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Abstract

The complete amino acid sequences of [2Fe-2S] ferredoxins from four species of genus Solanum (S. nigrum, S. lyratum, S. indi-
cum, and S. abutiloides) were determined by automated Edman degradation of the entire S-carboxymethylcysteinyl proteins and of

the peptides obtained by enzymatic digestion. The amino acid sequences of these four ferredoxins differed from each other by 12–19,
whereas 0–4 differences have been observed among ferredoxins from plants in the same genus and 14–40 differences were seen
between different families. This suggests that these Solanum plants are distantly related to each other taxonomically.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There have been many examples of the use of protein
characteristics in chemotaxonomy since the seminal
paper by Zuckerkandl and Paulings (1965). Recently,
nucleotide sequences of a chloroplast gene for the large
subunit of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (rbcL) were used to produce phylogenetic trees
of many higher plants (Chase et al., 1993). Although
comprehensive phylogenetic studies of rbcL sequences
have also been reported, only limited data are available
concerning solanaceous plants, which are of great
importance to humans. While the Solanaceae family is
one of the best-studied groups of plants, there are still
many unsolved questions concerning the relations
among its members.
The present study is one of a series designed to pro-

vide sequence information for solanaceous ferredoxins

(Fds) with the aim of determining the effectiveness of
‘‘protein chemotaxonomy’’, i.e., molecular taxonomy
based on the primary structures of common plant pro-
teins. Fd, an iron-sulphur electron transfer protein, was
chosen for this study because it is easy to isolate and has
an appropriate molecular weight for determining the
primary structure. We have previously reported the pri-
mary structures of Fds from seven Datura plants (Mino
et al., 1993; Mino, 1994a,b, 1995), Physalis alkekengi
var. francheti (Mino and Yasuda, 1998), Nicotiana
tabacum (Mino and Iwao, 1999a), Capsicum annuum
(Mino and Iwao, 1999b), Lycium chinense (Mino, 2002),
and Scopolia japonica (Mino, 2002). These results were
consistent with the taxonomic relationship of these
solanaceous plants, except that Fd from D. arborea was
more similar to those of L. chinense and S. japonica than
to those of other Datura plants (Mino, 2002).
In this study, we determined the amino acid

sequences of Fds from four species of genus Solanum
(S. nigrum, S. lyratum, S. indicum, and S. abuti-
loides), and compared their primary structures with
those of other higher plants as well as those of
solanaceous plants. Their phylogenetic relationships
based on the amino acid sequences of Fds are also
discussed.
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2. Results and discussion

2.1. Homogeneity and properties of ferredoxins

Four Solanum-Fds, S. nigrum (So.n)-, S. lyratum
(So.l)-, S. indicum (So.i)-, and S. abutiloides (So.a)-Fds,
were isolated in a high degree of purity with maximum
absorption indices Amax/A275 of 0.85 (at 330 nm), 0.65
(at 420 nm), and 0.60 (at 465 nm), respectively. The
spectra were characteristic of [2Fe-2S] Fd of higher
plants (Buchanan and Arnon, 1971; Palmer, 1973). The
homogeneity of the proteins was confirmed by iso-
electric focusing. Hydrophobic column chromatography
also showed that there were no isoforms of Fd in these
Solanum plants.

2.2. Sequence determination

The complete amino acid sequences of the four Sola-
num-Fds are shown in Fig. 1, together with details of the
overlapping sites and fragments which aided in deducing
the sequences. The amino acid compositions of S-carboxy-
methylcysteinyl (Cm) Fds and the peptides obtained by
enzymatic digestion showed good agreement with those
of the final sequences. In the case of So.n-Fd, automated
Edman degradation of the Cm-Fd yielded the amino-
terminal sequence up to the 42nd cycle, except for several
slightly doubtful amino acid residues. Lysyl endopepti-
dase digestion gave three short peptides [L-1 (1–4), L-2
(5–6), and L-5,6 (83–97)] and two long peptides [L-3 (7–50)
and L-4 (51-82)], which is in accordance with the one less

number of peptides expected from the five Lys residues
determined by amino acid analysis of the protein. We
assumed the presence of a Lys residue resistant to the
enzyme. These peptides were isolated by reversed-phase
HPLC, and only L-2 was not obtained. Edman degra-
dation of L-3–T-2, obtained by tryptic digestion of L-3
(7–50), confirmed the sequence of 41–50. L-4 and L-5
covered the sequences of 50–82 and 83–97 (C-terminal),
respectively. The N-terminal sequence was confirmed by
isolating L-1 (Ala-Thr-Tyr-Lys). The C-terminal
sequence of the Cm-Fd was found to be-Leu-Thr-Gly-
COOH after digestion with carboxypeptidase Y for dif-
ferent periods of time. This result was in good agreement
with the C-terminal sequence determined by Edman
degradation of the peptide, L-5,6 (83–97).
The amino acid sequences of the other Solanum-Fds

were determined in basically the similar manner. In the
case of So.a-Fd, Lys-82 in the other Solanum-Fds was
replaced by Gln-82. For the C-terminal sequence of
So.a-Fd, L-4,5 (51–97), obtained by digestion with lysyl
endopeptidase, was subjected to digestion with Asp-N
to give L-4,5–D-6 (84–97). Sequencing of this peptide
clarified the somewhat doubtful C-terminal sequence.
Finally, the primary structures of the four Solanum-Fds
were determined, as shown in Fig. 1. Among them, 25
amino acid substitutions (boxed) were found.
The amino acid sequences of Solanum-Fds are com-

pared to those of other solanaceous Fds in Fig. 2. Com-
pared to other solanaceous Fds (Datura-, Pa-, Nt-, Ca-,
Lc-, and Sj-Fds), differences were observed at Ala-43,
Asn-61, and Ser-62 in So.l- and So.i-Fds, at Ser-55 in

Fig. 1. Amino acid sequences of Solanum nigrum, S. lyratum, S. indicum, and S. abutiloides ferredoxins. Arrows (+) and ()) represent residues

determined by automated Edman degradation and carboxypeptidase Y digestion, respectively. L(1-5), T(1-2), and D(1-6) represent peptides

obtained from digestion with lysyl endopeptidase, trypsin, and endoproteinase Asp-N, respectively. L-4,5–D-6* was necessary only for the case of S.

abutiloides, which lacks a Lys residue at position 82 in the amino acid sequence of its ferredoxin.
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So.i- and So.a-Fds, at Ser-27 and Asn-31 in So.l-Fd,
and at Val-52 and Asp-53 in So.i-Fd. The residue Ala-
43 in the primary structures of So.l- and So.i-Fds is rare
in sequences of other higher plants (Mino and Iwao,
1999b). These residues should be characteristic for each
Solanum-Fd. Although the residues His-33, Asn-62, and
Gln-82 seemed to be characteristic of other solanaceous
Fds reported previously, in this work only His-33 was
conserved as a characteristic residue of solanaceous Fds.
Based on a comparison with about 40 other sequences,
the occurrence of a histidine residue at position 33
appears to be very unusual in both higher plants and
cyanobacteria (Matsubara and Hase, 1983). This histi-
dine residue might be indispensable for solanaceous Fds
to act as biological electron carriers. In Fds, the
sequences 35–50 and 74–77, including the cysteine
ligands for the iron atoms (–C39–C44–C47– and
–C77–), and a later region, 83–93, are almost completely
conserved. This was also true in the case of the Sola-
num-Fd except for Asp-93 in So.l-Fd and Ala-43 in So.l-
and So.i-Fds.

2.3. Taxonomic considerations

Many primary structures have been reported for
chloroplast [2Fe-2S] Fds (Matsubara and Hase, 1983;
Kamo et al., 1989; Takruri, 1991; Mino et al., 1993;
Mino, 1994a,b, 1995, 2002; Mino and Yasuda, 1998;
Mino and Iwao, 1999a,b). There are 14–40 differences in
the amino acid residues of the Fds from different famil-
ies and 0–4 differences in Fds from plants in the same
genus (Mino, 2002). Although a few sequences for
plants in the same family are available, the sequences of
several solanaceous Fds have recently been determined
(Mino et al., 1993; Mino, 1994a, b, 1995, 2002; Mino
and Yasuda, 1998; Mino and Iwao, 1999a, b). Table 1
shows a matrix of the amino acid differences in sola-
naceous Fds that have been determined so far. Two to
nineteen amino acid differences were observed among
different genera, Datura, Physalis, Nicotiana, Capsicum,

Scopolia, and Lycium. On the other hand, there were
only 0–4 differences in the Fds from seven Datura
plants. In the present study, large differences (12–19) in
the amino acid sequence were observed among the four

Fig. 2. Comparison of sequences of [2Fe-2S] ferredoxins from solanaceous plants. Amino acids are represented by one-letter abbreviations. *: Phy-

salis alkekengi var. francheti, y: var. stramonium and var. tatula, and D. quercifolia, {: D. metel, D. innoxia, and D. fastuosa. References for the

sequences are: (5, 6), Mino (2002); (7), Mino and Iwao (1999b); (8), Mino and Iwao (1999a); (9), Mino and Yasuda (1998); (10), Mino et al. (1993);

(11), Mino (1994a); (12), Mino (1994b); (1–4), Present work.

Table 1

Amino acid difference matrix for the sequences of [2Fe-2S] ferredoxin

from higher plantsa

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

(1) Solanum nigrum 0 17 18 12 5 5 17 11 12 6 7 3

(2) Solanum lyratum 17 0 13 19 20 19 20 17 19 17 17 18

(3) Solanum indicum 18 13 0 17 21 18 18 21 23 19 19 20

(4) Solanum abutiloides 12 19 17 0 10 9 17 12 10 9 9 9

(5) Scopolia japonica 5 20 21 10 0 3 17 10 11 5 6 2

(6) Lycium chinense 5 19 18 9 3 0 17 11 11 6 7 3

(7) Capsicum annuum 17 20 18 17 17 17 0 16 19 17 16 16

(8) Nicotiana tabacum 11 17 21 12 10 11 16 0 10 9 10 8

(9) Physalis alkekengi* 12 19 23 10 11 11 19 10 0 10 10 9

(10) Datura stramoniumy 6 17 19 9 5 6 17 9 10 0 3 3

(11) Datura metel{ 7 17 19 9 6 7 16 10 10 3 0 4

(12) Datura arborea 3 18 20 9 2 3 16 8 9 3 4 0

(13) Brassica napus 25 23 24 23 25 24 25 22 24 24 23 24

(14) Leucaena glauca 25 28 25 24 24 24 23 26 28 24 24 24

(15)Medicago sativa 19 24 23 17 20 19 21 18 23 20 19 19

(16) Petroselinum sativum 27 30 27 27 25 27 29 26 29 25 26 25

(17) Phytolacca americana 24 28 30 28 28 26 30 28 26 27 26 26

(18) Phytolacca esculenta 23 28 30 27 27 25 30 27 25 26 25 25

(19) Spinacia oleracea 26 28 26 21 25 24 26 24 26 24 23 24

(20) Sambucus nigra 22 23 19 18 23 22 20 20 22 22 21 22

(21) Arctium lappa 20 24 25 19 21 22 24 17 21 19 19 19

(22) Colocasia esculenta 20 25 24 19 20 19 22 19 22 19 19 19

(23) Triticum aestivum 23 27 27 22 22 24 27 22 27 22 23 22

(24) Hordeum vulgare 22 25 26 21 21 23 25 21 26 21 21 21

(25) Oryza sativa 23 23 26 26 24 24 27 25 26 24 25 24

(26) Equisetum telmateia 38 40 38 38 37 36 38 36 36 38 36 37

(27) Equisetum arvense 39 41 39 39 38 40 39 37 37 39 37 38

(28) Gleichenia japonica 34 34 33 33 35 35 36 34 34 34 33 34

a Data for higher plants other than solanaceous plants are avail-

able elsewhere (Mino and Iwao, 1999b), and are omitted here. See

the legend to Fig. 2. (1)–(12) Solanaceae; (13) Cruciferae; (14) and

(15) Leguminosae; (16) Umbelliferae; (17) and (18) Phytolaccaceae;

(19) Chenopodiaceae; (20) Caprifoliaceae; (21) Compositae; (22)

Araceae; (23)–(25) Gramineae; (26) and (27) Equisetales; (28) Fili-

cales, respectively.
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Solanum-Fds, suggesting that these Solanum plants are
quite remotely related. The number of differences
among Solanum-Fds is significantly greater than those
(0–4) for Fds for plants in the same genus, and also
greater than or comparable to those (3–13) for Fds from
plants in different genera: e.g., Hordeum, Triticum, and
Oryza of the Gramineae (Mino and Iwao, 1999b). In
addition, So.n- and So.a-Fds were fairly similar to
Datura-Fds, with only 3–9 differences, but not to the
other Solanum-Fds. On the other hand, So.i- and

So.l-Fds showed 18–23 and 16–20 differences, respec-
tively, compared to the Fds of solanaceous plants out-
side of the genus Solanum. Thus, Solanum plants might
be taxonomically distributed over all Solanaceae.
Fig. 3 shows a phylogenetic tree based on the amino

acid sequences of Fds of higher plants. Twelve solanac-
eous plants form a cluster that is distinctly separate from
other angiospermous plants, a fern, and horsetails by
significantly long branch lengths, which increase in that
order. In this solanaceous cluster, these four Solanum

Fig. 3. Phylogenetic tree based on the amino acid sequences of ferredoxins from higher plants. The phylogenetic tree was constructed using the

UPGMA method of Nei (GENETYX software) (Nei, 1987). Genetic distances are represented by the proportion of amino acid differences between

each taxa (1.0=100%).
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plants are located among genera, Datura, Lycium, Sco-
polia, Physalis, Nicotiana, and Capsicum, indicating a
discrepancy between protein chemotaxonomy and clas-
sical taxonomy. These results probably suggest that
these Solanum plants are distantly related to each other
taxonomically, like plants belonging to different genera,
and that genus Solanum includes a very wide variety of
plants. This view is consistent with the fact that Solanum
is a huge genus that contains over 1000 of the total
number of solanaceous plants (ca. 3500 species) (D’Arcy,
1986; Hawkes et al., 1991). To explore this issue further,
we would need additional information regarding the
amino acid sequences of Fds from Solanum plants. The
amino acid sequences of minor Fds (so-called Fd) (Saki-
hama et al., 1986; Sakai et al., 1994), if available, as well
as major Fds (Fd I) from Solanum plants, would be
helpful for the taxonomic classification of these plants.

3. Experimental

3.1. Materials

S. lyratum and S. nigrum were cultivated in the herb
garden at this university. Fresh leaves of S. indicum and
S. abutiloides were kind gifts from Prof. T. Nohara,
Kumamoto University.

3.2. Isolation of ferredoxin

The proteins were purified from the leaves (ca. 0.6 kg)
of each Solanum plant as described previously (Mino et
al., 1993; Mino and Yasuda, 1998).

3.3. Sequence determination

The amino acid sequences of the Fds were determined
using a gas-phase protein sequencer with the automated
Edman degradation of Cm-Fd, and the peptides
obtained by digestion with lysyl endopeptidase, trypsin,
or endoproteinase Asp-N. C-terminal analysis was per-
formed using carboxypeptidase Y.

3.4. Construction of a phylogenic tree

A phylogenic tree was constructed from the amino acid
sequences (97 residues) of higher-plants Fds (28 species)
using the unweighted pair-group method with the arith-
metical averages (UPGMA) method of Nei (GENETYX
software, Software Development, Japan) (Nei, 1987).
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