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The presence of insulin in plants is not accepted by the scientific community in general. In this review we discuss this paradigm
and retrieve information that strongly suggests that insulin is indeed found in plants. We present results, which indicate that a
protein molecule with the same amino acid sequence as bovine insulin is expressed in leguminous plants. Additionally, we
provide evidence that proteins associated with insulin signalling pathways in vertebrates are also found in association with
insulin-like molecules in plants.
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Insulina de plantas ou glucocinina, um assunto conflitante: A presenca de insulina em plantas ndo ¢ aceita pela comunidade
cientifica em geral. Nesta revisao, discutimos esse paradigma e recuperamos informagdes que sugerem fortemente a presenga
de insulina em plantas. Adicionalmente, apresentamos resultados obtidos por nés revelando a presenca em leguminosas de
uma proteina com a mesma seqiiéncia de aminoacidos da insulina bovina. Apresentamos, também, evidéncias da presenga em
plantas de proteinas normalmente associadas a sinalizagdo por insulina em vertebrados.
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INTRODUCTION

The presence of the protein hormone insulin in plants is
not accepted by the Plant Science community. This may be
considered a paradigm (Kuhn, 1970). Many arguments, some
of anecdotal nature, are utilized to reject the presence of
insulin in plants. The strongest one, which is supported by
comparative genomics, is that the presence of insulin in plants
would contradict the generally accepted view that insulin
evolved only in the metazoan lineage. Other argument is that
plants do not have a need for this hormone since they do not
translocate glucose but sucrose. Some say plants lack a
pancreas and therefore do not produce insulin. Others state

*This work is dedicated to the memory of Socorro Xavier.

that, since insulin is a hormone in animals, plants would likely
not have a “use” for it. In fact, there is no modern Botany,
Plant Physiology or Plant Biochemistry textbook that includes
the word “insulin” in its index. Nevertheless, recent and
strong evidence argues for the presence of insulin in plants,
suggesting that the hormone plays similar roles in plants as it
does in metazoans (Assaad, 2001; Ryan et al., 2002; Jonak
and Hirt, 2002).

The accepted paradigm against the presence of insulin
in plants likely arose because no modern Plant Scientist has
ever needed to explain glucose cellular uptake, by invoking
the participation of a signalling pathway such as the insulin
pathway in metazoans. Not even the comparison between
plant cells and animal cells in that they both share the
fundamental metabolic process of glucose utilization suggests
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that insulin may also be part of a plant signalling pathway for
glucose uptake (Rolland et al., 2001). On the other hand, since
the discovery of insulin, a handful of reports have appeared
in the scientific literature which strongly suggest that plants
produce a protein with most of the characteristics of vertebrate
insulins.

The discovery of the peptide hormone insulin in the
pancreas of dogs gave hope for millions of people who
suffered from the highly debilitating human disease Diabetes
mellitus. This condition, which in some cases develops early
in childhood, is characterized by high levels of glucose in the
blood due to a deficiency in insulin, which in normal subjects
promote the uptake and subsequent metabolization of the
sugar. With the purification and wide commercial production
of insulin Diabetes mellitus is now a controllable disease.
Diabetes Mellitus is known to man since time immemorial
(Korczowski, 1985) and many treatments for this disease used
in the antiquity were based on the utilization of plants and
plant parts (Papyrus Ebers). Old World medical systems, like
Ayurveda utilize plants and herbs to treat diabetes (Grover et
al., 2002). Diets based on green vegetables, infusions (made
using flowers or leaves in hot water), decoctions (made using
the bark, seed, or root in boiling water), steeped leaves or
stems, or simply water extracts have been used since long
(Ajabnoor and Tilmisany, 1988). The scientific basis for the
utilization of most of these so-called “natural medicines” has
nowhere been elucidated but active principles have been
isolated and shown to be small molecules of several chemical
classes. This is the case of metformin, which was developed
from biguanides present in the leaves of the legume plant
Galega officinalis (Bailey and D ay, 1989) salacinol, an o-
glucosidase inhibitor extracted from the roots of Salacia
reticulata (Yoshikawa et al., 1997), and cryptolepine, an
indoloquinolene alkaloid isolated from the leaves of
Cryptolepis sanguinolenta (Luo et al., 1998).

These “natural medicines”, based on plants and plant
parts, continue to be utilized by poor populations all over the
world (Gray and Flatt, 1997). As indicated above the scientific
basis for their utilization is known for very few of them and
the medical community mostly consider these “natural
medicines” of very limited value for the treatment of the
disease (Ernst, 1997).

Although it may be difficult to prove, at the moment,
that these “natural medicines” have any effect on lowering
blood glucose levels we suggest that in certain conditions
and for specific types of plants this may be possible. Previous

Braz. J. Plant Physiol., 15(1):67-78, 2003

data indicate that insulin ingested together with protease
inhibitors is protected from hydrolysis in the digestive tract,
crosses the intestinal barrier and promotes lowering of blood
glucose levels (Laskowski et al., 1958). Additionally, the
isolation of a galactorhamnan polysaccharide in complex with
insulin from the seed coats of Jack bean suggests that the
hormone could be protected from hydrolysis in the digestive
tract and in this way promote lowering of blood sugar after
traversing the intestinal barrier (Oliveira et al., 1999a; Oliveira
et al., 2001).

Since its discovery a formidable amount of research, both
academic and medically oriented, has established that insulin,
besides playing its role as the classical hormone associated
with the catabolism of glucose, is also involved in growth,
reproduction and longevity processes in metazoans (Oldham
and Hafen, 2003). Many of the components of the signalling
pathway in which insulin is involved have been identified
although a full understanding of their roles is far from
complete (Zick, 2001). Apart from its classical role in
metabolic processes involving glucose, insulin has been
discovered in both vertebrate and invertebrate organs and
tissues. In invertebrates insulin or insulin-like hormones were
shown to be synthesized in brain tissues (Smit et al., 1998).
Interestingly, as insulin was not believed to be present in the
brain of vertebrates until as late as 1981 (Eng and Yalow,
1981), this work in invertebrates has led to discovery of insulin
synthesis in mammalian brain suggesting its wide tissue
distribution (Schechter et al., 1988).

Insulin or insulin-like peptides have also been detected
in the prokaryote Escherichia coli and in the unicellular
eukaryote Tetrahymena (LeRoith et al., 1985) as well as fungi
(Best et al., 1924; LeRoith et al., 1980; Muthukumar and
Lenard, 1991; Silva et al., 2002) and a cyanobacterium (Silva
et al., 2002).

In this review we recover information on the presence
of insulin in plants, which has long been hidden in literature
and discuss results of recent research on plant insulin, which
is presently being done in a few laboratories around the world.

Early work: the discovery of insulin and of glucokinin

Pancreatic insulin was discovered in 1921-1922 after a
collective effort led by Frederick Banting at the University
of Toronto (Banting et al., 1922). Insulin was crystallized
(Abel, 1926) before it was shown to be a protein
(Wintersteiner et al., 1928; du Vigneaud et al., 1928). Soon
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after its discovery insulin was established as the universal
drug for the treatment of diabetes.

Right after the discovery of insulin, J. B. Collip and C.
H. Best reported the presence of insulin-like substances in
plant materials like green tops of onions, lettuce leaves, green
bean leaves, barley roots, beetroots, and others. Collip was
the trained biochemist that developed the method for the
extraction of insulin from pancreas. In 1923 he published a
paper in which he relates, after some reasoning on the
properties of yeasts and plants (he states that “yeast is a
plant”), that he had decided to test for the presence in plants
of “a hormone similar to, if not identical with, that produced
by the islet cells of the pancreas”. He then utilized several
extraction procedures including the one employed in the
preparation of pancreas insulin. After obtaining plant extracts
he performed experiments on normal rabbits and
pancreatectomized dogs obtaining measurable decreases in
the levels of glucose in the blood of the animals. We cite
from his paper some of his appreciation of the results: “The
discovery of this hormone in tissues of the higher plants as
well as in yeast opens up a new field of work in plant
metabolism and affords another remarkable example of
parallelism in certain physiological processes in the plant and
animal kingdom”. In another passage he says, “As the name
insulin was given by the Toronto group to an extract of
pancreas prepared according to a definite method elaborated
by the writer, this somewhat analogous hormone derived from
plant sources must be known by a more general term. The
name “glucokinin” is suggested by the writer as an
appropriate term, suggestive of its metabolic activity rather
than its place of origin” (Collip, 1923).

Charles Best, still a medical student at the University of
Toronto, and responsible with Frederick Banting for the
clinical tests on animals and humans, reported also in 1923,
that insulin-like materials were present in germinating
potatoes and rice. It is interesting to quote from his paper:
“In November, 1922, during the course of conversation with
Dr. R. T. Woodyatt (an American physician), in which the
mechanism of the action of insulin was discussed, the idea
presented itself that a hormone analogous to insulin might be
present wherever glucose is metabolized, i.e., it might be
present in plants” (Best and Scott, 1923). The following year
he reported again on the presence of insulin-like materials in
plants. This time he presented results on preparations from
beetroot, the extracts from which exert their effects on the
lowering of blood sugar as rapidly as insulin (Best, 1924).

It is highly entertaining to know that only two years after
the discovery of insulin from pancreas and its approval as a
new drug treatment for Diabetes mellitus, many papers,
including a review paper were published by components of
the Toronto group which unquestionably referred to the
presence of a hormone like insulin in plants (Macleod, 1924).
There was no prejudice as to whether plants would not have
aneed for this hormone. On the contrary, one of these papers
suggests that: “In view of these results we believe that insulin
may prove to be a constituent of every cell in which
carbohydrate is metabolized...” (Best et al., 1924).

Work with plants after the discovery of insulin

Already in 1923 M. M. Ellis and W. H. Eyster (a maize
geneticist) at the University of Missouri reported in Science,
what they call qualitative results on the action of insulin and
glucokinin on maize germination. The effects of solutions of
either insulin or glucokinin from fresh beef pancreas and onion
tops, respectively, prepared by the method developed by
Collip were observed with low and high concentrations of
the preparations. They refer that the higher concentrations
retarded growth while the less concentrated ones were
beneficial (Ellis and Eyster, 1923). In the following year these
authors published what they called their quantitative results
on the action of insulin and glucokinin on maize germination
(Eyster and Ellis, 1924). This time they used glucokinin
prepared from onion tops as well as from young maize
seedlings and utilized inbred lines of maize in their
experiments. They used hundreds of seedlings in seven
different types of experiments to come to the same results
reported in their previous note that is, both insulin and
glucokinin promote the growth of maize seedlings.

No research on insulin/glucokinin from plants was done
after this pioneering work of the 1920s. This was the picture
until the 1970s when silence was broken when P. Khanna
and collaborators reported on the presence of insulin in plants
(Khanna et al., 1974) and immediately patented a process for
its production from the fruits of Momordica charantia (bitter
gourd) (Khanna et al., 1976). Differently from the motivation
of the pioneers on glucokinin research, the background and
interests of this Indian group resided in the utilization of the
product for the treatment of diabetes (Welcome to
Gourdin.com - Herbal Diabetes Mellitus Treatment, http://
www.gourdin.com). In any case they isolated a protein from
both mature fruits and cultures of roots. The extraction was
done in acidic ethanol, essentially as done by the Toronto

Braz. J. Plant Physiol., 15(1):67-78, 2003



70 J. XAVIER-FILHO et al.

group more than 50 years before (Best et al., 1924). The
isolated product, which was diversely named v-insulin,
polypeptide-p or p-insulin, showed hypoglycemic activity but
differed in other properties from insulin. For example, it was
not immunoreactive with anti-bovine insulin antibodies and
its amino acid composition differed from that of animal insulin
(bovine) in that it contained methionine residues (Khanna et
al., 1981).

Further work on the possible presence of an insulin
molecule in M. charantia was done by Ng et al. (1986). These
authors utilized the seeds and employed the same acidic
ethanol procedure used to extract insulin from several tissues.
An elaborate scheme of purification in which they employed
gel filtration and ionic exchange chromatography led to the
isolation of several pure fractions which showed properties
similar to animal insulins. They conclude that the seeds of
M. charantia contain insulin-like molecules.

Following these reports, in the beginning of the 1980s,
a group of endocrinologists at the Diabetes Branch (NIDDK,
NIH/USA), published a series of papers in which they pro-
duced evidence for the presence of insulin in several organ-
isms. They detected insulin-like molecules in bacteria (Es-
cherichia coli), protozoa (Tetrahymena pyriformis), fungi
(Neurospora crassa, Aspergillus fumigatus). They isolated
molecules that were similar to animal insulins in several as-
pects like solubility, chromatographic behavior, cross-reac-
tivity with anti-insulin antibodies and bioactivity (LeRoith et
al., 1980; LeRoith et al., 1981, 1985). The results suggested
to the authors “that insulin may have arisen earlier in evolu-
tion than had previously been thought” and pointed to the
possibility of its presence in plants. In 1987 this group pub-
lished results on the isolation of proteins from etiolated rye,
leaves of spinach and Lemna giba, which showed properties
similar to animal insulins. They had the same molecular
masses (6 kDa), chromatographic (gel filtration, ion-ex-
change, reverse phase), immunological (quantitative radio
immunoassay, column immunodepletion of immunoactivity),
and bioactive (stimulation of glucose incorporation to
adipocytes) properties. In the discussion section of the paper
the authors address the possibility of contamination with ani-
mal insulin: “All equipment used for these experiments was
new and then dedicated to use only with plant material, or
disposable”. They go on to speculate on the presence of insu-
lin in prokaryotes (see above) and also in the animal and plant

113

kingdoms: “...this suggests that they are conserved, rather

than the result of convergent evolution or late transfer of DNA
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from vertebrate sources, although we cannot exclude these
possibilities”. Unfortunately the authors did not perform any
sequence analysis on their plant insulins and did not contrib-
uted further to the field (Collier et al., 1987).

After a long period in which no report is found in the
literature of any plant physiological work related to insulin,
Goodman and Davis (1993) reported that added insulin,
insulin like growth factors I and II (IGF-I and IGF-II)
accelerate the post-germinative development of fat-storing
seeds (sunflower, watermelon and cucumber). They also
measured increased activities of enzymes necessary for the
conversion of fat to carbohydrate like fatty acyl CoA
dehydrogenase, citrate synthase, malate dehydrogenase,
isocitrate lyase, and malate synthase. No mechanism is
suggested by the authors to explain this increase in enzyme
activities although they hint at the possible increase in protein
synthesis. The authors call attention to “the possibility that
there are hormones and/or growth factors that have a
regulatory role in both plants and animals” and some of these
could be insulin-, and IGF-like proteins (Goodman and Davis,
1993).

Work by Barbasov et al. (1991) and Komatsu and Hirano
(1991) showed that insulin and insulin-like growth factor
(IGF) bind to a basic protein from soybeans and other plants.
This protein was shown to have protein kinase activity
suggesting that it might be a component of a signaling cascade
in which insulin or a related molecule is also part. Following
this suggestion Watanabe et al. (1994) isolated from soybeans
a 4 kDa peptide, which they named leginsulin. The amino
acid sequence of the protein was determined and shown to
have no similarity with insulin or insulin-like growth factors.
Based on sequence similarities the authors suggest that this
protein is also present in pea seeds. Western-blotting
experiments additionally indicate its presence in adzuki and
mung beans, and carrot (Watanabe et al., 1994). Additionally,
Ilgoutz et al. (1997) demonstrated transcription of a leginsulin
gene in developing lupin cotyledons. Although with structures
differing from those of the insulin and insulin-like growth
factors (IGFs) these leginsulins from legumes could well be
partners in signaling pathways akin to the ones in which those
hormones are involved. Recently these researchers suggested
that this peptide is involved in the regulation of callus growth
and cell proliferation. They also made a retraction of the name
leginsulin previously given to it and now, stating that the
peptide is not insulin, prefer to name it “the 4 kDa peptide”
(Yamazaki et al., 2003).
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Recently, in a follow-up paper on the effects of insulin
in ribosomal protein synthesis in maize embryonic axes
germination (Sanchez de Jiménez et al., 1999; Dinkova et
al., 2000), which reminds us of the work by Eyster and Ellis
(1924) on the effects of insulin and glucokinin on maize
germination, Sanchez de Jimenez and colleagues reported on
the isolation of a 20 kDa protein from maize embryonic axes.
Utilizing an affinity chromatography procedure with a bovine
insulin antibody-Sepharose column they showed that this
protein displays IGF (insulin-like growth factor) activity and
its action is similar to that promoted by bovine insulin when
applied to maize axes during germination. Furthermore,
induction of the S6 ribosomal protein phosphorylation by the
20 kDa protein is prevented by rapamycin and wortmannin,
specific inhibitors of the insulin-stimulated phosphoinositide
3-kinase (PI3K) pathway. Unfortunately, no sequence
information was given for this protein (Flores et al., 2001).

In summary, all this evidence would seem to indicate
that peptide hormones whose actions are similar to the peptide
hormones largely admitted to be present only in vertebrates,
namely insulin and the insulin-like growth factors, are also
present in plants. Some of these have been isolated and
characterized, and their amino acid sequences determined and
shown to differ from the animal hormones. Nevertheless
others, which were not completely characterized, share many
chemical and biological properties that suggest they are proper
insulin molecules.

New discoveries

In this section we discuss how work done in our
laboratory was influenced by our serendipitous discovery (or
rediscovery) of insulin in plants. Our laboratory has mostly
been directed to the elucidation of the biochemical basis of
bruchid (insect) resistance shown by some legume seeds
(Macedo et al., 1993; Fernandes et al., 1993; Xavier-Filho et
al., 1996; Sales et al., 2000). As such, investigation of
potentially toxic proteins from the seed coat of the legume
Canavalia ensiformis to Callosobruchus maculatus (cowpea
weevil) led Elenir Oliveira to isolate and purify a number of
proteins from this material. One of these purified proteins
was submitted to sequencing as an assignment for a training
course. The resulting analysis showed unambiguously that
the protein had the same amino acid sequence as bovine
insulin (Table 1). To control for potential contamination, the
analysis was repeated with different samples of the protein
obtained from different batches of seeds and the amino acid

sequencing analysis was also performed by two independent
laboratories. After obtaining a total of seven analyses for the
sequence we were convinced that the seed coat of C.
ensiformis indeed contained a protein with a sequence equal
to that of bovine insulin (Oliveira et al., 1999a). In this
manuscript we suggested that molecules of insulin in seed
coat tissues survive desiccation after maturation of the seed
and, together with other proteins can be easily extracted. The
high solubility of these proteins is certainly due to the lack of
tannins and pigments in this tissue (Oliveira et al., 1999a;
Oliveira et al., 1999b). These insulin molecules (and also a
peptide fragment of a receptor-like-kinase accompanying the
protein, see Table 2) in the seed coat seemed to be remains of
constituents of signaling pathways probably involved in the
transport of carbohydrate (Oliveira et al., 1999a). Contrary
to our expectancies our results were received with disbelief.

Table 1. Amino acid sequences of bovine insulin and insulins
isolated from Canavalia ensiformis, Vigna unguiculata
and Bauhinia variegata.

Plant species Insulin sequence

Bovine insulin a-chain 1 GIVEQCCASVCSLYQLENYCN 21
Bovine insulin B—Chain 1 FVNQHLCGSHLVEALYLVCGERGFFYTPKA 30

C. ensiformis 1-SC 1 GIVEQCCASVCSLYQLENYCN 21
C. ensiformis I-LC 1 FVNQHLCGSHLVEALYLVCGERGFFYTPKA 30

V. unguiculata 1-SC 1 GIVEQXXASVXSLYQLENYXN 21
V. unguiculata 1-LC 1 FVNQHLXGSHLVEALYLVXGERGFFYTPKA 30

B. variegata a 1 GIVEQ 5
B. variegata b 1 FVNQH 5

At our laboratory a new research initiative was estab-
lished for the study of insulin in plants. We decided to look at
the question from three different sides. First, we wanted to
know where this protein is located in the seed coats of C.
ensiformis and also what would be its behavior during ger-
mination. We also wanted to know if plants known for their
supposedly antidiabetic effects would express the protein in
the tissues normally employed in the treatment of the dis-
ease. And thirdly, we wanted to know how widespread this
protein molecule would be in the plant kingdom. Very soon
results were coming out of the laboratory.

We found by immunofluorescence microscopy analysis
that insulin, insulin receptor and phosphoserine proteins are
localized to an internal tissue layer of the seed coat but not in
cotyledon tissues of C. ensiformis. This region is assumed to
be important in sugar transport to the embryo. We then em-
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ployed bovine insulin to test if it has any effect on germina-
tion of C. ensiformis seeds. The results showed that insulin,
vanadyl sulfate (an insulin mimetic compound), pinitol (a
chiro inositol analogue) and glucose were able to accelerate
C. ensiformis seed radicle and epicotyl development and on
the contrary, tyrphostin (an inhibitor of insulin receptor ki-
nase activity) inhibited these processes (Oliveira AEA,
Ribeiro ES, da Cunha M, Gomes VM, Fernandes KVS,
Xavier-Filho J - Insulin accelerates germination and devel-
opment of Canavalia ensiformis (Jack bean) seeds. Submit-
ted for publication).

C. ensiformis is an annual, semi-domesticated legume
with long germination and developmental times making it a
less than ideal model for germination and developmental
studies. Therefore we utilized common bean (Phaseolus
vulgaris) as a more convenient model plant. We showed that
increasing concentrations of added bovine insulin (for 72 h)
promote an increase in the mass and size of radicles and
epicotyls of P. vulgaris and also in the number of lateral roots.
Additionally we extracted and purified a protein from
embryonic axes (48 h), which cross-reacted with an anti-
human insulin antibody (Santos, 2003).

The above results on the effects of added insulin in
germinating seeds are clearly reminiscent of those from Eyster
and Ellis (1924) on the action of insulin on maize germination
and of Goodman and Davis (1993) on the effects of insulin in
postgerminative development of fat-storing seeds.

We also choose a second fast growing plant, cowpea
(Vigna unguiculata) to test for the presence of insulin
during development. The protein was detected (by Western
blotting) both in empty pods and seed coats but not in the
embryo. Insulin was measured by an ELISA assay using
an anti-human insulin antibody. The highest concentrations
(about 0.5 ng.ug™! of protein) of this protein were found in
seed coats of 16 and 18 DAP (days after pollination) in
which case the values were 1.6 to 4.0 times higher than
the values found for isolated pods of any day. Insulin was
isolated from 10 DAP empty pods by the method of Khanna
et al. (Khanna et al., 1976), purified by C4-HPLC and
submitted to N-terminal amino acid sequencing. The amino
acid sequence was found to be equal to the sequence of
bovine insulin and to the sequence of the insulin isolated
from C. ensiformis seed coat (see above and Table 1)
(Venancio, 2001; Venancio et al., 2003).

The leaves of many plants of the genus Bauhinia
(Leguminoseae), known as “pata-de-vaca” in Brazil and cow’s
foot in English speaking countries, are considered to allevi-
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ate the symptoms of diabetes (Juliane, 1929). A great num-
ber of investigations have not as yet clarified whether this
use has a scientific basis or what types of compounds are
responsible for the effects (Pepato et al., 2002; da Silva and
Cechinel, 2002). We choose to investigate the presence of
insulin-like molecules in the leaves of Bauhinia variegata
and for this a simple extraction procedure was employed us-
ing the sample buffer utilized for SDS-PAGE. After electro-
phoresis elution of the appropriate protein band (6 kDa) from
the gel followed by amino acid sequencing showed the pres-
ence of a protein with partial sequence identity to bovine in-
sulin. Only the first five amino acids of each of two chains
were sequenced (Table 1). The isolated protein decreased the
concentration of blood glucose when injected in both normal
and diabetic mice. The protein was found to be associated to
chloroplasts when sections of the leaves were examined by
immunohistochemical and immunocytochemical microscopy.
Latter, chloroplasts were purified and an insulin-like protein
was isolated from them and purified by gel filtration and re-
verse phase chromatography. An ELISA assay showed that
the protein cross-reacted with an anti-human insulin antibody
(Azevedo, 2003).

Table 2. Amino acid sequences of protein fragments associated
to insulins isolated from Canavalia ensiformis, Vigna
unguiculata, Bauhinia variegata and Spirulina maxima.

Plant Associated

. H 1
species sequence omotogy

1 ONDWLRTKFIR 11
51 ONNWLRTKFIR 61

C. ensiformis  Bound peptide fragment
Chain A, Crystal Structure of the Ephb2-
Ephrinb2 Complex
Wall-associated kinase 1, 4. thaliana 2 DWLRTKRIR 10
2 QSPKAFRKYIXTN 12
428 SPKDFNKYFLT 438

V.unguiculata Bound peptide fragment
Mouse Tyrosine kinase (Janus kinase 2)
(JAK-2)
Protein phosphatase-2c, A. thaliana
Human Serine/Threonine kinase

83 SPKSFRK 89
285 ESPSGFSKHIQSN 297

B.variegata  Bound peptide fragment 1 DVPDIACAVD 9
Glucokinase regulatory protein, 46 PQIECAVD 53
Lactobacillus plantarum
Glucose inhibited division protein A, 233 DVPQIACGV 241

Caulobacter crescentus

B.variegata Bound peptide fragment 2 VSWNGG 7
Mannosyl-oligosaccharide alpha-1.2- 260 VSWNGG 265
mannosidase precursor

S. maxima Bound peptide fragment 1 HWNWSRCRQV 10
Glucose transporter, A. thaliana 492 HWYWSR 497
S. maxima Bound peptide fragment 1 HWNWSRCHAP 10
Glucose transporter, A. thaliana 492 HWYWSR 497
Putative phosphatidylinositol-4-phosphate 130 HWLWGRKH 137
5-kinase, A. thaliana
Putative monosaccharide transporter 3, 490 HWYWSR 495
Oryza sativa
S. maxima Bound peptide fragment 1 MKVPMVLAPPLPVAV-RSPET 20

Proinsulin Cavia porcellus 1 MALWMHLLTVLALAL-WGPNT 20
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As a logical consequence of having detected a protein
molecule with immunochemical properties and sequence (par-
tial) similar to bovine insulin in the leaves of a plant we de-
cided to investigate its presence in the leaves of other plants,
irrespective of their utilization as anti-hyperglycemic rem-
edies. Furthermore, due to the supposedly new finding of the
presence of insulin in chloroplasts we decided to include in
our study a member of the Cyanobacteria from which are
believed to have originated green plant chloroplasts in an
endosymbiontic event about 1 billion years ago (McFadden,
1999). Leaves or aerial parts of species of Rodophyta (red
alga), Bryophyta (mosses), Psilophyta (whisk ferns),
Lycophyta (club mosses), Sphenophyta (horsetails), gymno-
sperms, and angiosperms, including monocots and dicots were
studied. The cyanobacterium included was Spirulina maxima
widely cultivated for food and dietary supplements (Kay,
1991). We detected insulin-like antigens in a multiplicity of
species utilizing a modified ELISA plate assay and Western
blotting. The two most interesting findings reported in this
study were the detection of insulin-like antigens in S. maxima
and in Arabidopsis thaliana leaves (Silva et al., 2002). In a
related investigation we isolated from S. maxima a protein
by acidic ethanol extraction that showed a similar behavior
in reverse phase chromatography, as does bovine insulin. The
N-terminal amino acid sequence of this protein was deter-
mined and shown to have homology with sequences of pro-
insulins (results not published, see Table 2).

We know that up to now no gene sequence was found
for insulin in the genome of Arabidopsis (Anon, 2000) or in
any other plant genome already published. We do not have
any explanation for the conflicting results and the others
already referred to above. As for the presence of insulin-like
antigens in prokaryotes we register the isolation and
characterization of insulin from Escherichia coli (LeRoith et
al., 1981).

During the course of these investigations we isolated
proteins with molecular weights, chromatographic behaviour,
and immunological properties, similar to those of animal
insulins. Automated amino acid sequence (Edman) analyses
of two of these were shown to be equal to bovine insulin.
These analyses also showed minor sequences accompanying
the main one(s) (Oliveira et al., 1999a). In some cases, even
if we did not have a sequence for an insulin-like protein (prob-
ably due to low levels of insulin) in the analysis of our prepa-
rations with the above characteristics (proteins with molecu-
lar weights, chromatographic behaviour, and immunological
properties, similar to those of animal insulins) we detected

sequences associated with the preparations. These were pos-
sibly originated from protein fragments resulting from lim-
ited proteolysis and strongly associated with the purified pro-
teins since they were not eliminated during the several steps
necessary for purification, i.e., they co-purify with insulin.
These steps included gel filtration, ion exchange and reverse
phase chromatography and SDS-PAGE. It is well accepted
that protein-protein interaction is an indication of functional
partnership and so proteins that associate with insulin could
be functionally related to pathways dependent on it (Witke et
al., 1998; Pandey and Mann, 2000). We suggest that the frag-
ments associated to insulin whose sequences are shown in
Table 2 are fragments of protein components closely associ-
ated to the hormone possibly being part of multicomponent
complex(es) (Imamura et al., 1999; Yoshida et al., 2000;
Pawson and Nash, 2003; Vandenbroere et al., 2003).

Taken together the results obtained by us and
summarized above suggest that plants express the protein
insulin and that it can be extracted, purified and sequenced.
The results also permit us to speculate that insulin in plants
exert actions similar to some of those that it performs in
animals and may have its action blocked by inhibitors of its
pathways in vertebrates.

The presence of insulin in plants: fact or fiction?

The completion of the sequence of the Arabidopsis
thaliana genome and publication of the majority of sequences
of the rice genome has brought the hope that a proper gene
would be found for insulin in these plants. This did not happen
and in fact has strengthened the belief that plants do not
contain this information in their genomes (Anon, 2000).

In spite of this disbelief, a number of reviews have
recently appeared presenting a body of circumstantial
evidence that suggests that the presence of insulin in plants
will be recognized. In a recent review Assaad (2001)
comments that receptor and signaling molecules like notch,
wnt, insulin and TGF-b that are implicated in development
and homeostasis in humans are not found in the Arabidopsis
genome. The author also says that small “founder” peptides
like systemin (18-amino acid peptide originated from a 200-
amino acid precursor), CLV3 (79-amino acid peptide),
phytosulfokines (4- and 5-amino acid peptides) and ENOD40
(13- to 24-amino acid peptide), which are implicated in cell-
cell signaling in plants, have been missed during annotation
of the”Arabidopsis genome. He goes on and says, “Small
peptides play important roles in intercellular and whole-plant
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signaling. In this context, it is interesting to note that the
Arabidopsis genome encodes an unprecedented number of
peptide transporters. Undoubtedly, a large number of plant
signal peptides have yet to be uncovered”.

In another recent review, this time by Ryan et al. (2002),
credit is given for the work done in our laboratory. They
comment on several polypeptides that have been suggested
as hormone-like signaling molecules in plants. Commenting
on leginsulin (Watanabe et al., 1994) they suggest “the
inclusion of this polypeptide in the insulin family is premature
until an insulin-like role in plants is associated with (it)...”
As for the Jack bean seed coat insulin, they state correctly
that no biological activity has been associated to it, nor has
an insulin gene been reported from plants (Oliveira et al.,
1999a).

In yet another review Jonak and Hirt (2002) comment
that although plant glycogen synthase kinase lacks a necessary
phosphorylation in the N-terminal Ser, which is
phosphorylated in PKB (protein kinase B) of the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB)
pathway, “some components of the insulin signaling pathway
are conserved in plants”. No references for the work in which
the findings are given.

Short of finding a genetic sequence, which has been and
is being actively sought, we may make an exercise on
retrieving information by examining the current literature as
to the presence of proteins and enzymes related to insulin
pathways which have been found in plants. A great number
of reports exists in the literature that suggest the existence of
proteins with functions, localization, sequences of the
corresponding gene or protein, that are similar to proteins
which are members of the insulin pathways characteristic of
vertebrates. In fact, in a recent “Insight” article in Plant Cell,
on auxin transport regulation, Muday (2002) states that “many
of the components of the mammalian GLUT4 signal
transduction and vesicle secretion mechanism have orthologs
in Arabidopsis, a number of which have been implicated
directly or indirectly in the regulation of auxin transport...”.
We list some of these proteins (Table 3) and additionally try
to give some idea as to the roles their animal counterparts
perform in the insulin signaling pathways.

e [nsulin receptor (tyrosine kinase)

The insulin receptor is a member of the family of ligand-
activated receptor tyrosine kinases (RTK) that includes
receptors for many growth factors. The insulin receptor is a
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transmembrane protein, which dimerizes even in the absence
of the ligand. Tyrosine kinase activity resides in the
intracellular portion of the receptor and is autophosphorylated
upon ligand binding (Nystrom and Quon, 1999). Until recently
receptor kinases of plants (RLK) were believed to be of the
serine-threonine kinase family (Becraft, 1998). Nevertheless,
Carpi et al. (2002) utilizing a bioinformatics approach
published evidence, which was confirmed by immunological
analysis, showing that ca. 3.5 % of the protein kinase
complement of 4. thaliana is formed by Tyr-phosphorylating
enzymes.

Table 3. List of proteins which are found both in vertebrates
and plants and that are associated to insulin signaling
pathways.

Proteins Animals Plants References

Insulin + + Oliveira et al., 1999a

Insulin receptor

(tyrosine kinase) + + Carpi et al., 2002

Insulin receptor substrates,
proteins IRS-1 and IRS-2
Glucose transporter + +
Ibberson et al., 2000

Phosphatidylinositol 3-kinase
(PI 3-kinase)

+
+

Dietrich et al., 1997
Chiou et al., 1996;

Hong et al., 1994;
Bovet et al., 2001

Moore et al., 2003
Agrawal et al., 2003
Menand et al., 2002
Flores et al., 2001

Hexokinase
MAPK pathway
TOR (target of rapamycin)

+ o+ o+ o+
+ o+ o+ o+

Ribosomal S6 Kinase

e [nsulin receptor substrates proteins IRS-1 and IRS-2

There are a number of molecule substrates for the insulin
receptor tyrosine kinase that provide an interface between
the insulin receptor and downstream signaling molecules such
as insulin receptor substrate-1 (IRS-1), IRS-2, IRS-3, IRS-4,
Shc, and GAB-1. No plant IRS seems to have been found
although a zinc finger protein encoded by an Arabidopsis
LSDI gene shows high sequence homology in its carboxy-
terminal with mammalian IRS-1 (Dietrich et al., 1997).

e Glucose transporter

Glucose uptake and metabolization is the most well
known of the functions in which insulin is involved in
metazoans. The glucose transporter GLUT4 is expressed at
high levels in muscle and adipocytes and is redistributed from
intracellular pools to the cell surface after being
phosphorylated by phosphoinositol-3 kinase (Nystrom and
Quon, 1999). Plants express a number of monosaccharide
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(hexose/glucose) transporters (Williams et al., 2000) and one
of these, which were cloned from sugar beet (Chiou and Bush,
1996) guards a high sequence homology (36 %) with a
mammalian glucose transporter (Ibberson et al., 2000).

e Phosphatidylinositol 3-kinase (PI 3-kinase)

Activation of phosphatidyinositol-3-kinase (PI3K) is a
necessary step in the insulin stimulation of glucose transport
and is part of the phosphoinositide pathway, one of the best
conserved signaling pathways downstream from the insulin
receptor substrates (Nystrom and Quon, 1999). Hong and
Verma (1994) have cloned a PI3K ¢cDNA from soybean that
shows significant sequence homology to mammalian PI3K
and is induced during nodule organogenesis. Recently Bovet
et al. (2001) showed the presence of PI3- and PI4-kinases in
the outer envelope membrane of spinach chloroplasts.

e Hexokinase

Hexokinase D (glucokinase) is the enzyme that
phosphorylates (in the liver) glucose that becomes entrapped
within the cell and is then subjected to further metabolism
(Brady et al., 1999). Plant hexokinase besides is also involved
in sugar sensing processes that are regulated by glucose
(Moore et al., 2003).

e MAPK pathway

This pathway is evolutionarily conserved from
unicellular to eukaryote organisms, and is one of the major
signaling pathways involved in regulating many cellular
activities. It is also associated with insulin signaling in the
promotion of cellular growth (Agrawal et al., 2003).

e TOR

TOR (target of rapamycin) protein is a potential
component of the phosphoinositide 3-kinase (PI3K) pathway
in Drosophila and was also found in yeast (Oldham and Hafen,
2003) and Arabidopsis (Menand et al., 2002).

e Ribosomal S6 Kinase

The ribosomal protein S6 kinase (S6K) signaling
pathway is involved in the regulation of cell growth and
proliferation and is activated by the phosphoinositide-
dependent protein kinase (PDK1) (Thomas (2002). In maize,
phosphorylation of S6 ribosomal protein on the 40 S ribosomal
subunit is enhanced by IGF (ZmIGF) (Flores et al., 2001).

CONCLUDING REMARKS

Although we are convinced of the presence of insulin in
plants it seems our results will not be accepted until a proper
gene for the protein is found in the species we have studied
or in plants in general. The additional difficulty of explaining
the total sequence identity of the protein we isolated from C.
ensiformis (and other leguminous plants) with bovine insulin
adds to this. However, phylogenetic analysis of vertebrate
insulins utilizing amino acid sequences has shown that
insulins are poor molecular clocks due to the very high rate
of mutation that is observed (Bajaj et al., 1984). It is said that
in addition to the six invariant cysteine residues, only ten
amino acid residues in the molecule have been fully conserved
during evolution of vertebrates (Conlon, 2001). Although
these analysis do not touch upon our own sequence analyses
it seems reasonable to think that excluding an insulin sequence
from plants because of the “impossibility” of it being equal
to vertebrate insulins is not correct.

The idea that insulin is a molecule that plays very
fundamental and diverse roles in the cell, allied to the fact
that it is being found in so many different tissues and
organisms, suggests that a “plant insulin” is a strong
possibility.
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