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Abstract

Enzymes for the biosyntheses of the
major phenylpropanoid derivatives in
vascular plants, namely flavonoids, lig-
nins and cinnamyl esters are now
known. The cinnamate pathway to
these compounds is reviewed briefly
and brought up-to-date. Remaining

problems, such as the regulation by light
and other factors as well as compart-
mentalization of phenylpropanoid me-
tabolism are being studied in many la-
boratories. The physiological impor-
tance of low molecular weight cinnamyl
compounds needs attention.

Pioneer tracer studies by the schools
of NEeisH [24], FREUDENBERG [24] and
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GriseBacH [29] laid much of the basic
groundwork essential to an understand-
ing of the biogeneses of phenylpropan-
oid derivatives in plants at the enzyme
and regulatory levels. The discovery of
stable enzymes catalyzing the non-oxi-
dative deamination of L-phenylalanine
and of L-tyrosine to cinnamic and p-
coumaric acids [66, 52] attracted phyto-
chemists and plant physiologists to po-
lyphenolic biochemistry, an interest,
that continues unabated. The basic en-
zymology of the important classes of
phenylpropanoids or derivatives of cin-
namic acid, including the flavonoids
and lignins, is in fact now known. This
is certainly not true for two other large
classes of natural products, namely the
alkaloids and the terpenoids.
Important -problems remain, howe-
ver, particularly those concerned with
the integration of phenylpropanoid me-
tabolism with primary metabolic pro-
cesses or the relationship between cell
differentiation and regulation of poly-
phenal production. Regulation is com-
plex in this area of metabolism because
of the multibranched pathways leading
to a wealth of compounds [3, 49].
The subject has been reviewed exten-

sively in the last few years [11, 30, 34,
49, 89] and we hesitate to add yet ano-
ther review to the list. We will attempt,
however, to bring the subject up-to-date
and to point to some areas of cinnamate
metabolism that need study. A number
of attempts have been made to discuss
regulation of phenylpropanoid meta-
bolism in terms of cellular compart-
mentalisation [3, 34, 84, 85]. Since this
is a subject for a review of its own it
will not be dealt with here.

Fig. 1 is a pictorial representation of
the extent of flow of carbon into phe-
nylpropanoid compounds in plants, the
thickness of the arrows indicating
roughly the relative amounts involved.
In some plant tissues the amount of car-

bohydrate involved in lignin biosyn-

thesis, e.g., in xylem or sclerenchyma
of seed coats, is considerable. Fig. 2
shows the biochemical relationships of
the phenylpropanoids in plants.

The first enzyme in the phenylpro-

_panoid pathway is phenylalanine am-

monia lyase (PAL) (E.C.4.3.1.5), the
reaction catalyzed being the anti eli-
mination of NH,* and the pro 3S-pro-
ton of L-phenylalanine to yield trans-
cinnamic acid (Fig. 3). Preparations

Phenylpropanoids

/N

CO,

Proteins

Fig. 1. Carbon flow through phenylalanine (PHE) and tyrosine (TYR) in plants.
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Fig. 2. Metabolism of cinnamate in plants.

NH,* although. always to a lesser ex-

from many plant and fungal sources
also catalyze the deamination of L-ty-

tent. For example, the electrophoreti-

cally " homogeneous preparation from

rosine to trans-p-coumaric acid and
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Fig. 3. The recaction catalyzed by phenylalanine ammonia lyase (PAL).

Rhodotorula glutinis has a PAL/TAL
ratio of 3:1 [26].

The kinetic effects of modification of
the substrate are discussed in detail by
Hanson and Havir [35]. The reac-
tion sequence is ,ordered uni-bi“ with
cinnamate released before NH,*. A de-
hydroalanine-containing electrophilic
prosthetic group at the active site com-
bines with the amino group of phenyl-
alanine/tyrosine [35]. There is also evi-
dence for a firmly bound transition
metal ion at the active site [16].

Because cinnamate is at a branch
point in phenylpropanoid metabolism
(Fig. 2) it might be expected that PAL
has regulatory properties. The enzyme
consists of two protomers each consis-
ting of two polypeptide chains and ap-
pears to follow a partially concerted
mechanism of subunit interactions [65].

Tt is negatively rate co-operative  with
respect to L-phenylalanine and is inhi-
bited by trans-cinnamate [65]. From
theoretical considerations LaMB and Ru-
BERY [53] deduce that PAL should be
more sensitive to events in the phenyl-
propanoid pathway and less sensitive
to changes in the steady-state concentra-
tion of L-phenylalanine. In other words,
fluctuations in phenylalanine concen-
tration in the cell caused by changes in
either its rate of incorporation into pro-
teins or its rate of biosynthesis via the
shikimate-chorismate pathway should
not affect rates of cinnamate produc-

tion. MARGNA, on the other hand, con-
cludes that control is at the level of
substrate supply [58]. Interest in this
enzyme by physiologists and enzymo-
logists continues and we will not at-
tempt to cover the more recent litera-
ture. There are, however, some reports
on this enzyme which are of medical in-
terest.

Highly purified PAL (also active
with tyrosine), from the yeast, Rhodo-
torula glutinis, is available commercial-
ly and is suitable for the estimation of
phenylalanine and tyrosine in as little
as 20 ul of serum or plasma by the
method of SHEN and Aserr [78]. This
is a potentially important method in

- periodic determinations of phenylalani-

ne in the screening of newborn infants

in connection with phenylketonuria. A

highly - purified preparation from the
same source has been used to raise anti-
'sera in rabbits and the antigen-antibody
complex was found to be enzymatically
active in vitro [1, 81]. PAL produced
cures in mice inoculated with L5178Y
lymphoblastic leukemia [2]. The bio-
logical half-life of the enzyme, after
a single injection, was approximately
21 hours in mice, rats and monkeys but
was considerably reduced upon repea-
ted administration [26]. This was espe-
cially marked in tumor-bearing mice.
Attempts are being made to modify the
enzyme to make it non-immunogenic or
to increase its half life [26].
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With many plant tissues, light has
been shown to have a stimulatory effect
on the levels of enzymes of phenylpro-
panoid metabolism, including PAL [82].
One of the best illustrations of this light
effecton PAL is the classical experiment
of ZuckEir [93] with potato tuber discs
in which there is a 2-3 fold increase in
light-treated discs over dark controls.
Phytochrome is commonly invoked in
this regulation. Although de novo syn-
thesis of PAL has been demonstrated
in light-treated plant materials [42, 74,
76,] therc is evidence that the light-in-
duced increase in PAL is the result of
activation of a previously synthesized
protein and that the cffect of irradia-
tion does not alter the rate of enzyme
synthesis [20, 43, 77]. ScHRODER has
shown that the amount of mRNA for
PAL, which is very low in dark-grown
parsley cell cultures, increases on irra-
diation and the rate of appearance of
active enzyme is controlled by the con-
centration of m RNA in the polyribo-
somes [77]. The light-induced increase
of mRNA for PAL may also be ex-
plained by either a stimulation in the
rate of de novo synthesis or a reduced
rate of degradation of the m RNA after
the beginning of irradiation.

A final point about this enzyme: alt-
hough PAL and TAL activities are not
separable, the ratios of activities differ
in time in plant materials [26] or in
fungi [10]. There is cvidence for the
presence of isoenzymes of PAL as well
as for the presence-of isoenzymes with
diffcrent PAL/TAL fatios [47] which
may explain these observations.

Cinnamic acid exists as photochemi-
cally interconvertible- gecometric iso-
mers. Usually the cis-derivatives are

D

physiologically active, e.g., methyl 3,4-
dimethoxy-cis-cinnamate is a uredospo-
re germination inhibitor from the sun-
flower rust (Puccinia helianthi) or bean
rust (Uromyces phaseoli) whereas the
trans isomer is inactive. Allergic reac-
tions to cinnamic acid and cinnamyl
esters have been reported 1n relation to
sensitivity to balsam of Peru [40}, once
considered an ideal panacea for parasi-
tic skin diseases in poorer socicties in S.
America. Cinnamates are well known
to the dermatologist as sensitizers in
allergic photodermatits [23].

The known biochemical reactions of
cinnamic acid in plants are shown in
Fig. 4. Each of the products is of inter-
est but we will briefly mention one of
these, namely 4-hydroxylation and con-
centrate on ester formation because the
coenzyme A esters of cinnamic and hy-
droxycinnamic acids are precursors of
many of the chief phenolic constituents
of plants.

Experiments with scedlings of Zea
mays grown in light, in an atmosphere
enriched with oxygen-18 showed that
the hydroxyl oxygen atom in p-couma-
ric acid is derived from molecular ox-
ygen [25]. The hydroxylation reaction
involves the transfer of electrons from
reduced pyridine nucleotides via the
enzyme NADPH:cytochrome P-450 re-
ductase to the terminal oxidase cyto-
chrome P-450 and this multienzyme
complex is localized in the microsomal
fraction [6]. Evidence for an clectro-
philic intermediate, possibly an epoxide,
is indicated in the reaction (Fig. 5). In
the presence of glutathione the inter-
mediate 1s trapped as a glutathione S-
¢innamyl adduct [15] Cinnamyl CoA
ligases catalyze the following types of
reaction:
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COOH COSCoA
HO ' . 72
COOH COOH COOH
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Fig. 4. Biochemical reactions of trans-cinnamic acid.

COOH
‘e
'COOH COOH
’ | ’ / OH
" NADPH "
(o] *6 COOH
0 D28k
0 Z
" ‘Cinnamic &4-—Hydroxylase
Parsley cell cultures G

microsomes
Fig. 5. Reaction catalyzed by cinnamic-4-hydroxylase [15].
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Ar-CH=CH-CO,H+ATP+ CoASH
ZArCH=CH-COSCoA + AMP+P-P

The coenzyme A esters are central
compounds in the metabolism of phe-
nylpropanoids (Fig. 6). Surveys of
plants for hydroxycinnamate: CoA lig-
ases [32, 39, 50, 69, 92] indicate the
occurrence of isoenzymes [51] as well as
differences in substrate specificities of
preparations from different species (see
[89] for references). As an example, the
partially purified, electrophoretically
homogeneous preparation from cell
suspension cultures of parsley was
shown to be most active with trans-p-

coumarate and showed homotropic, al-
losteric effects [50]. The molecular
weight was estimated to be around
67,000. :

A hydroxycinnamate: CoA ligase and
a transferase which together catalyze
the esterification of p-coumarate to 5'-
p-coumarylquinate and of caffeate to
chlorogenate have been purified from
tomato fruits [70]. Both the ligase and
the transferase show higher affinity for
the monohydroxy cinnamyl substrates
than the dihydroxy ones. The transfer-
ase is reversible. p-Coumarylquinic hy-
droxylase has also been identified in to-

CH,0H
’
0 Ry R3
il ' R2
CSCoA /
’d
0
Ry R3 1l
RZ C_‘NHRA
\ P
Ry R3
R2
COOH
R1 R3
R2

Fig. 6. General reactions of cinnamyl and hydroxycinnamyl CoA esters in plants
(R, Ry = H, OH, OCHy; R, = H, OH; R, = variable).
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Fig. 7. Biosynthesis of chlorogenic acid in tomato fruits [70].

mato fruits [36, 56] so that there are
two possible routes to the synthesis of
chlorogenic acid (Fig. 7). The transfer-
. ase hasbeen identified in isolated chloro-
plasts of Petunia [68].
~ Whereas some esters, like chlorogenic
acid and its isomers are found in almost
all vascular plants, others are more res-
- tricted in distribution. Acylation of fla-
" vonoids [88], carbohydrates [59], pro-
teins [90] and lignins [79] by hydroxy-
cinnamic acids is commonly observed
but the enzymes involved have not been
studied. A few selected esters of cinna-
mic and hydroxycinnamic acids are
shown in Fig. 8. They include esters of
an alkaloid [64], a diterpene [91], a
long chain alcohol [13] and the very
common quinyl ester, chlorogenic acid.
Three isoenzymes of hydroxycinna-
mate: CoA ligase, with differing subs-
trate specificity were identified in leaves

of Petunia [69]. In addition to p-coum-
arate each enzyme acted on one of caf-
feate, ferulate or sinapate. Each enzyme
exhibited non-competitive inhibition
with different phenolic compounds, a
feature consistent with an isoenzyme
regulation of phenylpropanoid path-
ways leading to esters, flavonoids and
lign'i,ns.

The coenzyme A esters of cinnamic
acids serve as starter molecules in a
process analogous to polyketide or fatty
acid biosynthesis in which acetyl CoA
is the terminus of the chain. This agrees
with the original hypothesis of BircH
and DoNovan [8]. The side chain of the
cinnamic acid may be extended by 1, 2,
4, 5,6, 7, or 12 carbons (Fig. 9), the
commonest molecules (the typical fla-
vonoids) being those with the equiva-
lent of three acetyl units added on, i.e.,
six carbons. From the laboratories of
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Fig. 8. Examples of naturally occurring cinnamyl and hydroxycinnamyl esters in plants and fungi.

GriseBacH and HAHLBROCK at Freiburg
have come the most detailed studies to
date on flavonoid biosynthesis with en-
zyme preparations [19, 34, 38]. Flava-
none synthase, which catalyzes the for-
mation of naringenin from p-coumaryl

CoA and malonyl CoA (Fig. 10) has

been obtained from parsley, soybean
and Haplopappus [75] cell suspension
cultures as well as from anther extracts
of Tulipa [87]. It has also been detected
in isolated chloroplasts of Petunia [68].
- Under certain conditions styrylpyrones
(Cy3) or benzalacetones (C,;) are for-
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Rheum rhaponticum
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N\ /7 \
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Piper methysticum

Quercetin

Common

Curcumin

Curcuma longa

. HOL

H3CO

Gingerols

Zingiber officinalis

/©/|:CH=CH]7COOH
HO '

Cortisalin

Corticium salicinum

Fig. 9. Examples of naturally occurring compounds in plants and fungi derived from cinnamate

and acetate.

med, particularly with caffeyl CoA as
starter molecule [38]. In some elegant

studies, the regulation of flavonol gly-
coside biosynthesis in parsley cell sus-
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pension cultures, as it is affected by
light, has been examined (see [19] and
[34] for details). Other flavonoids such
. as certain flavonol glycosides are deri-
ved, in turn, from naringenin by speci-
fic enzymes.

Enzymes concerned with anthocya-
nidin biosynthesis have not yet been
discovered but their genesis, in vivo
from dihydroflavonols (Fig. 11) has
been clearly demonstrated [23a, 46].

Related to the flavonoids are the stil-
benes, a group of compounds in which

SCoA
=0
2x
+ =0
. OH
| HO‘@_\JSCOA
\ K
’ 6]
" SCoA
=0
3x
OH

Fig. 10. Biosynthesis of the flavanone, naringenin, and the styrylpyrone, bis-noryangonin, by

flavanone synthase in plants. [38].

.HO

II OH

. trans-2,3-dihydroflavonol

R],Rz" R3=H,OH

the extended side chain of cinnamic or a
hydroxycinnamic acid undergoes a 2,7-
cyclisation or an intramolecular aldol
reaction rather than a 1,6-cyclisation as
in the formation of regular flavonoids.
The two benzene rings are linked by a
2-carbon bridge. The terminal carboxyl
group may be retained, as in hydrange-
nol, or lost as in resveratrol (Fig. 12).
The correct biogenetic origins of hyd-
rangenol and of resveratrol, already
established in tracer experiments [7,41],
have now been verified with enzyme

OH

— w02

0”0

bis—noryangonin

H
— HO OO

Il
0O OH

naringenin

+

1
e O
' /
OH R3

OH

anthocyanidin

Fig. 11. Formation of anthocyanidins from.dihydroflavonols in Petunia.
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OH OH OH
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Fig. 12. Biosynthesis of resveratrol from p-coumaryl:CoA and malonyl:CoA with cell-free pre-
parations of Rbeum rhaponticum rhizomes. [73].

. =0
H0—©—\_/SCOA + — H0©—\_/\/SCOA
N =0 Y
0 OH 0 O

SCoA

) 1l
o 0

oL 0
H3CO AN OCH3
Fig. 13a. Suggestéd biogenetic scheme for curcumin in Curcuma longa [72].

preparations [48, 73]. The stilbene syn- bound. The reaction is shown in Fig. 12.
thase of Rheum rhaponticum rhizomes, Not so readily resolved is the pro-
which catalyzes the formation of res- blem of the biogenesis of curcumin, the
veratrol from p-coumaryl CoA and ma- yellow pigment of Curcuma longa
lonyl CoA, was found to be membrane (Turmeric). This phenylpropanoid, with
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A
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HO@——\_/SCOA + 5x
-\ 0

A
0

Fig. 13b. Alternative scheme for biogenesis.qf curcumin in Curcuma longa [72].

a 1,7-diaryl skeleton, can be considered

. to be biosynthesized from two phenyl-
propane moieties with a central carbon
originating from acetate or malonate
[28]. Tracer experiments do not provide
satisfactory support for this biogenetic
scheme [72]. ROUGHLEY and WHITING
[72] have suggested other interpreta-
tions, one of which is shown in Fig. 13.
" There are a number of related comp-
ounds in Curcuma as well as in plants
of other families but no studies have
been made of their biogenesis.

' Two examples of an ever growing
number of di-and poly-amine conjuga-

tes of cinnamic acids [83] are shown in

~ Fig. 14. These are maytenin [21] from

a member of the Celastraceae and a
cinnamylputrescine derivative from a
member of the Liliaceae [71]. Nothing
is known as yet about the biosynthesis
of this type of compound. Presumably
the formation of the amide linkages re-
quires an activated cinnamic acid moie-
ty, e.g., CoA or phosphate ester. )
Two enzymes are involved in the re-
duction of cinnamyl: CoA ester to the
corresponding  alcohols, compounds
which are the basic units of lignins. The
enzyme-catalyzed reductions are:
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i
CH,
O CHs
OR R=H,CH;

N,N,N'=Trimethyl (4—hydroxy—cis—cinnamyl) putrescine

Kniphotia spp. [Liliaceae)

Maytenin (di—trans—cinnamyt spermidine)

Maytenus chuchuhuasha (Celastroceae)

" Fig. 14. Two examples of di- and poly-amine conjugates of cinnamic and hydroxycinnamic acid

in plants.

.

(1) Ar-CH=CH-COSCoA +
NADPH +H*2Ar-CH=CH-

_ CHO+NADPH+ CoASH

" (2) Ar-CH=CH-CHO+NADPH +
H*ZAr-CH=CH-CH,0H+
NADP. : '

The three alcohols, p-hydroxycinna-

myl, coniferyl and sinapyl alcohols un-

- dergo polymerisation with peroxidase

to form the complex heteropolymers

known as angiosperm or hardwood lig-

nins. Gymnosperm lignins rarely con-

tain sinapyl units but have predomin-

antly coniferyl or guaiacyl nuclei. The -

biochemistry of lignification has been
reviewed recently [30]. Cell-wall-bound
peroxidases are possibly important [31]
and the possibilitity that multienzyme

complexes are involved in lignification

[84] is appealing. Lignification, like fla-
vonoid production, is a rapid process,
subject to easy perturbation by chemical
and physical factors of many kinds.
Regulation, in vivo, is likely to be a
very complicated process because it is
closely tied to cell differentiation, parti-
cularly xylogenesis or development of
xylem [33].

Before leaving the phenylpropanoids
mention should be made of their physio-
logical activities in various biological
systems. In addition to their roles as
phytoalexins, chemical messengers for
pollination, insect deterrents and so on
[22, 61] some of the flavonoids have
unusual properties. The significance in

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Phenylpropanoid Metabolism

111

many instances may be simply acciden-
tal. Thus phloridzin, which is present, in
large amounts, in all parts of apple trees
(Mavrus spp.) except for the edible part
of the fruit, interferes with sugar trans-
port in animal tissues. It competes with
sugars for a common membrane binding
site [5]. It gives no corresponding effects

HO © OGlu @ OH

1!
HO O

Phloridzin
Maglus spp.

~ H;CO _0
O
::: OCH;

OCHs

3,4—Dimeth'ox'ydalbergione
Dalbergia sppA;Machaerium spp.

Rotenone

Lonchocarpus spp.

in higher plants [86]. Chamanetin, also
shown in Fig. 15, a C-benzylated fla-
vanone from Uwvaria chamae (Anona-
ceae) is cytotoxic and antineoplastic
[55]. Rotenone and related compounds
in species of Lonchocarpus and other le-
guminous plants, has long been known
as an excellent insecticide. The roten-

Obtusastyrene

Dalbergia spp.

Chamanetin

Uvaria chamae

Fig. 15. Examples of physiologically active flavonoids from plants.
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oids have a low toxicity to mammals
but are potent inhibitors of mitochon-
drial oxidation in insects and fish [27].
Obtusastyrene, a cinnamyl phenol from
another legume, Dalbergia, is antibac-
terial, antifungal, antialgal and also
damages plant cell membranes [12, 18,
44, 45]. It could be useful as a chemical
probe in studies of biological membra-
nes. Other neoflavonoids from Dalber-
gia and Machaerium, occurring in heart-
wood, are potent sensitizers in allergic
contact dermatitis [17, 63]. These few
examples, seen in Fig. 15 suggest that
many other flavonoids might be studied
profitably for their biological activities.
-The toxicity of phenylpropanoids, in-
cluding flavonoids, is discussed by SinG-
LETON and KraTZzER [80]. Certainly, we
should learn more about some of these.
" Nearly all fruits and vegetables have
“caffeic acid and other cinnamic deriva-
tives in the range 100-300 mg/kg fresh
weight and may have;.as much as 500
mg/kg of flavonoids as well [80]. Even
coffee and tea may contribute as much
as 1 g of total phenols per day. The
- effects, if any, of these regular dietary
sources of polyphenols on the physiolo-
gy of man are not known.
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