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Stellingen 

1. Onderzoekers die verwijzen naar het werk van Steward als een van de eerste 
waarnemingen van somatische embryogenese, hanteren een onjuiste definitie van 
embryogenese. 

Steward FC et al. (1958) Am. J. Bot. 45:705-708 
Dudits D et al. (1991) J. Cell Sci. 99:475-484 
Sung ZR et al. (1984) Plant Mol. Biol. Reporter 2:3-14 
Komamine A et al. (1990) In: Progress in Plant Cellular and Molecular Biology 
(Kluwer), pp. 504-513 

2. In tegenstelling tot hetgeen zij beweren, laten Cooper en Varner niet zien dat 
isodityrosine gevormd wordt in de celwand tijdens het onoplosbaar worden van 
hydroxyproline-rijke eiwitten. 

Cooper JB & VamexJE (1983) Biochem. Biophys. Res. Comm. 112:161-167 

3. Het aanduiden van verschillende peroxidases als "iso-enzymen" op basis van de 
omzetting van hetzelfde niet-natuurlijke substraat is voorbarig en misleidend. 

The Dictionary of Cell Biology (Academic Press) 1989, p. 121 
Lamport DTA & Alizadeh H (1989) 5th Cell wall Meeting, Edinburgh, abstract 15 
Cordewener J et al. (1991) Planta 184:478-486 

4. Het waargenomen verschil tussen haver en soja in het effect van calciumchelatie op de 
extensibiliteit van de celwand moet niet gezien worden als tegenstrijdigheid, maar als 
aanwijzing voor een fundamenteel verschil tussen gramineeen en dlcotylen in de 
regulatie van extensibiliteit. 

Virk SS & Cleland RE (1988) Planta 176:60-67 
Rayle DL (1989) Planta 178:92-95 
Roberts K (1989) Curr. Opin. Cell Biol. 1:1020-1027 

5. De conclusies van Moore en medewerkers met betrekking tot de localisatie van 
rhamnogalacturonan I worden ondergraven door de sterke kruisreactie van het 
gebruikte antiserum met polygalacturonzuur. 

Moore PJ et al. (1986) Plant Physiol. 82:787-794 
Moore PJ & Staehelin LA (1988) Planta 174:433-445 



6. In hun beschrijving van een 'single-chain' antilichaam tegen fytochroom gaan Owen et 
al. eraan voorbij dat zij cDNA hebben gei'soleerd van een geheel nieuw type lichte 
keten. 

Owen et al. (1992) Bio/technology 10:790-794 

Voor een efficiente wetenschapsbeoefening is het afleren van 'wishful thinking' 
minstens zo belangrijk als het aanleren van feitenkennis. 

Benveniste J (1988) Nature 334: 291 
Maddox J et al. (1988) Nature 334:287-290 
Buck et al. (1990) Science 248: 208 
Fleischmann M et al. (1989) J. Electroanalyt. Chem. 263:187-188 

Politieke partijen die beweren zowel economische groei als bescherming van het 
leefmilieu na te streven, maken zich schuldig aan kiezersbedrog. 

9. Gezien de dramatische uitwerking van AIDS op de samenleving, dienen condooms 
gratis verkrijgbaar te zijn dan wel volledig door ziektekostenverzekeraars vergoed te 
worden. 

10. Een beter milieu begint niet bij jezelf. 

11. De huidige regelgeving ten aanzien van genetische modificatie van planten staat in een 
dusdanige verhouding tot de geschatte risico's voor de mens, dat de overheid, indien 
zij consequent is, onder andere rookartikelen en gemotoriseerd verkeer zou moeten 
verbieden. 

12. Deze stelling is onjuist 

Stellingen behorende bij het proefschrift 
"Molecular characterization of glycoproteins secreted by carrot suspension cells" 

door Fred van Engelen, te verdedigen op 20 januari 1993 
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Scope 

Investigations into the molecular mechanisms that underly plant embryogenesis suffer from 
the limited accessibility of the developing zygotic embryo, which is enveloped by the ovary in 
the flower and, later on, by the developing seed. The formation of embryos from cultured 
somatic cells, referred to as somatic embryogenesis, provides an alternative means to study 
embryo development. In carrot cell suspension cultures, somatic embryogenesis is highly 
efficient and embryos at different developmental stages can be easily obtained in high 
quantities. For this reason, carrot cell suspension cultures are often used as an alternative to 
investigate plant embryogenesis. 

The growth medium of plant cell cultures can be regarded as a large extension of the 
intercellular space; soluble secreted molecules that inhabit the apoplast inplanta will accumulate 
in the medium of suspension-cultured cells. Cultured carrot cells secrete many proteins, most 
of which are glycosylated, into the growth medium. A correlation was found between somatic 
embryogenesis and the presence or absence of some of these secreted proteins. Evidence was 
obtained that one or more secreted glycoproteins are actually essential for somatic embryo 
formation. 

Apart from embryogenic cells, carrot cell suspensions contain non-embryogenic cells that 
contribute to the spectrum of proteins in the culture medium. These proteins may interfere with 
somatic embryo development or with studies that further analyse the role of extracellular 
proteins in somatic embryogenesis. 

The aim of the study presented in this thesis was to increase our knowledge of the nature 
and action of glycoproteins secreted by carrot suspension cells and of the cell type-specific 
expression of the encoding genes both in suspension cultures and inplanta. 

In chapter 1 a brief introduction in zygotic and somatic embryogenesisis is presented, and 
the current evidence for the involvement of secreted glycoproteins in carrot somatic 
embryogenesis is summarized. Chapters 2, 3 and 4 describe the molecular characterization of 
the carrot secreted glycoproteins EP1 and EP4. Antisera specific for EP1 and EP4 and cDNA 
clones encoding these proteins were employed to study their occurrence in cell suspensions and 
in seedlings. The results show that the morphological cell-type heterogeneity in carrot cell 
suspension cultures is parallelled by differences in secreted proteins and suggest that this 
heterogeneity reflects the different cell types of the explant. Both the EP1 and EP4 proteins 
were purified from the culture medium and tested for their effect on somatic embryo formation. 
These experiments revealed neither a promoting nor an inhibiting role for EP1 or EP4 in 
somatic embryogenesis. In chapter 5 the current knowledge on the structure and function of the 
plant primary cell wall is reviewed. In this context, the involvement of secreted glycoproteins 
in somatic embryogenesis and the possible functions of EP1 and EP4 are discussed. 



Chapter 1 

General introduction 



Zygotic embryogenesis 

The complex process of sexual reproduction in plants commences with the transition of an 

indeterminate shoot apical meristem into a determinate flower meristem that produces the 

reproductive cells (8). After fertilization of the egg cell in the embryo sac, the first asymmetric 

division of the zygote yields a basal cell that will produce the so-called suspensor and an apical 

cell that develops into the embryo (figure l.la.b). After the eight-celled stage, anticlinal 

divisions of the surface cells mark the formation of the embryo protoderm (figure 1.1c). At the 

heart stage (figure l.ld) the vascular initials, that will connect the root and shoot apices, are 

formed and cotyledon development starts adjacent to the future shoot apical meristem. The 

torpedo stage is characterized by cell expansion in addition to cell division and results in 

elongation of the embryo along the root-shoot axis. During the cotyledon stage the cotyledons 

expand and are filled with storage material. Simultaneous with the fertilization of the egg cell, 

the nucleus of a second sperm cell fuses with the diploid central cell nucleus. Proliferation of 

this cell results in the triploid endosperm that surrounds the developing embryo and enlarges 

the embryo sac (figure 1.1 b-d). The endosperm is then either degraded and totally absorbed by 

the developing embryo cotyledons, or persists during seed maturation. Finally, the complete 

seed is dehydrated and after dispersal and germination will generate a seedling (24,38). 

egg c e l l . 

Figure 1.1. Angiosperm zygotic embryo development (24,38). The embryo sac is enveloped by the nucellus 
and integuments of the ovule. It consists of seven cells: the egg cell, two synergids adjacent to it, three opposite 
antipodal cells and a large diploid central cell (a). Both the egg cell and the central cell are fertilized. The central 
cell undergoes a series of nuclear divisions to produce the endosperm storage tissue; the zygote divides 
asymmetrically (b). The larger basal cell divides several times and forms the suspensor and the smaller apical 
cell develops into the embryo proper (c, the heart stage is shown in d). Simultaneously, the endosperm matures 
by septation and synthesis of storage compounds. In carrot, the endosperm region surrounding the embryo 
appears less solid, suggesting lysis of endosperm cells in this area (c,d). 
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Somatic embryogenesis 

The complexity of plant sexual reproduction suggests that embryogenesis is the prerogative 
of a unique, specialized cell, the egg cell, which only expresses its full developmental potential 
after the trigger of fertilization by a second specialized cell, the sperm cell, in a carefully 
controlled micro-environment inside the ovule. This is not true, however, because there are 
several examples of embryo development from somatic cells of differentiated organs. 
Formation of embryos has been observed on the epidermis of in vitro grown Ranunculus 
scleratus plantlets (27) and on the tips of mature Malaxis paludosa leaves (43). The most 
widespread example of non-sexual embryogenesis was first described by Reinert in 1959 (35). 
He showed that carrot cells growing in a cell suspension culture can generate viable embryos 
after only a few simple culture manipulations (35). These "somatic" embryos are able to 
develop into fertile plants. Since its intial discovery, somatic embryogenesis has been 
demonstrated in a still-growing list of plant species and with a variety of differentiated organs 
as the source of cells (1,46). Carrot and alfalfa have proven to be particularly amenable to 
experimentation (6,9,26,33), while other species, like Arabidopsis, have remained refractory 
to attempts to achieve high-frequency somatic embryogenesis. 

Like their zygotic counterparts, carrot somatic embryos have a unicellular origin (2,33). In 
figure 1.2 a schematic representation of the formation of somatic carrot cells able to completely 
recapitulate development is shown. The strategy most often employed is to expose excised 
plant tissue (explant) to a high concentration of auxin. After a period of proliferation of the 
released explant cells in the presence of auxin, two main cell types can be distinguished. The 
first of these is non-embryogenic and highly vacuolated, (figure 1.2d'-g'), whereas the second 
cell type is embryogenic, small (10 to 15(J.m), spherical, and highly cytoplasmic (figure 1.2c-
f). Either cell type can occur as single cells or in clusters. The origin of the small, embryogenic 
cells is not well understood; they probably arise from non-embryogenic vacuolated cells by a 
series of cell divisions (figure 1.2c). While interchange of non-embryogenic and embryogenic 
cells during culture is likely, this has not yet been demonstrated conclusively. After the 
embryogenic induction phase (figure 1.2a-f) somatic embryos can develop from clusters of 
embryogenic cells, referred to as proembryogenic masses (17), at a lowered cell density and in 
the absence of any added growth regulators (figure 1.2g,h). Somatic embryos closely resemble 
their zygotic counterparts in appearance. The only morphological differences between zygotic 
and somatic embryos are delayed cotyledon development and the presence of a parenchymatous 
remainder of the proembryogenic mass instead of a suspensor in somatic embryos. Embryo 
development from single embryogenic cells initially demands a low concentration of auxin to 
generate a proembryogenic mass and subsequently proceeds as described above (26,33). 
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Figure 1.2. Formation of carrot somatic embryos from suspension cells (2,7,20,26). Excised pieces of 
seedling roots (a,b) are immersed in liquid medium with auxin. Cell divisions become visible in the explant 
tissue (arrowhead in b) and result in the release of non-embryogenic, vacuolated single cells (c,d'). Some of these 
cells divide asymmetrically to produce clusters of small embryogenic cells (c). From these clusters small 
isodiametric cells may be released (d), that are capable of development into embryogenic clusters (e,f). Somatic 
embryos can develop from a surface cell of embryogenic cell clusters after culture dilution in medium without 
growth regulators (g,h). Cell division of vacuolated cells without restriction of expansion is shown in d'-g'. This 
pathway predominates in cultures that have lost their embryogenic capacity but also occurs in embryogenic 
cultures. 

The possibility to generate large numbers of plant somatic embryos in liquid media has 

been used to investigate early events in plant embryogenesis (9). A number of genes has been 

cloned with varying degrees of specificity in expression in zygotic and somatic embryos 

(18,40), and in some cases it has been established that the expression pattern is identical in 

somatic and zygotic embryos (34). Therefore, it seems reasonable to assume that information 

obtained on genes that are expressed during somatic embryogenesis is also applicable to 

zygotic embryogenesis. 

Mutants disturbed in zygotic embryo development that are either lethal (10) or have altered 

patterns of embryo development (31) as well as somatic cell mutants with altered or arrested 

embryo phenotypes have been described (44), but in most cases the genes affected have not yet 

been identified. So, although plant embryogenesis is morphologically well described 

(24,31,38), our understanding of the molecular events that generate the plant embryo is still 

very limited. 
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Origin and diversity of secreted molecules in plant cell culture 
conditioned media 

Plant cell culture conditioned medium, i.e. culture medium in which cells have been 
growing for several days or weeks, contains a complex array of mainly cell wall derived 
molecules that include polysaccharides, proteoglycans and proteins, among which a large 
number of enzymes (36,45). The enzymes fall in two main classes, oxidoreductases and 
hydrolases (11). Classic examples of the first group are peroxidases, implicated in oxidative 
coupling of phenolic wall components, but also capable of in vitro degradation of auxins (19). 
Examples of the second group are glycosidases and endoglycanases. Many of these enzymes 
have as potential substrates carbohydrate polymers of the primary cell wall and the middle 
lamella (see chapter 5). In intact plants these enzymes reside in the appropriate wall 
compartment where they are kept in place by ionic interactions or diffuse within a limited area 
(13). From studies into cell wall structure and function, the cell wall has emerged as a tensile, 
yet highly flexible matrix that is put together from precursor molecules outside the cell it 
encloses (see chapter 5). Many of its components are at least partially soluble, which accounts 
for their presence in conditioned culture medium (36). 

In carrot embryogenic cultures the small embryogenic cells (figure 2d-f) coexist with the 
large non-embryogenic cells (figure 2d'-g'); both populations are stably maintained over many 
subcultures. An important question, therefore, is whether the presence of embryogenic cells is 
reflected by specific components secreted into the medium. It has indeed been demonstrated 
that particular proteins are only produced by specific cell types. Two carrot glycoproteins, EP1 
and EP4, are only produced by non-embryogenic cells (chapters 2 and 4), while another 
secreted protein, EP2, is only produced by proembryogenic masses and somatic embryos (39). 
The EP2 mRNA encodes a lipid transfer protein and is found in the protoderm of both somatic 
and zygotic embryos, which indicates that proteins secreted into the culture medium of 
embryogenic somatic cells may also be functional during zygotic embryogenesis (see 5.3.1.). 
Extracellular proteins of which the secretion ceases upon initiation of embryogenesis have also 
been found (6,16). Thus, a more general picture is emerging in which a number of secreted 
proteins is either associated with small embryogenic cells (figure 2c-f), or with non-
embryogenic, expanding cells (figure 2d'-g'). 
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Individual secreted proteins control somatic embryogenesis 

In the initial experiments demonstrating embryogenesis in carrot cell cultures the culture 

medium was supplemented with the liquid endosperm of coconuts (35,41). It was reasoned 

that coconut milk contained special "embryo factors" that were essential to induce somatic cells 

to become embryogenic (38,41). Further studies showed that simple, fully synthetic culture 

media containing auxin, cytokinin and ammonium ions allowed the acquisition of embryogenic 

potential and subsequent somatic embryo development. Since auxins and cytokinins are plant 

growth regulators that are involved in almost all aspects of plant development, these results 

indicate that embryo development does not depend on unique compounds produced by the 

endosperm. If any specific extracellular "embryo factor" is necessary for embryogenesis, it has 

to be synthesized by the embryogenic cells themselves (20). 

As early as in 1966, it was noted by Halperin that "conditioning of the medium by means 

of cell death, leakage or active secretion may release unknown substances essential to embryo 

development" (21). Over the years, many observations have indicated that cultured plant cells 

condition their medium with components that influence cell proliferation and somatic embryo 

development in a specific way. Dilution of an embryo culture to a very low cell density resulted 

in reduced numbers of embryos and retarded embryo development (22,23), while the addition 

of conditioned medium from an embryo culture could partially reverse these effects (23). These 

findings have been applied in the widespread use of feeder layers to improve growth of 

cultured plant cells. A conditioning mechanism was even detected at the level of individually 

cultured single cells. In an elegant series of experiments it was observed that co-culture of one 

type of regenerating Brassica protoplasts increased the division rate in a second type. This 

effect could be mimicked by medium in which protoplasts had been pre-cultured (37). 

Extracellular factors have also been shown to act earlier in the developmental sequence of 

somatic embryogenesis, i.e. during the establishment of an embryogenic suspension culture. A 

population of carrot cells newly released from the original somatic tissue (figure 2a,b) became 

embryogenic much faster in cell-free conditioned medium of an established embryogenic cell 

line (7). Several other cases of secreted substances that positively affect cell culture have been 

reported (3,25,47). From these studies it can be concluded that cultured plant cells respond to 

soluble, secreted components that not only affect cell division but also development. 

Despite the dramatic effects of medium conditioning, only few attempts have been made to 

identify the responsible molecules. Purified low-Mr (< 5 kDa) medium compounds were 

shown to stimulate cell division in carrot suspension cells (3) or in cultured barley microspores 

(25). The factor that speeds up the acquisition of embryogenic potential in carrot cell 

suspensions may be a polypeptide, since it was heat-labile and had an Mr higher than 5 kDa 

(7). Heat-lability was also observed for a second conditioning factor enhancing barley 

17 



microspore callus growth (48). In all of these cases, further characterization of the responsible 
molecules has not been undertaken. 

In carrot somatic embryo development, secreted glycoproteins appear to have an important 
function. A correlation was observed between embryo formation and the presence or absence 
of a set of medium proteins, several of which were glycosylated (6,16). Three non-
embryogenic carrot cell lines showed an aberrant extracellular protein pattern when compared 
to embryogenic cell lines. Furthermore, the initial stages of embryogenesis in some non-
embryogenic lines could be restored by the addition of medium proteins from a wild-type 
embryo culture (6). 

The first assay system that provided direct evidence that secreted glycoproteins are involved 
in somatic embryo development employed the fungal antibiotic tunicamycin, which, at a low 
concentration, inhibits somatic embryogenesis but does not affect unorganized proliferation of 
carrot cells (29). Morphologically, tunicamycin causes expansion of small cells in 
proembryogenic masses (figure 1.3). Biochemically, it prevents the attachment of high-
mannose oligosaccharides to asparagin residues of proteins passing through the endoplasmatic 
reticulum, and results in decreased glycosylation of secreted proteins. Rescue of embryo 
development was observed when concentrated conditioned medium from an untreated culture 
was added together with the tunicamycin. The tunicamycin-complementing effect was heat-
labile and protease-sensitive, pointing to secreted glycoproteins as the causative factor (6). On 
the basis of this complementation assay a single glycoprotein could be purified from 
conditioned medium that was able to rescue embryogenesis in tunicamycin-inhibited embryo 
cultures. This glycoprotein was identified as a cationic peroxidase, of which the catalytic 
properties were indispensable for its embryo-rescue activity (4). 

Figure 1.3. Schematic representation of the effect 
of tunicamycin on an embryogenic cell cluster (4). 
Surface cells from which the somatic embryos 
normally develop expand due to turgor pressure. This 
expansion can be prevented by the addition of purified 
secreted peroxidase to the culture medium together 
with the tunicamycin. 

Analysis of the carrot temperature-sensitive mutant cell line tsll has provided further 
evidence that extracellular proteins can promote embryogenesis. Somatic embryos from the 
tsl 1 cell line develop normally at 24°C. At 32°C they do not progress beyond the globular stage 
and abnormal development ensues, unless the medium is supplemented with medium 
conditioned by wild-type embryos (30). The effect is protease-sensitive and, like tunicamycin-
arrested embryos, tsll embryos respond to the addition of a single purified secreted 
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glycoprotein. In this case, the active protein has chitinase activity (5). Thus, the availability of 

bioassay systems has allowed the identification of two secreted enzymes that are indispensable 

for correct somatic embryo development 

Conditioned medium proteins are not only secreted by somatic embryos or embryogenic 
cells, but also by the non-embryogenic cells that are found in carrot cultures (figure 1.2). These 
proteins may obscure studies into the role of secreted proteins in somatic embryogenesis, 
because changes in protein secretion during embryogenesis are not necessarily related to this 
process. Moreover, the proteins that are secreted by non-embryogenic cells may have adverse 
effects on somatic embryo development (17). Hence, it is imperative to identify these proteins 
and to determine the cell type they originate from. In addition, these investigations could 
provide an answer to the question whether the morphological diversity of cell types is reflected 
by the proteins they secrete and would give an indication of the degree of cell-type 
heterogeneity in cell suspensions (see chapter 5). Furthermore, if we can identify cell types by 
means of the proteins they secrete, it may be possible to follow the developmental changes that 
different cell types undergo in suspension cultures. Viewed in this way, carrot cell suspensions 
may be an alternative handle to learn more about the biochemistry of the different cell types of 
the intact plant. 
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Summary 

EP1, an extracellular protein from carrot (Daucus carota) cell suspensions, has been 
partially characterized by means of an antiserum and a cDNA clone. In both embryo and 
suspension cultures different molecular weight EP1 proteins were detected, some of which 
(31, 32, 52 and 54 kD) were bound to the cell wall and released into the medium, whereas 
others (49, 60 and 62 kD) were more firmly bound to the cell wall and could be extracted with 
a salt solution. Immunoprecipitation of in vitro translation products revealed a single primary 
translation product of 45 kD, suggesting that EP1 heterogeneity is due to differential 
posttranslational modification. In seedlings organ-specific modification of EP1 proteins was 
observed, a phenomenon which did not persist in suspension cultures initiated from different 
seedling organs. In culture EP1 proteins were only found to be associated with vacuolated, 
non-embryogenic cells, and on these cells they were localized in loosely attached, pectin-
containing cell wall material. Purified 52/54 kD EP1 proteins did not alleviate the inhibitory 
effect of the glycosylation inhibitor tunicamycin on somatic embryogenesis. 

Introduction 

Embryogenic carrot suspension cultures grown at a high cell density in the presence of 
2,4-D contain a variety of cells, ranging from different kinds of single cells through small cell 
clusters to large cell clumps. Among these are meristematic cell clusters, referred to as 
proembryogenic masses (11), which are able to develop somatic embryos upon dilution in 
auxin-free medium. Embryo cultures are initiated from a culture fraction enriched for these 
proembryogenic masses, providing a system of high frequency somatic embryogenesis that is 
widely used as a model system to study plant embryogenesis (20). 

Three observations suggest that proteins secreted into the culture medium play an 
important role in somatic embryo development. First, a number of embryogenic cell lines all 
secrete a characteristic set of proteins into the medium, whereas the extracellular protein 
patterns of non-embryogenic mutant cell lines deviate from this characteristic pattern (2). 
Second, the acquisition of embryogenic potential in a newly initiated culture has been shown to 
be accelerated by the addition of high-molecular weight, heat-labile components from an 
established embryogenic cell line (3). Third, inhibition of somatic embryogenesis with the 
glycosylation inhibitor tunicamycin can be complemented by the simultaneous addition of 
extracellular proteins from an uninhibited embryo culture (2). 

To obtain more information about the nature of cell suspension extracellular proteins we 
screened a carrot Agtl 1 cDNA expression library with an antiserum raised against total embryo 
medium proteins. In this chapter we describe the initial characterization of one of the clones 
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obtained, termed EP1 (Extracellular Protein 1), employing an antiserum raised against the EP1-
encoded fusion protein. We show that the EP1 mRNA codes for a small number of secreted 
glycoproteins that are associated with cell walls of vacuolated cells in culture and that the 
observed heterogeneity of these proteins appears to arise from different posttranslational 
modifications. 

Results 

Cell suspensions contain multiple, differentially modified EP1 protein forms. 
Screening of a Agtl 1 cDNA library with an antiserum raised against total embryo culture 

medium proteins yielded several positive cDNA clones. Rabbits were immunized with /3-
galactosidase fusion proteins prepared from lysogens of positive phages to identify the 
corresponding medium protein. The serum raised against the fusion protein encoded by clone 
EP1 recognized a doublet with an Mr of 52,000 and 54,000 on a protein gel blot of conditioned 
medium proteins from both high-density suspension and embryo cultures (figure 2.1 A). These 
proteins correspond to the 52/54 kD proteins that were previously observed in carrot culture 
media (2,3). An additional doublet of 31/32 kD was recognized in the medium of cultures with 
a high cell density, regardless of the presence of 2,4-D (figure 2.1 A). 

The effect of cell density on the appearance of these proteins was confirmed by a serial 
dilution of proliferating cell suspensions, which showed an increasing amount of 31/32 kD 
proteins in register with the increase in initial cell density from l.lO^ to 1.10^ cells/ml (figure 
2.IB). To test whether EP1 proteins are cell wall proteins that become leached from cell walls 
by the culture medium, we extracted living suspension cells with a calcium chloride solution. 
With this method ionically bound cell wall proteins can be isolated without contaminating 
cytoplasmic proteins (21). Immunoblotting showed that the medium EP1 proteins of 31/32 and 
52/54 kD are indeed present in the cell wall (figure 2.1C). Repeated washing of the cells with 
fresh culture medium before calcium extraction removed these proteins from the wall (data not 
shown), indicating that the binding of these proteins to the cell wall is weak. Three additional 
EP1 polypeptides of 49, 60 and 62 kD that were not found in the medium, were also detected 
in the cell wall, but could not be rinsed from the wall with culture medium. 

Since plant cells are known to secrete j3-galactosidase (19), the complex pattern of EP1 
proteins could have resulted from antibodies directed against the j3-galactosidase part of the 
EP1 fusion protein. This possibility was ruled out by a control antiserum raised against E. coli 
/J-galactosidase, which did not recognize any medium or cell wall proteins (figure 2.ID). 
Furthermore, it is important to stress that the anti-EPl serum was raised against a protein that 
was synthesized in E. coli and, thus, does not contain antibodies directed against glycoprotein 
oligosaccharide side chains. 
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Figure 2.1. Analysis of EP1 proteins in 
conditioned media and cell walls 
(A,B) SDS-PAGE immunoblots of 
conditioned medium proteins from carrot cell 
suspensions, 7 days after transfer to fresh 
culture medium. The blot was developed 
with the anti-EPl serum. Initial cell 
densities (cells/ml) and the presence (+) or 
absence (-) of 2 fiM 2,4-D are listed across 
the top. Lanes marked E and S below the 
figure correspond to conditions used for 
embryo and suspension culture respectively. 
Lanes contain equal amounts of protein. 

(C) Occurrence of EP1 proteins in cell walls. 
Anti-EPl immunoblots of cell wall proteins 
extracted with calcium chloride from cells in 
a 7-day old suspension (S) or embryo (E) 
culture. Lanes contain 5 \ig of cell wall 
protein. Sizes are indicated in kilodalton. 

(D) Immunoblot of medium (M) and cell 
wall (W) proteins from a high-density 
suspension culture, developed with anti-j8-
galactosidase control serum. 

Density 2-104 106 104 105 106 107 
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The occurrence of a set of seven anti-EPl-reactive proteins of different sizes raised the 

question whether these proteins are derived from different mRNAs or arise through 

posttranslational modification. Low-stringency hybridization of RNA from high-density 

suspension cells with the EP1 cDNA revealed only a single mRNA band of 1.6 kb (figure 

2.2A). In addition, when 35s-iabeled in vitro translation products of polyA+-RNA from high-

density suspension cells were immunoprecipitated with the anti-EPl serum, only one 

polypeptide band of 45 kD was detected (figure 2.2B). The anti-jS-galactosidase control serum 

did not recognize any polypeptides (figure 2.2B). Glycosylation of the 49, 52/54 and 62 kD 

proteins was demonstrated by immunoprecipitation of cell wall proteins from a high-density 

suspension culture pulse-labeled with N-acetyl-D-[l-14c]glucosamine (figure 2.2C). The 
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31/32 and 60 kD proteins were not labeled and may not have accumulated above the detection 

level during the 18 hr labeling period. After [35S]-methionine pulse-labeling the same pattern 

was observed, which remained unaltered after chase periods of 6 to 90 hours (not shown). The 

addition of tunicamycin, an inhibitor of N-glycosylation, resulted in the synthesis of only one 

medium form of 46 kD (figure 2.2D), suggesting that the size difference between the 52 and 54 

kD EP1 proteins is caused by differences in N-glycosylation. Deglycosylation of purified 

52/54 kD proteins with trifluoromethanesulfonic acid (5) yielded a single broad band that was 

too diffuse to confirm this observation (not shown). Taken together these results provide 

strong evidence that the size heterogeneity of EP1 proteins arises from different 

posttranslational modifications of a single precursor polypeptide. 
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Figure 2.2. 

(A) RNA gel blot analysis of 10 ug of total RNA from high-density suspension cells, hybridized with the EP1 
cDNA insert. Final washing was in 2 x SSC at 50°C. 
(B) Immunoprecipitation of 35S-labeled in vitro translation products from polyA+-RNA isolated from high-
density suspension cells. Lane 1, protein size markers; lane 2, anti-EPl serum; lane 3, anti-B-galactosidase 
serum. 

(C) Glycosylation of EP1 proteins. Suspension cells were grown in medium containing N-acetyl-D-[l-
14C]glucosamine. Cell wall proteins were immunoprecipitated with the anti-EPl serum, separated by SDS-
PAGE and autoradiographed. 
(D) Immunoprecipitation of 35S-labeled EP1 medium proteins from an embryo culture grown in the absence (-) 
or presence (tm) of 4 ug/ml tunicamycin. 
RNA size is given in kilobases, protein sizes in kilodalton. 
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Conservation ofEPl epitopes 
Total protein extracts from suspension cells of three other members of the Umbelliferae, 

fennel, caraway and parsley, contained proteins with an Mr between 50,000 and 65,000 that 
were recognized to different extents by the anti-EPl serum (figure 2.3). The similarity of the 
carrot and parsley patterns was striking and suggests that between these species not only the 
recognized epitope but also a major part of the modification of the protein is conserved. 
Apparently, the EP1-homologous proteins in these species are more strongly bound to the cell 
wall, because they were not found in the medium (figure 2.3). Homologous proteins were also 
detected in media from suspension cultures of barley (K. Nielsen, Ris0, Roskilde, Denmark, 
personal communication) as well as in Citrus embryo cultures, but not in non-differentiating 
Citrus cultures (R. Fluhr, Weizmann Institute, Rehovot, Israel, personal communication). No 
anti-EPl-reactive proteins were found in a tomato suspension culture (figure 2.3, lanes 1,6). 

MEDIUM CELLS 

6 7 8 10 

60/62 
52/54 

= 31/32 

Figure 2.3. Conservation of EP1 epitopes. 
SDS-PAGE immunoblot of medium (lanes 1-5) or cellular (lanes 6-10) proteins isolated from high density 
suspension cultures of tomato (lane 1,6), fennel (lane 2,7), caraway (lane 3,8), parsley (lane 4,9) or carrot (lane 
5,10), developed with the anti-EPl serum. Protein sizes are given in kilodalton. 
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Expression and modification ofEPl in seedlings. 

Figure 2.4 shows protein and RNA gel blot analyses of EP1 expression in carrot seeds and 

different organs of four week-old seedlings. The highest level of EP1 proteins was detected in 

basal hypocotyl and root parts. Apical parts of roots and hypocotyls as well as cotyledons and 

leaves contained lower amounts of EP1 proteins. A similar distribution of EP1 expression was 

observed on the RNA blots, though it was less pronounced. In endosperm only a very low 

level of EP1 mRNA was detected, while EP1 proteins could not be identified either in 

endosperm or in manually isolated zygotic embryos. 

Striking differences in EP1 protein patterns were observed in the different seedling organs 

(figure 2.4A). Roots contained 52/54 and 60/62 kD doublets, but not the 31/32 and 49 kD 

proteins present in suspension cultures. The latter proteins were not found in any other parts of 

the seedlings. In hypocotyls and cotyledons only the 60 and 62 kD proteins co-existed with a 

low amount of a 34 kD polypeptide which itself was neither encountered in roots nor in 

cultured cells. Leaves did not contain any of the EP1 proteins observed in suspension cultures, 

but only produced the 34 kD polypeptide, irrespective of the degree of leaf expansion. 

9 10 W M 
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8 9 10 
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Figure 2.4. Expression and modification of EP1 in seedlings and suspension cultures. 
(A) Protein gel blot of 25 (ig of total protein isolated from seedling root tips (lane 1), basal part of roots (lane 
2), hypocotyls (lane 3), shoot apices (lane 4), cotyledons (lane 5), young leaves (lane 6), expanded leaves (lane 
7), endosperm (lane 8), seed embryos (lane 9). For comparison suspension cells are included in lane 10. The blot 
was developed with the anti-EPl serum. Protein sizes are in kilodalton. NA = not analysed. 
(B) RNA gel blot of 10 u.g of total RNA from different seedling tissues and suspension cultures as indicated in 
(A), hybridized with the EP1 cDNA insert. Final washing was in 0.5 x SSC at 50°C. 
(C) Modification of EP1 proteins in a leaf-derived suspension culture. Anti-EPl immunoblot of proteins from a 
suspension culture initiated from seedling primary leaf. W, cell wall proteins; M, medium proteins. 
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