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1 Introduction

Xanthine alkaloids, also known as purine alkaloids, consist of methylxanthines and
methyluric acids and their structures are based on the xanthine (1) and uric acid (9)
skeletons (Fig. 1). Caffeine (1,3,7-trimethylxanthine) (8) and theobromine
(3,7-dimethylxanthine) (5) occur in plant species such as coffee (Coffea arabica),
tea (Camellia sinensis), maté (Ilex paraguariensis), cacao (Theobroma cacao), and
guarana (Paullinia cupana), which are used for popular non-alcoholic beverages
[1]. The isolation of 8 from coffee seeds was first reported independently in 1820 by
the German researchers, Runge [2] and von Giese [3]. Caffeine (8) was found as
“thein” in tea leaves by Oudry [4] in 1827. Subsequently, it was also detected in
maté by Stenhouse [5] in 1843 and in kola nuts (Cola acuminata) by Daniell [6] in
1865. Theobromine (5) was discovered in cacao seeds by Woskresensky [7] in
1842. Paraxanthine (1,7-dimethylxanthine) (7) was isolated from human urine by
Salomon [8] in 1883, but it was not detected in coffee seeds until 1980 by Chou and
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Waller [9]. The complete chemical synthesis of 8 was reported by Fischer and Ach
[10] in 1895.

Studies on caffeine biosynthesis were initiated in the 1960s, while highly
purified caffeine synthase was isolated by Kato et al. [11] in 1999 and the gene
encoding this enzyme was cloned in 2000 [12]. The major caffeine biosynthesis
pathway, of xanthosine (16)— 7-methylxanthosine (23)— 7-methylxanthine
(2) — theobromine (5) — caffeine (8), is now confirmed at both the biochemical
and molecular level.

Initially, caffeine (8) was considered to be a waste end-product in plants,
although it was also hypothesized that this purine alkaloid plays a role in chemical
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defenses and had an allelopathic function [13]. Recent research using transgenic
plants has provided convincing evidence for the chemical defense theory [14].

A comprehensive review of xanthine alkaloid metabolism was published over
15 years ago by Ashihara and Crozier [13]. The present contribution will focus on
findings published since 2000, while background information, such as general
purine metabolism and various hypotheses on caffeine biosynthesis, which were
covered in the initial review [13], will not be described here in detail. The physical
and chemical properties of xanthine alkaloids, which are not a topic of this chapter,
have been summarized by Tarka and Hurst [15].
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2 Occurrence of Xanthine Alkaloids in the Plant Kingdom

In our earlier review, it was noted that caffeine (8) had been detected in at least
80 species in 13 orders of the plant kingdom [13]. This was based mainly on a
review by Kihlman [16], which quoted Willaman and Schubert [17] and O’Connell
[18], and more recent information published by Stewart [19] and Kretschmar and
Baumann [20]. Phylogenetic relationships of orders, which include xanthine
alkaloid-accumulating plants, are shown in Fig. 2, and the order of the plant species
is according to Smith et al. [21] for ferns and APG III for Angiospermae [22]. Typ-
ical species and their common names and the major xanthine alkaloids present are
listed in Table 1.

2.1 Ericales (Tea and Related Species)

The occurrence of caffeine (8) in young leaves of various Camellia plants (Plate 1)
was reported by Nagata and Sakai [23] and sizable amounts of 8 occur in species of
the section Thea, namely, C. sinensis var. sinensis (2.8% dry weight (d.w.)),
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Fig. 2 Phylogenetic relationship of xanthine alkaloid-accumulating plant orders. The order of the
plant species is according to Smith et al. [21] for ferns and APG III for Angiospermae [22]. The
colored boxes show the orders that include a species accumulating caffeine and related xanthine
alkaloids (see Table 1)

C. sinensis var. assamica (2.4%), and C. taliensis (2.5%). Caffeine (8) was not
detected in species belonging to the section Paracamellia, C. sasanqua and
C. oleifera, although small amounts (<0.02%) occur in C. kissi. Caffeine does
not occur in Camellia species belonging to other sections, such as C. japonica. The
hybrids C. sinensis x C. japonica and C. sasanqua x C. sinensis, contain 0.1-2.8%
of 8, indicating that the ability to synthesize the purine alkaloid is a dominant
characteristic [24]. Nagata and Sakai [25] noted that theobromine (5), but not
caffeine, accumulated in the young leaves of C. irrawadiensis (<0.8%). Ye et al.
[26] reported that theobromine (5) is the predominant xanthine alkaloid in
C. ptilophylla (5.0-6.8%). A small amount of theobromine is found invariably in
young leaves of C. sinensis, where it is an intermediate in caffeine biosynthesis.



Table 1 Occurrence of xanthine alkaloids in the plant kingdom

H. Ashihara et al.

Order Typical species Common name Methylxanthine®
Magnoliales Annona cherimola Cherimoya Cf
Asparagales Scilla maritima Red squill Cf
Celastrales Maytenus sp. Cf
Malpighiales Banisteriopsis caapi Caapi Cf
Malvales Cola acuminata Kola nut Cf>Tb
Herrania purpurea Monkey cocoa Tc
Theobroma cacao Cacao (cocoa) Tb > Cf
Sapindales Citrus paradisi Grapefruit Cf>Tp>Tb>Px
Paullinia cupana Guarana Cf>Tb>Tp
Myrtales Combretum jacquinii Red bushwillow Cf
Geraniales Erodium cicutarium Pinweed Cf
Dilleniales Davilla rugosa Fire vine Cf
Caryophallales Cereus jamacaru Cactus Cf
Ericales Camellia sinensis Tea Cf
Gentinales Coffea arabica Coffee (arabica) Cf
Coffea canephora Coffee (robusta) Cf
Aquifoliales llex paraguariensis Maté Cf
Villaresia mucronata Chilean citronella tree Cf

Adapted from Kihlman [16] and Ashihara and Crozier [13]
“Tb theobromine (5), Tp theophylline (6), Px paraxanthine (7), Cf caffeine (8), Tc theacrine (10)

Plate 1 Tea (Camellia sinensis); photograph by H. Ashihara
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In contrast, theophylline (6) and paraxanthine (7) do not accumulate in detectable
quantities in tea leaves. Johnson [27] reported that leaves of C. sinensis contain
small amounts of theacrine (1,3,7,9-tetramethyluric acid (10)) while Ye et al. found
sizable amounts of 10 in C. assamica cv. kucha (kucha) [28]. The content of 10 in
young leaves of kucha was 2.8% of d.w. and comprised 75% of the total xanthine
alkaloids [29].

Recently, Deng, using HPLC with photodiode array detection, screened the
purine alkaloid content of the leaves of 28 plants in the Theaceae and
Pentaphyllaceae families grown at the Koishikawa Botanical Gardens of the Uni-
versity of Tokyo [30]. Detectable amounts of caffeine (8) were found in 17 samples,
but substantial quantities were found in only five species: namely, C. sinensis var.
assamica (28 pmol/g fresh weight [f.w.]) > C. sinensis var. sinensis (20 pmol/g) >
C. sinensis f. rosea (12 pmol/g) > C. chekiangoleosa (10 pmol/g) > C. japonica
var. macrocarpa masam (3.5 pmol/g). The quantities detected in other species were
very low (0.1-0.6 pmol/g). Small amounts of theophylline (6) were detected in five
species: C. japonica (2.9 pmol/g) > C. sinensis var. sinensis (1.8 pmol/g) > Eurya
osimensis (0.6 pmol/g) > Schima mertensiana (0.2 pmol/g)>E. japonica
(0.1 pmol/g). Theobromine (5) was found only in C. sinensis var. sinensis
(0.4 pmol/g). These estimates need to be confirmed by HPLC-MS and further
insights into purine alkaloid biosynthesis are required, such as the occurrence of
theobromine synthase genes in C. japonica [31] and theophylline synthesis from 8-
14C-labeled adenine (13) in E. japonica and S. mertensiana [32].

Ashihara and Kubota [33] reported that more than 99% of the total caffeine (8) in
tea seedlings is found in the leaves, and only a small amount occurred in other parts
of the plant (Table 2). The concentration of 8 was higher in mature than in younger

Table 2 Distribution of caffeine (8) and theobromine (5) in 4-month-old seedlings of Camellia
sinensis

Caffeine (8) Theobromine (5)
Sample (pg/organ) (pg/g f.w.) (pg/organ) (pg/g fw.)
Leaf 1* 1.19 24.0 0.50 10.1
2 3.73 19.9 1.11 6.0
3 4.34 19.5 0.91 4.1
4 4.94 335 1.21 8.2
5 2.88 39.8 tr -
6 1.83 26.3 tr -
7 2.60 50.9 nd -
8 1.41 52.8 nd -
9 0.38 86.4 nd -
Stem 1* 0.04 4.9 nd -
2 0.07 34 nd -
3 0.04 0.5 nd -
Cotyledons 0.02 0.0 nd -
Roots 0.03 0.1 nd -

Adapted from Ashihara and Kubota [33]
“Numbered from shoot apex to the base of the seedling. tr = trace amounts; nd = not detected
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leaves, while theobromine was detected only in younger leaves. In tea seeds, nearly
all of 8 was located in the seed coat at a concentration of ~5 pmol/g f.w.

In addition to these xanthine alkaloids, mono-methylxanthines, which are inter-
mediates of the biosynthesis and catabolism of 8, have been detected in C. sinensis
leaves [13]. Young tea leaves contain 7-methylxanthosine (21) (179 nmol/g f.w.),
7-methylxanthine (2) (67 nmol/g), 3-methylxanthine (3) (5 nmol/g) and
1-methylxanthine (4) (2 nmol/g). In mature leaves, 21 and 2 levels dropped to
23 and 16 nmol/g, respectively, while the content of 3 and 4 content increased to
38 and 14 nmol/g, respectively [13].

The anatomical localization of caffeine (8) within young leaves of Camellia
sinensis has been investigated using immunohistochemical methods and confocal
scanning laser microscopy [34]. The results demonstrated that caffeine is localized
within vascular bundles, mainly in the precursor phloem. Palisade and spongy
parenchyma also contain caffeine but in much lower concentrations, undetectable
by immune-labeling and confocal scanning microscopy analysis. However, this
could be misleading as the area of palisade and spongy parenchyma was much
larger than that of the vascular tissues. Thus, more caffeine might be distributed
within these tissues as opposed to the much smaller vascular material where it is
concentrated, and as a consequence gives a higher fluorescence signal.

2.2 Gentianales (Coffee and Related Species)

Two Coffea species, Coffea arabica (Plate 2) and Coffea canephora, used exten-
sively to make the beverage coffee, are known, respectively, as Arabica coffee and
Robusta coffee. Arabica coffee is the major coffee produced in Brazil, Colombia,
Mexico, Ethiopia, and Guatemala while Robusta coffee is produced mainly in
Vietnam, Indonesia, and the Ivory Coast [35]. Caffeine (8) contents in different

Plate 2 Coffee (Coffea arabica); photograph by H. Ashihara
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varieties of C. arabica and C. canephora and other Coffea species have been
surveyed by Mazzafera and Carvalho [36] and Anthony et al. [37]. Although
small differences were found between the data obtained by the two groups, the
content of 8 in C. canephora (2-3% d.w.) is generally higher than in C. arabica
(1-2%). Silvarolla et al. [38] discovered three low-caffeine C. arabica plants,
designated as AC1, AC2, and AC3, the seeds of which contained only 0.08% of
the purine alkaloid.

Examples of levels of 8 in different Coffea species are summarized in Table 3.
Substantial amounts were detected in the seeds of C. liberica var. liberica (~2% d.
w.) and C. racemosa (~1%) with lower amounts in other Coffea species. In addition
to the methylxanthines, mature leaves of C. liberica, C. dewevrei, and C. abeokutae

Table 3 Caffeine (8) content in Coffea species

Species and cultivar or variety Source Caffeine content/%"
C. arabica cv. typica Tanzania 1.67
C. arabica cv. purpurescens Tanzania 0.76
C. arabica cv. laurina Tanzania 0.79
C. arabica cv. erecta Tanzania 1.49
C. arabica cv. murta Tanzania 1.75
C. arabica cv. Bourbon amarelo Brazil 1.54
C. arabica cv. Bourbon vermelho Brazil 1.26
C. arabica cv. Mokka Tanzania 0.87
C. arabica cv. Maragogype Kew 1.39
C. arabica cv. SanRamon Tanzania 1.44
C. arabica cv. Caturra Tanzania 1.59
C. arabica cv. Mundo novo Brazil 1.57
C. arabica cv. Catuai vermelho Brazil 1.53
C. arabica cv. AC1 Ethiopia 0.08
C. canephora cv. Ugandae Tanzania 3.02
C. canephora cv. Robusta Brazil 2.48
C. canephora cv. Kouillou Tanzania 2.22
C. canephora cv. Caféier de la Nana Cote-d’Ivoire 1.98
C. eugenioides Brazil 0.55
C. farafanganensis Madagascar 0.09
C. homollei Madagascar 0.06
C. liberica var. dewevrei Cote-d’Ivoire 1.97
C. perrieri Madagascar 0.00
C. pseudozanguebariae Kew 0.02
C. racemosa Brazil 1.16
C. salvatrix Brazil 0.28
C. sessiliflora Kew 0.46
C. kapakata Brazil 0.72

Based on the data of Anthony et al. [37] and Mazzafera and Carvalho [36]
“Values are expressed as % of d.w.
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contained the methyluric acids, theacrine (10), liberine (O(2)1,9-trimethyluric acid)
(12) and methylliberine (O(2)1,7,9-tetramethyluric acid) (11) [39, 40].

Caffeine (8) is distributed mainly in leaves and cotyledons of coffee seedlings
but small amounts are also found in the stems and roots (Table 4) [41]. Young
expanding leaves of C. arabica also contain theobromine (5) [42, 43]. The theo-
bromine content is slightly higher than caffeine in the young small-sized develop-
ing coffee leaves [43], but the caffeine content becomes higher than that of
theobromine during leaf development [42, 43]. Keller et al. [44] reported that
caffeine in the pericarp fell from 2 to 0.2% d.w., while it remained constant at
1.3% during the development of seeds in C. arabica fruits. Koshiro et al. [45]
monitored changes in caffeine content in the pericarp and seeds of C. arabica and
C. canephora during ripening of fruits (Table 4). In ripened fruits, 80% and 89% of
total caffeine of C. arabica and C. canephora, respectively, was found in the seeds
and the remainder was in the pericarp. Caffeine (8) accumulated in the seeds
gradually, but a similar build up not was found in the pericarp.

Tabl'e 4 Di§tributiqn of Caffeine (8)

e 0 o0 S oz i)
(1) C. arabica seedlings
Leaves (upper) 6.6 55.8
Leaves (middle) 7.7 47.2
Leaves (lower) 6.8 42.6
Cotyledons 30.0 103.6
Stems (upper) 0.16 6.2
Stems (lower) 0.11 0.9
Roots 0.19 1.1
(2) C. arabica fruits
Seeds (green) 11.7 229
Seeds (pink) 15.2 26.2
Seeds (red) 18.0 26.5
Pericarp (green) 1.8 7.3
Pericarp (pink) 4.4 9.5
Pericarp (red) 4.6 8.2
(3) C. canephora fruits
Seeds (green) 22.6 54.7
Seeds (pink) 21.3 59.0
Seeds (red) 28.3 49.8
Pericarp (green) 4.2 16.7
Pericarp (pink) 8.3 19.9
Pericarp (red) 34 6.1

Adapted from Zheng and Ashihara [41] and Koshiro et al. [45]
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2.3 Agquifoliales (Maté and Related Species)

Since the young leaves of maté (Ilex paraguariensis) (Plate 3) are used to produce
the beverage maté tea, xanthine alkaloids in the tea products have been analyzed.
For example, Clifford and Ramirez-Martinez [46] reported that the concentrations
of caffeine (8) and theobromine (5) in dried maté leaves were 0.9-1.7% and
0.5-0.9% d.w. The presence of § in various //ex species was reported by Bohinc
and coworkers [47]. They detected 5 in the following Ilex species: I. aquifolium,
1. crenatu, I. caroliunu, I. cassine, I. perudo, and I. umbiguu. Filip et al. [48]
reported that 5, but not 8, was present in /. argentina. Recently, Edwards and
Bennett examined the diversity of methylxanthine levels in I. cassine and
1. vomitoria [49]. The caffeine (8) and theobromine (5) contents were 0.12% and
0.22% in I. cassine and 0.56% and 0.11% in I. vomitoria.

The distribution of xanthine alkaloids within maté plants was reported by
Mazzafera [50]. Caffeine (8) was found in the developing and old leaves, bark,
wood, and in immature, and mature fruits. Smaller amounts of theobromine (5) and
theophylline (6) were present, but 5 was not detected in mature fruits, and 6 did not
accumulate in the fruits, bark, and wood. The concentrations of xanthine alkaloids
in young leaves and immature fruits were higher than that occurring in old leaves
and mature fruits (Fig. 3). Young and old leaves collected from branches containing
fruits showed significantly lower amounts of theobromine and caffeine than those
from the branches not bearing fruits.

Plate 3 Maté (Ilex paraguariensis); photograph from Wikimedia Commons, L. Kibisz
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Fig. 3 Occurrence of xanthine alkaloids in different organs of maté. Xanthine alkaloid contents
are shown as % of dry weight. Leaves were collected from branches bearing fruits (fb) and from
branches not bearing fruits (nfb). Based on the data of Mazzafera [50]

2.4 Malvales (Cacao, Cola, and Related Species)

Seeds of cacao (Theobroma cacao) (Plate 4) are used in the manufacture of cocoa
and chocolate products [51]. Three major cacao varieties, Forastero, Criollo, and
Trinitario, are grown commercially [52]. Theobromine (5) is the dominant purine
alkaloid in seeds of cacao. Timbie et al. [53] analyzed seeds of different cacao
varieties and the total xanthine alkaloid content ranged from 2.4 to 5.0% of defatted
cocoa with an average of 3.7% for ten samples. Theobromine (§) consisted of
52-99% of total xanthine alkaloids averaging 87%. Hammerstone et al. [54]
examined the xanthine alkaloid content of several genotypes representing the
three horticultural races of T. cacao. Theobromine (5) and caffeine (8) concentra-
tions were varied as follows: Criollo type (1.5-3.3% theobromine, 0.3—-1.3% of
defatted seeds), Forastero type (0.9-1.2% theobromine, 0.08—1.2% of defatted
seeds), and Trinitario type (0.9-1.2% theobromine, 0.3—0.6% of defatted seeds).

Theacrine (10) is a major xanthine alkaloid in seeds of many Theobroma species
except for cacao: T. speciosum (0.12% of defatted seed), T. microcarpum (0.02%),
T. angustifolium (0.06%), T. grandiforum (cupuassu, 0.26%), T. subincanaum
(0.28%), and T. mammosum (0.06%). Immature seeds of T. bicolor (jaguar tree)
accumulate 5 (0.26%), but this is replaced by 10 in mature seeds (0.35%)
[54]. T. bicolor has been one of the most useful species, aside from T. cacao, as
since prehistoric times, it has been used as a food [55].

Herrania species, belonging to the Sterculioideae, a subfamily of the Malvaceae,
are morphologically similar to Theobroma plants. Hammerstone et al. [54]
reported that nine species of Herrania contained theacrine (0.23-2.0%). The
species with a high concentration of theacrine (10) were H. purpurea (2.0%),
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Plate 4 Cacao (Theobroma cacao); photograph by H. Ashihara

Table 5 Changes in methylxanthine concentrations during the development of cacao leaves®

Methylxanthine Stage I Stage 11 Stage III Stage IV
1-Methylxanthine (4) nd 25 8 3
3-Methylxanthine (3) 26 23 2 2
7-Methylxanthosine (23) 9 nd nd nd
7-Methylxanthine (1) 114 15 9 5
Theophylline (6) 2 1 6 12
Theobromine (5) 4530 112 33 77
Paraxanthine (7) nd nd nd nd
Caffeine (8) 754 122 36 10

Adapted from Koyama et al. [56]
“Data expressed as nmol/g fresh weight; nd = not detected

H. cuatrecasana (1.9%), H. balaensis (1.8%), and H. columbia (1.7%). Trace
amounts of caffeine were found in some species, but no theobromine was detected
in any Herrania species.

Changes in the levels of theobromine (5) and caffeine (8) during the develop-
ment of leaves of cacao have been reported by Hammerstone et al. [54] and
Koyama et al. [56]. The results of Hammerstone et al. [54] indicated that the
content of 5 was highest in the young leaves and it decreased gradually with age.
In contrast, the content of 8 remained almost constant, but both of the purine
alkaloids disappeared in the oldest leaves. Koyama et al. [56] surveyed several
methylxanthines, as well as 5 and 8, in leaves of four different developmental
stages: young small red leaves (stage I), developing pale green intermediate size
leaves (stage II), fully developed green leaves (stage III) from flush shoots, and
aged leaves (stage IV) from 1-year-old shoots (Table 5). A high concentration of
xanthine alkaloids was found in young leaves (stage I), in which the major alkaloid
was theobromine (4.5 pmol/g f.w.) and the next was caffeine (0.75 pmol/g). In
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addition to these major alkaloids, small amounts of I1-methylxanthine (4),
3-methylxanthine (3), 7-methylxanthine (2), 7-methylxanthosine (23), and theoph-
ylline (6) were also present although paraxanthine (7) did not accumulate in
detectable quantities. The concentrations and the absolute amounts of these purine
alkaloids decreased markedly with leaf development. Almost 75% of purine alka-
loids present in the stage I leaves disappeared during leaf development. The
theobromine (5) and caffeine (8) concentrations in young leaves (stage I) shown
in Table 5 are, respectively, equivalent to 0.037 and 0.007% d.w. Consistent with
this observation, Gurney et al. [57] reported that small amounts of § (0.051%) and
trace amounts of 8 were present only in very young red flush leaves of cacao plants,
and that levels declined by ~90% when the leaves became green. Thus, small
amounts of theobromine and caffeine appear in young cacao leaves, but their levels
fall substantially with leaf development. The trends are, therefore, different from
those occurring in tea and coffee leaves.

In contrast to the leaves, the seeds of cacao accumulate xanthine alkaloids [52, 54,
57-61]. Zheng et al. [61] compared the xanthine alkaloid contents in cacao fruits at
different developmental stages: stage A (young small size fruits, ~2 g f.w.), stage B
(medium size fruits, ~100 g f.w.), and stage C (~500 g f.w.). As samples, whole fruits
(stage A), pericarp and seed tissue (mainly endosperm) (stage B), and pericarp,
placenta, embryo (mainly cotyledons), and seed coat (stage C) were used (Table 6).
In stage A fruits, theobromine (5) was the major purine alkaloid, followed by caffeine
(8). In stage B fruits, 5 was the predominant xanthine alkaloid in the pericarp but
8 comprised 74% of the xanthine alkaloids in the seeds. In stage C fruits, the highest
concentration of purine alkaloids was found in the seeds (cotyledons and an embry-
onic axis), in which the major component was 5 (22 pmol/g fresh weight) and the
next was 8 (4.9 pmol/g). Compared with the seeds, the total alkaloid content of the
pericarp was very low (0.05 pmol/g); the major components were 3-methylxanthine
3) (44%), 8 (38%) and 5 (15%). On a dry weight basis, the theobromine content in

Table 6 Xanthine alkaloid concentration in cacao fruits at different stages of growth*

Stage

A B C

Whole Seed
Sample fruits Pericarp | Seed | Pericarp |coat | Cotyledon |Placenta
1-Methylxanthine (4) nd nd nd nd 4 21 nd
3-Methylxanthine (3) 1 nd nd 23 5 25 nd
7-Methylxanthosine nd nd nd nd nd 12 nd
(23)
7-Methylxanthine (2) 1 2 nd 1 6 23 nd
Theophylline (6) 2 2 18 nd 2 nd 11
Paraxanthine (7) 1 nd nd nd 3 2 nd
Theobromine (5) 671 206 10 8 779 21,900 238
Caffeine (8) 89 80 82 20 161 4860 87

Adapted from Zheng et al. [61]
“Data are expressed as nmol/g fresh weight; nd = not detected
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Plate 5 Kola nut (Cola acuminata); photograph from Wikimedia Commons, D. Culbert

seeds of stage C fruits was equivalent to 0.62%. This value is comparable to the
0.43-0.89% content of 5 of maturing cacao seeds 125 days after pollination reported
by Bucheli et al. [60]. As well as these major alkaloids, small amounts of 1-, 3-, and
7-methylxanthines (4, 3, 2), 7-methylxanthosine (23), theophylline (6), and
paraxanthine (7) were detected (Table 6).

Cola is a tropical African genus that belongs to the Sterculiaceae. The genus
comprises about 140 species and the most commonly consumed are Cola
acuminata (Plate 5), C. nitida, and C. anomala. Belliardo et al. [62] reported that
caffeine (8) occurred in seeds of Cola spp. at 1.4-2.2% d.w. Recently, a more
detailed investigation was performed by Niemenak et al. [63]. The respective mean
contents of 8 and theobromine (5) were 1.1% and 0.04% in C. acuminata, 1.4% and
0.05% in C. nitida, and 0.7% and 0.06% in C. anomala.

2.5 Sapindales (Guarana, Citrus, and Related Plants)

Sapindales, Paullinia (Sapindaceae) and Citrus (Rutaceae) species, contain xan-
thine alkaloids. Seeds of guarand (Paullinia cupana var. sorbilis), which are
utilized commercially in South America, contain high concentrations (2.5-6.5%
d.w.) of caffeine (8) with smaller quantities of theobromine (5) and theophylline (6)
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Plate 6 Guarana (Paullinia cupana); photograph courtesy of Flavia Camila Schimpl
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Fig. 4 Occurrence of xanthine alkaloids in different organs of guarand. Xanthine alkaloid
contents are shown as % of dry weight. Based on the data of Weckerle et al. [65]

[64]. Weckerle et al. [65] screened 34 species of Paullinia and related genera and
found only three species, P. cupana (Plate 6), P. yoco, and P. pachycarpa to contain
xanthine alkaloids. In P. cupana seeds (cotyledons), 8 (4.3% d.w.) was the major
alkaloid and very small amounts of 5 (0.015%) and 6 (0.007%) were also detected
(Fig. 4). Caffeine (8) also occurs in the testa and septa while, in contrast, 5 was
detected mainly in the leaves, stem, and pericarp (Fig. 4) [65, 66].
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In P. yoco, caffeine is found principally in the stem cortex (0.45% d.w.), stem
wood (0.28%), and floral buds (0.19%). Smaller amounts of theobromine (5)
(0.03-0.05%) accumulate in the mature leaves, axis cortex, and floral buds, while
theophylline (6) has not been detected in any part of this plant. P. pachycarpa
accumulated only small amounts of § (<0.03%) in the leaves and stems, and no
xanthine alkaloids were detected in the fruits [65].

Stewart [19] found low a concentration of 8 in the flower buds of eight cultivars
of citrus and in the leaves of Valencia orange (Citrus sinensis). The caffeine content
of flower buds varied from 19-50 pg/g d.w., and the maximum value was obtained
from Lisbon lemon flowers. The content in leaves was 6 pg/g d.w.

Detailed studies of the distribution of xanthine alkaloids in citrus flowers were
reported by Kretschmar and Baumann [20]. They detected substantial quantities of
caffeine and theophylline (6) and trace amounts of theobromine and paraxanthine
(7) in the flowers of Citrus paradisi (grapefruit) (Plate 7), C. maxima (shaddock),
C. limon (lemon), and C. trifoliata (syn. Poncirus trifoliata, trifoliate orange).
Caffeine (8) was undetectable in the small buds but it appeared at anthesis.
Xanthine alkaloids, mainly 8, were located in the stamens. For example, a high
level of xanthine alkaloids (96.5%) was found in the stamens of C. limon flowers
and the remainder occurred in the petals (2.5%) and pistils (1.0%). Concentrations
of 8 and 5 expressed on a fresh weight basis in the stamens of the following Citrus
species were as follows: C. paradisi (3.2 and 0.2 pmol/g), C. maxima (1.1 and
0.3 pmol/g), C. trifoliata (0.8 and 0.1 pmol/g), and C. limon (1.4 and 0.1 pmol/g). In
some samples, stamens were separated into the filament and anthers and this
revealed that caffeine and theophylline were located mainly in the anthers, at
high concentrations (10.1 and 10.7 pmol/g f.w.) in C. paradisi and C. maxima,
respectively. These values corresponded to 0.7-0.8% d.w. Xanthine alkaloids in
pollen were analyzed in C. medica (citron). Caffeine (6.9 pmol/g fresh weight) and

Plate 7 Grapefruit (Citrus paradisi); photograph from Wikimedia Commons, F. and K. Starr
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theophylline (1.9 pmol/g fresh weight) were found in the microspores and small
amounts (<0.6 pmol/cm_3) of xanthine alkaloids, mainly caffeine, were also
detected in the nectar of Citrus flowers.

2.6 Other Species

In addition to the species involved in the five orders of plants mentioned above,
older literature [16] has reported the occurrence of caffeine in plants involved in
eight other orders.

The species and family names are as follows:

Magnoliales: Annona cherimola (Annonaceae)

Asparagales: Scilla maritima (syn. Drimia maritima) (Asparagaceae)

Celastrales: Maytenus sp. (Celastraceae)

Malpighiales: Banisteriopsis caapi (Malpighiaceae), Turnera ulmifolia
(Passifloraceae), Populus alba (Salicaceae)

Mpyrtales: Combretum jacquinii, C. loeflingii (Combretaceae)

Geraniales: Erodium cicutarium (Geraniaceae)

Dilleniales: Davilla rugosa (Dilleniaceae)

Caryophallales:  Cereus jamacaru, Harrisia adscendens, Leocereus bahiensis,
Pilocereus gounellei, Trichocereus sp. (Cactaceae)

The occurrence of xanthine alkaloids has been investigated mainly in plants of
economic significance [67] and medicinal plants grown on the American continent
[16]. Therefore, their actual occurrence in the plant kingdom may well be more
diverse. On the other hand, most of the identifications and quantifications reported
in the older literature were based on paper chromatography and colorimetry-based
techniques, and have not been confirmed with more modern analytical
methodology.

Recently, two phytochemical studies using HPLC coupled with tandem mass
spectrometry confirmed the occurrence of caffeine. Pierattini et al. [68] reported the
presence of endogenous caffeine (8) (<0.4 pg/g f.w.), theobromine (<1.5 pg/g f.
w.), and theophylline (6) (~60 pg/g f.w.) in the roots of Populus alba plantlets
(Order Malpighiales). These xanthine alkaloids were also detected in the leaves and
stems at lower concentrations. Small amounts of 8 (86 ng/g d.w.) and theobromine
(5) (70 ng/g d.w.) have been detected in a cactus, Epiphyllum oxypetalum (order
Caryophallales) (Gema Peireira-Caro and Hiroshi Ashihara, unpublished results).

Strictly speaking, methylxanthine-synthesizing and accumulating plants are not
the same. For example, a discrepancy on the ability of biosynthesis and accumula-
tion was observed with another N-methyl compound, trigonelline (20). Although
accumulation of trigonelline has been recorded in a limited number of species,
many plants possess the ability to produce trigonelline if nicotinic acid (18) is
supplied [69]. Therefore, a different approach, such as the determination of the
occurrence of gene expression and enzyme activity may be required to clarify
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whether or not the capacity to synthesize xanthine alkaloids is present in a particular
species. This type of confirmation is necessary for chemotaxonomic analysis of
caffeine (8) and related alkaloids.

Caffeine (8), used in beverages, pharmaceutical, and personal care products, is a
recognized contaminant of aquatic ecosystems [68, 70]. Thus, small amounts of
8 might be found in plants grown in the wild that do not synthesize xanthine
alkaloids. To determine the occurrence of biosynthesis is also important to confirm
the origin of the xanthine alkaloids.

3 Biosynthesis of Xanthine Alkaloids

3.1 A Brief History of the Elucidation of the Biosynthesis
Pathways

In 1950, James Bonner speculated in his famous book, “Plant Biochemistry”, that
caffeine (8) was synthesized by a xanthine (1)— heteroxanthine
(7-methylxanthine) (2) — theobromine (5) — caffeine (8) pathway [71]. The pro-
posed pathway was based on the following: (i) the occurrence of heteroxanthine in
Beta vulgaris reported in 1904 [72], and (ii) the conversion of 5§ to 8 that was
demonstrated in Theobroma cacao seedlings by Weevers in 1930 [73].

In the 1960s, Anderson and Gibbs, and Inoue and co-workers, demonstrated the
incorporation of various precursors into caffeine (8) in leaves of coffee [74] and tea
[75=77]. Up to 1960, the carbon precursors utilized in the biosynthesis of the purine
ring had been identified in birds, mammals, bacteria, and yeast, but there was no
information on the biosynthesis of purines in plants. In addition to general purine
compounds, such as ATP and GTP, it was known that some higher plants synthesize
methylated purines, including 8, but no attention had been given to the relationship
between methyl group and purine ring formation. Anderson and Gibbs [74] used
4C_labeled CO,, glycine, serine, HCOONa, HCHO, CH,OH, and methionine and
demonstrated that 8 is synthesized from the same carbon precursors utilized for
purines while the methyl group is derived from a different route. Inoue et al. [75]
reported incorporation of root-absorbed ("*NH,),SOy, into 8 in leaves in tea seed-
lings. They also demonstrated the biosynthesis of 8 from ('>NH,),SO, and “C-
glycine (35) by excised shoots [76, 77]. In addition, they established that the methyl
groups of 8 are derived from [methyl-'"*C]methionine [78]. Caffeine biosynthesis
from several purine precursors was investigated by Russian scientists using tea
leaves, and similar conclusions were drawn [79, 80].

In the 1970s, extensive research on the biosynthesis of 8 was carried out using
intact plant tissues [81-87] and callus cultures [88—90]. These studies confirmed
that the purine ring of caffeine was synthesized from the same precursors that are
utilized for general purine metabolism and several caffeine biosynthesis pathways
from purine compounds were postulated. Ogutuga and Northcote [89] proposed two
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routes: one derived from nucleic acids, i.e. methylated nucleic acids — 7-methyl-
GMP (21) — 7-methylguanosine (22) — 7-methylxanthosine (23) — 7-methylxan-
thine (2) — theobromine (§) — caffeine (8); with another leading from xanthine (1)
in the purine pool, i.e. xanthine (1) — 3-methylxanthine (3) — theophylline (6) —
caffeine (8). In contrast, Suzuki and Takahashi [91] proposed other pathways:
(i) nucleic acids (tRNA) — 1-methyl-AMP (25) — 1-methylxanthine (4) — theoph-
ylline (6) — caffeine, and (ii) purine nucleotides 7-methyl-AMP (26) or 1-methyl-
GMP (27) — 7-methylxanthine (2) — theobromine (5) — caffeine (8). However,
several pieces of evidence seriously questioned the validity of these proposals
[87,92].

In contrast to these studies with plant tissues, cell-free systems proved more
advantageous in obtaining direct proof for the involvement of S-adenosyl-L-methi-
onine (SAM) (28) and the sequence of methylation of the purine ring of 8. At that
time, one of the difficulties in extracting active enzymes from tea and coffee leaves
was that they contained high concentrations of phenolic compounds. This was
overcome with the use of insoluble polyvinylpyrrolidone (PVP) [93]. Suzuki and
Takahashi [94] prepared cell-free extracts from tea leaves using insoluble PVP to
remove phenolics and demonstrated two methyltransferase activities that catalyze
the transfer of methyl groups from SAM (28) to 7-methylxanthine (2) and theobro-
mine (5), resulting, respectively, in the production of theobromine and caffeine.
These findings suggested that 8 is synthesized from 2 via § but not from xanthine
(1), xanthosine (16), XMP (17), or hypoxanthine (15). In contrast to tea extracts, the
extraction of active enzyme activity from coffee was difficult. Indeed, Suzuki and
Takahashi reported that their attempts to extract enzyme activity capable of syn-
thesizing 2 from coffee leaves were unsuccessful [94].

Active cell-free extracts from coffee tissues were first obtained by Roberts and
Waller [95] in 1979. This was achieved with the use of insoluble PVP, and rigorous
exclusion of oxygen in the presence of solid CO, and liquid N,, and rapid gel
filtration to remove residual phenolic materials. The resultant enzyme preparation
was not only able to convert 7-methylxanthosine (23) to theobromine (§) but also
5 to caffeine (8).

In the 1980s, N-methyltransferase activity for caffeine biosynthesis was demon-
strated in tissue and cell cultures of coffee by Baumann et al. [96] and Waller et al.
[97]. Their enzyme system catalyzed the conversion of 7-methylxanthosine (23) to
caffeine (8). The 7-methylxanthosine synthase activity that catalyzed the first
methylation of the xanthine (1) ring of 8 was demonstrated initially in tea extracts
by Negishi et al. [98] in 1985. Later, N-methylnucleosidase activity, which converts
7-methylxanthosine (23) to 7-methylxanthine (2), was isolated from tea extracts by
the same investigators [99]. Thus, a xanthosine (16) — 7-methylxanthosine (23) —
7-methylxanthine (2) — theobromine (5) — caffeine (8) pathway was postulated as
the major route of caffeine biosynthesis.

The initial methyl acceptor for the main caffeine (8) biosynthesis pathway in tea
and coffee plants is xanthosine (16), and there are several pathways leading to 16. It
can be derived from XMP (17), produced by de novo purine biosynthesis, but a
contribution from cellular pools of AMP (30) and GMP (29), which are derived
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from both de novo and some purine salvage pathways, was implied from studies on
general purine metabolism in plants [100, 101]. Suzuki and Takahashi [86] reported
that adenine (13) is the most efficient precursor for caffeine synthesis in the tea
shoot. Ashihara and Kubota [33] demonstrated that [8-14C]adenine was converted
to 30 by the salvage enzyme, adenine phosphoribosyltransferase, and hence to
xanthosine (16) by an AMP (30) — IMP (31) — XMP (17) — xanthosine (16)
pathway. Subsequently, there were several reports that purine precursors, such as
adenosine (44), hypoxanthine (15), and inosine (42), were also utilized as pre-
cursors for caffeine biosynthesis. It was proposed that these compounds entered the
caffeine (8) biosynthesis pathway after their conversion to 30 and/or 29 [102—
104]. Until the early 1990s, three routes: (i) the de novo route, (ii) the AMP (30)
route, and (v) the GMP (29) route, had been proposed as the source of 16 [105]. In
addition to these three routes, a new pathway that utilized adenosine released from
the SAM (28) cycle (iii) was proposed by Koshiishi et al. [106] in 2001. Thus, four
routes have been proposed for the formation of the purine skeleton of caffeine
(Fig. 5) [1].

Alternative routes of caffeine biosynthesis were put forward in the 1990s. In
1993, Nazario and Lovatt [107] argued that theobromine (5) was not the immediate
precursor of caffeine (8). They hypothesized that 5§ might be synthesized from

(iii)
SAM cycle

(i) iv
de novo synthesis 44 (adenosine) 33 (NAD)

(ii)

30 (AMP) 30 30
I
31 (IMP) 31 31 31 29 (GMP)
I
17 (XMP) 17 17 17 32 (guanosine)

16 (xanthosine)

'

23 (7-methylxanthosine)

2 (7-methylxanthine)

'

5 (theobromine)

'

8 (caffeine)

Fig. 5 Outline of five possible pathways of caffeine biosynthesis: (i) De novo route, (ii) AMP
route, (iii) SAM route, (iv) NAD route, and (v) GMP route
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adenine nucleotides without a xanthine species serving as an intermediate, whereas
8 was likely to be derived from a methylated xanthine. However, they could not
identify the steps by which xanthine (1) was methylated. In 1996, Ashihara et al.
[108] provided strong evidence against the proposal by Nazario and Lovatt [107]
and confirmed the operation of an AMP (30) — IMP (31) — XMP (17) (or GMP
(29) — guanosine (32)) — xanthosine (16) — 7-methylxanthosine (23) — 7-meth-
ylxanthine (2) — theobromine (§) — caffeine (8) pathway in young coffee leaves,
using pulse-chase experiments with '*C-precursors (routes ii and v in Fig. 5).

Schulthess et al. [109, 110] reported the results of a study on the initial methyl-
ation step of caffeine biosynthesis. They proposed that caffeine biosynthesis starts
with XMP (17), and not xanthosine (16), with the metabolically channeled forma-
tion of 7-methyl-XMP (24) from 17. However, this pathway is not supported by
more recent research [111].

Attempts to purify the N-methyltransferases involved in caffeine (8) biosynthe-
sis were made by several research groups. However, it was found to be very difficult
to purify these enzymes because they are extremely labile. For example, Gillies
et al. [112] reported that the half-life of the enzyme activity in coffee cell-free
extracts is ~90 min at 4°C. Partially purified enzymes were reported from labora-
tories in Brazil [113], Japan [114, 115], Switzerland [116] and the UK
[112]. Finally, in 1999, Kato et al. [11] successfully isolated a highly purified
N-methyltransferase that catalyzed the last two steps of caffeine biosynthesis. The
enzyme referred to as caffeine synthase was purified to apparent homogeneity and
detailed properties, including the N-amino-terminal sequence were reported.

In 2000, using the N-terminal sequence of highly purified caffeine synthase [11],
a gene encoding caffeine synthase was cloned from tea leaves by Kato et al.
[117]. The substrate specificity of the recombinant enzyme was very similar to
that of the native enzyme purified from young tea leaves [11]. The recombinant
enzyme catalyzed N-3- and N-1-methylation but not N-7-methylation. Shortly
before the publication of the Kato et al. paper [117], a Hawaiian group claimed to
have cloned the 7N-methyltransferase gene involved in caffeine biosynthesis from
coffee leaves [118, 119]. However, two Japanese groups have subsequently
revealed that the reported gene did not encode any N-methyltransferase involved
in caffeine (8) biosynthesis, and that the sequence very closely resembled that of a
lipase gene [111, 120].

In 2001-2003, genes encoding N-methyltransferases involved in caffeine bio-
synthesis were cloned from coffee plants by two independent Japanese groups
[111, 121-124]. Currently, three different coffee genes encoding
N-methyltransferases associated with caffeine biosynthesis have been cloned,
namely, 7-methylxanthine synthase, theobromine synthase and caffeine synthase
[125]. These results support the operation of the four-step caffeine biosynthesis
pathway leading from xanthosine (16) as originally proposed by Suzuki and
Takahashi [94], Negishi et al. [126] and Ashihara et al. [108]. There is now
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widespread agreement that a xanthosine (16) — 7-methylxanthosine (23) — 7-
methylxanthine (2) — theobromine (5) — caffeine (8) pathway is the main route
of caffeine biosynthesis in tea and coffee plants.

3.2 Caffeine Biosynthesis Pathways from Xanthosine

Xanthine alkaloids are formed from purine nucleotides in plants [13]. As discussed
in Sect. 3.1, there have been a number of proposals on the pathways involved in
caffeine biosynthesis. However, current data from a series of studies on in situ
metabolism of labeled precursors and characterization of enzymes and genes have
established that the main caffeine (8) biosynthesis pathway is a four-step sequence
consisting of three methylations and one nucleosidase reaction starting with
xanthosine (16) serving as the initial substrate. The conversion of 16 to 8 involves
three N-methylation steps (steps 1, 3, and 4 in Fig. 6) and the removal of a ribose
moiety (step 2 in Fig. 6). The main pathway is via theobromine (§). However, a
route with paraxanthine (7) as an intermediate is also feasible. 7-Methylxanthine
(2), 5, and 7 may exist as different tautomers. Three tautomers for 2 are shown in
Fig. 6, but the tautomer with the hydroxy group at C-6 is not considered here,
because there seems to be no potential general base/acid catalyst for the methyl
transfer in the X-ray structure [127]. Different tautomers can undergo N-3 and N-1
methylation.

To date, the information on caffeine biosynthesis has been obtained mainly from
coffee and tea plants. The available evidence suggests that the pathway is essen-
tially the same in both species, but some minor differences are found in other
species. Therefore, this chapter will consider data from tea (Camellia sinensis),
coffee (Coffea arabica and C. canephora), and other species separately.

There is no consistency in the nomenclature of N-methyltransferases involved in
caffeine biosynthesis in the literature. Kato et al. [11] used product names of each
enzyme: 7-methylxanthosine synthase, theobromine synthase, and caffeine
synthase. On the other hand, Ogawa et al. [123] used substrate names: xanthosine
methyltransferase, monomethylxanthine methyltransferase, and dimethylxanthine
methyltransferase. Since the former system is registered with the [IUBMB enzyme
nomenclature, the terms 7-methylxanthosine synthase (EC 2.1.1.158), theobromine
synthase (EC 2.1.1.159), and caffeine synthase (EC 2.1.1.160) are used herein.
However, when comparing the various N-methyltransferases, substrate names, such
as XMP-N-methyltransferase and xanthosine N-methyltransferase are also used,
because it is more common in the nomenclature for methyltransferases.
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3.2.1 Formation of 7-Methylxanthine
Feeding Experiments

In tea plants, the formation of monomethylxanthine in the main caffeine biosyn-
thesis pathway is initiated by xanthosine (16) derived from purine nucleotides. This
reaction was first demonstrated in '*C-feeding experiments using excised tea shoots
by Negishi et al. [126]. Approximately 50% of [2-'*C]xanthosine (16) taken up by
the tea shoots was incorporated into caffeine within 24 h. Compound 16
disappeared within 1 h and the radioactivity appeared transiently in theobromine.
7-Methylxanthosine (23) and 7-methylxanthine (2) also appeared in small amounts
at the earlier incubation periods.

Negishi et al. [98] also found 7-methylxanthosine synthase activity that cata-
lyzed the conversion of xanthosine (16) to 7-methylxanthosine (23) in cell-free
extracts of tea shoots. When XMP (17) is included in the incubation medium
instead of xanthosine (16), small amounts of 7-methylxanthosine (23) (12% of
the amount obtained with 16) were detected but 7-methyl-XMP (24) was not. This
suggests that 17 was not methylated directly. The apparent activity may be due to
16, which was produced from 17 by nucleotidase contamination of the cell-free
extracts. To confirm this speculation, Kato and Ashihara partially purified tea N-
methyltransferase by ion-exchange chromatography after ammonium sulfate frac-
tionation [13]. The major peak of xanthosine N-methyltransferase did not methylate
17. Therefore, 17 is unlikely to be the direct methyl acceptor in tea plants as
suggested by Negishi et al. [98].

Enzyme Studies

7-Methylxanthine synthase (EC 2.1.1.158) catalyzes the following reaction:
xanthosine (16)+SAM (28) — 7-methylxanthosine (23) + S-adenosyl-L-homocys-
teine (SAH) (73). The enzyme activity has been detected in vitro in crude and
partially purified extracts from tea [98, 128] and coffee [109, 116].

In the earlier paper by Suzuki and Takahashi [94], which demonstrated the
existence of N-methyltransferases involved in caffeine biosynthesis in cell-free
tea leaf extracts, they indicated that it was difficult to detect the methylation of
xanthosine. However, this is probably due to the fact that 7-methylxanthine
synthase activity is low compared with other N-methyltransferase activities and is
extremely unstable in vitro. 7-Methylxanthosine synthase activity was detected
only in young leaves and its activity is ~6% of theobromine synthase activity
[128]. Kato et al. [115] partially purified tea leaf N-methyltransferases involved
in caffeine (8) biosynthesis by anion-exchange and gel-filtration column chroma-
tography. When xanthosine (16) was used as a substrate only the N-7 position was
methylated. In this study, 7-methylxanthosine synthase could not be separated from
the other N-methyltransferases, but subsequent extensive purification of
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N-methyltransferases revealed that this enzyme, which is involved in the first
methylation step, is distinct from the enzymes that catalyze second and third
methylation steps of biosynthesis of 8 [11]. Neither highly purified native
7-methylxanthine synthase nor a cloned gene encoding this enzyme has been
isolated from tea plants.

Using tea leaf extracts, Negishi et al. [99] partially purified N-methyl
nucleosidase activity (7-methylxanthosine nucleosidase, EC 3.2.2.25). The sub-
strate specificity of this enzyme was broad, and high activity was found with several
methyl purine nucleosides including 7-methylxanthosine (23). The estimated
molecular weight was 55,000 and the pH optimum was 8.0-8.5. This enzyme is
distinct from adenosine nucleosidase (EC 3.2.2.7) that has a pH optimum of 4.5. N-
Methylnucleosidase was readily separated from adenosine nucleotidase by DEAE-
cellulose chromatography. The results obtained with the native tea leaf enzymes
suggest that the conversion of xanthosine (16) to 7-methylxanthine (2) via 23 is
catalyzed by two enzymes, 7-methylxanthosine synthase and N-
methylnucleosidase.

The genes encoding 7-methylxanthosine synthase have been isolated from
Coffea arabica and the properties of the recombinant enzymes were reported
[111, 124]. In contrast to tea, 7-methylxanthosine nucleosidase has not yet been
isolated from coffee plants. There is also some debate on the synthesis of
7-methylxanthine (2) in coffee and the substrate of the 7N-methyltransferase.
Schulthess et al. [109] reported that in addition to xanthosine (16), XMP (17)
could act as a substrate for 7N-methyltransferase. As shown in Table 7, 17 was
converted to 7-methyl-XMP (24), 7-methyxanthosine (23) and 7-methylxanthine
(2) in crude enzyme extracts of young coffee leaves, with SAM (28) acting as the
methyl donor. Conversion to 24 was enhanced at higher concentrations of 17 in the

Table 7 Substrate specificity and products of native and recombinant 7-methylxanthosine
synthase from coffee plants®

Relative
Sample Substrate Product(s) rate/% Ref.
C. arabica (native, crude) Xanthosine (16) 7mXR (23) 29 [109]
7mX (2) 71
XMP (17) TmXMP (24) 18
7TmXR(23) 57
7mX (2) 23
C. arabica (recombinant) Xanthosine (16) 7mXR (23) 100 [111]
XMP (17) None -
C. arabica (recombinant) Xanthosine (16) 7mXR (23) 100 [124]
XMP (17) None -
C. canephora (recombinant) Xanthosine (16) 7mX (2) 100 [129]
XMP (17) None -

#TmX = 7-methylxanthine (2), 7mXR = 7-methylxanthosine (23)
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presence of Na,MoQy,, a nucleotidase inhibitor. On the basis of these data and in
situ feeding experiments, which showed a failure to detect '*C-labeled 23 in coffee
leaves, a XMP (17) — 7-methyl-XMP (24) — 7-methylxanthosine (23)— 7-
methyxanthine (2) pathway was proposed.

Recombinant enzyme proteins of 7-methylxanthosine synthase have been pre-
pared using the coffee gene sequences, and the biochemical properties character-
ized. The recombinant enzyme uses xanthosine (16) as a substrate, but not XMP
(17) nor xanthine (1) [111]. The Ky for 16 is 74—78 pM [111, 124] and for SAM
(28) is 13 pM [124]. These findings do not support the hypothesis proposed by
Schulthess et al. [109] that caffeine biosynthesis starts with the metabolically
channeled formation of 7-methyl-XMP (24) (Table 7).

There has also been debate about the product of 7-methylxanthosine synthase.
Mizuno et al. [111] and Uefuji et al. [124] reported that 7-methylxanthosine (23) is
the product of 7-methylxanthosine synthase from Coffea arabica. In contrast,
McCarthy and McCarthy [129], who used a recombinant 7-methylxanthosine
synthase from Coffea canephora, proposed that the methyl transfer and nucleoside
cleavage were coupled and catalyzed by a single enzyme, 7-methylxanthosine
synthase/nucleosidase (Table 7). Uefuji et al. noted that crude recombinant enzyme,
but not the purified enzyme, catalyzed the conversion of xanthosine (16) to
7-methylxanthine (2), possibly as the result of the presence of nucleoside phos-
phorylase(s) derived from E. coli contamination of the bacterial extracts. Recently,
the conclusions of McCarthy and McCarthy [129] were revised by the group after
they obtained data showing that the main product of the 7-methylxanthosine
synthase is 23, and not 2 as originally reported. However, small amounts of
2 were detected, suggesting that 7-methylxanthosine synthase may have some
weak secondary nucleosidase activity or that 23 is unstable and slowly degrades
to 2 (Amandine Lallemand and Andrew A. McCarthy, personal communication).
Thus, N-methylnucleosidase appears to be involved in caffeine (8) biosynthesis in
coffee as well as in tea [99].

Genes and Proteins

A single gene encoding 7-methylxanthosine synthase has been identified. It encodes
a polypeptide consisting of 372 amino acids with an apparent molecular mass of
41.8 kDa and is expressed almost uniformly in all parts of coffee plants, including
the leaves, floral buds, and the immature but not mature beans [111, 124]. In
contrast, at least four genes encoding theobromine synthase have been isolated
[121, 124]. The number of amino acids in the putative polypeptides are 378 for
CTS1 and MXMT]1 (42.7 kDa) and 384 for CTS2 and MXMT2 (43.4 kDa). They
differ by insertion or deletion of blocks of several residues in the C-terminal region.
Their catalytic properties as judged from kinetic parameters, such as Ky values, are
apparently different. They are expressed in young leaves, floral buds and immature
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but not mature beans. At least two genes were also identified for caffeine synthase
[121, 124], CCSI and DXMT, each encoding a 43-kDa polypeptide consisting of
384 amino acids. Patterns of gene expression of CCSI and DXMT were different,
with DXMT being expressed exclusively in immature beans, while CCS/ expres-
sion occurred in all organs. The isoforms of theobromine synthase and caffeine
synthase with different properties may be present and theobromine (5) and caffeine
(8) may be synthesized through multiple pathways that appear in different organs
and at different stages of development.

3.2.2 Conversion of 7-Methylxanthine to Caffeine via Theobromine
Feeding Experiments

Negishi et al. [126] reported that [2—14C]7—methylxanthine (2) is metabolized to
theobromine and then further converted to caffeine in young tea shoots. Ashihara
et al. [130] found that [2-14C]theobr0mine (5) is efficiently incorporated into
caffeine (8) in young and mature tea leaf segments. These feeding experiments
support the operation of a 7-methylxanthine (2) — theobromine (5) — caffeine (8)
pathway (Fig. 5) in tea.

Enzyme Studies

The second and third methylation steps in the caffeine biosynthesis pathway (steps
3 and 4 in Fig. 6) are catalyzed by SAM (28)-dependent N-methyltransferase(s),
namely, theobromine synthase (EC 2.1.1.159) and/or caffeine synthase
(EC 2.1.1.160), but the participating enzymes are distinct from the
7-methylxanthosine synthase (EC 2.1.1.158) involved in the first step of caffeine
(8) biosynthesis (step 1 in Fig. 6) [11]. As described below, caffeine synthase is a
dual-functional enzyme that catalyzes the two-step reaction 7-methylxanthine
(2) — theobromine (5) — caffeine (8) (steps 3 and 4 in Fig. 5), while theobromine
synthase catalyzes only the conversion of 2 to 5 (step 3 in Fig. 6). Up to now, only a
caffeine synthase has been found in tea, but both theobromine and caffeine
synthases occur in coffee (see below).

Highly purified native caffeine synthase (EC 2.1.1.160) was obtained from
young tea leaves by Kato et al. [11]. The enzyme was purified 520-fold to apparent
homogeneity by fractionation with ammonium sulfate and hydroxyapatite, anion-
exchange chromatography, affinity chromatography with adenosine agarose, and
gel-filtration chromatography. The enzyme displayed a sharp pH optimum at 8.5.
The final preparation exhibited 3N- and 1N-methyltransferase activity and had a
rather broad substrate specificity, showing high activity towards paraxanthine
(1,7-dimethylxanthine) (7), 7-methylxanthine (2), and theobromine (5), and low
activity with 3-methylxanthine (3) and 1-methylxanthine (4) (Table 8). Xanthosine
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(16) and XMP (17) were also methylated by the enzyme. The 20-amino acid N-
terminal sequence was determined. Highly purified enzymes have not yet obtained
from other plants including coffee.

Genes and Proteins

Rapid amplification of complementary DNA ends (RACE) was used with degen-
erate gene-specific primers based on the amino-terminal sequence of caffeine
synthase to obtain a 1.31-kb sequence of cDNA. The 5 untranslated sequence of
the cDNA fragment was isolated by 5'-RACE. The isolated cDNA termed TCS!
[117] was expressed in Escherichia coli and the lysates of the bacterial cells
incubated with a variety of xanthine substrates in the presence of SAM. The
substrate specificity of the recombinant enzyme was similar to that of the native
enzyme purified from young tea leaves [117]. The recombinant and native enzymes
principally catalyze 3-N- and N-1-methylation of the purine ring of mono- and
dimethylxanthines (Table 8).

In coffee, plural genes encoding methylxanthine N-methyltransferases have
been cloned. The recombinant enzymes obtained from these genes show different
substrate specificities. The recombinant coffee caffeine synthase (EC 2.1.1.160),
namely, CCS1 and CaDXMT, can utilize paraxanthine (7), theobromine (5), and
7-methylxanthine (2) as substrates (Table 8). Compound 7 is the most active
substrate of tea and coffee caffeine synthase (Table 8), but only limited amounts
of 7 appear to be synthesized in these tissues. The synthesis of 7 from 2 by caffeine
synthase (step 11 in Fig. 6) has not been reported. Therefore, in planta, caffeine
synthase is involved principally in the conversion of 2 to caffeine (8) via S5 (steps
3 and 4 in Fig. 6).

Recently, recombinant caffeine synthase (PcCS) was obtained from guarana
(Paullinia cupana var. sorbilis) by a Brazilian group (Table 8) [64]. Like the tea

Table 8 Comparison of substrate specificity of caffeine synthase of tea (Camellia sinensis),
coffee (Coffea arabica) and guarand (Paullinia cupana)®

Tea Coffee Guarana
Substrate Native TCS1 CCS1 CaDXMT1 PcCS
7-Methylxanthine (2) 100.0 100.0 100.0 100 100
3-Methylxanthine (3) 17.6 1.0 34 nd nd
1-Methylxanthine (4) 4.2 12.3 2.2 nd nd
Theobromine (5) 26.8 18.5 104.0 380 189
Theophylline (6) <0.1 <0.1 nd nd nd
Paraxanthine (7) 210.0 230.0 417.0 10,000 nd
Xanthine (1) <0.1 - - — -
Xanthosine (16) nd nd - — -
XMP (17) nd - - - -
Reference [11] [12] [121] [124] [64]

“Caffeine synthase activity is expressed as a percentage of the activity on 7-methylxanthine (2).
— = not determinded; nd = not detected
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and coffee enzymes, this is a dual-functional enzyme able to catalyze the con-
version of 7-methylxanthine (2) to theobromine (§) and also that of 5 to caffeine
(8) (steps 3 and 4 in Fig. 6). However, in contrast to tea and coffee caffeine syn-
thases, this enzyme does not use paraxanthine (7) as a substrate (Table 8). This
unique substrate affinity of guarana caffeine synthase is probably explained
by the distinct amino acid residues found in the active site of the predicted
protein [64].

In coffee, in addition to the dual-functional caffeine synthase, genes encoding
theobromine synthase (EC 2.1.1.159) have been cloned; the recombinant enzyme is
specific for the conversion of 7-methylxanthine (2) to theobromine (8) (step 3 in
Fig. 6) [122, 123]. The enzyme obtained from coffee genes catalyzes N-3- but not
N-1-methylation. Furthermore, the activity of N-3-methylation of 2 was much
greater than the N-3-methylation activity of paraxanthine (7) (Table 9).

As shown in Sect. 2, some purine alkaloid-producing species including Camellia
irrawadiensis, Camellia ptilophylla and Theobroma cacao accumulate theobro-
mine (5) rather than caffeine (8). Yoneyama et al. [131] cloned genes encoding
theobromine synthase (ICSI, PCSI, and BTSI) from these three species. The
recombinant enzymes had only 3N-methyltransferase activity, mainly converting
7-methylxanthine (2) to § (step 3 in Fig. 5). Limited activity that catalyzed N-3-
methylation of paraxanthine (7) to form caffeine was detected only in Camellia
ptilophylla (Table 9). The theobromine synthase appears to participate principally
in the synthesis of 5 in theobromine-accumulating plants. The genes encoding
theobromine synthase have been isolated from some Camellia plants that do not
accumulate 5. In vitro, the recombinant enzymes principally catalyzed the conver-
sion of 2 to 5§ [31]. The role of theobromine synthase in these species is unknown,
although it would appear not to be involved in the biosynthesis of xanthine
alkaloids.

Table 9 Comparison of substrate specificity of theobromine synthase from different plant
sources”

Substrate
Enzyme source(s) 7mX (2) | Paraxanthine (7) | Theobromine (5) | Ref.
Coffee CTSl1 100 1.4 nd [121]
CaMXT1 | 100 5.0 nd [124]
CaMXT2 | 100 53 nd [124]
Cacao BTS1 100 nd nd [131]
Camellia irrawadiensis | ICS1 100 10.9 0.7 [131]
Camellia ptilophylla PCS1 100 11.0 nd [131]

“Theobromine synthase activity is expressed as a percentage of the activity with 7-methylxanthine
(2); nd = not determined
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3.2.3 Evolutionary Relationship of the Caffeine Synthase Family
Proteins

To investigate the evolutionary relationship, a comparison of the amino acid
sequences of the caffeine synthase family of proteins was undertaken. Figure 7
shows the amino acid sequences of caffeine synthases from coffee, cacao, maté, tea,
and guarana. There are four highly conserved regions, namely, motif A, motif B/,
motif C, and the YFFF-region [132]. Three conserved motifs, A, B, and C, of the
binding site of the methyl donor of SAM, have been reported in most plant
SAM-dependent O-methyltransferases [133].

The motif B’ and the YFFF region are specific to the motif B’ methyltransferase
family. The consensus sequence of the motif B’ region, which is located between
motif A and motif C, contains a large number of hydrophilic amino acids such as
asparagine and aspartic acid, while the consensus sequence of the YFFF region,
located downstream to motif C, contains aromatic amino acid residues [121]. These
four regions may have important roles both in the N-methylation reaction and in
discriminating the position of N-methylation on the purine ring.

In addition to the caffeine synthase family, members of the motif B’
methyltransferase include some C-methyltransferases, such as salicylic acid car-
boxyl methyltransferase [134], benzoic acid carboxyl methyltransferase [135],
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Fig. 7 Comparison of the amino acid sequences of caffeine synthases from several caffeine-
containing plants. Alignment of the amino acid sequences for CmXRS1, CTSI1, and CCS1
(accession numbers AB034699, AB034700, and AB086414, respectively) from coffee, BTS1
(accession number AB096699) from cacao, PCS1 (accession number AB207817) from cocoa
tea (Camellia ptilophylla), TCS1 (accession number AB031280) from tea, and PcCS (accession
number DAA64605) from guarand. The identified substrates are shown in parentheses. The core
SAM binding domain is indicated in red. The SAM binding motifs (A, B’, and C) and YFFF
conserved region are shown by black boxes
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jasmonic acid carboxyl methyltransferase [136], farnesoic acid carboxyl
methyltransferase [137], indole-3-acetic acid methyltransferase [138], gibberellic
acid methyltransferase [139], and loganic acid carboxyl methyltransferase [140]
(Table 10). The motif B’ methyltransferase family is sometimes referred to as the

Table 10 Examples of the motif B’ methyltransferase family enzymes

Accession
Species Enzyme name Gene name | number
Coffee (Coffea arabica) | 7-Methylxanthine synthase CmXRS1 AB034699
CaXMT] AB048793
CaXMT2 JX978522
Theobromine synthase CTS! AB034700
CaMXMT! | AB048794
CaMXMT?2 | AB084126
Caffeine synthase CCS1 AB086414
CaDXMT1 | AB084125
Tentative caffeine synthase CtCS7 AB086415
Methyltransferase-like protein CaMTLI AB039725
CaMTL2 AB048792
Trigonelline synthase CTgS AB054842
Coffee (Coffea 7-Methylxanthine synthase CcXMTI JX978518
canephora) Theobromine synthase CcMXMTI | JX978517
Caffeine synthase CcDXMT | JX978516
Methyltransferase-like protein CcMTL JX978528
Cacao (Theobroma Theobromine synthase BTS1 AB096699
cacao)
Tea (Camellia sinensis) | Caffeine synthase TCSI AB031280
TCS2 AB031281
Cocoa tea (Camellia Theobromine synthase PCS1 AB207817
ptilophylla) PCS2 AB207818
Camellia irrawadiensis | Theobromine synthase ICS1 AB056108
ICS2 AB207816
Camellia (Camellia Theobromine synthase CjCS1 AB297451
Jjaponica)
Guarana (Paullinia Caffeine synthase PcCS DDA64605
cupana)
Fairy fans (Clarkia Salicylic acid carboxyl CbSAMT AF133053
breweri) methyltransferase
Snapdragon (Antirrhi- Benzoic acid carboxyl AmBAMT | AF198492
num majus) methyltransferase
Rice (Oryza sativa) Indole-3-acetic acid methyltransferase | OsIAMT EU375746
Thale cress (Arabidopsis | Benzoic acid/salicylic acid carboxyl AtBSMTI | NM111981
thaliana) methyltransferase
Jasmonic acid carboxyl AtJAMT AY008434
methyltransferase
IAA carboxylmethyltransferase AtIAMTI NM124907
Gibberellin methyl transferase AtGAMT] | NM118775

Adapted from Nakayama et al. [262]
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SABATH family, based on the initial letters of the names of the substrates of
methyltransferases initially named by D’ Auria et al. [141].

Crystallographic data on salicylic acid carboxyl methyltransferase from Clarkia
breweri suggest that members of this family exist as dimers in solution [142]. Fur-
ther structural analysis of 7-methylxanthosine synthase and caffeine synthase from
Coffea canephora has also revealed a dimeric structure [129]. Despite the marked
similarity in amino acid sequences of N-methyltransferases, each enzyme catalyzes
the methylation of specific substrate(s). Some reports suggest that a single amino
acid residue of the N-methyltransferases decides the substrate specificity
[123, 131].

Amino acid sequences of the caffeine synthase family derived from coffee are
more than 80% homologous but share only 40% homology with caffeine synthase
from tea. Figure 8 shows the phylogenetic tree analysis of the motif B’
methyltransferase family. The figure indicates that the amino acid sequences of
several methyltransferases share a high degree of sequence identity within the same
genus. This implies that the xanthine alkaloid biosynthesis pathways in coffee, tea,

PcCS(7mX, Tb)

PTS1(7mX)
TCS1(7mX, Tb) 1CS1(7mX

CTS1(7mX) 1632 j X Brs1zmx)
CTgS1(NA) AtGAMT1(GA)

CCS1(7mX, Th)

AmBAMT(BA)

AtBSMT1(BA, SA)

ChSAMT(SA) OsIAMT(IAA)

0.1 AtJAMT(JA)

AtIAMT1(IAA)

Fig.8 Molecular phylogenetic tree of motif B’ methyltransferase family. The identified substrates
are shown in parentheses. Abbreviation of substrates are as follows: BA, benzoic acid; GA,
gibberellic acid; IAA, indole-3-acetic acid; JA, jasmonic acid; 7mX, 7-methylxanthine; NA,
nicotinic acid; SA, salicylic acid; Tb, theobromine; XR, xanthosine. The unrooted tree is created
by a neighbor-joining method using ClustalW software. The sources of sequences given by the
accession numbers are as follows: TCS1, AB031280; TCS2, AB031281; ICS1, AB056108; ICS2,
AB207816; PCS1, AB207817; PCS2, AB207818; CjCS1, AB297451; CmXRS1, AB034699;
CTS1, AB034700; CCS1, AB086414; CTgS1, AB054842; BTS1, AB096699; CbSAMT,
AF133053; AmBAMT, AF198492; OsIAMT, EU375746; AtBSMTI1, NM111981; AtJAMT,
AY008434; AtIAMT1, NM124907; AtGAMT1, NM118775; PcCS, DDA64605
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cacao, and guarana might have evolved in parallel with one another. Denoeud et al.
[143] also have suggested that convergent evolution in caffeine biosynthesis occurs
in different plant species. Caffeine (8)-forming plants belong to several unrelated
families, but they accumulate caffeine synthesized by a similar, if not identical,
biosynthesis pathway. The genome sequence of caffeine biosynthesis indicates that
the methyltransferase genes in some lineages have evolved independently from
other branches of the SABATH methyltransferase gene family [144]. Ishida et al.
reported the occurrence of theobromine synthase genes in species of Camellia that
do not accumulate xanthine alkaloids [31]. Arguably this represents additional
evidence that monophyletic genes occur in Camellia plants.

Perrois et al. [145] proposed that the different N-methyltransferases involved in
caffeine biosynthesis in coffee belong to three different clusters that align with the
function of each enzyme. Clusters I, II, and III correspond to 7-methylxanthosine
synthase, theobromine synthase, and caffeine synthase (Fig. 9). Recently, Mizuno

cs1 Cluster Il

(AB0B6414)
Cluster | CeDXMT
) [E;}é:‘s%;} (JX978516)

CcXMT1 CaXMT1
(JX978518) (AB048793)

CaXmMT2
(JX978522)

CaDXMT1
(AB0B4125)

CtCS7
(ABOB6415)

CTS2
(ABD54841)
CaMXMT2
(AB0B4126) Cluste
CcMXMT1
(IX978517) 3 oo T CTgS2
CTS1  (AB048794) (AB054843)
(ABO34700) CaMTL2 CaMTL
(AB048792) CcMTL (AB039725)
CTgs1 (VX978528)
(AB054842)
0.01

Fig. 9 Unrooted maximum likelihood tree based on the alignment of different 18N-
methyltransferases involved in coffee caffeine synthase family. Clusters I, II, III, and IV corre-
spond to 7-methylxanthosine synthases, theobromine synthases, caffeine synthases, and
trigonelline synthases, respectively. Those accession numbers are as follows: CmXRSl1
(AB034699); CaXMT1 (AB048793); CcXMT1 (JX978518); CaXMT2 (JX978522); CcMXMT1
(JX978517); CaMXMT1 (AB048794); CaMXMT2 (AB084126); CTS1 (AB034700); CTS2
(AB054841); CcDXMT (JX978516); CaDXMT1 (AB084125); CtCS7 (AB086415); CCS1
(AB086414); CTgS1 (AB054842); CaMTL1 (AB039725); CcMTL (JX978528); CTgS2
(AB054843); CaMTL2 (AB048792)
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et al. [146] revealed that the conversion of nicotinic acid (18) to trigonelline (20) is
also catalyzed by N-methyltransferases belonging to the motif B’ methyltransferase
family in Coffea arabica. Genes previously cloned from C. arabica, and tentatively
named as CtCS3 and CtCS4, were shown to encode trigonelline synthase 1 (CTgS1)
and 2 (CTgS2). The sequence of these isozymes exhibited >95% homology while
homology between the trigonelline synthase (CTgS) and caffeine synthase (CCS1)
was 82%. The CTgS can be classified as Cluster IV as shown in Fig. 9. Trigonelline
(20) is accumulated in coffee seeds in similar concentrations to caffeine
[147, 148]. It is interesting that both biosynthetic enzymes possess high homology.

3.3 Pathways that Supply Xanthosine for Caffeine
Biosynthesis

Caffeine biosynthesis is initiated by the methylation of xanthosine (16). The direct
precursor, 16, is supplied by several different pathways: (i) de novo purine biosyn-
thesis (de novo route); (ii) degradation of adenine nucleotides (AMP route); (iii) the
SAM cycle (SAM route); (iv) degradation of NAD or NADP (NAD route), and
(v) guanine nucleotides (GMP route) (Fig. 5).

3.3.1 De Novo Route

Plants, as well as most other organisms, produce inosine-5'-phosphate (IMP) (31)
by de novo purine nucleotide biosynthesis. In the de novo pathway, IMP is
synthesized from glycine (35), glutamine (38), and aspartic acid (39),
5-phosphoribosyl-1-pyrophosphate (PRPP) (62), 10-formyl tetrahydrofolate (40),
and carbon dioxide. The genome information from Arabidopsis [149] and rice [150]
indicates that plants that synthesize 31 use similar reactions to those found in
microorganisms and animals [151]. Purine biosynthesis starts with the formation
of phosphoribosylamine (PRA) (63) from 62 and 38 (step 1, Fig. 10). This reaction
is catalyzed by PRPP amidotransferase. GAR synthetase catalyzes the
ATP-dependent formation of glycine amide ribonucleotide (GAR) (64) by
attaching 35 via an amide bond to 63 (step 2, Fig. 10). Compound 64 is metabolized
subsequently in a reaction catalyzed by GAR transformylase involving 40, to
generate formylglycinamide ribonucleotide (FGAR) (65) (step 3, Fig. 10). The
next step, catalyzed by formylglycinamidine ribonucleotide synthetase, consumes
ATP and glutamine (38), and leads to the formation of formylglycinamidine
ribonucleotide (FGAM) (66) (step 4, Fig. 10). Compound 66 then undergoes ring
closure to form 5-aminoimidazole ribonucleotide (AIR) (67) by consuming an
additional molecule of ATP (step 5, Fig. 10). This reaction is catalyzed by
AlR-synthase. To build the second ring of the purine skeleton, CO,, 39 and a
second molecule of 40 are inserted. Compound 67 is carboxylated in a reaction
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Fig. 10 The de novo biosynthesis pathway of caffeine initiated from 5-phosphoribosyl-1-pyro-
phosphate. Abbreviations of metabolites are as follows: PRA, 5-phosphoribosyl amine; GAR,

glycineamide ribonucleotide; FGAR, formylglycineamide ribonucleotide; FGRAM,
formylglycine amidine ribonucleotide; AIR, 5-aminoimidazole ribonucleotide; CAIR,
5-aminoimidazole 4-carboxylate ribonucleotide; SCAIR, 5-aminoimidazole-4-N-
succinocarboxyamide ribonucleotide; AICAR, 5-aminoimidazole-4-carboxyamide
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catalyzed by AIR carboxylase to 4-carboxy aminoimidazole ribonucleotide (CAIR)
(68) (step 6, Fig. 10). On adding 39 and using a further molecule of ATP, N-
succinyl-5-aminoimidazole-4-carboxamide ribonucleotide (SAICAR) (69) is
formed (step 7, Fig. 10). This step is catalyzed by SAICAR synthase. Fumarate is
released to build 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) (70)
(step 8, Fig. 10), catalyzed by adenylosuccinatelyase. The last two steps that form
the first complete purine molecule, 31, are catalyzed by the bifunctional enzyme
5-aminoimidazole-4-carboxamide  ribonucleotide = formyltransferase/inosine
monophosphate cyclohydrolase. In the first part of this reaction, the final carbon
of the purine ring is provided by 40 to form 5-formaminoimidazole-4-carboxamide
ribonucleotide (FAICAR) (71) (step 9, Fig. 10). Compound 71 undergoes
dehydration and a ring closure to generate 31 (step 10, Fig. 10). Xanthosine (16)
is produced from IMP (31) by a two-step reaction catalyzed by IMP dehydrogenase
and 5'-nucleotidase (steps 11 and 12 in Fig. 10).

The contribution of de novo purine biosynthesis to caffeine (8) biosynthesis is
indicated by the incorporation of some small-molecule precursors of purine bio-
synthesis into 8 in coffee [74] and tea leaves [75-77]. Ito and Ashihara [152]
examined whether the de novo pathway of purine nucleotide biosynthesis contrib-
uted directly to the biosynthesis of caffeine in tea leaves. The '°N atom from ['°N]
glycine (35) was incorporated into theobromine (5) and 8, and its incorporation was
reduced markedly by azaserine (36) and aminopterin (37), known inhibitors of
purine biosynthesis de novo. The radioactivity from [2-'*C]5-aminoimidazole-4-
carboxamide ribonucleoside (AICA) (41), a precursor of AICAR (70), was also
incorporated into theobromine and caffeine. Pulse-chase experiments with [ISN]
glycine (35) and [2-'*C]AICA (41) suggested that 5 is the immediate precursor of 8.
Incorporation of radioactivity from [2-'"*C]AICA (41) into purine alkaloids was not
influenced by treatment with coformycin (43), an inhibitor of plant AMP deami-
nase. The rate of the incorporation of radioactivity into § from [8-'*Clinosine (42),
an immediate precursor of IMP (31), was faster than from [8—14C]adenine (13), a
precursor of AMP (30). From these results, it was concluded that most of the purine
alkaloids originate from newly produced 31 formed by the de novo pathway for
purine nucleotide biosynthesis. Although it is difficult to totally exclude the partic-
ipation of other routes, the contribution of the de novo pathway to caffeine
biosynthesis appears to be important, especially in young tea leaves in which a
very rapid accumulation of purine alkaloids is observed.

<
«

Fig. 10 (continued) ribonucleotide; FAICAR, 5-formamidoimidazole-4-carboxyamide ribonucle-
otide; XMP, xanthosine-5’-monophosphate. Enzymes (EC numbers) shown are: (1) PRPP
amidotransferase (2.4.2.14); (2) GAR synthetase (6.3.4.13); (3) GAR formyl transferase
(2.1.2.2); (4) FGAM synthetase (6.3.5.3); (5) AIR synthetase (6.3.3.1); (6) AIR carboxylase
(4.1.1.21); (7) SAICAR synthetase (6.3.2.6); (8) adenylosuccinate lyase (4.3.2.2); (9) AICAR
formyltransferase (2.1.2.3); (10) IMP cyclohydrolase (3.5.4.10); (11) IMP dehydrogenase
(1.1.1.205); (12) 5'-nucleotidase (3.1.3.5)
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3.3.2 AMP Route

A portion of the xanthosine (16) used for caffeine (8) biosynthesis is derived from
the adenine nucleotide pools (route ii in Fig. 5). The cellular concentration of
adenine and guanine nucleotides was, respectively, 225 and 26 nmol/g f.w. in
young tea leaves [13] and 303 and 60 nmol/g f.w. in young maté leaves
[103]. Thus, the biosynthesis of 8 from adenine nucleotides would appear to be
quantitatively more important than that from guanine nucleotides. There are several
potential pathways for xanthosine (16) synthesis from AMP (30), but the AMP
(30) — IMP (31) — XMP (17) — xanthosine (16) route is likely to predominate
(route ii in Fig. 5). Coformycin (43), an inhibitor of AMP deaminase in plants
[153], inhibits the caffeine biosynthesis in tea flower buds [154] and maté leaves
[103]. This suggests an involvement of AMP deaminase in the biosynthesis of the
purine alkaloids. All three enzymes participating in the conversion, namely, AMP
deaminase, IMP dehydrogenase, and 5'-nucleotidase have been detected in tea
leaves [106].

3.3.3 SAM Cycle Route

The SAM cycle route (route iii in Fig. 5) is a variation in the route from adenine
nucleotides discussed above. The four-step caffeine biosynthesis pathway includes
three methylation steps that utilize SAM (28) as the methyl donor. In this process,
28 is converted to SAH (73), which in turn is hydrolyzed to L-homocysteine (74)
and adenosine (44) (Fig. 11). Koshiishi et al. [106] demonstrated that significant
amounts of radioactivity from [methyl—“C]methionine (72) and [methyl—”C]SAM
(28) were incorporated into theobromine and caffeine in young tea leaf segments. In
addition, very high SAH hydrolase activity was found in cell-free extracts from
young tea leaves. Substantial amounts of radioactivity from [adenosyl-"*C]SAH
(73) were also recovered as theobromine (5) and caffeine (8) in tea leaf segments,
demonstrating that 44 derived from 73 is utilized for the synthesis of the purine ring
of 8. From the profiles of activity of related enzymes in tea leaf extracts, it is
proposed that the major route from SAM to 8 is a SAM (28) — SAH (74) —
adenosine (44) — adenine (13) - AMP (30)—IMP @31)—XMP 17)—
xanthosine (16) — 7-methylxanthosine (23) — 7-methylxanthine (2)— theobro-
mine (5) — caffeine (8) pathway. In addition, direct adenosine kinase-catalysed
formation of 30 from 44 may participate as an alternative minor route. From these
results, Koshiishi et al. [106] proposed that in young tea leaves, not only the methyl
groups, but also the purine ring of caffeine is derived from SAM (28). The capacity
of the pathway is such that it is possible that the purine ring of caffeine is produced
exclusively by this route.
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Fig. 11 A possible caffeine biosynthesis pathway from adenosine released by the S-adenosyl-L-
methionine cycle. Abbreviations of metabolites are as follows: SAM, S-adenosyl-L-methionine;
SAH, S-adenosyl-L-homocysteine. Enzymes (EC numbers) shown are: (1) SAM synthetase
(2.5.1.6), (2) SAM-dependent N-methyltransferases (2.1.1), (3) SAH hydrolase (3.3.1.1),
(4) methionine synthase (2.1.1.13), (5) adenosine nucleosidase (3.2.2.7), (6) adenine
phosphoribosyltransferase (2.4.2.7), (7) adenosine kinase (2.7.1.20), (8) AMP deaminase
(3.5.4.6); (9) IMP dehydrogenase (1.1.1.205), (10) 5-nucleotidase (3.1.3.5), (11) 7-methylxanthosine
synthase (2.1.1.158), (12) N-methylnucleosidase (3.2.2.25), (13) theobromine synthase (2.1.1.159),
and (14) caffeine synthase (2.1.1.160)

3.3.4 NAD Route

The NAD route (route iv in Fig. 5) is also a variation in the AMP route. If NAD (33)
is degraded to nicotinamide mononucleotide (NMN) (34) and AMP (30) by NAD
pyrophosphatase, the product, 30, enters the AMP pathway of caffeine biosynthesis.
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The NAD route appears to be important in coffee plants, because another alkaloid,
trigonelline (20), is formed from nicotinic acid (18) derived from 33 [147, 148]. Ina
recent paper, Baumann [155] considered a hypothesis originally proposed by
Kremers in the 1950s [156], and speculated that 33 is a precursor for both 8 and
20. In this pathway, 33 would be transformed to nicotinic acid-hypoxanthine
dinucleotide (45) by the simultaneous action of nicotinamidase and a deaminase.
In a second step, the “hypoxanthine part” is oxidized by an IMP dehydrogenase to
yield nicotinic acid xanthine dinucleotide (46). Finally, by the dual action of the
same N-methyltransferase, 20 and 7-methylxanthine (2) are liberated. Although this
is an interesting speculation, there is an absence of supporting experimental evi-
dence for this hypothesis.

3.3.5 GMP Route

Xanthosine for caffeine biosynthesis is also produced from guanine nucleotides by
a GMP (29) — guanosine (32) — xanthosine (16) pathway (route v in Fig. 5).
Guanosine deaminase (EC 3.5.4.15) activity has been found in enzyme extracts
from young tea leaves [157]. The synthesis of caffeine (8) from [8-'*C]guanosine
(32) in tea leaves [158] has also confirmed the operation of this pathway. Although
GMP (29) is converted to IMP (31) by the action of GMP reductase in bacteria and
mammals [159-161], there is no evidence for the presence of GMP reductase in
higher plants [158, 162, 163]. Therefore, a potential alternative route, the GMP
(29) — IMP (31) — XMP (17) — xanthosine (16) pathway, would appear not to be
functional in plants.

3.4 Localization of Xanthine Alkaloid Biosynthesis

Secondary metabolites, such as alkaloids, accumulate in the vacuoles of cells of
vegetative tissues and seeds and seed coats of fruits. However, biosynthesis is often
carried out at other sites and translocated from source cells to sink tissues. For
example, nicotine (47), a pyridine alkaloid, is synthesized exclusively in the roots,
loaded into the xylem, and transported upwards in with the transpiration stream to
the leaves [164]. For such a translocation, at least three membrane transport events
would seemingly have to be involved, namely, export from the plasma membrane in
root cells, import at the plasma membrane in leaf cells, and additional transport into
the vacuoles in leaf cells [165]. In contrast to 47, long-distance transport of caffeine
(8) has not yet been observed, although intracellular transport to vacuoles may
occur.
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3.4.1 Organs and Tissues

Xanthine alkaloid biosynthetic activity in different organs and tissues was investi-
gated from the '*C-feeding experiments, determination of enzyme activity and/or
expression of caffeine synthase genes. Activity has been detected in leaves, flowers
and fruits. In general, high biosynthetic activity was found in young tissues and
disappeared with maturation. The activity in roots is low. Details of each plant are
described below.

Camellia

Feeding experiments investigating methylxanthine biosynthesis with '*C-labeled
substrates have often used leaf tissues and/or fruits. In tea, caffeine biosynthesis
from [8-'*CJadenine (13) was found to occur exclusively in the green chlorophyll-
containing buds, leaves, and shoots. The biosynthetic activity of theobromine and
caffeine was extremely high in younger leaves, and decreased with the age of the
tissue of 4-month-old seedlings. In contrast, very limited incorporation of [8-'*C]
adenine into these alkaloids was detected in the roots and cotyledons [33]. Similar
feeding experiments also indicated that the biosynthesis pathway to caffeine (8)
was operative in the stamens and petals of flowers and theobromine (§) biosynthesis
was also detected in flowers of theobromine-accumulating Camellia irrawadiensis.
The biosynthetic activity was higher in the flower buds than in the flowers [166]. A
detailed investigation of caffeine biosynthesis in the stamens isolated from tea
flower buds has been also reported [154]. Caffeine biosynthesis is also found in
fruits of tea plants. The activity was detected in the pericarp, cotyledons, and seed
coats. The biosynthetic activity was high in young tissues of all parts of the tea
fruits, especially in the pericarp [167]. The studies on the expression of genes
involved in caffeine biosynthesis in the leaves, stems, and roots of 4-month-old
tea seedlings also indicated that expression occurred in all organs, but the amounts
of transcripts of caffeine synthase (TCS/) were much higher in young leaves than in
other tissues [168]. The activity of N-methyltransferases involved in caffeine
biosynthesis was highest in young leaves, but disappeared with subsequent devel-
opment and growth [128]. Using an RNA in situ hybridization technique, Li et al.
[169] reported that the caffeine synthase gene is expressed mainly in the palisade
parenchyma and the epicuticle of tea leaves and less so in the spongy parenchyma
and hypoderm.

Coffea

In coffee, biosynthetic activity has been detected in leaves and fruits. Transcript
accumulation for the identified N-methyltransferase genes for caffeine biosynthesis
was analyzed by the RT-PCR using gene-specific primer sets. The results indicated
plural genes were expressed in different organs and tissues of coffee plants. Mizuno
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et al. [111, 121] reported that the transcripts of CmXRSI, CTS2, and CCSI were
detected in the developing endosperm, young leaves, and flower buds, and the
amount of transcripts was highest in the developing endosperm. In the flower buds,
marked expression of CTS2 was detected but the expression of CmXRS/ and CCS/
was weak. In young leaves, the amounts of CTS2 transcript were much smaller than
those of CmXRSI and CCS1. Similarly, Uefuji et al. [124] reported that transcripts
for CaXMTI were found in all tissues except mature fruits. Transcripts for
CaMXMTI and CaMXMT?2 were identified at high levels in young leaves, floral
buds, and immature fruits. In contrast, those of CaDXMTI were detected predom-
inantly in immature fruits.

Feeding experiments revealed that the incorporation of [8-'*CJadenine (13) into
theobromine and caffeine was found in small, young leaves of Coffea arabica but it
disappeared in fully developed leaves [43]. In 6-month-old C. arabica seedlings,
theobromine and caffeine were synthesized from [8-'*CJadenine (13) only in young
leaves and young shoots including the buds, but no biosynthetic activity was found
in the roots or aged cotyledons [41]. Caffeine biosynthesis activity was found in the
pericarp and seeds of Coffea arabica and Coffea canephora fruits. A high biosyn-
thetic activity, estimated from in situ [8—14C]adenine (13) metabolism experiments,
was found in small, immature fruits, which consist of perisperm and pericarp, and in
developing seeds (endosperm). The biosynthetic activities of caffeine (8) were
reduced in both the pericarp and seeds with the growth and ripening of fruits
[45]. Gene expression studies revealed that the transcripts of three N-
methyltransferase genes for caffeine biosynthesis CmXRS1, CTS2, and CCSI
were detected in every stage of growth, although the amounts of these transcripts
were significantly lower in later stages of fruit ripening. The pattern of expression
of genes for caffeine synthesis during growth is broadly related to the in situ
synthesis of 8 from adenine nucleotides. The amounts of the transcripts of three
N-methyltransferase genes were higher in the seeds than in the pericarp [45]. These
observations strongly suggest that 8 accumulated in coffee seeds is mainly synthe-
sized in the seeds. This contradicts an early paper in which Baumann and Wanner
[170] argued that in Coffea arabica fruits 8 in the seeds was derived from the
pericarp.

Theobroma

The biosynthetic activity of theobromine (5) has been investigated in the leaves and
fruits of Theobroma cacao [56, 61]. Koyama et al. [56] examined purine metabo-
lism in young small leaves, developing, intermediate-sized leaves, and fully devel-
oped leaves from flush shoots of cacao trees, and aged leaves from 1-year-old
shoots. Biosynthesis of 5 from various purine precursors was found only in young
leaves. Although no caffeine biosynthesis from purine bases and nucleosides was
observed in the short-term feeding experiments, [8—14C]theobromine (5) was
converted to caffeine (8) in young cacao leaves. The unique accumulation of
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5 observed in cacao leaves can be explained by the fact that conversion of 5 to 8 is
very slow; § is rapidly catabolized in the leaves.

Xanthine alkaloid biosynthesis was studied using three different growth stages
of Theobroma cacao fruits [61]. Feeding experiments with [8-!*Cladenine 13)
showed that the theobromine (5) biosynthesis occurred in small, immature fruits,
the pericarp of developing fruits, and cotyledons of large size fruits. No theobro-
mine biosynthesis was detected in the pericarp, placenta, and seed coats. Therefore,
very limited amounts of xanthine alkaloids may be transported from the pericarp to
seed tissue in young fruits, but most alkaloids appeared to be synthesized in the
cotyledons of cacao seeds.

Maté and Guarana

Biosynthesis of xanthine alkaloids in maté was investigated using '*C-labeled
adenine (13), guanosine (32), and hypoxanthine (15), which were incorporated
into theobromine (5) and caffeine (8) in the young, pale-green leaves but not in
the mature, dark-green leaves [103].

In guarana, the expression of caffeine synthase gene (PcCS) has been compared
with different organs. The gene PcCS is expressed in all tissues. Transcript levels in
young leaves and the apical stem were much higher than in mature leaves and roots.
In fruits, expression was observed in both the seeds and pericarp. The highest
expression occurred in immature seeds. Transcript levels decreased markedly as
the fruits matured. These results obtained from RT-PCR were confirmed by in situ
hybridization analysis; PcCS was expressed in the cotyledon of the seeds of
immature and intermediate stages of fruit maturation but not in mature fruits.

3.4.2 Subcellular Accumulation of Xanthine Alkaloids

Currently, there is no conclusive evidence on the subcellular localization of meth-
ylxanthine alkaloids, although it has been speculated that caffeine (8) accumulates
in vacuoles of leaf tissue. It has also been proposed that in coffee, 8 occurs in the
vacuoles as a complex with chlorogenic acids [171].

3.4.3 Subcellular Localization of Caffeine Biosynthesis Enzymes
Caffeine Synthase

The subcellular localization of caffeine synthase has been the subject of contro-
versy. The results of traditional biochemical fractionation of intracellular organ-
elles demonstrated that caffeine synthase was associated with purified chloroplasts
[106, 172]. In contrast, more recent molecular investigations on the localization of
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caffeine synthase suggest that it is probably located in the cytosol [123] or the
external surface of the vacuole [173].

Kato et al. [172] examined the subcellular distribution of caffeine synthase using
a Percoll density gradient. The vast majority of the caffeine synthase activity
appeared as a sharp peak corresponding with the distribution of chlorophyll. The
distribution of triose phosphate isomerase activity, which is a marker for both
chloroplasts and cytosol, indicated that little or no caffeine synthase activity was
present in the cytosol. They also obtained a crude chloroplast preparation that was
washed then purified using a Percoll density gradient. The purified chloroplasts
were frozen with liquid N, and then stored at —80°C overnight. The thawed
samples were centrifuged at 10,000 g and the supernatant was obtained. Since
caffeine synthase activity was found in the supernatant, it was concluded that the
enzyme is located in the stroma of the chloroplasts [172]. This is also supported by
the evidence that the optimum pH for tea caffeine synthase activity was 8.5, which
is the typical pH optimum of various enzymes located in the stroma of
chloroplasts [174].

A molecular approach to investigate the localization of caffeine synthase in
coffee has been carried out by two groups. Ogawa et al. [123] used a cDNA
fragment covering the entire coding region of the caffeine synthase gene
(CaMXMT]) fused to pGFP2. When the resulting plasmid was introduced into the
epidermal layer of onions by particle bombardment, green fluorescence was
detected in the cytoplasm (cytosol). Kodama et al. [175] confirmed this result and
demonstrated that all three N-methyltransferases involved in caffeine biosynthesis
were localized in the cytosol.

Kumar et al. [173] investigated the localization of caffeine synthase in coffee
endosperm cells using the promoter for one of the N-methyltransferase gene
families involved in caffeine biosynthesis. These constructs and pCAMBIA 1301
bearing the intron uidA gene driven by the cauliflower mosaic virus 35S promoter,
were electroporated into coffee endosperm, and the activity of P-glucuronidase
(GUS) localized. In tissues transformed with the construct-containing promoter and
first exon, enzymatic activity was localized on the outer surface of the vacuole.
Antibodies to coffee caffeine synthase were also specifically localized in the same
region. In tissues bearing either the caffeine synthase-GUS construct without the
first exon or pCAMBIA 1301 with intron GUS, GUS activity was spread throughout
the cytoplasm. These findings suggest that N-methyltransferase is located on the
external surface of the vacuole.

Enzymes Involved in the de Novo Route

There are several reports on the subcellular localization of enzymes involved in
xanthosine (16) formation from the de novo route. Although no data are available
on the cellular localization of de novo purine nucleotide synthesis in xanthine
alkaloid-forming plants, it has been shown in Arabidopsis thaliana that all genes
encoding enzymes required for the ten-step synthesis of IMP (31) from PRPP (62)



Xanthine Alkaloids: Occurrence, Biosynthesis, and Function in Plants 47

(steps 1-10 in Fig. 10), contain sequences that are predicted to encode N-terminal
plastid-transit peptides [151, 176]. This observation suggests chloroplast localiza-
tion of de novo IMP synthesis. Experimental evidence for a chloroplastic localiza-
tion of these enzymes has been obtained but is fragmentary, showing only
localization of the PRPP amidotransferase in A. thaliana [177]. In Vigna
unguiculata (cowpea), AIR synthase was immunolocalized in chloroplasts and
mitochondria [178]. The genes encoding IMPDH, which are involved in the
conversion of IMP (31) to XMP (17), do not contain N-terminal transit peptides;
this observation suggests that the synthesis of 17 from 31 may occur in the cytosol,
although experimental evidence supporting this possibility is, as yet, lacking in
plants.

Although the situation may be somewhat different from non-symbiotic plants,
Atkins et al. [179], investigated intracellular localization of de novo purine synthe-
sis in ureide-forming cow-pea nodules using sucrose (48) and Percoll density
gradient centrifugation. Enzyme activity analysis showed that both plastids and
mitochondria had a full complement of enzymes for de novo purine synthesis, from
ribose-5-phosphate (49) to IMP (31). On the other hand, the less soluble enzymes of
purine oxidation including IMP dehydrogenase, were not associated with either
plastids or mitochondria.

Enzymes Involved in the AMP Route

AMP (30) is synthesized from IMP (31) via adenylosuccinate (50). The cDNAs
encoding the enzymes for this conversion, adenylosuccinate lyase and
adenylosuccinate synthase were cloned from several plant species including
A. thaliana and shown to contain putative plastid transit sequences [180]. Therefore,
all steps of AMP biosynthesis from PRPP (62), namely, the de novo purine
biosynthetic pathway and the AMP branch point pathway from 31 are located in
the chloroplasts. Although 30 is mainly produced in the chloroplasts, it is exported
to the cytosol and other organelles.

As discussed above, the AMP route of xanthosine synthesis was catalyzed by
AMP deaminase, IMP dehydrogenase, and 5'-nucleotidase. Since amino acid
sequences of these enzymes do not contain a N-terminal transit peptide, these
enzymes are probably located in the cytosol.

Enzymes Involved in the SAM Route

Using traditional biochemical isolation techniques, Koshiishi et al. [106] showed
that caffeine synthase activity and part of the activities of SAH hydrolase, adeno-
sine nucleosidase, adenine phosphoribosyltransferase and adenosine kinase are
located in tea chloroplasts. In contrast, no SAM synthetase activity was detected
in the purified chloroplast fraction. Although localization of caffeine synthase was
not part of the study, chloroplastic localization of adenosine kinase, SAH hydrolase,
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and adenine phosphoribosyltransferase has been reported; Schoor et al. [181] used
immunogold labeling to detect ADK and SAH hydrolase isoforms in the cytosol,
chloroplast and nucleus of Arabidopsis. Chloroplastic adenine phosphoribo-
syltransferase 1 (P31166, AT1G27450) is also registered.

3.4.4 Subcellular Localization and Transport of Intermediates

The precursors of xanthine alkaloid biosynthesis, namely, purine nucleotides may
be synthesized in chloroplasts and the final products, typically caffeine (8) or
theobromine (5), accumulated in vacuoles. All enzymes involved in caffeine
biosynthesis may be organized in the cells. In some natural product biosynthesis
pathways, metabolic channeling with a multi-enzyme complex has been
postulated [182].

Using bimolecular fluorescence complementation analyses, Kodama et al. [175]
revealed that each of the three N-methyltransferases involved in caffeine biosyn-
thesis in coffee form not only homo-dimers, but also hetero-dimers. They specu-
lated that if dimerization among three closely related proteins resulted in minimal
functional interference there may be a rapid conversion of the initial substrate to the
final product, effectively as a single step. Further studies are necessary to confirm
the possible metabolic channeling of caffeine biosynthesis.

3.5 Regulation of Caffeine Biosynthesis

Similar to the biosynthesis of other secondary metabolites, caffeine and theobro-
mine biosynthesis is regulated primarily by gene expression and the subsequent
synthesis of enzymes. Changes in the expression rates of genes (transcript level),
quantity (activity) of key enzymes of caffeine biosynthesis and accumulation have
often been associated with various physiological changes. The expression of N-
methyltransferases is, for instance, closely related to the accumulation of caffeine
(8) in tea leaves [168, 183—185], coffee fruits [45, 145], stressed leaves of cacao
[186, 187], and guarana plants [64]. In vitro activity of N-methyltransferases is
correlated to the expression of enzymes in tea leaves [128].

There are several examples of regulation of caffeine biosynthetic genes in
response to salicylic acid (51) and methyl jasmonate (52) [188], light [189],
drought, and salinity [190]. The data suggest that transcriptional regulation of
caffeine biosynthesis genes has a major role in the accumulation of caffeine (8).

Minor modification of the rate of caffeine biosynthesis may also be regulated by
“fine control” comprising the supply of substrates and/or methyl donor and feed-
back control of enzyme activity. The results obtained with tea tissue culture have
shown that adding precursors of purine nucleotides, adenosine (44), guanosine (32)
or hypoxanthine (15) to the culture medium, influences the rate of growth but not
the accumulation of caffeine (8). This suggests that caffeine biosynthesis is not
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influenced by the availability of purine precursors [191]. In contrast, addition of
paraxanthine (7), a preferred substrate of caffeine synthase, doubled the level of
8 compared to controls. This indicates that availability of SAM (28) is not a
principal factor in the control of caffeine biosynthesis and points to
7-methylxanthosine synthase activity being the most plausible rate-limiting factor
of caffeine biosynthesis [191].

4 Metabolism of Xanthine Alkaloids

In most xanthine alkaloid-forming plants, caffeine (8) is the end product of xanthine
alkaloid biosynthesis. However, in a limited number of species, 8 is either further
metabolized to methyluric acids or rapidly catabolized via the conventional purine
catabolic pathway after following cleavage of the three methyl groups on the
purine ring.

4.1 Methyluric Acid Biosynthesis

Sizeable amounts of theacrine (10), which was discovered as a minor component of
Camellia sinensis leaves [27], accumulate in kucha (C. assamica var. kucha)
[28]. The biosynthesis of 10 was investigated using '*C-labeled adenosine (44),
caffeine (8), and SAM (28). The feeding experiments indicated that 8 is synthesized
in kucha leaves by the same pathway that is utilized in C. sinensis, and it is then
converted to 10, probably by successive oxidation and methylation with 1,3,7-
trimethyluric acid (75) as the intermediate [29] (Fig. 12).
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Fig. 12 Biosynthesis pathway of methyluric acids in plants. Enzymes participating in the reac-
tions have not yet been identified
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Methyluric acid synthesis in the leaves of Coffea dewevrei, Coffea liberica, and
Coffea abeokutae was investigated by Petermann and Baumann [40] using '*C-
labeled theobromine (5), caffeine (8), and theacrine (10). In all three species, 5§ was
converted to 8, which, in turn, was metabolized to libertine (12) via methylliberine
(11) (Fig. 12).

No enzyme activity that converts caffeine (8) to methyluric acids has yet been
isolated from plants. Interestingly the bacterium Pseudomonas contains a novel
caffeine dehydrogenase [192]. This enzyme oxidizes caffeine to trimethyluric acid
(75) stoichiometrically and hydrolytically, without producing hydrogen peroxide.
The enzyme is not NAD(P)"-dependent but coenzyme Qq (53) is the preferred
electron acceptor. Arguably, a similar enzyme may participate in the formation of
methyluric acids in plants.

4.2 Biodegradation and Inter-conversion of Xanthine
Alkaloids

4.2.1 The Major Pathway of Caffeine Degradation

Compared with the biosynthesis of caffeine (8), few studies have investigated the
catabolism of xanthine alkaloids. The available data were obtained by feeding
radiolabeled substrates to leaves and no activity of the participating enzymes
been detected in cell-free preparations.

Biodegradation of caffeine (8) to xanthine (1) was demonstrated initially in
C. arabica leaves by Kalberer in the 1960s [193, 194]. He found that radioactivity
from '*C-labeled caffeine (8) applied to old coffee leaves was incorporated into uric
acid and CO,. In the 1980s, Suzuki and Waller analyzed the radiolabeled products
with paper chromatography and showed that both immature and mature coffee
fruits degraded [2—14C]caffeine (8) to theobromine (5), theophylline (6),
3-methylxanthine (3), 7-methylxanthine (2), allantoin (76), allantoic acid (77),
and urea (78) [195]. They suggested that biodegradation of 8 occurs in mature,
ripened coffee fruits through S and 6 as the first biodegradation products. Theobro-
mine (5) is involved in both biosynthesis and biodegradation of 8, whereas 6 is
associated primarily with biodegradation [196].

Subsequently, Ashihara et al. [197] performed more sophisticated analysis with
HPLC and on-line radioactivity detection with the identity of some metabolites
being confirmed by gas chromatography-mass spectrometry. It was concluded that
degradation via theophylline (6) is the major route for caffeine (8) catabolism in
leaves of Coffea arabica. This study also demonstrated that theobromine (§) is not a
direct catabolite of caffeine and that catabolism proceeds via a caffeine (8) —
theophylline (6) — 3-methylxanthine (3) — xanthine (1) pathway (Fig. 13). Catab-
olism of 8 via 6 has also been demonstrated in Camellia sinensis [130], but the
pathway was not been detected in maté leaves [198]. Several unknown
demethylases may participate in the sequential demethylation reactions. Xanthine
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Fig. 13 Inter-conversion of xanthine alkaloids in plants. Possible enzymes: (1) 7N-demethylase,
(2) 1N-demethylase, (3) 3N-demethylase, (4) caffeine synthase (1N-methyltransferase), and
(5) 7N-methyltransfease

(1), formed by demethylation of 8, is converted to uric acid (9) and then the purine
ring is further degraded via allantoin (77). Two distinct pathways have been
proposed in plants (Fig. 14).

4.2.2 Conventional Purine Catabolic Pathways in Plants

Although detailed enzymatic studies on xanthine (1) catabolism have not been
performed with caffeine-accumulating plants, the catabolic pathway of 1 may be
operative in all plant species via what is termed the conventional purine catabolic
pathway [199]. In this pathway, 1 is converted to uric acid (9) by xanthine
dehydrogenase (step 1, Fig. 14). Allopurinol (54) inhibits this reaction. Compound
9 is converted to allantoin (77) by uricase (step 2, Fig. 14). Allantoin
amidohydrolyase (allantoinase) catalyzes the hydrolysis of the internal amide
bond of 76 resulting in its conversion to allantoic acid (77) (step 3, Fig. 14).
Different metabolic fates of 77 are proposed in plants. In the allantoicase pathway
[200], 77 is degraded to CO,, NH; and glyoxylate (80) via urea (78) and
ureidoglycolate (79) (steps 4-5 and 9, Fig. 14). An alternative route, the allantoic
acid amidohydrolase pathway, has been proposed by Winkler et al. [201] in which
77 is initially converted to ureidoglycine (81), CO,, and NHj; (steps 6-8, Fig. 14).
The NHj is released directly and urea formation is not involved in the subsequent
catabolism to glyoxylate (80). Since 14C_urea (78) was found when [8-'*C]xanthine
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Fig. 14 Catabolic pathways of xanthine in plants. Enzymes: (1) xanthine dehydrogenase
(1.1.1.204), (2) wuricase (1.7.3.3), (3) allantoinase (3.5.2.4), (4) allantoicase (3.5.3.4),
(5) ureidoglycolate lyase (4.3.2.3), (6) urease (3.5.1.5), (7) allantoin deaminase (3.5.3.9),
(8) ureidoglycine amidohydrolase (3.5.3.26), and (9) ureidoglycolate amidohydrolase
(3.5.1.116). The allantoicase pathway (steps 4—6) and the allantoic acid amidohydrolase pathway
(steps 7-9) have been proposed (see text)

(1) was administered to leaves of Camellia sinensis [202] and Coffea arabica [203],
the former pathway may operate in tea and coffee plants.

4.2.3 Diversity of Xanthine Alkaloid Metabolism in Plants
Coffea

In Coffea arabica, endogenous caffeine levels decrease as tissues age, although
substantial quantities remain in old leaves and in fully ripened fruits. Ashihara et al.
[197] reported a detailed investigation of caffeine catabolism in which C. arabica
leaves were incubated with a number of '*C-labeled purine alkaloids. The release of
CO, from [1-methyl-'*C]-, [3-methyl-"*C]- and [2-'*C]caffeine (8) by mature
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leaves was only 1.0, 0.1 and 0.03%, respectively, of total radioactivity taken up by
the leaves, when they were incubated for an 18-h pulse followed by a 24-h chase.
Compound 8 is clearly catabolized very slowly by the leaves of C. arabica.

Catabolism of 8 has been compared in leaves of three low caffeine-containing
coffee species, Coffea salvatrix, Coffea eugenioides and Coffea bengalensis
[204]. Like Coffea arabica leaves, little or no catabolism was observed in leaf
segments of C. salvatrix and C. bengalensis. However, very rapid catabolism of
8 was observed in C. eugenioides. More than 75% of [8-'*C]caffeine (8) was
catabolized in both young and mature leaves, with radioactivity recovered as
theophylline (6), 3-methylxanthine (3), 1-methylxanthine (4), xanthine (1), ureides
(allantoin (76) plus allantoic acid (77)), urea (78), and CO,. This suggests that (8-
C]caffeine (8) undergoes demethylation via theophylline (6). In addition to 3, 4 may
also be involved in caffeine catabolism in C. eugenioides (Fig. 13). Among three
low-caffeine-containing Coffea species, only C. eugenioides was found to possess a
strong capacity for 8 catabolism, with the demethylation of 6 to 1 proceeding
mainly via 3 and to a lesser extent via 4. In contrast, catabolism of 8 is low in
C. salvatrix and C. bengalensis. The low 8 content of these Coffea species, thus,
appears to be due primarily to their reduced biosynthetic activity.

Silvarolla et al. [38] reported that a natural decaffeinated Coffea arabica from
Ethiopia (AC1) degraded radiolabeled caffeine (8), at a rate similar to that which
occurring in Coffea arabica cv. Mundo Novo. Therefore, the naturally low 8 content
in the ACI1 plants is likely to be due to a reduced rate of biosynthesis rather than an
enhanced degradation of 8.

In contrast to the slow metabolism of caffeine (8), [8-14C]theophylline (6) was
catabolized very rapidly in Coffea arabica leaves [197]. Most of the [8-'*C]
theophylline (6) taken up by young, mature and aged C. arabica leaves was
recovered as '*CO,. Radioactivity was also associated with allantoic acid (77),
allantoin (76), xanthine (1), 3-methylxanthine (3), and 7-methylxanthine (2). Incor-
poration of radioactivity into 3 was high in young and mature leaves while the
accumulation of 1 and 2 was greatest in aged leaves. The inclusion of 5 mM
allopurinol (54) in the incubation medium had major effects on [8-'*C]theophylline
(6) metabolism. The production of '*CO, declined dramatically, as a consequence
of the degradation of 1 being blocked, and there were concomitant increases in the
incorporation of label into 1, 2, and 3. It is noteworthy that >70% of the radioac-
tivity recovered from aged leaves treated with 54 was incorporated into 2. While the
presence of 3 and 1 as catabolites of 6 is to be anticipated, the detection of 2,
especially in such large amounts, is unexpected, because previously unknown
step(s) are necessary to convert 6 to 2.

In contrast to theophylline (6), theobromine (5) was preferentially utilized for
caffeine biosynthesis and only small quantities were catabolized. In mature Coffea
arabica leaves, catabolism of S was slightly higher than that of 8; the release rates
of '*CO, from [2-'*C]theobromine (5) and [2-'*C]caffeine (8) were, respectively,
5% and 0.03% of total radioactivity after incubation of an 18-h pulse followed by a
24-h chase [197]. This implies that a minor portion of the [2—14C]theobromine 5
was subjected to demethylation, yielding xanthine (1), which was further
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Fig. 15 Diversity of xanthine alkaloid interconversion in plants. (a) Coffea arabica [197];
(b) Camellia sinensis [130]; (c) Theobroma cacao [56, 61]

catabolized to '*CO,. Catabolism of 5 to 1 would be via either 3-methylxanthine (3)
or 7-methylxanthine (2), although radioactivity was not incorporated into either
compound in detectable quantities during the experimental period. An outline of
caffeine (8) metabolism in Coffea arabica is illustrated in Fig. 15a.
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Tea

Ashihara et al. [130] found that only a small amount of 14C0, was released from [8-
"C]caffeine (8) when young, mature, and aged leaves of Camellia sinensis were
incubated over a 48-h period and no methanol-soluble radiolabeled metabolites
were detected. This finding indicates that the rate of catabolism of 8 is extremely
low. Caffeine (8) metabolism in high and low caffeine-containing cultivars of
C. sinensis have been compared [205]. The results suggest that different levels of
caffeine (8) accumulation is mainly a consequence of caffeine (8) biosynthetic
activity, although catabolic activity, namely, the rate of release of '*CO, from
[2-'%C]caffeine (8), was about two times higher in the low-caffeine cultivars.
Therefore, catabolic activity of 8 may also impact on the content of 8 in tea [205].

Unlike caffeine (8), theophylline (6) was found to be rapidly metabolized to a
variety of compounds. There were marked differences in the metabolic fate of
[8-"*C]theophylline (6) in young leaves compared to mature and aged leaves
(Fig. 16). Similar to coffee leaves [197], the catabolism of [8-]4C]theophylline 6)
by leaf disks from mature and aged leaves was rapid with more than 75% of the total
radioactivity being recovered as CO,, 3-methylxanthine (3), xanthine (1), and
allantoin (76), with trace amounts of label also being incorporated into theobromine
(5) and 8 (Fig. 16b, c). The addition of 5 mM allopurinol (54) caused a marked
decline in purine catabolism and with a concomitant increase in the accumulation of
[14C]xanthine (1). However, conversion of 6 to 8 was not influenced by 54 (Fig. 16).
These results demonstrate that theophylline is mainly a precursor of methylxanthine
catabolism and that it is not involved in caffeine (8) biosynthesis in mature and aged
tea leaves.

In young tea leaves, catabolism of [8-'*C]theophylline (6) was slower than in
mature and aged leaves. A marked reduction in '*CO, output suggests that the
purine catabolism is less active in young leaves than in the older leaves. A
considerable amount (~20%) of radioactivity was incorporated into caffeine (8).
Since radioactivity from [8-'*C]theophylline (6) is also incorporated into
3-methylxanthine (3) and theobromine (5), a theophylline (6) — 3-methylxanthine
(3) — theobromine (5) — caffeine (8) pathway (Fig. 13), may be functioning in
young tea leaves.

In Camellia sinensis leaves, theobromine (5) is utilized predominantly for
caffeine (8) biosynthesis [130]. The highest rate of ["“C]caffeine (8) production
from [2-'*C]theobromine (2) was observed in the mature leaves. Although the
results do not agree with the finding that caffeine biosynthesis is most active in
young tea leaves [33], it may be a consequence of the conversion of 5 to 8, the last
step of caffeine biosynthesis, being more rapid in mature leaves than in young
leaves. The rate-limiting step in the overall caffeine biosynthesis pathway may be
earlier, possibly the 7-methylxanthosine synthase reaction, so that the overall
capacity for the biosynthesis of caffeine (8) is highest in young leaves. No detect-
able incorporation of radioactivity from [2-'*C]theobromine (5) into CO, or any
other metabolites was detected in young leaves [130]. An outline of caffeine (8)
metabolism in Camellia sinensis is illustrated in Fig. 15b.
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Fig. 16 Summary of the metabolism of [8-'*C]theophylline in young, mature and aged leaves of

Camellia sinensis in the presence and absence of 5 mM allopurinol for 24 h. Based on data from
Ashihara et al. [130]



Xanthine Alkaloids: Occurrence, Biosynthesis, and Function in Plants 57

Metabolism of xanthine alkaloids has been examined in three other Camellia
plants; theobromine-accumulating Camellia ptilophylla (cacao tea) and Camellia
irrawadiensis and theacrine-accumulating Camellia assamica var. kucha (kucha).
In C. ptilophylla leaf sections only a limited amount of [8-'*C]caffeine (8) was
converted to theobromine (5) (6—-8% of total radioactivity) and CO, (0.2-2%). Most
of the [2—14C]theobromine (5) (>93%) was recovered unchanged after a 21-h
incubation [206].

The metabolism of [8-'*C]theophylline (6) was investigated in Camellia
irrawadiensis, and, as shown in Camellia sinensis (Fig. 16), 6 was metabolized to
3-methylxanthine (3), xanthine (1), allantoin (76), and CO, with a small amount of
radioactivity also being incorporated into theobromine (5) and caffeine (8)
(Fig. 17). However, in contrast to C. sinensis, complete degradation of the theoph-
ylline (6) purine ring declined significantly with leaf age and this was accompanied
by a relatively high recovery of unmetabolized [8-'*C]theophylline from aged
leaves (Fig. 17¢).

In kucha, caffeine (8) was converted to theacrine (10) by expanding buds, and
young and mature leaves; the conversion to methyluric acid was highest in young
tissues [29]. However, most [8—14C]caffeine (8) remained unmetabolized. Small
amounts of radioactivity, <3% of total activity, were recovered as theobromine (5),
ureides (76 and 77), CO,, and an unknown metabolite that arguably could be an
intermediate between 8 and 10.

Almost no [8-'*C]caffeine catabolism was detected in young and mature maté
leaves during a 24-h incubation period [198]. In young leaves, considerable
amounts of radioactivity from [8-'*C]theophylline were incorporated in caffeine
(8) (31%), theobromine (5) (5%), and 3-methylxanthine (3) (1%). Smaller amounts
(<1%) were found in xanthine (1), ureides [the sum of allantoin (76) and allantoic
acid (77)], and CO,. In mature leaves, only <20% of theophylline (6) was metab-
olized and the radioactivity was found in theobromine (5) (7%), 3-methylxanthine
3) (3%), ureides (76 and 77) (7%), and CO, (2%).

In young maté leaves, more than 30% of the radioactivity from [8-'*C]theobro-
mine (5) was incorporated into metabolites, with the most heavily labeled being
caffeine, followed by 3-methylxanthine (3). In mature leaves, a small proportion of
[8-14C]the0bromine was converted to 3 and CO,. In addition to theobromine (5),
exogenous theophylline (6) is utilized for caffeine biosynthesis in maté leaves.
However, it has been shown that 6 is not an intermediate in the main caffeine
biosynthesis pathway from purine nucleotides [103].

In contrast to coffee and tea leaves, [8-'*C]theobromine (5) was degraded to CO,
via 3-methylxanthine (3), xanthine (1) and allantoic acid (77) by Theobroma cacao
leaves [56]. In young leaves, 12% of the total radioactivity taken up by the leaf
segments was found in caffeine (8) and less than 4% in 3. However, in developed
and mature leaves, 5 was not utilized for caffeine (8) biosynthesis but was degraded
to CO, via 3. Thus, 5 is degraded by the conventional purine catabolic pathway.

[8-!4C]Caffeine (8) was converted to theobromine (5) and theophylline (6). In
young cacao leaves, metabolism of 8 to 5§ exceeded conversion to theophylline (6).
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Fig. 17 Summary of the metabolism of [8-'*C]theophylline in young, mature and aged leaves of

Camellia irrawadiensis in the presence and absence of 5 mM allopurinol for 24 h. Based on data
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However, in fully developed leaves, where the catabolic activity of xanthine
alkaloids was the highest, radioactivity from [8—14C]caffeine (8) was incorporated
principally in 6 and CO,. In the oldest leaves, the metabolism of 8 was reduced [56].

Although conversion of caffeine (8) to theobromine (5) was detected in younger
cacao leaves, 8 is mainly catabolized to CO, via theophylline (6) in the later stages
of growth as occurs in coffee and tea leaves (Fig. 15c).

The metabolic fate of [8-'*C]theobromine was also examined in cacao fruits at
different stages of development [61]. Theobromine (5) metabolism was only
detected in the pericarp of mature fruits. The radioactivity was recovered in
3-methylxanthine (3) (2%), ureides (76 and 77) (3%), and CO, (29%) (Table 4).
The degradation of [8-'*C]caffeine (8) in the pericarp was also detected; the
radioactivity was found in theophylline (6) (2%), theobromine (5) (1%) and CO,
(6%). An outline of caffeine (8) metabolism in cacao leaves and pericarp is
illustrated in Fig. 15c¢.

Plants as well as other organisms can metabolize exogenously supplied com-
pounds as xenobiotics, which may be converted to non-toxic compounds. Ito et al.
[207] reported [8—14C]theophylline (6) metabolism in three non-purine alkaloid
containing species.

It is noteworthy that compared to species that synthesize purine alkaloids, the
uptake and metabolism of [8-'*C]theophylline (6) by leaf segments of Avena sativa,
roots of Vigna mungo, and suspension cell cultures of Catharanthus roseus was
extremely low. Relatively small amounts of radioactivity were associated with
3-methylxanthine (3) (1-5% of total activity), xanthine (1) (0-2%), and CO,
(0-4%). The effects of allopurinol (54) treatment were minimal, confirming that
relatively minor amounts of the theophylline were being catabolized to xanthine
and entering the purine catabolism pathway.

4.2.4 Xanthine Alkaloid Metabolism in Bacteria and Animals
Bacteria

Although xanthine alkaloid biosynthesis from purine nucleotides does not occur in
bacteria and animals, they nonetheless have the ability to metabolize exogenously
supplied xanthine alkaloids. Comprehensive details of this topic are outside the
scope of this review, but a summary is provided below.

Although high concentrations of caffeine seem to be toxic for microorganisms,
several bacteria including Pseudomonas putida and Serratia marcescens and fungi,
such as Aspergillius niger and Penicillium roqueforti, are able to break down
caffeine (8) and its catabolites and use them as a nitrogen source for growth
[208]. Catabolism of 8 has been extensively studied in bacteria including
P. putida and S. marcescens.

Two distinct pathways of caffeine metabolism occur in bacteria: (i) oxidative
and (ii) N-demethylation pathways. Oxidation of 8 to form 1,3,7-trimethyluric acid
(76) (step 1 in Fig. 18) occurred in a Rhodococcus sp.—Klebsiella sp. mixed-culture
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consortium [209]. The enzyme involved in the oxidation seems to be a non-
NAD(P)*-dependent caffeine dehydrogenase that was observed in Pseudomonas
sp. [192]. Several caffeine-degrading bacteria metabolize caffeine (8) via the
N-demethylation pathway and produce theobromine (5) and minor amounts of
paraxanthine (7) as the initial products (steps 2 and 3 in Fig. 18). Subsequently,
N-demethylation of 5§ or 7 to xanthine (1) occurs via 7-methyxanthine (2). Xanthine
(1) is further oxidized to uric acid (9) by xanthine dehydrogenase/oxidase as shown
in higher plants [210]. In contrast to plants, theophylline (6) has not been reported to
be a bacterial metabolite of caffeine (8). Yu et al. [210] reported that Pseudomonas
putida strain CBB5 was also capable of utilizing 6 as the sole carbon and nitrogen
source. This bacterium N-demethylated theophylline to 1-methylxanthine (4) and
3-methylxanthine (3), which were both further demethylated to 1. Two distinct
pathways for metabolism of 8 and 6 operate in Pseudomonas putida.

A novel methylxanthine N-demethylase with broad substrate specificity was
purified from Pseudomonas putida [211]. It was characterized as a soluble
oxygenase composed of two subunits (A and B). The N-demethylation activity
was dependent on a specific reductase present in the bacteria, which oxidized NAD
(P)H and presumably transferred electrons to the N-demethylase for
N-demethylation. Genes encoding the two N-demethylase subunits and the
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reductase were identified within a gene cluster. Functional expression of these
genes with the recombinant enzymes established N-demethylase A and B as
individual Rieske oxygenases with highly specific N-1- and N-3-demethylation
activities, respectively [212].

Animals

Metabolism of caffeine (8) and related xanthine alkaloids has been studied exten-
sively in animals especially in mammals, including humans [213, 214]. Although
absorption, bioavailability and the route of excretion were generally similar
between humans, dogs, rabbits, rats, and mice, there are interspecies differences
in the route of metabolism and enzymes involved in this process. Humans metab-
olize caffeine mainly via N-demethylation catalyzed by the hepatic cytochrome
P450s, CYP1A2, and CYP2E1 [214]. Caffeine (8) catabolic pathways in humans
are illustrated in Fig. 19.

5 Ecological Roles of Xanthine Alkaloids

There are hypotheses concerning the ecological roles of caffeine (8) in plants. The
“allelopathic or autotoxic function theory” proposes that 8 in seeds and falling
leaves is released into the soil where it inhibits germination of seeds around the
parent plants. In caffeine-synthesizing plant tissues, this methylxanthine probably
accumulates in compartments, such as vacuoles, which are different from active
cellular metabolism. In contrast, 8 absorbed by roots may inhibit various aspects of
metabolism in the plant cells.

The “chemical defense theory” proposes that caffeine in young leaves, fruits,
and flower buds of species such as tea and coffee acts as a defense to protect young
soft tissues from pathogens and herbivores. There are currently several examples
indicating that caffeine (8) can have a toxic effect. The effective caffeine (8) doses
for inhibiting the development of various organisms are summarized in Table 11.

5.1 Allelopathic Function Theory

The term “allelopathy” was first used by Hans Molisch in 1937 [215]. It is utilized
for chemical interactions whereby a plant inhibits the growth of neighboring plants.
Recently, the definition was enlarged to include interaction of plants with micro-
organisms. This topic is included in this chapter in Sect. 5.2 on chemical defense.
Allelochemicals include phenolic acids, glucosinalates, terpenes, and flavonoids.
Compared to these secondary metabolites, there is little information on the allelo-
pathic activity of alkaloids [216, 217]. A high allelopathic effect of alkaloids has
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Table 11 Effective caffeine (8) dose for biological activity

Organism Species Dose/%
Bacterium Pseudomonas syringae 0.04
Fungus Crinipellis perniciosa 0.05
Monacrosporium ambrosium 0.05-0.5
Monacrosporium ambrosium 0.5-1.0
Insect (larvae) Pieris rapae (small white butterfly) 0.05
Manduca sexta (tobacco horn moth) 0.03-10
Vanessa cardui (painted lady butterfly) 0.1-0.3
Tenabrio ssp (mealworm) 0.1-0.3
Oncopeltus fasciatus (milkweed bug nymph) 0.3
Culex spp. (mosquito) 0.0007
Tribolium confusum (confused flour beetle) 0.2
Tribolium castaneum (red flour beetle) 0.2
Mollusk Zonitoides arboreus (orchid snail) 0.1
Veronicella cubensis (slug) 0.01-0.1
Plant Amaranthus spinosum 0.06-0.12
Lactuca sativa (lettuce) 0.03
Lactuca sativa (lettuce) protoplasts 0.01-0.02
Avena fatua 0.2-1
Vicia sativa 0.5-1

Adapted from Kim et al. [252]

been observed in leachates of coffee leaves and roots and extracts from the soil of
coffee plantations [218]. Waller et al. [219] reported on the presence of caffeine (8)
in soils of long-established coffee plantations. As young roots of coffee plants are
highly susceptible to 8, this may cause autotoxicity.

5.1.1 Effect of Xanthine Alkaloids on Germination and Growth
of Plants

Around 20% of the caffeine (8) in the seeds of germinating Coffea arabica is
excreted when radicles emerge [220, 221]. Friedman and Waller [220] reported that
the growth of radicles was almost completely inhibited by >10 mM caffeine (8).
The tips of radicles were darkened within five days and subsequently died. In
addition, 5-20 mM caffeine (8) reduced hypocotyl extension by ~50%. A similar
but milder inhibition was observed with theophylline (6). Xanthine alkaloids
excreted by coffee seeds, thus, appear to have autotoxic properties.

The effect of xanthine alkaloids on the growth of plant species that do not
produce the alkaloids has been investigated. Chou and Waller [222] reported
inhibitory effects of alkaloids on the growth of radicles of lettuce seedlings at
concentrations of 0.5-2.0 pM. Inhibition by caffeine (8), theophylline (6),
paraxanthine (7) and theobromine (5) ranged from 54-90%, 58-81%, 62—85%,
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and 32-64%, respectively. Rizvi et al. [223] reported the selective phytotoxicity of
8 between leguminous plants and some weeds. Germination of Amaranthus
spinosus and Echinochloa colonum seed was inhibited by less than ~6 mM caffeine
(8), while in contrast, it had no significant effect on the germination of Phaseolus
mungo. Smyth [224] found that 2.5 mM caffeine (8) caused respectively, 90% and
50% inhibition in the elongation of roots and shoots of rice seedlings.

5.1.2 Effect of Xanthine Alkaloids on Proliferation of Plant Cells

Little is known as to whether or not xanthine alkaloids function as allelochemicals
and directly affect cell proliferation of non-purine alkaloid producing plants.
Sasamoto et al. [225] reported the effect of four xanthine alkaloids on the prolif-
eration of lettuce cells using a method specifically designed to investigate allelop-
athy [226]. The effects of caffeine (8), theophylline (6), paraxanthine (7) and
theobromine (5) on the division and colony formation of lettuce cells were assessed
at concentrations up to 1 mM. Cell division of protoplasts was significantly
inhibited by 0.5 mM caffeine (8), theophylline (6) and paraxanthine (7), five days
after treatment. After 13 days treatment, 0.25 mM caffeine (8) had a marked
inhibitory effect on colony formation of cells derived from the protoplasts. Other
purine alkaloids also acted as inhibitors. The order of the inhibition was caffeine
(8) > theophylline (6) > paraxanthine (7) > theobromine (5). These observations
suggest that a relatively low concentration of 8 is toxic for the proliferation of
plant cells. In contrast, § is a weak inhibitor. Although the concentration of 8 used
with intact plants is much higher than that used for these protoplast studies, 8 may
potentially function as an allelochemical in some plant species at the cellular level.

5.1.3 Effect of Xanthine Alkaloids on Plant Metabolism

Traditionally, caffeine (8) and related alkaloids are utilized in cytological studies to
induce the formation of binucleate cells [227] and as a consequence they are
frequently used for a variety of purposes in plant cell research [228-232]. Never-
theless, few studies have investigated the effects of xanthine alkaloids on plant
metabolism.

Caffeine (8) is a nucleotide derivative, so therefore exogenous 8 may directly
influence nucleotide metabolism in plants. The short-term effect of 1 mM 8 on
purine, pyrimidine and pyridine metabolism was examined in seedlings of rice
(Oryza sativa) by Deng et al. [233]. Radiolabeled purine, pyrimidine and pyridine
compounds were incubated with shoot-root axes of 4-day-old dark-grown seedlings
for 6 h and the resultant in situ metabolism investigated. For purines, the incorpo-
ration of radioactivity from [8-"Cladenine (13) and [8-14C]guanine (14) into
nucleotides was enhanced by 8; in contrast, incorporation into CO, was reduced.
The radioactivity incorporated into the ureides allantoin (76) and allantoic acid (77)
from [8—14C]guanine (14) and [8-'*Clinosine (42) was increased by 8. For
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pyrimidines, 8 enhanced the incorporation of radioactivity from [2—14C]uridine (55)
into nucleotides, which was accompanied by a decrease in pyrimidine catabolism.
Such differences were not observed with [2-'*Cluracil (56) metabolism and 8 did
not influence the pyridine metabolism of [carbonyl-'*C]nicotinamide (19) and [2-'*
Clnicotinic acid (18).

It was concluded that caffeine (8) increased the salvage pathways of adenine
(13), guanine (14), and uridine (55) in rice seedlings. The increase seems to
compensate for the reduction of catabolism as the fate of these purine and pyrim-
idine compounds shift to salvage reactions. Increased salvage activity of purine
bases (13 and 14) and pyrimidine nucleosides (55) has been observed in the lag
phase of proliferation of cultured plant cells [234-238]. Therefore, it can be
speculated that 8 increased the nucleotide level for rapid proliferation of cells.
However, reverse effects have been observed. Caffeine (8) at a concentration of
1 mM caused a slight inhibition of the growth of rice seedlings [233]. It can,
therefore, be presumed that increments of salvage activity in caffeine-treated rice
seedlings are not directly involved in the process of growth. In contrast, catabolites
of purine and pyrimidine might be closely related to growth. For example, -alanine
(87), a catabolite of pyrimidine nucleotides, is a precursor for pantothenic acid (58)
synthesis [239]. Allantoin (77), a catabolite of purine, plays an important role in the
control of the metabolism of abscisic acid (59) [240]. Caffeine (8) displaces the
balance of the conversion reactions of purine and pyrimidine metabolism in favor of
nucleotide synthesis. This may initiate conditions for normal growth in rice
seedlings [233].

5.1.4 Effect of Caffeine on Protein Expression Profiles

The effect of caffeine (8) on the expression profiles of water-soluble proteins was
carried out in shoot-root axes of rice seedlings by Deng et al. [241].
Two-dimensional difference gel electrophoresis combined with matrix-assisted
laser desorption/ionization time of flight/time mass spectrometry was employed
for the separation and identification of proteins. The results indicated that the size of
65 protein spots was changed by treatment with 1 mM caffeine (8) and 12 proteins
were identified from rice databases [241].

Caffeine reduced 51 protein spots and, arguably, growth inhibition might be
related to expression of these proteins. Among them, caffeine markedly reduced the
levels of five proteins, namely, p-tubulin, sucrose synthase, glyceraldehyde-3-
phosphate dehydrogenase, reversibly glycosylated polypeptide/a-1,4-glucan pro-
tein synthase, and cytoplasmic malate dehydrogenase. Since microtubules, tubular
polymers of tubulin, are a component of the cytoskeleton, a decrease of this protein
could cause a reduction in cell division. Decrease of UDP-arabinopyranose mutase
may also be closely related to the reduction of cell wall components, which may
inhibit the growth of seedlings. Caffeine (8) also reduced the enzymes involved in
carbohydrate metabolism. This may inhibit sucrose degradation and subsequent
utilization of sucrose (48) for biosynthesis and energy metabolism.
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The size of 14 protein spots was increased by caffeine (8) treatment, while
quantities of seven proteins, alanyl-aminopeptidase, acetyl-CoA carboxylase, ade-
nine  phosphoribosyltransferase, = NAD-malate  dehydrogenase, ornithine
carbamoyltransferase, glucose-6-phosphate isomerase, and nuclear RNA binding
protein were substantially higher than in control samples. Caffeine-mediated
enhancement of proteins is of interest. The data obtained in this study showed
only accumulation of these proteins in the caffeine-treated seedlings and, therefore,
further studies including fluctuations of enzymatic activities and amounts of these
proteins during germination are necessary to elucidate the effects of 8 more fully.

5.1.5 Allelopathy in Natural Ecosystems

Experimental evidence from laboratory studies, discussed above, suggests the
xanthine alkaloids have allelopathic activity. However, it is unclear to what extent
caffeine (8) is involved in allelopathy in natural ecosystems because soil bacteria,
such as Pseudomonas putida, degrade xanthine alkaloids (see Sect. 4.2.4).

The caffeine (8) concentration in soil around mature, old coffee trees has been
reported; levels in Mexican canopy soil indicated that considerable amounts of the
alkaloid are released from the tree litter (fallen leaves and fruits) and over the years
accumulate in the vicinity of the roots. The annual amount of litter from mature
coffee trees is estimated to be ~150-200 g dry matter/m>/year, and this may release
~1-2 g caffeine/m?/year [242]. Part of this may be degraded by soil bacteria, but
Waller [243] argued that the antimicrobial activity of 8 may reduce catabolism of
alkaloids in the soil and so prolong its retention and increase its accumulation.

5.2 Chemical Defense Theory
5.2.1 Chemical Defense Against Microorganisms and Animals

In 1984, James Nathanson [244] was the first to report that natural and synthetic
xanthine alkaloids inhibit insect feeding and are pesticidal at concentrations known
to occur in plants. These effects are due primarily to an inhibition of phosphodies-
terase activity and an increase in intracellular cyclic AMP (60). At lower concen-
trations, methylxanthines are potent synergists of other pesticides known to activate
adenylate cyclase in insects. These findings suggest that xanthine alkaloids may
function as natural insecticides and that phosphodiesterase inhibitors, alone or in
combination with other compounds, may be useful in insect control. Similar results
are also reported by Hollingsworth et al. [245, 246], who reported that spraying
tomato leaves with a 1% solution of 8 deters feeding by tobacco hornworms, while
treatment of cabbage leaves and orchids with 0.01-0.1% solutions of 8 acted as a
neurotoxin and killed or repelled slugs and snails.
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Therefore, the high caffeine (8) content of young leaves, fruits and flower buds
of species such as Coffea arabica and Camellia sinensis may act as a defense to
protect young soft tissues from pathogens and herbivores [42, 128]. Caffeine (8)
synthesized in response to infection of cacao leaves might inhibit the growth of
fungal and bacterial pathogens and restrict their proliferation beyond the original
site of infection [247].

5.2.2 Proof of the Chemical Defense Theory Demonstrated
with Transgenic Plants

Recently, the chemical defense theory was verified experimentally by Sano and his
co-workers using transgenic caffeine-forming plants. They reported that transgenic
tobacco and chrysanthemum plants which produced caffeine (8) have, respectively,
repellent effects against tobacco cutworm (Spodoptera litura) and fungal resistance
[120, 248-250].

Kim and Sano [251] found that caffeine-producing transgenic plants constitu-
tively expressed defense-related genes encoding pathogenesis related proteins la
(PR1a) and proteinase inhibitor II (PI-II) under non-stressed conditions. Transgenic
tobacco plants were highly resistant against tobacco mosaic virus and Pseudomonas
syringae. Expression of PRIa and PI-Il was higher in transgenic plants than in
wild-type plants following infection. Exogenous caffeine (8) applied to wild-type
tobacco leaves conferred similar resistance properties. These findings indicate that
8 acts as a signal molecule activating the defense system of the host plants by
directly or indirectly initiating gene expression. Recently, it was shown that
8 induces the production of a mildly toxic secondary metabolite in planta that
stimulates endogenous self-defense systems, thereby conferring tolerance or resis-
tance against biotic stresses [14, 252]. These results, of what are essentially
greenhouse-based studies, strongly suggest that 8 can have a key role in the
chemical defense of plants. However, its ecological function in plants that produce
caffeine (8) in a natural ecosystem remains to be determined.

6 Biotechnology of Xanthine Alkaloids

Experiments are often carried out on the production of useful phytochemicals by
cell and tissue cultures. Caffeine (8) found in medicines and soft drinks, and
caffeine required for these products is obtained by either large-scale chemical
synthesis or as a by-product of procedures used to decaffeinate tea and coffee. As
a consequence, caffeine (8) production by tissue and cell cultures of coffee and tea
has had little economic impact. Early studies on tissue culture of caffeine-forming
plants were summarized in a prior review [13].

Using the gene sequences of N-methyltransferases involved in caffeine biosyn-
thesis, two types of transgenic plants have been made. One is the construction of
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genetically modified decaffeinated coffee and tea plants, in which 8 production is
suppressed. The other is the introduction of caffeine biosynthesis into non-caffeine-
producing crops in order to possess resistance against herbivores. Examples of
transgenic plants using caffeine synthase-related genes are shown in Table 12.

6.1 Decaffeinated Coffee and Tea Plants

It is known that caffeine (8) often induces insomnia in humans. Furthermore, heavy
coffee drinkers, especially the elderly, sometimes suffer unpleasant side effects
from 8 including palpitations, gastrointestinal disturbances, anxiety, and tremor. A
restricted daily coffee intake is also advised for those with liver disease and
pregnant women [253]. It is against this background that there has been an increas-
ing demand for decaffeinated coffee, with “decaf” now accounting for ~10% of
coffee consumption worldwide [254]. The flavor and aroma of decaffeinated
coffees have improved greatly in recent years as more sophisticated decaffeination
methods have been introduced. The latest procedure involves the use of supercrit-
ical fluid extraction with liquid CO,. Such methods require considerable investment
in machinery and expenditure of energy, and, in the long-term, the demand for
decaffeinated coffee could be better met by the use of a traditional breeding
programme. Unfortunately, it would require a long time to establish new hybrid
coffee plants on a commercial scale. The use of genetically modified plants may
overcome this problem. Production of decaffeinated transgenic plants that were
obtained by the introduction of antisense or double-stranded RNA interference
(RNAI) constructs of the N-methyltransferases related genes has been reported
for both coffee [255-258] and tea [259].

The studies on transgenic decaf coffee plants was initiated by Sano’s group at the
Nara Institute of Science and Technology in Japan. The first approach was to
construct transgenic coffee plants with reduced caffeine content by the RNA
interference method, in which mRNA of the target gene is selectively degraded
by small double-stranded RNA species [255-257]. The 30-untranslated region and
the coding region of CaMXMT cDNA were selected to design the RNAi constructs.
Two different RNAi constructs, RNAi-S having a short insert with 150 bp, and
RNAIi-L with a long insert of 360 bp, were inserted into the pBIH1-1G vector, which
was introduced into the EHA101 strain of Agrobacterium tumefaciens to transform
Coffea arabica and Coffea canephora plants. The resulting transformed lines were
assayed for expression of N-methyltransferase genes by RT-PCR, and it was found
that the CaMXMT-RNAI construct suppressed transcripts for not only CaMXMT but
also CaXMT and CaDXMT. The homogeneity between CaMXMT, CaXMT and
CaDXMT is over 90% in the coding region [124], suggesting that the primary small
double-stranded CaMXMT-RNA progressively produces many secondary small
double-stranded RNAs spanning its coding region to the adjacent sequence of the
initiator region, which, in turn, destroys mRNAs for CaXMT and CaDXMT. The
reduced level of transcripts indicated decreased activities of the corresponding
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enzymes, and this was confirmed by directly measuring their products, theobromine
(5) and caffeine (8). The caffeine (8) content in the controls was ~8.4 mg/g f.w.,
while that in both RNAi-S and RNAi-L was ~4.0 mg/g f.w., showing an average
50% reduction. However, the amount was variable depending on the line, with one
notable example of Coffea canephora showing up to 70% reduction [255].

The caffeine biosynthesis activity in leaves of these low caffeine (8) transgenic
plants is reduced. Metabolic studies indicate that substrates of caffeine biosynthesis
are catabolized via the conventional purine catabolic pathway and, as a conse-
quence, other than a reduced caffeine (8) content, these plants have the same profile
of cellular metabolites as wild-type tissues [260]. Currently, caffeine-deficient
beans from transgenic Coffea arabica plants have not been produced. When this
is achieved with a >90% reduction in the content of 8, because of the substantial
market for decaffeinated coffee, it will at least have the potential to have major
commercial implications.

Tea is a woody perennial crop with a long life cycle, self-incompatibility, and
high inbreeding depression. These characteristics usually limit its genetic improve-
ments by conventional breeding methods. To produce low-caffeine tea, conven-
tional breeding may take 25 years or more [261]. Yadav’s group at the Institute of
Himalayan Bioresource Technology in India attempted to produce a selected
cultivar of tea with a low-caffeine content using RNAIi technology. To suppress
the caffeine synthesis in the selected tea, Camellia sinensis cv. Kangra jat, they
isolated a partial gene fragment of caffeine synthase (CS), which catalyzed the
conversion of 7-methylxanthine (2) to caffeine (8) via theobromine (5), from the
same cultivar and used it to design a RNAi construct (pFGC1008-CS). Somatic
embryos were transformed with the developed construct using a biolistic method.
Transformed somatic embryos showed reduction in the levels of CS transcript
expression as well as in caffeine (8). Plants were regenerated from the transformed
somatic embryos. Transgenic plants showed a significant suppression of CS tran-
script expression and also showed a reduction of 44—61% in 8 and 46-67% in
5 compared to the controls. These results suggest that the RNAi construct using a
single partial fragment of the CS gene significantly reduced the expression of the
targeted endogenous gene. The resultant transgenic plants were morphologically
similar at maturity [259], but it is necessary to confirm that, except for the low
xanthine alkaloid content, the chemical constituents are essentially same as a
normal tea. The degree of reduction in the content of caffeine (8) and their effects
on the tea production in terms of quality and yield need to be evaluated upon
maturity. The stability and heritability pattern of this low caffeine (8) and theobro-
mine (5) trait should also be studied to establish commercial decaf tea products.

6.2 Caffeine-Producing Transgenic Plants

As shown above, the ecological function of caffeine (8) may constitute a part of the
chemical defense systems against pathogens and herbivores [125]. Sano’s group
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successfully constructed caffeine-producing transgenic plants, with species that
would not normally synthesize the purine alkaloid, and examined tolerance traits
against biotic attackers [120]. A multi-gene transfer vector (pBINNMT777) was
constructed using CaXMT1, CaMXMT1, and CaDXMT1, and all were driven by the
caulifiower mosaic virus 35S RNA promoter and nopaline synthase (NOS) termi-
nator. The T-DNA region of the plasmid also contained genes for neomycin
phosphotransferase (NPT II) and hygromycin phosphotransferase (HPT) as the
antibiotic resistance marker. The pBIN-NMT777 was introduced into tobacco
[120] and chrysanthemum [249].

In transgenic tobacco leaves, the caffeine (8) concentration varied from 0 to
5 pg/g f.w. The highest concentration was found in aged leaves when plants entered
the reproductive stage and formed flower buds. Immature fruits also contained 8 but
at a lower level (<1.3 pg/g f.w.). In transgenic chrysanthemum, the caffeine (8)
content of fully matured leaves was 3 pg/g f.w. Transgenic plants were tested for
their tolerant traits against various biotic stresses including herbivore and pathogen
attacks.

6.2.1 Antiherbivore Activity

Use was made of larvae of the tobacco cutworm (Spodoptera litura) and beet
armyworm (Spodoptera exigua), which are severe pests for many crop plants.
When presented with fresh tobacco leaves containing caffeine (8) at 5 pg/g and
wild-type leaves, caterpillars positively avoided the transgenic leaves
[120]. The repellent effect was also observed with low caffeine (8) content leaves
(0.4 pg/g tissue), with larvae eating only 4% of the transgenic and up to 32% of the
wild-type leaves [120]. A similar result was obtained with caterpillars of the beet
armyworm feeding on transgenic Chrysanthemum producing 8 at 3 pg/g
tissue [248].

6.2.2 Antipathogen Activity

More than 70% of known plant disease is caused by fungi, and 30% by bacteria,
viruses and other pathogens [14]. Transgenic tobacco and chrysanthemum plants
that produce caffeine (8) were examined for their response to pathogens. Chrysan-
themum plants were infected with a necrotrophic fungus grey mold (Botrytis
cinerea), which causes death of the flowers, leaves, buds, and fruits of many
plant species [249]. In the wild-type plant, lesions appeared 72 h after inoculation
and rapidly spread from the infected site to the rest of the leaf. The lesion size
exceeded 16 mm in diameter five days after infection. In the transgenic lines, the
lesions appeared 90 h after inoculation, and were smaller than the controls, ranging
from 1 to 9 mm in diameter.

To investigate resistance against microbial pathogens, use was made of Pseu-
domonas syringae pv. glycinea, which causes wild-fire disease. In wild-type plants,
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distinct lesions were formed 24 h after infection and developed into severe necrosis
after 48 h. In contrast, lesion development was strongly inhibited in the transgenic
line even 48 h after inoculation [251]. The number of propagated bacteria was lower
in the transgenic line than in the control.

Resistance against viral pathogens was also examined [251]. Tobacco mosaic
virus (TMV) has a wide host range of over 120 plant species, and causes mottled
patterns on leaves, ultimately leading to plant death. When healthy leaves of wild-
type and transgenic tobacco plants were inoculated with TMV and kept at 30°C,
they do not recognize infection and the virus particles propagated. Upon a temper-
ature shift to 23°C, the hypersensitive response (HR) takes place, and a series of
defense systems begin to operate. Physiologically, these responses can be assessed
visibly by the formation and development of necrotic lesions. With wild-type
plants, lesions appeared 48 h after the temperature shift, and develop further over
a subsequent 48 h period. In transgenic lines, lesions were similarly formed 48 h
after a temperature shift but did not further develop. In addition to slow lesion
formation, the size of lesions on transgenic lines was much smaller. The total
number of lesions was also reduced in transgenic lines, with only 15-30% of the
control plants. These results point to the effectiveness of caffeine (8) in conferring
tolerance against a wide range of pathogens.

Exogenously applied caffeine (8) is toxic for a diversity of organisms at an
average concentration ranging from 100 pg to 3 mg/g f.w. (Table 11). For example,
cabbage leaves sprayed with 0.1% caffeine (8) solution were toxic for snails and
slugs. In contrast, the amount of 8 produced in transgenic plants was at most 5 pg/g
f.w., which is 2-3 orders of magnitude lower. Arguably, these low internal levels of
endogenous 8 activate the defense responses, possibly via salicylic acid (51)-induced
expression of pathogenesis-related proteins. The higher concentrations of exogenous
caffeine are themselves toxic to bacteria and fungi on the leaf surface while much
smaller amounts may be absorbed and act in the same way as the endogenous 8.

Despite the relatively low internal concentration of caffeine (8), the transgenic
plants showed a tolerance against pests and pathogens. This apparent discrepancy in
effective concentration raised a question as to whether or not 8 in transgenic plants
is directly toxic for organisms. It is conceivable that endogenously produced
8 induced some chemical changes in the leaves, thereby indirectly affecting the
plant defense responses by a different mechanism [14].

The concept of the activation of plant defense systems by caffeine (8) was
proposed by Sano et al. [14]. Their simplest model for the action of 8, the caffeine
signal pathway, in enhancing the defense response, is summarized in Fig. 20. The
molecular cascade of the caffeine signal may be described as follows: Step 1:
Caffeine (8) directly blocks phosphodiesterase (PDE); Step 2: Degradation of
cAMP (60) is inhibited and its level increases; Step 3: Increased 60 activates the
cyclic nucleotide-gated channel (CNGC); Step 4: Activated CNGC increases cyto-
solic Ca®* level; Step 5: Increased Ca”* activates calcium-dependent protein kinase
(CDPK) activity; Step 6: Activated CDPK directly phosphorylates phenylalanine
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8 (caffeine)
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Fig. 20 Caffeine signal cascade hypothesis in plants proposed by Sano et al. [14]. The molecular
cascade of caffeine signal is predicted based on available literature and some experimental data.
See text. PDE, phosphodiesterase; CNGC, cyclic nucleotide-gated channel; CDPK, calcium-
dependent protein kinase (CDPK) activity; PAL, phenylalanine ammonia lyase; ICS, isochorismic
synthase; SA, salicylic acid

ammonia lyase (PAL) and/or isochorismic synthase (ICS); Step 7: Activities of
phosphorylated PAL and ICS increase, resulting in acceleration of salicylic acid
(SA) (51) production, and Step 8: The increased level of 51 primes the defense
response. GABA, receptors and adenosine receptors have not been identified in
plants. However, increased Ca®* induces y-aminobutyric acid (GABA) (61) accu-
mulation, which enhances the defense reaction.

Although transgenic tobacco and chrysanthemum plants contain only a low
amount of caffeine (8) they nonetheless exhibited a strong tolerance against herbi-
vores and pathogens. The defense system was autonomously activated in the
absence of external stresses. This can be regarded as the priming of defense
responses, by which host plants go on standby to cope with a broad range of biotic
stresses. This feature resembles mammalian immunization or vaccination, and it
was proposed that plants can also be immunized by expressing a mildly toxic
“antigenic” chemical, such as 8, in planta. This hypothesis was proposed by Sano
et al. [14] and while fascinating, direct evidence has yet to be obtained.
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7 Summary and Perspectives

A summary of this contribution is illustrated in Fig. 21. Since highly purified
caffeine synthase was obtained from tea leaves, a series of caffeine synthase-like
N-methyltransferases belonging to the motif B’ family have been cloned and the
properties of these recombinant enzymes in coffee plants characterized. Interest-
ingly, these genes are not only related to the biosynthesis of caffeine (8) but also
that of trigonelline (20), which also accumulates in coffee seeds at similar concen-
trations to 8.

Disputes on the biosynthesis schemes with speculations based on complicated
feeding experiments and the results from crude and labile enzyme preparations are
now almost resolved. The main caffeine biosynthesis pathway is confirmed as a
xanthosine (16) — 7-methylxanthosine (23), — 7-methylxanthine (2)— theobro-
mine (5) — caffeine (8) pathway. However, the gene of the nucleosidase that
catalyzes the conversion of 7-methylxanthosine (23) — 7-methylxanthine (2) has
not yet been cloned. In contrast to their biosynthesis, the catabolism of xanthine
alkaloids has not yet been elucidated at the molecular level, although feeding
experiments indicate that demethylase reactions are involved and xanthine is
temporally formed. Xanthine (1) is further catabolized by the conventional purine
catabolic pathway via allantoin (76). For an ecological role of caffeine (8), the
allelopathy and the chemical defense theories, has been postulated. The occurrence
of chemical defense has been substantiated using caffeine-producing transgenic
plants at laboratory level.

biotechnology purine nucleotides pyridine nucleotides food science
(decafenated coffee)
(natural pesticides) l i
H 16 (xanthosine) 18 (nicotinic acid)
transgenic plants ~------- NMT l i NMT.----- » transgenic plants
chemical defence <———— 8 (caffeine) 20 (trigonelline) ——— detoxification
(ecology) iNMD
1 (xanthine)
76 (allantoin)
NH, + CO,

Fig. 21 Summary of this chapter
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Since the genes encoding N-methyltransferases were elucidated, transgenic
coffee plants with modified caffeine (8) contents have been produced. The use of
genetic engineering to make fully flavored caffeine-free beverages will be of
interest to the increasing numbers of consumers who are concerned about the
potentially adverse effects of caffeine (8) consumption on their health. In addition,
8 acts as natural pesticides in caffeine-producing transgenic crops. The recent
discovery of similar genes involved in the biosynthesis of trigonelline (20) could
in the future be a useful means for creating trigonelline (20)-rich coffee beans,
which could have potential beneficial effects on human health.
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1 Introduction

There are four levels of definition for the term “Iboga Alkaloids”. The most basic
definition relates to the alkaloids isolated from a plant named “iboga”, Tabernanthe
iboga (Plate 1), in botanical words. The second level refers to those psychoactive
alkaloids from plants used in ceremonies and cults in Central Africa, and which are the
object of interesting pharmacological developments. The third definition belongs to
chemists, who see behind the word “iboga” a specific arrangement of atoms containing
an indole nucleus and an isoquinuclidine system. In turn, the fourth definition relies on
biosynthesis, and characterizes those alkaloids in which two carbon atoms of the
original secologanoside have departed from their original positions. In this series
more than in others, nomenclatural problems are associated with the last-mentioned
definition, so the present authors have decided to follow herein the so-called biogenetic
nomenclature [1] and not that of IUPAC. For a complete overview of the monoterpene
indole alkaloids classification, the reader is invited to read a survey by L. Szabd, in
which these compounds are classified in three types and nine main skeletons [2]. Of

Plate 1 Iboga (Tabernanthe iboga) at the Centre National Floristique de 1’Université Félix
Houphouét-Boigny de Cocody (Abidjan); photograph courtesy of Philoméne Akoua Kouassi,
University of Cocody (Ivory Coast)
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this nomenclature, the present chapter is concerned only with alkaloids based on the
ibogan, isoplumeran, and isoeburnan skeletons.

Iboga alkaloids are produced by a small number of plants of the family
Apocynaceae, inclusive of the genera Catharanthus, Tabernaemontana,
Corynanthe, Voacanga, and Aspidosperma. There are about 100 alkaloids of this
type, and among these, two have emerged for the chemistry or biology they
have inspired. Included is catharanthine (1) (Fig. 1), one of the major alkaloids
from Catharanthus roseus (Plate 2), the tropical periwinkle (also known as “Mad-
agascar periwinkle”), and this is used in the partial synthesis of the anticancer drug
Navelbine®. The second alkaloid is ibogaine (2), which has been a subject of intense
attention for its putative anti-addiction properties and in general for its action on the
central nervous system. It is worth noting at this point that these alkaloids belong to
opposite optical series. Despite years of investigation, there still is fascinating
chemistry being developed around this scaffold in order to provide a better access
to these compounds and to better understand the coupling reactions used to make
“dimers”. The biology of ibogaine was the object of an entire volume in The
Alkaloids: Chemistry and Pharmacology in 2001 [3]. The purpose of this contribu-
tion is to provide an update on these aspects in the hope of promoting innovative
research in the field. The literature covered spans the years 2000-2016, and the
interested reader is invited to consult references [3—5] for earlier contributions.

1 (catharanthine) 2 (ibogaine) 3 (coronaridine)

Fig. 1 Catharanthine (1), ibogaine (2), coronaridine (3)

Plate 2 Madagascar periwinkle (Catharanthus roseus); photograph courtesy of Bruno David,
Pierre Fabre Laboratories, Toulouse (France)
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2 Biosynthesis

Despite intensive work on Catharanthus roseus, which is a high-yield producer of
the two iboga alkaloids catharanthine and coronaridine (3), there is no recent
publication on the biosynthesis of these particular molecules [6—8]. There are no
“omics” studies available on this part of the biosynthesis scheme and most details
known date back to the 1970s with the incorporation of the strictosidine derivative
preakuammicine (8) and more recently of stemmadenine (5) into catharanthine (1)
[9]. The postulated intermediate dehydrosecodine (6), which ought to be highly
unstable, remains undetected. While preakuammicine (8) is the well-accepted link
in the sequence leading to the ibogans, there is no reason why its infamous and
isomeric cousin precondylocarpine is not. The temptation is great to propose that
8 is the precursor of the coronaridine series while precondylocarpine (9) would lead
to the catharanthine series (Figs. 2 and 3).

The formation of the azabicyclo ring system is thought to proceed via a Diels-
Alder-like reaction and the question of its catalyst by means of an enzyme is of high
relevance since examples of Diels-Alderases remain extremely rare. Only recently,
one such enzyme has been isolated and its structure elucidated, but its genuine
mechanism of action (catalyst or chiral template) is still an object of investigation
[10,11]. Itis to be noted that although dehydrosecodine (6) is achiral, coronaridine (3)
and catharanthine (1) are chiral and belong to opposite series. While catharanthine (1)
is predominant in C. roseus, the coronaridine series is generally prevalent in Nature,
with ibogaine being the most representative alkaloid of the series. There is no reason,
however, not to consider the two alternatives when working on the structural eluci-
dation of an iboga-type alkaloid. The genus Catharanthus is of high relevance since it
presents the unique feature of accumulating alkaloids in the two series, although at a
different oxidation level. These are some of the reasons why the unraveling of the

N
e

7 (tabersonine) 1 (catharanthine)

Fig. 2 Intermediates in the biosynthesis of catharanthine (1)
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8 (preakuammicine)

9 (precondylocarpine)
? % ?

6 (dehydrosecodlne)
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3 (coronaridine) 1 (catharanthine)

Fig.3 The involvement of preakummicine (8) and of precondylocarpine (9) in the biosynthesis of
iboga alkaloids

10 (tacamonine) 11 (tacamonidine)

Fig. 4 Iboga alkaloids of the pseudo-vinca type

biosynthesis of the iboga alkaloids is important, not only for this particular field but
for the whole of bio-organic chemistry.

Not all iboga alkaloids possess the isoquinuclidine skeleton, and there are a few
examples of known alkaloids with the pseudo-aspidosperma (i.e. cleavamine) or
pseudo vinca (i.e. tacamonine (10), Fig. 4) arrangement. For the moment, these
alkaloids are but chemical curiosities and no experimental work has been performed
to explain their biosynthesis. Soon after the isolation of tacamonine (10) from the well-
known plant, Tabernaemontana eglandulosa, it has been suggested that its formation
was due to an evolution of the plant when cultivated in greenhouses in The Netherlands
[12]. This hypothesis was later seen not to be true since another of these alkaloids,
tacamonidine (11) was isolated from wild Tabernaemontana corymbosa [13].

3 Structural Elucidation and Reactivity

The widespread availability of high-field NMR spectrometers and of sophisticated
pulse sequences now enables chemists to determine structures of moderate
complexity, such as the iboga alkaloids and even the “dimers”, leading to full
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12 (ervatamine F) 13 (catharanthinol) 14 (dihydrocatharanthinol)
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18 (oxido voacangine)

17 (eglandine) (revised) eglandine (former formula)

Fig. 5 Examples of structures of iboga alkaloids resolved by the Mosher method, X-ray crystal-
lography, or total synthesis

unambiguous proton and carbon NMR assignments. Relative configurations in
rings and ring junctions may be dealt with NOEs and coupling constant measure-
ments. In these series, the only open chain fragment is the ethyl side chain, where
chirality is present at C-19. The problem of its determination is best solved with one
of the Mosher methods, an example of which is found in the structure elucidation of
ervatamine F (12) (Fig. 5). In addition, X-ray crystallography allows the solving of
structural problems whenever a single crystal is available and Sect. 4 lists several
recent examples of such structural determinations. Catharanthinol (13),
dihydrocatharanthinol (14), and N-hydroxymethylibogaine (15) have had their
structure solved by X-ray crystallography, but unfortunately without absolute
configuration determinations [14,15].

The problem of the absolute configuration of these alkaloids remains a difficulty
and there are currently four methods available for this purpose. NMR spectroscopy
is one of these, provided one stereogenic center is linked to the others and deter-
mined using Mosher derivatives. This procedure has often been used to determine
the configuration of C-19, which unfortunately cannot be easily linked with the
remaining stereogenic centers [16]. Circular dichroism is a general and sensitive
method, which has been used to differentiate compounds in the (+)-catharanthine
and (—)-ibogaine series [17]. It is now used to determine the absolute configurations
of the linkages in dimers by application of the exciton chirality rule, which was first
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proposed by Harada and Nakanishi [18], and then later used by others [19]. Ab
initio calculation of electronic CD spectra and comparison with the experimentally
obtained values also allows the determination of absolute configurations, but so far
most examples have dealt with monomers [16]. X-ray crystallography using anom-
alous scattering is the most unambiguous method. It is more and more frequently
used to solve structures. Finally, partial or total synthesis has often been used to link
a new alkaloid to another of known absolute configuration.

Chemical reactivity, and partial and total synthesis, were until recently integral
parts of the structural elucidation process. Simple reactions were used to determine
functionalities or to prepare crystalline derivatives. As a bonus, it often happened
that new and unexpected reactions were discovered during the process. With the
advent of highly sensitive spectroscopic techniques, this approach is almost no
longer utilized, and only one example could be found in the more recent literature of
a total synthesis, aimed at establishing the structure of voacangalactone (16) [20].

The most intriguing aspects of the iboga alkaloids are their unusual oxidation
reactions, which arise from the particular geometry of the isoquinuclidine ring
system. The original experiments were described by Bartlett and Taylor, who
transformed coronaridine (3) (Fig. 6) with iodine in aqueous methanol into the
3-hydroxy- and 3-oxo-coronaridine derivatives [21]. These reactions went
unnoticed for a long time, even though their products were later shown to be
naturally occurring substances. Eglandine (17) (3-OH coronaridine) is one exam-
ple, but its structure was assigned initially as containing a tetrahydro-oxazole ring
and later had to be corrected [22,23]. The present chapter authors long questioned
the natural occurrence of these tetrahydro-oxazoles until definitive proof of their
existence came from the X-ray structure of oxindole 57 (ervaoffine A) [24]. While
working on this chapter, the authors corresponded with Professor Hiromitsu
Takayama, whose group isolated the 3,6-oxido voacangine (18), and he provided
good NMR spectroscopic evidence for the cyclic structure of oxidovoacangine
[25]. However, the probability is high that derivatives with substitutions at C-3
(OMe, OEt, or acetonyl) originate from the intermediate carbinolamines. Interest-
ingly, these do not lend themselves to reduction or Pictet-Spengler-like reactions
although they can be considered as masked aldehydes. One of the reasons why these
particular structures are not easily identified is that they “misbehave” in mass
spectrometers and often show [M-2] fragments (a result of a dismutation). As a
consequence, there is a considerable tendency to make an extra bond as in
ervaoffine A (57) or as in ervataine (19) [26]. Ervataine (19) clearly violates Bredt’s

i) I, MeOH, H,0 D—K—\N

_— \

i) NuH N/Tg':(\
3 (coronaridine) R =H, then Nu 19 (ervataine)

Fig. 6 Oxidation of coronaridine at position 3 and “structure” of ervataine (19)
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rule [27] and its most probable structure is 3-OH ibogaine (C-3 showed a 13C NMR
resonance at 93.2 ppm).

More classical oxidations arise at C-7, yielding the pseudo-indoxyl chromophore
after rearrangement or at C-2 as an intermediate to oxindole. The addition of dioxygen
on the double bond of indole and fragmentation produces N-acyl derivatives as
observed in the degradation of tryptophan into kynurenine. All these chromophores
are detected in natural products (vide infra) and these products, if they are not extraction
artefacts, may be considered as end products in biosynthesis processes (Fig. 7).

The most studied oxidation in the ibogan series is related to the N-oxides, which are
easily prepared under acidic peroxide conditions. While in the ibogaine/coronaridine
series the N-oxide is relatively stable, the N-oxide of catharanthine (20) (Fig. 8) lends
itself to a Meisenheimer rearrangement, bringing about a N-4—C-3 bond cleavage.
Such products have been observed but knowledge of their biosynthesis remains at the
hypothetical stage. Fragmentation of the N-oxide of catharanthine is the key reaction
in the synthesis of anhydrovinblastine and the related antitumor alkaloids vinblastine,
vincristine, vinorelbine, and vinflunine. The subject has recently been reviewed and
the interested reader will find an account of this chemistry involved in books by
Langlois and Langlois [28] and by Guéritte and Le Roux [29].

The formal addition of HCN across the C-16—C-21 bond of catharanthine (1)
provides an intermediate aminonitrile (21), which allowed Beatty and Stephenson
to bridge the gap between this series and the pseudo-tabersonine and
-vincadifformine alkaloids [30]. The initial reaction was brought about by visible
light irradiation of 1 in the presence of the polyfluorinated catalyst Ir(dF(CF;)
ppy)2(dtbbpy)PF¢ and with trimethylsilyl cyanide as reactant (Fig. 9). Remarkably,
this reaction was run in a flow reactor in order to better control reaction parameters
and confine the hazards linked to HCN generation. Although the conversion to
pseudotabersonine (24) only required iminium generation and its “through nitro-
gen” isomerization, it took carefully controlled acidic conditions to achieve the
transformation. One of the unexpected difficulties was a partial racemization linked

Q Q

N N N
N N N
H H HO

Fig. 7 Oxidation pathways for iboga alkaloids

@

Meisenheimer product 20 (catharanthine N-oxide)

Fig. 8 The chemistry of catharanthine N-oxide (Meisenheimer product, left; reactivity under
Polonovski conditions, right; Nu may be vindoline)
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2 ©) 3 (dihydrocatharanthine
= (+)-coronaridine)

22 24 ((—)-pseudotabersonine)

23 ((—) pseudovincadifformine)

a) Ir(dF(CF3)ppy),(dtbbpy)PFg, TMSCN, hy, b) i) Hy, Pd/C, ii) TFA, reflux, c) TFA, degassed toluene
d) Hy, Pd/C then NaBHy,, ) Ru(bpy)sCl,, hv

Fig. 9 Interconversion of catharanthine (1), pseudotabersonine (22), and pseudovincadifformine
(23) via cyano compound 21

to C-14 equilibration, and treatment of 21 with TFA led to an almost complete
conversion into 24. The optical rotation value and chiral HPLC parameters of the
reaction product showed it to be a 2:1 mixture of enantiomers. While it was initially
thought that these difficulties would be absent in the dihydro series, pseudo-
vincadifformine (23) was not obtained but (+)-dihydrocatharanthine (3) occurred
instead. Compound 23 was eventually reached in good yield through oxidative
photoirradiation of 22, the over reduction product of compound 21. Among other
things, this is to our knowledge, one of the rare articles daring to state that
catharanthine (1) is a good starting material for partial synthesis due to its natural
availability, a fact which is largely overlooked.

4 New Molecules

The list of compounds biogenetically linked to the iboga unit continues to be fed by
new alkaloids but among the three skeletons of this group, the isoplumeran and
isoeburnan variants remain scarce. This Section is divided into two parts: the
monomers and the dimers, and, in each, molecules are grouped according to
oxidation levels. The Apocynaceae family has continued to provide new occur-
rences, but at variance with other much more common indolomonoterpenes, the
isolation of alkaloids of the iboga class is limited to only a few species in the genera
Ervatamia, Tabernaemontana, Voacanga, and Catharanthus, with Ervatamia being
considered as a synonym of Tabernaemontana by many authors (Tables 1 and 2).
“The Plant List” [31] was chosen as the botanical reference. The total number of
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Table 1 Sources of new monomeric iboga alkaloids

C. Lavaud and G. Massiot

New monomeric
Plant name Synonym alkaloids Ref.
Catharanthus roseus (L.) G. Don 63a or 63b [45]
Ervatamia hainanensis Tsiang Tabernaemontana 39,41, 42, 48, [39]
bufalina Lour. 49, 53, 54
12, 27,28, 33,46 |[16]
Ervatamia officinalis Tsiang Tabernaemontana 38, 50, 52, 56, 57, |[24]
bovina Lour. 59, 60
Tabernaemontana corymbosa Roxb. 30, 31, 32, 33,40 |[30]
ex Wall. 11, 34, 55, 59 [13]
61, 62 [44]
35 [37]
36, 37 [38]
25, 26, 29, 44,45 | [32]
65, 66, 67, 68 [46]
Tabernaemontana divaricata (L). R.Br. 43, 47 [40]
ex Roem. & Schult.
Tabernaemontana hystrix Steud. 51 [42]
Voacanga africana Stapf ex Scott-Elliot 16 [20]
Table 2 Sources of new bisindole iboga alkaloids
New bisindole
Plant Synonym alkaloids Ref.
Tabernaemontana corymbosa Roxb. 77,78, 80 [50]
ex Wall. 88, 89,92, 95,96,97, | [51]
98, 99, 100, 101
102, 103 [54]
83, 86 [13]
94,108, 120, 122 [53]
79, 80 [36]
76,81, 82, 87,123,124 | [49]
125, 126 [46]
Tabernaemontana divaricata (L). R. 90 [52]
Br. ex Roem. & Schult. 104, 105, 106, 107, 121 | [40]
Tabernaemontana sphaerocarpa 75 [48]
Blume
Muntafara sessilifolia Baker Tabernaemontana 111, 112, 116, 117, [56]
sessifolia Baker 118, 119
109,110, 111,113,114 | [55]

Ervatamia chinensis (Merr.) Tsiang

Tabernaemontana
corymbosa

83, 84, 85,93

[19]
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species mentioned below does not exceed ten for a total of a little more than a
hundred compounds. This may be the tip of the iceberg since the number of
Tabernaemontana, Ervatamia, and Voacanga species is close to 700. The limited
presence of iboga alkaloids in these particular genera is probably a consequence of
their elaborate biosynthesis, pertaining to well-evolved plants. Alkaloids are con-
sidered here as new when not mentioned in previous reviews.

4.1 Monomers
4.1.1 Ibogamine and Coronaridine Derivatives

Many of the newly isolated structures may be viewed as simple derivatives of
ibogamine or coronaridine, with a limited range of oxidations. Typically, these
variations concern oxidations at C-19 in the side chain, C-10 and C-11 of the indole
nucleus, and more rarely C-15 and C-20 in the isoquinuclidine moiety. Molecules
with substituents at C-11 remain scarce.

Four new 19-hydroxy derivatives have been reported: (195)-hydroxyibogamine
(25) (Fig. 10), 19-epi-isovoacristine (26) [32], and ervatamines A (28) and H (27)
[16]. The relative configuration of C-19 was determined by comparison of the '*C
NMR chemical shifts of C-15 and C-21, as proposed by Wenkert in 1976
[33,34]. The problem of absolute configuration was ignored in Ref. [32], while
ECD provided a solution with ab initio calculations for compound 28, and a com-
parison with ECD of coronaridine for 27. C-ring contraction is a very rare occurrence
in the biosynthesis of indole alkaloids, for which the origin is a C-5—C-6
Polonosvski fragmentation. Ervatamine A (28) adds to this very short list and may
be considered as a collateral pathway in the reaction of the corresponding ibogan N-
oxide. This is the second ibogan-type alkaloid isolated where ring C is contracted to
form an unusual six-membered ring as in flabelliformidine [35]. Ervatamine H (27)

N oH
N ~|
ond A
o/\?
26 (19-epiisovoacristine) 28 (ervatamine A)
N OH N OH
N N R
H (N
A z
o] oH
25 ((19S)-hydroxyibogaine) 27 (ervatamine H)

Fig. 10 The 19-hydroxy derivatives 25-28
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has a very unusual oxidation of C-15, which could also be envisioned as a hydration
of a A'™ double bond. Observation of a NOE correlation between H-18 and H-15, and
ECD comparison with coronaridine allowed the (14R,15R,16S5,205,215)-configura-
tion to be proposed.

Five new alkaloids were found to contain an additional degree of oxidation and a
ketone at C-19: isovoacryptine (29) [32], conodusines A-C (30-32) [36], and (—)-
ervatamine I (33) [16], for which an isomer was named (+)-conodusine E (Fig. 11)
[36]. The report on conodusine E was published subsequent to that on ervatamine I
(33), and, given the similarities between the data for the two compounds, except for
their optical rotations, great care was accorded to the determination of the relative and
absolute configurations. First, a chemical correlation was carried out with (—)-
heyneanine (Dess-Martin oxidation), then the ECD was measured and compared
with the calculated ECD values for the two enantiomers, and finally an X-ray analysis
was performed. All these experiments converged to the structure depicted as 33. The
Malaysian authors proposed that the so-called ervatamine I is an enantiomer of their
own compound and therefore an alkaloid of the catharanthine series. However, the
present authors feel that this hypothesis creates a precedent: the isolation of a
catharanthine-like compound in a Tabernaemontana species. The sole rationale
given for the absolute configuration of ervatamine I is the sign of the optical rotation
(the same as coronaridine), which is an argument to be considered of little value at the
present time. Conodusines A and B are isomeric at C-20, a position a to a carbonyl,
and hence prone to isomerization. The possibility of conodusine B being an artefact
was discussed but could not be established definitively. The same possibility holds for
conodusine C (32), the N-oxide of conodusine B (31).

Voacanga africana is one of the most highly investigated West African medic-
inal plants. From this species, a Japanese group isolated a new bioactive alkaloid,
voacangalactone (16) (Fig. 12), for which the structure was determined by spec-
troscopic means and by total synthesis [20]. All alkaloids with hydroxy groups at
positions C-15, C-19, and C-20 may stem from precursors with a double bond
between C-19 and C-20 or C-15 and C-20, isomeric with catharanthine (1), and
until now never detected in this series.

\
H "/FO

29 R = OMe, R'= CO,Me 31 (conodusine B)

(isovoacryptine)
30R=R'=H

(conodusine A) o
33R=H, R = CO;Me ®_0

(conodusine E) \ N

32 (conodusine C)

Fig. 11 The 19-keto derivatives 29-32
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Fig. 12 Voacangalactone (16) and putative formation of derivatives with C-15, C-19, and
C-20 OH

NH

34 (cononusine) HO 35 (conoliferine

and isoconoliferine)

36 (conomicidine A 37 (conomicidine B
and isoconomicidine A) and isoconomicidine B)

Fig. 13 Pyrrolidone and lignan conjugates of ibogaine

Nucleophilic attack on C-11 is favored when C-10 is substituted by a methoxy
group, which is the situation for ibogaine, and leads to a group of iboga alkaloids
diversely substituted at C-11, all found in Tabernaemontana corymbosa from
Malaysia. These were: cononusine (34) with a pyrrolidone unit [13], and the lignan
conjugates conoliferine and isoconoliferine (35) [37], conomicidines A and B (36),
and isoconomicidines A and B (37) (Fig. 13) [38]. These included pairs of diaste-
reomers that were not separated even though the authors discussed at length the
relative configurations of the new chiral centers. The question of the absolute
configuration of the iboga moiety was not a subject of debate, assuming that the
configuration is prevalent in Tabernaemontana. In cononusine (34), the relative and
absolute configurations of the chiral center in the pyrrolidone ring could not be
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determined. The lignan conjugates were assumed to arise from a nucleophilic attack
of ibogaine on a quinone methide derived from one or two coniferyl units.

4.1.2 3-Alkyl- or 3-Oxo-ibogamine/-coronaridine Derivatives

These alkaloids are, for most of them, oxidized forms of known compounds.
Alkaloids 38—40 (Fig. 14) are all 7-hydroxylated indolenines, further oxidized as
lactams at position C-3. They derive, respectively, from ibogaine, coronaridine, and
conodusine A (20-oxo-ibogamine), although no chemical correlations were
attempted as structural proof. The reactions leading to these compounds are
well established in the literature on indolomonoterpenes and their biosynthesis
follows the usual oxidation pathways. The most well-documented structure is
3-ox0-(7R)-coronaridinehydroxyindolenine (39), which was determined by X-ray
diffraction, with Flack parameter calculations, thus making the absolute configura-
tion definite [39]. The two other compounds have had their configuration deter-
mined by comparison of ECD spectra (38: A,.x (Ag) 230 (—9.0), 258 (+18.6),
289 (—4.4) nm [24]; 39: Adax (A€) 221 (+26.3), 260 (—10.9), 294 (0) nm; 40: 2.
(Aeg) 221 (+11.6), 257 (—5.7), 289 (+1.7) nm [36]). It would have been advisable to
have the ECD also recorded for tabernaricatine F (43), for which the configuration
of C-7 was proposed after observation of a NOE between OH and H-16.
Following the same biosynthesis, three other hydroxy indolenines (41-43)
(Fig. 15) have been encountered in the coronaridine/ibogaine series, displaying

38 (3-oxo-(7S)-ibogaine 39 (3-oxo-(7R)-coronaridine 40 (conodusine D)
hydroxyindolenine) hydroxyindolenine)

Fig. 14 The hydroxy indolenines (38-40)

41 R = OH ((3R)-hydroxy-(7S)- 43 (tabernaricatine F)
coronaridine hydroxyindolenine)

42 R = CN ((3S)-cyano-(7S)-

coronaridine hydroxyindolenine)

Fig. 15 Further hydroxy indolenines (41-—43)
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further oxidation at C-3. Compounds 41 and 42 share the same origin as 39, from
which the hydroxylated derivative 41 is an obvious precursor [39]. The cyano and
acetonyl derivatives 42 and 43 arise from substitution of their respective 3-hydroxy
precursors and while cyano derivatives are common in Nature, the origin of the
acetone fragment is more dubious. It is not unreasonable to think that it comes from
the solvent used for chromatography, with silica gel acting as an acid catalyst
[40]. Observation of the suitable Cotton effects for 41 and 42 allowed their
configuration to be established as (7S). The configuration at C-3 was deduced
from NOE correlations observed between H-3+—H-64—H-17p, placing the H-3 to
the “left”, towards the respective indole ring.

Besides these cyano, hydroxy, and acetonyl derivatives, there are a large number
of monomeric iboga alkaloids with miscellaneous alkyl or alkoxy substituents on
C-3. The 3-alkoxy derivatives, (3R/S)-ethoxyheyneanine (44) and (3R/S)-ethoxy-
19-epi-heyneanine (45) (Fig. 16), were isolated as mixtures of diastereomers, and
could be artefacts formed by addition of ethanol on an iminium intermediate during
the extraction steps [32]. Similar NOE effects were observed for four 3-alkyl
derivatives: ervatamine G (46) [16], tabernaricatine G (47) [40], (3S5,24S5)- and
(3S,24R)-hydroxyethyl-coronaridine (48 and 49) [39], suggesting a (35*) configu-
ration. It is worth noting that these last two compounds were isolated from
Ervatamia hainanensis roots in 1982 but their configuration could not be
established at that time [41]. An X-ray structure determination for the (24S5)
compound 48 secured the relative and absolute configurations for the two isomers.
Their ECD spectrum exhibited similar Cotton effects as observed for coronaridine,
confirming their common (35,14R,16S,20S,215)-configuration. This was confirmed
by preparing Mosher esters of the C-24 alcohols.

44 ((3R,S)-ethoxyheneyanine) 45 ((3R,S)-ethoxy-19-epi-heneyanine) 46 (ervatamine G)

—0,

Iz

47 (tabernaricatine G) 48 ((3S,24S)-hydroxyethyl-coronaridine) 49 ((3S, 24R)-hydroxyethyl-coronaridine)

Fig. 16 The 3-substituted iboga alkaloids (44-49)
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4.1.3 5- and/or 6-Oxo-ibogamine/-coronaridine Derivatives

Positions « to the basic nitrogen atom are prone to oxidation and in the iboga
alkaloids, this most often occurs at C-3. 19-epi-5-Oxovoacristine (50) from
Ervatamia officinalis is an exception, and the location of the amide carbonyl is
based on HMBC correlations and on the presence of an isolated AB quartet for
CH,-6. The remainder of the asymmetric centers was determined by '*C NMR
chemical shifts (for C-19) and NOE correlations, and the absolute configuration
was established by ECD (experimental vs. calculated). The location of the car-
bonyls in the 5,6-diones of ibogamine and ibogaine (51) [42] and (52) [40] was
based on observation of HMBC correlations between H-3 and H-21 with O =C-5
(lactam near 169 ppm). The ion at m/z 170 (m/z 156 in ibogamine) in their mass
spectra also suggested the presence of an oxygen atom at C-6. The ECD spectrum
of 52 was measured and compared to the calculated value, which confirmed
the (14R,16R,20S,215)-configuration. 5-Ox0-(6S)-hydroxy- and 5-oxo0-(6S)-
methoxycoronaridine (53 and 54) are two other new products obtained from
Ervatamia hainanensis [39]. An X-ray structure was obtained for the alcohol 53,
which allowed its full structural determination, and, as a consequence, establish-
ment of the structure of 54. The simplest compound 55 (6-oxo-ibogaine) is unique
and unexpected. There are two arguments in favor of oxidation at C-6: a downfield
shift of H-9 due to carbonyl anisotropy and HMBC correlations of H-5 (two d,
J=18.1 Hz) with C-3, C-7, and C-21. This compound has been an intermediate in a
synthesis of ibogaine, but this is the first time that it was detected as a natural

product [43] (Fig. 17).
R Q P //O@
N
N N\ N\
Ho S H Ho|
A,
[

50 (19-epi-5-oxovoacristine) 51 R = H (ibogamine-5,6-dione) m/z 170
52 R = OMe (ibogaine-5,6-dione)

—0

O,
0,
N
N
H
53 R = H (5-0x0-(6S)-hydroxycoronaridine) 55 (6-oxo-ibogaine)

54 R = OMe (5-ox0-(6S)-methoxycoronaridine

Fig. 17 Alkaloids oxidized at positions C-5 and C-6
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4.1.4 Rearranged Ibogamine/Coronaridine Alkaloids

In this group of alkaloids, the present authors have chosen to place those in which
one bond of the skeleton is cleaved, thus giving four rearranged types of structure:
the 2,7-seco-, 6,7-seco-, 2,16-seco-, and the N(4),21-seco-iboga derivatives.
Ervaoffine D (56) (Fig. 18) is the only described iboga alkaloid with the
2,7-bond cleaved into a ketone and an amide [24]. Its structure was proved
unequivocally by X-ray crystallography inclusive of the absolute configuration.
Among the 6,7-seco derivatives, the structures of ervaoffine A (57) [24] and
ervatamine F (12) [16] were confirmed by X-ray crystallography and the
absolute configurations were found to be (2S5,35,65,14R,16R,205,21S) and
(25,14R,165,195,20S,21S) (ibogaine series). The priority order of C-3 and C-6 is
modified by the introduction of the hydroxy group on position C-6 and these two
same (25)-configured compounds indeed have opposite spatial configurations at
C-2. Iboluteine (58), also produced by the same plant, and the deoxy analog of
ervaoffine A (57), have also been shown by X-ray crystallography to have the
opposite configuration, and so 58 is not the precursor of §7. In addition, measure-
ments and calculations of ECD spectra for 57 were performed, allowing compar-
ison to be made with alkaloids bearing the same chromophore. Mosher esters of 12
were prepared to confirm the C-19 stereochemistry. The third alkaloid, 59, was
isolated by two different groups in 2014 and 2015, and although published in the
same journal, it was given different trivial names: ervaoffine B [24] and ervaluteine
[36], when it could be simply have been named (6R)-hydroxy-(25)-pseudo-indoxyl-
ibogaine. It is interesting to note that the absolute configuration was given in the
first paper, since the ECD spectrum was similar of that of ervaoffine A (57) [24] and
a NOE was detected between OH-6 and H-3a and H-17p. In the second paper, the
absolute configuration was deduced painfully from NOE correlations, comparison
with (2R)-iboluteine (58), and examination of molecular models. Only one 2,16-
seco-ibogamine, ervaoffine C (60), was characterized [24], and, as for the other
ervaoffines, its absolute configuration (3S,6R,7R,14R,16S5,20S5,21S5) was established

56 (ervaoffine D) 7 (ervaoffine A) 8 (iboluteine)
59 (ervaoffine B = ervaluteine) 60 (ervaoffine C)

Fig. 18 seco-Iboga alkaloids 56—60
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Fig. 19 Tabertinggine (61), voatinggine (62), and a proposal for their biosynthesis

from the similarity of Cotton effects with those obtained by calculated ECD for
both enantiomers.

Tabertinggine (61) and voatinggine (62) (Fig. 19) are two exceptionally rearranged
iboga alkaloids, for which their skeletons remain unique, and the X-ray crystallogra-
phy used for both removed all doubt on their structures. A common biogenetic
pathway was proposed for these compounds with initial cleavage of the C-21 to N-4
bond of conodusine A (30) and subsequent ring closure onto C-2 or C-3 [44].

4.1.5 Catharanthine and Pseudoeburnamonine Derivatives

All the monomers described until now in this Section are assumed to belong to the
ibogaine/coronaridine series, whether demonstrated or not. There is but a single
possible exception, alioline (63) (Fig. 20), isolated from Catharanthus roseus [45].
This is a strange and unique molecule possessing the features of catharanthine (1) to
which is added a Co unit. However, if structure 63a is proposed in the original article,
the “Dictionary of Natural Products” changed it to structure 63b under the same name
and reference. Fragments I and II display the possibilities for the extra carbon atoms.
The origin of the Cqy fragment is unclear: it could be a truncated terpene, although
highly irregular, or an iridoid, but in this case, one of the methyl groups is missing.

63a (alioline) 63b (alioline)

Fig. 20 Structural hypotheses for alioline (63a and 63b). Comparison of the Cy unit of alioline (I)
and C,( of common iridoids (IT)
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64 (pandine)

Fig. 21 Structure of pandine (64)

There is a single example of a new molecule with the isoeburnan skeleton,
named tacamonidine (11), while just two reports of the isolation of pandine (64)
(Fig. 21) are found in the isoplumeran categories [16]. Tacamonidine (11) belongs
to the rare isoplumeran series and differs from tacamonine (10) by an OH group, for
which the configuration was proposed by NMR spectroscopy [11].

4.1.6 Miscellaneous Representatives and Another Enigma

Four new alkaloids were isolated from Tabernaemontana corymbosa and named
tabercarpamines G-J (65-68) (Fig. 22). They belong to the small family of the
chippiines and are characterized by an N-1 to C-3 bond instead of the N-4 to C-3
bond [46]. Their structures were established by NMR spectroscopy without any
attempt at the determination of their absolute configurations. In tabercarpamine H,
there is an OH at position C-19, the configuration of which was proposed on the
basis of a ROE measurement. It would have been safer to make this determination
on a partially synthetic derivative of 66, in which, for example, the free OH and the
secondary amine would be engaged in a six-membered ring.

The structures of the tabercarpamines are not exceptional but their mere exis-
tence is puzzling. It is not difficult to conceive a biosynthesis scheme starting from
isovoacangine or coronaridine (3) and giving the tabercarpamine skeleton through
the intermediate of a 3-hydroxy derivative and of an elusive aldehyde, 69 (Fig. 23).
Whereas one would expect some stability of this aldehyde, it has never been
identified and one hypothesis would be that it exists in such a high energy state
that the seemingly more strained isoquinuclidine forms are predominant.

65 R =H,, R'=H (tabercarpamine G) 68 (tabercarpamine J)
66 R = H,, R' = OH (tabercarpamine H)
67 R =0, R' = H (tabercarpamine I)

Fig. 22 Structures of the tabercarpamines G—J (65—68)
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(coronaridine-type) 69 (dippinine-type)

Fig. 23 A possible pathway between coronaridine-type and chippiine-type alkaloids

4.2 Dimers

The count of new dimeric alkaloids containing an iboga moiety amounts to
49 (Table 2), which adds to the previous 40 such compounds described in an earlier
review [47]. This is therefore quite a well-represented class of alkaloids, and it
appears that all but one contain the vobasinyl residue always substituted at position
C-3' (vobasine numbering). In all examples also, the ibogan moiety is linked on the
a face, which is deduced from the multiplicity of H-3’ (dd, /=13 and 3 Hz), and
from its NOE with H-15" and the indole NH. Nature utilizes a large variety of
reactions to couple indole alkaloids, among which, coupling between an electron-
rich indole nucleus and a carbenium ion is a privileged route. The reason why the
vobasinyl cation is so common in couplings remains to be explained. It could be
that, being stabilized by N-4, it is an especially long-lived species lending itself to
slow kinetics reactions. Most of the newly isolated bisindoles are derived from five
vobasan-type monomers (Fig. 24): vobasinol (70) (syn. perivine), dregamine (71),
vincadiffine (72) (3-oxo tautomeric form), pagicerine (73), and difforlemenine (74).
For the iboga moiety, the chemical diversity is more extensive but it is possible that
chemical modifications in this moiety occur after coupling. The ibogan skeleton is
equally represented by the voacangine or ibogaine series (with or without a
carbomethoxy group at C-16) and substitution preferentially occurs ortho to the
aromatic group if present. Compounds without an OH- or OMe-directing group on
the aromatic part of the ibogan molecule are scarce but over the years several have
been isolated.

Two alkaloids stand alone in the gallery of the iboga bisindoles (Fig. 25). One is
biscarpamontine A (75), which is the result of a unique coupling between the iboga
and aspidosperma units [48]. A further particularity is the presence of a methylene
bridging the two moieties and assigned to the iboga moiety, according to a bioge-
netic hypothesis from the original authors. As far as we know, there are no natural
iboga alkaloids possessing N-1-methyl or formyl groups and it is our belief that this
supernumerary carbon atom belongs to the aspidosperma moiety (as the one found
in the vobtusines is also present in the same plant). The overall structure of 75 was
established by NMR spectroscopy and only relative configurations are given.
Vobatensine E (76) is the only dimeric iboga alkaloid to have a linkage with the
C-9 of ibogaine and this was deduced from analysis of the "H NMR spectroscopic
features of the aromatic part of the molecule [49]. An attempt to prepare this
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71 (208-H dregamine) 72 (vincadiffine)
(200-H tabernaemontanine)

73 (pagicerine) 74 (difforlemenine)

Fig. 24 Most usual vobasan-type monomers found in iboga dimers

75 (biscarpamontine A) 76 (vobatensine F)

Fig. 25 Bisindoles 75 and 76

compound by condensing vobasinol and ibogaine under acidic conditions was
unsuccessful. This substitution pattern is so far unique. In the C-11-OMe series,
however, condensations occur on both sides of the ArOMe (C-10 and C-12).

Generally speaking, the structural elucidation strategy used for all bisindoles has
been similar. The first step consists of recording high-resolution mass spectra
(HR-ESI-TOF or HR-FAB-MS) and carbon NMR spectra to determine the nature
of two moieties. Following this, a combination of COSY, HSQC, and HMBC NMR
experiments allows the determination of the structures of the two monomers, which
often are known, or by may be proposed by comparison with similar monomers and
dimers. Finally, analysis of NOE and further HMBC correlations helps determine
the linkage positions between the two monomeric moieties and the relative stereo-
chemistry of some chiral centers. Very few bisindoles have had their absolute
configuration determined (see below).
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4.2.1 Bisindoles with an Ibogamine Moiety

There are only four bisindoles that lack an alkoxy substituent on the aromatic
ring of ibogamine: (19R)- and (19S)-hydroxytabernamine (77 and 78), and
tabernamidines A and B (79 and 80) (Fig. 26) [36,50]. Comparison of the NMR
spectra of 77 and 78 with those of the heyneanines was key to the C-19 configu-
ration determinations. A compound named originally oxotabernamine [50] and
depicted as 79 was revised to 80 following a new isolation and comparison with
the spectra of the corresponding monomers, conodusines A and B. Enolization
of C-19 could explain the formation of the tabernamidines as seen in these
last compounds. Vobatensine A (81) is the C-11-OMe analogue of (19R)-
hydroxytabernamine and its structure was proven definitively by a partial synthesis
from vobasinol and 19-epi-iboxygaine [49]. The same plant, Tabernaemontana
corymbosa, yielded the dihydro derivative 82, which was named vobatensine B,
and was also prepared from tabernaemontaninol and 19-epi-iboxygaine. The con-
figuration at C-20" was deduced from the following NOE correlations: H-19'<H-
16', H-18'—H-21’, and H-20'—~H-14'.

Ervachinines B (83) and D (84) (Fig. 27) are two positional isomers, composed
of vincadiffine (72) linked to 10-methoxy-ibogamine (ibogaine (2)) or to
11-methoxy-ibogamine (tabernanthine) [19]. Their absolute configurations were

N
| A\

N

H
77 (R =H, R'= OH, 20a-H: (19R)-hydroxytabernamine) 81 (A-19': vobatensine A)
78 (R =0H, R'=H, 20a-H: (19S)-hydroxytabernamine) 82 (20'a-H : vobatensine B)
79 (R =R'= 0, 20a-H: tabernamidine A)
80 (R =R'=0, 204-H: tabernamidine B)

85 R = CO,Me, R'= Me (ervachinine A) 84 (ervachinine D)
83 R = H, R' = Me (ervachinine B = ervatensine A)

Fig. 27 Ervachinines A, B, and D (83-85)
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N

H
86 R =H, R' = (ervatensine B) 88 R = OH, R' = H (conodutarine A)
87 R =CHgs, R'= O (vobatensine F) 89 R =R'= O (conodutarine B)

Fig. 28 Ervatensine B, vobatensine F, and condutarines A and B (86-89)

deduced from the similarity of their CD curves with that of ervachinine A (85) to
which was applied, for the first time in bisindoles, the exciton chirality rule [19]. Its
indole chromophores were found to be oriented in a clockwise manner with Cotton
effects at 223 (—) and 243 (+) nm. Ervachinine B (83) had been previously isolated
from the stem bark of Tabernaemontana corymbosa (syn. Ervatamia chinensis),
and the name “ervatensine A” given in the 2008 Ph.D. thesis of K.-H. Lim was
maintained, even though the work was not published until 2015 [13]. Discrepancies
between the '*C NMR spectra of ervatensine A and of ervachinine B led the
Malaysian authors to perform an X-ray structure determination to ascertain the
structure of ervatensine A and to establish once and for all the absolute configura-
tion. The series was completed with ervatensine B (86) [13] and vobatensine F (87)
[49], which are the nor analogue and the N-oxide of decarbomethoxyvoacamine,
respectively. Two other similar compounds, conodutarines A and B (88 and 89)
both have a less typical linkage involving C-12 instead of C-10 [51] (Fig. 28).

4.2.2 Bisindoles with a Voacangine (10-Methoxy-coronaridine) Moiety

Besides ervachinine A (85) (see above), there has been only one other bisindole
reported with a voacangine unit, conodusarine (90), which is the 3-oxo derivative of
voacamine (91) [52]. Its absolute configuration was not, strictly speaking, proven,
but rather assumed, following the concomitant isolation of the parent compound
(Fig. 29).

4.2.3 Bisindoles with an Isovoacangine (11-Methoxy-coronaridine)
Moiety

There is a wealth of alkaloids of this type, with vincadiffine (72) and derivatives in
the iboga category, or vobasinol (70) and derivatives in a non-iboga group. Vari-
ations of the iboga type are unsurprising and represent a similar diversity observed
for the monomers. However, the authors of this chapter do have a concern in the
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90 R = R' = O (conodusarine)
91 R =R'=H (voacamine)

Fig. 29 Bisindoles with a voacangine moiety

94 R =Ac R' = Me R" = H (17-acetyl-tabernaecorymbosine A) 93 R =R'=H, R" = Me (ervachinine C)
92 R =R'=R" =H (cononitarine B) 95 R =R'= 0, R" = Me (conodiparine C)
97 R=R'=H R" = OH (cononitarine A) 98 R = OH, R' = H, R" = Me (conodiparine A)

99 R = OH, R' = R" = H (conodiparine E)

96 R =R'=0 (conodiparine D) 101 R = OH, R' = H (conodiparine F)
100 R = OH, R' = H (conodiparine B)

Fig. 30 Bisindoles with a isovoacangine moiety (92-101)

past lack of care in the choice of trivial names for new compounds, with little or no
effort apparently having been made to correlate those names to literature
references.

Cononitarine B (92) [51] and ervachinine C (93) (Fig. 30) [19] are two bisindoles
composed of a 11-hydroxy- or a 11-methoxy-coronaridine moiety linked to a
vincadiffine unit. As for other ervachinines, the absolute configuration of 93 was
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deduced from the similarity of its CD spectrum to that of ervachinine A (85). In the
same series, 17-acetyl-tabernaecorymbosine A (94) was isolated and its absolute
configuration was confirmed by the CD exciton chirality method [53]. Conodiparine
C (95) is the 19-oxo derivative of ervachinine C, and its isomer conodiparine D (96)
simply differs in its location of attachment on the aromatic ring (C-12 instead of
C-10) [51]. Cononitarine A (97) is (195)-hydroxycononitarine B [S1]. The other
conodiparines (A (98), B (100), E (99), and F (101)) are pairs differing in the
substitution pattern of N-4 in the affinisine moiety: NH vs. N-Me [51].

A peculiarity of the four alkaloids, conodirinines A and B (102 and 103) [54],
and tabernaricatines C and D (104 and 105) (Fig. 31) [40], is the presence of an
extra tetrahydro-1,3-oxazine ring bridging C-16 and N-4. The configuration assign-
ment of the hydroxyethyl side chain was based on the '>*C NMR chemical shifts. As
discussed by the authors, the signal for the N-Me group was conspicuously missing
and it was the first reason to propose that it was embedded in a ring. The original
paper [54] suggested that the methylene bridge is the result of a formaldehyde
(or equivalent) condensation, but this also may be the result of the oxidation of the
N-methyl into an iminium and subsequent trapping in a Polonovski fashion, as
suggested by Zhang et al. [53].

Like the set of preceding compounds, tabernaricatines A and B (106, 107) [40],
and tabercorine C (108) (Fig. 32) [53], also possess a tetrahydro-1,3-oxazine ring,
this time incorporating C-21 rather than a N-Me functionality. The structures of 106
and 107 were proposed mainly after comparison of their NMR data and observed
NOE correlations with those of conodiparine B (100). No chiroptical data were
reported and the structures were considered as flat although configurations were
drawn for all centers including the epoxy ring. The absolute configuration of 108
was discussed after its CD data were measured and differences between the spectra
of 106 and 108 led to the conclusion that they had an opposite epoxide configura-
tion, but unfortunately taking the configuration of 106 for granted (which is not the
case). The biosynthesis scheme proposed for 108 [53] is more appealing and has the
merit of explaining the origin of the other compounds as well.

N R
N R
H 5
O:‘\
o)
I
102 R = OH (conodirinine A) 103 R = OH (conodirinine B)
104 R = H (tabernaricatine C) 105 R = H (tabernaricatine D)

Fig. 31 The bridged compounds 102-105
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106 R, R' = oxido (tabernaricatine A) 108 (tabercorine C)
107 R = R' = H (tabernaricatine B)

Fig. 32 Tabernaricatines A and B, and tabercorine C (106-108)

109 R = R' = O, H-20'« (3-oxo-tabernaelegantine A) 110 R = R' = O, H-20'a (3-oxo-tabernaelegantine B)

111 R=OH, R' = H, H-20'a ((3R)-hydroxytabernaelegantine A) 116 R = OH, R' = H, H-20'3 ((3R)-hydroxytabernaelegantine D)
112 R = OH, R' = H, H-20'3 ((3R)-hydroxytabernaelegantine C)

113 R = H, R' = OH, H-20'a ((3S)-hydroxytabernaelegantine A)

114 R = H, R' = OH, H-20'3 ((3S)-hydroxytabernaelegantine C)

115 R = CN, R' = H, H-20'8 (tabernaelegantinine C)

Fig. 33 Oxo and hydroxy tabernaelegantines A, B, C, and D (109-116)

Muntafara sessifolia (syn. T. sessifolia) yielded 3’-oxo-tabernaelegantines A and
B (109 and 110) (Fig. 33), which are regioisomers differing in the substitution
pattern on the aromatic ring [55]. Their structures, including the relative configu-
rations within the two moieties, were determined mainly by NMR spectroscopy.
These are the oxidation products of the well-known tabernaelegantines, although
this has not been proven. A particular feature of the NMR spectra was a line-
broadening phenomenon, said by the authors to disappear upon cooling at 273 K. It
was even stated that “lowering the temperature favored one conformer” [55], but
this is not reasonable from a thermodynamic standpoint.

Four 3-hydroxy-tabernaelegantines were characterized, with three of these
having a C-12—C-3’ bridge: (3R)-hydroxytabernaelegantine A (111), (3R)-
hydroxytabernaelegantine C (112) [56], (35)-hydroxytabernaelegantine A
(113) [56], and (3S)-hydroxytabernaelegantine C (114) [56]. (3R)-
Hydroxytabernaelegantine C (112) was known previously as a semisynthetic
bisindole obtained by acidic hydrolysis of tabernaelegantinine C (115) [57]. The
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configuration of C-3 was deduced from its '*C NMR chemical shift value (i.e. near
86 ppm in the (§)-configuration and up to 93 ppm in the (R)-configuration). The
interconversion of these carbinolamines under acidic conditions such as on the
silica gel used for purification could explain the fact that hydroxytabernaelegantine
A was isolated initially as a mixture of epimers, 111 and 113. The configuration of
the ethyl chains in the vobasinyl units was determined from the chemical shifts of
C-14/, C-16/, C-18’, C-19/, and C-20’, and a NOE correlation observed between
H-3'+H-20". (3R)-Hydroxytabernaelegantine D (116) was the sole carbinolamine
bisindole containing a C-10—C-3’ bond [56].

The propensity of C-3 of the iboga alkaloids to capture nucleophiles was
illustrated by the isolation of the three tabernaelegantinals A, B, and E (117-119)
(Fig. 34) [56]. The (R)-configuration of C-3 was determined by the observation of
a strong NOE interaction between the aldehyde proton and H-5b. It is assumed
that the precursor, 3-formyl-isovoacangine, was formed by reduction of a
3-cyanoisovoacangine, itself produced from a 3-hydroxyisovoacangine via an
iminium form in a Strecker-like reaction.

The same iminium intermediate could be scavenged by nucleophiles such
as the acetylacetate anion to form 3-alkyl-isovoacangine. Examples among the
bisindoles are tabercorine A (120) [54] and tabernaricatine E (121) [40], which
is 3-oxopropyl-ervachinine C. A NOE or ROE correlation was observed
between H-3+—H-17p, establishing that H-3 is f-(“left”)-oriented. The absolute

117 ((3R)-tabernaelegantinal A) 118 ((3R)-tabernaelegantinal B)
119 A-19' ((3R)-tabernaelegantinal E)

120 (tabercorine A) 121 (tabernaricatine E)

Fig. 34 C-3 substituted bisindoles (117-121)
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configuration of tabercorine A was established by means of the CD exciton chirality
method with the two indoles oriented in a clockwise manner.

4.2.4 Bisindoles with an Iboga-Indolenine or Rearranged Moiety

Dimers in the iboga series with an oxidized indole nucleus are rather rare compared
to the situation observed in the monomers. Only two 7-hydroxy-indolenines,
tabercorine B (122) [53] and vobatensine D (123) (Fig. 35) [49], corresponding to
tabernaricatine D (105) and ervatensine B (86), have been isolated recently. The
(7R)-configuration of 7-OH in 122 was deduced by comparison of the NMR data
with those of the hydroxyindolenine of voacangine. No ROE correlation was
observed for the OH, which is not surprising since the measurements were done
in acetone-dg, but the absolute configuration was established by the exciton chiral-
ity CD rule. Vobatensine D (123) was claimed to have the inverted (75)-configu-
ration (@-OH) on the basis of a dubious argument: the co-occurrence of the (75)-
hydroxyindolenine of ibogaine of known absolute configuration in the plant [58].

A bisindole has been reported with a pseudo-indoxyl chromophore, namely, (2R)-
vobatensine C (124) [49]. The configuration of its spirocyclic C-2 was deduced from
the chemical shifts of C-2, C-7, C-16, and C-21 as performed for iboluteine (58). A
NOE correlation was observed between the indole NH and H-174.

J

122 (tabercorine B) 123 (vobatensine D)

124 (vobatensine C)

Fig. 35 Hydroxy indolenines and pseudo indoxyl bisindoles (122-124)
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NH
A N
\‘“rs, ]40
O.
~
125 (tabercarpamine A) 126 (tabercarpamine B)

Fig. 36 Vobasinol-chippiine-type bisindoles (125-126)

4.2.5 Bisindoles with a Chippiine Moiety

Tabernaemontana corymbosa has yielded two dimeric alkaloids, tabercarpamines
A (125) and B (126), possessing the usual vobasinol moiety and a chippiine portion
[46] (Fig. 36). Their structures were established by NMR spectroscopy and mass
spectrometry and a proposal was made for their absolute configurations based on
the application of the exciton chirality rule. While it is perfectly acceptable to
determine the helicity around the junction between moieties, this is based on an
assumption that the configurations of the monomers have been determined already.
In this example, as in others described previously, these are simply assumed based
on biogenetic hypotheses rather than on any rigorous experiments.

5 Synthesis

As mentioned earlier in this chapter, total synthesis is almost no longer in use in the
structural elucidation domain. Unless major changes occur in the marketplace, most
industrially or pharmacologically important alkaloids (e.g. catharanthine (1) and
ibogaine (2)) will continue to be available competitively on a large scale starting
from natural materials. An exception is the 18-OMe derivative of coronaridine
(127) (Chart 1), which is in the pre-development phase and, in the absence of a
reliable source of its precursor, albiflorine (18-OH coronaridine), will remain a
fully synthetic compound. Total synthesis in the area is justified by the preparation
of unnatural analogues or derivatives and by the development of methods of a more
general application.
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127 (18-oxymethylcoronaridine)

NH, NH NN
HCl 4 \ A b) \
N N N 128
H H/ ] 1

€]
NS N
- ey,
\ - \ R
N O N H
| |
R' O Ci R1O™ 1\
129
Q
N
R2
d) AN \
N iboga
R 9o

aspidosperma

andranginine

a) 1. methyl bromopyruvate, MeOH, reflux, 2. pyridine, reflux, b) 1. NaBH3CN, AcOH, 2. Et3N, propargyl bromide
¢) HCCCORy, CICH,CH,Cl, CF3CH,0H, d) Cu(dppf)(MeCN)PFg, ) R'= H, R2= OMe, CICH,CH,ClI, 60°C, 48%

Chart 1 General principles of the unified synthesis for the preparation of the iboga,
aspidosperma, and andranginine skeletons

Most of the first generation of iboga alkaloids syntheses were based on the
assumed biosynthesis, and the main challenges were to build a molecule containing
areactive acrylate and an unstable dihydropyridine such as found in compound 130.
A quite innovative and general route to 130 inspired by biosynthesis was recently
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IS )ﬁo 131 lb)

1 ((-)-catharanthine)

a) AcOH, CH,Cl,, b) Cu(dppf)(MeCN)PFg, c) 1.CeCl3, MeOH, 2. DIBAL, 3. (PhO),P(O)CI, Et;N,
4. Fe(acac);, MeMgBr

Chart 2 Asymmetric total synthesis of (—)-catharanthine (1)

proposed by a group at Hokkaido University (Charts 1 and 2) [59]. The synthesis
starts from azepinoindole 128, prepared from tryptamine according to a process
similar to the one used by Kuehne. It then takes advantage of a Kuehne-type
fragmentation to generate the 2-indolyl acrylate 129 while the dihydropyridine is
generated by a Cu-(I) catalyzed 6-endo cyclization of an ene-yne (step d, Chart 1).
One of the characteristics of this very clever approach is the stabilization of the
dihydropyridine in the presence of the acrylate function in 130 allowing all possible
Diels-Alder adducts to be obtained, thus leading to the iboga, aspidosperma, or
even andranginine skeletons. As a bonus, chirality was also obtained with the
introduction of a chiral oxazolidinone in 131, the precursor of the dihydropyridine
(Chart 2). The synthesis follows a route similar to that used in the racemic synthesis
and was illustrated by the preparation of (—)-catharanthine.

Another approach follows the historical route developed by Trost, in which a
bond is formed between C-2 of indole and the isoquinuclidine bearing a suitably
placed double bond [60]. The last cyclization stage (viz. 132 — 133 in Chart 3)
requires a full equivalent of palladium and another full equivalent of silver,
which makes the end product more valuable than these two metals together.
This is clearly a disadvantage and attempts have been made to circumvent this
difficulty and make this reaction catalytic. After using the Pd/Ag sequence
to prepare analogues of ibogamine such as 134 (Chart 3) [61-63], Sinha
introduced the Heck reaction to cyclize the azepinoindole system (Chart 4)
[64,65]. Practically speaking, the precursor was a 2-iodinated indole either



120 C. Lavaud and G. Massiot

a) HBIHOAc, b) TMSCCCH,CH,OTs, K2COj, ¢) Pd(OAc),/ PPh;, DIPEA
d) 1. PA(CH,CN),Cl,, AgBF,, EtsN, 2. NaBH,, MeOH,3. TFA 20% CH,Cl,

K\Q Eoc
N0 a), b) | NGO o
&ko/—’ &JLO/

a) Pd(PPh;),Cl,, Cul, Boc-2-iodoaniline, b) TBAF,
c) 1. Pd(CH;CN),Cl,, AgBF,, Et3N, 2. NaBH,, MeOH, 3. TFA 20% CH,Cl,

134

Chart 3 Syntheses of the iboga skeleton (top) and of iboga analogs (bottom) by the Sinha
stoichiometric Pd/Ag route

prepared directly by iodination of the corresponding indole or in two steps via
the triethylsilyl intermediate 135. As an alternative, the same authors synthe-
sized a 2-iodo tryptophyl iodide, which they condensed with the appropriate
isoquinuclidine. Almost simultaneously, and as part of a program aiming at
alleviating the metal stoichiometry problem, Sames at Columbia University
also made use of a Heck cyclization, this time with the 2-bromo intermediate
136 (Chart 4) [66]. However, the most innovative part in this article is the search
for a true catalytic reaction to perform the desired cyclization. It indeed worked
with a Ni catalyst, but on a benzofuran analogue 137 (Chart 4). So far, the
genuine nucleus of the iboga skeleton did not surrender to a fully catalytic CH
insertion process.

The question of the crucial C-2 to C-16 ring closure is more obviously
solved when C-16 is at the ketone oxidation level. It is illustrated in the synthesis
of (19R)-ibogaminol (138) by Hock and Borschberg, where a single acid treatment
suffices to close the seven-membered ring (step g in Chart 5) [67]. The key step of
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| OTES |
O e Qe O
NH, N SiEt N !
H H

135

H
N
SN
ST @ PUNFIIES « & SX

a) Pd(OAc),, NazC0s, Et;SICCCH,CH,0SIEt,, b) i) NIS, ii) TBAF.c) I,, imidazole
d) isoquinuclidine, K,CO3, €) 1. separation, 2. Pd(OAc),, PPh;, HCOONa

Qf&h Qf&h 3

a) PhMe;NBrs, b) 10% Pd(PPhs),, HCO,Na

%/&/\ 2 . \
O
137

a) 20 mol% Ni(COD),, 24 mol% 1,3-bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene

Chart 4 Sinha’s (top) and Sames’s (middle) routes to ibogamine via Heck cyclization. Sames’s
fully catalytic route to the iboga alkaloid analog 137 (bottom)

the procedure, however, was the diastereo- and enantio-selective synthesis of the
isoquinuclidine 139 through a nitrone to olefin [3 + 2] cycloaddition, allowing the
control of the C-19 configuration.

Asymmetric construction of the isoquinuclidine system was devised by Yang
and Carter using organocatalysis based on the proline derivative 140 (Chart 6)
[68]. The enantioselectivities obtained are excellent, but the presence of an aryl
group and the location of the ketone on the isoquinuclidine will require several
steps before reaching the natural products. There are not many articles associ-
ating medicinal chemistry and the iboga alkaloids. One of them by Sun et al.
uses some of Kuehne’s chemistry to build azepino-indoles like 141 adorned with
functional groups, such as oxo-, thio-, and seleno-hydantoin units (Chart 6)
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H
N—07) N—O, N OH
J.) aan b) 19
2z — —_— “
g ¢ ¢
Bn Bn Bn
_I 139
Qj/Y°
N OH | o
o] :
| o
o) O
e).f 9 N OAc

138

a) H,80,, 47°C, b) Zn, ACOH, c) i) DCC, ii) Ac,0, d) i) Hy, Pd/C, ii) DMSO, (COCI),, Et;N, €) HC(OMe)s,
TsOH, f) Na/Hg, KH,PO,, THF/MeOH, g) AcCl, AcOH, cat MeOH, h) 1. LiAIH,, 2. BF5-Et,0, i) LiAlH,, AlC,
THF

Chart 5 The synthesis of (19R)-ibogaminol (138) by Hock and Borschberg

[69]. Unfortunately, no biological data were provided for the compounds
synthesized.

The synthesis of voacangalactone (16) by Harada et al. qualifies as a high-
yielding multiple-step total synthesis, for which the number of steps involved
seems not to be an issue since every single step is high yielding (Chart 7)
[20]. There are many innovations in this synthesis, and, for instance, the
two-carbon atom chain of the tryptamine is installed in the last steps via an oxalyl
chloride Friedel-Crafts reaction followed by a diborane reduction, a sequence
used by Woodward to make methoxytryptamine in his approach to reserpine. To
the best of our knowledge, this is the first time this reaction has been used to
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Chart 6 Asymmetric synthesis of the isoquinoline skeleton via organocatalysis (top) and syn-
thesis of hydanthoin analogs of iboga alkaloids (bottom)

close the seven-membered ring of an azepino-indole, which is one of the diffi-
culties in the synthesis of iboga alkaloids. Other salient features of this synthesis
are the use of a Diels-Alder reaction to form the isoquinuclidine 142, with a
chiral induction and a gold-mediated indole synthesis (143 — 144). It took
14 steps for the synthesis of compound 142 and another 13 steps to make
voacangalactone (16), for which 2 mg were added to the overall world resources
of this compound!

Until now, 18-OMe-coronaridine (127) has not been obtained as a natural
product, but from a pharmacological point of view it is a very promising candidate
for pharmaceutical development (vide infra). Its synthesis is what may be consid-
ered as state of the art: short, convergent, enantioselective, and high yielding (see
Chart 8 for an example of the synthesis of 127). This starts with an azepino-indole,
145, made in two steps from tryptamine, and which reacts with a wide variety of
aldehydes to give intermediates of the secodine type, to then undergo Diels-Alder
type cyclization. When a chiral auxiliary is placed on the nitrogen atom, chirality
induction is obtained, with the efficiency of the process depending on the match
between the chiral azepino-indole and the aldehyde. In the synthesis of
18-OMe-coronaridine (127), the aldehyde contains provisos for the methoxy-
ethyl side chain, and, after the reaction, a masked aldehyde tetracycle (146) is
obtained. The auxiliary group was then “exchanged” to a “handier” benzyl group
and this was followed by reductive opening to a nine-membered ring to provide
147. Upon debenzylation and removal of the aldehyde protection, a cyclization
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a) CH,Cly, rt, 60h, b) 1. Hy, Pd(OH), 2. CSA, 3. Hy, Pd, all in one pot, c) 1. CBzCl, NaHCO3, 2. MsCl, Et;N, d) CsCOj,
DMF, 100°, €) 1. KOH, 2. I, NaHCO3, 3. BHz.Me,S, 4. I, NaHCO3, 5. AIBN, BuzSnH, ) 1. DMP, 2. MeCOCN,PO(OMe),,
g) Pd(PPh3),, CuSO,, sodium ascorbate, h) NaAuCly, 2 H,0, i) (COCI),, then MeOH, j) TMSCI, Nal, k) BH3-THF

Chart 7 Harada’s total synthesis of voacangalactone (16)

occurred uneventfully to produce the cleavamine derivative 148. Simple heating of
enamine 148 under reflux in toluene produced a “miracle”, with an exquisite CH
shift and ring closure to give the title compound in overall good yield and less than
ten steps [70].
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127 (18-OMe coronaridine) 148

a) 1. AcOH, 2. PhCH,Br, Et;N, b) NaBH,, AcOH, 90°C, ¢) Hy, Pd/C, AcOH, d) HCI, CH3CN

Chart 8 Kuehne’s synthesis of 18-methoxy-coronaridine (127)

6 Biological Activities

6.1 Ibogaine and Noribogaine
6.1.1 Elements of Context

Ibogaine (2) is certainly included in any top list of alkaloids for its mystique and
aura. It has its roots in the mythic Bwiti cult of Gabon and it has been for the past
three decades the object of a fierce battle between its pros and cons when used as a
drug abuse treatment. A full volume in the series “The Alkaloids” was dedicated to
ibogaine, and, in the Introduction, G.A. Cordell wrote: “is ibogaine an alkaloid that
can save the world from addiction? Probably not” [3]. That was in 2001, so why
keep writing on this topic? Two of the reasons are that advances have been made in
the understanding of the drug addiction phenomenon, and, also because, in the
absence of an alternative treatment, 2 is still more or less openly in use.
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The story of ibogaine (2) has been written several times including its most recent
developments as a treatment for drug abuse [71-74]. It is less well-known, how-
ever, that iboga root extracts were at one time available on the market as an anti-
fatigue and stimulant agent. Formulated tablets were sold by the Laboratoires
Houdé under the name of Lambarene®, after the city in Gabon where Albert
Schweitzer had his dispensary. The drug was withdrawn from the market in 1970
but 2 reappeared on the scene when Howard Lotsof was granted a patent in 1985 for
“a rapid method for interrupting the narcotic addiction syndrome”. This was
followed by a period of conflicts and experimental work that culminated in the
first ibogaine conference held in New York in 1999 [75]. The story is still ongoing
since a further ibogaine conference was convened in Mexico in 2016 [76].

6.1.2 Security Problems and Fatalities

There is at least one major reason to explain the reluctance of health authorities to
pursue ibogaine (2) as a potential therapeutic agent: security of use. Toxicity has
always been a concern and it cannot be disclaimed that several “patients” have
passed away some time after ingesting 2. One can find in the forensic literature
articles investigating the reasons for these fatalities [77-81]. However, there does
not appear to be a general pattern linking such deaths to the intake of 2. Neurotox-
icity and cardiotoxicity are the most often suspected causes of death, and also
activity on Purkinje cells has been observed in female rats under ibogaine treat-
ment. Not all of these effects have been ascertained during patient autopsies, and
the known tremorigenic effects of 2 seem to be unrelated to such fatalities.

6.1.3 Analytics

During forensic investigations, the levels of ibogaine (2) and related products in
body fluids were determined. In the human body, the main metabolite of ibogaine
(2) is noribogaine (12-hydroxy-ibogamine, 149) produced by demethylation of
2 with cytochrome CYP2D6. It is also a constituent of the crude alkaloid mixture
of the root bark of Tabernanthe iboga. The major alkaloids from the plant (also
involved in poisoning cases) are ibogaine, noribogaine, voacangine (150),
iboluteine (58), ibochine (151), ibogaline (152), and ibogamine (153) [82]
(Fig. 37). In the same paper, the stability of the two main alkaloids ibogaine and
noribogaine under daylight exposure was investigated and it was found that they
rapidly transformed into iboluteine (58) and ibochine for 2, and into their
desmethoxy counterparts of 149, with respective half-lives of 81.5 and 11 min.
Liquid chromatography-MS with electrospray ionization is the method of choice to
rapidly discriminate these alkaloids and many examples of the use of this technique
are found in recent literature, as e.g., in Refs. [83] and [84].
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149 R'= OH, R? = R%=H (noribogaine) 151 (ibochine)
150 R' = OCHj, R? = H, R® = CO,CHj (voacangine)

152 R = R2= OCH,, R3 = H (ibogaline)

153 R" = R?2= R3 = H (ibogamine)

Fig. 37 Main alkaloids from the roots of Tabernanthe iboga (149-153)

6.1.4 Mechanism of Action

The mechanism of action of ibogaine (2) is very complex and a glimpse at this
complexity is given in an article where the affinity of psychedelic drugs towards a
large series of receptors and transporters is documented [85]. To make a long story
short, ibogaine activates y and k opioid receptors as well as o1 and 62 receptors.
Unsurprisingly, because of its structural similarities with serotonin, it also inhibits
to a certain extent serotonin and dopamine receptors. The action of 2 on the y opioid
receptor (MOR) was investigated in detail by Alper et al. using hypothalamus cells
overexpressing this receptor [86]. It was eventually found that 2 is a weak MOR
antagonist without any agonist effect in rat thalamic membranes. The inhibition of
acetylcholinesterase (AChE) by 2 was invoked at one time to explain some prop-
erties of the molecule and in particular the potentiation of morphine analgesia. This
was reinvestigated and an /Csy of 520£40 pM was found, a very high value
suggesting that the physiological effect of 2 on AChE is negligible [87]. These
findings led to the conclusion that the mechanism of action of ibogaine is different
from that of other molecules with effects on opioid tolerance and withdrawal,
indicating a novel mechanism with targets still to be discovered.

In a series of intriguing papers, Paskulin et al. raised the question of the duration
of the effects of 2, which is much longer than its pharmacokinetic parameters would
allow. In particular, the mood-elevating effects appear generally a day after inges-
tion, a lapse of time where most of the drug and its metabolites are almost no longer
observable. Two proteomic studies were performed on whole rat brain and on the
yeast Saccharomyces cerevisiae subjected or not to 2, and the overexpressed pro-
teins were detected by 2D gel electrophoresis [88,89]. These were involved with
cell metabolism: glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate
kinase, enolase, and alcohol dehydrogenase, all related to compensation of the
ATP pool decrease. Ibogaine (2) induces a new metabolic equilibrium aiming at
saving energy [90] and at the same time increases the activity of antioxidative
enzymes as an adaptation to oxidative stress [91].

The complex pharmacological profile of ibogaine was highlighted recently in a
zebrafish study which, inter alia, allowed observation of its effects on social
behavior (suggesting a wider use of this model for hallucinogenic and drug abuse
research [92]). It must also be realized that due to the rapid transformation of 2 into
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149, which possesses a different pharmacological profile, it is not easy to under-
stand the origin of the effects (beneficial or deleterious) of the iboga alkaloids on
human beings. This is probably the second major reason why it seems so difficult to
bring one of these molecules to the market.

6.2 18-Methoxy-coronaridine (18-MC)

Faced with the difficulties associated with ibogaine (2), a search for an alternative
molecule in the series was undertaken. Ibogamine (143) and coronaridine (3) were
eventually considered as potential candidates since they retained the action on drug
self-administration without any tremorigenic side effects. These properties were
shared by many other similar compounds, among which 18-OMe-coronaridine
(127) proved to be the most interesting [93,94]. Compound 127 was fully synthetic
and therefore patentable, which has been an advantage over ibogaine and other
natural products, and it has its own particular mechanism of action. It was thus
found to have micromolar activity on k, y, and 62 opioid receptors and on 5-HT;
receptor without affinity for the NMDA receptor and serotonin transporter. Partic-
ularly interesting was an affinity for the @344 nicotinic receptor, which was the
object of pharmacological experimentation by intracerebral administration in rats in
a studies related to drug self-administration [95,96]. Compound 127 was also
shown to act on the sucrose reward circuit and therefore may be considered as a
possible antiobesity agent [97].

Also exciting is the observation that coronaridine (3) and particularly 18-MC
(127) show promise against Leishmania amazonensis, a causative agent of
leishmaniasis [98].

A small pharmaceutical company named Savant HWP (San Carlos, CA, USA)
has commenced preclinical testing comprising IND-enabling studies and GMP
scale-up work on 18-MC in the hope of gaining official approval as a drug cessation
treatment. The company is also conducting human clinical safety studies on com-
pound 127 in Brazil, so that it can be investigated further for the potential therapy of
leishmaniasis.

6.3 Miscellaneous Biological Properties of Iboga Alkaloids
6.3.1 Cytotoxicity and Antiproliferative Activity

As often is the case currently, the isolation of new natural products may be
accompanied by investigation of their biological properties, using in-house avail-
able assays. In this respect, cytotoxicity screens against one or several cancer
cell lines is a common asset of many laboratories. Due to compound quantity
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limitations, or the inavailability of follow-up in vivo assays, it may not always be
possible to perform studies to determine antineoplastic activity using experimental
tumor-bearing mouse models.

In a general screening procedure for inhibitors of the Wnt pathway, T divaricata
gave a positive response that led subsequently lead to four bioactive iboga
alkaloids: voacangine, isovoacangine, coronaridine (3), and coronaridine
hydroxyindolenine (41), with ICsy values in the 10 pM range [99]. The best
compound was 3, shown to down-regulate mRNA and therefore decrease the f-
catenin protein level and inhibit the Wnt signaling pathway, which controls,
among other factors, cell proliferation. Compound 3 has been known for a long
time to be cytotoxic [100] and this may be a possible mechanism of action.
19-Oxocoronaridine, also named ervatamine I and conodusine E (33), was found
to be ca. 40 times less potent [16]. A good level of activity was observed for
tabercarpamine A (125) against the MCF-7, HepG2, and SMMC-7721 cancer cell
lines [46]. Tabercarpamine A (125) was found to induce apoptosis, a biological
activity shared with ervatensines A (83) and B (86) [13]. Vobatensines A-F (81,
82, 124, 123, 76, 87) were assayed against a variety of cancer cell lines and
showed cytotoxic effects in the 10 micromolar range [49]. No indication was
given on their possible mechanism of action. Tabercorine A (120) and 17-acetyl-
tabernaecorymbosine A (94) also displayed cytotoxic activities in the low micro-
molar range and were shown to be as potent in this regard as cisplatin, which was
used as a positive control [53]. However, it is unlikely that they proceed through the
same mechanism of action.

6.3.2 Central Nervous System Effects

Given the very potent and profound effects of ibogaine (2) on the central nervous
system, it is not surprising to find reports of further new investigations of this
type. One of the most promising arose from the total synthesis work of Sinha et al.
and concerns a benzofuran analog of ibogaine, which possesses dual affinity for
both the y and x opioid receptors (MOR and KOR). This compound was also
nontremorigenic, and showed antinociception in mice in a standard hot-plate test
of comparable potency to morphine. The identification of a new pharmacophore in
this study may lead to the development of a new treatment for pain [101]. The roots
of Tabernaemontana divaricata yielded two known alkaloids with a promising
level of inhibition of acetylcholinesterase (a demonstrated target for Alzheimer’s
disease) [102]. These compounds were 19,20-dihydrotabernamine [103] and 19,20-
dihydroervahanine A [104]. Voacamine, 3,6-oxidovoacangine, and 5-hydroxy-3,6-
oxidovoacangine from Voacanga africana were found to be potent antagonists of
the cannabinoid receptor CB1, with ICsy values in the submicromolar range
[25]. This target is involved in memory, pain, and appetite and inhibitory com-
pounds may show promise in the treatment of obesity, metabolic syndrome, and
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related disorders inter alia. Coronaridine (3), alone among a series of 13 iboga
alkaloids, was found to have protective effects in MPP+ (1-methyl-4-
phenylpyridinium)-injured primary cortical neurons [39]. This may be of relevance
in a treatment of Parkinson’s disease but one should not underestimate the cyto-
toxicity of the molecule (ca. 2 pM).

6.3.3 Miscellaneous Biological Activities

The so-called ervatamines A-I, among which iboga alkaloids (12, 27, 28, 33, 46), as
well as coronaridine (3), heyneanine, their 2’-oxo derivatives and pandine (64),
were subjected to an anti-inflammatory in vitro test, and inhibition of
lipopolysaccharide-induced NO production in RAW 264.7 macrophages was dem-
onstrated for 3 and 64 [16]. The tabernaeelegantinals (117-119) from Muntafara
sessilifolia were assayed against the chloroquine-resistant strain FcB1 of Plasmo-
dium falciparum and showed moderate to good activity [55,56]. Selectivity indexes
were determined after assessment of their cytotoxicity and it was concluded that
their activity was the result of a general toxicity. However, when evaluated in vitro
using the same strain of P. falciparum, 3'-oxo-tabernaelegantine A (109), also
isolated from M. sessiloflora, was more promising, and showed antiplasmodial
activity (/Cso 4.4 pM) with non-significant cytotoxicity for the L-6 rat skeletal
muscle cell line [55].

7 Conclusion and Perspectives

Iboga-type alkaloids are one of the many types of indolomonoterpene alkaloids, but
they are set apart owing to their unique biological properties. Notably, one of these
is their possible use for drug cessation treatment. It must be kept in mind that
cocaine addiction is so far without any reliable treatment and that the substitutes
to opioids are not without any drawbacks, with one of them being their illicit
diversion [105]. Could Howard Lotsof’s dream come true and a true drug cessation
treatment be introduced to the market in the future, hopefully inspired by
Tabernanthe iboga?
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1 Introduction

The structure elucidation of organic compounds is a complex multicomponent task
that today is based mainly on spectroscopic data interpretation. Among the spec-
troscopic techniques applied to solve structural problems, NMR spectroscopy plays
a central role because of the availability of a tremendous plethora of different
techniques that can result in a deep insight into the constitution, configuration,
conformation, and the dynamic behavior of a molecule of interest. Natural product
chemistry is a challenging discipline located at the interface between chemical
synthesis, biology, pharmacy, and medicine and has had a great impact on the
development of these sciences [1]. In order to understand biosynthesis pathways or
the function of enzyme-inhibitors, for example, having a detailed knowledge of the
chemical structure of the molecule under investigation is crucial. Despite this
common understanding of the importance of the structure elucidation process itself
and the necessity of the reproducibility of the conclusions drawn from the exper-
imental data, the results obtained thereof have been in error in many cases, leading
to a great number of revisions of structure. These structural revisions have been
summarized in several review articles and classified either accordingly to the
change between the original structural proposal and the revised structure or by
the methods used for revision or sorted by compound classes. In 2005, Nicolaou and
Snyder [2] published a review of natural product structural revisions made by total
synthesis over the period of 1990-2004. Suyama, Gerwick, and McPhail [3]
focused on the revision of the structures of marine natural products. In their article,
the revisions published within the period of 2005-2010 were classified by changes
in the molecular skeleton. The structures were grouped into “revision of cycliza-
tion”, “revision of regioisomers”, “revision of substituents”, “revision of hydrocar-
bon chains”, “revision of dimerization”, and different types of “revision of
stereocenters”. A similar classification scheme was used also by Maier [4], focusing
on structural revisions made by chemical synthesis in the period 2005-2009. More
recent reviews dealing with natural product chemistry show additional examples
of structure revisions and discuss the problem of the proliferation of scientific
errors [5, 6].
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Elyashberg, Williams, and Blinov, in a review published in 2010, summarized
the structural revisions made possible by the application of their isomer generator
program when combined with spectrum prediction used for ranking the list of
computed structure proposals, based on the similarity between experimental and
predicted spectroscopic data [7]. Another compilation of structural revisions
together with a “computer-assisted structure elucidation” system (CASE) was
given by Elyashberg in 2015 [8]. It should be mentioned that these reviews
summarized already acknowledged structural revisions. However, a high probabil-
ity exists that there is another “treasure trove” of structures hidden in the chemical
literature waiting for revision, and still used as reference information for further
conclusions. A sarcastic comment was included in the introduction of [7], namely,
“Figuratively speaking, it means that 40—45 issues of the imaginary ‘Journal of
Erroneous Chemistry’ were published where all articles contained only incorrectly
elucidated structures and, consequently, at least the same number of issues was
necessary to describe the revision of these structures”. This may well be an
underestimate, even when taking into account that this review appeared in 2010.
When using SciFinder® (Chemical Abstracts Service, Columbus, OH, USA) [9] for
searching terms like “structure revision”, “reassignment”, “revised structure”, or
similar combinations of key terms, a steadily growing list of publications appears.

The above-mentioned reviews summarize either known revisions and analyze
the conclusions leading to the wrong structural proposal or show methods to find
alternative structures from the already published spectroscopic data, which fulfil the
constraints much better than the given structure solution. The most effective
strategy is to avoid at least the most obvious errors, an approach mentioned in the
paper of Elyashberg [8] and discussed in a very short paragraph. On the one hand,
there are excellent NMR techniques allowing deep insights into molecular struc-
tures, but on the other hand there have been a large number of wrong conclusions
drawn from the data obtained. The central challenge in this area is to develop
standardized workflow protocols in order to avoid the most trivial errors for the
correct interpretation of NMR spectra and hence the proper compound structure
elucidation. The importance of independent chemical synthesis for the structure
revision process has been proven by many examples and will be mentioned in this
chapter. However, it would be possible to reduce the number of incorrect natural
product structures dramatically using a more efficient approach to process experi-
mentally obtained spectroscopic data.

Carbon-13 NMR spectroscopy allows direct insight into the skeleton of a given
natural product and is therefore a decisive method used during the structure
elucidation process. Over the past four decades, many useful 2D NMR techniques
have been developed in order to correlate two nuclei [10]. This distance informa-
tion, in terms of the number of bonds between coupled nuclei, is an extremely
efficient constraint during the isomer generation process and may reduce consider-
ably the list of possible candidate structures to a given set of spectroscopic data. A
problem with these techniques (e.g., HMBC) is the possible ambiguity of the
information obtained, which might lead to incorrect structural proposals when
assuming the wrong distance between coupled nuclei during the interpretation
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and the subsequent isomer generation process. Another advantage of '*C NMR
spectroscopy is the availability of large data collections allowing fast and reliable
spectrum prediction using different technologies. Furthermore, such a digital
repository of spectroscopic data can be evaluated by statistical methods for uncom-
mon chemical shift values, giving hints to erroneous structures and/or wrong signal
assignments. In order to predict chemical shift values, a correlation is needed
between the structural property (= the structural environment of the atom of interest
including stereochemical effects [11]) and the spectroscopic property (= chemical
shift value, dc). For this reason, unassigned spectroscopic data as published in many
journals are completely useless for predicting chemical shift values for a proposed
structure, since they can only be utilized as fingerprint information for spectro-
scopic similarity searches.

In the chemical literature, there is a large amount of data available that show a
very large heterogeneity with respect to their quality and their presentation. In this
chapter, the quality of published reference material for '>*C NMR spectroscopy
will be analyzed in detail by a standardized protocol based on the “CSEARCH”
NMR-database [12]. This procedure has been named “CSEARCH-Robot-Referee”
and is available to the community via a Web interface [13]. The starting point for all
subsequent evaluations is the proposed structure and the peak list with optional
assignments and experimental multiplicity information, as given in the literature.

The intention of this contribution is to provide both an overview of the possi-
bilities of automatic “Peer-reviewing” of '>*C NMR data and to provide a notion of
just how many incorrect structures and/or erroneous signal assignments have been
published to date in the chemical literature. This automatic ‘“Peer-reviewing”
protocol proposed is in principle a very sophisticated compatibility check between
a given structure and the experimentally determined peak list, applying a ranking
system into four categories, namely, “Accept”, “Minor Revision”, “Major Revi-
sion”, and “Reject”. Based on this classification, additional procedures can be
started automatically in order to provide a more detailed picture of the problem,
including proposals for alternative structures. It is estimated that at least 80% of the
errors present in the literature with respect to '>°C NMR data can be avoided easily
by systematic integration of such a scheme into the workflow of the structure
elucidation of organic compounds.

2  The “CSEARCH-Robot-Referee”

The “CSEARCH-Robot-Referee” consists of four components:

+ A knowledge database that holds 321,000 assigned and curated '’C NMR
spectra taken from chemical literature in the public domain;

¢ An evaluation engine accessing this knowledge base and performing all neces-
sary decisions;
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e A “Structure Generator” program that starts from the given query, by modifying
the positions where the evaluation engine has found large deviations between the
experimentally obtained and predicted chemical shift values. This modification
involves also exchanging atom types leading to alternative proposals that are not
isomeric with the given structural query;

¢ A “Spectroscopic Similarity Search” engine using predicted spectra for the
compounds available via PubChem (National Center for Biotechnology Infor-
mation, National Library of Medicine, Bethesda, MD, USA), allowing fast
dereplication. An additional analysis for common skeletons and substitution
patterns in the list of structures found can identify at least general structural
features of an unknown substance.

2.1 The Knowledge Base

The “CSEARCH” database contains some 694,000 assigned '*C NMR spectra
(as of October 2015) that were extracted from approximately 500 different journals;
for legal reasons, only 321,000 spectra have been made available for use with the
“CSEARCH-Robot-Referee”. The selection of journals is focused on natural prod-
uct chemistry, but not only the well-known journals in this field like the Journal of
Natural Products, Phytochemistry, Planta Medica, Fitoterapia, and Chemical and
Pharmaceutical Bulletin have been extracted with respect to NMR data, but also
journals addressing a smaller group of more specialized readers have been included,
such as the Journal of Ginseng Research and the Eurasian Journal of Forest
Research. The increase of data over the past decade was representative of approx-
imately 15,000-20,000 spectra per year [14]. Unassigned 13C NMR data must be
omitted, because they are regarded as having no value for spectrum prediction.
Also, incorrect values are omitted, so together this has led to a strongly focused
database, where the only data stored are those that are perceived initially as being
representative of high quality data. Ongoing data correction further improves
the quality of the stored reference material. However, despite this investment of
time and technology, the “CSEARCH” database is far from being error-free. It has
been shown that high-quality NMR spectroscopic data do not necessarily emanate
from so-called “higher-impact” journals [15]. This finding is based on statistics
and therefore has no implication for a single paper or a single author, but the
average Impact Factor (Thomson Reuters, Philadelphia, PA, USA) for journals
publishing spectroscopic data evaluated as being better than average is only 1.95
compared to 2.45 for journals having spectroscopic data rated as worse than
average. This has served as a strong motivation to extend NMR spectroscopic
data extraction from the more prominent journals, which are still covered, to
more specialized journals.
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2.2 The Importance of Ongoing Data Correction

For the present analysis, 74,915 entries included in the “CSEARCH” database
between January 1, 2010 and October 6, 2015 were selected, representing
1,517,876 assigned chemical shift values. These 74,915 entries have been used
for prediction of their '>’C NMR spectra and the deviation between the experimental
values and the predicted values for each spectrum was taken as a quality measure.
Between the initial cycle of data entry versus the actual cycle of the same entry, an
average improvement of 0.218 ppm per carbon was obtained solely on the basis of
continuous correction, which consists of the implementation of structure revisions
and/or reassignments brought to the attention of the author.

The outcome of a more detailed investigation using the same workflow proce-
dure on a journal-by-journal basis for their relevant publications within the period
from 2000 to 2010 is summarized in Table 1. It should be mentioned that not all
entries from this timeframe have been extracted and stored in the “CSEARCH”
database; data that are obviously incorrect were omitted. Also transmission errors
contribute to deviation of the resultant data. However, in the experience of the
author, transmission errors are considered to have a minor effect on the detected
size of the deviation. Furthermore, these are good indicators of the quality and style
of the overall presentation of the spectroscopic data in the literature.

From Table 1, it can be seen that the improvement to be obtained by ongoing
data curation is in the range of 0.1 to 0.3 ppm per carbon, which appears to be quite
minor. When taking into account that some 90% of published NMR data may be
correct, and, among the remaining 10% of incorrect values, the deviations are
usually concentrated on three to six carbon atoms per molecular structure, an
average effect is obtained of approximately 5-10 ppm per carbon induced by the
correction. This value is far beyond the quality of the prediction of carbon chemical
shift values, which is usually below 2 ppm, and therefore should be detectable
readily during NMR spectroscopic data-processing work and/or the preparation of a
manuscript for publication.

Table 1 Comparison of journals in the field of natural product chemistry with respect to the
obtained improvement of the published '>C-NMR data by ongoing data curation

Number of | Number of Improvement per
Journal entries carbons carbon Ad¢/ppm*
Phytochemistry 8312 207,166 0.132
Journal of Natural Products 18,078 459,955 0.087
Planta Medica (2003-2005) 756 18,516 0.160
Chemical and Pharmaceutical Bulletin 9657 243,589 0.094
Data published 2001-2005 79,891 1,505,084 0.295
Data published 20062010 55,134 968,939 0.122

# The improvement shown is the difference between the first and the actual cycle of the same entry



A Critical Evaluation of the Quality of Published '*C NMR Data. . .

Table 2 Prediction of the chemical shift

4-hydroxycinnamoyl moiety

143

values of the four phenyl carbons in the

Carbon 1 2,6 3,5 4

Predicted chemical shift 126.9 131.0 116.5 160.5

value (6¢c /ppm)

Expectation range (¢ /ppm) | 121.8-133.8 116.7-131.4 113.2-131.0 | 141.5-163.9

Number of examples 362 766 759 766

Minimum value from Compound Compound Compound Compound
1 from [16] 1 from [16] 1 from [17] 4 from [18]

Maximum value from Compound Compound Compound Compound
1 from [19] 1 from [20] 1 from [16] 2 from [21]

Total range (Adc /ppm) 12.0 14.7 17.8 224

Query used: 5-O-p-trans-coumaroylquinic acid [22, 23]; reference structures found are identical
within a five-bond sphere

In order to make a case for well-assigned high-quality reference NMR data
to be more visible, the chemical shift values of the phenyl carbons of the
4-hydroxycinnamoyl moiety may be addressed, as found in the database. This is a
frequently occurring structural unit among many natural products. The
4-hydroxycinnamoyl unit is a well separated spin-system, which is easily predict-
able, with narrow expectation ranges for the four different carbon positions within
the phenyl ring.

From Table 2 it can be seen that the mean values are in good agreement with the
known experimental data of the query [22], but the expectation ranges (between
12.0 and 22.4 ppm) are far beyond the usual prediction quality. In order to get a
reliable result for this prediction, only (F)-cinnamoyl units are included and
measurements were only selected if they were performed in common NMR solvents
in order to exclude any major solvent effects. A total of 727 entries out of nearly
700,000 in the “CSEARCH” database contributed to this analysis. It was found that
there was a substantial inconsistency of the signal assignments even within this
well-separated spin system. Several examples of assignment errors for the '*C
NMR data of cinnamic- and benzoic acid derivatives, as corrected within the
“CSEARCH?” database, are summarized in Table 3.

The errors in Table 3 are trivial in nature, and thus, because of the frequent
occurrence of hydroxylated cinnamic acid moieties in natural product molecules,
only a minor influence on the mean values of the prediction can be observed
by these incorrect datasets. However, these wrong and therefore inconsistent
assignments increase the expectation range for each signal, leading to major
problems when using these data in ASV (Automatic Structure Verification) pro-
grams [32], where the expectation ranges of the chemical shift values are of major
importance.
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Table 3 Assignment errors found in the given citation for hydroxylated cinnamic and benzoic
acid derivatives together with the result from the “CSEARCH-Robot-Referee” system before and
after data correction

Compound Result of

number Misassigned chemical shift values | evaluation before
Ref., journal in Ref. (6c /ppm) and after correction
[24] Chem Pharm 21 Hexahydroxydiphenyl moiety Major Minor
Bull misassigned
[24] Chem Pharm 24 Hexahydroxydiphenyl moiety Major Minor
Bull misassigned
[25] Fitoterapia 2 161.0, 130.1, 116.0 Minor Minor
[25] Fitoterapia 3 148.8, 153.4, 123.7, 112.1, 110.2 Minor Accept
[26] J Nat Prod 3 131.7, 117.8 Minor Accept
[27] J Nat Prod 2 130.2, 116.0 Minor Accept
[28] Phytochemistry | 1 158.1, 130.1 Minor | Accept
[28] Phytochemistry | 2 160.6, 130.5 Minor | Accept
[28] Phytochemistry | 3 161.2, 131.2, 115.0 Major Minor
[29] Phytochemistry | 13 130.01, 115.14 Minor Accept
[29] Phytochemistry | 14 132.35, 115.96 Minor Accept
[30] Phytochemistry | 3 162.7, 149.0 Major Accept
[30] Phytochemistry | 6 161.2, 146.9 Major Accept
[31] Phytochemistry | 2 159.8, 115.5, 129.9, Minor Accept

125.8, 113.6, 145.8

Such errors are always detected, and data curation usually improves the result of the evaluation

2.3 The Scope of the >C NMR Spectroscopic Data
Reassignment/Structure Revision Problem

Within the “CSEARCH” database, and also within the external data internally
available within the “CSEARCH” environment, each NMR spectroscopic data
re-assignment and/or compound structural change has been documented in the
“remark”™ field of the entry. When scanning the 694,000 datasets for the term
“reassign”, this gives some 7100 entries with reassigned spectroscopic data, and
more than 300 structures that have been revised. These nearly 7500 corrected
reference assignments have originated from approximately 3500 (out of some
80,000) literature citations. It should be emphasized that the database is strongly
biased, because of the selection of the articles involved. Also, any obviously
erroneous data are not extracted from the literature, and a considerable amount of
information has been deleted, because this was not possible to correct on the basis
of published spectroscopic data. Every entry within the “CSEARCH” collection has
been processed using the “CSEARCH-Robot-Referee” function, leading to the
observation that 50% of the data may be classified as “Accept”, 30% as “Minor
Revision”, 15% as “Major Revision”, and 5% as “Reject”. Altogether, about
140,000 spectra (approximately 20% of the total) are dubious to some extent.
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This might involve incomplete spectroscopic data being used for characterizing a
new compound, despite a particular entry being a valuable reference because of the
uncommon functional groups present. Also, incorrect NMR spectroscopic assign-
ments and erroneous structural proposals could be responsible for dubious data
entries. From these numbers, it can be deduced that a large problem with the
existing literature on the NMR spectroscopic assignments of natural products has
been identified.

2.4 Unassigned '>C NMR Data

Unassigned '>*C NMR chemical shift values, usually represented as a sorted peak
list, occur extremely frequently in the chemical literature. In many cases, only the
chemical shift values without any multiplicity information are given, making these
data of no value for later use using a prediction software tool. The basic principle of
a prediction tool is to deduce a chemical shift value from the connectivity table of
the molecule being queried. Thus, a prediction tool aids in the understanding of the
relationship between the structural properties of a specific carbon and its chemical
shift value. This relationship is the exact signal assignment of a specific chemical
shift value to a certain carbon atom, and, from a large collection of such assign-
ments, rules can be proposed to predict the spectroscopic attributes of a given
structure being queried. An unassigned peak list is representative of only a “fin-
gerprint” of a chemical structure allowing only a similarity search, and missing
multiplicity information increases the ambiguity of a similarity search making this
dataset even less useful. In order to use a structure and its '*C NMR spectroscopic
data as reference information for assignment of the spectroscopic lines to the carbon
positions, a basic rule is that a chemical shift value should be assigned to every
carbon in the structure. Incompletely assigned spectra might be useful for predic-
tion of the position of a particular carbon atom chemical shift in a structure being
queried, but incomplete spectra are much less useful for performing similarity
searches. An optimum situation is to have the same number of chemical shift values
assigned as there are carbon atoms in a given natural product structure.

2.5 Strategies Used by the “CSEARCH-Robot-Referee”

The “CSEARCH-Robot-Referee” consists of three independent pieces of software,
with the “Robot” component performing the evaluation of the structure and the
given spectroscopic data, according to the usual approach used during peer-
reviewing, resulting in a classification of “Accept”, “Minor Revision”, “Major
Revision”, or “Reject”. Depending on the result and the user-specific setting, two
further engines are incorporated, which are able to derive alternative structural
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proposals to the given peak list using different strategies. The “Dereplication
Engine” performs a “Spectroscopic Similarity Search” using over 74,000,000
(as of May 2016) predicted '*C NMR spectra calculated for the compounds listed
in PubChem [33]. Where too many or too few entries are found, additional
constraints like elemental composition, standard deviation, and the number of
lines for the reference substance can be varied and the request “re-queued”
automatically. The resulting “hit list” of possible structural candidates will be
sorted by coincidence between the experimentally determined and the predicted
chemical shift values. Furthermore, the best fitting structures can be analyzed for
common ring skeletons and functional group substitution patterns, giving at least
some information as to the compound class to be expected. This engine has already
proven its excellent performance especially when dereplicating natural products
and can be directly accessed from the TopSpin™ (Bruker BioSpin GmbH,
Rheinstetten, Germany) family of programs [34] and from upcoming versions of
the MNova (Mestrelab Research, Santiago de Compostela, Spain) software [35].

Another approach to derive alternative structure proposals is the application of
the “Structure Generator” program using the compound structure proposal of the
user as a starting point, together with the peak list and the positions where the
experimental chemical shift values do not fit those predicted as derived from the
evaluation. This approach is not an isomer generator program according to the
mathematical definition of this task, since a further set of similar structures, having
a different molecular formula, may be generated. Thus, a highly restricted subset of
all possible isomers is created, and heteroatoms may be added, omitted, or
exchanged in position giving also non-isomeric but similar structural proposals.
The restrictions and the resulting gain of processing speed occur because only
positions in the structure proposed undergo variation having large differences
between an assigned chemical shift value and the predicted one. The superior
quality of this integrated approach can be shown since nearly all obvious errors in
the line assignments and/or wrong structural proposals are detected, and in many
cases reasonable alternative structures can be derived, either using the “Spectro-
scopic Similarity Search” or the “Structure Generation” engines. The starting point
is only the 1D '*C NMR peak list as provided by the peak-picking routine, together
with a reasonable structure proposal. Cross-peaks from relevant 2D NMR experi-
ments are not necessary. Accordingly, data input from 2D NMR measurements is
avoided, prohibiting the widespread use of isomer generation under routine appli-
cations, because the preparation of the data is too time-consuming. With this
workflow protocol, the necessary input is a simple copy and pasting of the results
from the peak-picking routine together with a structural proposal.

The workflow within the decision engine, which starts the “Spectroscopic
Similarity Search” and the “Structure Generator” components on an optional
basis, consists of the following steps:
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« A check of the chemical structure, valences, and stereocenters;

e A summary of the given chemical shift values, separated into assigned lines,
exchangeable assigned lines, and unassigned lines;

* An analysis of groups of exchangeable assigned lines, and checks for the total
ranges for each group, the multiplicity within groups, and the overlap between
groups of exchangeable assigned lines;

* An analysis of the experimentally determined multiplicities versus multiplicities
calculated from the structure;

¢ The performance of a symmetry analysis starting from both the query structure
and the spectroscopic data;

* The conduct of spectrum estimation using “Neural Network Technology” and
the “HOSE (Hierarchical Organization of Spherical Environments)-code Tech-
nique” [36];

e The automatic assignment of lines that have been entered without any
assignment;

» The performance of statistical analysis of the underlying reference data for each
carbon prediction, with an alert when there is only reference information avail-
able with low similarity;

¢ A comparison of results from prediction using HOSE-code and NN-technology
and the generation of a warning when inconsistencies are found;

e The evaluation of all statistical parameters and the derivation of a quality
parameter for the prediction;

¢ An attempt to find a better possibility for given signal assignment, having a
smaller difference between the experimental and prediction values;

e The use of spectroscopic data for a similarity search over all available
“CSEARCH?” databases and the provision of only known alternative structures
that fit the same spectroscopic data;

» The utilization of a given query structure for a search for identical structures;

» The provision of all reference data together with their literature citation and the
associated Digital Object Identifier (DOI) [37], if available;

e Calculation of the International Chemical Identifier (InChiKey) [38] from the
query structure and comparison against the PubChem collection in order to give
information about already known structures; this feature is also used during
structure generation in order to find already existing alternative structures;

¢ The insertion of links into resulting tables to PubChem data [33] and to struc-
tures contained in eMolecules® (La Jolla, CA, USA) [39];

e Depending on the result of the evaluation and on the user-specific settings,
launch of the “Spectroscopic Similarity Search” over 74 million predicted '*C
NMR spectra and/or the “Structure Generator” to obtain alternative structure
proposals, and

» Optionally to donate evaluated spectroscopic data to the scientific community as
additional reference information.

In addition, each user is able to create her/his user-specific database from earlier
requests, which is a very useful feature when structural queries are processed, since
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these are not well-represented in the underlying “CSEARCH” databases. It should
be mentioned that only highly verified and well-assigned spectra should be used as
user-specific reference material. For security reasons, any request based on user-
specific data will be processed twice. Thus, the first evaluation uses all available
“CSEARCH?” databases together with the user-specific database, while the second
evaluation is based solely on the “CSEARCH” databases. A significant difference
of the results of both evaluations has to be checked in detail by the user.

2.6 Limitations, Enhancements, and Synergies

The evaluation engine itself can handle organic compounds up to the inclusion of
99 carbon atoms presented. The result of the classification is expressed as “Accept
as it is”, “Minor Revision”, “Major Revision”, and “Reject”, depending on the
compatibility between the proposed structure and the '>*C NMR data provided. In

[t}

order to characterize a compound, it is necessary to supply “n” assigned chemical
shift values for a query molecule having “n” carbons. Any violation of this basic
rule does not prohibit the evaluation, but the result will become less reliable from
any missing or unassigned '*C NMR spectroscopic line. In order to launch a
“Spectroscopic Similarity Search”, no further preliminary steps have to be fulfilled,
whereas for starting the “Structure Generator” engine, it is necessary to follow the
above-stated 1:1-rule between the number of carbons and the number of chemical
shift values.

As a starting point for structure generation, only a given structural proposal and
the measured 1D '*C NMR data are necessary, thereby not requiring the input of
additional information such as the correlation signals from a HMBC spectrum. In
order to make the structure generation process more efficient, only very similar
structures are created and these are ranked subsequently by the deviation between
the experimental peak list and the predicted chemical shift values. From prior
examples in the scientific literature, it has been shown for structure revisions that
the revised structure may be a different molecular formula than that of the previ-
ously proposed structure, such as by elimination of water or from an oxidation
reaction. Therefore, restricting the process of structure generation to isomer gener-
ation is far below the requirements of practical problem solving.

Another valuable tool available is a comparison of each processed structure,
either being provided as a query or created during the structure generation, against
the PubChem collection, which provides information of already known substances.
This feature is helpful in natural product chemistry, where the same set of spectro-
scopic data may be misassigned to a new structure instead of to an already known
substance.

Despite these sophisticated algorithms and the use of a high-quality database,
the responsibility for a valid compound structure elucidation remains with the
chemist performing the interpretation of the spectroscopic data on hand. These
“CSEARCH” database tools can be very helpful in directing the natural product
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scientist to inconsistencies between a given structural proposal and the '*C NMR
data measured, and offers the possibility of mapping the data on the structural
formula to display molecular fragments, which may have to be revised. By inte-
grating this scheme into a daily laboratory routine and as part of the writing process
for manuscripts [40], a large majority of either trivial assignment errors or wrong
structures could be avoided. A combination of this automated protocol and other
methods of compound structure elucidation is still necessary, because very sophis-
ticated problems such as the configurational reassignments conducted for molecules
like brevenal [41] or a series of solandelactones [42], are somewhat beyond both the
scope and the possibilities of this comparison between structure and '*C NMR
chemical shift data.

2.7 Performance of the “CSEARCH-Robot-Referee”

The following examples are taken from previously mentioned reviews [2, 3, 7] and
are intended to show the performance of the “CSEARCH-Robot-Referee”. It is
worth mentioning that in many cases an incorrect structure as given in a literature
report is contained within the underlying knowledge base used for structural
prediction. Correction of data is only possible when a given revision of structure
is known, whereas still uncorrected structures will remain among the relevant
background information to be considered. Despite this, only a very minor influence
on the ultimate structural proposal may occur.

The examples compiled in Fig. 1 are known structure revisions showing the past
performance of the “CSEARCH-Robot-Referee” in detecting the inconsistencies
between a given structure and the available experimental '>’C NMR chemical shift
values. In many cases, a correct alternative structure proposal can be made and this
is usually ranked as more likely than the original one.

3 Examples Showing Typical Types of Errors

In this section, typical types of errors are described that may occur in the natural
products literature. These errors consist of trivial typographical errors, adding or
omitting chemical shift values, performing trivial assignment errors based on
misunderstood electron densities, using identical experimental spectroscopic data
for elucidating different structures without mentioning a structural revision, and
using misinterpreted experimental data leading to incorrect structural proposals.
The most common sources of errors in the natural products literature available in
the public domain have been based on:

« Typographical errors in tables containing '*C NMR chemical shift values;
» Exchanging columns in tables presenting chemical shift values;
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Original Structure

Revised Structure

Position: 209, Ad: = 4.65 ppm
CID: 25016148, "Minor Revision"

o~
0]

HO
Br Br

OH

Position: 7 of 1257, Ad.= 2.00 ppm
CID: 53770006

O/

Br OH

HO

Br

Position: 240, Ad.= 4.48 ppm
CID: 25016149, "Minor Revision"

J

0

HO

Br Br

OH

Position: 2 of 1321, Ad.= 1.62 ppm
CID: unknown

J

0

Br OH

HO

Br

Position: 88, Adc= 3.87 ppm
CID: 21589730, "Major Revision"

Position: 93 of 1993, Adc=3.90 ppm
CID: 76764638

Fig.1 Known structure revisions [2, 3, 7] used for verifying the performance of the “CSEARCH-
Robot-Referee” system. The structures are given together with their position within the ranked list
of structure proposals, their similarity measure, the result of the evaluation and the “Compound-
Identifier” (CID), when the structure exists in the PubChem collection
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Position: 2, Ad:= 2.64 ppm
CID: 11807889, "Minor Revision"

0

Position: 1 of 289, Adc=2.33 ppm
CID: 44557646

o
O
o
o

Position: 3, Ad:=2.70 ppm
CID: 11065168, "Minor Revision"

HO o}

o]

Position: 2 of 328, Adc=2.60 ppm
CID: 24763831

HO 0

%

Position: 297, Ad:= 2.33 ppm
CID: 101681987, "Minor Revision"

HO

Y

o 0

Position: 1 of 2760, Ad:= 1.55 ppm
CID: 21773513

OH

8,

Position: 456, Adc= 2.49 ppm
CID: 14061137, "Minor Revision

OH

O\fo

Position: 98 of 5714, Adc=2.17 ppm
CID: 189330
-0-OH instead of -OH

0

HO

Fig. 1 (continued)
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Position: 1200, Adc=3.11 ppm Position: 525 of 3244, Ad:=2.72 ppm
CID: 10457858, "Minor Revision" CID: 24850617
-0-OH instead of -OH
OH
HO |
OH 0
HO OH
HO
Br
Br
Br
Br
Position: 913, Ad. = 3.09 ppm Position: 508 of 5349, Ad.=2.71 ppm
CID: 21635112, "Minor Revision" CID: unknown

Position: 4853, Ad.=6.23 ppm Position: 1053 of 7955, Ad.= 4.67 ppm
CID: 76764482, "Major Revision" CID: 21778408

Fig. 1 (continued)
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Position: 21, Adc=2.33ppm Position: 2 of 557, Adc=1.75 ppm
CID: 85296947, "Minor Revision" CID: unknown
-S0,-OCH, instead of -SO-CH,
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0] NH
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Br
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OH
OH
Position: 289, AS:=2.58ppm Position: 77 of 6192, Ad:=2.37ppm
CID: unknown, "Minor Revision" CID: unknown

Position: 401 of 1646, Ad.= 6.79 ppm Correct solution not found
CID: 101609017, "Reject" Differences are shown
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=
0 o)

Fig. 1 (continued)
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Position: 13, Ad.=1.94 ppm
CID: 21729211, "Minor Revision"
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Fig. 1 (continued)
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Position: 203, Ad.=5.30 ppm
CID: 10632915, "Major Revision"

0

Position: 2 of 726, AS.= 1.42 ppm
CID: 11390465
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Fig. 1 (continued)

A: Position: 1 of 772, Aéc=1.33 ppm
B: Position: 6 of 772, Adc= 1.66 ppm
CID: 11616310
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e Errors in drawing a chemical structure;

¢ Inconsistent numbering used in the structure proposed and in the table summa-
rizing NMR chemical shift values;

« Assuming that lines observed in a '>*C NMR spectrum belong to impurities;

« Assigning lines in a >*C NMR spectrum to a compound under investigation that
actually belong to impurities and/or the solvent;

¢ Using the same spectroscopic data twice in order to “hide” a structure revision;

e Ignoring basic knowledge and hence leading to misassignments, such as
misassigned enone fragments;

» Misinterpretation of 2D NMR spectroscopic data, with a typical example refer-
ring to the interpretation of cross-peaks obtained from a HMBC-type spectrum
(e.g., a >J correlation versus a %/ correlation).

3.1 NMR Solvent Errors

Taking an example from the chemical synthesis literature, a tamoxifen derivative
was generated by Vallaint et al. [43]. The intermediate compound 8 (Fig. 2) in this
paper was characterized by its 'H and '>*C NMR, and mass spectrometric data.

a Br

131.70

127.80 ~132.60
127.10

b ar

C Br

Fig. 2 (a) ">C NMR data as given in [43]. The chemical shift values for the phenyl ring have only
been partly assigned, and (b) predicted '*C NMR chemical shift values. (c) Differences between
experimentally obtained and predicted chemical shift values showing extremely large deviations
within the protecting group
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When starting the “CSEARCH-Robot-Referee” from the proposed structure
together with the partially assigned carbon peak list, the resulting classification
would be “Major Revision*.

In Fig. 2a, the original data are visualized together with in Fig. 2b the predicted
chemical shift values. The large differences located at three positions within the
protecting group are displayed in Fig. 2c. From these data, conclusions can be
drawn that the authors have ignored a signal in the range between —4 and —6 ppm
and the line at 18.22 ppm should be assigned to the quaternary carbon within
the fert-butyl moiety. For this quaternary carbon attached to a silicone atom, a
value of 53.27 ppm is given, which is understandable when reading the experimen-
tal procedure in detail, since the reaction and the subsequent chromatography
were both performed either in pure dichloromethane or in a petroleum ether/
dichloromethane mixture with subsequent evaporation. Evidently, a minor amount
of dichloromethane remaining in the sample was responsible for the signal at
53.27 ppm, which was misinterpreted as a signal belonging to the quaternary carbon
of the protecting group of compound 8 in [43].

3.2 Ignoring Existing Chemical Shift Values

Gustafsson, Saxin, and Kihlberg reported in 2003 the synthesis of a C-glycoside
analogue of f-p-galactosylthreonine [44]. Intermediate 7 described in this publica-
tion contains a —CH,-I group with an expected '>C NMR chemical shift value of
around 15 ppm. In the supplementary information for this article, the '*C NMR
spectrum of compound 7 is included, showing clearly on page S15 a signal around
18 ppm. In the range of 35 to 40 ppm, three more signals were visible. On page S16,
the spectroscopic data were summarized, assigning these three signals to the side-
chain, but with a value of 75.3 ppm to the —CH,-I moiety. The signal at 18 ppm,
which is clearly visible in the spectrum and definitely belonged to the compound in
question, is not mentioned in the data sheet of this compound, leading to a final
classification by the “CSEARCH-Robot-Referee” for this dataset of “Major Revi-
sion®. Even when substituting the chemical shift value of 75.3 ppm by the exper-
imental value of approximately 18 ppm, this dataset would be still classified as
“Major Revision“, because a compound having 40 carbon atoms in its structure
obviously would need 40 '*C NMR chemical shift values (although some of them
may be identical because of symmetry), in order to follow the 1:1-relationship
between the number of carbons and the number of chemical shift values. From the
summary on page S16 it can be seen that the chemical shift values of the protecting
groups are not tabulated. This example shows that the result of the classification is
also determined by the large number of missing signals. In any case, the extreme
difference between the predicted values and the experimental data as published is
evident, showing an incompatibility between the structure proposed and the spec-
troscopic data published; in this case an existing peak clearly visible in the spectrum
was simply ignored!
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3.3 A Case in Which Two Different Structures Were
Proposed from the Same '>C NMR Spectroscopic Data

1,4-Dihydropyridine functionalities occur in natural products. Their derivatives are
of pharmaceutical interest and therefore represent a well investigated class of
compounds. In a paper by Morales et al. [45] the presentation of compound 6c is
quite inconsistent; in the structure scheme on page 103 the aryl group was defined
as “Ar=2-Cl-C¢H,”, whereas in the figure on page 104 compound 6¢ had a nitro
group at position C-3’. In the experimental part, the compound name is given as
4-(3-nitrophenyl)-5-oxo-1,2,3,4,5,7-hexahydrofuro[3,4-b]-2(1H )-pyridone, and
also the "H and '>C NMR data pointed to a C-3' nitro derivative. Furthermore,
characteristic IR data of a nitro group supported this structural proposal. From these
observations, a typographical error in the structure scheme can be assumed with
high probability. This error in the assignment of compound identifiers to the
different substituents in the structure scheme was verified by an examination of
the synthesis procedures applied. The synthesis of compound 6¢ started either from
precursor 4c or 4f. Both compounds 4c and 4f were defined as 2-chlorophenyl
derivatives according to the structure scheme and were named as 3-nitrophenyl
derivatives in the experimental portion. The experimental data given for 4f
supported presence of a 3-nitrophenyl moiety.

Using the '>*C NMR peak list given for synthetic compound 6¢ [45], which
consisted of 13 different chemical shift values, seven out of these 13 peaks were
assigned to a hexahydrofuropyridone unit, but the remaining six peaks belonging to
a 3-nitrophenyl unit were unassigned. Evaluation with the “CSEARCH-Robot-
Referee” gave a result of “Minor Revision”, with the six unassigned lines assigned
automatically during the evaluation based on the predicted chemical shift values.

During an evaluation, the structure assigned to a compound may be used as a
query for a search for identical structures within the available “CSEARCH”
databases. The results of such a search have shown that the same structure has
been published in [46] by the same collaborative groups. This is a quite usual
finding when the data from a previously performed and already published mea-
surement are used as reference information in a subsequent publication. The great
advantage of a digital repository is that one can cross-check between different
datasets to search for alternative structures having the same spectroscopic pattern
(see also Sect. 4.5 for further description of this approach). Surprisingly, two
alternative compounds, IIlc and IIId from [46] have almost identical spectroscopic
data, with one being an exact spectroscopic match and the other one differing by
less than 0.4 ppm in the aryl ring despite the structural modification. In order to get
greater resolution of this problem the chemical shift values of these compounds are
visualized in Fig. 3.

The spectroscopic data of the 3-nitro derivative 6¢ from [45] was used as
reference information for compound IIIb in [46]. Interestingly, the 4-nitro deriva-
tive (compound IlIc from [46]) was found to have the identical spectroscopic data,
while variations of 0.1, 0.2, and 0.4 ppm occurred in the 4-methyl derivative IIId
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Compound 6¢ from [45]

Compound lllb from [46]
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Fig. 3 Compounds 6c, IIIb, and IIIc have identical carbon spectroscopic data, but represent two
different structures. Compound IIld is identical with IIlc within 0.4 ppm despite the different
influence of a nitro and a methyl group on the phenyl system. The data of the 4-nitrophenyl portion
in Illc differ markedly from the data of 1k. Both compounds IITh and 1i have a 3-methoxyphenyl
moiety showing large shift differences at equivalent positions. The unsubstituted compound IIIg is
given for comparison
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Fig. 3 (continued)
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[46]). In turn, the aryl protons appeared in Illc in the range from 7.42 to 8.15 ppm,
whereas the methyl substituted analogue ITId [46] showed 'H NMR signals at about
the same range between 7.32 and 8.12 ppm, despite the influence of a nitro
substituent and a methyl group being quite different on neighboring aryl protons.
The 'H and the '*C NMR chemical shift values for the methyl group were omitted
in the experimental portion of [46]. However, the protons of the unsubstituted
phenyl ring in compound Illg appeared in the usual range between 7.18 and
7.35 ppm, but instead of five protons only four protons were present. It was
shown that there was no undue influence from any other moiety on the 'H NMR
chemical shift values for this type of compound. There were four signals in the
carbon NMR spectrum as to be expected for a freely rotatable phenyl substituent. A
comparison of these data with the 3-methoxy derivative showed large deviations
between the experimental and predicted 3C NMR chemical shift values. Further-
more, the unsubstituted phenyl system 'H NMR proton resonances were in the
usual range 7.18-7.35 ppm whereas the aryl protons of the 3-methoxy derivative,
[ITh, were given within a range of 7.43-8.12 ppm [46]. However, this is opposite to
that expected, as a result of the shielding effect in the ortho-, meta-, and para-
positions induced by the methoxy group, making a chemical shift value of 8.12 ppm
not credible. The predicted chemical shift values for the '>*C NMR spectrum could
be found searching CAS REGISTRY*™ using SciFinder®™ [9, 47]. Experimentally,
the "H NMR chemical shift values of the 3-methoxyphenyl moiety in IITh ranged
from 7.43 to 8.12 ppm [46], whereas the same unit for compound 1i of [48]
occurred between 6.66 and 7.15 ppm. The protons of 3-methoxyphenyl derivatives
would experience shift influences of up to nearly 1 ppm, whereas the protons in the
unsubstituted analogues would remain nearly unchanged (7.18-7.35 ppm [46],
7.13-7.23 ppm [48]. Both papers were published by the same collaborative groups
from the University of Havana (Havana, Cuba) and the Complutense University of
Madrid (Madrid, Spain) [46, 48].

The application of the “CSEARCH-Robot-Referee” to verify the dataset of the
synthesized compound 6c in [45] published in 1996 revealed that this peak list has
been used in a later publication as reference information and assigned to the same
compound. Furthermore, the identical spectrum was used as a “proof” for a
different structure IIlc [46] and a slightly modified (maximum 0.4 ppm deviation)
peak list was used to identify another substance, IIId [46]. A detailed comparison of
this paper with later references showed also major problems with the "H NMR data
used for structural verification after manual inspection. The starting point for this
analysis was an automated “peer-reviewing” of one dataset of interest, and a major
inconsistency was uncovered within a series of publications published by the same
collaborative groups that did not mention the errors in their earlier papers.

Another example of identical spectroscopic data being assigned to two different
synthesized compounds was found when analyzing the '>C NMR data published in
[49]. In this article, a chromene derivative (6d), was described and characterized
from its spectroscopic data. An assignment of the '*C NMR chemical shift values
was not given in the experimental part, with only a multiplicity determination being
reported. The evaluation of this entry with the “CSEARCH-Robot-Referee” gave a
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classification of “Minor Revision” because of the missing assignment. Moreover,
an automatically performed search for an identical structure with respect to the
two-dimensional topology revealed three other references [50-52] dealing with the
same compound, whereas a search for an alternative structure starting from the peak
list gave no result. When inspecting the spectra shown for the same compound in
these four literature citations, it was seen that the chemical shift values of com-
pound 6d in [49] were different from the other reference spectra found. The three
reference spectra, for compound 1a of [50], compound 6a of [51], and compound 4a
of [52], were identical, so therefore only one comparison is shown in Fig. 4. When
taking the dataset of compound 1a of [50] having the identical structure, but having
a different peak list as starting point for another evaluation, the same structure is
found again, as to be expected, but also one alternative structure proposal, com-
pound 9a from [53], was retrieved, as shown in Fig. 5.

A detailed analysis of the five publications [49-53] used during this analysis
showed that ten synthesized derivatives containing nitrogen were published as
compounds 9a-9j in [53] together with their carbon spectroscopic data. Several
of these compounds also appeared in a subsequent publication [50] among a series
of analogs (2a to 2g), but having different spectroscopic data. The ten compounds
named 9a to 9j in [53] are heterocycles containing nitrogen, which were modified as
oxygenated analogs in series la to 1j in [50], but having identical reported

a b
0O
N
=
O NH2 . ‘ .. | ‘ ‘ r ‘ ‘H .
c d
0
N
=
0 NH; ‘ H‘ ” ‘ H‘

Fig. 4 Identical compounds (with respect to their two-dimensional topology) have been charac-
terized by different spectroscopic patterns. Compound 6d (a) from [49]. (b) The published 3¢
NMR data. (¢) Compound la from [50]. (d) The published 13C NMR data, which are contained
identically in Refs. [50-52]
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Compound 1a from [50] Compound 9a from [53]
0 0
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(0] NH, N NH;
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Fig. 5 Two different structures given with identical '*C NMR spectroscopic data

Table 4 Timeline of the two publications where identical spectra were assigned to two different
structures

Ref. | Received Accepted Appeared Structure proposal
[53] |18™ November Unknown date Issue 4, July/August | Hexahydroquinoline
1999 2000 derivative
[50] |28™ August 2000 |3 November Issue 2, February Pyran derivative
2000 2001

spectroscopic data. The timeframe when [50] and [53] were published (Table 4) is
worthy of comment. In the later publication [50] the previous publication [53] was
cited as “J. Heterocycl. Chem., in press” despite there being plenty of time (at least
from August to November 2000) to insert the final literature citation. The citation
points only to the previous paper with respect to the preparation of the compounds.
In fact, a major structural revision on a complete series of compounds was
performed, but this is not mentioned [50].

3.4 Trivial Typographical Errors

Kaiser, Basso, and Ritter [54] published a comprehensive set of reference data for
22 different C-3 substituted camphor derivatives. Twenty out of these 22 reference
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Fig. 6 Chemical shift values (middle) calculated from the given increments [54] versus predicted
chemical shift values (right) inserted into the structure display; the visualization of the differences
shows an extremely large increment caused by a typographical error

datasets were classified as “Accept” by the “CSEARCH-Robot-Referee”. However,
the data of the 3-dimethylamino derivative of camphor were classified as “Minor
Revision”, because of a small deviation between the predicted and experimental
values at two positions. Among the data tabulated for bornane-2,3-dione, an
incorrect chemical shift increment for C-3 of —20.3 ppm with respect to a basic
value of 42.6 ppm is given, leading to a chemical shift value of 22.3 ppm for this
carbonyl group [54]. The predicted value is somewhere around 202 ppm showing a
difference of 179 ppm between the predicted and reported reference data. This is
undoubtedly a typographical error in a large table holding some 220 increments.
The example displayed in Fig. 6 shows the advisability of modifying the approach
used in the process of publishing scientific results with two different strategies: the
first one is to make use of the existing technologies like spectrum prediction and the
second one is to generate verified electronic files holding data, which are then used
during the whole workflow starting at the NMR instrument, where the data are
produced, and ending at the stage of printing of the publication. For this purpose, a
simple annotated SD-file would be sufficient to contain both the chemical structure
along with the assignments of the '*C NMR resonance peaks.
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Fig. 7 (a) Carbon-13 NMR chemical shift values/ppm for compound 4a from [52]. (b) Differ-
ences between experimentally obtained and predicted chemical shift values clearly showing two
typographical errors

Another typographical error can be found in [52] when analyzing the spectro-
scopic data of the synthesized compound 4. The “CSEARCH-Robot-Referee”
detected this problem and recommended “Major Revision”. In Fig. 7, a graphical
representation of this typing error is given.

3.5 Assignment Errors

A quite different category of error is based on missing information on the basic
effects on chemical shift values induced by different substituents. A few examples
were given in Table 3; here a more detailed analysis of the nature and size of the
problem will be given.

An example from [55] that is featured in Fig. 8 represents a typical assignment
error occurring frequently in the chemical literature. From a standard compilation
of spectroscopic data [56], it is known that a hydroxy group attached to a phenyl
ring has a shielding effect at the ortho- and para- positions, whereas the meta-
position is slightly deshielded. This effect can be easily seen when comparing, for
example, the chemical shift data from benzene versus phenol, with a comprehen-
sive summary of '>C NMR substituent effects in monosubstituted benzene deriva-
tives having been published by Ewing [57].

In order to have a more general impression of the overall problem of
incorrectly assigned '*C NMR data, all datasets within the “CSEARCH” databases
published in the years 2010-2015 have been analyzed. A total of 31,297 datasets
published within this period of time were extracted from the public domain
literature, and a search for reassigned data revealed that the assignments of
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Original assignment as
given in [55]

"Minor Revision"

Difference between
the original data and
the predicted
chemical shift values

Corrected assignment

"Accept as it is"

Cl)H Cl)H OH
157.30 2.5 157.30
P G A
1|1|5.50 \1|15.5c| O.il \01.7 115,60 11560
127.90.2127.90 0.7, 0.7 127.90.2127.90
1i=;9.40 sl.s 128.10
_127.50 0.2 _-127.90
1|25.7o 1.2 125.70
12810 _139.40
e T~
104.40 1|0Mu 1”4 1|.4 lﬁuﬂ 104.40
_ /158160, /58160 g | _-158.60.~158.60

HO Joigg OH | HO 05 OH | HO foisa OH

Fig. 8 (E)-Resveratrol as given in [55] with wrongly assigned ipso-carbons in both phenyl rings.
This misassignment was detected readily by the “CSEARCH-Robot-Referee” system and the
result of the evaluation changed from “Minor Revision” to “Accept”, when correcting this error

540 entries in 286 different literature citations were revised subsequently, with each
revision was documented in the “remark field” within the database. In Table 5, the
literature citation, the number of the compound in the publication and a short
description of the assignment error are given. The last two columns contain the
results of the evaluation of the original version of the dataset with the exact
assignment as given in the reference, and the result of the evaluation after the
correction of the assignment error described. This table gives only a rather incom-
plete impression of the problem, because the data selection is restricted to a six-year
period of chemical publication. Furthermore, it should be mentioned that several
important journals in the field of natural product chemistry such as Phytochemistry
and Planta Medica were not processed by the “CSEARCH” databases between
2010 and 2015.
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Table 5 Summary of some assignment errors found by application of the “CSEARCH-Robot-

Referee”
Compound Result of
number Misassigned chemical shift evaluation before
Ref., journal in Ref. values (d¢c /ppm) and after correction
[58] Chem Pharm Bull 1 158.4, 131.6, 129.3, 116.1 Major Accept
[58] Chem Pharm Bull |2 158.5, 131.5, 1294, 116.2 Major Accept
[59] Chem Pharm Bull 1 118.0, 146.0 Major Accept
[59] Chem Pharm Bull |2 117.8, 146.2 Major Accept
[59] Chem Pharm Bull |3 117.4, 146.0 Major Accept
[60] Chem Pharm Bull |3 130.6, 115.8 Major Major
[61] Chem Pharm Bull 11e 116.0, 129.4 Minor Minor
Structures 11d and 11e
exchanged
[62] Chem Pharm Bull |6a 130.6, 115.4 Minor Accept
[63] Chem Pharm Bull |17 163.6, 94.1 Major Accept
[64] Fitoterapia 3 35.1,70.3 Major Accept
[65] Fitoterapia 1 114.9, 130.6 Accept | Accept
[65] Fitoterapia 2 114.9, 130.6 Minor Minor
[65] Fitoterapia 3 114.9, 130.5 Minor Accept
[66] Fitoterapia 2 Phenyl rings exchanged Accept | Accept
[67] J Nat Prod 2,3,4 Me groups inconsistent Accept | Accept
[67] J Nat Prod 5,6 Me groups inconsistent Accept | Accept
[68] J Nat Prod 11 Data incompatible with substi- | Major Major
tution pattern of phenyl ring
[69] J Nat Prod 2 114.8, 132.4 Minor Accept
[70] J Nat Prod 5 120.1, 138.6 Major Minor
[71] J Nat Prod 1 121.4, 146.4 Major Major
[72] J Nat Prod 13 57.4 (CH3) Major Major
[73] J Nat Prod MeOct-S Alkyl chain Accept | Accept
[73] J Nat Prod MeOct-SO | Alkyl chain Accept | Accept
[73] J Nat Prod MeOct-SO, | Alkyl chain Accept | Accept
[74] J Nat Prod 1 159.1, 109.8 Minor Minor
[74] J Nat Prod la 159.1, 109.8 Minor Minor
[74] J Nat Prod 1b 159.1, 109.8 Minor Minor
[74] J Nat Prod 1c 158.9, 109.8 Minor Accept
[74] J Nat Prod 1d 158.9, 109.8 Minor Accept
[75] J Nat Prod 9 31.8,22.7 Major Minor
[75] J Nat Prod 7 31.9,22.7 Major Minor
[75] J Nat Prod 6 31.9,22.7 Major Minor
[75] J Nat Prod 10 31.8,22.7 Major Minor
[75] J Nat Prod 8 31.9,22.7 Major Minor
[76] J Nat Prod 2a 142.3, 1274 Minor Accept
[76] J Nat Prod 2b 142.5, 127.8 Minor Accept
[76] J Nat Prod 2c 143.3, 126.8 Minor Minor
[77] J Nat Prod 15 Data exchanged with 16 Major Major
[77]1 J Nat Prod 16 Data exchanged with 15 Minor Minor

(continued)
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Table 5 (continued)
Compound Result of
number Misassigned chemical shift evaluation before
Ref., journal in Ref. values (6¢c /ppm) and after correction
[78] J Nat Prod 6 129.9, 115.7 Accept | Accept
[79] J Nat Prod 161.7, 123.6 Major Accept
[79] J Nat Prod 10 166.3, 105.8 Major Accept
[79] J Nat Prod 1 166.5, 107.0 Major Accept
[79] J Nat Prod 3 168.0, 107.0 Major Accept
[79] J Nat Prod 5 132.8, 116.6, 166.6, 106.2 Major Accept
Inconsistent numbering
[80] Molecules 4862F 131.44,116.91 Major Minor
[81] Molecules L2 128.99, 113.79 Minor Accept
[82] Molecules 1 130.6, 109.5 Minor Accept
[83] Molecules 1 125.12, 142.54 Minor Minor
[84] Molecules 31 98.4, 120.0 Major Minor
[84] Molecules 32 103.3, 128.2 Major Minor
[85] Molecules 4 157.7, 104.10 Major Accept
[86] Molecules 1G-1 119.2, 134.7 Minor Minor
[86] Molecules IM-1 172.3, 156.2 Minor Accept
[87] Molecules 1c 56.7, 64.5 Major Major
[88] Molecules 3 158.22, 138.08, 132.16, 115.52 | Major Accept
[89] Molecules 4,6 Data for compounds exchanged | Major Accept
[90] Molecules 13 127.7, 164.2 Major Minor
[91] Molecules 1,2,3 Numbering error Reject Minor
Cigand Cg

[92] Molecules 111 116.2, 130.9, 130.8 Major Accept
[93] Molecules 11 134.7, 155.9 Minor Accept
[94] Rec Nat Prod 1 116.1, 130.5 Minor Minor
[95] Rec Nat Prod 1 132.6, 107.8 Major Minor
[96] Rec Nat Prod 7 153.87, 111.41, 107.91 Major Accept
[97] Magn Reson Chem |2 129.7, 1194 Minor Minor
[97] Magn Reson Chem |5 130.0, 116.5 Minor Minor
[97] Magn Reson Chem |9 130.2, 116.6 Minor Minor
[98] Magn Reson Chem | le 55.7,76.2 Minor Accept
[99] Mar Drugs 1 121.89, 102.42 Major Accept
[99] Mar Drugs 3 115.43, 129.48 Reject Major
[100] Steroids 6b 132.5, 150.7, 188.1 Major Minor
[101] Steroids 2a 113.7,132.9 Major Minor
[101] Steroids 2b 113.9, 132.9 Major Minor
[101] Steroids 3a 113.7,132.4 Major Accept
[101] Steroids 3b 113.9, 134.9 Major Accept

The first column gives the literature citation, the second column shows the number of the
compound within the paper. The third column summarizes the misassigned chemical shift values
and gives some remarks, the fourth column gives the result of the evaluation of the original dataset
as published, and the last column gives the result of the evaluation after correction of the

assignment
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3.6 Chemical Structure Drawing Errors

Diandraflavone, compound 2 from [102], is an example where the capabilities of
the “CSEARCH-Robot-Referee” can be demonstrated in some detail. The evalua-
tion started from the structure proposed and the assigned '>*C NMR chemical shift
values, as shown in Fig. 9a, and resulted in a rating of “Major Revision”. This was
due to the large difference between the experimentally determined chemical shift
values and the predicted values at four positions located in the phenyl ring and the
C-glycosidic bound sugar moiety, as presented in Fig. 9b. This comparison detected
units within the molecule wherein an excellent compatibility between their struc-
tural features and the spectroscopic properties was apparent. However, questionable
portions of the structure could be identified. The highlighted carbons in Fig. 9c as
well as some neighboring non-carbon atoms were subjected to a structure genera-
tion process. A red color is used in Fig. 9c when the difference between the
predicted and experimentally obtained '*C NMR chemical shift values were larger
than predefined limits, whereas highlighting with a blue color represent carbons
with smaller differences adjacent to the carbon atoms questioned. Furthermore,
non-carbon atoms adjacent to suspicious carbons with respect to their chemical
shift value are either inserted or deleted in order to extend the structural search to
non-isomeric, but still similar molecules. In this example, an oxygen atom was
inserted between C-4’ of the phenyl ring and C-1" of the attached sugar moiety
leading to the structure as shown in Fig. 9d, which has a molecular formula of
C,3H3,0,;3 instead of Cy3H3,015. This verified that the process used of scanning the
structural space with respect to the variation of only questionable carbons, but
allowing insertion/deletion/modification of non-carbon atoms, is definitely not
isomer generation. This process of scanning generated 7411 alternative structure
proposals. Subsequent ranking of this list of chemical structures using the similarity
between the experimentally determined peak list and the predicted chemical shift
values puts the (incorrect) structure query at position 1488, whereas a reasonable
alternative can be found at position 8. The other seven alternative structures were
either highly strained or could be excluded by a deeper analysis of the additional
data given in the paper [102].

The starting point of this analysis was the incorrect structural proposal for
diandraflavone [102] and the measured peak list, leading to a set of 7411 alternative
structures. Another possibility to retrieve alternative structures is the use of the peak
list in a “Spectroscopic Similarity Search” using either a line-by-line search and/or
a more pattern-oriented technology like the SAHO (Spectral Appearance in Hier-
archical Order) method [103] over a large database of reference spectra. The
PubChem collection [33] was downloaded and all organic compound structures
up to 99 carbons were used to build a searchable reference collection of predicted
3C NMR spectra, with subsequent ranking of the retrieved hits by coincidence
between the experimentally given peak list and the predicted chemical shift values.
When using the experimental >*C NMR data of compound 2 as given in [102]
and this reference collection consisting of 74 million predicted spectra [104]
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Fig. 9 The structure of compound 2 from [102] having a molecular formula of C,gH3,0, derived
from the structural diagram. (a) Measured 13C NMR chemical shift values are shown. (b)
Differences between the experimental and the predicted chemical shift values. (¢) Carbons
involved in the search for alternative structure proposals (red: large deviation between experiment
and prediction and blue: neighbors of carbon atoms having large deviations). (d) Best “real-world”
alternative structure having a different molecular formula of C,3H3,0,3 together with the differ-
ences between experimental and predicted chemical shift values that fit very well
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Fig. 9 (continued)

was searched, the PubChem compounds “CID: 21580252” and “CID: 73804419”,
which differ only in terms of stereochemical information, were ranked first. These
two structures are identical to the proposal derived from structure generation with
respect to their two-dimensional topology proven by their common 2D-InChIKey
information [38]. When reading the experimental part in more detail, it can be seen
from the MS data that the assumption of a molecular formula having O3 instead of
Oy, is justified, therefore a simple drawing error in this paper with respect to
compound 2 was assumed. Using the corrected structure and the same peak list
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for an evaluation, this led to a result of “Minor Revision”, based mainly on a small
number of inconsistent assignments in the underlying “CSEARCH” database used
for spectrum prediction. It should be noted that even a small inconsistency in the
data queried and/or in the underlying data used as reference information will lead to
“Minor Revision” for security reasons in order to alert the user to the need to check
the available data.

3.7 Structural Revision of Drymaritin

Drymaritin was published in [102] with an assignment error combined with a wrong
structure proposal despite the structure has been investigated using various NMR
spectroscopic methods, including 'H, '*C, DEPT, HMQC, and 'H-'*C HMBC at
400 MHz and 'H-'"N HMBC at 600 MHz. The incorrect structure proposal,
namely, that of a 5-methoxycanthin-4-one, was arrived at by misinterpretation of
the "H-'>C HMBC spectrum. The central problem was the assumption of a >Jcy
correlation instead of a /¢y correlation between C-15 and H-6_which is a quite
common error during the structure elucidation process. The structure revision was
performed by Wetzel, Allmendinger, and Bracher [105] by total synthesis, leading
to reassignment as a canthin-6-one rather than a canthin-4-one derivative. This
structure revision has been used as to test an isomer generator program [7] based on
2D NMR correlations, achieving the same result as demonstrated by chemical
synthesis. The “CSEARCH-Robot-Referee” used only the given structure proposal
and the 1D "*C peak list as given in [102], with no correlation peaks considered
necessary from 2D NMR techniques. The data inputted are summarized in Fig. 10,
giving a rating of “Reject” as result of the evaluation process, based mainly on the
large differences between the experimentally obtained and predicted chemical shift
values for five carbons, as shown in Fig. 10b. The subsequent structure scanning
was restricted to the highlighted positions (Fig. 10c), giving 147 alternative pro-
posals. After sorting the list of chemical structures obtained according to the
similarity between the experimental and predicted '*C NMR spectra, the correct
solution [105] was at position 5 with an average deviation of 2.47 ppm, whereas the
originally proposed structure can be found at position 62 with an average deviation
of 5.57 ppm.

When applying an identical workflow approach to the correct structure proposal
for drymaritin [105] together with the correct assignment of the resonance signals,
the evaluation ended with a rating of “Accept”. The corrected structure and the
improved assignment together with the deviations between the experimental and
the predicted spectrum are shown in Fig. 11a, b.

The example of drymaritin, because its structural revision is well-established by
total synthesis [105], has been used as test case to show the robustness of the
applied NMR database evaluation scheme. The result of a prediction of '>*C NMR
chemical shift values for a given chemical structure is dependent on the content of
the underlying database and the algorithms used. The HOSE (Hierarchical
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Fig. 10 (a) Original data for drymaritin as given in [102]. (b) Differences between the experi-
mentally produced and predicted chemical shift values. The incorrect signal assignment in the
pyridine ring is evident as well as the wrong enone system. (¢) Carbon positions that are
systematically modified during scanning for alternative structures (for color coding, see Fig. 9)

Organization of Spherical Environments)-code technology [36] reproduces exactly
the content of the database and is therefore very sensitive to assignment errors, but
gives an excellent performance when very similar and well-assigned reference
information with respect to the structure being queried is available. Neural net-
works are more error-tolerant, however. Within the “CSEARCH-Robot-Referee”
system, both techniques are available, and, depending on statistical parameters as
well as on the similarity between the structure queried and the reference structures,
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Fig. 11 (a) Correct structure for the given data obtained by the “Structure Generator” program
and proven by total synthesis [105]. (b) Differences between experimentally obtained and
predicted '*C NMR chemical shift values, showing a much better similarity compared to Fig. 10b

a weighted mean value of the predicted chemical shift values obtained by both
methods may be taken for comparison against the experimental chemical shift
values. This would explain the robustness of the evaluation procedure. It should
be pointed out that a final rating is not based solely on the difference between
experimentally obtained and predicted chemical shift values, but also on the
consistency of the reference data for each carbon taken into account. A large
inconsistency in the reference data and/or the availability of only a few similar
structures increases the accepted deviation for a specific carbon prediction, making
the system even more robust.

4 Analysis of Selected Chemical Literature Focused
on Natural Products in the Public Domain

In this section, an analysis of selected publications found in the chemical litera-
ture dealing mostly with the chemical characterization of natural products and
their precursors, their biosynthesis pathways, and their total synthesis is
discussed. The data used consisted only of the given structure and the assigned 1D
13C NMR spectroscopic data as summarized in the publication. Each analysis was
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performed using the “CSEARCH-Robot-Referee”, as available on the Internet,
without any user interactions [13]. The intention was to answer two basic
questions:

« Is it possible to verify or to reject the proposed structure on the sole basis of the
published 1D '*C NMR data by an automatic evaluation protocol?

» Is it possible to generate a set of reasonable alternative structural proposals,
either using the “Structure Generator” or the “Spectroscopic Similarity Search”
features?

There was no systematic attempt to check for known structure revisions and
nor was it intended to use data for those compounds where a structure revision had
been proposed. The selection of the examples featured was based on the large
difference between experimentally detected '*C NMR chemical shift values and
those predicted. The following discussion is focused on the four key journals,
namely, “Chemical and Pharmaceutical Bulletin”, “Fitoterapia”, the “Journal of
Natural Products”, and “Phytochemistry”. From each journal, up to five publica-
tions were selected describing compounds for which problems were identified in
their structure elucidation process. The selection of these four journals results
from their importance in the field of natural product chemistry as well as the
availability of the relevant '>’C NMR data in the “CSEARCH” database. Any
suggestion that other related specialist journals contain a lesser number of incor-
rect assignments leading to the need for compound structural revisions, is not
intended. The author posits that about 20% of the data out of some 700,000 3¢
NMR spectra evaluated would be classified either as “Major Revision” or
“Reject”. Furthermore, there is evidence that high-quality spectroscopic data do
not necessarily come from more highly ranked journals [15]. All results presented
here are based on the published 1D '>C NMR data and disregard any information
using 2D NMR spectroscopic techniques.

4.1 Isoflavonoids from Erythrina variegata

In [106], the structures of four new isoflavonoids isolated from the stem bark of
Erythrina variegata are presented together with their '"H and '*C NMR data,
supported with COSY, DEPT, and HMQC experiments. The evaluation for these
four compounds yielded a rating of “Minor Revision”, in each case. For compound
1, a few inconsistencies in the underlying data were perceived, with the average
deviation per carbon (Adc) being 1.38 ppm. No carbons were involved in the
structure generation process that showed the given data to be consistent with the
proposed structure. The same situation is apparent for compounds 3 and 4, which
gave a Adc of 1.19 and 1.33 ppm.

Compound 2, containing an oxirane fragment, had published '>*C NMR chemical
shift values of 68.8 and 79.8 ppm for the oxirane carbon atoms [106], which is outside
the expected range. From these data, both the oxirane carbon atoms as well as the two
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attached methyl groups are involved in the overall process of structure generation,
leading to 786 alternative possibilities. The structure of compound 2 as given in [106]
is ranked at position 36 among these possible structures, in having a Adc value of
3.19 ppm, whereas the best proposal (Adc = 1.88 ppm) is a known structure from the
PubChem collection. The result of this analysis is summarized in Fig. 12.

Carbons involved in structure modification

OH

HO 0

Position: 1 of 787, Adc= 1.88 ppm, CID: 11988359

OH

Position: 12 of 787, Ad.= 2.48 ppm, CID: 94856056

OH

0 0

Given structure: Position: 36 of 787, Adc=3.19 ppm, CID: 11552116

OH

Fig. 12 Possible alternative structures when using the data of compound 2 from [106] for
evaluation and subsequent structure generation
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4.2 Miscellaneous Constituents of Aphanamixis grandifolia

Reference [107] describes the '*C NMR data of four new chemical constituents
from the aerial parts of the arbor tree, Aphanamixis grandifolia, collected in
southern mainland China. Two new compounds (1 and 2) were identified as
cycloartane derivatives. Compound 1 showed an excellent correlation between
the predicted and measured '>*C NMR chemical shift values. The evaluation gave
arating of “Minor Revision” based on the fact that the underlying data used for the
prediction had some inconsistencies therein. For this compound, the structure
generation and the subsequent ranking process placed its identity at position 1 of
structural possibilities, making the structure elucidation extremely reliable. Fur-
thermore, the structure of compound 1 was verified by X-ray structural analysis
[107]. However, compound 2 showed deviations between the measured and
predicted chemical shift values in both the D ring and the side chain, therefore
this structure proposal was ranked at position 651 of 2908 structural proposals
having Adc=1.65 ppm. This value is unusually large for steroidal compounds,
because they are very well represented in terms of knowledge of their spectroscopic
parameters. All alternative structures generated were unknown with respect to
the PubChem collection. The result from this analysis is that the side chain of
compound 2 as published needs further detailed investigation and it appears that the
structure proposed in [107] might be in error (Fig. 13).

Compound 6 in [107] was elucidated as a cyclopentenone derivative with a
chemical shift value of 198.1 ppm for the oxo group carbon, which is outside the
typical range for this functionality. Carbonyl carbon atoms usually resonate around
209 ppm in cyclopentenones, whereas a value of around 199 ppm is more charac-
teristic for cyclohexenones. A detailed analysis revealed very large deviations
between the predicted and measured 13C NMR chemical shift values, as shown in
Fig. 14, leading to a classification of “Major Revision”. The “Structure Generator”
created 972 topologies, of which two were contained in the PubChem collection. In
Fig. 15, the two most likely cyclohexenone derivatives are shown, but because of
minor differences in their similarity measures, no final decision could be made.

Fig. 13 Compound 2 from [107] labeled with the difference between the experimentally obtained
and predicted chemical shift values leading to the conclusion that the side chain might be in error
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Fig. 14 Compound 6 from [107]: Deviations between experimentally obtained and predicted
chemical shift values

Positions to be modified Position: 6 of 972, Adc= 2.54 ppm

CID: unknown

OH
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Position: 7 of 972, Adc=2.57 ppm Position: 189 of 972, Adc=5.27 ppm

CID: 25755221 CID: 49801759, "Major Revision"
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HO
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Fig. 15 Compound 6 from [107]), in which the given cyclopentenone derivative is ranked at
position 189, whereas two cyclohexenone derivatives can be found at positions 6 and 7
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When a spectroscopic similarity search was conducted using the peak list
published, this also led to the same alternative structures for compound 6 as
obtained by application of the “Structure Generator”.

Compound 7 in [107] is a 1,4-naphthoquinone derivative with an average
deviation between the measured and predicted '>*C NMR chemical shift values of
2.86 ppm, and, after ranking, this structure was found at position 525 of 5838
possibilities during structure generation. Exchanging the hydroxy and the methyl
group in the naphthoquinone part of the molecule improves the ranking from
position 525 (Adc =2.86 ppm) to position 5 having a Adc =1.96 ppm. From this
evaluation it cannot be claimed that this is the correct solution, but it is a reasonable
structural alternative and there is a high probability that the published structure is in
error. Additional experimental work to resolve this ambiguity would need to be
undertaken.

4.3 Lignans from Pseuderanthemum carruthersii var.
atropurpureum

Pseuderesinol, compound 1 in [108], was isolated from the roots of
Pseuderanthemum carruthersii var. atropurpureum, and the compound was pur-
ported to be a new lignan according to the abstract of the paper. When analyzing the
3C NMR data of the 3’,5'-dioxygenated phenyl ring, it became evident the chem-
ical shift values at 145.5 and 146.7 ppm are in contradiction with the proposed
substitution pattern. The computerized evaluation classified this example as “Minor
Revision”, with a subsequent structure generation process producing 4352 alterna-
tive proposals. The original structure has a Adc=4.13 ppm and was ranked at
position 982 of these possibilities. The 3’-methoxy-4'-hydroxy derivative was
ranked at position 1 having ASc = 1.64 ppm, whereas the 3’-hydroxy-4'-methoxy
analog was at position 2 having Adc = 1.77 ppm; Since the first of these alternative
structural proposals is available in the PubChem collection (CID: 21632950), the
“new” lignan described in [108] thus seems to be an already well known compound.
The proton NMR data of pseuderesinol were given in [108], but decisive informa-
tion about 3JHH and 4JHH couplings was missing.

4.4 Kiusianins A-D from Tilia kiusiana

Four compounds named kiusianins A-D were isolated and characterized structur-
ally from the leaves of the Japanese endemic plant, Tilia kiusiana [109], using
their 'H and '*C NMR signals assigned with COSY, NOESY, DEPT, HMQC, and
HMBC experiments. Kiusianins B, C, and D were proposed as cholestane-type
sterols with a C-3 carbonyl group, conjugated with a C=C double bond between
positions C-4 and C-5 in kiusianin B, with kiusianins C and D having a double
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bond between positions C-7 and C-8. For all three examples, the chemical shift
value of the oxo group carbon atom was given between 199.5 and 199.7 ppm,
fitting quite well to a conjugated carbonyl group. The absence of conjugation in
kiusianins C and D would increase the chemical shift value to approximately
210 ppm in each case. Furthermore, kiusianin A, assigned as a lanostane-type
triterpenoid, in having a 7-ene functionality, showed a chemical shift value of
145.7 ppm for C-8, whereas kiusianins C and D gave values around 164 ppm.
Since this increase by approximately 20 ppm cannot be attributed to the influence
of a 6-OH group, a reasonable explanation is an enone system that would deshield
the p-position. From this point of view, either a 6-hydroxy-3-on-4-ene or
3-hydroxy-6-on-7-ene functionality could be expected.

The automated computer evaluation of kiusianin A gave a rating of “Minor
Revision”, based mainly on the fact that there were some inconsistencies in the
assignment of the reference chemical shift data used for the prediction and incorrect
assignments of C-13 and C-14. A subsequent structure generation program created
1626 alternative proposals, showing the original structure at position 50 with a
small average deviation of 1.36 ppm per carbon. This result is not considered a
structural verification for kiusianin A, but only indicates that the structure proposed
and the measured '>C NMR data are compatible.

Kiusianin B showed very small deviations between the measured and predicted
chemical shift values (Adc = 0.3 ppm), leading to an evaluation of “Accept”. In this
case, there is a 3-on-4-ene moiety, which is fully compatible with a chemical shift
of 199.5 ppm for the C=0 group in conjugation to a C=C bond. Carbon atom C-5
was found to resonate at 171.4 ppm, which is also in excellent agreement with the
literature data, and underwent a strong deshielding effect in the B-position with
respect to the C=0 functionality.

On performing the same type of computerized analysis for kiusianin C, this led to
a rating of “Minor Revision”, based mainly on the poor prediction for carbon atoms
C-2, C-3, C-4, C-5, and C-8 in the A and B rings of the steroidal skeleton. The '°C
NMR data measured, the differences with respect to the predicted values, and the
positions varied during the structure generation process, are shown in Fig. 16.

A total of 3189 alternative structure proposals for kiusianin C was created, with
four out of these included in PubChem and having deviations of 0.79, 2.09, 3.93,
and 4.27 ppm. These can be found at positions 1, 57, 561, and 802 in the sorted
“hit list” of alternatives, showing that the original structure has a low probability of
being the correct solution to this structural problem, whereas a 3-hydroxy-6-on-7-
ene derivative seems to be the correct solution. In Fig. 17, the structures of
previously known compounds from the PubChem collection are together with
their similarity measures are shown.

Kiusianin D also gave a result of “Minor Revision” when the same type of
evaluation was applied as before, with the largest deviations between the predicted
and measured '*C NMR chemical shift values evident for carbon atoms located in
rings A and B. The proposed structure in [109] was found at position 307 of 5729
alternative structural possibilities, with an average deviation of 2.92 ppm. In turn, an
analog with a 3-hydroxy-6-on-7-ene system could be found having an average
deviation of 1.46 ppm at position 7, and a 3-on-4-ene-6-hydroxy unit-containing
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OH

Fig. 16 (a) 13C NMR data of kiusianin C as given in [109]. (b) Differences between predicted and
measured chemical shift values. (¢) Variable positions involved in the process of structure generation
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Position: 1 of 3190, Adc= 0.79 ppm
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Fig. 17 Alternative structures in the ranked list generated for kiusianin C that are available in the
PubChem collection together with their positions in this list and their similarity measures. The
proposed structure for kiusianin C from [109] was found at position 802 of 3190 possibilities
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derivative was located at position 82 with a deviation of 2.43 ppm. The original
structure as published for kiusianin D can be found in the PubChem collection (CID:
102368177), but all the other structure proposals are not included in this collection.

Accordingly, of the four compounds described in [108], it appears that two of
these are correct, while the other two structures seem to be wrong. However, it
should be kept in mind that the central role of the “CSEARCH-Robot-Referee” is
only in verifying the compatibility of a given structure with the measured 1D '*C
NMR data. Generating alternative proposals, sorting them by similarity, and com-
paring them against the PubChem collection is a valuable additional feature, but the
technology used aims to generate a set of similar structures and is therefore not an
isomer generator program creating all possible structures compatible with all given
constraints. When using an isomer generator program, the user is required to enter a
large number of correlation signals from the 2D NMR data on hand in order to
reduce the possible structural space to a restricted number of isomers that can be
handled within a reasonable period of time. It is well established that very large data
input (as would be necessary even for a medium-sized molecule) is prohibitive with
respect to general use. However, if a MOLfile and the peak list are copied and
pasted into a graphical user interface this seems to be acceptable.

4.5 Arteminin from Artemisia apiacea

In [110], a compound named arteminin (numbered as “compound 5°), and reported
in 2002 from the oriental herb, Artemisia apiacea, was elucidated from its 1H, 13C,
and HMBC NMR data as 5-hydroxy-6,8-dimethoxycoumarin (CAS-RN: 466639-
11-2). Methoxy groups located at a phenyl ring are known to resonate around
56 ppm when at least one ortho-position is unsubstituted, whereas the '*C NMR
chemical shift value is increased to approximately 61 ppm when both ortho-
positions are substituted. Furthermore, 1,2,4,5-tetraoxygenated benzene derivatives
usually have chemical shift values below 150 ppm at the 4 ipso-positions. When
examining the data reported for compound 5, one methoxy group was found to
resonate at 61.8 ppm, showing that both ortho-positions should be substituted.
However, there were two signals above 150 ppm that are incompatible with a
1,2,4,5-tetraoxygenated system. The “CSEARCH-Robot-Referee” led to a classifi-
cation of these data as shown in Fig. 18a as “Major Revision”, and subsequently, the
“Structure Generator” and the “Spectroscopic Similarity Search” were started. In
Fig. 18b, the large differences between the experimental and predicted chemical
shift values are presented. The used algorithm decided which prediction technology
(HOSE-code or Neural Network, see Sect. 2.5) should be preferred for a specific
carbon resulting in a superior robustness of the prediction, even when the wrong
dataset is contained in the underlying database.

The process of structure generation created 1561 structural proposals, and seven
coumarins were ranked better (Adc = 1.89 to 3.18 ppm) than the structure proposed
in [110] (position 78 out of the alternative structure proposals; Adc = 3.55 ppm) and
are included in either the PubChem or the “CSEARCH” collections. Six of the
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Fig. 18 (a) 13C NMR data for arteminin from [110]. (b) Differences between the experimentally
produced and predicted chemical shift values

above-mentioned seven structural possibilities have a methoxy group with both
ortho-positions substituted, as shown in Fig. 19. The “Spectroscopic Similarity
Search” using the PubChem collection generated a quite similar result, but again
permitted no clear decision between the various reasonable alternatives because of
very minor differences in their similarity measures. However, from this evaluation,
it follows that the structure proposed for arteminin is incompatible with the
published '*C NMR data.

The underlying database used by the “CSEARCH-Robot-Referee” for this
particular evaluation consisted of approximately 321,000 spectra. The structure
queried and the peak list published were used as starting points for either an
“Identical Structure Search”, based on the two-dimensional topology of the given
molecule, or an “Identical Spectrum Search”, using an allowed deviation of
0.4 ppm between corresponding lines, but retrieving only compounds having a
different topology with respect to the queried structure. This procedure detects
spectra that have been published twice with different structural proposals, in order
to detect known or even unknown revisions. Use of the “Identical Structure Search”
revealed that this entry as given in literature was contained once in the dataset and
use of the “Identical Spectrum Search” did not give an alternative structure pro-
posal. When increasing the limit to 0.6 ppm and using the full “CSEARCH”
database holding some 700,000 entries, a closely comparable '>*C NMR spectrum
belonging to compound III in [111] was found, namely, 5-hydroxy-6,7-
dimethoxycoumarin (tomentin). This publication from 2008 did not cite the paper
on arteminin from 2002. The authors of [111] have in essence performed a structure
revision for arteminin when changing this from 5-hydroxy-6,8-dimethoxycoumarin
to 5-hydroxy-6,7-dimethoxycoumarin, based on the nearly identical '>*C NMR data
obtained. A change of structure from arteminin to tomentin has been performed
automatically by the “CSEARCH-Robot-Referee”. Furthermore, almost the same
spectroscopic data were published for two different compounds, which could have
been avoided if the purported new structure of arteminin [110] had been supported
by X-ray crystallography, as is done for many new natural product structures. The
necessity to deposit NMR data, as has been done with X-ray data for many decades,
is also understandable from this example [112].
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Fig. 19 Seven structure proposals for arteminin present in either the “CSEARCH” or the
PubChem collections having a smaller average deviation than the proposed structure in [110];
the position within the ranked priority list of alternative structures together with the average
deviation and the “Compound-Identifier” from PubChem is given. The structure published in [110]
for “arteminin” is located at position 78, whereas the revised structure from [111] is located at
position 1

4.6 Fuscacarpans A-C from Erythrina fusca

Epoxides are common structural fragments frequently found in natural products.
The published structure elucidation of the pterocarpan fuscacarpan A, compound
11in [113] isolated from the stems of Erythrina fusca, revealed a side chain bearing
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Fig. 20 (a) Fuscacarpan A together with its 13C NMR data from [113]. (b) Differences between
predicted and experimentally obtained chemical shift values. (¢) Carbon positions varied during
the “Structure Generator” process

an oxirane moiety attached to a tetracyclic system. This structure is shown in
Fig. 20a, together with the measured '>*C NMR chemical shift values. The signals
at 89.9 and 71.7 ppm were assigned to the carbon atoms within the oxirane ring,
which are far away from the expected range of between 55 and 65 ppm. The
differences between the predicted and measured '>C NMR chemical shift values
are presented in Fig. 20b, showing large differences in the three-membered ring as
well as near a hydroxy group, which might be involved in a cyclization reaction. In
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Fig. 21 Two better fitting structural proposals for the data of fuscacarpan A [113], with both
known in PubChem. The evaluation of fuscacarpan A gave a result of “Major Revision”

Fig. 20c, carbon atoms with unusual chemical shift values are highlighted with red
dots, with neighboring carbons highlighted in blue. Both groups of marked carbon
atoms were allowed to be varied during the subsequent computerized structure
generation process, since this combination of structure and '*C NMR data was
classified as “Major Revision” during the evaluation step.

The structure generation process created 2561 structure proposals, and, after this
ranking procedure, the original structure as elucidated in [113] was found at
position 263 with an average deviation of 2.85 ppm, whereas two possible cycli-
zation products were at positions 20 and 252, having deviations of 2.17 and
2.84 ppm, as shown in Fig. 21.
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From these results, the structure ranked at position 20 is a reliable alternative
structure for fuscacarpan A. A “Spectroscopic Similarity Search” using the 74 mil-
lion predicted spectra for the PubChem compounds ranked also a very similar
pentacyclic ring-containing compound in first place (PubChem CID: 11551842),
with all structural features as the proposed structure obtained by the process of
structure generation.

The other two structures characterized as new in [113] (fuscacarpans B and C)
were evaluated as “Minor Revision”, on the basis of minor inconsistencies in the
underlying data. The “Structure Generator” system failed to propose better fitting
topologies for these data, so, therefore, these structures as published in [113] seem
to be correct.

4.7 Flavans from Livistona chinensis

In [114], the structures of three new flavans (compounds 1-3) were proposed. Of
these, compound 1 has according to its structural diagram a 3,5-dihydroxyphenyl
ring. However, this was not consistent with the 3C NMR data, since a
3,5-dihydroxyphenyl ring should display resonance lines around 156 ppm, whereas
values at 144.4 ppm are tabulated for C-3’ and C-5'. The use of this structural
proposal and its '*C NMR data for an evaluation as shown in Fig. 22a gave a result
of “Minor Revision”, based mainly on the finding that there was some deviation
between the experimental and predicted chemical shift values. The deviation was
focused on one carbon atom because the incorrect data were again contained in the
database, leading to a strongly biased result of the prediction.

The subsequent structure generation process yielded 1590 structures, and, after the
alternative structures were ranked, the isomer having a 3,4-dihydroxyphenyl ring was
found at position 1, with an average deviation of 1.31 ppm compared to 4.43 ppm for
the original structure, which was found at position 351 within the sorted list of
possibilities. Further evidence was given by the fact that a simple “Identical Spectrum
Search” over the 321,000 spectra in the underlying “CSEARCH” database retrieved
four structures, which were different from the molecule being queried, but having
identical reported chemical shift values [115-118].

Use of the two independent technologies, “Structure Generation” with subse-
quent ranking, and “Identical Spectrum Search”, led to the same alternative
structure and a list of references was retrieved wherein this compound has been
reported.

Compounds 2 and 3 described in [114] both contain highly oxygenated phenyl
moieties that have chemical shift values outside the typical expected ranges [119—
121]. The computerized evaluation recommended therefore “Major Revision” for
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Fig. 22 (a) 13C NMR data as given in [114]. (b) Differences between the experimentally obtained
and the predicted chemical shift values. (¢) The best alternative structure proposal having an
average deviation Adc = 1.31 ppm that was ranked at position 1 of 1590 possibilities

both of these compounds. The structure generation procedure failed to provide
reasonable alternatives, and also the “Spectroscopic Similarity Search” did not
provide any useful information, because of the large number of hydroxylated
flavans having different substitution patterns being found. The B ring of compound
3 is shown having C-3',C-5'-dihydroxylation, but the same arguments as discussed
for compound 1 were applied that led again to a C-3',C-4’ hydroxylation pattern.
The resultant evaluation recommended “Major Revision”. However, the two above-
mentioned additional processes did not clarify the situation, because the
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inconsistency in the A ring was predominant. Even if the generation of alternative
structure proposals was not successful, the classification has shown clearly a need to
perform further experimental work in order to elucidate the correct structures.

4.8 Polyketides from the Endolichenic Fungus
Ulocladium sp.

In [122], two small-molecule polyketides were reported as new in 2012 from the
endolichenic fungus, Ulocladium sp., obtained from a lichen (Eveniastrum sp.)
collected in the southern region of the People’s Republic of China, namely,
compounds 1 and 2. The experimental '*C NMR data of two compounds isolated
from this work, numbered as compounds 1 and 4 are given. Compound 4 was
identified as a previously known structural analog of compound 1. The detailed
analysis of compound 1 is shown in Fig. 23a, showing both the proposed structure
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Fig. 23 (a) Structure of compound 1 and '>C NMR chemical shift values as presented in
[122]. (b) Deviation between experimentally obtained and predicted chemical shift values, giving
an evaluation of “Reject”. (¢) Carbon positions subject to variation during the “Structure Gener-
ator” process. (d) Best alternative structure obtained
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together with the measured chemical shift values attached to each carbon atom. In
Fig. 23b, differences between the experimental and the predicted '*C NMR spec-
troscopic values are presented. The largest deviation was found in the vicinity of the
carboxyl group, leading to an impression that the structure of this proposed
isochromene derivative might be in doubt. The outcome of the automatic comput-
erized evaluation process was “Reject”, pointing to the incompatibility between the
structural proposal given and the associated NMR data. The two subsequent
processes were then applied, namely, “Structure Generator” and ‘““‘Spectroscopic
Similarity Search”, using a database of 74 million predicted '*C NMR spectra based
on the PubChem compounds. In Fig. 23c, the carbon atoms involved in the
subsequent structure generation process are marked. However, despite nearly all
positions of this molecule being available for variation, a total of 1134 structures
(dramatically less than 0.01% of the possible number of isomers for a molecule
having a formula of C;;H;o003;) were created within 80 s and sorted by the
coincidence of the experimental and predicted spectroscopic data. The original
structural proposal in [122] can be found at position 213 with an average deviation
of 5.32 ppm per carbon, whereas the best alternative proposal has an average
deviation of 2.27 ppm. This alternative automatically created structure is shown
in Fig. 23d, and corresponds to a previously known compound in the PubChem
collection. The “Spectroscopic Similarity Search” also found this same compound
in PubChem ranked at position 2, although having 11 carbon atoms in the molecular
formula, among 2578 possible structures having similar spectra.

From all these completely automatic evaluations, it could be concluded that the
proposed structure for compound 1 in [122] is incompatible with the given 1D '*C
NMR data. Furthermore, two different strategies led to the same alternative struc-
tural proposal, a compound for which the '*C NMR data had been available in the
literature since 1990 [123, 124].

When applying the same computerized automatic workflow to compound 4 of
[122], the result of the evaluation was again “Reject”, with the two analogous
processes for searching for alternative structure proposals then being activated. In a
similar manner to the previous example, the structure generation process proposed
instead of the published isochromene derivative for compound 4, the analogous
chromene derivative. The original structure in [122] could be found at position
566 of the structural alternatives, having an average deviation of 5.55 ppm, whereas
the proposed revised structure is found at position 1 with an average deviation of
1.92 ppm. The similarity search ranked the same structure at position 2 within a list
of 3806 structures having similar spectra; the first entry differed by its molecular
weight and therefore was readily excluded.

The new compound 2 in [122] was evaluated as “Minor Revision”, and the
subsequent isomer generation process led to 2126 alternative structures, but the
deviations of these alternatives were equivalent or only slightly better than structure
actually proposed. The same arguments can be used for compound 3, wherein the
structure generation process produced 1451 alternatives. Of these, the published
structure was ranked at position 3 with a very small deviation of 1.47 ppm per
carbon.
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In [122], thirteen compounds were reported, with two of these postulated as
being new (1 and 2). Detailed characterization by 1D and 2D NMR techniques for
four compounds (1-4) led to two structures with major incompatibilities (com-
pounds 1 and 4) between their proposed constitution and the given spectroscopic
data as determined automatically by the “CSEARCH-Robot-Referee”. The struc-
ture elucidation of compound 1 was based mainly on HMBC correlations, with the
actual chemical shift assignments neglected. A simple comparison of the chemical
shift value of 178.7 ppm for C-1 in compound 1 with the known data of benzoic
acid would have revealed that this value to be quite distant from the expected range
for a carbon having this environment. The same argument could have been used for
carbon C-8a, where a chemical shift value of 159.6 ppm together with a value of
161.4 ppm for C-7 would point towards the occurrence of a meta-substituted
aromatic dihydroxy derivative.

4.9 Neolignans from Leontopodium leontopodioides

In [125], two new compounds were reported from the aerial parts of the Chinese
plant, Leontopodium leontopodioides, where compound 1 was a neolignan and
compound 2 a benzofuran derivative. The automated computerized evaluation
process gave for both compounds “Minor Revision”. The '*C NMR data for
compound 1 showed two peaks at 146.3 (C-5) and 147.5 (C-3) ppm, which were
in contradiction with a meta-dioxygenated aromatic fragment but fit quite well
with an ortho-dioxygenated phenyl group. The data as given in [125] are shown in
Fig. 24a. These obviously incorrect values are contained in the database used for
prediction based on the HOSE-code technology, therefore leading to predicted
values that are only slightly different from the experimentally determined ones,
as shown in Fig. 24b. When comparing the HOSE-code derived values with the
NN-prediction, large differences could be observed, as shown in Fig. 24c. This is
because the HOSE-code technology tends to exactly reproduce the content of the
database, whereas the NN-method is more tolerant and aims to generalize incre-
ments from a large amount of data. As a result, all carbons in the phenyl ring as well
as two carbon atoms in the bicyclic system were involved in the structure genera-
tion process, as represented in Fig. 24d.

The structure generation process created 3838 structure proposals within 280 s,
of which three out of these 3838 were present either in the “CSEARCH” or the
PubChem collections. Of these alternative structures, the subsequent ranking placed
the structural proposal for compound 1 in [125] at position 678 with an average
deviation of 3.58 ppm, whereas the most reasonable alternatives were found at
positions 2 and 3 having an average deviation of 1.37 and 1.40 ppm. From this
evaluation, it was observed that the structure for compound 1 [125] is erroneous.
Two alternative structures having nearly identical similarity values could be pro-
posed, but this allowed no final decision to be made based only on these calcula-
tions. However, this result provided valuable information for selecting appropriate
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Fig. 24 (a) Structure of compound 1 and its 13C NMR chemical shift values, as given in [125]. (b)
Deviation between experimentally obtained and predicted chemical shift values. (¢) NN-values
(bottom) showing large differences when compared against the HOSE-code based values (top),
because the identical (incorrect) structure was contained in the database. (d) Carbon positions that
were involved in the process of structure generation
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Position: 2 of 3838, Ad.=1.37 ppm
CID: unknown

HO

N O Q /
o]
0

o OH
st

Position: 3 of 3838, Ad.= 1.40 ppm
CID: 5274623

Position: 678 of 3838, Ad. = 3.58 ppm
CID: unknown

Fig. 25 The original structure proposed in [125] showed an average deviation of 3.58 ppm and a
ranking at position 678 in the list of alternative structures; both reasonable alternative structure
proposals can be found at positions 2 and 3 having an average deviation of 1.37 and 1.40 ppm. The
substitution pattern thus changes from meta- to ortho-dihydroxylation

additional experimental approaches in order to distinguish between these two
isomers (Fig. 25).

4.10 Vismiaphenones D-G from Vismia cayennensis

The isolation and structure elucidation of four compounds named vismiaphenones
D to G is described in [126]. The evaluation of vismiaphenones D, E, and F gave in
all three cases a result of “Minor Revision” showing that the differences between
the measured and predicted chemical shift values were very small, making these
structures reliable proposals for the given '*C NMR data. However, the data for
vismiaphenone G showed inconsistencies, with the largest differences evident at
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the carbon atoms of the oxirane ring system, suggesting strongly that the structure
proposed is not consistent with the published data. The subsequent structure
generation produced a series of pyran derivatives having similarity measures within
a very small range, but allowing no final decision to be made between these
alternative proposals without further experiments. For all four compounds, all the
isomers generated are unknown in the PubChem database. From a chemical point of
view, ring opening of the oxirane ring and addition of the solvent (CD3;0D) cannot
be excluded without inspection of the original data. Since 1999, when this paper
was published, it has become usual to publish experimental NMR spectra in the
supporting information of natural product isolation chemistry papers as PDF files.
However, if the raw NMR data had been included also in the supporting informa-
tion of [120], this would have permitted further investigation of the structures
proposed (Fig. 26).

Position: 198 of 3287, Ad.=2.78 ppm Position: 1 of 3287, Ad.= 1.43 ppm
CID: 474317, "Minor Revision" CID: unknown

Position: 5 of 3287, Ad.= 1.71 ppm Position: 6 of 3287, Ad.= 1.79 ppm

CID: unknown CID: unknown

~ HO 0

Fig. 26 The original structure proposal and its '>*C NMR data of [126] are ranked at position
198 of 3287 created structural proposals. Three possible alternative proposals are presented having
much smaller average deviations
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4.11 Drymaritin from Drymaria diandra

The structure elucidation of drymaritin [102] using 400 and 600 MHz NMR spectra
including '"N-"H HMBC measurements showed clearly the limitations of using
a manual approach to the interpretation of correlation spectra that disregarded
alternative structure proposals. This example of an incorrect structural proposal,
because it was verified by total synthesis, was used extensively as a test set of data
during the development of the software toolkit described in this chapter. A more
detailed description was provided in Sect. 3.7.

4.12 Bellalosides A and B from Belamcanda chinensis

In [127], three new compounds, bellalosides A—C (compounds 1-3) were
reported from the rhizomes of the Thai medicinal plant, Belamcanda chinensis.
The '*C NMR data of four compounds are given in this paper, compounds 1-3
and the already known substance, 4. Using the previously mentioned automated
computer evaluation, this resulted in ratings of “Major Revision” for compounds
1 and 2, “Accept” for compound 3, and “Minor Revision” for compound 4. A
detailed inspection of the protocol for compound 4 showed an exact coincidence
between the measured and predicted chemical shift values, but the resulting
need for “Minor Revision” was based solely on the fact that the underlying data
used for prediction exhibited some inconsistencies. The compound identified
is included 16 times in the database with slightly different assignments, which
were detected automatically and influenced the classification of the resultant
dataset.

Bellalosides A and B (compounds 1 and 2 in [127]), according to their structures,
contain a 1,2-dioxygenated phenyl ring, in agreement with the '>’C NMR data given.
However, obviously incorrectly assigned chemical shift values at 148.6 (C-3) and
150.2 (C-4) ppm were in evidence for both compounds. Subsequent use of the
“Structure Generator” showed a high probability of these structures being correct,
in spite of having erroneous '*C NMR signal assignments. In the case of
bellalosides A and B, their published structures were ranked at positions 74 and
92 of the potential alternative structures, having Adc values of 1.33 and 1.49 ppm.
The best reasonable alternatives were, in turn, at positions 188 and 1032, with
similarity measures of 1.51 and 2.55 ppm, among 5286 generated possible pro-
posals for bellaloside A and 5156 for bellaloside B. A visualization of these findings
is given in Fig. 27 for bellaloside A; the situation with bellaloside B was quite
similar.
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Original structure, assignment as

given in the literature

Difference between measured and

predicted chemical shift values

Original structure

Alternate proposal

Position: 188 of 5286, Ad.=1.51 ppm

Position: 74 of 5286, Ad.= 1.33 ppm CID: unknown

CID: 85429708

o 0
0
o}
0 HO.
0
0
HO
HO.
o OH O 0
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OH O 0
O/
OH
0/

OH

Fig. 27 '>C NMR data for bellaloside A of [127] showing assignment errors in one phenyl ring.
The “Structure Generator” process created 5286 proposals, with the original structure being ranked
at position 74, having a quite small average deviation of 1.33 ppm
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4.13 Brominated Metabolites from Suberea mollis

In [128], four brominated metabolites were reported as new compounds from the
Red Sea sponge Suberea mollis, with 'H, '*C, and HMBC NMR spectroscopy
being among the methods used for their structural determination. On application of
the automated computerized procedure, the new bromotyrosine-derived alkaloids
subereamollines A and B were classified as “Accept”, while the new brominated
phenolic compounds, subereaphenols B and C (compounds 7 and 9 in [128]), were
rated as “Minor Revision”. The '*C NMR signals assigned to subereaphenol B
showed deviations at all positions within the aromatic ring system, with the
chemical shift values of 149.7 (C-1) and 143.7 (C-3) ppm being inconsistent
with a 1,3-hydroxybenzene derivative, as proposed [128]. The “Structure Gener-
ator” process led to 1256 alternative structural proposals, in which those having a
1,4-dihydroxy pattern were ranked first, followed by compounds having a
1,2-dihydroxylation pattern. The originally proposed structure occurred at position
209 having a Adc of 4.65 ppm, showing this structure was incompatible with the
3C NMR data assigned. More than ten regioisomers were found with a smaller
deviation than 4.65 ppm making the selection of the correct structure quite
difficult. Three compounds available within the PubChem collection are given in
Fig. 28, together with the structure published for subereaphenol B. However,
any discrimination between the best proposals based solely on this evaluation
cannot be recommended because of the small differences in their similarity
measures.

4.14 Asperjinone from the Thermophilic Fungus,
Aspergillus terreus

Asperjinone, isolated from a thermophilic specimen of Aspergillus terreus, was
reported as new, with its structure elucidation process involving 'H, '*C, and
HMBC NMR measurements [130]. Asperjinone was projected as a nor-neolignan
having an oxirane moiety. The resonance lines at 68.8 (C-8"') and 77.0 (C-9") ppm
were assigned to the oxirane carbons, which were far outside the expected range.
Evaluation by the “CSEARCH-Robot-Referee” recommended “Minor Revision”,
and the use of the “Structure Generator” procedure created 2511 alternative chem-
ical structures. After being ranked, the structure proposed in [130] was found at
position 96 with a Adc value of 2.89 ppm, whereas a corrected structure [131] was
found at position 1 (Adc=1.64 ppm). The published structural reassignment for
asperjinone utilized the assigned '>*C NMR chemical shift values and the HMBC
correlation signals [131] (Fig. 29).



A Critical Evaluation of the Quality of Published '>*C NMR Data. . .

Position: 1 of 1257
Ad.=1.61 ppm
CID: unknown

o~

0
Br OH
HO Br

Position: 4 of 1257

Ad.=1.90 ppm
CID: 9840867
P

(0]
(8]
HO
Br OH
Br

Position: 7 of 1257
Ad,=2.00 ppm
CID: 53770006

Revised Structure

O/
0]
Br OH
HO
Br

Position: 10 of 1257
Ad.=2.24 ppm
CID: unknown

b

0
0
HO Br
HO Br

Position: 13 of 1257
Ad.=2.28 ppm
CID: unknown

-

0

HO
HO

Position: 18 of 1257
Ad.=2.48 ppm
CID: unknown

O/
0
Br OH

OH

Position: 26 of 1257
A6 =2.63 ppm
CID: unknown

o~
0
HO

OH

Position: 30 of 1257
A6 =2.69 ppm
CID: unknown

/
0
0
HO
HO r

Position: 36 of 1257
A6 =2.90 ppm

CID: unknown

g

0
0
HO OH

Position: 77 of 1257
A6 =3.38 ppm
CID: 71579763

~
0
0
HO

OH

Position: 123 of 1257
A6 =3.81 ppm
CID: unknown

o
(0]
HO Br
Br
OH

Position: 209 of 1257
A6 =4.65 ppm
CID: 25016148

Original Structure

o~
0
HO
Br Br
OH

199

Fig. 28 Evaluation based on the original data of subereaphenol B of [128]. A total of 1257 structure
proposals was created, with the original structure is ranked at position 209. In total, 11 reasonable
alternatives are shown, and the revised structure published in [129] can be found at position 7
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Original structure: Position: 96 of 2512, Ad.= 2.89 ppm, CID: 57409014

OH

HO o0

Revised structure: Position: 1 of 2512, Ad:= 1.64 ppm, CID: 71524405

OH

Fig. 29 Ranking of the original structure asperjinone in [130] at position 96 of the structural
alternatives, and the revised structure for this compound as in [131] at position 1

4.15 Triterpenoid Constituents of Adiantum venustum

Reference [132], published in 2000, described three triterpenoids (compounds 1-3)
from the Himalayan fern, Adiantum venustum. The '>C NMR spectroscopic
data of these three triterpenoids and the acetylated derivative (4) of compound 3
were measured at 600 MHz using 1D and 2D NMR techniques for their
individual structure elucidation and signal assignments. Compound 1 was named
adiantulupanone and elucidated as 30-normethyllupane-20-one. On application
of the “CSEARCH-Robot-Referee” system, a few deviations were evident
between the measured and predicted chemical shift values for this compound, and
the resulting evaluation was “Minor Revision”. A structure search conducted using
SciFinder® enabled the retrieval of eight publications showing this structure, with
the first published in 1973 [133]. Within the “CSEARCH” databases the identical
structure could be found taken from [134]. The “Structure Generator” was used to
modify the original topology, which was ranked at position 268 of the possible 2276
alternative structures generated, having a Adc of 1.01 ppm, to 30-nor-21p-hopan-
22-one. This modified structure was ranked at position 2 with a Adc of 0.73 ppm. It
is notable that when inverting the search strategy and using the spectroscopic data
instead of the chemical structure as a query, this resulted in the finding of the known
compound adiantone [135].

Evaluation of the '*C NMR data of compound 2 (Fig. 30) from [132] resulted
in a classification of “Major Revision”. This compound was given the name
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Differences

Original structure
Position: 2221 of 6832, Ad.= 1.88 ppm
CID: 10765002

Alternative Structure
Position: 52 of 6832, Ad.=1.28 ppm
CID: unknown

OH

Fig. 30 Evaluation of compound 2 from [132], in which the large differences between the
measured and predicted 13C NMR chemical shift values resulted in a classification of “Major
Revision”. The “Structure Generator” created 6832 structures, with the original structure is ranked
at position 2221, and a reasonable alternative structure found at position 52

adiantuoleanthone and assigned with the structure 30-nor-methyl-olean-3-one-
30p-ol. The “Structure Generator” process as well as the “Spectroscopic Similarity
Search” using the data of this compound pointed to alternative structures having
oxo and hydroxy groups at neighboring positions. The alternative that was ranked
first in the “Spectroscopic Similarity Search” was 30-nor-gammaceran-21-one-22-
ol (CAS-RN: 18004-20-1), whereas the best answer obtained from the “Structure
Generator” procedure is shown in Fig. 30. To avoid any misunderstanding, it is not
claimed that one of these two most probable structures represents the correct
solution of this structure elucidation problem, but it is only indicated that the
structure proposed for compound 2 in [132] is highly unlikely and the two
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reasonable alternatives were presented, in order to demonstrate the questionable
structure elucidation procedure for this compound.

The evaluation of compounds 3 and 4 (the acetylated derivative of compound 3)
in [132] resulted in a classification of “Minor Revision”. Both of these lanosterol
derivatives show large differences between the measured and predicted '>*C NMR
chemical shift values at positions C-3, C-8, C-13, and C-14 in the ring skeleton and
at positions C-24 and C-28 in the side chains (Fig. 31).

In both cases, the “Structure Generator” did not create an alternative that could be
selected readily; the published structures occupied, in turn, position 2784 of 8448
options (Adc=2.29 ppm) and position 1584 of 5802 options (Adc=2.15 ppm).
From a more detailed search with the complete “CSEARCH” database, a consider-
able spectroscopic similarity of compound 3 to filicenol B [136] was found.

Fig. 31 Compounds 3 and 4 from [132], showing large differences between their measured and
predicted '*C NMR chemical shift values
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4.16 Pentaoxygenated Xanthones from Bredemeyra
brevifolia

In [137], two pentaoxygenated xanthones put forward as being new, and several
known substances were reported from the roots of the Brazilian plant, Bredemeyra
brevifolia. The authors gave '*C NMR data for a total number of five compounds,
with two (compounds 2 and 3) isolated from the plant investigated, whereas
compounds 7-9 were used as model compounds from the literature. An analysis
using the “CSEARCH-Robot-Referee” gave evaluations of “Accept” for compound
2 and “Minor Revision” for compound 3 (Fig. 32). The result for compound 3 was
based on the fact that there were some inconsistencies in the underlying database
used for spectrum prediction as well as an assignment problem for two methoxy
groups present in the molecule.

Application of the same automated computerized workflow to the reference
compounds 7-9 gave “Minor Revision” for compound 9, “Reject” for 7, and
“Major Revision” for 8. In all three cases, the subsequent structure generation
process led to better-fitting alternative structures. For compound 9, the improve-
ment was very small, with ASc=2.11 ppm for the original structure and
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Fig. 32 Compounds 2 and 3 from [137], for which the evaluation of the data of compound 2 resulted
in a rating of “Accept”, while the “Minor Revision” assessment for compound 3 was based partly on
an assignment problem at two methoxy groups. The top row shows the experimentally obtained data
and the bottom row the differences between the measured and predicted chemical shift values
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Compound 7 as given in [137] Alternative structure proposal = Compound 8
Position: 374 of 2883, A§= 3.28 ppm [137]
"Reject", CID: unknown Position: 1 of 2883, Ad.=1.22 ppm
CID: 85670503
Y
> - 0 0
/O ‘ O :J>
Compound 8 as given in [137] Alternative structure proposal = Compound 7
Position: 149 of 3025, Ad. = 3.00 ppm [137]
"Major Revision", CID: 85670503 Position: 1 of 3025, Ad. = 1.57 ppm
o O/ CID: unknown
™) S
_0 0 (o 0 0
> o
L0
0 (8]

Fig. 33 A combination of structural data and given chemical shift values for compounds 7 and
8 as given in [137], which led in each case to the other isomer. When starting with the data of
compound 7, the best ranked alternative structure proposal is compound 8, and vice versa.
Compounds 7 and 8 were used as model compounds from earlier publications and their structure
drawings were transposed in [137]

Abc=2.00 ppm for the alternative. This alternative could be excluded readily using
the chemical shift value for the methoxy groups, since two of these had chemical
shift values of 61.5 and 61.6 ppm. This requires two di-ortho-positioned methoxy
groups, as found in compound 9, but not in the proposed alternative structure.

Detailed analysis of the data given for reference compounds 7 and 8 as tabulated
in [137] led to the finding that the structural drawings of compounds 7 and 8 were
interchanged. For the conclusions drawn in [137] from these data this error is
irrelevant, but when using these interchanged data as reference information in the
future a proliferation of this error might well occur (Fig. 33).

4.17 Dulcinone from Garcinia dulcis

In [138], four new compounds called dulcisxanthones C-F were reported from the
flowers of Garcinia dulcis collected in Thailand. Two comprehensive tables show-
ing HMBC correlation signals were provided. An evaluation using “CSEARCH-
Robot-Referee” of dulcinone, a fifth new xanthone proposed [138], resulted in a
“Major Revision” rating, with major incompatibilities evident in the phenyl ring.
The chemical shift values of 160.9 and 154.6 ppm are consistent with a
5,7-hydroxylation profile instead of the postulated 6,8-hydroxy group pattern
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Position: 1 of 925, Ad. = 1.47 ppm
CID: 5318562

Position: 2 of 925, Ad. = 2.23 ppm
CID: 5036604

HO O

HO O

Position: 48 of 925, Ad.=5.96 ppm
"Major Revision", CID: 11571998

Fig. 34 Structure generation starting from the data given for dulcinone of [138], leading to two
reasonable alternative structural proposals ranked at positions 1 and 2. These gave improved
similarity measures of 1.47 ppm and 2.23 ppm, respectively, instead of 5.96 ppm as obtained for
the original structure proposed

proposed. The “Structure Generator” created 925 structures, and, among these, two
isomers having the expected 5,7-dihydroxy pattern could be located at positions
1 and 2 within the ranked list of alternative structures, having significantly smaller
differences in their similarity measures, as shown in Fig. 34.

4.18 Moracins Q-U from Morus mesozygia

The structure elucidation of five benzofuran derivatives named moracins Q-U is
described in [139]. These compounds were isolated from the trunk bark of Morus
mesozygia collected in Cameroon. The result of the evaluation of these compounds
using the automated computerized system resulted in a “Minor Revision” evalua-
tion for each of these substances. When analyzing the data in more detail, the
average deviation between the measured and predicted '*C NMR chemical shift
values was in the range 1.38 to 1.91 ppm for moracins R to U, with no better known
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structural alternatives found. However, moracin Q showed a much higher deviation
(A6c=2.58 ppm) and was ranked at position 84 within the list of structural
alternatives, having an already known structure ranked at position 1 with a Adc
of 1.09 ppm. The pyran-derived structure as given in the literature should be
modified to the appropriate furan analogue and this alternative ranked first by its
similarity measure among 5031 created structures.

These two possible structural motifs can be distinguished readily by their '*C
NMR data spectroscopic pattern. The furan-derived structures have a quaternary
carbon around 71 ppm and a CH group around 91 ppm, whereas the pyran-derived
analogues have the quaternary carbon around 76 ppm and the CH group around
72 ppm.

A very interesting finding showing the questionable style of structure storing and
publication can be demonstrated with this example. Thus, the '*C NMR chemical
shift values are taken from the above-mentioned paper (Table 1 in [139]), this
structure can be found in the PubChem collection (CID: 42605182). Taking the
InChi (IUPAC International Chemical Identifier), which can be found on the
PubChem webpage for this compound, and pasting this information into the
“Structure Editor Function” used in SciFinder®™ has created a pyran-derived deriv-
ative identical with the structure shown in Fig. 35. Using this structure as a query
for a search for identical molecular topologies retrieved no entry within the
Chemical Abstracts Service REGISTRY®M file (performed May 27, 2016). When
starting from [139] and retrieving the structures published therein, it was not
possible to find this compound. On performing the same procedure using the
furan-derived structure (CID: 53306268), this retrieved two compounds (Chemical
Abstracts Service (CAS) Registry Numbers™: 1310328-29-0 and 1418764-58-5).
It was found that these two compounds are contained in three publications, includ-
ing one paper published by the same group [140] who were responsible for

Position: 1 of 5031, Ad¢ = 1.09 ppm, CID: 53306268

Fig. 35 Evaluation of the data given for moracin Q in [139]. The original structure was ranked at
position 84 of alternative structures, whereas the corrected structure published in [140] is found at
position 1
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[139]. Reference [140] cites [139] without even mentioning a structural revision. As
such, [140] is written so as to constitute a completely independent structure
elucidation instead of a compound structural revision. Furthermore, the incorrect
structure proposed in [139] is no longer included in the CAS REGISTRY®™, which
is worthy of mention.

Accordingly, starting from a simple analysis of the '>*C NMR data, together with
the associated structure proposals as published in [139], this has shown (a) that an
incorrect but published structure cannot be found in the CAS REGISTRY*M file,
and (b) a structure revision has been performed [140] without either pointing to the
original structure and or clearly stating that an incorrect structure has been proposed
in a previously published paper [139].

S Summary

The “CSEARCH-Robot-Referee” database described in this chapter allows for the
determination of the compatibility between a chemical structure proposed in the
literature and its '>*C NMR chemical shift values, and could be an adjunct to the peer
review process of technical journals. A number of errors in the chemical literature
have been pointed out, and these represent either or both spectroscopic data
assignment problems or inaccurate structural assignments. Perhaps these are just
the tip of the iceberg of such problems. A steadily increasing number of review
articles have appeared dealing with the need for structure revisions of natural
products, despite the tremendous progress in the utility of analytical techniques
that can be applied to organic structure elucidation problems. Rather than detecting
and correcting incorrect structures, it would be much better to avoid such errors
from appearing at all during the structure elucidation process. The “CSEARCH-
Robot-Referee” system is able to point to regions of a given proposed molecule that
look dubious and require further investigation by additional experimental tech-
niques. In addition, when the user enters assignments of the 3C NMR chemical
shift values for distinct carbon positions in the molecule, such information can be
used in subsequent predictions. It is estimated by the author that at least 80% of the
incorrect structures and/or assignments as published in the chemical literature could
be detected by systematic application of this type of approach. Furthermore, in
many cases reasonable alternative proposals can be generated by application of
the “Structure Generator” and “Spectroscopic Similarity Search” systems. Required
as the necessary input data are only the structure proposed and the peak list of a '*C
NMR measurement as obtained from the peak-picking regimen. Access is already
supported by commonly used NMR software suites and could be applied routinely
for every new or known compound identified on a routine basis. However, for
complex cases like the inversion of one chiral center among many others present,
these would structure revision to be conducted only after total synthesis.
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