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Abstract

The biosynthetic pathway of gallic acid in leaves of Rhus typhina is studied by oxygen isotope ratio mass spectrometry at natural

oxygen isotope abundance. The observed d18O-values of gallic acid indicate an 18O-enrichment of the phenolic oxygen atoms of

more than 30& above that of the leaf water. This enrichment implies biogenetical equivalence with oxygen atoms of carbohydrates

but not with oxygen atoms introduced by monooxygenase activation of molecular oxygen. It can be concluded that all phenolic

oxygen atoms of gallic acid are retained from the carbohydrate-derived precursor 5-dehydroshikimate. This supports that gallic acid

is synthesized entirely or predominantly by dehydrogenation of 5-dehydroshikimate.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Tannins are produced by a wide variety of plants
(e.g., oak, acer, birch, tea, wine and sumac) where they

play an important role in plant–plant, plant–animal,

and plant–litter–soil interactions (for reviews see Kraus

et al., 2003; Barman and Rai, 2000). More recently, gal-

loyl derivatives were reported to have antineoplastic

activity, probably due to their antioxidant properties

(Gerhaeuser et al., 2003; Gomes et al., 2003; Kashiwada

et al., 1992). Gallic acid (3,4,5-trihydroxybenzoic acid, 4,
Fig. 1) constitutes the basic building block of gallotan-
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nins. The detailed knowledge of the biosynthetic path-

way of this compound which is still under discussion

could provide the basis for the design of functional food
with increased tannin content.

The biosynthesis of gallic acid has been studied for

more than five decades. Experiments with [3-14C]phenyl-

alanine showed that the b-carbon atom of phenylalanine

was incorporated, albeit only to less than 1%, into the

carboxylic atom of gallic acid (Zenk, 1964; Dewick

and Haslam, 1968). This implied that gallic acid is

formed from phenylalanine (1) via caffeic acid or trihyd-
roxycinnamic acid (route A, Fig. 1). Higher incorpora-

tion rates into gallic acid were found with

[carboxy-14C]shikimate as precursor suggesting that gal-

lic acid can also be directly derived from an intermediate

of the shikimate pathway, such as 5-dehydroshikimate

(2) (route B) (Dewick and Haslam, 1968, 1969) or
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Fig. 1. Possible biosynthetic pathways of gallic acid formation. The

data reported in this paper support that the vast majority of gallic acid

is synthesised in R. typhina by route B. Minor contributions (<10%) by

routes A and C cannot be excluded by the data in this paper.
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protocatechuate (3) (route C) (Chandran and Frost,

2001; Kato et al., 1968). Even the existence of both path-

ways in certain plants has been proposed (Ishikura,

1975; Saijo, 1983).
Incorporation studies with 13C-labelled glucose in su-

mac (Rhus typhina) showed that the carboxylic group in

the bulk amount of analysed gallic acid (>95%) is bio-

synthetically equivalent to the carboxylic group of an

early shikimate intermediate and not to the b-carbon
atom of phenylalanine (Werner et al., 1997). It has

therefore been concluded that, in the major route, the

committed precursor of gallic acid is an intermediate
of the shikimate pathway prior to prephenate or arogen-

ate rather than a phenylpropanoid compound. Thus,

following earlier proposals (Dewick and Haslam, 1968,

1969), the dehydrogenation of 5-dehydroshikimate (2)

has been suggested as the most probable route of gallic

acid formation (route B, Fig. 1). However, the data

could not rule out a more complex pathway, e.g., via

dehydration of 5-dehydroshikimate affording proto-
catechuic acid followed by a monooxygenase reaction

(route C). More recently, a dehydrogenase has partially

been purified from Betula pubescens catalyzing the con-

version of 5-dehydroshikimate into gallic acid (Ossipov

et al., 2003). However, in light of the reported Km value

of 0.49 mM for 5-dehydroshikimate, it remains unclear

whether 5-dehydroshikimate is the physiological sub-

strate for this enzyme.
It has been shown recently (Schmidt et al., 2001) that

oxygen atoms in natural compounds are mainly origi-

nating from three primary sources, H2O, CO2, and O2,

giving rise to two pools with different d18O-values

(H2O and O2) from where oxygen atoms are incorpo-

rated into organic molecules with specific thermody-

namic and kinetic isotope effects, respectively. The
oxygen atoms derived from CO2 are very intimately

associated with (leaf) water by an oxygen isotope ex-

change reaction between carbonyl or carboxyl groups

(products from CO2) and water leading relatively rap-

idly to an oxygen isotope equilibrium. Capitalizing on

this fact, positional 18O-abundances in defined positions
of organic compounds can be explained or even pre-

dicted (Schmidt et al., 2001). Using this principle, for

example, the origin or the synthetic route of compounds

of unknown provenience have been deduced from their
18O-patterns (Fronza et al., 2002). It should be noted

that the method is well qualified to assess the origins

of oxygen atoms in metabolites from plants grown un-

der natural conditions. Due to the inherent error limita-
tions of the method, contributions of minor pathways

(<10%) cannot be determined accurately.

In this paper, we have analyzed the natural 18O/16O-

ratio of gallic acid from R. typhina. Preliminary results

have been reported as note added in proof in Schmidt

et al. (2001).
2. Results and discussion

In any of the discussed pathways the biosynthesis of

gallic acid is fundamentally based on the shikimate

pathway starting from phosphenol pyruvate (6) and

erythrose 4-phosphate (5) (Fig. 1). In the direct route,

5-dehydroshikimate (2) is dehydrogenated preserving

oxygen functions from the precursors 5 and 6. The phe-
nolic oxygen atoms in gallic acid are then biosyntheti-

cally equivalent to the oxygen atoms at the positions

1, 2, and 3 of erythrose 4-phosphate (5) (cf. Fig. 1).

On the basis of the published 18O/16O ratios of oxy-

gen atoms in carbohydrates of plants (Schmidt et al.,

2001), their d18O-values are predicted, taking into ac-

count a thermodynamic isotope effect, to be about

+30& above that of cellular water present during the
biosynthesis. If, on the other hand, gallic acid were syn-

thesised via phenylalanine (1) or protocatechuate (3), all

or at least one of the phenolic hydroxyl groups in gallic

acid must have been introduced by a monooxygenase

reaction with atmospheric O2 as oxygen source leading,

due to an implied kinetic oxygen isotope effect, to a

d18O-value of about +6&. As the isolation procedure

of gallic acid involves hydrolysis, the d18O-value of both
oxygen atoms of the carboxyl group will be determined

by an isotope equilibration with the hydrolysis water

implying an 18O-enrichment of +19& towards this oxy-

gen source (Schmidt et al., 2001).

Under these premises, young leaves (length, 1–3 cm)

of R. typhina were collected in the morning and the eve-

ning of a hot summer day. Leaf water was obtained by

lyophilization of plant material. After acidic hydrolysis
of the residual cell mass, gallic acid was extracted and

purified by HPLC and recrystallization. The purity of
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the compound was estimated as >98% by 1H and 13C

NMR spectroscopy (data not shown). Average d18O-

values of gallic acid, leaf water and the water used for

acid hydrolysis during work-up were determined by iso-

tope ratio mass spectrometry (IRMS) (Table 1).

Averaged d18O-values for the three phenolic oxygen
atoms can be calculated from the measured average

d18O-value of gallic acid and that of the carboxyl group

(which can be inferred from the d18O-value of the water

used for hydrolysis and the corresponding isotope shift

(+19&, see above).

As we do not know, whether the synthesis of gallic

acid takes place at all during the night, we cannot ex-

plain why the product isolated from leaves collected in
the morning with relatively 18O-depleted water is more

enriched in 18O than that isolated in the evening after

a hot day implying 18O-enrichment in the leaf water

(cf. Table 1). We have therefore used for the calculation

of the d18O-values of the phenolic OH-groups the mean

of the experimental global d18O-values of gallic acid

(+21.5&) as well as of the water (�2.1&). The following

equation has been used.

5�d18O½‰�average in gallic acid ¼ 2�ðd18O½‰�hydrolysis waterþ19Þ

þ3� d18O½‰�phenolic groups in gallic acid

� �

5 � 21:5 ¼ 2 � ð�10:4þ 19Þ

þ 3 � d18O½‰�phenolic groups in gallic acid

� �

d18O½‰�phenolic groups in gallic acid ¼ þ30:2

This d18O-value indicates an 18O-enrichment of the

hydroxyl groups of gallic acid of 32.3& above that of

the leaf water [+30.2–(�2.1)], a value at the upper limit

of carbohydrates and even slightly exceeding those

known so far for immediate descendents from carbohy-

drates (Schmidt et al., 2001).

Assuming that one of the hydroxyl groups of gallic

acid is introduced from molecular oxygen by a mono-
oxygenase reaction (d18O-value, +6&) (route C in Fig.

1), a corresponding calculation would yield an average
Table 1

Average d18O-values of gallic acid from different sources, of leaf water,

and of water used for the hydrolysis during work-up

Sample and origin d18O[&]V-SMOW

Gallic acid, commercial, unknown +17.7 ± 0.1

Gallic acid, R. typhina, 2001 +21.2 ± 0.7

Gallic acid, R. typhina, 2003 (1) +22.4 ± 0.2

Leaf water, R. typhina, 2003 (1) �4.5

Gallic acid, R. typhina, 2003 (2) +21.0 ± 0.2

Leaf water, R. typhina, 2003 (2) +0.3

Water used for hydrolysis �10.4

(1) Collection in the morning. (2) Collection in the evening.
d18O-value of +42.3& (44.4& above that of leaf water)

for the two others carbohydrate derived oxygen atoms.

Values of this order of magnitude have so far never been

described for naturally occurring compounds (Schmidt

et al., 2001). Only recently, in studies on the hetero-

trophic synthesis of cellulose from starch by wheat
seeds, Sternberg et al. (2003) reported for oxygen at

C-2 of the intermediate glucose a d18O-value of +49&

above that of water. On the other side, taking into ac-

count the generally found mean enrichment of �+30&

above that of water for carbohydrates, this exceptional

positional value would demand corresponding deple-

tions at other positions. Nevertheless, even if one pre-

sumes, although none of the oxygen atoms of
erythrose 4-phosphate is originating from the oxygen

atom at C-2 of glucose, a corresponding extreme enrich-

ment in one of the oxygen atoms of the tetrose and +6&

for its second one, still +39.8& would result for the

third oxygen atom. Such extreme 18O-enrichments for

two out of three oxygen positions in a carbohydrate

have no precedents and are not plausible (Schmidt

et al., 2001).
This supports the hypothesis that all three phenolic

OH-groups in the vast majority (>90%) of gallic acid

from R. typhina originate from erythrose 4-phosphate

(5) (route B in Fig. 1) and implies that the direct precur-

sor of gallic acid is 5-dehydroshikimate (2) and not prot-

ocatechuate (3). Indeed, a labile enzyme catalyzing the

NADP-dependent conversion of 5-dehydroshikimate

into gallic acid has been recently purified from birch
(Ossipov et al., 2003). It remains open whether ortho-

logs of this enzyme are associated with gallic acid forma-

tion in sumac and other plants.
3. Experimental

3.1. Plant accession

Young leaves (length, 1–3 cm) were cut from a local

tree of R. typhina. The plant material was stored for 2

weeks at �30 �C until work-up.

3.2. Isolation of leaf water

Leaves of R. typhina (30 g, fresh weight) were lyoph-
ilized. Water was collected from the cold trap as ice. The

ice was molten and the water was used for 18O-determi-

nation according to standard methods (Koziet et al.,

1995).

3.3. Isolation of gallic acid

Leaves of R. typhina (30 g, fresh weight) were tritu-
rated with liquid nitrogen. The plant biomass was then

treated with 1 M sulphuric acid (100 ml) at 98 �C for
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6 h. The solution was filtered and was then continuously

extracted with 300 ml of diethyl ether for 12 h. The or-

ganic phase was extracted twice with 75 ml of saturated

sodium bicarbonate. The aqueous solution was adjusted

to pH 1 by the addition of concentrated sulphuric acid

and was again extracted continuously with 150 ml of
diethyl ether. The organic phase was concentrated to 5

ml under reduced pressure. The solution was applied

to a column of silica gel (Merck, 2.5 · 39 cm). The col-

umn was developed with a mixture of diethyl ether/ethyl

acetate/formic acid (5:4:1, v/v). Gallic acid was eluted at

a retention volume of 140 ml. The fraction was concen-

trated to dryness under reduced pressure. Gallic acid

was crystallized from hot water (2 ml). The crystals were
collected and dried under reduced pressure (yield, 30

mg).

3.4. d18O-Value analysis by IRMS

The determination of the d18O-values 1 of the gallic

acid samples was performed in a ‘‘carbon reduction’’

system consisting of an autosampler (AS 128, CE Instru-
ments, Rodano, Italy), a high temperature elemental

analyser (TC/EA, Finnigan MAT, Bremen, Germany),

and an isotope ratio mass spectrometer (IRMS Deltaplus

XL, Finnigan MAT), coupled via a home-built interface

(‘‘ConFlo III’’) (Werner et al., 1999). The TC/EA system

resembles the one described by Kornexl et al. (1999a)

with a few modifications (reaction glassy carbon tube

filled solely with glassy carbon grit, any quartz wool re-
placed by Ag-wool, operation temp. 1450 �C) (Werner,

2003).

The samples and the laboratory reference standards

(2 batches of different benzoic acid lab standards with
18O-values of +23.06& and +71.40&) were applied in

solid samples silver capsules (Lüdi, purchased from

IVA, Meerbusch, Germany). The d18O-value (difference)

of both benzoic acid lab standards was confirmed by an
independent method (off-line decarboxylation; Santrock

and Hayes, 1985) by A. Schimmelmann (Indiana Uni-

versity, Bloomington, USA; Brand, Schimmelmann)

(Werner to be published). The standardisation scheme

of the carbon reduction measurements (analogous to

that described by Kornexl et al., 1999b) included the re-

quired SLAP/V-SMOW normalisation (Coplen, 1988),

and the measurement strategy and calculation of d18O-
values was analogous to that described by Werner and

Brand (2001).
1 d18O½‰�V-SMOW ¼ ð18O=16OÞSample

ð18O=16OÞV-SMOW
� 1

h i
� 1000. The international

standard for oxygen isotope ratio measurements is: V-SMOW, Vienna

Standard Mean Ocean Water with an 18O/16O ratio of (2005.20 ± 0.45)

* 10�6, according to international agreement.
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