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ABSTRACT

Feeding of 4-methoxycinnamic acid, 3,4-dimethoxycinnamic
acid and 3,4,5-trimethoxycinnamic acid to cell suspension cul-
tures of Vanilla planifolia resulted in the formation of 4-hydroxy-
benzoic acid, vanillic acid, and syringic acid, respectively. The
homologous 4-methoxybenzoic acids were demethylated to the
same products. It is concluded that the side chain degrading
enzyme system accepts the 4-methoxylated substrates while the
demethylation occurs at the benzoic acid level. The demethylat-
ing enzyme is specific for the 4-position. Feeding of [10_4C-
methyl]-3,4-dimethoxycinnamic acid revealed that the first step
in the conversion is the glycosylation of the cinnamic acid to its
glucose ester. A partial purification of a UDP-glucose: trans-
cinnamic acid glucosyltransferase is reported. 4-Methoxy substi-
tuted cinnamic acids are better substrates for this enzyme than
4-hydroxy substituted cinnamic acid. It is suggested that 4-meth-
oxy substituted cinnamic acids are intermediates in the biosyn-
thetic conversion of cinnamic acids to benzoic acids in cells of
V. planifolia.

Inhibition of 4CL4, an important enzyme of lignin biosyn-
thesis, under in vivo conditions by 3,4-(methylenedioxy)-
cinnamic acid resulted in a considerably reduced formation
of ligneous material with a simultaneous formation of signif-
icant amounts of vanillic acid (3). An enzymatic system
converting cinnamic acids into benzoic acids was shown to
be present within the cultivated cells. Furthermore, it was
concluded that 4CL and CoA-esters most likely are not in-
volved in the biosynthesis of vanillic acid (3). The fact that
the cell culture produces vanillic acid under certain conditions
offers a tool to study the enzymes involved in the biosynthesis
of this C6-C1 compound.

In our search for an efficient 4CL inhibitor 4-methoxycin-
namic acid and 3,4-dimethoxycinnamic acid were also tested
(3). Addition of these cinnamic acids to suspension cultures
of V. planifolia resulted in the formation of 4-hydroxybenzoic
acid and vanillic acid, respectively. This observation was a
first indication that 4-methoxy substituted cinnamic acids are
metabolized by the cells and that they may be intermediates
in the biosynthesis of C6-CI compounds. In the present paper
we report on extended studies on the possible role of 4-
methoxycinnamic acids as intermediates in the biosynthesis
of 4-hydroxybenzoic acids in cell cultures of V. planifolia.

Studies on the biosynthetic pathway leading from C6-C3
compounds of the general phenylpropanoid pathway (i.e.
cinnamic acids) to C6-C1 compounds (i.e. benzoic acids) in
cells of higher plants have recently been initiated in our
laboratory. To this end, cell suspension cultures of Vanilla
planifolia Andr. have been initiated (2). No C6-CI compounds
could, however, be isolated from this culture under normal
growth conditions (2). Elicitation of the cell culture with
chitosan resulted in an activation of the general phenylpro-
panoid metabolism (i.e. induction of various enzymes of this
pathway) leading to an increased formation of ligneous cell
wall materials (2).

Supported by a research grant from Danisco Biotechnology,
Glostrup, Denmark. This paper is number III in a series "Phenylpro-
panoid metabolism in suspension cultures of Vanilla planifolia
Andr." The preceding paper is Funk and Brodelius (3)

2 Present address: Institute of Biological Chemistry Washington
State University, Pullman WA 99169-6340.

3 Present address: Department of Plant Biochemistry, University
of Lund, P.O. Box 7007, S-22007 Lund, Sweden.

MATERIALS AND METHODS

Chemicals

3,4-Dimethoxycinnamic acid, 4-methoxycinnamic acid,
3,4,5-trimethoxycinnamic acid and 3,4-(methylendioxy)-cin-
namic acid were obtained from Aldrich, Steinheim, FRG.
Other phenolic compounds and f3-glucosidase were from
Fluka, Buchs, Switzerland. UDPG was supplied by Boehrin-
ger, Mannheim, FRG, ['4C]methyliodide (58 mCi/mmol) and
UDP-[1-3H]glucose by Amersham, Little Chalfont, UK, and
MS-medium by Flow Laboratories, Rickmansworth, UK.

Synthesis of 14C-3,4-Dimethoxycinnamic Acid

'4C-Labeled 3,4-dimethoxycinnamic acid was synthesized
from [O-methyl-'4C]vanillin prepared as previously described
(3). Vanillin (133sCi, 0.8 mCi/mmol) was dissolved in methyl

4Abbreviations: 4CL, 4-hydroxycinnamate: CoA-ligase; GT, UDP-
glucose: t-cinnamic acid glucosyltransferase; PVPP, polyvinylpoly-
pyrolidone; UDPG, uridine-5'-diphosphoglucose.
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PHENYLPROPANOID METABOLISM IN V. PLANIFOLIA

ethyl ketone (500,uL) and K2CO3 (15 mg) was added. Methyl
iodide (7 mg) was transferred under vacuum into the reaction
vessel, which was sealed and incubated for 20 h at 60°C. The
[0-'4C-methyl]veratric aldehyde was purified by TLC and
condensed with malonic acid to give [3-0-'4C-methyl]-3,4-
dimethoxycinnamic acid according to the procedure de-
scribed for the synthesis of [0-'4C-methyl]ferulic acid from
[0-'4C-methyl]vanillin (3). The yield of [3-0-'4C-methyl]-3,4-
dimethoxycinnamic acid based on vanillin was 30% (3.5,Ci,
0.7 mCi/mmol).

Cell Culture

Suspension cultures of Vanilla planifolia Andr., supplied
by Danisco Biotechnology Denmark, were cultivated in MS-
medium as previously described (2).

Feeding Experiments

Suspension cultures were used on d 6 to 7 after subculti-
vation (linear growth phase) for feeding experiments. Stock
cultures were pooled and divided into portions in small flasks.
Cinnamic and benzoic acids were dissolved in water by ad-
justing the pH to 7.0 with 1 M NaOH and sterile filtered (0.2
,um) before feeding.

Extraction and Analysis of Soluble Phenolics

Extraction

Frozen cells (1 g) were homogenized in 100 mm acetate
buffer (pH 5.0) (2 mL) and centrifuged (l0,OOOg, 5 min). For
the determination of cinnamic- and benzoic acid glucose
esters, the supernatant was heated to 90°C for 5 min, precip-
itated proteins were removed by centrifugation and subse-
quently the extracts were analyzed by reversed phase HPLC.
For analysis of cinnamic and benzoic acids, the supernatant
was treated with 3-glucosidase (0.2%) at 37°C for 3 h and
then subjected to HPLC.

Reversed Phase HPLC

Phenolic compounds were separated on a Lichrosorb RP-
18 column as previously described (2). For detection of '4C-
labeled compounds a radioactive flow detector (FLO-ONE
Beta model IC, Radiomatic Instruments, Tampa, FL) was
used under the following conditions: cell size: 0.5 ml; scintil-
lation fluid (Pico-Fluor 40, Packard, Downers Grove, IL) flow
rate: 3.5 ml/min; counting time: 6 s.

Enzyme Extractions and Assays

Extraction of cells and desalting of extract were performed
as previously described (2). The protein concentration was
determined by the Bio-Rad protein assay with bovine gamma
globulin as standard.

4-Hydroxycinnamate: CoA Ligase

4CL activity was determined in a spectrophotometric assay.
Desalted enzyme extracts (200 AL) were incubated with 100

,Amol sodium phsophate (pH 7.5), 1 ,mol ATP, 1 ,umol
MgCl2, and 0.5,mol substrate (sodium salt ofthe appropriate
cinnamic acid) in a total volume of 1.0 mL. The reaction was
started by addition of 0.1 tmol CoA and the increase in
absorbance at the appropriate wavelength was recorded. Ex-
tinction coefficients were used as published (4).

UDP-Glucose: trans-Cinnamic Acid Glucosyltransferase

GT activity was routinely determined in a spectrophoto-
metric assay (9). For the determination of the substrate spec-
ificity ofGT an assay using UDP- 1-3H-glucose was employed,
because absorption maxima and extinction coefficients of the
different substrates/products were unknown.

In a total volume of 500 gL 50 mm sodium phosphate
buffer (pH 7.0), substrate (0.25 ,umol; sodium salt of the
appropriate cinnamic acid, 3,4-dimethoxycinnamic acid for
the standard spectrophotometric assay), and enzyme solution
(50-300 ,uL) were preincubated until a stable absorption at
346 nm was obtained. Then, for spectrophotometric assay,
UDPG (0.25,umol) was added and the increase in absorption
at 346 nm recorded. The extinction coefficient for 3,4-dime-
thoxy-cinnamoylglucose ester was determined to be 1726 L/
mol cm using glucose ester isolated from cell suspension
cultures after 3,4-dimethoxycinnamic acid feeding. To cal-
culate the GT activity an extinction coefficient of 851 L/mol-
cm was used. This coefficient is the difference between the
extinction coefficient of 3,4-dimethoxycinnamic acid and that
of 3,4-dimethoxy-cinnamoylglucose ester at 346 nm. For the
radioactivity assay the UDPG solution also contained 0.1,uCi
of UDP-[ 1-3H]glucose and the amount of formed product
was determined after incubation at 30°C for 15 min by HPLC
and a radioactivity flow detector.

Partial Purification of UDP-Glucose: trans-Cinnamic Acid
Glucosyltransferase

The determination of GT activity in crude extracts of V.
planifolia cells was complicated by the relatively high ,B-
glucosidase-activity present which hydrolyses the product of
the GT reaction. Therefore, a partial purification of GT was
required for the determination of substrate specificity of GT.

All the purification steps were carried out at 4°C. Cells (90
g fresh weight), harvested at the early stationary growth phase,
were homogenized in 50 mM Tris buffer (200 mL) pH 8.0,
containing 5 mM DTT and PVPP (8 g). After centrifugation
(15 min, 12000g) ammonium sulfate (56 g) was added to the
supernatant (204 mL) to give 45% saturation. After a second
centrifugation the supernatant (250 mL) was brought to 60%
saturation ammonium sulfate (25 g) and centrifuged again.
The pellet was dissolved in 6 mL of the same buffer and
desalted over Sephadex G-25 columns.
A DEAE-Sepharose column (1.5 x 10 cm) was equilibrated

in 50 mM Tris buffer (pH 8.0) supplemented with 1 mm DTT
at a flow rate of 1 mL/min at room temperature. The desalted
sample was applied and proteins were eluted with a linear
gradient of NaCl (0-0.5 M) in the same buffer (400 mL).
Fractions containing GT activity were pooled and used for
determination of substrate specificity.
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RESULTS AND DISCUSSION

Feeding of 4-Methoxycinnamic Acids

The metabolic conversion of4-methoxycinnamic acid, 3,4-
dimethoxycinnamic acid and 3,4,5-trimethoxycinnamic acid
by cell suspension cultures of Vanilla planifolia was investi-
gated. The former two compounds were selected for these
experiments because in preliminary experiments it was ob-
served that they were metabolized by the cells (3). Further-
more, all three compounds are poor substrates for 4CL (see
below) and thus they are not expected to be incorporated into
ligneous material to any great extent.

The three 4-methoxy substituted cinnamic acids were con-

verted to the corresponding 4-hydroxybenzoic acids by the
cells as summarized in Table I. The yields of the 4-hydroxy-
benzoic acids were 30, 6, and 2% 24 h after feeding 4-
methoxycinnamic acid, 3,4-dimethoxycinnamic acid and
3,4,5-trimethoxycinnamic acid, respectively. Furthermore,
the homologous 4-methoxybenzoic acid and 3,4-dimethoxy-
benzoic acid were demethylated to the corresponding 4-hy-
droxybenzoic acids by the cells (Table I). The demethylation
reaction appears to be specific for the 4-position as no isovan-
illic acid could be detected after feeding 3,4-dimethoxybenzoic
acid. This conclusion is further supported by the fact that no
3-hydroxybenzoic acid was found in the culture after feeding
3-methoxycinnamic acid (data not shown). The relatively
rapid demethylation of the benzoic acids may indicate that
the side chain degrading reaction may be the rate limiting
step in the conversion of 4-methoxycinnamic acids to 4-

hydroxybenzoic acids in these cultivated cells.
Figures 1 and 2A show the time course of the conversion

of4-methoxycinnamic acid and 3,4-dimethoxycinnamic acid,
respectively, when fed at a concentration of 1 mm. The acids

are taken up by the cells within 20 h after addition to the

medium. The yields of 4-hydroxybenzoic acid and vanillic

acid based on fed precursor may be estimated to be 36 and

15%, respectively, after incubation for 100 h. Vanillic acid
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Figure 1. Time course of 4-hydroxybenzoic acid formation in V.

planifolia cells after feeding of 1 mm 4-methoxycinnamic acid. (U), 4-
Methoxycinnamic acid; (A), 4-hydroxybenzoic acid.

was isolated from cell free extracts by preparative TLC. 'H-
NMR analysis of the isolated substance confirmed that the
cells produce vanillic acid after feeding 3,4-dimethoxycin-
namic acid.

Furthermore, addition of 3,4,5-trimethoxycinnamic acid (1
mM) to the medium resulted in the formation of syringic acid
(data not shown). None of the three benzoic acids produced
after addition of the 4-methoxycinnamic acids are found in
control cultures under the conditions employed.
From these feeding experiments (Table I: Figs. 1 and 2A)

it may be concluded that the enzymatic system converting 4-
methoxycinnamic acids to the corresponding 4-hydroxyben-
zoic acids shows the highest activity toward monosubstituted
acids.

It is interesting to note that the intermediate 3,4-dimethox-
ybenzoic acid can be isolated 70 h after feeding of 3,4-
dimethoxycinnamic acid (data not shown). Apparently, the
sidechain degrading enzyme system accepts 3,4-dimethoxy-
cinnamic acid (or other 4-substituted methoxycinnamic acids)
as substrate. The demethylation step appears to occur at the

Table I. Products Isolated from V. planifolia Cells Isolated 24 h After Feeding of Various Substrates

The substances were fed at concentrations of 0.5 mm. The amounts of metabolites recovered are given as percent of added substrate.

COOH

COOH COOH

Fed substrate R 2 $9

OCH3 OCH3 OH

4-Methoxycinnamic acid H H 70 30

4-Methoxybenzoic acid H H 20 54

Isoferulic acid OH H 30
OMe H 17 2.5

3,4-Dimethoxycinnamic acid OMe H 31 6
3,4-Dimethoxybenzoic acid OMe H 70 27
3,4,5-Trimethoxycinnamic acid OMe OMe 45 2

104 FUNK AND BRODELIUS

v1

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/9
4
/1

/1
0
2
/6

0
8
6
1
3
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



PHENYLPROPANOID METABOLISM IN V. PLANIFOLIA

160-

140

120-

100-

80-

60-

40-

20-

0-

160-

140-

120-

100-

80-

60-

40-

20

0-

0 20 40 60

INCUBATION TIME [h]

- 100

- 80

- 60

-40

- 20
a

C)
-100 <

C)

-80 -J

-60 >

- 40

- 20

-0

80 100

Figure 2. Time course of vanillic acid formation in V. planifolia cells
after feeding of 3,4-dimethoxycinnamic acid. A, 1 mm 3,4-dimethox-
ycinnamic acid; B, 1 mm 3,4-dimethoxycinnamic acid and in addition

1 mM ferulic acid added after 24 h (arrow). (0), 3,4-Dimethoxycinnamic
acid; (V), vanillic acid.

benzoic acid level. A similar demethylation step has been

reported for suspension cultures of Glycine max, converting
fed 3,4-dimethoxybenzoic acid to vanillic acid (6).

In addition to the three 4-methoxy-substituted cinnamic
acids discussed above, isoferulic acid, also containing a meth-

oxy group in the 4-position, was fed to the V. planifolia cells.

Within 24 h after feeding, 2.5% of the fed precursor had been
converted to vanillic acid (Table I). No isovanillic acid could

be isolated from the cells. However, relatively large amounts

of 3,4-dimethoxycinnamic acid were found in the extracts

(Table I). Consequently, an initial methylation of isoferulic
acid to 3,4-dimethoxycinnamic acid appears to take place
with subsequent conversion to vanillic acid as described
above.
The vanillic acid accumulation after feeding of 3,4-dime-

thoxycinnamic acid is not affected by the addition of ferulic
acid (Fig. 2B). This observation is in accordance with our

previous results showing that radiolabeled ferulic acid is not

incorporated into vanillic acid (3). Consequently, ferulic acid
is not a precursor of vanillic acid in these undifferentiated
cells. Isoferulic acid and 3,4-dimethoxycinnamic acid, on the
other hand, appear to be precursors of vanillic acid.

Products After Feeding of [3-_-14C-methyl]
Dimethoxycinnamic Acid

'4C-Labeled 3,4-dimethoxycinnamic acid was synthesized
in order to verify that this acid is a precursor of vanillic acid.

0 6 10 16 20 26 30

RETENTION TIME (min)

Figure 3. Radiochromatograms of a cell extract 85 h after feeding
of [3-O-14C-methyl]-3,4-dimethoxycinnamic acid to cells of V. plani-
folia. A, Cells extracted with buffer; B, cell extract after incubation
with 1 N NaOH for 30 min at room temperature; C, cell extract after

0-glucosidase hydrolysis (0.1%, 37°C, 3 h). Products detected: peak
1, vanillic acid glycoside; peak 2, 3,4-dimethoxybenzoylglucose ester;

peak 3, vanillic acid; peak 4, 3,4-dimethoxycinnamoylglucose ester;
peak 5, 3,4-dimethoxybenzoic acid; peak 6, 3,4-dimethoxycinnamic
acid.
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Figure 4. Time course of uptake and metabolic conversion of fed
[3-O-14C-methyl]-3,4-dimethoxycinnamic acid (90. 103 DPM/mL sus-

pension, 60 AM 3,4-dimethoxycinnamic acid) by cell suspension cul-
ture of V. planifolia. The values are given as percentage of total radio-
activity fed. (0), Radioactivity in medium; (E), radioactivity extract-
able with buffer; (A), radioactivity liberated by mild alkaline
hydrolysis.

First, attempts were made to identify some intermediates in
this conversion by HPLC analysis of various extracts.

Figure 3A shows a HPLC-radiochromatogram ofan extract

of cells harvested 85 h after addition of '4C-labeled 3,4-
dimethoxycinnamic acid to the medium. Three radioactive
metabolites (peaks 1, 2, and 4) are seen in this chromatogram.
Mild alkaline hydrolysis of the same extract results in the
conversion of peaks 2 and 4 into 3,4-dimethoxybenzoic acid
(peak 5) and 3,4-dimethoxycinnamic acid (peak 6), respec-

tively (Fig. 3B). ,B-Glucosidase treatment, on the other hand,
affects all three metabolites (Fig. 3C). The third compound
(peak 1) is converted to vanillic acid by the enzymatic treat-

ment. The alkaline treatment results in the hydrolysis of esters
while the enzymatic treatment results in the hydrolysis of
glucose esters, as well as, of glycosides. Consequently, it may
be concluded that 3,4-dimethoxycinnamic acid and 3,4-di-
methoxybenzoic acid are present in the cells as 1-O-acyl-
glucose esters (peaks 2 and 4), while vanillic acid is found as

the 4-0-glycoside (peak 1). The formation of glucose esters of
phenylpropanoid metabolism intermediates has been ob-
served in other plant species (5, 8). Furthermore, it has been
shown that such glucose esters may function as activated
reactants in transacylation reactions (1). A UDPG:t-cinna-
mate glucosyltransferase involved in the biosynthesis of chlo-
rogenic acid biosynthesis has been purified from roots of
sweet potato and partly characterized (7).

In an extended feeding experiment [3-0-'4C-methyl]-3,4-
dimethoxycinnamic acid was added to suspension cultures of
V. planifolia. After 5 h, 80% of the radioactivity had been
taken up by the cells as shown in Figure 4. At this point about
65% of totally fed radioactivity could be extracted with buffer,
while an additional 10% were extractable from cell debris by
alkaline treatment (1 N NaOH, 4°C, 16 h).
The composition of the buffer extractable radioactive me-

tabolites was further analyzed by HPLC as a function of
incubation time. The conversion of '4C-labeled 3,4-dimethox-
ycinnamic acid into various metabolites is shown in Figure 5
(in percentage of total fed radioactivity). The fed substance is
rapidly esterified by the cells to 3,4-dimethoxycinnamoylglu-
cose ester, which reaches a maximal concentration 7 h after
feeding. Three h after feeding, 3,4-dimethoxybenzoic acid can
be detected, while vanillic acid glycoside is first detectable
after 7 h (see inset, Fig. 5). Measurable concentrations of 3,4-
dimethoxybenzoylglucose ester are seen 24 h after feeding of
3,4-dimethoxycinnamic acid. The relatively high incorpora-
tion rates into the various metabolites (5-20% of fed radio-
activity) strongly indicates that a multistep enzymatic conver-
sion of the fed precursor is taking place.
The first reaction of this conversion, i.e. the glycosylation

of 3,4-dimethoxycinnamic acid to the corresponding glucose
ester, may be regarded as a detoxifying reaction. It is, however,
interesting to note that only 4-methoxylated cinnamic acids
are converted to glucose esters by cells of V. planifolia. No
glucose esters could be detected when 4-hydroxycinnamic
acids (i.e. coumaric, ferulic, or sinapic acid) were added to
the culture. From this substrate specificity of the glucose
transferase it may be assumed that the glucose esters of the 4-
methoxycinnamic acids are actually involved in the biosyn-
thesis of 4-hydroxybenzoic acids. The nature of this involve-
ment is at present unknown. It may, however, be speculated
that the glucose esters serve as activated intermediates in the
side chain shortening reaction or as storage and/or transport
forms of the methoxycinnamic acids. Consequently, the 3,4-
dimethoxycinnamoylglucose ester may be regarded as a direct
precursor of vanillic acid in cells of V. planifolia. Thus, GT,
catalyzing the glycosylation reaction, would be an important
enzyme directly involved or related to the biosynthesis of C6-
C,-compounds in these cells. Therefore, additional experi-
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Figure 5. Time course of the formation of labeled metabolites after
feeding [3_O-14C-methyl]-3,4-dimethoxycinnamic acid (90.103~DPM/
mL suspension, 60 AM 3,4-dimethoxycinnamic acid) to cell suspen-
sion culture of V. planifolia. The values are given as percentage of
total radioactivity fed (M), 3,4-Dimethoxycinnamic acid; (A), 3,4-di-
methoxycinnamoyl-glucose ester; (*), 3,4-dimethoxybenzoic acid;
(0), vanillic acid-glycoside; (V), 3,4-dimethoxybenzoylglucose ester.
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PHENYLPROPANOID METABOLISM IN V. PLANIFOLIA

Table II. Purification of GT from Suspension Cultured Cells of V.
planifolia

Purification Volume Protein Specific Purification
Step Activity

mL mg pkat/mg -fold

Crude extract 204 670 13 1
(NH4)2SO4 fractionation 6 270 41 3
and Sephadex G-25

DEAE-Sepharose 9 18 465 35

ments have been carried out to partly characterize this glu-
cosyltransferase.

UDP-Glucose: trans-Cinnamic Acid Glucosyltransferase

The determination of GT activity in crude extracts of V.
planifolia cells was complicated by the relatively high ,B-
glucosidase-activity present which hydrolyses the product of
the GT reaction. Therefore, a partial purification of GT was

required for these experiments. The purification involved
ammonium sulphate precipitation and subsequent chroma-
tography on DEAE-Sepharose, as summarized in Table II.

The yield cannot be accurately determined due to the f3-
glucosidase activity present in the crude extract. The partially
purified GT was completely free from ,3-glucosidase activity.
The substrate specificity of the partly purified GT was

determined and compared to that of a crude preparation
of 4CL, an important enzyme of lignin biosynthesis. In Ta-
ble III the relative activities of these two enzymes with various
4-hydroxy and 4-methoxy substituted cinnamic acids as

substrate are listed. It is evident that 4-methoxycinnamic
acids are very poor substrates for 4CL while the 4-hydroxy
substituted compounds are good substrates. In line with this
substrate specificity ferulic acid and sinapic acid were effi-

Table IlIl. Relative Activity of 4CL and GT from Cells of V. planifolia
Toward Various Cinnamic Acids

Enzymatic activities are given in percentage of maximal activity.
Activities for 4CL were determined with crude cell extracts and for
GT with partially purified enzyme. The cinnamic acid substrate con-
centrations were 0.5 mm in all assays. ATP and CoA concentrations
were 1 mm and 100 gM, respectively, in the 4CL assay and UDP-
glucose concentration was 0.5 mm in the GT assay.

Relative

Substrate Enzymatic Activity

4CL GT

Cinnamic acid 4 8
4-Coumaric acid 100 43
Ferulic acid 60 26
Isoferulic acid 43 46
Sinapic acid 26 6.5
4-Methoxycinnamic acid 5.5 100
3-Methoxycinnamic acid 6.7 52
3,4-Dimethoxycinnamic acid 4.8 78
3,4,5-Trimethoxycinnamic acid 3.5 84

ciently incorporated into ligneous material in cells of V.
planifolia (2).
On the other hand, GT preferentially accepts 4-methoxy

substituted cinnamic acids as substrates, while the interme-
diates of the general phenylpropanoid pathway are poorer
substrates. These findings are in good agreement with results
obtained in various feeding experiments, in which only 4-
methoxy substituted cinnamic acids were converted to the
corresponding glucose ester and subsequently to the corre-
sponding 4-hydroxy benzoic acid. The highest conversion rate
in vivo was found for 4-methoxycinnamic acid (Table I: Fig.
1), which is also the best substrate for GT (Table III).
3-Methoxy cinnamic acid is efficiently glucosylated by the

partly purified GT (Table III). Under in vivo conditions this
reaction takes place, but no further conversion of the glucose
ester by the side chain degrading enzyme system appears to
occur (data not shown). Obviously, the side chain degrading
enzyme system is also specific for 4-methoxy substituted
intermediates.

CONCLUSIONS

Phenylpropanoid metabolism in cells of Vanilla planifolia
may lead to different product formation depending on culture
conditions. The formation of ligneous material via hydroxy-
cinnamic acid CoA-esters is one of the major pathways under
normal growth conditions (2). A shift of the metabolic flow
into the formation of benzoic acids may be obtained by
inhibiting 4CL, an important enzyme of lignin biosynthesis
(3). Furthermore, feeding of 4-methoxycinnamic acids results
in the formation of 4-hydroxybenzoic acids. Based on these
findings it may be assumed that the methylation of 4-hydrox-
ycinnamic acids (e.g. coumaric or caffeic acid) is an important
step in the biosynthesis of C6-C,-compounds. An 0-methyl-
transferase specific for the para position of hydroxycinnamic
acids would thus be the key enzyme. The branching point in
the general phenylpropanoid pathway has to be located before
ferulic acid, since this compound is not converted to vanillic
acid (3). At present we are, therefore, concentrating our efforts
on finding a para specific O-methyltransferase active with
coumaric acid and caffeic acid as substrate. The substrate
specificities observed for the subsequent enzymes, i.e. the
glucosyltransferase, the side chain degrading enzyme system
and the 4-demethylase, further supported the hypothesis that
4-methoxycinnamic acids are intermediates in the biosyn-
thesis of 4-hydroxybenzoic acids in cells of V. planifolia.
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