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Abstract. Cells of Chlamydomonas reinhardtii Dang. wild
type and the cell-wall mutants cw?2 and c¢w15 were grown
synchronously. The two mutants secreted copious
amounts of cell-wall-like glycoproteins into the culture
medium in contrast to the wild type which released only
minor quantities. Both the secreted proteins as well as
those present in the lumen of the endoplasmic reticulum
(ER) and Golgi apparatus (GA) were tested for cross-
reactivity against a number of monoclonal antibodies
(MACs) prepared against the 2BII glycoprotein cell-wall
complex of the wild type (E. Smith et al., 1984, Planta
161, 330-338). Of the four monoclonals applied, one,
(MAC 6), did not react in either dot blot or Western
blots with any of the luminal and medium proteins. By
dot blotting, MAC 2 recognized polypeptides only in
the wild-type medium. Neither MAC 2 nor MAC 6 were
capable of recognizing polypeptides separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis.
However, MAC 2 recognized one of the 2BII polypep-
tides (135 kDa) as well as a large number of other poly-
peptides in wild-type and mutant media. The 135-kDa
polypeptide was also detected in the luminal extracts
of ER and GA membranes from the wild type and cw?2
mutant. It was also present in the GA fraction of the
cwl5 mutant. If, as previously claimed, these monoclon-
al antibodies are indeed directed against the carbohy-
drate portion of the 2BII complex, our results would
indicate that protein O-glycosylation is not restricted to
the GA but may start in the ER. They also confirm
inferences made by others that the cell-wall mutants cw?2
and cw135 possess the capacity to synthesize and secrete
the major glycoproteins of the cell wall, but, due to the
lack of the W2 wall layer, are unable to assemble these
components into a coherent, crystalline wall.
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Abbreviations: ER =endoplasmic reticulum; GA = Golgi appara-
tus; HRGPs=hydroxyproline-rich glycoproteins; kDa=kilodal-
ton; MAC =monoclonal antibody ; PAS = periodic acid-Schiff’s re-
agent; SDS-PAGE =sodium dodecyl sulphate-polyacrylamide gel
electrophoresis
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Introduction

The green algal group, the Volvocales, occupies an un-
usual position in the plant kingdom in that their cell
walls do not contain a microfibrillar polysaccharide. In-
stead they possess aggregates of hydroxyproline-rich gly-
coproteins (HRGPs), whose crystalline structure varies
amongst the various species (Roberts et al. 1982, 1985;
Goodenough and Heuser 1988a, b). The most frequently
investigated member of this group, Chlamydomonas rein-
hardtii, has a wall consisting of several layers of inter-
locking fibrillar and granular elements (Goodenough
and Heuser 1985). Two of these layers (W4 and W6)
are readily removed by chaotropic agents, e.g. NaClO,
or LiCl, and reassemble into a crystalline lattice in vitro
upon dialysis (Catt et al. 1978 ; Goodenough et al. 1986).
The major crystal-forming component, termed “2BII”
or “Volvin” by Roberts et al. (1985) has been shown
by Goodenough et al. (1986) to be composed of four
different glycoproteins, three of which are hydroxypro-
line-rich.

A number of monoclonal antibodies (MACs) have
been prepared against the 2BII complex (Smith et al.
1984), two of which (MAC 3 and MAC 6) were later
used in an immunocytochemical study on cell-wall syn-
thesis in Chlamydomonas (Grief and Shaw 1987). Be-
cause these two antibodies apparently recognize carbo-
hydrate epitopes of 2BII glycoproteins, Grief and Shaw
(1987) interpreted the almost exclusive immunolabelling
of the Golgi apparatus (GA) as being evidence for a
restriction of O-glycosylating reactions to this mem-
brane compartment. This appears to be a logical conclu-
sion in that the hydroxylation of peptidyl proline is
known to occur in the endoplasmic reticulum (ER), both
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in Chlamydomonas and higher plants (Saver and Robin-
son 1985; Andreae et al. 1988a), and that this event pre-
ceeds temporally the arabinosylation of HRGPs. How-
ever, evidence has recently been presented which is at
variance with this: hyp-arabinosyl transferase activity
has been localized in the ER of both maize roots (An-
dreac et al. 1988b) and Chlamydomonas (Zhang et al.
1989). Since we are now able to isolate ER and GA
fractions of high purity from Chlamydomonas we de-
cided that the luminal contents of these fractions should
be examined by immunoblotting. In addition we have
carried out parallel investigations on the two wall-less
mutants of Chlamydomonas: CW?2 and CW{5. Our re-
sults indicate that glycoproteins occur in both the ER
and the GA of this organism, and that the wall-less mu-
tants, despite their inability to assemble a wall, secrete
copious amounts of wall-like HRGPs.

Material and methods

Algae and culturing conditions: Chlamydomonas reinhardtii Dang.
wild type (strain 137 c5) and the cell-wall mutants cw2 and cwi5
were obtained from the Algal Culture Collection (Universitiat Got-
tingen, FRG) and the Chlamydomonas Genetics Center (Duke
University, Durham, N.C., USA) respectively. All three algae were
grown in the “TAP”-medium of Surzycki (1971) and synchronized
according to the procedure described in Schlosser (1966). Aerated
(3% CO,) cultures were maintained in a light-thermostat at 30° C
and subjected to light (2 klx): dark cycles of 12 h:12 h. The cell
numbers were usually kept at 1.56-10°-ml™! by daily dilution of
the cultures.

Recovery of polymers released into the culture media. Algal culture
(2 L) was centrifuged at 3000-g for 15 min to remove the algae.
The supernatant was then reduced in volume to 100 ml with an
ultra-filtration device (Heavy Duty Stirred Cell 4015; Amicon, Wit-
ten, FRG) using a cellulose triacetate membrane filter (SM 14539;
Sartorius, Gottingen, FRG) with a cut-off at 10000 MW. The
concentrated culture medium was then centrifuged at 100000-g
for 1 h. The supernatant was carefully decanted and dialysed over-
night against distilled H,O, before freeze-drying.

Subcellular fractionation, extraction of luminal contents. Proto-
plasts of the wild-type cells were prepared through gamete autolysin
treatment as given in Schldsser et al. {1976). Wild-type protoplasts
and the mutants were exposed to digitonin and homogenized exact-
ly as described by Andreae et al. (1988a). Homogenates were pre-
centrifuged for 15 min at 6000-g. The supernatant was either cen-
trifuged at 100000 ¢ for 1 h to obtain a total membrane pellet
or was added as an overlay (7 ml) to a sucrose step gradient (8 ml
15%, 8 ml 32%, 8 ml 38%, 6 ml 50%, w:w sucrose) which was
centrifuged to isopycnic conditions (100000-g; 2 h). The composi-
tions of the homogenizing and gradient media were exactly the
same as those given in Andreae et al. (1988a); all operations were
performed at 0—4° C.

Membrane fractions designated as ER or GA (see Resuits)
were diluted at least threefold with low-Mg?* gradient medium
and centrifuged at 10000-g for 1 h in order to remove ribosomes.
Luminal proteins were extracted from the membrane by resuspend-
ing in 4 ml of 0.1 M Na,COj; at pH 11, sonicating (15s, 200 W,
micro-tip; Braun-Melsungen, FRG) and leaving to stand in an
ice bath for 30 min (Fujiki et al. 1982). Luminal proteins were
separated from the membranes by centrifuging at 100000-g for
1 h. The supernatant was then dialysed overnight against H,O
and freeze-dried.

Measurement of enzyme activities. Aliquots of resuspended mem-
brane fractions were tested for the following enzymes as described
in Andreae et al. (1988a) and Zhang et al. (1989): NADH: cyto-
chrome c-reductase (EC 1.6.99.3; CCR); inosine 5-disphosphatase
(EC 3.6.1.6; IDPase); prolyl-glycyl peptide, 2-oxo-glutarate: oxy-
gen oxidoreductase, 4-hydroxylating (EC 1.14.11.2; prolyl hydrox-
vlase); UDP-arabinose: hydroxyproline arabinosyl transferase;
UDP-galactose: hydroxyproline galactosyl transferase.

Electrophoresis and immunoblotting. Polypeptides were separated
under reducing conditions (50 mM dithiothreitol, DTT) by discon-
tinuous sodium dodecyl! sulfatc-polyacrylamide gel clectrophoresis
(SDS-PAGE) in slab minigels (85-105.-1 mm?; Biometra, Got-
tingen, FRG) as described by Depta and Robinson (1986). Both
10% and gradient (4-15%) gels were employed. Gels werc stained
with either Serva Blue 250 G (Neuhoff et al. 1985), silver stained
(Heukeshoven and Dernick 1985) or stained for carbohydrate with
periodic acid-Schiff’s (PAS) reagent (Fairbanks et al. 1971).

For Western blotting; polypeptides were transferred electro-
phoretically (20 V, 75 mA, 12 h; wet chamber) onto nitrocellulose
filters (SM 128; Sartorius, Gottingen, FRG) as described by Two-
bin et al. (1979). Blocking with bovine serum albumin and incuba-
tions with primary (optimal concentration 20 ug-ml~!) and sec-
ondary (peroxidase-coupled goat anti-rat IgGs, Sigma A-9037, di-
lution 1:500) antibodies were performed as already given (Andreae
et al. 1988a). Bound antibody was identified with 4-chloro-1-naph-
thol (Vandesande 1983). For dot blotting, 3-ul sample aliquots (ap-
prox. protein concentration 0.1 mg-ml~') were applied with a mi-
cropipette to nitrocelluose squares and left to dry at room tempera-
ture for 1-2 h. Cross-reaction with a particular antibody was deter-
mined according to the procedures described by Hawkes et al.
{1982) and Smith et al. (1984).

Protein determination. Protein was determined according to the
method of Petersen (1977) or Bradford (1976).

Electron microscopy. Fractions for fixation were taken from ho-
mogenates which were nor previously stabilized with glutaralde-
hyde, and were processed according to the procedure of Heupke
and Robinson (1985). Thin sections were post-stained with uranyl
acetate and lead citrate and examined in a Philips EM 400 operat-
ing at 80 kV.

Chemicals and antibodies. Chemicals used in this investigation were
usually of the highest purity grade commercially available and were
purchased from either Sigma (Munich, FRG), Serva (Heidelberg,
FRG) or Merck (Darmstadt, FRG). The monoclonal antibodies
prepared against the 2BII glycoprotein complex of C. reinhardtii
were kindly supplied by Dr. Peter Shaw, John Innes Institute, Nor-
wich, UK their production is described in Smith et al. (1984).
Perchlorate-extracted C. reinhardtii cells walls were provided by
Dr. Winfried C. Lang (Universitit Kaiserslautern, FRG).

Results

Analysis of polymers released into the growth medium.
Proteins are secreted into the growth medium by the
wild type and the two mutants of Chlamydomonas rein-
hardtii, but the amounts and compositions are different.
The mutants release more than twice the amount of pro-
tein per cell over a 24-h period than the wild type (Ta-
ble 1). The relatively high levels of measurable hydroxy-
proline in these protein mixtures indicates the presence
of HRGPs. This is substantiated by SDS-PAGE (Fig. 1).
As previously demonstrated (e.g. by Catt et al. 1976;
Imam et al. 1985) perchlorate extracts of the wild-type
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Table 1. Comparison of the amounts of protein and peptidyl hyd-
roxyproline released into the medium during one growth cycle
(24 h) by synchronous cultures (cell density =1.56-10° mI!) of the
wild type and the mutants ew2 and cw15 of Chlamydomonas. Only
polymers larger than M, 10 kDa were taken into consideration

Wild type w2 cwls
Protein (mg-171) 1.01 21 2.3
Hydroxyproline (mmol-1~1) 4.6 10 11
Hydroxyproline 4.6 4.8 4.8

(mmol-(mg protein) ')

wall electrophorese into five polypeptides: three major
bands at 245, 150 and 136 kilodaltons (kDa) and two,
very much weaker, bands at 210 and 200 kDa. All react
positively with PAS, indicating their glycoprotein na-
ture. Glycosylated polypeptides co-electrophoresing
with these are recognizable in gels of both cw2 and ew15
media proteins. Surprisingly, they are hardly recogniz-
able in gels of the wild type. We ascribe their relative
lack in the wild-type media to their effective incorpora-
tion into the cell wall.

Below 100 kDa there are a number of polypeptides
common to all three media (80, 58, 50, 35, 28, 23,
14 kDa), the wild-type medium being especially enriched
in these smaller polypeptides. This is in accordance with
the observation of Voigt (1985a), that the major radioac-
tively labelled polypeptides released into the medium by
C. reinhardtii wild type after incubating with [*H]proline
and [*°S]methionine have molecular masses of 35, 44,
and 49 kDa.
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Fig. 1. Analysis by SDS-PAGE (gradient gel, 4-15% acrylamide)
of proteins secreted into the culture medium by the wild-type (wi)
and e¢w2 and cwi!5 mutants of Chlamydomonas reinhardtii. The
major polypeptides of perchlorate-extracted wild-type walls (main-
ly 2BII glycoproteins) were also run for comparison

We have tested the proteins in the growth media for
cross-reactivity against four monoclonal antibodies pre-
pared against the 2BII complex. In dot blots (Fig. 2a),
one monoclonal (MAC 6) reacted so weakly (even
against the cell-wall standard) that it could not be used
for Western blotting. However, MAC 2 cross-reacted
with both the cell-wall standard and the wild-type-medi-
um proteins, but showed no reaction with the cw2 or
c¢wi15 mutant-medium proteins in dot blots. Unfortu-
nately, as already noted by Smith et al. (1984), MAC 2
will not work on Western blots, a fact confirmed in this
investigation. On the other hand, MAC 3 and MAC 20,
functioned in both dot-blotting and Western-blotting ex-
periments.

In dot blots they cross-react much less strongly with
proteins in the cw2 media than in the cwi5 or wild-type
media. In Western blots, MAC 3 cross-reacts very
strongly with the 135- and 150-kDa polypeptides of the
2BII complex in the cell-wall standard and with two
similar bands in the ew2 and cwi5 gel lanes, but with
only one band (135 kDa) in the wild-type lane (Fig. 2b).

There is also a faint cross-reaction of MAC 3 with
a group of polypeptides around 220 kDa present in the
medium of the wild type. To our surprise MAC 3 also
reacted with numerous other polypeptides in all three
media, in particular with the 23-, 35-, and in the case
of ewl15, 58-kDa polypeptides. Whilst curiously not re-
cognizing the cell-wall standard, MAC 20 does cross-
react with a number of polypeptides in each of the me-
dia. It does not appear to recognize clearly any polypep-
tides above 120 kDa.

Subcellular fractionation and enzyme activities. Endo-
membranes can be isolated from C. reinhardtii without
thylakoid contamination by gently rupturing detergent-
pretreated protoplasts (Andreae et al. 1988a) followed
by sucrose-density-gradient centrifugation. In order to
obtain larger quantities of endomembrane fractions for
further analysis more easily, we modified this procedure
by substituting a step for a linear gradient. Material
collecting at the 38/50% interface had the highest activi-
ty of the ER marker cytochrome c-reductase (CCR) and
the lowest activity of the GA marker inosine 5-diphosp-
hatase (IDPase) and contained a correspondingly large
number of ribosome-studded membranes, as shown in
the electron microscope (Fig. 3a). By contrast, material
at the 15/32% interface had the highest IDPase activity,
had little measurable CCR activity, and was mainly
made up of GA membranes (Fig. 3b). Rough ER was
not detectable in this fraction by electron microscopy;
cisternal elements of the GA were not recognizable in
the 38/50% interface fraction. Material which collected
at the 32/38% interface showed considerable cross-con-
tamination by ER and GA membranes. This fraction
was discarded. The ER and GA fractions were obtained
in an identical manner from the two mutants, cw2, cw15;
the distribution of marker enzymes was the same as for
the wild type (results not shown).

Endomembranes from the wild type and the mutants
were tested for key enzymes which participate in the
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post-translational modification of HRGPs (Table 2). In
the case of prolyl hydroxylase and hydroxyproline-ara-
binosyl transferase the wild-type cells possessed much
higher activities (expressed both as relative and specific
activities) than the two mutants. With galactosyl trans-
ferase the mutants had higher relative activities than the
wild type but the specific activities for this enzyme were
similar for all three organisms.

Table 2. Comparison of relative (rel.) and specific (sp.) activities
(act.) of prolyl hydroxylase, arabinosyl transferase and galactosyl
transferase in total membrane fractions (6-100 kg) prepared from
the wild type and the mutants cw2 and cwi5 of Chlamydomonas.
Synchronized cultures were employed with a total cell number,
in each case, of 9.4-10%. Cells were harvested at the fourth hour
of darkness

Enzyme Wild type w2 cwls
Prolyl hydroxylase
rel. act. (nkat) 2.5 1.3 2.0
sp. act. 4.6 0.93 1.7
(nkat- (mg protein) ')
Arabinosyl transferase
rel. act. (nkat) 1.8-10~ 6.7-1077  7.2-1077

sp. act. 1.3-107% 1.9.107¢

(nkat-(mg protein) 1)

Galactosyl! transferase
rel. act. (nkat)
sp. act.
(nkat- (mg protein) ™ *)

42.107% 39.10°°
1.2:107°  1.1-107°

2-10°¢
1.4-107°

B
® WT Wall
® WT
CW 2 Media
® Cwis
MAC 20

Fig. 2. a Dot blotting of culture-media secretory proteins of Chla-
mydomonas against the 2BII monoclonal antibodies MAC 2, 3,
6 and 20. Lanes A=0.15 pg, lanes B=0.30 ug protein. b Western
blotting with MAC 3 and MAC 20 antibodies against polypeptides
in culture media separated by SDS-PAGE (10% gels). Lane {=
perchlorate-extracted wild-type walls; lane 2=wild-type-medium
proteins; lane 3=cw2-medium proteins; lane 4=cw!5-medium
proteins

Analysis of luminal contents of ER and GA membranes.
The results of SDS-PAGE of the luminal contents of
ER and GA membranes from the wild type and the
two mutants are given in Fig. 5. Interestingly, polypep-
tides larger than 100 kDa are, in all cases, poorly repre-
sented. A number of polypeptides are common to the
ER and GA of all three cell types (100, 58, 54, 18,
14 kDa).

Dot blots with monoclonals MAC 2, 3, 6 and 20
were performed on the luminal contents of ER and GA
membranes isolated from the wild type and two mutants.
Once again, MAC 6 proved to be of little value: even
against the cell-wall standard the cross-reaction was very
weak (Fig. 4). Interestingly, MAC 2 cross-reacted only
with the GA membranes of the mutant cw2. However,
MAC 3 recognized proteins in both the ER and the GA
of all three algae and, with the exception of the GA
of the mutant cw2, MAC 20 did the same.

In Western blots, MAC 3 cross-reacted strongly with
a 135-kDa polypeptide in the ER and GA fractions of
the wild type. As was the case with the culture-medium
proteins a number of other polypeptides, especially one
at 43 kDa, were recognized by this antibody. The mem-
brane fractions from the two mutants, with the exception
of the ER fraction from cwl5, reacted similarly but
much more weakly. There was no cross-reaction with
the ER of ew15. By contrast, MAC 20 recognized a poly-
peptide at 135 kDa in both ER and GA fractions from
cw15, but it cross-reacted more stongly with a polypep-
tide at 94 kDa. It did not cross-react with endomem-
brane fractions from either the wild type or ¢w2 mutant.
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Fig. 3a, b. Thin sections of membrane material of Chlamydomonas
collecting at the 38/50% interface, mainly rough ER (arrows, a),
and 15/32% interface, mainly GA cisternae (arrowheads, b). Bar=
0.5 pm

Discussion

Since treatments which altered, reduced or eliminated
the oligosaccharide side chains of the 2BII cell-wall gly-
coprotein complex of C. reinhardtii prevented antibody
recognition, Smith et al. (1984) concluded that most, if
not all of the monoclonal antibodies raised against 2BII
were directed against sugar-containing epitopes. Of the
six groups of monoclonals characterized, only two
(groups III: MACs 3, 5 and V: MACs 12, 15, 17) were
capable of recognizing 2BII polypeptides separated by
SDS-PAGE. This was taken by Smith et al. (1984) to
indicate the existence of simple sequence determinants
for these two groups, whereas the epitopes recognized
by the other groups appeared to be formed by at least
two polypeptides. Our results are in partial agreement
with these observations: MACs 2, 6 and 20 (representing
groups II, IV and VI respectively) in our hands also
did not react in Western blots against 2BII. However
MAC 3, in contrast to the results of Smith et al. (1984),
reacted predominantly with the smallest 2BII polypep-
tide (135 kDa). Unexpectedly, MAC 20 recognized a
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Fig. 4. Dot blotting of endomembrane luminal proteins of Chlamy-
domonas against monoclonals MAC 2, 3, 6 and 20. Lane =per-
chlorate-extracted wild-type walls; /ane 2=wild-type endomem-
branes; lane 3=cw2 endomembranes; lane 4=cwi15 endomem-
branes. 4, B=endoplasmic reticulum (0.3 and 0.15 pg protein, re-
spectively). C, D=Golgi apparatus (0.3 and 0.15 pug protein, re-
spectively)
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Fig. 5. Analysis by SDS-PAGE (10% gels) and Western blotting
of luminal proteins of Chliamydomonas, with monoclonals MAC 3
and MAC 20. Lanes 1, 2 and 3 in the protein detection are wild
type, ew2 and cwl5, respectively. In the Western blots, lanes 1
were perchlorate-extracted wild-type walls, lanes 2 and 5 wild-type
luminal proteins, lanes 3 and 6 cw2 luminal proteins, lanes 4 and
7 ¢wl5 luminal proteins. Endoplasmic-reticulum and Golgi-appa-
ratus fractions are marked ER and G4

large number of polypeptides presented in the wild-type
and mutant-cell culture media as well as some polypep-
tides present in the lumen of mutant ¢w15 endomem-
branes. In this context one notes that group IV mono-
clonals are the only antibodies raised by Smith et al.
(1984) capable of recognizing the wall of Lobomonas
pyriformis, a related volvocalean alga. Interestingly,
SDS-PAGE of Lobomonas cell walls reveals only one
major polypeptide (around 210 kDa; Roberts et al.
1981).

Smith et al. (1984) have already remarked on the fact
that the epitopes recognized by group III (e.g. MAC 3)
and VI (e.g. MAC 20) antibodies are also present in
glycoproteins present on the flagellar surface. These are
numerous and include some, the so-called agglutinins,
which are involved in sexual reproduction. They have
been isolated from both C. reinhardtii and C. eugametos
and are, like 2BII, hydroxyproline-, arabinose- and ga-
lactose-rich (Collin-Osdoby and Adair 1985; Samson
et al. 1987). When employing these antibodies either im-
munocytochemically (e.g. Grief and Shaw 1987) or on
cell fractions as we have done, it cannot be therefore
assumed that a cross-reaction is indicative of the sole
presence of a 2BII polypeptide. Our Western blots of
media and endomembrane luminal proteins indicate that
a whole range of (glyco)-proteins possess determinants
which can be recognized by these antibodies.

Positive reactions by both dot (MACs 3 and 20) and
Western blotting (MAC 3) on the luminal contents of
C. reinhardtii wild-type endomembranes qualify the re-
sults of Grief and Shaw (1987). Whilst GA luminal pro-
teins tended to react more strongly there was, neverthe-
less, a very clear reaction with luminal proteins extracted
from rough-ER fractions. In both fractions, MAC 3
identified a 135-kDa polypeptide corresponding to that
present in the 2BIl complex. It also recognized three

ER GA

T2 R d 606 7. el 5 7

o

MAC 20

smaller polypeptides at around 44, 57 and 65 kDa, which
may correspond to those polypeptides which Voigt
(1985b) was able to detect in LiCl-extracts of intact cells
of C. reinhardtii. This indicates that glycosylated pro-
teins are indeed present in the ER, and puts this observa-
tion in agreement with the recent in-vitro localization
of hyp-arabinosyl transferase in this fraction (Zhang
et al. 1989). It is also in accordance with data on O-
glycosylation of collagen in animal cells (reviewed in
Kivirikko and Myllyld 1982) whereby the activities of
galactosyl and glycosyl transferases were found to be
highest in the rough ER (Harwood et al. 1975).

In 1972, Hyams and Davies induced 79 cell-wail mu-
tants of C. reinhardtii. Some of these, including the mu-
tant ewl5, were described by them as being devoid of
a cell wall. Others, including ¢w?2, produced a wall which
appeared to have no connections with the plasma mem-
brane. Later studies (Lang and Chrispeels 1976; Adair
et al. 1987) have, however, shown that the mutant cw2
also cannot produce an organized cell wall. In thin sec-
tion (Zhang and Robinson 1986) mutants cw2 and cw15
are naked protoplasts, but in deep-etch, rotary-sha-
dowed preparations, small fibers emanating from the
plasma membrane can be discerned (Monk et al. 1983;
Adair et al. 1987). These have been interpreted as being
proteins normally attributed to the W 1 and W 7 layers
of the wild-type wall (Adair et al. 1987; Monk 1988).
The ability to form a wall lies, according to Adair et al.
(1987) in the presence of polypeptides constituting the
so-called W 2 layer. These polypeptides are apparently
not synthesized by ¢w2 and ¢w1S5 mutants, although
these cells are equipped with enzymes for HRGP synthe-
sis, and 2BII glycoproteins (amongst others) are detect-
able both in the lumen of their endomembranes and
are secreted into the culture medium. The W 2 layer
is also implicated in autolysin action (Goodenough and
Heuser 1985), whereby the target for this enzyme ap-
pears to be a 220-kDa polypeptide (Monk et al. 1983;
Matsuda et al. 1985; Imam and Snell 1988). Bands above
200 kDa were not seen in Western blots of any of the
endomembrane fractions which we tested. However, a
group of faint bands, around 220 kDa, recognized by
both MAC 3 and MAC 20, were detected in the wild
type but not in the mutant media. Whether this repre-
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sents the W 2 200-kDa polypeptide is unclear, since we
do not yet know if it can be recognized by monoclonal
antibodies which have been prepared against 2BII glyco-
proteins.

We thank Heike Freundt and Bernd Raufeisen for their help in
the technical preparation of the manuscript. The use of the facilities
of the *“ Zentrales Isotopenlaboratorium ™ of the University of Got-
tingen are gratefully acknowledged. The Deutsche Akademische
Austausch Dienst is thanked for providing a stipend for one of
us (Y.-H. Z.). Supported by funds of the Deutsche Forschungsge-
meinschaft.

References

Adair, W.S., Steinmetz, S.A., Mattson, D.M., Goodenough, U.W.,
Heuser, J.E. (1987) Nucleated assembly of Chlamydomonas and
Volvox cell walls. J. Cell Biol. 105, 2373-2382

Andreae, M., Blankenstein, P., Zhang, Y.-H., Robinson, D.G.
(1988a) Towards the subcellular localization of plant prolyl
hydroxylase. Eur. J. Cell Biol. 47, 181-192

Andreae, M., Lang, W.C., Barg, C., Robinson, D.G. (1988b) Hyd-
roxyproline-arabinosylation in the endoplasmic reticulum of
maize roots. Plant Sci. 56, 205-212

Bradford, M.M. (1976) A rapid and sensitive method for the quan-
tification of microgram quantities of protein utilizing the princi-
ple of protein-dye binding. Anal. Biochem. 72, 248-251

Catt, .W., Hills, G.J., Roberts, K. (1976) A structural glycopro-
tein, containing hydroxyproline isolated from the cell wall of
Chlamydomonas reinhardtii. Planta 131, 165-171

Catt, J.W_, Hills, G.J., Roberts, K. (1978) Cell wall glycoproteins
from Chlamydomonas reinhardtii, and their self assembly. Plan-
ta 138, 91-98

Collin-Osdoby, P., Adair, W.S. (1985) Characterization of the puri-
fied Chlamydomonas minus agglutinin. J. Cell Biol. 101, 1144—
1152

Depta, H., Robinson, D.G. (1986) The isolation and enrichment
of coated vesicles from suspension-cultured carrot cells. Protop-
lasma 130, 162-170

Fairbanks, G., Steck, T.L., Wallach, D.F.H. (1971) Electrophoretic
analysis of the major polypeptides of the human erythrocyte
membrane. Biochemistry 10, 2606-2617

Fujiki, A., Hubbard, A.L., Fowler, S., Lazarow, P.B. (1982) Isola-
tion of intracellular membranes by means of sodium carbonate
treatment: application to endoplasmic reticulum. J. Cell Biol.
93, 97-102

Goodenough, U.W., Gebhart, B., Mecham, R.P., Heuser, J.E.
(1986) Crystals of the Chlamydomonas reinhardtii cell wall: po-
lymerization, depolymerization and purification of glycoprotein
monomers. J. Cell Biol. 103, 405417

Goodenough, U.W., Heuser, J.E. (1985) The Chlamydomonas cell
wall and its constitutent glycoproteins analyzed by the quick-
freeze, deep-etch technique. J. Cell Biol. 101, 1550-1568

Goodenough, U.W., Heuser, J.E. (1988a) Molecular organization
of cell-wall crystals from Chlamydomonas reinhardtii and Volvox
carteri. J. Cell Sci. 90, 717-733

Goodenough, U.W., Heuser, J.E. (1988 b) Molecular organization
of the cell wall and cell-wall crystals from Chlamydomonas rein-
hardtii. J. Cell Sci. 90, 735-750

Grief, C., Shaw, P.J. (1987) Assembly of cell-wall glycoproteins
of Chlamydomonas reinhardtii: oligosaccharides are added in
medial and trans Golgi compartments. Planta 171, 302-312

Harwood, R., Grant, M.E., Jackson, D.S. (1975) Studies on the
glycosylation of hydroxylysine residues during collagen biosyn-
thesis and the subcellular localization of collagen galactosyl-
transferase and collagen glucosyl-transferase in tendon and car-
tilage cells. Biochem. J. 152, 291-302

Hawkes, R., Nidag, E., Gordon, J. (1982) A dot-immunobinding
assay for monoclonal and other antibodies. Anal. Biochem.
119, 142-147

Heukeshoven, J., Dernick, R. (1985) Simplified method for silver
staining of proteins in polyacrylamide gels and the mechanism
of silver staining. Electrophoresis 6, 103-112

Heupke, H.-J., Robinson, D.G. (1985) Intracellular transport
of a-amylase in barley aleurone cells: evidence for the parti-
cipation of the Golgi apparatus. Eur. J. Cell Biol. 39, 265-
272

Hyams, J., Davis, D.R. (1972) The induction and characterization
of cell wall mutants of Chlamydomonas reinhardtii. Mutat. Res.
14, 381-389

Imam, S.H., Snell, W.J. (1988) The Chiamydomonas cell wall de-
grading enzyme, lysin, acts on two substrates within the frame-
work of the wall. J. Cell Biol. 106, 2211-2221

Imam, S.H., Buchanan, M.J., Shin, H.-C., Snell, W.J. (1985) The
Chlamydomonas cell wall: characterization of the wall frame-
work. J. Cell Biol. 101, 1599-1607

Kivirikko, K.I., Myllyld, R. (1982) Posttranslational enzymes in
the biosynthesis of collagen: intracellular enzymes. Methods
Enzymol. 82, 245-284

Lang, W., Chrispeels, M.J. (1976) Biosynthesis and release of cell
wall-like glycoproteins during the vegetative cell cycle of Chla-
mydomonas reinhardtii. Planta 129, 183-189

Matsuda, Y., Saito, T., Yamaguchi, T., Kawase, H. (1985) Cell
wall lytic enzyme released by mating gametes of Chlamydomon-
as reinhardtii is a metalloprotease and digests the sodium per-
chlorate insoluble component of the cell wall. J. Biol. Chem.
260, 6373-6377

Monk, B.C. (1988) The cell wall of Chlamydomonas reinhardtii
gametes: composition, structure and autolysin-mediated shed-
ding and dissolution. Planta 176, 441-450

Monk, B.C., Adair, W.S., Cohen, R.A., Goodenough, U.W. (1983)
Topography of Chlamydomonas: fine structure and polypeptide
components of the gametic flagellar membrane surface and cell
wall. Planta 158, 517-533

Neuhoff, V., Stamm, R., Eibel, H. (1985) Clear background and
highly sensitive protein staining with coomassie blue dyes in
polyacrylamide gels: a systematic analysis. Electrophoresis 6,
427448

Peterson, G.L. (1977) A simplification of the protein assay method
of Lowry et al. which is more generally applicable. Anal. Bio-
chem. 83, 346-356

Roberts, K., Shaw, P.J., Hills, G.J. (1981) High resolution electron
microscopy of glycoproteins: the crystalline cell wall of Lobo-
monas. J. Cell Sci. 51, 295-321

Roberts, K., Hills, G.J., Shaw, P.J. (1982) The structure of algal
cell walls. In: Electron microscopy of proteins, vol. III, pp. 1-
40, Harris, J.R., ed. Academic Press, London

Roberts, K., Grief, C., Hills, G.J., Shaw, P.J. (1985) Cell wall
glycoproteins: structure and function. J. Cell Sci., Suppl. 2,
105-127

Samson, M.R., Klis, F.M., Homan, W.L., van Egmond, P., Mus-
grave, A., van den Ende, H. (1987) Composition and properties
of the sexual agglutinins of the flagellated green alga Chlamydo-
monas eugametos. Planta 170, 314-321

Sauer, A., Robinson, D.G. (1985) Intracellular localization of post-
translational modifications in the synthesis of hydroxyproline-
rich glycoproteins. Peptidyl proline hydroxylation in maize
roots. Planta 164, 287-294

Schlgsser, U.G. (1966) Enzymatisch gesteuerte Freisetzung von
Zoosporen bei Chlamydomonas reinhardtii Dangeard in Syn-
chronkultur. Arch. Mikrobiol. 54, 129-159

Schlosser, U.G., Sachs, H., Robinson, D.G. (1976) Isolation of
protoplasts by means of a *“species-specific” autolysine in Chla-
mydomonas. Protoplasma 88, 51-64

Smith, E., Roberts, K., Hutchings, A., Galfre, G. (1984) Mono-
clonal antibodies to the major structural glycoprotein of the
Chlamydomonas cell wall. Planta 161, 330-338



236 Y .-H. Zhang and D.G. Robinson: Cell-wall synthesis in Chlamydomonas

Surzycki, S. (1971) Synchrone Zellteilungen von Chlorella bei ver-
schiedenen Licht-Dunkel-Wechseln. Flora 144, 473-496

Towbin, H., Stachelin, T., Gordon, J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets. Procedure and some applications. Proc. Natl. Acad. Sci.
USA 76, 4350-4354

Vandensande, F. (1983) Peroxidase-antiperoxidase techniques: In:
Immunohistochemistry, pp. 101-119, Cuello, A.C., ed. Wiley,
Chichester, UK

Voigt, J. (1985a) Macromolecules released into the culture medium
during the vegetative cell cycle of the unicellular green alga
Chlamydomonas reinhardtii. Biochem. J. 226, 259-268

Voigt, J. (1985b) Extraction by lithium chloride of hydroxyproline-
rich glycoproteins from intact cells of Chlamydomonas reinhard-
tii. Planta 164, 379-389

Zhang, Y.-H., Robinson, D.G. (1986) The endomembranes of
Chlamydomonas reinhardtii: a comparison of the wildtype with
the wall mutants cw2 and cwi5. Protoplasma 133, 186-194

Zhang, Y.-H., Lang, W.C., Robinson, D.G. (1989) In vitro local-
ization of hydroxyproline O-glycosyl transferases in Chlamydo-
monas reinhardtii. Plant Cell Physiol. 30, 617-622

Received 9 May; accepted 10 July 1989



