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Abstract. A cell-wall-degrading activity was solubi-
lized from young cells and from mother cell walls 
of CMo/W/a /w^ca by treatment with L i C l . The cy­
toplasmic enzyme hexokinase was not detectable 
in these extracts. The LiCl-solubilized activity in­
creased in the cell cycle parallel to the release of 
autospores. The enzyme was purified on a chroma-
tofocusing column followed by gel filtration. Sodi­
um dodecyl sulfate/polyacryl amide gel electro­
phoresis of the purified enzyme revealed a molecu­
lar weight of 44 kDa, whereas gel filtration indi­
cated a molecular weight of 25 kDa. Cell-wall-lytic 
activity and /M,4-mannanase activity coeluted in 
gel filtration and were separated from /?-D-fucosi-
dase activity. The enzyme degraded isolated cell 
walls and ivory nut mannan primarily to oligosac­
charides with an estimated degree of polymerisa­
tion ^ 6 . The soluble degradation products of the 
cell wall consisted of 92-96% mannose and 4-8% 
glucose. It is concluded that the cell-wall-lytic ac­
tivity is caused by an endo-mannanase. In vivo, 
this enzyme probably degrades the mother cell wall 
and, after autospore release, remains bound to it 
as well as to the surface of the daughter cells by 
ionic forces. The identity of this bound enzyme 
with a soluble wall-degrading enzyme previously 
obtained from mother cells is discussed. 

Key words: Cell cycle - Cell wall (lysis) - CMofW/a 
(qpll wall) - Endo-mannanase. 

Introduction 

A cell-wall-degrading activity appears in homoge-
nates of C/z/o?W/a shortly before release of the 
daughter cells (autospores); it is probably essential 
for opening the mother cell wall. During the period 
of hatching this lytic activity decreases (Loos and 
Meindl 1984). Since it could not be recovered from 

the culture medium, it was assumed that the lytic 
activity eventually became bound to the opened 
mother cell wall and/or to the surface of the daugh­
ter cells (Loos and Meindl 1984). One goal of this 
work was to test this assumption using L iCl for 
enzyme solubilization, a salt which has effectively 
been used for removal of wall-bound hydrolases 
in .SYrfp/ocorcwj /(ffcw/Af and Zf# may.? (Pooley 
et al. 1970; Huber and Nevins 1981). Another goal 
was, in this way, to obtain the enzyme(s) without 
the many soluble proteins, thus simplifying purifi­
cation and characterization. 

Material and methods 

f/awf maffrW. CA/fW/a /w.Yca Shihira ct Krauss strain 211-8b 
was obtained from Sammlung fur Algenkulturen, Gottingen, 
FRG. The algae were grown in the medium described by Kuhl 
(1962); they were synchronized by a 14 h light (8000lx)/10h 
dark regime. Other conditions of culture were as reported pre­
viously (Loos and Meindl 1982). 

.Sf/?araf/oM mo/Acr re// / m m (/ww#A/fr A culture 
with young cells (24 h after start of the light phase) was har­
vested, suspended in fresh nutrient medium containing 50% 
Percoll by volume (Pharmacia, Freiburg, FRG) at a cell density 
of 1.8-10** ml"' and centrifuged in a Sorvall SS 34 Rotor (Du-
pont Instr., Bad Nauhcim, FRG) at 48000# for 30 min. 

Enzyme /7wr//ffaf/of7 #r/ (V(T/ro/V7wr<\\/.\. A culture with 
young cells was harvested, suspended in fresh nutrient medium 
containing 50% Percoll (v/v) at a cell density of 30 10* ml \ 
made 0.2 mol T ' with respect to LiCl and incubated for 
10 min. Percoll and the algal material were then removed by 
centrifugation (100000 g, 2h), the supernatant was concen­
trated by ultrafiltration (YM5 membrane, Amicon, Witten, 
FRG) and applied to a Bio-Gel P-100 column (Bio-Rad Labor., 
Munchen, FRG; length 103 cm, diameter 1.5 cm). The column 
was eluted with 0.02 moll ' 2-(N-morpholino)ethanesulfonic 
acid(MES)-KOH buffer (pH 6.2) containing 0.05 moll * KC1 
and 0.02% NaN,; fractions of 3 ml were collected. For highly 
purified enzyme preparations the gel filtration step was pre­
ceded by a run on a chromatofocusing column. In this case 
the ultrafiltrate was dialyzed against 0.025 molI * ethanol-
amine buffer (pH 9.4), applied to a chromatofocusing column 



(length 24.0 cm, diameter 0.6 cm) filled with exchanger gel PBE 
94 and was eluted with 100 ml Polybuffer 96, pH 7.0 (Pharma­
cia, Freiburg, FRG); fractions of 5 ml were collected. The two 
most active fractions were concentrated by ultrafiltration and 
applied to the gel filtration column as above. All operations 
after harvest of the algae were carried out at 0-4° C. Usually 
batches of 7-10-10^ cells were processed. Sodium dodecyl sul-
fate/polyacrylamide gel electrophoresis was carried out on slab 
gels (10% polyacrylamide) essentially according to King and 
Laemmli (1971); incubation in the sample buffer was overnight 
at 4°C. Protein bands were fixed and visualized with a silver 
stain (Morrisey 1981). 

Tarfj /or eMzymafzc acfWza?, awa/yaM of degradWon /?roawcfs 
aW /?rofem dWermffzaffOM. Hexokinase activity was measured 
in a spectrophotometry test by following at 340 nm the reduc­
tion of NADP coupled to the oxidation of glucose-6-phosphate. 
The assay mixture contained 0.38 mmol triethanolamine 
buffer (pH 7.6), 5.2 m m o i r ^ MgCl,, 1.1 mmol-r * mercapto-
ethanol, 0.53 mmol ATP, 0.36 mmol NADP, 0.45 U-
ml"^ glucose-6-phosphate dehydrogenase (Boehringer, Mann­
heim, FRG) and the soluble fraction of a LiCl-containing cell 
homogenate or a LiCl extract from an intact algal culture, both 
introducing LiCl to a final concentration of 0.03 mol 1 ^ and 
material from 4-10* cells per ml assay mixture; the reaction 
was started by addition of glucose (50 ug-mr*). /?-D-Fucosi-
dase was tested with /?-nitrophenyl-/?-D-fucopyranoside accord­
ing to Walter (1984). Tests for cell-wall-lytic activity and 0-1,4-
D-mannanase contained 0.016moLT* MES-KOH buffer 
(pH6.2), Immol-ri CaClz, 0.02% NaNg and isolated cell 
walls or mannan from ivory nut at 2 mg ml" \ other conditions 
and details have been described (Loos and Meindl 1984). After 
incubation the carbohydrate content in the supernatant of a 
centrifuged sample was determined with the phenol-sulphuric 
acid method with mannose as reference (Dubois et al. 1956). 
For analysis of the degradation products the supernatant was 
kept for 3 min at 100° C, desalted by a mixed-bed exchange 
resin and concentrated under reduced pressure. Samples equiva­
lent to 40 ug carbohydrate were applied to silica gel sheets and 
developed twice in acetone:/%-butanol:H20 = 70:15:15 (by 
vol.). Staining for sugars was done with a diphenylamine-aniline 
reagent. Hydrolysis of the products of cell wall lysis was 
achieved with 2 mol-T^ trifluoroacetic acid (120° C, 2 h). The 
resulting monosaccharides were analyzed by gas liquid chroma­
tography as described previously (Blumreisinger et al. 1983). 
Protein was assayed after hydrolysis (6mol HC1, 20 h, 
105° C) using a ninhydrin-based colorimetric method with leu­
cine as reference (Moore 1968). 

Table 1. Cell-wall-lytic activities from C7z/ore//a /waca solubi-
lized by different concentrations of LiCl. A synchronized cul­
ture of young cells (24 h after onset of the light phase) was 
centrifuged, suspended to a cell density of 6.4 10* mr ^ in fresh 
nutrient medium containing the desired concentration of LiCl 
and was incubated for 10 min. After centrifugation the resulting 
supernatant was dialyzed against 0.02 mol 1 ^ MES-KOH 
buffer (pH 6.2) containing 0.02% NaNg and tested for cell-wall-
lytic activity. Except for the initial harvesting, all operations 
were carried out at 0-4° C. The maximum activity corresponded 
to 9.4 10"^ g carbohydrate-h"i per cell 

Concentration of Cell-wall-lytic 
LiCl (mol-l-i) activity, A^o 

0 0.030 
0.05 0.052 
0.2 0.398 
0.5 0.520 
1.0 0.565 

light dark 

J 1 1 L_ 

6 12 18 26 

time after inoculation [h] 

Fig. 1. Cell-wall-lytic activity solubilized by LiCl during the 
cell cycle of C/z/<W/a /%?ca. The procedure for obtaining cell-
wall-lytic activity was as described in the legend to Table 1, 
the concentration of LiCl employed was 0.2mol T \ Cell 
number (x x); cell-wall lysis (o o); cell surface (A A) 

Results 

SWwMfzd^foM q/" <W/-tW/-/yf;c acfMfy; abearance 
m f/ze ce// cyc/e. When freshly hatched daughter 
cells were incubated in the presence of L i C l , cell-
wall-lytic activity was brought into solution (Ta­
ble 1). A t a concentration of 0.2 m o l - l ^ 70% of 
the maximal value was attained. For all further 
experiments a concentration of 0.2 m o l l " ^ L i C l 
was used to solubilize the cell-wall-degrading activ-

To see whether the lytic activity could be in­
volved in the liberation of the daughter cells, cul­
tures from different developmental stages were 

subjected to the L i C l treatment and tests were 
made for cell-wall-lytic activity. As shown in 
Fig. 1, a sharp increase occurred parallel to the 
release of the autospores. This observation agrees 
with the idea that the lytic activity was bound to 
the inside of the mother cell wall and/or to the 
surface of the young cells. The decline in activity 
after hatching was less pronounced in another ex­
periment and could have been the result of a slow 
dissociation of the enzyme(s) from the cell walls 
and cells. 

To find out whether or not the salt treatment 
caused a substantial leakage of cytoplasmic en­
zymes from the young cells into the medium, tests 



Fig. 2. Gel filtration of cell-wall-lytic 
activity derived from young cells (x x) 
and mother cell walls (o—o). After 
recovery from the Percoll gradient the 
cell fraction and the wall fraction were 
treated with LiCl (0.2 mol r') and 
further processed as described under 
Material and methods. At the top are 
indicated the positions of marker 
proteins from test runs; = bovine 
serum albumin, om = ovalbumin; c/;y = 
chymotrypsinogen, cw = cytochrome c 

were made for hexokinase activity in the L i C l ex­
tract and in the soluble fraction from a French-
press homogenate, also obtained in the presence 
of L i C l . Only in the latter case could hexokinase 
activity be detected and this was easily measurable 
(rates up to 0.027 m o l - h ^ - g ^ protein). This is 
further evidence that the cell-wall-degrading activi­
ty was solubilized by L i C l not from the cytoplasm, 
but rather from the surfaces of the cells and/or 
mother cell walls. 

Lytic enzymes have been considered to play a 
role in cell wall synthesis (Matile 1975). This does 
not seem to be the case with the LiCl-solubilized 
activity, since it stays at a constant level during 
the phase of active cell surface enlargement 
(Fig. 1). Therefore, it may well be responsible for 
the lysis of the mother cell wall. 

D / j/nAMrmM q/" ce//-w%z//-/yf/c acf/%/fy Wwee/* 
&z%g/zfer ce//j mof/zer eg// H%z//j," ge/ y?//mnb/% 
cAamcfer/jf/cj. To find out whether the cell-wall-
lytic activity was localized on the opened mother 
cell walls or on the daughter cells, or on both, 
these were separated on a Percoll gradient before 
the L i C l treatment. The daughter cells formed a 
relatively broad green band in the lower third of 
the centrifuge tube (e = 1.083 g-cnT^), whereas the 
mother cell walls were concentrated in a thin (ap-
prox. 1 mm) colourless band in the upper third 
(̂  = 1.017 g-cm"3). Upon inspection by light- and 
electron microscopy, the mother cell walls were 
found to resemble in size and shape those of CA/or-
e//a 211-8p (Fig. 21 in the work of Atkinson 
etal. 1972). When the cell-wall-lytic activity de­
rived from the two fractions was tested, the greater 
part (70-85%) turned out to originate from the 

young cells and a smaller part (15-30%) from the 
mother cell walls. 

The activities obtained from the two sources 
eluted on a Bio-Gel P-100 column in the same vol­
ume corresponding to an apparent molecular 
weight of approx. 25 kDa (Fig. 2). In one experi­
ment, the three most active fractions from each 
run were pooled and tested at different pH values 
involving four buffer systems. A quite similar pH 
dependence of cell wall lysis became apparent: be­
tween pH 2 and pH 9 the activity hardly dropped 
below 50% of the maximum value and the ratios 
of activities in the pH range of each buffer were 
in close agreement (data not shown). This and the 
gel filtration data indicate that the lytic activities 
obtained from autospores and from mother cell 
walls might be qualitatively identical. 

In the course of these experiments it was 
learned that the presence of Percoll during the L iCl 
treatment led to activities two- to severalfold high­
er. This seemed to be caused by the polyvinyl pyr-
rolidon coating of the Percoll particles, since with 
polyvinyl pyrrolidon (MW ~350 kDa, Serva, Hei­
delberg, FRG) a similar stimulation could be 
achieved. As a consequence of this observation and 
the results above, for all subsequent enzyme prepa­
rations the LiCl treatment was carried out in the 
presence of Percoll (to be removed by centrifuga-
tion) and the separation of daughter cells and 
mother cell walls was omitted. 

f wrf/fcaf/o/z ge/-e/ecfro/?/zoref/c aA2a/y.YL9 o/* /Af 
ce//-x;a//-/yf/c acf/wfy. The data for two prepara­
tions using gel filtration for purification are given 
in Table 2. The amount of protein solubilized by 
the L i C l treatment was very low, corresponding 



Table 2. Data from two experiments on the purification of cell-wall-lytic activity from C/z/ore//a/waca 

Activity per cell 
(fg carbohydrate h"^) 

Protein released by 
L i C l from cells 
(fg per cell) 

Expt. I Expt. II Expt. I Expt. II 

Specific activity 
(g carbohydrate, 
h - i - g - i protein) 

Expt. I Expt. II 

49.2 

30.4 

51.0 

L i C l extract 380 293 

Concentrate of ultrafiltration 228 

Pool of five most active fractions 80 79 
of gel filtration run 

6.2 

1.27 

5.9 

7.5 

1.55 

61.4 

63.0 

to only 0.1% of the cells' total protein. This figure 
is probably a maximal value, since traces of Percoll 
may have interferred in the protein assay; in a 
control experiment without Percoll a value of 
0.05% of the total cell protein was obtained. No 
increase in specific activity was obtained after gel 
filtration since losses in total activity occurred for 
still unknown reasons. 

In sodium dodecyl sulfate/polyacrylamide gel 
electrophoresis the unpurified L i C l extract gave 
rise to several bands with a main component of 
44 kDa molecular weight (Fig. 3 A , lanes 1 and 2). 
After gel filtration the number of bands was con­
siderably reduced but the band at 44 kDa was still 
dominating (Fig. 3 A , lane 3). For further purifica­
tion the gel filtration step was preceded by a run 
on a chromatofocusing column. The 44 kDa band 
correlated in its intensity with the enzymatic activi­
ty (Fig. 3B, lanes 1 through 5); such a correlation 
was also seen in fractions eluted from a hydroxyla-
paptite column and from a carboxymethyl cellu­
lose column (data not shown). The fuzzy material 
seen around 56 and 65 kDa is considered to be 
an artifact, since it occurred also in blank lanes. 
On the chromatofocusing column the cell-wall-
lytic activity eluted at pH 8.1-8.2 indicating that 
a basic protein was responsible for it. 

There is no experimentally based explanation 
yet for the discrepancy in the molecular weight 
obtained by gel filtration (25 kDa) and by sodium 
dodecylsulfate/polyacrylamide gel electrophoresis 
(44 kDa). Special interactions of the protein with 
the column material and/or an abnormal sodium-
dodecylsulfate-binding capacity of the protein may 
lead to different apparent molecular weights. 

enzyme acf/o/z o/% /W,4-fMa/ma/% z W a W ce// 
iW/ j . The cell-wall-lytic enzyme did not react with 
laminarin and carboxymethyl cellulose (data not 
shown). Carbohydrate was solubilized, however, 
from /?-l,4-D-mannan at rates comparable to those 

A 1 2 3 B 1 2 3 4 5 

36 72 100 74 52 
Activity, % 

Fig. 3 A, B. Sodium dodecylsulfate/polyacrylamide gel electro­
phoresis of material solubilized by L i C l from C/z/org//a 
and purified to different extent. A LiCl extract before / 
and 2) and after gel filtration (peak fraction, /wze ^ ; the materi­
al applied to lanes 1 and 2 originated from 2.3-10* and 4.6-
10* cells, respectively. B Fractions from a gel filtration run 
preceded by a purification step on a chromatofocusing column. 
The activity of the peak fraction (100%) corresponded to 
1.6-10" I* g carbohydrate-h"* per cell. At the side of each gel 
are indicated the molecular weights in kDa of marker proteins; 
from top to bottom: phosphorylase B, bovine serum albumin, 
ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, lyso-
zyme 

of cell-wall lysis. These two activities eluted repro-
ducibly together from the gel filtration column 
(Table 3) and also from a hydroxylapatite column 
(one experiment; data not shown). These findings 
indicate that the cell-wall-lytic enzyme was a man-
nanase. In highly purified preparations obtained 
from French-press extracts of C. /ksra, the cell-
wall-degrading activity was always associated with 



Table 3. Elution pattern of cell-wall-lytic activity, 0-1,4-D-man-
lanase and jg-D-fucosidase from a Bio-Gel P-100 column. A 
LiCl extract from 6.4-10^ cells was concentrated by ultrafiltra­
tion and applied to the column. Activities of 100% were 
3.4-10-14 and 4.4 10"^ g carbohydrate - IT * per cell for cell 
wall lysis and mannanase activity, respectively, and 
1.9-10-iB mol h"i per cell for /?-D-fucosidase activity 

Fraction Cell-wall-lytic Activity of Activity of 
No. activity /?-l,4-D-Mannanase /?-D-Fucosidase 

(%) (%) (%) 

17 _ _ 6.5 
18 - - 33.5 
19 0 0 91 
20 0 0 100 
21 0 0 60.5 
22 - - 20.5 
23 - 0 16 
24 0 - 15 
25 4.5 11 6.5 
26 30 45 4 
27 74 85 1 
28 93.5 101 0 
29 100 100 0 
30 84.5 83 0 
31 56 66 2 
32 30 34.5 0 
33 15.5 22.5 3.5 
34 5.5 8 0 

/?-D-fucosidase activity (Walter 1984). In the pres­
ent case, however, these two activities were clearly 
separated (Table 3); relatively low activities of /?-D-
glucosidase and /?-D-mannosidase did not coelute 
with the cell-wall-lytic activity either (data not 
shown). 

For analysis of the reaction products, cell walls 
or jg-l,4-D-mannan from ivory nut were incubated 
with a pool from the three purest fractions of a 
gel filtration run and the solubilized carbohydrate 
was chromatographed on thin-layer sheets. With 
cell walls and with /?-l,4-D-mannan as substrates, 
most of the reaction products stayed at the origin. 
The degree of polymerization of these was esti­
mated to be ^ 6 by comparison with the migration 
behaviour of cello-oligosaccharides (cellobiose 
through cellopentaose). After recovery from the 
thin-layer and carbohydrate determination, this 
fraction was found to represent 75-85% of the to­
tal soluble carbohydrate and the fraction of smaller 
oligosaccharides 15-25%. This percentual distri­
bution was observed after both short (15 min) and 
long (180 min) incubation times when the carbohy­
drate of the substrate had been degraded by about 
10 and 40%, respectively. 

In two experiments involving different enzyme 
preparations, the supernatant from a long incuba­
tion with cell walls was hydrolyzed and the mono­

saccharides were analyzed by gas liquid chroma­
tography; only mannose (92-96%) and glucose 
(4-8%) were detected. From these and from the 
thin-layer-chromatographic data it is concluded 
that the cell-wall-lytic activity is caused by an 
endo-mannanase. 

Discussion 

The simple method of salt treatment of the cells 
and mother cell walls followed by two column-
chromatographic steps obviously provided a pure 
cell-wall-degrading enzyme, since the many cyto­
plasmic proteins were not contained in the salt ex­
tract. In contrast to the relatively high L i C l con­
centrations (3-6 mol'l"*) required for removal of 
hydrolases from bacterial or higher-plant cell walls 
(Pooley et al. 1970; Huber and Nevins 1981), con­
centrations one order of magnitude lower were suf­
ficient. Lithium chloride, therefore, probably did 
not act as a chaotropic reagent but rather partici­
pated in an ion exchange process at the surface 
of the cell walls. 

Is the bound enzyme identical to the wall-de­
grading activity found previously in homogenates 
of mother cells (Loos and Meindl 1984; Walter 
1984)? Pointing to a positive answer is the decrease 
in activity of the soluble enzyme(s) in the course 
of autospore release (Loos and Meindl 1984) and 
the simultaneous increase in activity of the bound 
enzyme. One might imagine that the enzyme be­
comes bound to the surface of the young cells and 
the mother cell wall after it has, somehow, been 
secreted and has degraded most of the mother cell 
wall from the inside; an attack on the autospore 
cell wall does not occur, probably because of its 
resistant sporopollenin-like outer layer (Atkinson 
et al. 1972). This view is strengthened by the ab­
sence of significant cell-wall-degrading activity in 
the culture medium (Loos and Meindl 1984; 
Walter 1984). An analogous situation seems to ex­
ist in yeast, where at the beginning of ascospore 
formation the decrease in activity of a specific glu-
canase is accompanied by a temporary increase in 
the same enzyme activity in a cell-wall-associated 
form (Hien and Fleet 1983). 

That the bound and soluble enzymes are identi­
cal is also indicated by their similar gel filtration 
profiles and by the coelution of /?-l,4-mannanase 
activity in both cases (cf. Loos and Meindl 1984). 
Also the molecular weights, as determined by sodi­
um dodecyl sulfate/polyacrylamide gel electro­
phoresis, are in close agreement (compare Walter 
1984). Furthermore, the bound enzyme degrades 
isolated cell walls in an endo-fashion, as was found 



for the highly purified soluble enzyme by Walter 
(1984). A point of disagreement, however, is the 
absence of any /?-D-fucosidase activity in the bound 
cell-wall-lyzing enzyme (Table 3), whereas these 
two activities could not be separated from each 
other in the experiments of Walter (1984). The rea­
son for this descrepancy is not clear. 

The cell-wall-lytic enzyme degraded isolated 
cell walls to soluble products containing chiefly 
mannose (92-96%) and some glucose (4-8%); the 
share of glucose, however, in the sugar pattern of 
intact cell walls is greater (26% glucose, 72% man-
nose; Loos and Meindl 1982). For the residual 
wall, therefore, an even higher percentage of glu­
cose would be expected, unless other enzymes -
e.g. glucanases - effect a further degradation. 

This work was supported by the Deutsche Forschungsgemein-
schaft. 
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