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Abstract—2-Fluoro-analogues of ferulic acid and coniferyl alcohol were synthesized from vanillin acetate. These new
compounds were used as hydrogen donors by tobacco peroxidases, giving rise to lignin-like compounds. In the
presence of standard peroxidase substrates, the fluorinated analogues behaved as competitive inhibitors and could

therefore be used both in vivo and in vitro as antimetabolites of peroxidase-catalysed reactions.

INTRODUCTION

Synthetic lignin-like compounds are obtained in vitro
upon incubation of monolignols in the presence of
peroxidase and hydrogen peroxide. The first reaction of
the polymerization process produces a phenolic dimer
made up of two cinnamic alcohol molecules linked
through the f-carbon of one with the phenolic hydroxyl
of the other [1, 2]. The further progress of the polymeriz-
ation process is also mediated by peroxidative activities.
However, substantial differences were noticed in the bon-
ding patterns of in situ and dehydropolymerized lignins
[2, 3]. These results raise the question of the exact func-
tion of the acidic cell wall isoperoxidases which are
generally supposed to catalyse in vivo the final steps of
lignin biosynthesis [4, 5]. We attempted, therefore, to
investigate, by histochemical and biochemical methods,
the cell wall peroxidase activities assumed to be involved
in lignin polymerization. To this end, fluorinated anal-
ogues of ferulic acid and coniferyl alcohol were syn-
thesized and checked as inhibitors of peroxidase reac-
tions. Fluorine is similar in size to hydrogen but very
different in reactivity [6]. The exchange of hydrogen for a
fluorine in a reactive position of a substrate can give rise
to fluorinated analogues which act as antimetabolites
towards the fluorine-free parents [7]. Thus, we chose to
introduce the fluorine atom into the 2 position of the
propane chain in order to get an interaction with the site
of coupling of the radicals. We present here the first data
from preliminary investigations carried out with struc-
tural analogues of cinnamic acids and alcohols. Experi-
ments were performed with tobacco stems, a material
already investigated in our laboratory [8, 9]. Cell wall
peroxidases were isolated from two distinct areas of
tissue, bark (B) and xylem (X), and investigated sep-
arately.

RESULTS AND DISCUSSION

Nature of the fluorinated substances

Three cinnamic compounds carrying a fluorine atom
on the f-carbon were used in the assays (Fig. 1). Two

were salts of 2-fluoroferulic acid respectively, i.e. 2-propa-
namine, (Z)-2-fluoro-3-(4-hydroxy-3-methoxyphenyl)-2-
propenoate (1:1) (1) and (Z)-2-fluoro-3-(4-hydroxy-3-
methoxyphenyl)-2-propenoic acid, monosodium salt (2).
The third compound was the 2-fluoroanalogue of coni-
feryl alcoholic (Z)-2-fluoro-4-(3-hydroxy-1-propenyl)-2-
methoxy-phenol.

Inhibition of peroxidase activities by fluorinated aromatic
compounds

Histochemical investigations. Transverse sections of
tobacco stems were incubated with hydrogen peroxide
and several peroxidase substrates (guaiacol; tetrameth-
ylbenzidine: TMB; p-phenylenediaminepyrocatechol:
PPD-PC; pyrogallol) in the presence or absence of the
analogues (Table 1). In the absence of the analogues, the
greatest oxidative polymerization occurred, whatever the
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Fig. 1. Structure of the fluorinated substances, 1-3 used in this
study.
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Table 1. Relative intensity of the staining obtained on tobacco sections with different peroxi-
dase substrates

Bark Xylem

Substrate Parenchyma Sclerenchyma Phloem  Lignifying Lignified

walls walls
Guaiacol + ++ + ++ +/—
+1 + + + + +/—
+2 +/- + - + -
+3 + ++ + ++ +
T™MB + ++ + + _
+1 - - - - -
+2 — - — - -
+3 - - - - -
PPD-PC +/— ++ - + + +/—
+1 +/= + - + +/—
+2 - + - ++ +
+3 - + - ++ +
Pyrogallol - +/~ - ++ +/—
+1 - +/- - ++ +/—
+2 - +/— - ++ +/=
+3 - +/- - + + +/—

Transverse sections were incubated with H,O, and a hydrogen donor alone or with 1, 2 or 3.

substrate, in lignifying cell walls (young sclerenchyma
cells and differentiating xylem). Phloem and parenchyma
cells reacted only with guaiacol and TMB. The analogues
inhibited completely TMB oxidation but were almost
ineffective with the other substrates.

Biochemical assays. Electrophoretograms of the differ-
ent enzymatic extracts (Fig. 2) revealed that all the solu-
bilized fractions contained several isoforms. The cova-
lently bound fractions (CB) were completely free of ca-
tionic isoforms. Bark fractions generally contained more
isoforms than the xylem. Moreover, mostly anionic iso-
forms which, according to Schloss et al. [10], are in-
volved in the polymerization process, could be detected
in xylem fractions.

According to the histochemical observations, the three
fluorinated compounds strongly inhibited TMB oxi-
dation. The kinetic patterns obtained from a Dixon plot
[11] with 2-fluoroconiferyl alcohol (3) indicated competi-
tive inhibition. The K; values are reported in Table 2. The
two other analogues (I and 2) gave non-linear Dixon
plots which excluded K; estimations. The competitive
inhibition observed with 2-fluoroconiferyl alcohol estab-
lished that this compound could be used as a substrate by
tobacco peroxidases. This process was further investiga-
ted.

Oxidation of fluorinated compounds by tobacco
peroxidases

In the presence of hydrogen peroxide, all enzymatic
fractions were able to oxidize the three fluorinated com-
pounds, giving rise to a pink product with maximum
absorbance at 520 nm (Fig. 3). This coloured substance
disappeared very quickly but it was still possible to
estimate the oxidation rate of the reaction by recording
the absorbance at 520 nm as the initial velocity was
maintained for nearly 30 sec. After several hours a pre-

B_xy B+xy B_xy B+xy B_xy

+ — + - +
Sa Sc 1Ba 1Bc B

Fig. 2. Isoenzyme patterns of the peroxidase fractions. Peroxi-

dases were separated by polyacrylamide disc gel electrophoresis.

S, soluble fraction; IB, ionically bound fraction; CB, covalently

bound fraction. Sa, IBa, CB, separation of anionic isoperoxi-

dases; running buffer: Tris-HC, pH 8.2. Sc, IBc, separation of

cationic isoperoxidases; running buffer: acetic acid-pB-alanine,
pH 4.5.

Table 2. K; values for 3

Bark Xylem
1B 9 17
IBc 1 —
CB 25 2

The inhibition constants were es-
timated from Dixon plots. Sub-
strate: TMB; enzymatic fractions:
cell wall fractions IB,, IB¢ (anionic
and cationic ionically bound perox-
idases) and CB (covalently bound
peroxidases), isolated from bark
and xylem tissues; K; as M x 10*
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cipitate appeared in the assay medium. This product was
insoluble in common organic solvents and may have a
‘lignin-like’ structure. The nature of this polymer is under
investigation by using the standard techniques of lignin
chemistry, in particular thioacidolysis [12].

PH profiles for peroxidation of the fluorinated anal-
ogue are shown in Fig. 4. Optima are obtained at re-
latively high pH values and with 1 and 3 two optima are
observed. This might be due to the action of different
isoforms.

K,, values were estimated for fluorinated and non-
fluorinated substrates (Table 3). Affinities for 1 and 2
were slightly lower than those obtained with routine
synthetic hydrogen donors like TMB and pyrogallol. The
high K, value obtained for 3 might result from the
presence of ethanol in the incubation medium (added
because of the low solubility of 3). Naturally occurring
compounds such as ferulic acid, vanillin and coniferyl
alcohol were also used as sbstrates. With ferulic acid,
linear or non-linear Lineweaver—Burk plots were obser-
ved depending on the nature of the enzymatic fraction
(Fig. 5). With vanillin and coniferyl alcohol, non-linear
plots were obtained for all cell wall fractions. Fur-
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Fig. 3. Absorption spectrum of oxidized 2 in Tris buffer, pH 7.2,

recorded 30 sec (1), 1 min 20 sec (2), 2 min 15 sec (3), 3 min 15 sec

(4), 5 min 30 sec(5), 10 min (6) and 20 min (7) after the addition
of peroxidase and hydrogen peroxide.
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Fig. 4. Effect of pH on the oxidation rate of 1 (1), 2 (2) and 3 (3).
@®———@, citrate-phosphate buffer;, @-—————- ®, Na-K
phosphate buffer; ® ... ... @, Tris—HCI buffer.

thermore, a lag time was observed for oxidation of vanil-
lin and coniferyl alcohol but not for ferulic acid. Similar
results have been previously reported for oxidation of
scopoletin and ferulic acid [13, 14]. The influence of the
presence of a fluorine atom on the active carbon of the
hydrogen donor was further investigated by comparing
the distribution of peroxidase activities between the dif-
ferent cell fractions when fluorinated and non-fluorinated
phenolic compounds were used as substrates. In all cases,
the soluble fraction of the bark was the most active. In
the bark, the cell wall activities were very low whereas in

Table 3. Michaelis constants (M x 10%) for fluorinated and non-flucrinated phen-
olic substrates of bark and xylem cell wall peroxidases

Bark Xylem
Substrate IBo IB¢ CB 1By IBc CB
TMB 21 13 1.2 1.2 09 1.1
Pyrogallol 1.1 0.6 0.7 — — 0.5
Ferulic acid — — 12 — — 4
1 7 8 16 6 15 5
2 4 8 9 6 6 6
3 50 38 330 — — 42

TMB, tetramethylbenzidine; 1B, and IB¢ respectively anionic and cationic
ionically bound peroxidases; CB, covalently bound peroxidases.
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the xylem about 40% of the total activity was recovered
in the cell wall fractions (Fig. 6). Thus, it was found that
the presence of fluorine did not change significantly the
cell distribution of peroxidase activities.

In conclusion, the data presented here, show that 2-
fluoro-substituted cinnamic compounds can be used as
proton donors for peroxidative reactions. Moreover, the
polymerization process proceeds in spite of the presence
of a fluorine atom bound to the active f-carbon of the
propane side chain. This process apparently gives rise to
‘lignin-like’ material. We observed also that peroxidases
can act on phenolic acids as well as on alcohols. These
data suggest that mostly monolignols or monolignol
conjugates are available in the apoplasm for lignin poly-
merization. Fluorinated analogues of conjugated mono-
lignols possibly involved in transport through the cyto-
plasmic membrane are now being synthesized in order to
test this hypothesis.

i

Fig. 5. Double reciprocal plot of the oxidation of ferulic acid by
bark cell wall fractions. @-———@, CB fraction;
Or—mr—— C, IBa fraction; S as 10~ 2M; v as arbitrary units.

EXPERIMENTAL

Five-to-six-month-old tobacco plants (Nicotiana tabaccum
var. Samsum) were used. They were grown in a glass house at
20°.

Histochemical techniques. Fresh hand-made sections were in-
cubated at room temp. in appropriate media. Peroxidative
activities were visualized using H,O, with one of the following
substrates: guaiacol [15], PPD-PC (161, TMB [9] and pyrogal-
lol {17]. 1 and 2 were dissolved in the buffer used for peroxidase
detection. 3 was dissoived in EtOH and then added to the
incubation medium.

Biochemical assays. 10 cm long stem segments were peeled to
remove the epidermis and outer cortical layers then split longi-
tudinally. The pith was discarded and the remaining tissues were
separated at the cambial level into two fractions respectively:
bark B (inner cortical parenchyma, phloem and fibers) and
xylem X. Each tissue fraction was ground first in liguid N, then
further in 0.1 M Na-K-Pi buffer, pH 6.0, with a Polytron.
Enzymatic extractions were performed as previously described
[18]. Soluble peroxidases S, were recovered first. Cell wall
enzymes were fractionated into weakly and strongly bound
enzymes, the so-called ionically (IB) and covalently (CB) bound
enzymes, by 1M NaCl and pectinase-cellulase treatments. Activ-
ities still remaining in residual cell walls, r, were also taken into
account. Ionically bound enzymes were further fractionated into
anionic and cationic enzymes (IBa and IBc) by ion-exchange
chromatography on DEAE-Sepharose CL 6B (Pharmacia,
Sweden) columns (20 x 1.7 ¢m) equilibrated with 0.01M Na-K-
Pi buffer, pH 7.1. IBc were eluted with this buffer and IBa with
NaCl 0.5M in 0.01M Pi buffer, pH 7.1. All enzymatic extracts
were reduced to a small vol. in an Amicon ultra-filtration cell
(Membrane PM 10; Amicon, Lexington USA). Spectrophoto-
metric assays were performed as in ref. [9]. Electrophoretic
assays: isoperoxidases were separated by electrophoresis on
polyacrylamide disc gel as previously described [18].

Synthesis of fluorinated compounds. Fluorinated compounds 1
and 2 were synthesized by Wittig—Horner reaction of ethyl
(diethylphosphono)fluoroacetate [197 with vanillin acetate. The
E isomer, the major product, was then converted to the Z
thermodynamic isomer using Br, in CCl,. Hydrolysis and treat-
ment with the required base (2-propanamine or NaOH) gave 1
or 2 respectively. Reduction with LiAIH, in THF afforded the
desired alcohol, 3. All products gave analytical and spectral data
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Fig. 6. Level of soluble and wall bound activities in bark (B) and xylem (X) with different hydrogen donors.
Soluble (S) and cell wall (W) activities were added and normalized to 100. 1 to 4, non-fluorinated hydrogen donors:
1, TMB; 2, pyrogallol; 3, PPD-PC; 4, guaiacol; 5, 1; 6, 2; 7, 3.
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(NMR 'H, 13C, 'F; IR and MS) in agreement with the pro-

NO!
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sed structures. Full chemical experimental conditions are

perme

published elsewhere [20].
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