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Abstract—Membrane preparations from cell-suspension cultures of maize produced '*C-polymeric material from
[methoxy-'#C]feruloyl-CoA under conditions reported to be suitable for the assay of feruloyl-CoA : polysaccharide
feruloyltransferase activity. The major *C-polymer formed did not contain 0-[!*C]Jferuloyl-arabinofuranosyl groups.
Production of '#C-polymer was prevented by catalase, indicating a requirement for endogenous H,0,, and was Co?*-
dependent but only in the presence of dithiothreitol (DTT). The membranes exhibited peroxidase activity with
guaiacol and H,O,; this reaction was blocked by DTT. It is concluded that peroxidases and H,0,, endogenous to the
isolated membranes, caused oxidative polymerization of [!*C]feruloyl groups of feruloyl-CoA; DTT prevented
polymerization by acting as a competitive substrate for peroxidases, and Co?* restored polymerization by forming an
insoluble complex with the thiol.

INTRODUCTION peroxidases found associated with membranes were in the
process of being transported.

Microsomally associated peroxidases with high affini-
ties for hydroxycinnamic acids have been reported [4, 9].
The products formed when these peroxidases act on
phenolic acids are often specific dimers (e.g. 8,8 -diferulic
acid) suggesting they may be involved in the cross-linking
of phenolic residues of the cell wall [10-18]. It has
generally been assumed that the formation of diferulate
and related oxidative phenolic coupling products occurs
within the cell wall. However, it is possible that the
microsomally associated peroxidases are also involved in
phenylpropanoid metabolism within the endomembrane
system.

The results reported in this paper describe the activity
of a microsomally associated peroxidase capable of utili-
sing feruloyl-CoA to form a polymeric product and the
effects on this process of a thiol (dithiothreitol) and cobalt
ions. This activity may be related to a putative feruloyl-
transferase responsible for the feruloylation of nascent
polysaccharides [19, 20].

The occurrence of peroxidases associated with membrane
fractions of the cell has been reported in several species
[1-4]. Generally they are thought to be only loosely
bound to membranes although an integral membrane-
bound peroxidase has been localized in the plasma
membrane [5]. The enhanced binding of peroxidases to
membranes in the presence of Ca?* and Mn?* and the
removal of peroxidase activity from the microsomal
fraction by treatment with concentrated salt solutions
suggest that they are ionically associated with the mem-
branes [3, 6]. Peroxidases are glycoproteins and inhibi-
tion of binding of both basic and anionic peroxidases to
membranes by tunicamycin suggests that the carbohy-
drate moiety of the enzyme is involved in the binding
process [2, 6].

Studies using differential centrifugation suggest that
peroxidases are membrane-associated during their trans-
port to the wall in secretory vesicles, whence they are
released into the wall [3]. Anionic and cationic peroxidases
have been found both associated with membranes and in
the cell wall [7, 8] and it is likely that some of the

RESULTS
Maize membrane preparations were capable of in-
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Fig. 1. Effect of arabinoxylan on the kinetics of incorporation of
14C from feruloyl-CoA into polymeric material. Cell cultures
were homogenized in the presence (O) or absence (@) of
arabinoxylan. Assay mixtures contained S mM CoCl,, | mM
DTT, 0.5kBq [methoxy-'*Clferuloyl-CoA, and maize endo-
membrane preparation. Each point represents the mean of three
replicate assays from two membrane preparations.

in ethanol-acetic acid (3:2). The addition of arabinoxylan
during cell homogenization increased the rate and pro-
longed the duration of the reaction (Fig. 1). Boiling the
membranes for 5 min destroyed this activity. However,
the '*C-polymeric material yielded no detectable 5-O-
[*#C]feruloyl-arabinose on partial acid hydrolysis (data
not shown). In contrast, feruloylated arabinose residues
that occur as side-chains on xylan-based polysaccharides
are readily liberated in the form of 5-O-feruloyl-arabinose
upon hydrolysisin 0.1 M TFA at 100° for 1 hr [20]. These
observations indicate that the radioactive polymer
formed in the present experiments was not the major O-
feruloyl-arabinoxylan found in maize cell walls [21].

Little incorporation of *C into polymeric material
occurred unless Co?* was present in the assay mixtures
and the optimum concentration for this ion was
~ 5mM; markedly less incorporation occurred at
7-10 mM (data not shown). Other divalent cations tested
(Mg?*, Ca2*, Zn%*, Mn?*) were ineffective and the
addition of EDTA to assays inhibited the formation of
14C-polymer (data not shown).

Added catalase almost completely inhibited the reac-
tion in the short term (0—15 min; Fig. 2) although small
amounts of *C-polymer were formed after longer incu-
bation of assays containing catalase (up to 1 hr; data not
shown). The inhibition of the reaction by catalase suggests
that the incorporation of *C from ['*C]feruloyl-CoA
into polymeric material was H,0,-dependent and pre-
sumably due to the activity of one or more peroxidases
present in membrane preparations.
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Fig. 2. Effect of catalase on the kinetics of incorporation of '*C
from feruloyl-CoA into polymeric material. Assay mixtures
contained 0.5 kBg [methoxy-'*C]feruloyl-CoA, 1 mM DTT,
2 mM CoCl,, and the membranes, plus either 55 units of catalase
(O) or an equivalent volume of buffer (@®). Each point is the
mean of duplicate assays from two membrane preparations.

The presence of peroxidase activity in the membrane
preparations was confirmed by their ability to oxidize
guaiacol in the presence of exogenous H,0,. Addition of
I mM DTT to assays temporarily inhibited guaiacol
oxidation (Fig. 3). Plant peroxidases have been shown to
possess thiol oxtdase activity [22] and ascorbate peroxi-
dase has been shown to become inactivated by thiols, e.g.
dithiothreitol, in the presence of H,0, [23]. In the
absence of DTT and CoCl, (but presumably in the
presence of endogenous H,0O,) membrane preparations
incorporated '*C from ['*C]feruloyl-CoA into poly-
meric material (Fig. 4). This activity was inhibited by the
addition of | mM DTT to assays; however, 2 mM CoCl,
reversed this inhibition and resulted in activity only
slightly less than in assays lacking both DTT and CoCl,
(Fig. 4).

DISCUSSION

Membranes isolated from maize cell cultures possessed
peroxidase activity which was able to oxidize guaiacol
and to incorporate '"*C from ['*Clferuloyl-CoA into
polymeric products. This activity was catalase-sensitive
although some slight production of '*C-polymer occur-
red during prolonged incubation in the presence of
catalase. This long-term reaction could be because the
high K,, for H,0O, of catalase would result in incomplete
scavenging by catalase. Alternatively, peroxide-independ-
ent side-reactions could occur during prolonged incuba-
tion.

DTT inhibited the oxidation of guaiacol and
[**Clferuloyl-CoA. This is likely to be because the thiol
groups were preferentially oxidized [22] by the peroxi-
dase in the membrane preparations and it was only after
most of the thiol groups had been oxidized that the
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Fig. 3. Effect of DTT on the oxidation of guaiacol by membrane

preparations. Assay mixtures contained 4 mM guaiacol and

2 mM H,O0, in phosphate buffer, pH 7.5, with the addition (O)

or exclusion (@) of 1 mM DTT. No cobalt was added. The arrow

indicates the time of addition of 100 ul membrane preparation
(total vol. 1 ml).
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Fig. 4. Interactive effect of Co?* and DTT on the incorporation

of '*C from feruloyl-CoA into polymeric material. Assay mix-

tures contained a maize membrane preparation, [**CJferuloyl-

CoA, and either (@) no additions, (l) 1 mM DTT, or (O) 1 mM
DTT and 2 mM CoCl,.

phenol was utilized as a substrate. In the presence of
DTT, peroxidase activity against [1*Clferuloyl-CoA was
only evident when Co®* was present in the assay mixture
and it is likely that this was not due to Co?* acting as a
co-factor or stabilizing ion but because of its interaction
with DTT. Certain heavy metals interact with thiols,
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often forming precipitates. This is due to the production
of slightly soluble metal hydroxides, which form insoluble
conjugates with the thiol [24, 25]. Thus in the assays
described here we suggest that cobalt reacts with the DTT
present in the membrane preparations, removing the thiol
from solution. In this way the DTT is no longer available
as a substrate for the peroxidase and the [!*Clferuloyl-
CoA will be utilized, misleadingly giving the impression
that Co? " is a specific co-factor in the formation of high-
M, products. The decline in activity seen at higher Co**
concentrations could be due to inhibition of the peroxi-
dase by the metal ion.

Incorporation of **C from feruloyl-CoA into insoluble
material was stimulated and prolonged by the addition of
arabinoxylan to the medium in which the cells were
homogenized. It has been reported that some carbohy-
drates can enhance the oxidative coupling of phenols: for
example, peroxidase-generated dehydrogenation pro-
ducts of ferulic acid can become linked, by alkali-stable
bonds, to carboxymethylcellulose or filter paper [26-28],
and dehydrogenation polymers of coniferyl alcohol be-
come covalently linked to carbohydrates when present in
the reaction medium [18, 297]; these reactions probably
proceed via free radical and quinone methide inter-
mediates [29-33]. It is likely that the products of peroxi-
dase action on ['*Clferuloyl-CoA became linked to
endogenous polysaccharides and glycoproteins or exo-
genous arabinoxylan present in the membrane prepara-
tions. Alternatively, the polysaccharide molecules could
act as a framework which may non-covalently interact
with the feruloyl-CoA, perhaps optimizing the orienta-
tion of the molecules for oxidative polymerization.

Although the presence of peroxidases in the micro-
somal fraction of the cell has been established [1-4], little
is known about their role, if any, in the endo-membrane
system. Peroxidases are likely to be transported, after
production in the endoplasmic reticulum, whilst associ-
ated with membranes but it is also possible that they have
a specific physiological role within the endo-membrane
system. Peroxidases are thought to be responsible for the
oxidative coupling of phenolic groups of the primary cell
wall and this has generally been considered as a wall-
located process. However, evidence suggests that the rate
of formation of diferulate bridges is sometimes controlled
not by the rate of oxidative coupling of feruloyl residues
but by the rate of feruloylation of the polysaccharides [15,
17] since the ferulate:diferulate ratio remains constant
regardless of the extensibility of the wall. Feruloylation
occurs post- or co-synthetically to nascent polysacchar-
ides [20, 34] and possibly dimerization of phenolic re-
sidues of these newly formed polysaccharides may occur
before secretion into the wall, ensuring strict control of
the ferulate: diferulate ratio.

Informative data on the roles of membrane-associated
peroxidases may be gained through the use of immuno-
and histochemical localization of the enzymes and their
potential substrates; in addition, the determination of the
substrate specificities of membrane-associated isoen-
zymes of peroxidase may prove useful in assessing their
physiological role.
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The problems arising from the presence of peroxidases
in membrane fractions have been discussed [4] with
respect to the isolation of plant cytochrome P450s and it
is prudent to be aware of artifactual results that may arise
owing to the presence of peroxidases in membrane pre-
parations. This is particularly true when phenolic or
other substrates of peroxidases are being utilized in
assays for non-oxidative enzyme activities such as ferul-
oyltranferases [19].

EXPERIMENTAL

Materials. {methoxy-'*C]Feruloyl-CoA (2.11 TBq
mol™!) was synthesized at Zeneca Agrochemicals,
Jealotts Hill Research Station, Berks, U.K. by the method
of ref. [35]. Arabinoxylan (from wheat flour) was from
Megazyme, Australia. Catalase (from bovine liver) was
from Sigma Chemical Co. Cell suspension cultures of
maize (Zea mays L.) were maintained in Murishage and
Skoog’s basal salts mixture [36] supplemented with
sucrose (20 g1™'), MES (100 mg1~1), 2,4-dichlorophen-
oxyacetic acid (2mgl™1), NS-(2-isopentenyl)adenine
(2mgl™"), a-naphthaleneacetic acid (0.5 mgl™!), pyri-
doxine-HCI (0.5 mg1~ ') and thiamine (0.1 mgl~'); final
pH 5.8; cultures were shaken in dim light.

Isolation of endo-membranes. Maize cells (40 g, 4-
day-old cultures) were rinsed in ice-cold 10 mM 3-(N-
morpholino)propanesulphonic acid (MOPS) containing
1 mM dithiothreitol (DTT) (final pH adjusted to 7.2 with
NaOH) and then disrupted in an ice-cold soln containing
50 mM MOPS, | mM DTT, 1 mM EDTA, 0.4 M sucrose
and 0.5% bovine serum albumin (BSA) (pH adjusted to
7.2 with NaOH) by 5 min homogenization in a teflon-in-
glass Potter type blender at 300 rpm in an ice-bath. The
homogenate was filtered through 2 layers of muslin and
centrifuged at 20000 g and 4° for 15 min in order to pellet
a thioesterase activity which otherwise hydrolysed ferul-
oyl-CoA. The supernatant was then re-centrifuged at
100000 g for 25 min. The resulting microsomal pellet was
washed and resuspended in buffer as above but lacking
EDTA and BSA and re-centrifuged at 100000 g for
25 min. The re-pelleted microsomes were routinely re-
suspended in 50 mM MOPS, 1 mM DTT (pH 7.2) at 0°
and used in enzyme assays on the day of preparation.

Assay of **C-polymer formation. Routinely, aliquots
(75 ul) of membrane preparation plus any additives (final
vol. 100 ul) were supplied with [methoxy-'*C]feruloyl-
CoA (0.5kBq, 2.4 uM), incubated at 18-22°, terminated
by the addition of 10 gl HCO,H and dried on Whatman
3MM filter paper (3x4cm strips). The papers were
washed in cold running water for 4 hr and incorporation
of **C into polymeric material remaining adsorbed to the
paper was monitored by scintillation counting of the re-
dried paper strips by immersion in 2 ml 0.5% (w/v) 2,5-
diphenyloxazole (PPO), 0.05% 1,4-bis(5-phenyl-2-oxaz-
olyl)benzene (POPOP) in toluene.

The effect of divalent cations on activity was investig-
ated by supplying a range of concentrations (1-10 mM)
of CoCl,, MnCl,, MgCl, or ZnSO, to individual assays;
EDTA was added at a concentration of 1 mM to control

assays. The H,0,-dependency of the activity was tested
by the addition of either 55 pkat of catalase (1 pkat will
decompose 1.0 umol of H,0, s ! at 25° and pH 7.0 while
the H,O, concentration falls from 10.3 to 9.2 mM) or an
equivalent vol. of buffer.

In order to investigate the possible participation of
membrane-associated polysaccharides in the formation
of ['*C]feruloyl-containing polymeric material, micro-
somal fractions were prepared through homogenization
of cells in buffer to which arabinoxylan (10 mgml™ ') had
been added. During this process it is suggested that
polysaccharide chains become encapsulated in mem-
brane vesicles and are thus available for use as a sub-
strate.

Guaiacol peroxidase activity was assayed by supplying
100 ul membrane suspension with 4 mM guaicol, 2 mM
H,0, in phosphate buffer pH 7.5 (total vol. 1 ml) and
monitoring the increase in absorbance at 470 nm in the
presence or absence of | mM DTT. Membranes were also
assayed for their ability to utilize [**C]feruloyl-CoA (i)
with 1 mM DTT, (ii) with 1 mM DTT and 2 mM CoCl,
and (iit) without either.

Analysis of **C-labelled products. Samples of the '*C-
polymeric products, collected after pptn in EEOH-HOAc
(3:2), were treated with 0.1 M TFA at 100° for 1 hr—
conditions shown to release 5-O-feruloyl-L-arabinose
from maize cell walls [20]. Products were analysed
by PC on Whatman 3 MM in BuOH-HOAc-H,0
(12:3:5), EtOAc-pyridine-H,O (8:2:1), and EtOAc—
HOAc—H,0 (10:5:6); authentic 5-O-feruloyl-L-[ *H]Jara-
binose [20] was added as an internal marker. Strips of the
chromatography paper were assayed for both *C and *H
by liquid scintillation counting.
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