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Abstract—The mucin droplets secreted by the leaves of Drosera capensis consist of a 4 %, aq. solution of an acidic
polysaccharide containing xylose, mannose, galactose, glucuronic acid and ester sulphate in the ratio 1:6:6:6:1.
This polysaccharide is the only macromolecule in the secretion and is homogeneous on gel-filtration, ion-exchange
chromatography, cellulose acetate electrophoresis and on ultracentrifugation (S,;,4cene 44 X 10713). The MW is
> 2 x 10% The viscosity of the mucin in aq. solution decreases with changes in pH, increase in temperature, freezing
and thawing or lyophilisation. The mucin contains 22 mM Ca?*, 19 mM Mg?**, 09 mM K* and 02 mM Na*.
Protein was absent from the secretion. The corresponding mucin from Drosera binata has similar properties and

chemical composition.

INTRODUCTION

Leaves of the carnivorous plants of the Droseraceae
(‘sundew’) secrete droplets consisting of viscous mucin.
Insects become trapped in the sticky fluid and are sub-
sequently digested, probably by enzymes secreted from
the leaves. Darwin [1] was the first to systematically
study insectivorous plants including the Drosera species.
In the following 100 years some chemical and enzymic
properties of the secretions from different Drosera
species have been investigated [2-6]. However, the
chemical nature of the compounds responsible for the
high viscosity of the secretion product has not yet been
clucidated. By analogy to animal glycoproteins [7, 8]
and proteoglycans [9, 10] and acidic polysaccharides
such as mucilages and gums from plants [9-12], a highly
polymerized glycoconjugate could be expected in sundew
secretions. This assumption has been supported by recent
cytochemical studies with Drosera rotundifolia and D.
capensis [13]. In addition, the presence of a poly-
saccharide in the secretion from the related genus
Drosophyllum has already been assumed by Meyer and
Dewévre in 1894 [14] and has later been confirmed by
Schnepf [15].

RESULTS

Physical properties of Drosera mucin

The sundew Drosera capensis produces a highly
viscous mucin of pH 5 which can be obtained in good
yield by gauze collection and represents an about 47,
aq. solution of an acidic polysaccharide. The freshly
secreted mucin is so sticky that it can be drawn into
threads of about 1 m length. The mucin does rot take up
additional water and dissolves only very slowly in this
solvent. It was not investigated whether the concentra-
tion of the fresh mucin is dependent on the humidity of
the air.

The viscosity of a 0.2%, solution was found to be six
times higher than that of water at 20°. It is linearly pro-

portional to the polysaccharide concentration up to 2
mg/ml. While maximum viscosity was observed at about
pH 5, it irreversibly decreases when the pH is either raised
or lowered. A rapid and irreversible decrease of the
viscosity was also observed at higher temperatures.
Raising the temperature from O to 80° leads rapidly to a
tenfold decrease of the viscosity at nearly linear rate.
While the viscosity of the native mucin is relatively stable
at 2° it decreases slowly after dilution with water. In
addition, the solution becomes turbid within a few days
(bacterial growth was prevented by the addition of azide)
and the sediment formed is insoluble. Freezing and
thawing or lyophilisation also lead to a rapid loss of
viscosity. The freeze-dried material is hygroscopic and
has a gum-like consistency; it can only be very slowly
dissolved in water.

The secreted mucin represents a pure solution of
polysaccharide in water. Only minute amounts of
coloured substances and monosaccharides were found
in the concentrated diffusate of the colourless mucin
solution.

The homogeneity of the polysaccharide was shown by
the following physical and chemical investigations: the
whole material is adsorbed on DEAE-cellulose and
eluted almost as one peak by a NaCl-gradient. This
experiment also demonstrates the acid nature of the
mucin. On Sephadex G-200 the material was completely
excluded. On Sepharose 4B, the mucin eluted as a single,
however broad and slightly retained peak starting with
the void volume. On Sepharose 2B the polysaccharide
was completely retained and eluted as one peak. This
behaviour of the polysaccharide in the gel-filtration
experiments was not appreciably influenced by factors
known to reduce the interactions of polysaccharide
molecules in solution, such as alteration of the pH-value
or of the salt concentration (0.2 M NaCl) or the addition
of 6 M urea.

The polysaccharide also appeared homogeneous after
electrophoresis in borate or veronal buffers on cellulose
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acetate strips. In both buffers and at the pH-values
between 4 and 12 the substance migrated (1.5-2 cm/30
min) as a single band towards the anode; At pH 3,
mobility was reduced by 50 %. This behaviour indicates
the strong acidic nature of the mucin, the isoelectric point
of which is assumed to be below pH 3. Due to these
properties good staining of the mucin with toluidin blue
and alcian blue was obtained. The spots could also be
easily visualized with the periodic acid/fuchsin/sulphite
reagent. They were not stained with amido black.
Chromatography of the mucin on polyacrylamide or
polyacrylamide—agarose gels was unsuccessful.

Homogeneity of the mucin polysaccharide was also
demonstrated by ultracentrifugation. After sedimenta-
tion of a minute amount of particulate material from the
freshly harvested, diluted mucin within 15 min at 9000
rpm a sharp peak appeared after 1 hr at 24000 rpm. It
sedimented without alteration of its shape. The S,; . ren:
value of 4.4 x 107!3 was calculated. No further peak
appeared during centrifugation at 64000 rpm.

Chemical properties of Drosera mucin

Chemical and gravimetric methods demonstrated that
the native secretion of the sundew leaves contains on an
average 4% polysaccharide. Elementary analysis of the
thoroughly dialysed mucin—partly against EDTA—has
shown a composition by carbon, hydrogen and oxygen
which is similar to that of polysaccharides. In addition,
1.2 % of sulphur is present, and the content of nitrogen is
negligible.

Analysis of the mucin and of its acid hydrolysate by
colorimetry, TLC and GLC has demonstrated the pre-
sence of xylose, mannose, galactose and glucuronic acid
in a molar ratio of 1:6:6:6. GLC of the TMSi deriva-
tives of the methyl glycosides of the constituent mono-
saccharides from the mucin also showed the presence of
a small, unidentified peak at 140° eluting before the known
sugars. Analysis by GLC of the monosaccharides ob-
tained by hydrolysis of the mucin in aq. acid gave analog-
ous results. Sialic acids or other compounds leading to a
chromophore in the periodic acid/thiobarbituric acid
reaction [16] as e.g. 3-deoxy-octulosonic acid [17] could
not be detected in the mucin after mild acid hydrolysis.

The polysaccharide contains 39 ester sulphate as
calculated from elementary analysis and from turbidi-
metric sulphate determination. This corresponds to a
molar ratio of about 1 when related to the ratio of the 4
monosaccharides given above.

2 mg of the polysaccharide de-cationized by previous
dialysis against EDTA could be neutralized with
6 x 10~ mol NaOH. This value corresponds to the acid
equivalents (5 x 107 ¢ mol) calculated from the sulphate
and glucuronic acid content of a corresponding quantity
of mucin. Most of the acid residues of the native mucin
are neutralized by Ca®* and Mg?* ions. Concentrations
of 22mM Ca?* 19mM Mg?*,09mMK™* and 0.2 mM
Na* were determined in the native secretion.

Hexosamines or N-acetyl groups were not detected in
the mucin ; similarly, no indications for the presence of
amino acids or peptide linkages were obtained by
colorimetric tests. There was no influence of pronase on
the physical properties of the mucin, e.g. depolymerisa-
tion which makes the presence of peptide sequences
between the polysaccharide chains unlikely. Such depoly-
merisation reactions with pronase are known to occur
with carbohydrate-rich glycoproteins or proteoglycans
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[18]. O-Acetyl groups or other ester linkages detectable
by the hydroxylamine/Fe®* reagent do not occur in the
polysaccharide. Protein analyses were similarly negative.

A mucin secreted by Drosera binata was also studied
and found to be very similar to that of D. capensis.

DISCUSSION

The sundew mucin is secreted as a relatively pure aq.
solution of acidic polysaccharide of high MW. Its high
viscosity suggests that the acidic polysaccharide mole-
cules interact strongly and are highly hydrated [8, 19, 20].
The viscosity of the Drosera mucin decreases quickly
under physical influences which are known to break the
hydrogen bonds within and between the macromolecules.
The viscosity of the sundew mucin decreases at higher
temperatures which is in agreement with the behaviour
of gums and of a microbial succinoglucan [21] but which
differs from that of various mucins from animal [8] or
bacterial [22] origin.

MW estimations using gel-electrophoresis, gel-filtra-
tion or ultracentrifugation of viscous solutions are
hampered by the interactions of the macromolecules,
e.g. as in heparin [23]. The physical studies described
here mainly demonstrated the remarkable purity and
homogeneity of the polysaccharide in the mucin. The
sharp peak observed in ultracentrifugation is typical for
viscous materials, especially for different types of acidic
glycoconjugates and polysaccharides the molecules of
which form aggregates [24-26]. From the behaviour of
the substance on Sepharose 2B or 4B and the exclusion
limit of 5 x 10°daltons for polysaccharides on Sepharose
4B a MW in the range of 2 x 10°-5 x 10° may be
assumed. Further support for such a large MW was the
observation that sodium dodecylsulphate, salts, and
urea did not appreciably influence the behaviour of the
polysaccharide during gel-filtration or during electro-
phoresis [27].

Chemical analyses of the polysaccharide made either
in the native secretion or after chromatography on
DEAE-cellulose or Sepharose led to identical results with
regard to the nature and molar ratio of its components.
Incontrast toan earlier report of sialicacids in plants [ 28]
the experiments presented here demonstrate its absence.
In higher animals, however, mucous secretions are known
to contain a relatively high amount of sialic acid [29].

Xylose and galactose have also been found in the poly-
saccharide secreted by Drosophyllum [15]. The occur-
rence of arabinose, rhamnose and gluconic acid in the
Drosophyllum mucin, contrasts with our results on the
Drosera capensis mucin. The presence of Ca2* and the
negligible amounts of Na* and K* in the Drosera
capensis mucin [cf. 30] corresponds with observations
made with the Drosophyllum mucin [14].

EXPERIMENTAL

Preparation of mucin. Drosera capensis was cultivated in insect
free glass houses at an average temp. of 15° and 50 9, humidity.
The mucin droplets were collected weekly between May and
August using a coarse fibre asbestos cloth. The mucin harvest
(5 g pooled droplets) was dissolved in 1 1. water and filtered
through glass wool. The filtrate was dialysed for 20 hr against
3 1. H,O with 3 changes, followed by a 20 hr dialysis against 3 1.
of a satd EDTA soln with 3 changes and another 20 hr dialysis
against 3 |. H,O with 3 changes. The dialyses were carried out
at 2°. The colourless contents of the dialysis bags were lyo-
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philized or stored in the frozen state. The diffusates from the
initial 20 hr dialysis against H,O were combined and lyophilized,

Anion-exchange chromatography. Mucin (3.5 mg) was dis-
solved in 1 ml of 1 mM Na borate buffer, pH 8.5, and applied
to a DEAE-cellulose column equilibrated with the same buffer.
The material was eluted with a linear gradient from 0-1 M
NaCl. The eluate was monitored with the PhOH-H,SO,
reagent described below.

Gel-filtration. Glass columns were treated before use with an
1% soln of dimethyldichlorsilane in C4H¢. Lyophilized mucin
(5 mg) was dissolved in 1 ml 50 mM Tris/HC! 100 mM Kl
buffer, pH 7.5, and 10 mg sucrose were added. The sample was
passed through Sephadex G-200, Sepharose 4B or Sepharose 2B
equilibrated with the Tris/KCl buffer, The eluate was monitored
photometrically at 280 nm and with the PhOH-H,SO, acid
reagent.

Electrophoresis. Lyophilized mucin (10 ug) was applied to the
middle of celtulose acetate strips (25 x 128 mm). Flectro-
phoresis (200 V, about 2.5 mA per strip, 30 min, room temp.)
was carried out at pH 3-12 using 150 mM borate/NaOH,
borate/HCI or veronal/acetate buffers. The strips were stained
with toluidine blue or alcian blue [31]. Disc-electrophoresis
according to ref. [32] was carried out in 6 mm x 10 cm tubes
in 7.5% or 3.75%, polyacrylamide gels and in a gel consisting
of 1.29/ polyacrylamide and 0.6 % agarose similar to refs. [27,
33]. Tris/glycine buffer {50 mM), pH 8.9, was used. Lyophilized
mucin {50200 ug) was applied to each tube. Some experiments
were carried out in the Tris/glycine buffer containing 0.4 % Na
dodecylsulphate; the mucin samples were preincubated for 2 hr
in 1% Na dodecylsulphate. The clectrophoretic conditions were
60 V and 25 mA for 1 hr, followed by 90 V and 25 mA for 2 hr.
Bromophenol blue served as a marker. The gels were stained
with alcian blue or with the periodic acid/fuchsin/sulphite
reagent [34].

Analytical ultracentrifugation. Mucin was diluted with the
Tris/KCl buifer used for gel-filtration, immediately after harvest
without further purification to give a soln of 0.6 mg dry
material/ml. The soln was analysed in a Beckman ultracentri-
fuge model E, using the schlieren-optic method [35]. The speed
of the AN-D or AN-H rotors increased from 8000 rpm to
32000 rpm within 3 hr and reached maximum 64 000 rpm.

Viscosimetry. Mucin was diluted with different vols of H,O
immediately after harvest without further purification. The
viscosity of these solns was determined with H,O as reference
at 20° using an Ostwald KPG-viscosimeter; the pH was varied
between 1 and 11 by the addition of HC1 or NaOH.

Colorimetric methods. Total carbohydrate content of the
mucin or of isolated monosaccharide fractions after hydrolysis
was determined with the PhOH-H,SO, reagent [36], uronic
acids according to ref. [37], hexosamines according to ref. [38],
N-acetylhexosamines according to ref. [39], ester sulphate
groups according to ref. [40], amido acetate groups according
to ref. [41] ester acetate groups according to ref. [42], protein
according to ref. [43] or with the micro-Biuret test [44] and
amino acids with the ninhydrin reagent [45]. For all assays,
appropriate reference compounds were used. The presence of
sialic acids was checked according to refs [46] and [16],
respectively.

Cation determination., Mucin was diluted with appropriate
vols of deionized H,O, and the concentration of Na*, K*,
Ca?* and Mg®* was determined using a flame emission
spectrophotometer and an atom absorption spectrophotometer,
respectively.

Hydrolysis of mucin. Lyophilized material (2 mg) was dissolved
in 1 mt of 4N HCI or 2N trifluoroacetic acid and hydrolysed
for 4 hr at 100° [47, 48]. For protein analysis, the hydrolysis
conditions were 6N HCl, 21 hr and 110°. The hydrolysates were

freeze-dried. A mucin sample was also hydrolysed in 100 mM
HCL, 80° and 1 hr for the release of acid sensitive substances with
labile glycosidic linkage, as e.g. sialic acids [49]. The hydrolysate
was then dialysed for 24 hr against the tenfold vol. of H,O with
3 changes and the diffusate was lyophilised. The dry residues
were dissolved in appropriate vols of H;O and analysed by
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colorimetric methods or by combination of ion-exchange
chromatography and TLC as follows.

For GLC 200 pg of the lyophilised mucin was hydrolysed for
24 hr at 90° in 1 ml N MeOH-HCl in sealed ampoules [50].
Thereafter, the mixtures were lyophilised.

Ton-exchange chromatography. The monosaccharide mixtures
from aq. hydrolysis were fractionated into acidic, basic and
neutral compounds by passage through Dowex 2 x 8 HCOO™-
form) and then Dowex 50 (H*-form). While the uncharged
compounds were found in the combined neutral effluent and
the H;O washings, the acidic compounds were eluted from
Dowex 2 x 8 by 3 bed vols of N HCOOH and the basic com-
pounds from Dowex 50 by the same vol. of N HCL. The samples
were lyophilised before further analysis.

TLC. Monosaccharides were chromatographed on 0.3 mm
cellulose thin-layers containing boric acid in various solvents
[51]; the n-BuOH-Py-H,0 (6 :4 : 3) system was most frequently
used. The plates were stained with alkaline AgNO, followed by
spraying with thiosulphate.

GLC. The freeze-dried samples from methanolysis of 200 ug
mucin were 12 hr treated at room temp. with 0.2 m! Py-Ac,0
(1:1)[52]. After removal of the organicsolvents in N, the samples
were stored for 24 hr over KOH and P,O; in vacuo before
silylation [52]. GLC conditions : stationary phase, 120 cm glass
column with 3 mm i.d. filled with 3%, OV-17 on Gas Chrom Q,
100120 mesh; gas flow rates, 75 mi/min for N,, 75 mi/min for
H, and 80 mi/min for air; temp. program, 80-280° with an
increase of 7.5°/min; injection port, 280°. Identifications were
carried out by standard procedures {53].
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