was initially carried out as a control for the 
*• permeation of the antibodies. Double staining of tubulin and spectrin 

revealed no specific physical relationship between the two cytoskeletal 
, proteins (Figs. 3 and 4). 

In pollen tubes, spectrin-like proteins were present on the 
y cytoplasmic side of the plasma membrane. An intense labelling was 

found at the extreme tip (Figs. 5a and 5b). Tubulin staining in 
similarly treated pollen tubes (Fig. 5c) was performed to check for 
any aspecific uptake of fluorochrome conjugated antibodies at the tip 

, that could have been caused by pollen tube pretreatment. 

DISCUSSION 

(continued from overleaf) Spectrin-like protein was labelled using FITC-conjugated 
- antibodies. Figure 2b: Accumulation of mitochondria around the nucleus with 
г· specific labelling of the membranes. Figure 2c: Labelling of vesicle- or organellar 

membranes, with spot-like labelling of the plasma membrane. In figure 2d the 
corresponding bright field image is shown. Figure 2e: Apart from mitochondria, 
spectrin-like polypeptides of the plastid membranes are labelled with FITC. Two 

% plastids are clearly visible near the nucleus (arrows). Figure 2f: Labelling of 
- organelles (mitochondria?) or vesicles. Note that the labelling is restricted to the 

penphery of the structures. 



In the study presented here, we have demonstrated the presence ч 

of proteins that are immunologically related to erythrocyte spectrin *" 
found in cells of higher plants. The molecular weight of the major -, 
polypeptides of spectrin-like proteins in the plant cell was estimated to 
be 210 kDa on SDS-PAGE, therefore they could be regarded as being 
related to animal ß-spectrin (see also Michaud et al. 1991). 

It has been demonstrated that spectrins represent a widespread 
multigene family of proteins having a common evolutionary origin 
(Birkenmeier et al. 1985). Although the size of the spectrin-like * 
polypeptides in Nicotiana tabacum BY-2 is not identical to that of ^ 
erythrocyte spectrin, the molecular weights of spectrin-like proteins 
(fodrins) present in animal cells range from 220-260 kDa. 

Spectrin is one of the most abundant proteins in erythrocytes; it ^ 
is also present in a variety of other cell types, and spectrin-like 
proteins have been reported in such non-erythroid cells as axons ̂  
(Baines 1984), various tissues of chicken and mouse (Birkenmeier et 
al. 1985) and chicken intestinal brush borders (Glenney et al. 1982). 
They may link cytoskeletal elements to plasma or other membranes , 
(Baines 1985, Glenney et ai 1982) or regulate that linkage (Baines ,", 
1985). 

Staining of the spectrin-like proteins did not depend on 
preservation, as was demonstrated by tubulin staining, which was 
mainly used to test preservation and permeability of the cells. It has 
been described that fodrin (non-erythrocyte spectrin) could bundle 
microtubules in vitro (Niggli and Burger 1987, Riederer and Goodman 
1990). In our preparations the labelling of the spectrin-like protein at 
the plasma membrane displayed a considerable overlap with the 
antigenic sites of the cortical microtubules. Nevertheless, a specific 
relationship between tubulin and spectrin-like protein was not 
observed. Microtubules, on the other hand, have been reported to be 
able to interact with spectrin through ¿ow-linkages (Bennett 1990). 

The spectrin-like proteins identified in this study were not 
solely restricted to the plasma membrane, but were also distributed on 
the surface of vesicles and organelles. This phenomenon has also been ' 
decribed for spectrin in sea urchin eggs (Bonder et al. 1989, Fishkind 
et al. 1990). Its localization on organelles and vesicles suggests an 



Figure 3: Double-immunofluorescence labelling of a spectrin-like protein (figures За 
and Зс) and tubulin (figures 3b and 3d) in protoplasts from Nicotiana tabacum BY-2 
suspension cells. Tubulin was visualized using FITC-conjugated antibodies and the 
spectrin-like protein using Texas-Red-linked antibodies. Figure 3a: Accumulation of 
'spectrin'-coated mitochondria and vesicles around the nucleus. In figure 3c tube-like 
plastids, small vesicles and mitochondria are labelled with Texas-Red. 

important structural and functional role. As discussed by Fishkind and 
co-workers (1990) for spectrin in sea urchin eggs, this spectrin-like 
protein may bind to membrane proteins, thus facilitating the formation 
of membrane-skeletal assemblages on specific organelles and 
contributing to the stability of such organelles. Choi and Jeon (1989) 
also reported the presence of spectrin on all of the membranes of 



Figure 4: Double-immunofluorescence labelling of a spectrin-like protein (figures 4a 
and 4c) and tubulin (figures 4b and 4d) in two optical sections of the same protoplast 
from a Nicotiana tabacum BY-2 suspension cell. Figures 4a and 4c show 
fluorescent labelling of vesicles, plastids and mitochondria. Figures 4b and 4d: 
Corresponding tubulin labelling of the optical sections in figures 4a (cortical section) 
and 4c (section at the site of the nucleus). Bars: 10 μχη. 

amoebae. 
Concluding remarks: As many of the membranes of protoplasts 

of Nicotiana tabacum BY-2 Go showed the presence of a spectrin-like 
protein, this protein must have a structural function. The linkage of 



Figures 5a and 5b: Contocal images of indirect immunofluorescence labelling of 
spectrin at the plasma membrane and in the extreme tip in pollen tubes of Nicotiana 
tabacum. Figure 5a: Oblique section near the periphery of the pollen tubes. Figure 
5b: Medial cross-section of the same pollen tubes. Figure 5c: Contocal image of 
tubulin labelling in a pollen tube of Nicotiana tabacum. Bars: 10 μνη. 

cytoskeletal elements to plasma or other membranes might facilitate 
endo- and exocytosis (Baines 1985). Our results using pollen tubes 
imply such a role, as the intense labelling in the extreme tip co-locali
zes with the site where secretory vesicles accumulate. A further role 
as a membrane stabilizer in maintaining shape is very acceptable as 
the membranes of organelles should remain fluid to accomodate a 
constant change in organelle shape during cytoplasmic streaming (see 
Kachar et al. 1987). Organelles in the cytoplasm show a highly 
individual movement, occasionally at high speeds, and thus they might 
be exposed to high shearing forces. Consequently, the spectrin-like 

È 

с 



proteins may function in the same way as in erythrocytes and protect f 1 /CQ 
the organelles against these forces. | 
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SUMMARY 177 

The aim of this study was to elucidate the possible relationships J 
that exist between cytoskeletal elements and between cytoskeletal 
elements and other cell components in higher plant cells. Protoplasts ', 
were used as a model system to compare with walled suspension cells f 

and regenerating protoplasts. -
The techniques used were mainly (in)direct fluorescence 

microscopy and transmission electron microscopy. For electron 
microscopy, material was either chemically fixed and dry- ; 
cleaved/resin-embedded, or cryo-fixed and freeze-fractured/freeze-
substituted. Electron microscopic methods have the advantage of .4 

giving high resolutions, thus enabling the visualization of detailed " 
cellular structures. To study the overall composition, light microscopy ^ 
is needed to cover greater areas of the cell(s) or tissues that have to be -•• 
examined. In fluorescence microscopy, both conventional and confocal 
laser scanning equipment were used. Often confocal images were ' 
compared to conventional fluorescence microscopy as confocal laser 
scanning microscopy enables the viewing of optical sections devoid of 
background fluorescence. 

In chapter 1 general information has been given about the 
cytoskeleton, its most prominent elements and composition, and the , 
techniques used for studying their location in the cell and possible ^ 
relationships. 

Chapter 2 deals with the localization of microtubules, 
microfilaments and clathrin-coated pits in protoplasts of tobacco and ' 
the quantitation of some of their parameters. Although the 
microtubular distribution differed from that in walled cells, domains of 
these elements were found to be highly organized. On average 56% of ' 
the cortical microtubules appeared in bundles. These bundles contained '-
as many as ten elements and are the largest bundles ever reported in ' 
plant cells. Per micrometre 65 cross-bridges between parallel ^ 
microtubules were present on average. Putative microfilaments co- ' 
aligned with microtubules have been observed in dry-cleaved ' 
preparations, and apparently connect microtubules to clathrin-coated , 



pits. Statistical analysis showed a possible positive relationship 
between distributions of microtubules and clathrin-coated pits. 

This relationship has also been found in actively growing 
meristematic cells and young root hairs of Equisetum hyemale 
(Chapter 3). 

A combination of extraction procedures with fluorochrome-
conjugated phalloidin and confocal laser scanning microscopy was 
used to detect filamentous (F-) actin. These combined techniques have 
resulted in several first observations. 

As shown in chapter 4, circular F-actin structures have been 
observed to be present in interphase cells of all higher plants studied. 
The same approach was used to study F-actin in nuclei of protoplasts 
and suspension culture cells of Nicotiana tabacum BY-2, as described 
in chapter 5. In contrast to interphase nuclei of protoplasts and 
suspension culture cells, nuclei of regenerating elongating protoplasts 
exclusively contained F-actin baskets. 

Mitotic cells from a synchronized cell suspension have been 
described in chapter 6 to contain very distinctive F-actin distributions 
in the nuclear region. F-actin was present in prophase nuclei and 
remained in the spindle till after telophase. 

In chapter 7 a new method of double-labelling has been 
presented, in which extraction/phalloidin and immunolabelling are 
combined in non-fixed protoplasts. An extensive co-localization of 
microtubules and actin filaments has been shown to occur in the 
cortical cytoplasm of these cells, similar to the relationship between 
microtubules and putative microfilaments in chapter 2. This extensive 
co-localization may indicate a functional relationship. 

Chapter 8 deals with the presence of a spectrin-like protein 
located at the plasma- and nuclear membrane, and many other cellular 
membranes of higher plant cells. Spectrin is described to play a role 
as a membrane stabilizer, in targeting exocytosis sites and in coupling 
membrane proteins to components of the cytoskeleton. Furthermore, 
in red blood cells it appears to be important in maintaining shape and 
mechanical properties. A similar structural function as membrane-
stabilizing and shape-maintaining element in higher plant organelles is 
proposed. 



Some of the techniques used in this study have been cntisized } 
since they were presented. 

The dry-cleaving technique has encountered a lot of critisism -
because it was thought to pull away a variable large part of the '" 
cortical cytoplasm during cleaving. Furthermore, it was thought that %s 

the chemical fixation would cause artificial bundling of microtubules. ;$ 
Although this dry-cleaving technique is indeed unsuitable to study the ¿ 
non-cortical cytoskeleton, the cortical layer can be studied to a high ; 

degree of reproducibility, even allowing statistical analysis. In chapter $ 
2 it has been shown that the results of chemical fixation did not differ '" 
from those after cryofixation and freeze-substitution. Moreover, even / 
freeze-fracturing could show bundling of microtubules, visible on the 
PF-side of the plasma membrane. The areas obtained after freeze-
fracturing enabled quantitation, though not in the same degree. The / 
putative actin microfilaments that could be found after chemical v. 
fixation and dry-cleaving were also present after cryo-fixation and 
freeze-substitution. Additionally, the co-localizations of microtubules ч 

and these microfilaments, long thought to be preparation artifacts, are ^ 
proven to be genuine, as described in chapter 7. 

In this study, carefully designed staining methods have been ^ 
combined with Confocal Laser Scanning Microscopy in order to allow 2 
visualization of the previously mentioned specific F-actin distributions. 
Yet, another subject of discussion is the use of phalloidin in 
combination with extraction buffers. Phalloidin is a toxin from the 
mushroom Amanita phalloïdes that specifically binds to filamentous 
actin. In order to have this toxin entering the cell, often a combination '" 
of detergent and DMSO (membrane-stabilizer) is used. The most .· 
prominent side-effect being the extreme form of actin filament -
bundling that can actually occur after prolonged treatment: fine actin > 
filaments are linked together to thick bundles caused by phalloidin. 
This problem can easily be avoided by observing preparations ; 
immediately after the staining procedures. Control experiments should '; 
include omission of detergent and membrane stabilizer (phalloidin is a ^ 
small molecule that can enter protoplasts within fractions of a second), 
to check for undesirable extraction effects. 

The actin formations in chapters 4, 5 and 6 can thus be 
presented as genuine cell components. The actin rings described in % 



$ chapter 4 are never found in mitotic cells, even though the same 
ц staining procedure is used. Also, the nuclear actin baskets described in 
, chapter 5 are never found in non-elongating cells. The inherent danger 
* in reporting negative evidence (claiming something is not present in a 

cell) is, however, fully recognized. The results are highly reproducible 
' and were based on screening thousands of cells, obtained from several 

independent experiments. 
; It may be commented that the structures mentioned above have 

never been observed in conventional fluorescence microscopy. 
However, to understand these differences, the advantages of Confocal 

-", Laser Scanning Microscopy should be considered. Viewing optical 
^ sections not only reduces background fluorescence of the used 

fluorochrome, but also of autofluorescent cell components, and 
subsequently, the fluorescence in each optical section can be 

' enhanced. Thus, structures cloaked in conventional fluorescence 
microscopy can be visualized with CLSM. 

Nevertheless, conventional fluorescence microscopy may 
provide additional information on material observed with CLSM. In 

-, chapter 8, a spectrin-like protein was described to be localized at 
> many cellular membranes. Probably because of its punctuate presence 

at the plasma membrane, this protein could more convincingly be 
detected using conventional- instead of Confocal Laser Scanning 
Microscopy. 

I The suitability of protoplasts as a model system has been 
widely discussed and the advantages seem to be obvious: protoplasts 

4 lack a cell wall and thus are ideal for localization techniques when 
probes are applied to penetrate the cell; protoplasts apparently do lack 
polarity and therefore seem to be ideal starting material for studying 

^ the changes in and on the cell after re-establishment of the polar axis. 
This absence of polarity has been proposed to be reflected in the 
observations that in protoplasts cortical microtubules are randomly 

^ distributed. However, the use of protoplasts as non-polarized and non-
' differentiated cells is challenged by the present observations: the 
% random distribution of microtubules was found to be merely 

superficial; microtubules often forms domains with ordered patterns 
and bundles (Chapter 2). The relationship of microtubules and 



clathrin-coated pits was highly significant in protoplasts. Added to the -
results in chapter 3, where a similar kind of relationship was ; 
established in growing cell types of Equisetum roots and not in non-
growing cell types, this further questions the suitability of protoplasts 
as model starting material. As microtubules very convincingly co- . 
localize with microfilaments (Chapter 2), even in non-fixed cells ^ 
(Chapter 7), it once more became apparent that protoplasts must be ';; 
considered highly organized cells. 

Unfortunately, this study could only hypothesize on the 
functional aspects of the phenomena observed. 

As the difference in distribution between clathrin-coated pits 
and randomly generated markers to microtubules was significant in 
protoplasts (Chapter 2) and actively growing cell types of roots 
(Chapter 3), it was suggested that microtubules somehow are involved 
in determining the site of formation of coated pits and concomitantly 
influence plasma membrane mobility. 

F-actin rings found in interphase cells are believed to either 
play a role in storage or mobilizing stored F-actin (Chapter 4) or to / 
associate with a specific type of differentiation. Their presence could 
even indicate the onset of degeneration in some cells. 

In chapter 5 the existence was shown of F-actin baskets in the 
nuclei of plant cells was shown. As they were only present in nuclei 
of elongating regenerating protoplasts, their link to changes in the 
nuclear reorganization during elongation was suggested. 

Actin filaments have been shown to be present in prophase , 
nuclei and remained present in the spindle till after telophase (Chapter 
6). It has been the first report on F-actin localization in the nucleus 
during prophase. F-actin has been suggested to play a role in 
chromosome contraction. 

Although occasionally putative actin filaments have been 
demonstrated in electron microscopic preparations (Chapter 2), the 
localization of actin filaments has proven to raise difficulties due to its 
extreme susceptibility to aldehyde fixatives. The negative effects of 
fixation were circumvented in chapter 7, when both indirect 
immunofluorescence labelling and TRITC-phalloidin staining were 
performed on unfixed protoplasts. This technique showed highly 



reliable double-labelling, elegantly proven by the occasional absence 
of co-localizations. Normally, microtubules in unfixed cells apparently 
desintégrate by the action of the antibodies or, (although without GTP 
assembly is unlikely), their assembly is inhibited; as the above 
mentioned double-labelling only succeeded when sucrose or mannitol 
were present in the staining solution, their presence was concluded to 
have a stabilizing effect on the microtubules. 

The localization and immunological detection of a spectrin-like 
protein at many cellular membranes suggests a structural and 
functional role. Its presence may facilitate the formation of membrane-
skeletal assemblages and contribute to the stability of specific 
organelles. Subsequently, it may facilitate endo- and exocytosis. 
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SAMENVATTING J 

ν 

Het doel van dit onderzoek was het verduidelijken van de ^ 
mogelijke relaties tussen cytoskelet-elementen onderling en tussen *, 
cytoskelet-elementen en andere cel componenten in cellen van hogere N

% 

planten. Protoplasten werden als modelsysteem gebruikt om een \ 
vergelijking te kunnen maken met enerzijds suspensiecellen die hun 
wand nog bezitten en anderzijds celwandregenererende protoplasten. 

De gebruikte technieken waren voornamelijk (in)directe 
fluorescentiemicroscopie en transmissie electronenmicroscopie. Voor ^ 
electronenmicroscopie werd het materiaal ofwel chemisch gefixeerd en 
daama gedroogkliefd of ingebed, ofwel gecryofixeerd en daama 
gevriesetst of gevriessubstitueerd. Electronenmicroscopische methoden * 
hebben als voordeel een hoog oplossend vermogen, waardoor cel- ' 
structuren in detail zichtbaar gemaakt kunnen worden. Om de 
samenhang van deze cel-structuren binnen het geheel van cellen of * 
weefsels te kunnen bestuderen, is lichtmicroscopie noodzakelijk. In 
geval van fluorescentie microscopie werd zowel gebruik gemaakt van 
conventionele als van Confocal Laser Scanning microscopie. ^ 
Confocale opnames werden vergeleken met conventionele fluorescentie ' 
opnames, omdat bij Confocal Laser Scanning microscopie optische '{ 
doorsnedes zonder achtergrondfluorescentie te maken zijn. С 

In hoofdstuk 1 wordt achtergrond informatie gegeven over het ^ 
cytoskelet, de meest opvallende cytoskelet-elementen en hun / 
verdelingen en de technieken die gebruikt worden bij het onderzoek " 
naar hun voorkomen in de cel en de mogelijke onderlinge relaties. 

Hoofdstuk 2 gaat over de localisatie van microtubuli, ; 
microfilamenten en clathrine coated pits in protoplasten van tabak. 
Voorts wordt een quantitatieve analyse weergegeven van enkele van de 
gemeten parameters. Hoewel de microtubulaire verdeling in ^ 
protoplasten verschilt van die in cellen met wand, worden toch sterk 
georganiseerde domeinen van microtubuli gevonden. Gemiddeld komt , 
56% van de microtubuli in bundels voor. De bundels bleken 
opgebouwd te zijn uit soms wel 10 microtubuli en zijn daarmee de 
grootste bundels ooit beschreven voor plantecellen. Per micrometer 



ρ waren gemiddeld 65 verbindingsbruggen aanwezig. Vermeende 
ч microfilamenten, in dezelfde richting naast elkaar lopend met 

microtubuli, en klaarblijkelijk microtubuli verbindend met clathrine 
] coated pits, werden waargenomen in droogklief-preparaten. 
^ Statistische analyse liet een mogelijke relatie zijn tussen de verdelingen 
4 van microtubuli en coated pits. 
£ Deze relatie werd ook gevonden in actief groeiende 
" meristematische cellen en jonge wortelharen van Equisetum hyemale 
*' (Hoofdstuk 3). 
r Een combinatie van extractieprocedures met fluorochroom-
^ geconjugeerd phalloidine en Confocal Laser Scanning microscopie 
Ü; werd gebruikt om filamenteus (F-) actine aan te tonen. Deze 

gecombineerde technieken hebben geleid tot een aantal nieuwe 
- observaties. 
% Zoals getoond wordt in hoofdstuk 4, werden circulaire F-actine 
>; structuren waargenomen in interfase cellen van alle bestudeerde 
; hogere planten. Dezelfde methodiek werd toegepast om F-actine te 
o bestuderen in de kernen van protoplasten en suspensie cellen van 
s Nicotiana tabacum BY-2, beschreven in hoofdstuk 5. Anders dan in 
' interfase kernen van protoplasten en suspensie cellen, bevatten alleen 
- kernen van regenererende, strekkende protoplasten, F-actine baskets. 

Cellen in mitose werden beschreven in hoofdstuk 6. Specifieke 
< actine verdelingen werden waargenomen in het kerngebied. F-actine is 
^ in de profase in de kernen en tot na de telofase aanwezig in de 
\' spoelfiguur. 

Een nieuwe dubbelkleuringstechniek, waarbij extractie / 
phalloidine en immunolabelling worden gecombineerd in niet-

ò gefixeerde protoplasten wordt gepresenteerd in hoofdstuk 7. In het 
- corticale cytoplasma van deze cellen wordt een uitgebreide co-
' localisatie van microtubuli en actine filamenten getoond, vergelijkbaar 
* met de relatie tussen microtubuli en vermeende microfilamenten in 

% hoofdstuk 2. Deze uitgebreide co-localisatie zou kunnen wijzen op een 
^ functioneel verband. 

Hoofdstuk 8 laat de aanwezigheid zien van een spectrine-achtig 
eiwit op de plasma-, kern- en vele andere cel-membranen van cellen 

^ van hogere planten. Spectrine zou een rol spelen als membraan 
^ stabilisator, bij het bepalen van de exocytose-plaatsen op de membraan 



en het binden van membraan eiwitten aan componenten van het Í 
cytoskelet. Bovendien blijkt spectrine in rode bloedcellen belangrijk bij ¿ 
het vormbehoud en mechanische eigenschappen. Een vergelijkbare гх 

structurele functie als membraan-stabiliserend en vormbehoudend ^ 
element in organellen van hogere planten wordt gesuggereerd. ^ 

Enkele van de, in dit onderzoek gebruikte, technieken zijn V 
bekritiseerd sinds hun introductie. 

De droogklieftechniek heeft veel kritiek te verduren gehad, ' 
omdat ze ervan verdacht werd een variabel groot gedeelte van het ; 
corticale cytoplasma tijdens het klieven weg te trekken. Daarenboven ч 

dacht men dat chemische fixatie een artificieel bundelen van de ' 
microtubuli met zich mee zou brengen. Hoewel deze '/ 
droogklieftechniek zich inderdaad niet leent om het niet-corticale ч 

cytoskelet te onderzoeken, kan de corticale laag zeer reproduceerbaar 
bestudeerd en tevens statistisch geanalyseerd worden. In hoofdstuk 2 -„ 
werd getoond dat de resultaten van chemische fixatie niet verschilden 
van de resultaten verkregen na cryo-fixatie en vriessubstitutie. Sterker 
nog, zelfs na vriesetsen waren bundels van microtubuli zichtbaar op de 
PF-zijde van de plasma membraan. De verkregen oppervlakken na 
vriesetsen lieten wel quantitative metingen toe, maar geen Ό 
quantitatieve analyse. De vermeende actine microfilamenten, die 
zichtbaar waren na chemische fixatie en droogklieven, werden ook * 
gevonden na cryo-fixatie en vriessubstitutie. Bovendien werden de co- -, 
localisaties van microtubuli met deze microfilamenten, die lang 
werden aangezien voor preparatie artefacten, als daadwerkelijk 
aanwezig bewezen in hoofdstuk 7. 

In dit onderzoek heeft de combinatie van nauwkeurig opgezette ^ 
kleuringsmethoden en Con focal Laser Scanning microscopie de *; 
bovengenoemde specifieke F-actine verdelingen zichtbaar gemaakt. 
Een ander onderwerp van discussie echter, is het gebruik van 
phalloidine gecombineerd met extractie buffers. Phalloidine is een 
toxine uit de paddestoel Amanita phalloïdes dat specifiek bindt aan 
filamenteus actine. Om dit toxine in de cel te krijgen wordt vaak een '-
detergens samen met DMSO (membraan-stabilisator) gebruikt. Het 
duidelijkste neveneffect daarvan is een extreme vorm van bundeling f 

van actine filamenten die na lange behandeling zichtbaar optreedt. Het / 



phalloidine veroorzaakt dat fijne actine filamenten tot dikke bundels 
worden. Dit probleem kan echter eenvoudig vermeden worden door 
het materiaal direct na behandeling te bekijken. Ook het weglaten van 
detergens en membraanstabilisator mag dan niet als controle 
experiment ontbreken om voor ongewenste extractiegevolgen te testen 
(phalloidine is een klein molecuul dat binnen een fractie van een 
seconde de protoplast binnendringt). 

De actine-structuren in de hoofdstukken 4, 5 en 6 kunnen dus 
als authentieke celcomponenten gepresenteerd worden. De actine 
ringen die in hoofdstuk 4 beschreven worden, zijn nooit in mitotische 
cellen gevonden, terwijl toch dezelfde kleuringsmethode is gehanteerd. 
Evenzo worden de actine baskets in de kern, zoals beschreven in 
hoofdstuk 5, nooit gevonden in niet-strekkende cellen. Het gevaar dat 
een negatief bewijs wordt geleverd (i.e. stellen dat iets in een cel niet 
voorkomt) wordt hier onderkend. De resultaten zijn echter gebaseerd 
op het bekijken van duizenden cellen, verkregen uit verscheidene 
onafhankelijke experimenten. 

Er zou opgemerkt kunnen worden dat de hierboven vermelde 
structuren nooit zijn gevonden met behulp van conventionele 
fluorescentie microscopie. Echter, om deze verschillen te kunnen 
verklaren, moeten de voordelen van Confocal Laser Scanning 
microscopie in overweging genomen worden. Het gebruikmaken van 
optische doorsnedes reduceert niet alleen de achtergrondfluorescentie 
van het gebruikte fluorochroom, maar ook van de autofluorescerende 
celcomponenten, en bijgevolg kan de fluorescentie in elke optische 
doorsnede versterkt worden. Andersgezegd, structuren die in 
conventionele fluorescentiemicroscopie verhuld worden, kunnen 
zichtbaar gemaakt worden met CLSM. 

Niettemin, conventionele fluorescentiemicroscopie kan 
aanvullende informatie verstrekken op materiaal bekeken met CLSM. 
In hoofdstuk 8 wordt een spectrine-achtig eiwit beschreven dat op veel 
celmembranen aanwezig is. Vermoedelijk door de puntsgewijze 
aanwezigheid op de plasma membrran kon dit eiwit overtuigender 
gedetecteerd worden met het conventionele in plaats van het Confocal 
Laser Scanning microscoop. 

De bruikbaarheid van protoplasten als een modelsysteem is 



alom bediscussieerd en de voordelen lijken voor de hand liggend. ' 
Protoplasten hebben geen celwand en zijn zodoende ideaal voor [ 
localisatie-technieken waarbij bepaalde stoffen in de cel dienen door te ƒ 
dringen. Voorts hebben protoplasten kennelijk geen polariteit en lijken 
daarom ideaal uitgangsmateriaal om de veranderingen in en op de cel \ 
te bestuderen nadat zich weer een polaire as heeft gevormd. Deze ü 
afwezigheid van polariteit in protoplasten wordt ondermeer :; 
verondersteld op basis van het random verdeeld zijn van de corticale 
microtubuli. Echter, het gebruik van protoplasten als niet-
gepolariseerde en niet-gedifferentieerde cellen wordt betwijfeld op 
grond van de observaties in dit onderzoek. De random verdeling van чЧ 

microtubuli bleek een oppervlakkige waarneming te zijn; microtubuli 
vormen vaak domeinen met geordende patronen en bundies (Hoofdstuk / 
2). Het ruimtelijk verband tussen microtubuli en clathrine coated pits 
was zeer significant in protoplasten. Samen met de resultaten van 
hoofdstuk 3, waarin een zelfde relatie gevonden werd voor groeiende 
cel-typen van Equisetum wortels, en niet in niet-groeiende cel-typen, ^ 
stelt dit des te meer de bruikbaarheid van protoplasten als model s 
uitgangsmateriaal ter discussie. Met de bevindingen dat microtubuli ,-
zeer overtuigend co-localiseren met microfilamenten (Hoofdstuk 2), 
zelfs in niet-gefixeerde cellen (Hoofdstuk 7), werd het nog duidelijker ^ 
dat protoplasten gezien moeten worden als sterk georganiseerde cellen. ¡J 

Helaas kon in dit onderzoek slechts gespeculeerd worden over , 
de functionele aspecten van de onderzochte verschijnselen. 

Aangezien het verschil in afstand van clathrine coated pits en 
kunstmatig random verdeelde markers tot microtubuli significant bleek 
in protoplasten (Hoofdstuk 2) en bepaalde actief groeiende cel-typen 
van wortels (Hoofdstuk 3), werd gesuggereerd dat microtubuli op een 
of andere manier betrokken zijn bij het bepalen van de plaats van 
vorming van coated pits en bijgevolg de algemene mobiliteit in de ' 
plasma membraan beïnvloeden. 

F-actine ringen, zoals gevonden in interfase cellen, zouden een 
rol kunnen spelen bij de opslag of bij het mobiliseren van het * 
opgeslagen F-actine (Hoofdstuk 4) of te maken kunnen hebben met 
een specifiek type differentiatie. De aanwezigheid van F-actine ringen 
zou zelfs kunnen duiden op een begin van degeneratie in sommige 



ІОП^ c e l l e n 

fi In hoofdstuk 5 wordt het bestaan van F-actine baskets in 
'ζ kernen van plantecellen aangetoond. Aangezien ze alleen in kernen 
ν van strekkende gereverteerde protoplasten voorkomen, wordt 
(Í gesuggereerd dat ze in verband staan met de veranderingen in de 
*x organisatie van de kern tijdens die strekking. 
o-, Actine filamenten zijn aanwezig in pro fase kernen en blijven 
J tot na de telofase in de spoelfiguur aanwezig (Hoofdstuk 6). Dit is de 
V eerste waarneming van F-actine localisatie in de kern tijdens de 
ζ. profase in plantecellen. F-actin wordt verondersteld een rol te spelen 

s bij de chromosoom-contractie. 
' Hoewel soms vermeende actine filamenten werden 
; waargenomen in electronenmicroscopische preparaten (Hoofdstuk 2), 
V blijkt het localiseren van actine vaak problemen te geven vanwege de 
; extreme gevoeligheid voor fixaties met aldehyden. De negatieve 
, effecten van fixatie werden omzeild in hoofdstuk 7, toen zowel 
' indirecte immunofluorescentie als TRITC-phalloidine kleuring werden 
- uitgevoerd op niet-gefixeerde protoplasten. Deze nieuwe techniek liet 
{, zeer betrouwbare dubbelkleuringen zien, op een elegante manier 

bewezen door de nu en dan voorkomende afwezigheid van co-
localisatie. Gewoonlijk desintegreren microtubuli in niet-gefixeerde 

ί cellen klaarblijkelijk door toedoen van de antilichamen, of (hoewel 
- assemblage zonder GTP onwaarschijnlijk is) wordt hun assemblage 
^ verhinderd. Gezien het feit dat de bovenvermelde dubbelkleuring 
- alleen succesvol was wanneer sucrose of mannitol in het 
< kleuringsmedium aanwezig waren, wordt verondersteld dat deze 

stoffen een stabiliserend effect op microtubuli hebben. 
De localisatie en immunologische detectie van een spectrine-

' achtig eiwit op veel cel membranen suggereert een structurele en 
"* functionele rol. De aanwezigheid van dit eiwit zou de vorming van 

membraan-skelet assemblages kunnen bevorderen en bijdragen aan de 
- stabiliteit van specifieke organellen. Bijgevolg zou het endo- en 
Γ exocytose kunnen vergemakkelijken. 
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Stellingen 

1. But 't is done - all words are idle -
Words from me are vainer still; ': 
But the thoughts we cannot bridle 
Force their way without the will. 

from 'Fare Thee WeW, Byron. 

2. Als blijkt dat kunst voornamelijk gewaardeerd kan worden op 
grond van voorhanden zijnde voorkennis, is objectiviteit in 
deze context niet op zijn plaats. 

3. In navolging van speerwerpen, kogelstoten en hamerslingeren 
zou het correcter zijn bij boogschieten te spreken van pijlschie-
ten. 

4. De gewoonte om in de titel van een proefschrift zoveel s 

mogelijk informatie te stoppen over de inhoud ervan, doet ^ 
denken aan een detective-roman die in de titel zowel het plot ,; 
en de dader als de relatie tussen de hoofdpersonen weggeeft. 

5. Het feit dat iemand die met fluorescentie-preparaten werkt, met 
recht een Oplichter' genoemd mag worden, mag niet ten koste 
gaan van diens geloofwaardigheid. 

6. Het trieste van de slanke CD-torens is dat ze leeg het mooiste 
zijn. 



7. Morfologie is ook: de esthetiek van het boogschieten, het 
gefascineerd raken door een (foto)grafische vlakverdeling, het 
bepalen van een lay-out en zelfs het optimaliseren van de eigen 
actine-myosine complexen. 

8. Met de uitbreiding van het aantal zendgemachtigden lijkt het 
alsof steeds meer zendtijd ver'kwis't wordt. 

9. Gezien het lage percentage van aio's/oio's dat binnen de 
daarvoor gestelde tijd van vier jaar promoveert, is het 
accepteren van een deeltijdbaan aan te raden, omdat het 
uitlopen dan binnen de aanstellingstermijn kan plaatsvinden. 

10. Wetenschappelijk onderzoek is niet te vergelijken met het 
zoeken naar een naald in de hooiberg; soms is het beter te 
spreken van het zichtbaar maken van de betreffende hooiberg. 

11. Alas! it is delusion all: 
The future cheats us from afar, 
Nor can we be what we recall, 
Nor dare we think on what we are. 

from 'Stanzas For Music', Byron. 

Stellingen behorende bij liet proefschrift: 
Cytoskeletal linkages. Spatial, temporal and 

functional (Lspects of cytoskeletal elements 
in plant cells. 

Harry M.P. Kengen Nijmegen 26 oktober 1992 


