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The 1,3-8-D-glucan synthase 1n microsomal preparations from suspension-cultured soy bean cells requires

Ca’* for activity. In the absence of Ca2* the enzyme can also be activated by poly-L-Lys, poly-L-Orn and

ruthemum red. Under these conditions 1t 1s exther not or only shghtly inhibited by La’* and shows mcreased

affimty for UDP-glucose. Spermine, when present alone at 57 uM, effects relatively little activation but

cooperates with 5 uM Ca?* 1o greatly enhance the affinity of the enzyme towards UDP-glucose, suggesting
that both types of activation may occur at the same enzyme

1,3- B-D-Glucan synthase activation

Ca’* [spermune cooperation

La®t inhibition Basic polyamino acid

Ruthentum red

1. INTRODUCTION

Callose is essentially a 1,3-#-D-glucan which
possibly also contains minor portions of 1,4-4- or
other linkages. It is often deposited at special sites
on the cell walls of higher plants when they are
newly formed or altered during development.
Rapid callose deposition also plays an important
role 1n cell or tissue repair mechanisms operating
after mechanical injury or in the first line of
defense against pathogenic fungi and virus (see
{1,2]).

The plasma membrane located 1,3-4-D-glucan
synthase (EC 2.4.1.34) appears to be involved 1n
callose deposition. The enzyme therefore may re-
quire effective regulation 1n order to control the
processes mentioned above. It has been shown
with microsome preparations from soybean cells
that the enzyme is strictly dependent on Ca** in the
micromolar range [1]. In soybean cells, rapid
callose formation occurs after membrane pertur-
bation with the natural polycation chitosan. This
process occurs only when external Ca®* 1s present,
suggesting that the Ca**-dependence of the 1,3-4-
D-glucan synthase is of phystological significance
[2,3]. We here present data showmg that

polyamines and polycations cooperate with
Ca’*-activation of the enzyme.

2. MATERIALS AND METHODS

Origin and growth of suspension-cultured soy-
bean cells were as described [1,2]. The cells (2 g)
were homogemized [2] in 4ml of 100 mM
Tes/NaOH, pH 7.0, containing 1 mM DTT, the
washed microsomes [2] were suspended in 10 ml of
50 mM Tes/NaOH, pH 7.0, contaming 1 mM
DTT. In some experiments (fig.1), the microsomes
were freed from endogenous Ca’* by slowly rolling
them 1n a test-tube with about 1 ml of chelating
resin (Na*-form), followed by setthing for about
1 mun and decantation. Trypsinization (50 gg/ml)
of the microsome suspension was performed for
1 min at 25°C in the presence of 0.02% (w/v)
digitomin and was terminated by addition of
100 zg/ml soybean trypsin inhibitor [1].

The standard enzyme assay consisted of 50 xi of
microsomes and 50 #l of 50 mM Tes/NaOH, pH
7.0, contaming 20 mM cellobiose, 16% (w/v)
glycerol and 0.04% (w/v) digitonin, Further
substances were added 1n 20 xl water and the reac-
tion started with 5 z1 UDP-["*Clglucose (0.8 mM
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final concentration, 57000 ¢cpm). Standard incuba-
tion was 10 min at 25°C. When the UDP-glucose
concentration was lowered (figs 3 and 4), the
labelled substrate was increased up to 160000 cpm
and the reaction time lowered appropriately (2 or
0.5 min) to ensure linearity of glucan formation
with time The reaction was stopped by heating the
tube to 95°C and the polymer formed was deter-
mined [1]. The values were corrected from the
zero-time controls.

[Ca’*] was measured using scaled-up assay mix-
tures without substrate and a Radiometer-
Selectrode [1] calibrated against a standard solu-
tion diluted 1n 50 mM NaCl, freed of Ca®>* by
passage through a chelating resin.

All substances not mentioned before [1,2] were
bought from Sigma. Ruthenium red was of prac-
tical grade; given concentrations were corrected
for the low punty of 45%.

3. RESULTS

In agreement with earlier observations [1] the
Ca®* dependence of the 1,3-3-D-glucan synthase is
again evident from table 1. Trypsimization renders
the enzyme independent of Ca’*. Under these con-
ditions, however, Mg?* causes a more pronounced
mncrease 1 enzyme activity Even 1f any en-
dogenous Ca’* 1s bound by EGTA the enzyme
becomes active by the presence of poly-L-Orn and
ruthenium red, the effect of these substances be-
1ng, to some extent, additive to the effect of Ca**
Activation by poly-L-Orn and ruthenium red is
generally more pronounced when the microsomes
were trypsimzed (table 1). Out of the various
substances investigated, poly-L-Orn and poly-L-
Lys were the most effective (table 2). Within the
polyamines the degree of activation increases with
the number of amino groups present in the
molecule.

The activating effect of Ca%* 1s counteracted by
low concentrations of La®* (fig.1). In contrast,
when poly-L-Orn 1s used as an activator there 1s no
inhibition at all by La®*, whereas with ruthentum
red only a relatively slight inhibition 1s observed at
elevated La®* concentrations.

The affimity of the Ca’*-activated 1,3-8-D-
glucan synthase towards 1ts substrate UDP-glucose
1s low (figs 2 and 3). On a Lineweaver-Burk plot
the data reported 1n fig.2 for saturating concentra-
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Table 1

Effect of various activators on 1,3-@-D-glucan synthase
mn native and trypsimzed microsomes

Assay conditions 1,3-G-D-Glucan synthase

(mU/50 xl)
Native Trypsinized
+ EGTA? 0 00 042
+ EGTA + MgCL° 005 134
+ Ca?*c 114 161
+ Ca?t + MgCl, 1.63 2.18
+ EGTA + poly-L-Orn* 126 235
+ Ca** + poly-L-Orn 2 81 2.82
+ EGTA + RR® 158 2 81
+EGTA +RR +
poly-L-Orn 187 325
+ Ca’* + RR 226 277
216mM
® 4 mM

¢ at the saturating concentration of 70 xM
925 4g/125 4l assay
¢ ruthemium red = RR, 0.36 mM

No further increase was observed when MgCl, was used

m addition to poly-L-Orn or ruthenium red, present

either alone or i combination with Ca’* 16 mM

EGTA allowed one to establish a [Ca®*] < 1078 M, even
i the presence of 4 mM MgCl,

tions of Ca?* give a nearly straight line only above
50 xM, with an apparent Kpm of 0 57 mM (average
of 4 experiments). Below 50 4M the curve 1s
sigmoidal (figs 2 and 3). If activation is brought
about by relatively high concentrations of poly-L-
Orn or ruthenium red without Ca?*, the enzyme
becomes considerably more active at low UDP-
glucose concentrations (fig.2). Values for Kwm
could not be calculated for these conditions as no
straight line was observed 1n inverse plots.
Substrate saturation is apparently reached (fig.2)
and this allows estimation of half-saturation at
about 50 and 100 M UDP-glucose for the enzyme
activated by poly-L-Orn and ruthentum red,
respectively.

The mmportance of the various activators
becomes more evident when they are combined
and the concentration of all compounds involved 1s
lowered. The Ca** present endogenously mn the
assay mixture (about 5 xM) 1s sufficient for about
half-maximal activity of the enzyme at 0.8 mM
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Table 2

Activation of the 1,3-G-D-glucan synthase by various
polyamines and polycations

Substance added 1,3-4-D-Glucan synthase

mU/50 41)
+25ugb + 25 pg
Putrescine 2HCI 001 003
Spermidine 3HCI 0.03 008
Spermine 4HCI 007 032
Poly-L-Arg (15-70)* 0 66 065
Poly-L-Lys (30-70) 065 075
Poly-L-Orn (30-70) 0.84 112
Histone® 002 030
Chitosan (autoclaved)? 006 014

# Molecular mass range in kDa, poly-L-Arg contamed
3-5% poly-L-Orn

b 4g/125 4l assay; 2 5 ug spermine = 57 uM

¢ type I1I-S from calf thymus

421

The enzyme was assayed under standard conditions with

1 6 mM EGTA to remove endogenous Ca’" No

significant influence was found by L-Lys, L-Arg, L-Orn

and cytochrome ¢

UDP-glucose [1], but allows rather low activity
below 0.1 mM substrate (fig.3A) This could be
shightly improved with 1 mM MgCl> Spermine,
added alone at 57 #M, gives comparably small
stimulation. Together with 5 M Ca?* its effect 1s,
however, far more than additive, indicating a
cooperative mode of action. Poly-L-Orn, present
alone, 1s more active than spermine at the same
weight but the cooperative effect with Ca’* 1s less
pronounced (fig.3B).

The polymer formed from UDP-glucose was
rendered soluble on treatment [1] with an
exo-1,3-3-D-glucanase from Cortictum rolfsu by
80—-90% and with an endo-1,3-#-D-glucanase from
Rhizopus arrhizus by about 50—60% regardless of
whether activation was effected by Ca®*, poly-L-
Orn or ruthenium red. This indicates that the ma-
jor portion of the polymer formed from UDP-
glucose consists of 1,3-8-D-glucan, similar to
microsomes from other plants [4,5]. This conclu-
sion was confirmed by direct determination of the
1,3-4-D-glucan using a newly developed quan-
titative fluorometric assay which 1s based on the

228

FEBS LETTERS

June 1985

+Ruth -Red
L 4

+Poly-L~0rn

04

13-0-D-glucan synthase activity [muU /50pl]

T T T
12 24 48 96 20 40 80

Fig.1 Influence of La** on 1,3-6-D-glucan synthase,
activated by Ca’* (70 4M, @), poly-L-Orn (25 g, 4)or
ruthenum red (0 36 mM, a). Endogenous Ca’* present
under the latter 2 conditions was not zero but increased
during the 10 mn incubation time from below to shightly
above (=about 2xM) the detection Lmit of the
Ca®*-Selectrode  Enzyme activity due to this
endogenous Ca®* 1s indicated by the arrow (0)
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Fig 2 Dependence on substrate concentration of the

1,3-4-D-glucan synthase, activated by Ca®* (70 xM, ),

poly-L-Orn (25 xg, ®) or ruthenium red (0 36 mM, 4)

For the latter 2 conditions 1 6 mM EGTA was also
present to establish a [Ca?*] < 1078 M
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Fig.3 Cooperation of Ca®* (5 xM) with other activators
of 1,3-8-D-glucan synthase activity at various substrate
concentrations. (A) Ca®* alone (e), Ca’* + 1 mM
MgCl, (4), spermune (2 5 48/125 4l assay = 57 aM,
+16mM EGTA, v, +Ca’*, m) Arrow Ca’** +
1 mM MgCL + 57 xM spermine (O) (B) Ca®* alone
(®), poly-L-Orn (2 5 g, + 1 6 mM EGTA, v), Ca®* +
poly-L-Orn (w) Arrow: Ca** + 1 mM MgCl, + poly-L-
Orn (o) The 5xM Ca** were present endogenously
Activity under standard assay conditions (70 «M Ca?t,
0 8 mM UDP-glucose) was 1 8 mU/50 x| enzyme

aniline blue callose stamning technique [2] (not
shown) As the 1,3-8-D-glucanase preparations
used were not absolutely free from other con-
taminating glucanases, no conclusions are possible
on the presence or absence of minor portions of
other linkages. This question can only be answered
once results from methylation studies are
available.

4. DISCUSSION

The 1,3-8-D-glucan synthase can be alternatively
activated by Ca®*, polyamines, polycationic pro-
temns including histone, and by ruthenium red
(tables 1 and 2). These substances exhibit very dif-
ferent chemical features but have 1n common the
presence 1n the same molecule of many negatively
charged groups. It appears likely that they all act
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principally by binding to positively charged sites,
although 1n detail quantitative differences are evi-
dent. Ruthenium red, [(NHj3)sRu-O-Ru(NH;)4-O-
Ru(NH3)5]Cle, is generally used as a cytochemical
stain for polyamonic molecules (e.g. pectin). It 1s
also commonly employed as an mhibitor of Ca®*
transport in mitochondra, where it appears to 1n-
teract with 2 types of targets, one presumably be-
1ng 1dentical with the polar heads of phosphohpids
[6]. Poly-L-Lys can also interact with membrane
phospholipids as indicated, for instance, by its
ability to fuse liposomes or to cause membrane
perturbation and lysis in many types of cells (see
[2]).

Inhibitor studies have provided indirect evidence
that the effect of Ca®* on 1,3-8-D-glucan synthase
1s not mediated by calmodulin and that the enzyme
requires phospholipids for 1ts activity [1] This lat-
ter suggestion 1s sustained by our recent findings
that various amphipathic substances at low con-
centrations can activate and at higher concentra-
tions fully inhibit the enzyme, presumably by
replacing endogenous phospholipids (submitted).
It appears possible that alterations in the distribu-
tion of such lipids due to binding of the various ac-
tivators used here may be the cause of their ac-
tivating effect on 1,3-8-D-glucan synthase. Alter-
natively, direct interaction with negatively charged
binding sites at the enzyme may change 1ts confor-
mation and improve its catalytic properties.

Ca’* and the other activators appear to interact
at different sites of the 1,3-4-D-glucan synthase as
La®*, which 1s known to be specific for many Ca®*
binding sites [7], can very effectively inhibit the ac-
tivation by Ca®*, but that effected by the others
only scarcely (fig.1) The same conclusion 1s sug-
gested by the observation that on trypsinization the
Ca?*-dependence of the enzyme nearly disappears
whereas the effectiveness of poly-L-Orn and
ruthenium red still increases (table 1).

Researchers interested in the fractionation of
plant membranes often use the so-called glucan
synthase II as a plasma membrane marker. This
enzyme has usually been determined with 0.5 to
1 mM UDP-glucose due to its apparent low affini-
ty (see [8]) and appears to be a Ca**-activated form
of the enzyme, Ca?* being present endogenously 1n
the assay mixture (see fig.3). In contrast, the so-
called glucan synthase I, a marker for Golgi mem-
branes, 1s assayed at about 10 xuM UDP-glucose
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and thus appears to have a higher substrate affini-
ty. However, this enzyme usually has extremely
low activity compared to glucan synthase II,
recognized when the values given in the literature
(e g. [8]) as cpm ["Clglucose incorporated are
recalculated to give mU. This makes it unlikely
that the very active high-affinity enzyme deter-
mined here mn the presence of polycations or
ruthenium red (fig.2) 1s the Golgi-located glucan
synthase I Preliminary expermments also indicate
that membranes bearing the 1,3--D-glucan syn-
thase activated by poly-L-Orn and that activated
by Ca®* fully coincide on a sucrose density gra-
dient (not shown) In addition, Ca’* and especially
spermine clearly cooperate as activators (fig.3)
These 3 arguments sustain the assumption that
Ca’* and the other activators may exhibit their ef-
fects on the same enzyme.

The low activity at micromolar concentrations
of UDP-glucose of the 1,3-#-D-glucan synthase II
has been thought to indicate substrate activation
(see [4,8]). The data in fig.3A show, however, that
the affinity of the enzyme under these conditions
can be greatly improved by spermuine in combina-
tion with Ca”* m the low micromolar range. Such
a [Ca’*] may occur n cells under stress situations
which are known to lead to callose formation [2].
It appears possible, therefore, that spermine and
the other polyamines could play an important role
in callose synthesis. These substances are known to
occur 1n plant cells in considerable amounts and
their pool size is under hormonal control, a fact
which has even led to the speculation that they may
act as a type of ‘second messenger’ in plant cells
[9]. Numerous physiological functions can be
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altered by exogenously appled polyamines;
knowledge on their target enzymes is less profound
[9]. Recently, the candidates have been propagated
by soluble and membrane-located protein kinase
[10]. We add 1,3-3-D-glucan synthase as a new ex-
ample. The other activators used besides the
polyamunes clearly are artificial tools The effect of
histone suggests, however, that an open mind
should be kept with respect to endogenous
regulative proteins bearing the appropnate clusters
of basic amino acids.
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