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Coffee beans contain two types of alkaloids, caffeine and trigonelline, as major components. This review describes the distribu-
tion and metabolism of these compounds. Caffeine is synthesised from xanthosine derived from purine nucleotides. The major
biosynthetic route is xanthosine — 7-methylxanthosine — 7-methylxanthine — theobromine — caffeine. Degradation activ-
ity of caffeine in coffee plants is very low, but catabolism of theophylline is always present. Theophylline is converted to xan-
thine, and then enters the conventional purine degradation pathway. A recent development in caffeine research is the success-
ful cloning of genes of N-methyltransferases and characterization of recombinant proteins of these genes. Possible biotechno-
logical applications are discussed briefly. Trigonelline (N-methylnicotinic acid) is synthesised from nicotinic acid derived from
nicotinamide adenine nucleotides. Nicotinate N-methyltransferase (trigonelline synthase) activity was detected in coffee plants,
but purification of this enzyme or cloning of the genes of this N-methyltransferase has not yet been reported. The degradation
activity of trigonelline in coffee plants is extremely low.
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Metabolismo de alcaloides em plantas de café: Sementes de café possuem dois tipos de alcaldides, cafeina e trigonelina, como
principais componentes. Esta revisao descreve a distribui¢do e metabolismo desses compostos. Cafeina ¢ sintetizada a partir da
xantosina derivada de nucleotideos purinicos. A principal rota biossintética ¢ xantosina — 7-metilxantosina — 7-metilxantina —
teobromina — cafeina. A atividade de degradagdo de cafeina em café é muito baixa, mas o catabolismo de teofilina esta sempre
presente. Teofilina é convertida a xantina, que entra na via convencional de degradacdo de purinas. Um recente desenvolvimen-
to na pesquisa com cafeina ¢ a clonagem de genes de N-metiltransferases e a caracterizagdo de proteinas recombinantes dess-
es genes. Possiveis aplica¢des biotecnologicas sdo discutidas brevemente. Trigonelina (dcido N-metilnicotinico) ¢ sintetizada a
partir de acido nicotinico derivado de nucleotideos de nicotinamida adenina. Atividade de nicotinato N-metiltransferase (trig-
onelina sintase) foi detectada em plantas de café, mas a purificacdo desta enzima ou a clonagem dos genes desta N-metiltrans-
ferase ainda ndo foi relatada na literatura. A atividade de degradagao de trigonelina em café ¢ extremamente baixa.
Palavras-chave: Coffea, alcaldides purinicos, alcal6ides piridinicos, cafeina, teobromina, trigonelina.

INTRODUCTION lism of purine and pyridine alkaloids has been investigated

Coffee plants contain two different kinds of alkaloid de-
livered from nucleotides. One type is purine alkaloids, such
as caffeine (1,3,7-N-trimethylxanthine) and theobromine
(3,7- N-dimethylxanthine); the other is the pyridine alkaloid,
trigonelline (1- N-methylnicotinic acid). The distribution of
caffeine and trigonelline in the plant kingdom is different;
caffeine is present in both coffee and tea, but trigonelline is
found only in coffee. Large amounts of trigonelline are also
found in many leguminous plants. Although the metabo-

in several plants, the present review focuses mainly on cof-
fee plants. There are many species of Coffea plant, but the
term ‘coffee plant’ is used here for Coffea arabica or Coffea
canephora plants.

Purine alkaloids

Distribution of purine alkaloids: Purine alkaloids are
distributed in 13 orders of plants within the plant kingdom.
By the end of the 20th century, caffeine had been found
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in nearly 100 plant species. Caffeine is the most common
purine alkaloid, but in a few plant species including cacao
and unique Chinese tea plants, the main purine alkaloid
is theobromine or methyluric acid (Ashihara and Crozier,
1999; Ashihara and Suzuki, 2004). A large amount of
caffeine is found in coffee seeds (mainly in endosperms).
The caffeine content of coffee beans is usually expressed
as percentage of dry weight. The beans of most cultivars of
Arabica coffee (Coffea arabica) contain up to 1.0% caffeine,
but Robusta coffee (Coffea canephora) contain about 2%
caffeine. Although these species are not commonly used
for beverages, Coffea dewevrei (1.2%) and Coffea liberica
(1.4%) also contain high concentrations of caffeine. In
contrast, the caffeine content of seeds of Coffea eugenioides
(0.4%), Coffea salvatrix (0.7%) and Coffea racemosa
(0.8%), are low (Mazzafera, 1992). Mascarocoffea has been
thought to be free purine alkaloid, but theobromine (up to
0.14%) and caffeine (up to 0.76%) has been found in two
populations of Coffea lancifolia and in one population of
Coffea kianjavatensis (Rakotomalala et al., 1992).

Aswell as in seeds, caffeine is distributed in the pericarp
of fruits and leaves of coffee plants. In coffee seedlings,
caffeine is distributed mainly in leaves and cotyledons,
and essentially no caffeine was detected in roots or in older
brown parts of shoots (Zheng and Ashihara, 2004). It has
been proposed that caffeine is sequestered in the vacuoles
of coffee leaves as a chlorogenic acid complex (Aerts
and Baumann, 1994).
Coffea dewevrei and Coffea abeokutae convert caffeine to

Mature leaves of Coffea liberica,

methyluric acids: theacrine (1,3,7,9-tetramethyluric acid),
liberine (O(2),1,9-trimethyluric acid) and methylliberine
(0(2),1,7,9-tetramethyluric acid) (Petermann et al., 1983).

Biosynthesis of purine alkaloids: The xanthine skeleton of
caffeine is derived from purine nucleotides. Xanthosine is
the initial purine compound in the caffeine biosynthetic
pathway, acting as a substrate for a methyl group donated
by S-adenosyl-l1-methionine (SAM). There are at least four
routes from purine nucleotides to xanthosine. Evidence
suggests that the important ones are the production of
xanthosine (i) from IMP derived from the de novo purine
nucleotide biosynthesis, (ii) from adenosine released from
the SAM cycle (also known as the activated-methyl cycle),
(iii) from the adenine nucleotide pool, and (iv) from the
guanine nucleotide pool (Suzuki et al., 1992; Ashihara and
Crozier, 1999; 2001) (figure 1). Tracer experiments with
labelled precursors and leaf discs from coffee and tea plants
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have shown that the major route to caffeine is a xanthosine
— 7-methylxanthosine — 7-methylxanthine — theobromine
— caffeine pathway; alternative minor routes might also
1996) (figure 2). Ashihara and
Suzuki (2004) classified two groups of metabolic routes of

be operative (Kato et al.,

caffeine biosynthesis: the “provider pathways” that provide
xanthosine for caffeine biosynthesis, and a “core pathway”
that involves three N-methyltransferases and a nucleosidase.
Here, we describe the enzymes and the corresponding genes
of the “core pathway”.

7-Methylxanthosine synthase: The first methylation step
in the biosynthetic pathway of caffeine is the conversion of
xanthosine to 7-methylxanthosine. This is catalysed by an
N-methyltransferase, 7-methylxanthosine synthase (SAM:
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Figure 1. The “provider pathways” for xanthosine. Caffeine
biosynthesis starts with the methylation of xanthosine.
There are several pathways which provide xanthosine for
caffeine synthesis.
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Figure 2. The “core pathway” of caffeine. The main pathway
involves three-methylation steps (I, III and IV), and one
nucleosidase reaction. N-1, N-3, N-7 indicates the position
of the nitrogen atom in the purine ring that is methylated.
Minor pathways are shown by arrows with dotted lines.
These minor routes are probably due to the broad substrate
specificity of N-methyltransferases.



METABOLISM OF ALKALOIDS IN COFFEE PLANTS 3

xanthosine N-methyltransferase). In coffee leaf extracts,
7-methylxanthosine synthase exhibited high substrate spe-
cificity for xanthosine as the methyl acceptor and SAM as
the methyl donor (Roberts and Waller, 1979). 7-Methylx-
anthine synthase is extremely labile in extracts. However,
10 mM dithiothreitol and 20% ethylene glycol (or glycerol)
stabilise the activity (Gilles et al. 1995). Mosli Waldahauser
et al. (1997) have purified 7-methyl-XMP/7-methylxanthine
synthase from coffee leaves, using ammonium sulphate pre-
cipitation, anion-exchange (Q-Sepharose) chromatography,
chromatofocusing (Mono-P), and gel filtration chromatog-
raphy (Superdex 200). Purification was difficult even with
the stabiliser of the enzyme mentioned above, so that the
specific activity of the enzyme in the final preparation was
low (19 pkat per mg protein) and purification was only 9-
fold. The purified enzyme was able to convert xanthosine
to 7-methylxanthosine. These authors also mentioned the
enzyme that converted XMP to 7-methylxanthosine via
7-methyl XMP. In fact, their enzyme preparation showed
nucleosidase activity. It is therefore possible that XMP was
converted to xanthosine and used as substrate; however,
these authors believe that XMP is the real substrate, and that
7-methyl XMP was converted to 7-methylxanthosine. They
mentioned in the text that trace amounts of 7-methylXMP
were detected.

Recently, the genes encoding 7-methylxanthosine
synthase were cloned by two Japanese groups (Mizuno
et al, 2003; Uefuji et al, 2003). The genes isolated
were respectively CmXRSI (AB 034699) and CaXMTI
(AB048793).

The recombinant proteins of 7-methylxanthosine
synthase from both groups catalyse the conversion of
xanthosine to 7-methylxanthosine, but XMP is not used
as a substrate. Although the presence of the other gene
that encodes 7-methyl-XMP synthase cannot be excluded,
current evidence supports the hypothesis that caffeine
biosynthesis is begins with xanthosine.
7-Methylxanthine nucleosidase:
which catalyses the hydrolysis of 7-methylxanthosine to

N-Methylnucleosidase,

give 7-methylxanthine, has been purified from tea leaves
(Negishi et al., 1988). However, isolation of the native
enzyme as well as RNA encoding this enzyme has not yet
been reported in coffee plants.

Theobromine synthase and caffeine synthase: Bifunctional
caffeine synthase, which catalyses both the conversion

of 7-methylxanthine to theobromine and theobromine
to caffeine, was first purified from tea leaves up to
apparent homogeneity (Kato et al., 1999). This enzyme is
monomeric, with an apparent molecular mass of 41 kDa, and
displays a sharp pH optimum of pH 8.5. The total length of
the isolated cDNA, termed 7CS! (AB031280), is 1,438 bp
and encodes a protein of 369 amino acids (Kato et al., 2000).
In coffee, bifunctional caffeine synthase has been partially
purified from fruits and leaves by Mazzafera et al. (1994).
This enzyme preparation possessed second and third N-
methyltransferase activity.

In coffee, genes encoding two types of N-methyltrans-

ferase for the last two steps of caffeine biosynthesis have re-
cently been reported (Mizuno et al., 2001; 2003; Uefuji et al.,
2003). These are CTS! (AB034700), CaMXMTI (AB048796),
CCSI (AB086414) and CaDXMTI (AB084125). As shown in
Table 1, substrate specificity of the recombinant theobromine
synthase is specific for theobromine synthesis (step 2), but the
recombinant caffeine synthase utilises paraxanthine, theo-
bromine and 7-methylxanthine, as in the native tea caffeine
synthase (Kato et al., 1999). Although paraxanthine is the
most suitable substrate, formation of paraxanthine in coffee
plant tissues in vivo seems to be very restricted. Therefore,
this enzyme seems to contribute to the conversion of 7-meth-
ylxanthine to caffeine via theobromine in planta.
Caffeine biosynthesis in coffee leaves: Caffeine is
synthesised in young leaves of Coffea arabica, but its
biosynthetic activity from adenine is absent in fully
developed leaves (Fujimori and Ashihara, 1994). It has
been proposed that the synthesis of caffeine in buds and
leaves of coffee plants is to prevent predation by animals
(Frischknecht et al., 1986). Ashihara et al. (1996) reported
that caffeine biosynthesis from adenine and guanine was
only found in young leaves, but conversion of theobromine
and caffeine was found in mature and aged coffee leaves.
Caffeine synthase activity therefore seems to be present in
coffee leaves even after maturation. This is different from
tea leaves, in which caffeine synthase activity disappeared
after full development of the leaves (Fujimori et al., 1991).

Caffeine biosynthesis in coffee fruits: Biosynthesis of
caffeine can be estimated from the incorporation of [methyl-
14C]methionine. It occurs mainly during the immature green
stage of coffee fruit development (Suzuki and Waller, 1984).
More detailed studies have recently been made by Koshiro
et al. (2006) using two varieties of Coffea arabica and one
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variety of Coffea canephora grown in the same field in
Hawaii. Their data indicate that caffeine biosynthetic activity,
as estimated from the incorporation of [8-“C]adenine into
theobromine and caffeine, is higher in pericarps and seeds
of fruits in the early stages of development than in the later
stages. However, expression of the caffeine synthase gene,
estimated by RT-PCR, was found in all stages of coffee fruit
development up to the pre-maturation stage (Koshiro et al.,
2006).

Degradation of caffeine: As stated above, caffeineis produced
in young leaves and immature fruits, and continues to
accumulate gradually during the maturation of these organs.
However, it is very slowly degraded with the removal of the
three methyl groups, resulting in the formation of xanthine
(figure 3). Xanthine is further degraded by the conventional
purine catabolism pathway to CO, and NH, via uric acid,
allantoin and allantoate. A detailed review of catabolism of
caffeine in plants and microorganisms has been published
by Mazzafera (2004). Since exogenously supplied [8-
14C]theophylline is degraded to CO, far more rapidly than
[8-14C]caffeine, the initial step, namely the conversion of
caffeine to theophylline, seems to be the major rate-limiting
step of caffeine catabolism (Ashihara et al., 1996; Ito et al.,
1997).
containing species, [8-14C]caffeine was degraded rapidly,
and much of the radioactivity was recovered as '4CO,
(Ashihara and Crozier, 1999). Coffea eugenioides therefore
possessed far higher levels of caffeine demethylase activity,
and is able to convert endogenous caffeine efficiently to
theophylline, which is rapidly degraded further. However,

In leaves of Coffea eugenioides, a low caffeine-

attempts to detect caffeine demethylase activity in the
extracts in vitro are have still been unsuccessful (Ashihara
and Crozier, unpublished result).
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Figure 3. Possible degradation pathways of caffeine in coffee
plants. The major pathway is shown in arrows with a solid
line, and minor routes with a dotted line.
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Biotechnology of caffeine: In economic terms, coffee is
one of the most valuable agricultural products exported by
developing countries in Central and South America, South-
east Asia and Africa. Beans of Arabica and Robusta coffee
respectively contain ca. 1% and 2% caffeine. Since the early
1970s, the demand for decaffeinated coffee has increased
rapidly. This is because of a growing belief that ingestion
of large amounts of caffeine has adverse effects on health.
This has led to extensive debate in the medical literature, al-
though no clear conclusions have been drawn (Ashihara and
Crozier, 2001). The use of genetic engineering to produce
transgenic caffeine-deficient coffee has been investigated.
Genes encoding N-methyltransferases have been cloned.
This development makes it possible by genetic engineer-
ing to produce transgenic coffee plants that are naturally
deficient in caffeine. The use of such products to make full
flavoured caffeine-free beverages will be of interest to the
increasing number of consumers who are concerned about
the adverse effects of caffeine consumption, such as insom-
nia. The cloning of genes related to caffeine biosynthesis
(N-methyltransferase genes) is an important advance to-
wards the production of transgenic caffeine-deficient coffee
through gene silencing with RNA interference technology.
Recently, using nucleotide sequences of genes encoding N-
methyltransferases for caffeine biosynthesis, transgenic caf-
feine-deficient Coffea canephora plants have been created
(Ogita et al., 2003).

The preparation of a low caffeine good quality tea using
gene silencing of other genes has been attempted. Keya et
al. (2003) suggested that suppression of IMP dehydrogenase
gene expression is an alternative way to produce decaffein-
ated transgenic tea and coffee plants. It is currently believed
that the tea-specific amino acid, theanine, makes a major
contribution to umami taste, which is quite distinct from
four basic tastes (Koshiishi et al., 2001). IMP may also be
involved, since nucleotide seasonings are known to inter-
act synergistically with amino acid-based tastes. Purine
nucleotides in fresh tea leaves may be converted to IMP
during commercial processing. Metabolic engineering to
accumulate IMP and related nucleotides would therefore be
of value. Kaya et al. indicate that caffeine synthesis should
be reduced and that free purine nucleotides, including IMP,
will accumulate if IMPDH activity is blocked. Transgenic
tea plants with reduced IMPDH activity therefore offer the
intriguing prospect of a beverage with low caffeine content
coupled with enhanced flavour quality.
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Pyridine alkaloids

Distribution of trigonelline: Trigonelline was first iso-
lated from fenugreek (7rigonella foenum-graecum) (Johns,
1885), and is found in various plants and in some animal
species including sea urchins and jellyfish. It also appears
in mammalian urine after administration of nicotinic acid
(Scheline, 1991). In coffee seeds, the concentration of trigo-
nelline is ca. 2% of dry weight (Clifford, 1985; Mazzafera,
1991). Trigonelline in raw coffee materials (‘green beans’) is
thermally converted to nicotinic acid and to certain flavour
compounds during roasting (Mazzafera, 1991).

Biosynthesis of pyridine alkaloids: The direct precursor of
trigonelline is nicotinic acid (Joshi and Handler, 1960). In
plants, nicotinic acid is produced as a degradation product of
NAD (Wagner and Backer, 1992; Zheng and Ashihara, 2004)
(figure 4). Zheng and Ashihara (2004) have reported that
trigonelline and its metabolic synthesis from ['4C]nicotinic
acid are distributed in all parts of coffee seedlings. The de
novo and salvage pathways of NAD synthesis have been in-
vestigated in several plants (figure 5). In bacteria and plants,
quinolinic acid, an intermediate of the de novo pathway,
is synthesised from aspartate and triose phosphate via the
so-called aspartate pathway (Yang and Waller, 1965; Katoh
and Hashimoto, 2004). In contrast, quinolinic acid is formed
in animals by a tryptophane-kynurenine pathway. A recent
bioinformatic search of genome databases suggests that the
tryptophane-kynurenine pathway is present in the Oryza
sativa (Katoh and Hashimoto, 2004). No genome database
concerning pyridine nucleotide metabolism has been pub-
lished in coffee. Nicotinamide and nicotinic acid formed
by NAD degradation pathways are re-utilized (salvaged) for
NAD synthesis (Wagner et al., 1986; Ashihara et al., 2005;
Zheng et al., 2005). The routes of degradation and salvage
of pyridine compounds have been called the pyridine nu-
cleotide cycle (figure 5). There are several distinct cycles in
different organisms.

Zheng et al. (2004) studied the metabolism of
[3*H]quinolinic acid, ['*C]nicotinamide, and ['*C]nicotinic
acid in leaves and fruits of Coffea arabica. Their data
suggest that, in addition to the de novo pathway for NAD
synthesis, the six membered pyridine nucleotide cycle (PNC
VI), NAD — NMN — nicotinamide — nicotinic acid —
NaMN — NaAD — NAD operates in coffee plants, as in
tobacco plants (Wagner et al., 1986). Some minor pathways
may also be operative in part; for example, nicotinamide
may be also produced from NAD by an ADP-ribosylation

reaction, and NaMN may be formed by an alternative route
from nicotinic acid (Zheng et al., 2004). (Fig. 3).

Degradation of NAD by the pyridine nucleotide cycle is
the major source of nicotinic acid, although direct nicotinic
acid formation from NaMN formed by the de novo pyridine
nucleotide biosynthesis cannot be excluded. Trigonelline is
produced when nicotinic acid is in excess for pyridine nucle-
otide synthesis.
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Figure 4. Biosynthesis of trigonelline in coffee plants.
Trigonelline is synthesised by a one step reaction from
nicotinic acid, which is provided by the NAD cycle. However,
direct production from quinolinic acid may be an alternative
path to nicotinic acid. In tea plants, nicotinic acid is converted
to nicotinic acid glucoside, but not to trigonelline.
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Figure 5. The NAD cycle and trigonelline synthesis in coffee.
Nicotinic acid mononucleotide (NaMN) is synthesised by
the de novo pathway and is utilised for the synthesis of NAD;
NAD is degraded, and pyridine skeletons are recovered as
nicotinamide mononucleotide (NMN) following which
nicotinamide is released. After conversion to nicotinic acid,
this is utilised for the synthesis of NaMP and trigonelline.
A small amount of trigonelline accumulated in coffee seeds
may be demethylated to nicotinic acid and utilised for NAD
synthesis in the early stage of germination.
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For comparison, metabolism of [*C]nicotinamide was
examined in other purine alkaloid-accumulating plants.
Both trigonelline and nicotinic acid glucoside were formed
in Theobroma cacao, but only nicotinic acid glucoside was
synthesized in Camellia sinensis. Little or no trigonelline
accumulates in cacao fruits or tea leaves (Zheng et al., 2004).

Trigonelline synthase: Trigonelline is synthesized by S-
adenosyl-L-methionine (SAM) dependent nicotinate N-
methyltransferase (EC 2.1.1.7), which has been found in crude
extracts of the pea (Joshi and Handler 1960). This enzyme
has been purified from cultured Glycine max cells (Upmeier
et al., 1988) and Lemna paucicostata (Taguchi et al., 1989).
Although nicotinic acid N-methyltransferase (trigonelline
synthase) activity was detected in a cell-free preparation
from coffee (Taguchi et al., 1987), no purification has been
carried out. The gene encoding trigonelline synthase has
not yet been cloned from any organism.

Trigonelline biosynthesis in coffee leaves: The content and
concentrations of trigonelline and the metabolic profiles of
[*C]nicotinamide have been studied in leaves and fruits
of Coffea arabica at different stages of growth (Zheng
and Ashihara 2004; Zheng et al., 2004). Trigonelline ac-
cumulates during leaf development. Correspondingly, high
biosynthetic activity of trigonelline from [carbonyl-C]
nicotinamide was found in developing leaves. In young
coffee leaves, NAD biosynthesis de novo and the pyridine
nucleotide cycle may both be highly active. Nicotinic acid
formed from NAD via nicotinamide may be preferentially
utilised for NAD formation, and the remainder converted to
trigonelline. After maturation of leaves there is no massive
accumulation of trigonelline; only a small amount of trigo-
nelline was found in detached senescent leaves. Although
in situ biosynthetic activity was found even in aged leaves,
based on the incorporation of radioactivity from [carbonyl-
14C] nicotinamide to trigonelline, the endogenous supply of
nicotinamide in aged leaves may be limited because of the
fall in pyridine nucleotide cycle activity. As a result, biosyn-
thesis of trigonelline declines in aged leaves.

Trigonelline biosynthesis in coffee fruits: Trigonelline
accumulates in fruits of Coffea arabica during growth, and
accumulates finally in seeds. In the dry matter accumulation
stage of the bean, according to the classification of Cannell
(1985), high biosynthetic activity of trigonelline is found in
the pericarp, although some activity was also found in seeds.
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In the fruit ripening stage, biosynthetic activity decreases
markedly. This suggests that net biosynthesis of trigonelline
takes place in the young pericarp, and trigonelline may be
transported from the pericarp to seeds (Zheng et al., 2004,
Koshiro et al., 20006).

Degradation of trigonelline: In planta, trigonelline is
demethylated to nicotinic acid and utilized for NAD
synthesis. Trigonelline demethylating activity has been
found in extracts of some plant leaves, including pine leaves
(Taguchi and Shimabayashi, 1983).

Shimizu and Mazzafera (2000) investigated changes in
the trigonelline content of coffee seeds during the very early
stages of germination. Trigonelline accumulated in seeds is
converted to nicotinic acid during germination, and is used
for the NAD synthesis. In this case, trigonelline acts as a
reservoir of nicotinic acid in plants.

Part of the nicotinic acid formed from trigonelline
is further degraded. Willeke et al. (1979) stated that
degradation of nicotinic acid could be observed only in cell
cultures producing the sugar conjugates of nicotinic acid,
and that nicotinic acid degradation does not involve free 6-
hydroxynicotinic acid. However, the degradation route(s) of
pyridine ring of trigonelline in plants is still unclear.

Biotechnology of trigonelline: Trigonelline is one of the
candidates responsible for bitter tasting compounds in
the coffee brew (Homma, 2001). It is thermally unstable
and is converted by roasting to nicotinic acid and other
nitrogenous materials that include flavour compounds. In
the future, metabolic engineering of trigonelline formation
could therefore be a useful technology to create good quality
coffee beans.
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