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Abstract—The shikimate pathway produces the three proteinogenic aromatic amino acids, phenylalanine, tyrosine
and tryptophan, which are, in addition to several intermediates of the shikimate pathway, intermediates in the
biosynthesis of numerous aromatic natural products in higher plants. While there is only little difference in the
sequence of the chemical reactions of the pathway in bacteria, fungi and plants, considerable differences exist in the
organization and regulation of the shikimate pathway in plants, fungi and bacteria. The recent isolation and
characterization of cDNAs and genes coding for enzymes of the shikimate pathway in higher plants have confirmed
that plastids are the major, if not only site of aromatic amino acid biosynthesis in plants. Furthermore, the observed
differential spatial and temporal expression of genes coding for isozymes of the pathway indicates a complex

regulation that we are only beginning to understand.

INTRODUCTION

In nature, thousands of compounds are known which
contain one or more aromatic rings. These compounds
are predominantly synthesized via the shikimate path-
way and its many branches, the most prominent and
essential products being the three proteinogenic aromatic
amino acids, 1.e. phenylalanine, tyrosine and tryptophan.
The occurrence of the pathway is restricted to plants,
fungi and bacteria, therefore making aromatic amino
acids essential in the diets of animals. As important as the
aromatic amino acids are, they represent only a fraction
of known products of the shikimate pathway and are
themselves precursors to a myriad of other aromatic
natural products (for recent reviews, see [1-5]).

Due to the diversity of aromatic metabolism in various
classes of organisms, this review will be confined to the
plant kingdom. Our main aim is to provide a summary of
recent data on aromatic amino acid biosynthesis in high-
er plants, focusing on results obtained by applying tech-
niques of molecular biology.

Aromatic amino acids as structural units of proteins and
precursors of secondary metabolites

In plants, proteins are synthesized in three different
compartments: in the cytoplasm, in the plastids, and in

the mitochondria. Therefore, the aromatic amino acids
must either be synthesized in situ in the respective protein
synthesizing compartment or they are synthesized out-
side this compartment and have to be imported. In the
case of mitochondria, there is no evidence to suggest that
the aromatic amino acids are synthesized in these or-
ganelles; therefore, one can envisage carrier-mediated
transport of the aromatic amino acids across the
mitochondrial membranes. On the other hand, it is well
established by the work of Schultz and associates, that all
the three aromatic amino acids can be synthesized in
plastids [6, 7]. It is a matter of debate, however, whether
there is, in addition, a complete pathway in the cyto-
plasm, or whether the aromatic amino acids are syn-
thesized exclusively in the plastids [5,8-11].

All three aromatic amino acids, besides being struc-
tural units of proteins, serve as precursors of secondary
plant products and, in this respect, represent pathway
intermediates. Some of the shikimate pathway intermedi-
ates serve also as direct precursors of secondary plant
products. Some of these are widely represented across the
plant kingdom whereas others may be specific for only
certain plant species.

All three aromatic amino acids, as well as the tryp-
tophan precursor anthranilate are precursors in the bio-
synthesis of alkaloids [12, 13]. Furthermore, phenolic
compounds encompass a considerable range of substan-
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ces such as simple phenols, phenolic acids, acetophenols,
phenylacetic and hydroxycinnamic acids, phenyl-
propanes, (iso)coumarins, chromones, xanthones, stil-
benes, flavonoids, lignans, neolignans, lignins, catechol
melanins and others. All these classes of compounds are
derived either from phenylalanine and, to a limited ex-
tent, from tyrosine, or directly from shikimate pathway
intermediates [14, 15].

The chemical diversity of these compounds is also
reflected in the diversity of their function. In woody
plants, up to one third of photosynthetically fixed carbon
can be incorporated into lignin via phenylalanine and
hydroxycinnamyl alcohols [16]. Many plant pigments
and UV protectants [17] are derived from aromatic
amino acids, as well as some membrane constituents and
electron carriers [18], plant hormones [19], and
phytoalexins {20, 21].

Molecular biological techniques

Molecular biology provides techniques which can be
used to study problems of a biochemical or physiological
nature. These techniques thus complement more classical
methods and together, will ultimately allow a more com-
prehensive understanding of metabolism in the intact
plant. One advantage of molecular biological tools is the
fact that, as a rule, the interpretation of the results is
straightforward and unambiguous. Statistical evaluation
of the results is not usually required. The strategy used in
molecular biology follows a general path. The first step is
the isolation and characterization of the gene(s) and/or
cDNAC(s) of interest, which is a prerequisite for all other
analyses which can then be conducted. Several ap-
proaches are available to isolate cDNA clones encoding
an enzyme from higher plants. For shikimate pathway
enzymes, antibodies have been raised against purified
enzymes and used to screen cDNA expression libraries,
or enzymes were purified, their N-terminal or tryptic
peptide sequences determined and oligonucleotides cor-
responding to the amino acid sequences were used to
screen cDNA libraries. Probes generated by approaches
based on the polymerase chain reaction (PCR), as well as
fragments of yeast genes have also been used. Comple-
mentation of appropriate mutants of yeast and E. coli,
respectively, with plant cDNA libraries has been a suc-
cessful strategy to isolate certain genes.

Several methods have been established to analyse the
regulatory mechanisms of gene expression, such as
Northern blot analysis or promoter studies with pro-
moter—reporter gene fusions in transgenic plants. To
analyse regulatory mechanisms at the post-translational
level, various methods have been perfected, such as the
expression of antisense RNA in transgenic plants or the
overexpression of a given gene or cDNA. Expressing
a cDNA of interest in a heterologous system, e.g. yeast, E.
coli, or insect cells, may presently be the method of choice
to obtain large quantities of a protein compared to tedi-
ous purification from plant tissue, which frequently does
not even provide a homogeneous enzyme preparation.
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BIOSYNTHESIS OF THE AROMATIC AMINO ACIDS

Overview

As pointed out above, plants, fungi and bacteria are
able to synthesize the three aromatic amino acids via the
shikimate pathway. Most of the biochemical reactions in
the synthesis of phenylalanine, tyrosine and tryptophan
are identical in all three classes of organisms indicating
an ancient origin of the pathway. The shikimate pathway
can be divided into three parts. The pathway from phos-
phoenolpyruvate and erythrose 4-phosphate to choris-
mate is common for the synthesis of all three aromatic
amino acids, and hence is often called the prechorismate
pathway. Beyond chorismate, the shikimate pathway
branches into a pathway leading to phenylalanine and
tyrosine and into another one leading to tryptophan. The
only pronounced difference between plants, fungi and
bacteria can be seen in the branch leading to
phenylalanine and tyrosine (Fig. 2). In plants, the biosyn-
thetic sequence proceeds from chorismate via prephenate
to arogenate and then to either phenylalanine or
tyrosine. In Neurospora crassa and Saccharomyces
cerevisiae, the pathway diverges already after prephenate,
i.e. via phenylpyruvate to phenylalanine, and via 4-hy-
droxyphenylpyruvate to tyrosine. In many bacteria
either of the pathways or even both are present [10].

Other substantial differences between classes of organ-
isms able to synthesize the three aromatic amino acids
relate to the organization of the participating enzymes.
Whereas all enzymatic activities are separable from each
other in some bacteria [22], in some fungi the activities of
five consecutive steps of the prechorismate pathway re-
side on a single polypeptide, called arom complex
[23,24]. In plants, only the 3-dehydroquinate dehy-
dratase and the shikimate: NADP oxidoreductase activ-
ities are found as a bifunctional enzyme [25] (for EC
numbers see the respective subtitles). An arom complex
has also been described in Euglena gracilis [26]. The
organization of the enzymes of the pathway from choris-
mate to tryptophan is rather complex for the three classes
of organisms. In plants, all steps are catalysed by separ-
able enzymes [27, 28], whereas different multifunctional
enzyme complexes exist in bacteria and fungi [29]. In
Euglena gracilis, the organization of these enzymes seems
again to be different. The anthranilate phosphoribosyl
transferase, phosphoribosyl anthranilate isomerase, in-
dole-3-glycerol phosphate synthase and tryptophan syn-
thase activities could not be separated from each other,
which led to the conclusion that they are arranged in
a polyfunctional enzyme complex [30].

Compartmentation of the shikimate pathway in plants

The shikimate pathway appears to be the only amino
acid biosynthetic pathway for which a controversy exists
concerning its subcellular localization [5, 8-11]. As men-
tioned above, it is still a matter of debate whether or not
the shikimate pathway actually is a dual pathway, i.e.
whether two full sets of the biosynthetic pathway operate
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in two different subcellular compartments. The presence
of a plastidic pathway is well documented and generally
accepted, but a cytosolic pathway is, at least by some
groups working in the field, disputed. The presence or
absence of a cytosolic pathway has, of course, many
important physiological implications. If only a plastidic
pathway exists, aromatic amino acids, or possibly their
precursors, have to be transported out of the plastids into
the cytosol from where they can be allocated to other
organelles for utilization or storage. If an additional
cytosolic pathway exists, the aromatic amino acids pro-
duced in plastids are either exclusively utilized within
these organelles (which would imply that plastids are
autonomous with respect to the aromatic amino acids),
or their carrier-mediated exchange with the cytosol can
be envisaged. Such carriers must be postulated if only
a plastidic pathway exists.

Those authors in favour of a dual pathway have
speculated that the aromatic amino acids synthesized in
plastids are primarily utilized in protein synthesis (i.e.
both in the plastids and in the cytosol!), whereas those
synthesized in the cytosol are mainly utilized as precur-
sors in the synthesis of secondary plant products [5].
Considering that in this scenario the aromatic amino
acids need to be exported from the plastid for cytosolic
protein synthesis, little thought has been given to the
question of how separate pools of aromatic amino acids
are maintained in the cytosol. To add to the complexity,
a model of a dual pathway within plastids has been
proposed. The aromatic amino acids produced by one
pathway would be used for protein biosynthesis and
those produced by the other for the biosynthesis of sec-
ondary plant products [31]. However, this would imply
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the unlikely situation that the two pathways are either
sequestered in different compartments within the plastid
or within different plastids. But none of these specula-
tions is based on convincing experimental evidence. The
proportion of aromatic amino acids which is incorpor-
ated into proteins as compared to that which is utilized
for the synthesis of secondary plant products has never
been determined by any tissue by a metabolic flux analy-
sis.

The identification of cytosolic isozymes of the shiki-
mate pathway has mainly been based on biochemical
fractionation studies. But none of these activities has ever
been purified to homogeneity or their respective cDNAs
or genes cloned. Since fractionation methods invariably
produce results with a certain degree of inaccuracy, this
technique will not unambiguously solve the problem of
the existence of a cytosolic shikimate pathway. The puri-
fication of the enzymatic activities, and the isolation of
the corresponding genes will be required to provide
meaningful answers to these questions.

The enzymes of the shikimate pathway

The prechorismate pathway
3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase
(EC 4.1.2.15). 3-Deoxy-D-arabino-heptulosonate 7-phos-
phate (DAHP) synthase is the first enzyme of the
prechorismate pathway and catalyses the condensation
of phosphoenolpyruvate and erythrose 4-phosphate to
yield DAHP. DAHP synthase activity has been demon-
strated in extracts from tissues of several plant species,
often resulting in the demonstration of the presence of
two different isozymes. One of these is stimulated exclus-
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Fig. 1. The pathway from erythrose 4-phosphate to chorismate. The enzymes are: 1, 3-deoxy-D-arabino-hep-

tulosonate 7-phosphate synthase; 2, 3-dehydroquinate

synthase; 3, 3-dehydroquinate dehydratase; 4, shikimate:

NADP oxidoreductase; 5, shikimate kinase; 6, S-enolpyruvylshikimate 3-phosphate synthase; 7, chorismate
synthase.
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ively by Mn?*, whereas the other requires either Co?™,
Mg2*, or Mn2?* for activity. For Nicotiana silvestris,
spinach and parsley, the Mn?* stimulated DAHP syn-
thase isozyme has been assigned to the chloroplast
[32, 33], whereas the Co?* requiring isozyme appears to
be located in the cytoplasm. Extractable DAHP synthase
activity can be induced by wounding [34, 35], elicitor
treatment [33, 36], and light [36], correlating with the
accumulation of secondary metabolites derived from the
shikimate pathway. Elicitor treatment of suspension cul-
tured parsley cells, or wounding of potato tubers induces
only the plastidic DAHP synthase isozyme but not the
cytosolic form. As both treatments lead to enhanced
secondary product synthesis, it follows from this observa-
tion that the plastidic isozyme must be involved in sec-
ondary product synthesis, contrary to the postulate of
the dual pathway hypothesis. The induction by élicitor,
wounding, or light appears to be due to an induced
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expression of the corresponding gene, since the induction
by the elicitor can be inhibited by both cycloheximide
and actinomycin D, and also because the abundance of
DAHP synthase-specific mRNA increases after wound-
ing of potato and tomato tissues [33, 34]. cDNA clones
encoding DAHP synthases have been isolated from sev-
eral plant species, which based on comparisons of the
deduced amino acid sequences, seem to be plastid-speci-
fic (Table 1). It is interesting to note that the similarity
between the amino acid sequences of the plant and
microbial DAHP synthases is rather low when compared
with other enzymes of the pathway (see below). The
identity between the DAHP synthase sequences of tom-
ato, potato, tobacco, and Arabidopsis is in the range of
74-98% [37], while the identity between the plant and
microbial enzymes is only in the range of 11-16%
[38-40]. A comparison of DAHP synthase sequences
within the Solanaceae revealed that they fall into two

Table 1. Enzymes of the shikimate pathway in higher plants of which cDNAs and genes have been isolated

3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase:

Isolated cDNAs: two from Solanum tuberosum {38, 123]
one from Nicotiana tabacum [40]
two from Arabidopsis thaliana [39]
two from Lycopersicon esculentum [37]
Isolated genes: two from Arabidopsis thaliana [39]
3-Dehydroquinate dehyratase-shikimate: NADP oxidoreductase:
Isolated cDNAs: one from Pisum sativum [47]
one from Nicotiana tabacum [47a]
Shikimate kinase:
Isolated cDNAs: one from Lycopersicon esculentum [50]

Isolated genes: one from Lycopersicon esculentum J.S. and N.A., unpublished results

5-Enolpyruvylshikimate 3-phosphate synthase:

Isolated cDNAs: one from Petunia hybrida [54]
one from Lycopersicon esculentum [55]
Isolated genes: one from Arabidopsis thaliana [56]
one from Petunia hybrida [55]
one from Brassica napus [56a]
Chorismate synthase:
Isolated cDNAs: one from Corydalis semperrierens [65]
two from Lycopersicon esculentum [66]
Isolated genes: two from Lycopersicon esculentum [67]
Chorismate mutase:
Isolated cDNAs: one from Arabidopsis thaliana [79]
Anthranilate synthase a-subunit:
Isolated cDNAs: two from Arabidopsis thaliana [31]
Isolated genes: two from Arabidopsis thaliana [31]
Anthranilate synthase S-subunit:
Isolated cDNAs: two from Arabidopsis thaliana 971
Isolated genes: three from Arabidopsis thaliana [97]
Anthranilate phosphoribosy] transferase:
Isolated cDNAs: one from Arabidopsis thaliana [99]
Isolated genes: one from Arabidopsis thaliana [99]
Tryptophan synthase f-subunit:
Isolated cDNAs: two from Zea mays [102]

Isolated genes: two from Arabidopsis thaliana [28, 103]
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groups. In tomato and potato, a higher divergence is
found between the respective gene pairs within the same
organism as compared to the corresponding genes in
different plant species [37]. The two Arabidopsis DAHP
synthase genes (DHS1 and DHS2), which both encode
plastidic enzymes, respond differentially to wounding
and pathogenic attack [39]. The level of only the DHS1-
specific RNA increased in leaves which had either been
physically wounded or infiltrated with pathogens. The
two tomato DAHP synthase genes (LeDHS! and
LeDHS2) which both code for putative plastidic DAHP
synthase isozymes, differ completely in their organ-speci-
fic expression [37,41]. Southern blot analyses strongly
suggest that no related genes exist other than those of
which the corresponding cDNAs have been isolated [37].
In tomato, the patterns of the crgan-specific expression
of the two DAHP synthase genes differ strongly from
each other, and both are again different from those of
other genes of prechorismate pathway enzymes (i.e. shiki-
mate kinase, S-enolpyruvylshikimate 3-phosphate syn-
thase and chorismate synthase) [41]. There is at most
a two-fold difference of LeDHS1-specific transcripts be-
tween their lowest abundance in stems and their highest
abundance in flowers. The differences in the abundance
of the LeDHS2-specific transcripts are far more pro-
nounced. There is a 16-fold difference between the
mRNA levels in leaves as compared to roots [41]. In
roots, in particular, its abundance is extremely high com-
pared to that in the other organs. The differential expres-
sion patterns of the two DAHP synthase genes indicate
their differential regulation which sets them clearly apart
from each other as well as from the other analysed genes
of the prechorismate pathway enzymes from tomato
[41]. Analysis of the effect of different elicitors on the two
DAHP synthase genes in suspension cultured tomato
cells revealed that only one of them (LeDHS2) was in-
duced. The abundance of LeDHS2-specific transcripts
reached a peak after four to five hours which was about
15 times higher than that before addition of the elicitor
[Gérlach et al., unpublished results].

The relationship between the two groups of plastidic
DAHP synthase isozymes analysed at the DNA level on
the one hand, and separable cytosolic and plastidic
DAHP synthase activities analysed biochemically on the
other hand, is presently not clear at all. The cytosolic and
the plastidic proteins must be structurally very different.
The cytosolic enzyme from potato, for example, is not
recognized by antibodies raised against the plastidic po-
tato DAHP synthase [35]. Furthermore, the sequences of
the genes encoding the cytosolic and the plastidic forms
are expected to be different to such an extent that they do
not cross-hybridize and are undetectable in Southern
blots. Lastly, they have not been detected in PCR experi-
ments. Alternatively, the cytosolic enzyme may not even
be a specific DAHP synthase after all, because 1t readily
uses aldehydes other than erythrose 4-phosphate as sub-
strates and, in fact, exhibits the highest catalytic turnover
with glycolaldehyde [42]. Consequently, a more appro-
priate name for this enzyme may be 4.5-dihydroxy-2-
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oxovalerate synthase and its involvement in DAHP syn-
thesis in planta appears questionable.

3-Dehydroquinate synthase (EC 4.6.1.3). 3-Dehydro-
quinate (DHQ) synthase catalyses the conversion of 3-
deoxy-D-arabino-heptulosonic acid 7-phosphate to 3-de-
hydroquinate, i.e. the cyclization step in the shikimate
pathway. DHQ synthase requires Co?* and bound
NAD* as cofactor. So far neither a cDNA clone nor
a gene coding for DHQ synthase have been isolated.
3-Dehydrocuinate dehydratase (EC 4.2.1.10)-shikimate:
N ADP oxidoreductase (EC 1.1.1.25). In higher plants, the
next two steps of the prechorismate pathway are
catalysed by the bifunctional enzyme 3-dehydroquinate
dehydratase (DHQase)-shikimate; NADP oxidoreduc-
tase (SORase), catalysing the two sequential reactions
from 3-dehydroquinate to shikimate via 3-dehydroshiki-
mate. The pea enzyme has been purified to homogeneity
and an apparent molecular mass of 59 x 10°M, was de-
termined. By chromatofocusing techniques, three iso-
forms were separated, two of which appear to be of
plastidic origin [43]. The extractable activities of the pea
isozymes are found in a tissue- and a developmental-
specific manner [44]. Wounding of roots of sweet potato
leads to an increase in SORase activity [45]. An ageing-
specific expression of SORase activity, which was not
affected by ethylene, was reported in swede root disks
[46]. The pea enzyme was purified to near homogeneity
and the amino acid sequence of tryptic peptides used to
generate oligonucleotides which allowed the isolation of
DHQase-SORase specific PCR fragments [47]. A near
full length cDNA clone encoding the bifunctional enzyme
has been isolated from tobacco and was shown to comp-
lement both the aroD and aroE mutants of E. coli [47a].
Shikimate kinase (EC 2.7.1.71). Shikimate kinase (SK)
phosphorylates shikimate to yield shikimate 3-phos-
phate. Schmidt and Schultz [48] described a stimulation
of the spinach SK activity by thioredoxin but more
recent data have not confirmed this observation [49; A.
Schaller and N.A., unpublished results]. A cDNA clone
encoding SK has been isolated from tomato [50]. The
N-terminal section of the deduced amino acid sequence
resembles known chloroplast transit peptides, and the
existence of such a signal peptide was proven by the
uptake and processing of the in vitro synthesized peptide
by isolated chloroplasts. The precursor peptide is enzym-
atically active, as it catalyses the phosphorylation of
shikimate in the presence of ATP in a time-dependent
manner [50]. The isolation of the SK gene and Southern
blot analysis are consistent with the existence of only one
SK gene per haploid genome in tomato [J. S. and N. A,,
unpublished results]. This gene is expressed in an or-
gan-specific manner similar to the expression of the 5-
enolpyruvylshikimate 3-phosphate synthase gene and the
two chorismate synthase genes of tomato. The abund-
ance of SK-specific transcripts was highest in flowers,
lower in roots and again lower in stems, cotyledons and
leaves [41]. The gene is also induced by elicitors. The
abundance of transcripts in suspension cultured tomato
cells reached its maximum already two hours after addi-
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tion of the elicitor and the magnitude of induction was
about 17 times the control level (Gorlach et al., unpub-
lished results).

5-Enolpyruvylshikimate  3-phosphate  synthase (EC
2.5.1.19). 5-Enolpyruvylshikimate 3-phosphate (EPSP)
synthase catalyses the addition of the enolpyruvyl moiety
of phosphoenolpyruvate to the 5-hydroxyl group of
shikimate 3-phosphate. This enzyme is the best analysed
of the shikimate pathway because of the interest in it as
the target of the broad-spectrum herbicide glyphosate
[51]. In pea, most of the enzyme activity was localized in
chloroplasts and only a minor fraction could be detected
in the cytosolic fraction [9]. Three different isoforms
have been characterized in Sorghum bicolor, but their
subcellular localization has not been determined [52].
The three-dimensional structure of the Escherichia coli
enzyme has been solved by crystallographic techniques
[53]. Several EPSP synthase genes and ¢cDNA clones
have been isolated from higher plants: one cDNA clone
and the corresponding gene from Petunia hybrida
[54,55], one cDNA clone from tomato [55] and one
gene each from Arabidopsis [56] and Brassica napus
[56a]. Two EPSP synthase genes per haploid genome
seem to be present in tomato and Arabidopsis [55, 56].
All EPSP synthase-specific genes and cDNAs isolated so
far encode plastidic enzymes. While in tomato one gene
has been analysed in detail, the second gene was detected
only by genomic Southern blot analysis. It was postu-
lated that it also encodes a chloroplastic isozyme since
the restriction fragment can also be detected with a tran-
sit peptide-specific probe (G.M. Kishore, personal com-
munication). Both the petunia and the Arabidopsis EPSP
synthase genes have seven introns at precisely the same
positions. The Arabidopsis gene is significantly smaller
than the petunia gene which is exclusively due to smaller
intron sizes [56]. The identity between the protein se-
guences of the mature enzymes is 84% between petunia
and Arabidopsis, and 93% between petunia and tomato.
The sequences of the transit peptides of the three EPSP
synthases are far more divergent than those of the mature
enzymes. The respective homologies between the petunia
and Arabidopsis sequences on the one hand, and between
petunia and tomato sequences on the other hand are 23
and 58%, respectively [55, 56].

The EPSP synthase genes are differentially expressed
in organs of petunia. The highest steady-state level of
EPSP synthase mRNA was found in petals, less in an-
thers and barely detectable levels were found in leaves
and pistils of mature plants. In seedlings, mRNA levels
are high in roots and stems and much lower in leaves
[55]. In tomato, in contrast, the levels of EPSP synthase
mRNA vary only slightly between pistils, anthers, petals
and leaves [55]. Compared with other tomato genes
encoding enzymes of the prechorismate pathway, the
organ-specific expression pattern of the EPSP synthase
gene is similar to that of the shikimate kinase gene and
the two chorismate synthase genes [41]. The expression
of the tomato EPSP synthase gene can also be induced
by different elicitors [Gorlach er al., unpublished results].
The tissue-specific expression has been analysed in trans-
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genic petunia and tobacco plants harbouring a reporter
gene  (chloramphenicol acetyltransferase or f-
glucuronidase) under the control of an EPSP synthase
promoter fragment [57, 58]. In petunia seedlings, the
expression was strongest in root cortex cells and in
trichomes [58]. The results of these experiments also
confirmed the observation that the EPSP synthase genes
are highly expressed in petunia petals whereas in petals of
transgenic tobacco plants no expression above back-
ground could be detected. Histochemical analysis
showed that the expression was restricted to the upper
and lower epidermis of leaves, the vascular tissue, and the
mesophyll of mature petunia petals. In the reproductive
parts of the flower, the expression was restricted to im-
mature ovules and pollen. In transgenic tobacco plants,
expression was found in pollen [57]. A detailed analysis
of a petunia EPSP synthase promoter in transgenic petu-
nia provided evidence that the minimal sequence re-
quired for high level expression in petals is larger than
500 base pairs (bp). Two different promoter fragments,
each about 500 bp long, confer tissue-specific expression
of a reporter gene which indicates a functional redund-
ance for the transcriptional regulation of this EPSP syn-
thase gene [58].

Chorismate synthase (EC 4.6.1.4). The last common step
in the synthesis of all three aromatic amino acids,
catalysed by chorismate synthase (CS), is the formation
of chorismate by a 1,4-trans elimination of phosphoric
acid from 5-enolpyruvylshikimate 3-phosphate [59]. CS
is one of a few known enzymes which require flavin and
yet catalyse a reaction that does not appear to involve
a change in the redox state of the substrate(s) (for a re-
view, see [60]). In the case of CS the flavin has recently
been shown to be actively involved in the catalytic cycle
and a flavin adduct has been proposed as a reaction
intermediate [61]. CS was the last enzyme of the shiki-
mate pathway, the activity of which was discovered in an
extract from a higher plant. It was first described from
Pisum sativum seedlings, and at least part of the activity
was found in chloroplasts [62]. The CS activity has been
purified to homogeneity from a Corydalis sempervirens
cell culture [63] and 1200-fold from Euglena gracilis
[64]. A comparative study of CS from E. gracilis, a higher
plant (C. sempervirens), a bacterium (Escherichia coli) and
a fungus (Neurospora crassa) revealed that these enzymes
are very similar in terms of cofactor specificities, kinetic
properties, isoelectric points and pH optima. All four
enzymes react with polyclonal antisera directed against
CS from either C. sempervirens or E. coli. The closely
associated flavin mononucleotide reductase activity pres-
ent in CS preparations from E. gracilis and N. crassa, in
contrast to the monofunctional CS enzymes from C.
sempervirens and E. coli, is the main distinguishing fea-
ture amongst CS from these sources [64].

A CS-specific cDNA clone from the higher plant C.
sempervirens was first isolated by screening a ¢cDNA
expression library with a monospecific antiserum [65].
Recently also tomato CS ¢cDNA clones were obtained
[66]. The deduced amino acid sequence of the C. semper-
virens CS is 48% identical to the E. coli sequence which is
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substantially higher than, for example, the homology of
plant DAHP synthases to their bacterial counterparts,
but within the range of EPSP synthase sequence homolo-
gies between higher plants and E. coli. The amino ter-
minal domains of the plant sequences do not correspond
to the E. coli sequence, but show striking similarities to
known plastid-specific transit peptides. Northern and
Southern blot analyses are consistent with the presence
of only one CS gene per haploid genome of C. semper-
virens [65], but there are at least two CS genes in tomato
[66]. Analysis of the 3'-ends of different CS ¢cDNA clones
from C. sempervirens revealed a heterogeneity of the
poly(A) addition sites. Out of seven analysed cDNAs
only two clones contained the same 3'-end [65]. Similar
observations were made when DAHP synthase, shiki-
mate kinase and CS specific cDNA clones from tomato
were analysed [37, 50, 66]. There is no evidence, how-
ever, that these different polyadenylation sites have any
physiological or regulatory significance for CS expres-
sion.

Southern blot analyses strongly suggest that no related
genes exist in tomato other than those of which the
corresponding cDNAs have been isolated (LeCS1 and
LeCS2; [66]). The organ-specific expression appears to
be identical for the two genes, with the only difference
that the abundance of transcripts of one gene (LeCS1) is
consistently higher than that of the other one (LeCS2;
[41,66]). The pattern of high steady-state levels of
LeCS1- and LeCS2-specific transcripts in flowers and
roots as compared to leaves, cotyledons and stems, is
comparable to the expression pattern of the shikimate
kinase gene and the EPSP synthase gene in tomato [41].

0 COOH
COOH
HOOC,,,.. Glu
CH,
D S T
Y (] COOH Y
OH OH
chorismate prephenate
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Only one of the two CS genes (LeCS1) was induced by
elicitors in suspension cultured tomato cells (Gorlach et
al., unpublished results). In tomato, additional CS
isozymes may be generated by a differential processing of
primary transcripts. The LeCS2-specific primary tran-
script is alternatively spliced which may lead to the
synthesis of a third type of CS [67]).

The pathway from chorismate to phenylalanine and
tyrosine
Chorismate mutase (EC 5.4.99.5). Chorismate mutase
(CM) is the first enzyme of the branch of the pathway
leading to phenylalanine and tyrosine and catalyses the
intramolecular rearrangement of the enolpyruvyl side
chain of chorismate to form prephenate. The activity has
been found in a variety of higher plants, often existing as
two (CM-1 and CM-2) or even three separable isozymes
[68-74]. The enzymatic properties of different CM
isozymes have been studied in detail in mung bean [75],
Nicotiana silvestris [72], Sorghum bicolor [73,74] and
Solanum tuberosum [76,77]. One CM isozyme (desig-
nated CM-1) is activated by tryptophan and feedback
inhibited by phenylalanine and tyrosine, whereas a sec-
ond isozyme (CM-2) is insensitive to the aromatic amino
acids. In N. silvestris, the CM-1 activity was reported to
be localized in plastids, while the CM-2 activity was
recovered from the cytoplasmic fraction [33,78]. The
ratio of the activities of CM-1 to CM-2 in aged potato
tuber disks is 9: 1 whereas it is 1:4 in green leaves. This
observation suggests an organ-specific regulation of the
expression of these isozymes [77]. Wounding of potato
tubers produces a 4.5-fold increase in CM activity within
48 hr (The two forms were not differentiated.). This in-
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NH,
OH
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Fig. 2. The pathway from chorismate to phenylalanine and tyrosine. The enzymes are: 8, chorismate mutase; 9,
prephenate aminotransferase; 10, arogenate dehydratase; 11, arogenate dehydrogenase.
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crease is completely inhibited by cycloheximide or ac-
tinomycin D, suggesting de novo synthesis of CM and the
corresponding mRNA under these conditions [76].
Complementation of a CM ™ yeast mutant with a com-
plete Arabidopsis thaliana cDNA library led to the identi-
fication and characterization of a cDNA coding for CM
[79]. The deduced amino acid sequence exhibited a se-
quence identity of 41% with the CM sequence of Sac-
charomyces cerevisiae. Hardly any similarity was found in
known sequences of bacterial chorismate mutases. The
N-terminal region of the deduced Arabidopsis sequence
did not correspond to the S. cerevisiae sequence, but
rather resembled known plastidic transit peptides [80].
The Arabidopsis enzyme expressed in yeast is regulated
by the three aromatic amino acids as has been reported
for plant chorismate mutases of the CM-1 type [79].
Prephenate aminotransferase (EC 2.6.1)). The last com-
mon step in the biosynthesis of phenylalanine and
tyrosine, the transamination of prephenate to arogenate,
is catalysed by the prephenate aminotransferase (PAT).
PAT was isolated from different tissues of Sorghum bi-
color leaves and is predominantly located in plastids
[81]. The activity was purified to homogeneity from
cultured Anchusa officinalis cells. The enzyme had an
apparent molecular mass of 220x 10°M, and the
subunits had apparent molecular masses of 44 and
57 % 103M,, respectively, indicating a possible a,f,
subunit structure [82]. So far neither a cDNA clone nor
a gene coding for this enzyme have been isolated.
Arogenate dehydratase (EC 4.2.1.). The final step in the
biosynthesis of phenylalanine is catalysed by the
arogenate dehydratase which converts arogenate to
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phenylalanine thereby forming the aromatic ring. The
enzyme activity is competitively inhibited by
phenylalanine and is stimulated by tyrosine [83]. In
a Nicotiana silvestris suspension culture, the arogenate
dehydratase activity changes with growth conditions
[84]. So far neither a cDNA clone nor a gene coding for
this enzyme have been isolated.

Arogenate dehydrogenase (EC 1.3.1.43). Arogenate de-
hydrogenase catalyses the last step in the biosynthesis of
tyrosine. Tyrosine, but neither phenylalanine,
prephenate, tryptophan, or the tryptophan analogue 6-
fluoro-DL-tryptophan, is a very effective inhibitor of
arogenate dehydrogenase [85-87]. So far neither
a cDNA clone nor a gene coding for this enzyme have
been isolated.

The pathway from chorismate to tryptophan
Anthranilate synthase (EC 4.1.3.27). Anthranilate syn-
thase (AS), the first enzyme of the tryptophan-specific
branch of the shikimate pathway, catalyses the formation
of anthranilate by elimination of the enolpyruvyl side
chain of chorismate accompanied by a glutamine do-
nated amino transfer. In microorganisms, AS is com-
posed of two non-identical subunits: an a-subunit which
binds chorismate and carries out its aromatization, and
a f-subunit, which transfers the amino group from
glutamine (for reviews, see [88, 89] ). The a-subunit con-
tains the tryptophan binding site, responsible for feed-
back inhibition of the enzyme by the end product of this
branch [90, 91].

AS activities have been reported from several plant
species. As in microorganisms, AS activity is inhibited by
tryptophan but neither by phenylalanine or tyrosine
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GAP +HO  Ser oH CO+ HO CooH QH
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tryptophan indole-3-glycerol phosphate enol-1-carboxyphenylamino-
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Fig. 3. The pathway from chorismate to tryptophan. The enzymes are: 12, anthranilate synthase; 13, anthranilate
phosphoribosyl transferase; 14, phosphoribosyl anthranilate isomerase; 15, indole-3-glycerol phosphate synthase;
16, tryptophan synthase.
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[92], but feedback resistant forms of AS have been re-
ported for potato [93], Nicotiana otophora and Nicotiana
tabacum [94]. The activity is localized in etioplasts of
dark grown pea seedlings [95] and in leucoplasts of
Juglans regia seeds [96]. In tobacco plants and cultured
cells, the two isozymes were localized in different com-
partments: the tryptophan sensitive form was recovered
from the particulate fraction, and the tryptophan resis-
tant form was assigned to the cytoplasm [94]. The appar-
ent molecular masses of the two isozymes were deter-
mined to be 150 x 10°M, and 200 x 10*M, for the sensi-
tive and the resistant forms, respectively [94].

From Arabidopsis thaliana, two genes coding for AS
a-subunits (ASA1 and ASA2) and three genes coding for
AS B-subunits (ASB1, ASB2 and ASB3) were cloned by
screening a library with a yeast probe and by comp-
lementing an E. coli mutant, respectively [31,97]. The
identity of the two deduced amino acid sequences of
ASA1 and ASA2 is 67%. The identity to microbial se-
quences is in the range of 30-36%. The peptide domain
which has been shown to be involved in feedback inhibi-
tion by tryptophan in bacteria, is conserved in both
Arabidopsis AS a-subunits. The N-terminal regions of the
plant sequences are characteristic of plastid-specific tran-
sit peptides and are absent from the corresponding
microbial proteins [31,97]. The steady-state levels of
ASA1- and ASA2-specific mRNAs vary in different Ara-
bidopsis tissues. The ASA1 and mRNA is about 10-fold
more abundant than the ASA2 mRNA, and the ASBI
gene is the predominantly expressed ASB gene. The
abundance of ASA1-specific transcripts was found to be
highest in roots and levels, lower in stems, and undetect-
able in flowers, developing siliques, and mature, dry
seeds. ASA2-specific transcripts were, although at a re-
duced level with respect to ASAI, detectable in roots,
stems, leaves and developing siliques. In leaves, the ex-
pression of the ASAl-specific mRNA was induced by
wounding or by infiltration with pathogenic
Pseudomonas strains, whereas the level of ASA2-specific
transcripts gradually declined after either treatment [31].
The expression of at least one of the ASB genes was also
induced by pathogenic Pseudomonas strains [97].
Anthranilate phosphoribosyl transferase (EC 2.4.2.18).
The conversion of anthranilate to N-phosphoribosyl
anthranilate is catalysed by the anthranilate phos-
phoribosyl transferase (APRT) which involves the addi-
tion of the phosphoribosyl moiety of 5-phosphoribosyi
1-pyrophosphate to the amino function of anthranilate.
APRT activity was found in plastids isolated from peas
[95] and Juglans regia [96]. Screening for Arabidopsis
tryptophan auxotrophs was based on selection for
growth on media containing a mixture of S5-methylan-
thranilate and tryptophan. In contrast to previous ex-
periments which led only to the isolation of amino acid
auxotrophic plant cells in culture, this strategy resulted in
the identification of the first amino acid auxotroph at the
whole plant level. The mutant Arabidopsis (trpl) lacks the
APRT activity [98]. An APRT-specific cDNA clone from
Arabidopsis has been isolated by complementation of an
E. coli strain (trpD) which is defective for the APRT
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activity. The N-terminal region of the deduced amino
acid sequence was not found in microbial APRT se-
quences and resembles plastid-specific transit peptides.
The corresponding gene from Arabidopsis was cloned
and RFLP mapping showed that it is the one which is
defective in the mutant trpl [99].

Phosphoribosyl anthranilate isomerase (EC 5.3.1.). The
Amadori rearrangement of N-phosphoribosyl anthrani-
late to enol-1-carboxyphenylamino-1’-deoxyribulose 5-
phosphate is catalysed by the phosphoribosyl anthrani-
late isomerase (PRAI). PRAI activity has been localized
in pea and Juglans regia plastids [95, 96]. So far neither
a cDNA clone nor a gene coding for this enzyme have
been isolated.

Indole-3-glycerol phosphate synthase (EC 4.1.1.48). The
next step in the biosynthesis of tryptophan is catalysed by
indole-3-glycerol phosphate synthase (InGPS) which
converts enol-1-carboxyphenylamino-1'-deoxyribulose
S-phosphate to indole-3-glycerol phosphate by decar-
boxylation, followed by ring closure of the side chain.
InGPS activity has been localized in plastids of pea
Juglans regia {95, 96]. So far neither a cDNA clone nor
a gene coding for InGPS have been isolated.
Tryptophan synthase (EC 4.2.1.20). Tryptophan synthase
(TS) catalyses the final step in the biosynthesis of tryp-
tophan. The holoenzyme is a tetramer of two dissimilar
subunits: one component (called either TS subunit-a,
A component, of TRPA) catalyses the reaction from
indole-3-glycerol phosphate to indole and glyceral-
dehyde 3-phosphate (G3P), and the second component
(called either TS subunit-8, B component, or TRPB)
catalyses the conversion of indole and serine to tryp-
tophan. TS activity has been found in several plant spe-
cies. A tryptophan-auxotrophic callus culture of Hyos-
cyamus muticus probably carrying a mutation in the
a-subunit of TS has been described [100]. The maize
mutant orange pericarp is caused by recessive mutations
in the two unlinked genes orpl ans orp2 [101]. This
mutant accumulates both anthranilate and indole, which
implies some defect in the biosynthesis of tryptophan.
Further analysis revealed that the orp mutant is deficient
in the activity of the TS B-subunit. Two different cDNA
clones (corresponding to the genes TSB1 and TSB2) were
isolated from maize which code for TS B-subunits. Their
deduced amino acid sequences are 98% identical [102].
Restriction fragment length polymorphism mapping was
used to establish the location of the two genes in the
maize genome. TSB1 is located at position 76 on chro-
mosome 4 and TSB2 at position 41 on chromosome 10,
in good agreement with the genetic mapping data of orpl
and orp2, and thus strongly suggesting mutations in both
TS B-subunit genes in the orp mutant [102]. A ¢cDNA
and the corresponding gene (TSB1), and a second gene
(TSB2) encoding the TS f-subunit have been isolated
from Arabidopsis [28,103]. The N-terminal portion of
the deduced amino acid sequences again have several
features characteristic of chloroplast transit peptides. The
identity of the two TS f-subunits is more than 95%
(excluding the signal peptides), and the homology to
TRPB sequences of several microorganisms is in the



746

range of 50-65% [28]. Southern blot analysis strongly
supports the presence of only two TS f-subunit genes in
Arabidopsis. Both genes have been mapped: TSB! is
localized on chromosome 5 and TSB2 on chromosome 4.
Neither the TSB1 nor the TSB2 gene is fused to a gene
coding for the x-subunit, suggesting that the «- and B-
subunits of Arabidopsis, and most likely of all higher
plants, are encoded by separate genes. A tryptophan-
requiring Arabidopsis mutant (trp2-1) has been identified.
This mutant has only about 10% of the wild-type TS
activity. The mutation is correlated with a polymorphism
in the TSB1 gene, strongly suggesting that trp2-1 is muta-
ted in TSBI [103].

The organ- and tissue-specific expression of the two
Arabidopsis TSB genes was analysed in detail by deter-
mining the abundance of specific transcripts in different
organs and by analysing the expression of pro-
moter—reporter ( S-glucuronidase) gene fusions in trans-
genic Arabidopsis plants [103, 104]. The expression of the
TSBI1 gene varied in an organ-specific manner in contrast
to the expression of the TSB2 gene which did not show
any variation between different organs. The abundance
of TSBI transcripts was highest in leaves, less in stems,
roots and flower buds and even less in seed pods.

DISCUSSION

Does a dual shikimate pathway exist?

The available evidence for a dual shikimate pathway is
solely based on isozyme analysis in subcellular fractions.
Putative cytosolic isozymes have been described for
DAHP synthase [32, 33], DHQase-SORase [43], EPSP
synthase [9], CM [33, 78] and AS [94]. The substrate
ambiguity of the cytosolic Co?*-dependent DAHP syn-
thase has been pointed out above. Another enzyme,
which complicates the analysis of DAHP synthase activ-
ities, is the 3-deoxy-D-manno-octulosonate 8-phosphate
synthase, which also possesses some DAHP synthase
activity [105].

For DHQase—SORase, the results are again contradic-
tory. By analysis of different plant species, several groups
provided evidence for cytosolic isozymes [43, 106], while
other groups have found only plastidic isozymes [107].
One must ask here to which extent a cytoplasmically
synthesized precursor enzyme (destined for import into
a plastid) could account for the respective enzymatic
activity of ‘cytosolic’ isozymes [9], since the precursors of
SK and EPSP synthase have been proven to be enzym-
atically active [50,108]. No information is available,
however, on the specific activities of the precursors and
their steady-state levels in the cytosol, nor on the propor-
tion of precursor to mature protein in a cell. But recent
complementation experiments in our laboratory using
a CS deficient E. coli strain indicated that the CS precur-
sors of tomato are devoid of enzymatic activity, while the
mature enzymes have full activity under these conditions
[67]. This therefore suggests that chorismate may not be
synthesized in the cytosol.
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Without exception, cDNAs and genes encoding en-
zymes of the shikimate pathway from higher plants
which have been cloned to date in our as well as in other
laboratories encode proteins with an N-terminal, pre-
sumably plastid-specific transit peptide, which would
lend no support to the existence of a complete cytosolic
pathway. An explanation which cannot be ruled out as
yet is the possible presence of cytosolic isozymes which
are structurally grossly dissimilar to those already iso-
lated. Again another possibility which could explain the
occurrence of cytosolic isozymes, would be the presence
of separate pathways which, at least in part, overlap the
shikimate pathway. Quinic acid, for example, is
catabolized by such a pathway in certain fungi which is
encoded by the ga gene cluster in Neurospora crassa
[109] and the QUT cluster in Aspergillus nidulans [110].
These fungi can utilize quinic acid as sole carbon source
by first converting it to protocatechuic acid via 5-dehyd-
roquinate and 5-dehydroshikimate, followed by ring fis-
sion. In N. crassa, the conversion of 5-dehydroquinate to
5-dehydroshikimate is catalysed by the ga-2 gene prod-
uct which is a monofunctional isozyme of the dehyd-
roquinate dehydratase domain of the arom complex
{109].

An unexpected, and as yet not fully documented find-
ing reported by Herrmann and coworkers [109a] further
complicates the issue of the localization of the shikimate
pathway enzymes in the plant cell. Using polyclonal
monospecific antibodies against the purified potato tuber
DAHP synthase in immunocytochemical experiments,
these authors found the majority of the antigen localized
to the secondary cell wall of the xylem, i.e. in the apo-
plast. On the other hand the in vitro synthesized DAHP
synthase precursor was taken up and processed by iso-
lated chloroplasts. This disturbing discrepancy needs to
be resolved.

Implications of an exclusively plastidic pathway for the
biosynthesis of the aromatic amino acids

If there exists only a plastidic shikimate pathway, all
compartments of a cell must be provided with aromatic
amino acids, or possibly intermediates of the pathway, by
the plastids. Three compartments (plastids mitochondria
and cytosol) utilize aromatic amino acids for the syn-
thesis of proteins and other products. An example of
a compound which is synthesized from both a shikimate
pathway intermediate and a phenylalanine-derived
metabolite is 5-0-(4-coumaroyl) shikimate [111]. Hy-
droxycinnamoyl-CoA: shikimate hydroxycinnamoyl
transferase catalyses the transesterification of shikimate
(a pathway intermediate) and 4-coumaroyl-CoA (a
phenylalanine derived metabolite) to 5-0-(4-coumaroyl)
shikimate [112, 113]. The subcellular localization of this
enzyme is as yet unknown. The next step in this pathway,
the formation of trans-5-O-caffeoylshikimate, is catalysed
by an eazyme in the microsomal fraction, presumably in
the endoplasmic reticulum [114, 115].

The vacuole is an organelle in which aromatic amino
acids and some of their precursors can be transiently
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stored [116-118]. For example, suspension cultured
buckweat cells, when treated with the EPSP synthase
inhibitor glyphosate, accumulate shikimate in their
vacuoles, and when the cells are treated with L-a-
aminooxy-f-phenylpropionic acid, an inhibitor of
phenylalanine  ammonialyase, they  accumulate
phenylalanine in the organelle [117].

Therefore, since at least four pools of aromatic amino
acids must be accounted for in a plant cell, the question
arises as to the interconnection of these pools. The
vacuolar and mitochondrial pools have to be fed from
the cytosol by amino acids traversing the cytosol en route
from the plastids. For this reason, one would expect to
find carrier proteins in the membranes of these organelles
which mediate the uptake and/or release of the aromatic
amino actds. Since these carrier proteins have been poor-
ly, if at all, characterized, it is not known whether and how
they can regulate the flow of the aromatic amino acids
from one compartment to another. These (putative) or-
ganellar amino acid carriers or their cDNAs, respective-
ly, may not be as easily accessible as the cell membrane
bound amino acid carriers recently cloned by Frommer
and associates [119, 120] by complementation of appro-
priate yeast mutants, and other strategies for their identi-
fication will have to be employed.

Physiological significance of the shikimate pathway

An assessment of all results obtained so far on the
organ- and tissue-specific as well as elicitor-induced ex-
pression of genes encoding enzymes of the shikimate
pathway, leads to the conclusion that the traditional view
of this pathway being of interest mainly because of the
production of the aromatic amino acids is inaccurate. As
Bentley [1] phrased it: “The shikimate pathway is a path-
way with many branches”. Several pathways branch off
already from the prechorismate pathway. Quinic and
gallic acid, for example, are compounds which may be
synthesized via such branches. Another branch often
previously neglected is the pathway from chorismate via
isochorismate to naphtho- and anthraquinones
[121,122].

Since the organ-specific expression pattern of the
phenylalanine ammonia-lyase genes in tomato plants is
comparable to that observed for most genes encoding
enzymes of the prechorismate pathway [41], one can
conclude that the bulk of phenylalanine is mainly used as
precursor for this synthesis of secondary metabolites
rather than for the biosynthesis of proteins, and it may
well be that the situation is comparable for the utilization
to tyrosine and tryptophan.

Another important conclusion which can be drawn
from these analyses concerns the synthesis of shikimate
pathway metabolites in non-green tissues. If the steady-
state levels of transcripts are assumed to be in proportion
to the respective enzymatic activities, the rates of the
production of certain shikimate pathway-derived com-
pounds in photosynthetically inactive organs of tomato
may well exceed those in photosynthetically active tissues
[37,41, 66]. Since erythrose 4-phosphate (an intermedi-
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ate of the pentose phosphate pathway) and phospho-
enolpyruvate (an intermediate of glycolysis) are the initial
substrates of the shikimate pathway, this pathway must
be tightly linked to carbohydrate metabolism. In certain
plant tissues the flow of carbon and investment of energy
into this pathway are quite substantial. Presently we
have no information which principles, at which level,
regulate this flow and thus integrate the shikimate path-
way into plant metabolism.
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