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Abstract

Since the discovery of bovine insulin in plants, much effort has been
devoted to the characterization of these proteins and elucidation of
their functions. We report here the isolation of a protein with similar
molecular mass and same amino acid sequence to bovine insulin from
developing fruits of cowpea (Vigna unguiculata) genotype Epace 10.
Insulin was measured by ELISA using an anti-human insulin antibody
and was detected both in empty pods and seed coats but not in the
embryo. The highest concentrations (about 0.5 ng/ug of protein) of the
protein were detected in seed coats at 16 and 18 days after pollination,
and the values were 1.6 to 4.0 times higher than those found for
isolated pods tested on any day. N-terminal amino acid sequencing of
insulin was performed on the protein purified by C,-HPLC. The
significance of the presence of insulin in these plant tissues is not fully
understood but we speculate that it may be involved in the transport of
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carbohydrate to the fruit.

Introduction

The peptide hormone insulin was discov-
ered in 1921 in connection with the treat-
ment of diabetes mellitus and was isolated
from the pancreas of dogs (1). Later, it was
shown by others to be a small protein of
about 6 kDa (2). Insulin was one of the first
proteins to be crystallized (3) and was the
first to be sequenced in 1955 (4). Right after
the discovery of insulin, members of the
Canadian group involved in the work re-
ported the presence of similar hypoglycemic
activity in plant materials such as the green
tops of onions, lettuce and bean leaves, bar-

ley and beet roots, and others (5,6). Collip
(5) coined the word glucokinin to refer to the
plant-isolated material because he did not
accept that a protein of plant origin should be
named insulin (from the Latin insula) since
plants do not possess the pancreatic islets (of
Langerhans) from which insulin was iso-
lated.

Although many reports on the beneficial
effects of plant-derived materials on the alle-
viation of diabetes symptoms continued to
appear (7), it was only in 1974 that further
work on the possible presence of insulin in
plants appeared. Khanna et al. (8-10) re-
ported on the isolation of a protein from the
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fruits of the bitter gourd (Momordica cha-
rantia) that exerted positive effects on dia-
betic patients and showed properties similar
to those of insulin. Following these reports,
Collier et al. (11) reported on the isolation
from spinach, rye and Lemna gibba of pro-
teins with molecular masses, chromato-
graphic properties, immunological identity
and biological activities identical to those of
vertebrate insulins. No structural information
was given for these molecules at the time.

Recently, in our laboratory we discov-
ered by chance that a protein isolated from
the seed coats of the legume Canavalia ensi-
formis (jack bean) has the same molecular
mass and amino acid sequence as that of
bovine insulin. We further showed that the
purified protein reacts with anti-vertebrate
insulin antibodies and lowers blood glucose
levels in diabetic animals. We also found
associated with this protein a 15-amino acid
sequence fragment, which showed a high
sequence homology with a receptor protein
kinase from humans (12). We have also
shown that insulin-like antigens are present
in the leaves of several green plants, fungi
and a cyanobacterium, suggesting a wider
distribution of this protein than is commonly
thought (13).

It is well known that insulin is part of
signaling pathways involved in the internal-
ization of glucose in several types of verte-
brate cells (14,15). Insulin also has effects
on protein synthesis and gene transcription
(16). In addition, insulin has been detected
in tissues of members of several other phyla,
suggesting that these pathways have been
evolutionarily conserved (17-19). In plants,
apart from many reports on the lowering of
blood sugar levels in diabetic animals by
extracts of plant parts (20,21), no place for
insulin as a member of signaling pathways
has been suggested by workers interested in
the study of glucose mobilization or trans-
port (22-24). Nevertheless, it has been shown
that addition of bovine insulin increases ger-
mination of some seeds (25-27), accelerates
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synthesis of ribosomal proteins in germinat-
ing maize embryos (28,29), and increases
the activity of glyoxysomal enzymes which
catalyze the conversion of fat to carbohy-
drate in some fat-storing seeds (25).

In the present paper we report on the
isolation and characterization of insulin from
the fruit of cowpea (Vigna unguiculata) as
well as changes in its concentration during
fruit development.

Material and Methods

Plant material

Cowpea (Vigna unguiculata (L.) Walp.)
seeds of the Epace 10 genotype were ob-
tained from the Departamento de Fitotecnia,
Universidade Federal do Ceard, Fortaleza,
CE, Brazil. Seeds were sown in pots contain-
ing locally collected soil at the Centro de
Ciéncias e Tecnologias Agropecudrias, Uni-
versidade Estadual do Norte Fluminense,
Campos dos Goytacazes, RJ. After 10 days,
seedlings were transferred to soil in a green-
house. Flowers were tagged at opening and
fruits were collected at 4, 6, 8, 10, 12, 14, 16,
18 and 20 days after pollination (DAP). At
10 DAP, fruits were divided into empty pods
and seeds (cotyledons plus seed coats); from
12 to 20 DAP fruits were divided into empty
pods, cotyledons and seed coats. All parts
were weighed before and after freeze-dry-
ing. After drying, materials were finely pow-
dered and kept at -20°C for analysis.

Insulin extraction

The divided powders were extracted by
the method of Khanna et al. (9) for the
extraction of polypeptide-p, which is what
these workers named their insulin prepara-
tions from bitter gourd (M. charantia) fruits.
Five grams of tissue was extracted with a
solution consisting of 2 ml distilled water, 10
ml 95% ethanol and 0.72 ml concentrated
sulfuric acid. After shaking for 20 min, 13 ml
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water and 40 ml 95% ethanol were added
and the preparation was again shaken for
another 20 min when the pH was adjusted to
1.7 with sulfuric acid. The suspension was
then filtered and the filtrate taken to pH 3.0
with ammonium hydroxide. To this new sus-
pension 150 ml of 95% ethanol and 200 ml
of diethyl ether were added. After standing
for 12 h at 4°C the suspension was centri-
fuged at 3,000 g for 10 min and the sediment
was washed with acetone and diethyl ether
before dissolving in 25% ethanol, pH 8.5. To
this solution 100 ul of 1 M zinc chloride was
added and the preparation was left to stand
for 18 h at 25°C to precipitate insulin and
other insulin-immunoreactive proteins. The
precipitate was collected by centrifugation.

Antibodies

A highly purified antibody (Cat. No.
GGG7303/971577) against human insulin
raised in guinea pigs was purchased from
Peninsula Laboratories, San Carlos, CA,
USA. A peroxidase-conjugated guinea pig
anti-IgG antibody (A5545) raised in goats
was from Sigma, St. Louis, MO, USA.

Protein determination

Total protein in the extracts was meas-
ured by the method of Bradford (30) using
ovalbumin as standard.

ELISA

Insulin was measured by ELISA using a
guinea pig anti-human insulin antibody (Pen-
insula Laboratories) applied to separated
parts of the V. unguiculata fruit (see above)
according to the following procedure. The
samples were freeze-dried and extracted with
0.1 M carbonate/bicarbonate buffer, pH 9.6
(15 mg/ml). After centrifugation for clarifi-
cation, the extracts were diluted with car-
bonate/bicarbonate containing S0 mM EDTA
at 4°C. The wells of a 96-well Maxisorp type

plate (Nunc, Roskilde, Denmark) were
treated overnight with 100 ul of a solution
containing 15 ug of total protein from each
sample diluted in carbonate/bicarbonate buf-
fer, pH 9.6. We then treated the wells with a
solution of 2% gelatin in sodium phosphate-
buffered saline (PBS) containing 0.05%
Tween 20. Next we treated the wells with 50
ul anti-insulin IgG (1:5000) for 1 h at 37°C.
The wells were then submitted to frequent
washes with PBS 0.05% Tween 20 solution.
As a second antibody we employed an anti-
IgG + peroxidase (1:3000). A standard curve
for bovine insulin was always run alongside
the samples. Negative controls were per-
formed employing the IgG-peroxidase com-
plex without addition of the anti-insulin IgG
and a blank well with no added antibody.
The reaction was developed with ortho-phen-
ylenediamine and stopped with 3 N H,SO,.
The plates were read at 492 nm in a spectro-
photometer.

Polyacrylamide gel electrophoresis and
Western blotting

Samples (50 mg) were extracted overnight
in buffer (0.1 M Tris, 10% sucrose, 0.1% SDS,
and 0.005% bromophenol blue) and after clari-
fication they were heated to 100°C for 5 min.
SDS-PAGE was done under nonreducing con-
ditions. After 15% acrylamide gel electropho-
resis (31), protein bands were visualized by
Coomassie brilliant blue and silver staining.
Western blotting (32) was done on nitrocellu-
lose membranes utilizing a semi-dry device
for electrotransfer of proteins and a buffer
made up of 25 mM Tris, 192 mM glycine and
20% methanol. Transfer was performed at 1
mA/cm? for 4 h. After transfer and blocking
with nonfat milk, proteins were identified us-
ing a guinea pig anti-insulin (human) anti-
body (1:3000) as primary antibody and an
IgG-peroxidase complex (1:2000). A posi-
tive reaction was visualized by chemilumi-
nescence using an Amersham Biosciences
(Sao Paulo, SP, Brazil) detection Kkit.

1169

Braz ) Med Biol Res 36(9) 2003



1170

Reverse-phase HPLC

Proteins were separated and purified by
RP-HPLC using a 50 x 5 mm C4 Vydac
column with a 0-80% acetonitrile in 0.1%
TFA gradient. The fraction obtained by zinc
chloride precipitation (50 ug of protein) was

Table 1. Total insulin in fruits of cowpea (Vigna
unguiculata) as a function of time after pollination.

Days after Insulin
pollination (ug insulin per fruit)
4 0.456 + 0.039
6 1.90 + 0.09
8 3.27 + 0.11
10 4.635 + 0.221
12 7.1 £ 0.173
14 9.67 + 0.306*
16 12 + 1.428*
18 10.84 + 0.691*
20 1.28 + 0.026

Data are reported as mean + SD for 7 whole
fruits. Insulin was measured by ELISA with anti-
human insulin antibodies. The asterisks indicate
that these three measurements do not differ sta-
tistically (P < 0.05, Student t-test).

Table 2. Insulin levels per protein and dry weight of plant part in fruits of cowpea
(Vigna unguiculata) as a function of time after pollination.

Days after pollination Insulin

(ng insulin/ug protein) (ng insulin/mg dry weight)

4 (whole fruit) 0.48 + 0.04 7.27 + 0.656

6 (whole fruit) 0.47 + 0.015 8.95 + 0.278

8 (whole fruit) 0.46 + 0.017 10.05 + 0.346
10 (empty pod) 0.47 + 0.023 11.4 + 0.548
12 (empty pod) 0.46 + 0.012 7.8 = 0.173
14 (empty pod) 0.48 + 0.015 8.65 = 0.28

16 (empty pod) 0.44 + 0.07 5.1 + 0.751%***
16 (seed coat) 0.51 + 0.053 18.15 + 1.89**
18 (empty pod) 0.35 + 0.015* 4.1 + 0.18%**
18 (seed coat) 0.56 + 0.04 20.2 + 1.5%*
20 (seed coat) 0.36 = 0.01* 54 + 0.15%**

Insulin was measured by ELISA using an anti-human insulin antibody. In samples 4, 6
and 8 days after pollination (DAP), insulin was measured in the whole fruit. In sample
10 DAP, fruits were divided into seeds (plus seed coats) and empty pods. In samples
12 DAP to 20 DAP, fruits were divided into seed coats, cotyledons and empty pods.
Seeds (cotyledons plus axes) of 10, 12, 14, 16, 18 and 20 DAP fruits did not contain
any insulin as measured by ELISA. The same number of asterisks indicates that the
data do not differ statistically (P < 0.05, Student ttest; N = 7).
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dissolved in 500 ul of 0.1% TFA containing
0.1 M EDTA and applied to the column. The
column was operated at 0.7 ml/min and pro-
teins were detected by absorbance at 280
nm. Bovine insulin (ca. 300 ug of protein in
500 wl) was used as a standard to compare
retention times.

N-terminal sequencing

N-terminal amino acid sequencing was
performed on a Shimadzu PPSQ-10 Auto-
mated Protein Sequencer (Kyoto, Japan) by
Edman degradation (33). Sequences were
determined for the RP-HPLC peak (C4 col-
umn) with the same retention time to that of
bovine insulin. About 200 pmol of V. ungui-
culata insulin was submitted to N-terminal
sequencing. Proteins were not reduced/alky-
lated in order to prevent loss of cysteine
residues, and thus we observed two
phenylthiohydantoin (PTH)-amino acids per
cycle. PTH-amino acids were detected at
269 nm after separation on a reverse-phase
C18 column (4.6 mm x 2.5 mm) under
isocratic conditions according to the manu-
facturer instructions (Shimadzu PPSQ-10
Protein Sequencer). The sequences obtained
were compared to sequences reported in
amino acid data banks and submitted to au-
tomatic alignment, which was performed
using the NCBI-BLAST search system (34).

Results

Presence of insulin antigen in developing
cowpea fruits

An immunoreactive insulin, as demon-
strated by ELISA utilizing an anti-human
insulin antibody, was shown to be present in
developing whole fruits of cowpea from 4 to
20 DAP. The levels of insulin per fruit in-
creased up to 16 DAP and then fell at 20
DAP when fruits were dry (Table 1). When
the results were plotted as ng insulin per ug
protein (Table 2) no difference in the insulin
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concentrations was observed in fruits up to
16 DAP. At 18 DAP, insulin concentration
decreased in empty pods and increased in
seed coats. At 20 DAP the antigen was de-
monstrable in seed coats but not in empty
pods. This could be due to the inability to
solubilize insulin from the dried pods by the
buffer utilized (Table 2). No insulin was
detected in seeds from 10 to 14 DAP fruits or
in the cotyledons of any developmental stages
of the cowpea fruit (data not shown). When
we plotted specific activity of insulin (ng)
per tissue dry weight (mg) (Table 2) we
observed that the values found for seed coats
from 16 and 18 DAP fruits were 1.6 to 4.0
times higher than the values found for iso-
lated pods at the same stages (Table 2).

Identification of the immunoreactive insulin

When the extracts (10 DAP empty pods)
containing the insulin antigen were submit-
ted to SDS-PAGE we detected a protein
band in the same position as a bovine insulin
band with a molecular mass of approximately
6 kDa (Figure 1A). The insulin standard has
more than one band probably because of the
property of insulin to form aggregations.
When a similar gel was treated with the anti-
insulin antibody employed by us, the band at
the same position as insulin (ca. 6 kDa)
stained positive, indicating the presence of
insulin-like antigens in the plant materials
(Figure 1B). The same insulin-positive bands
were seen in gels originating from extracts
obtained from materials of different DAP
(data not shown). These results indicate that
the insulin antigen present in cowpea fruits
has the same molecular weight as vertebrate
insulins.

The insulin-like protein isolated as de-
scribed in Methods (9) was also submitted to
RP-HPLC, using commercial bovine insulin
as standard. The insulin-like material iso-
lated from cowpea fruits and commercial
bovine insulin presented similar chromato-
graphic behavior (Figure 2).

The definitive proof of the identity of the
molecule came when we submitted it to N-
terminal amino acid sequencing. The protein
present in the major peak (absorbance at 280
nm, 31-min retention time) obtained by RP-
HPLC (Figure 2) was used for automatic
Edman sequencing. The resulting sequence
was shown to be identical to the sequence of
bovine insulin (Figure 3). Since the insulin
had not been reduced and alkylated by se-
quencing, the molecule had intact disulfides
and thus no PTH-cysteine was obtained. Note
that all the X’s in Figure 3 correspond to
cysteine in native insulin. Thus, we can con-
clude that the sequence of the V. unguiculata
protein is identical to bovine insulin.
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Figure 1. SDS-PAGE and West-
ern blot of proteins extracted
from 10 days after pollination
(DAP) pods (empty) of cowpea
(Vigna unguiculata). SDS-PAGE
was done under nonreducing
conditions. A, Protein staining
with Coomassie brilliant blue (50
ul). B, Western blot. |, bovine
insulin; POD, proteins isolated
from empty pods of 10 DAP
fruits.
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Figure 2. Reverse-phase HPLC separation of bovine insulin (BI, 300 pg) and of insulin
isolated from empty pods of 10 days after pollination fruits of Vigna unguiculata (Vul, 50
ug). The column was operated at 0.7 ml/min and proteins were detected by absorbance at
280 nm and a gradient of acetonitrile and 0.1% TFA was applied to the column as
described in Methods. The light line indicates the elution profile of insulin and the dark line,

the profile of the cowpea extract.
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GIVEQCCASVCSLYQLENYCN
GIVEQXXASVXSLYQLENYXN

FVNQHLCGSHLVEALYLVCGERGFFYTPKA [ chain of bovine insulin
FVNQHLXGSHLVEALYLVXGERGFFYTPKA protein isolated from V. unguiculata

o chain of bovine insulin
protein isolated from V. unguiculata

Figure 3. Alignment of the sequence found by automatic amino acid sequencing of the
fraction isolated by RP-HPLC of cowpea (Vigna unguiculata) insulin with the sequence of
bovine insulin (gi229095). Sequences were compared using the NCBI-BLAST search
system. Cysteine residues were not detected since proteins were not reduced/alkylated;
an X appearing in the sequence indicates that the amino acid at that position is probably a

cysteine residue.
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Discussion

Itis well known that during fruit develop-
ment in legumes such as cowpea and others,
photosynthate enters the embryo (sink)
through the pod and the seed coat (35). It is
also thought that sucrose is mostly hydro-
lyzed to glucose and fructose by invertase in
order to enter the cotyledons (35). The isola-
tion of a protein from the developing fruits
of cowpea (V. unguiculata) with positive
immunoreactivity to anti-human insulin an-
tibody and amino acid sequence identity with
bovine insulin would suggest that insulin
might be involved in the transport of sugars
(e.g., glucose) to the embryo, a role similar
to the one exerted by this hormone in verte-
brates (14) and invertebrates alike (36).
Strong data suggest that insulin enhances the
metabolism of germinating maize seeds (27)
and also of some fat-storing seeds (25). Re-
cently, our group demonstrated that insulin
stimulates the germination of Canavalia en-
siformis (Oliveira AEA, Ribeiro ES, Da
Cunha M, Gomes VM, Fernandes KVS and
Xavier-Filho J, unpublished results) and Pha-
seolus vulgaris seeds (Santos VO, Silva LB,
Oliveira AEA, Da Cunha M, Fernandes KVS

T.M. Venancio et al.

and Xavier-Filho J, unpublished results).

Further identification of the insulin anti-
gen with bovine insulin was obtained by RP-
HPLC of the insulin-like protein isolated by
the method of Khanna et al. (9). Comparison
of its retention time with that for bovine
insulin showed an identical chromatographic
profile, suggesting once again that the mole-
cule we isolated was the same as bovine
insulin (Figure 2).

The levels of insulin-like protein in fruits
first increased and then decreased with the
development of the fruits (Table 1). The
phase of decreased concentration of insulin
corresponds to the ripening phase, when fruits
lose water and the seeds become dry and
metabolically less active (37). The presence
of insulin in higher amounts when the fruit is
metabolically active is an indication of a
possible role for insulin in fruit. Insulin in
plants may be involved in signaling events,
as suggested by us and by others (12,13,38).

It is interesting to note that the sequence
of the protein found in developing cowpea
fruits and reported here is identical to the
sequence of the insulin we have isolated
from seed coat tissues of the jack bean,
another legume plant (12). The presence of
insulin-like antigens in plant tissues was re-
ported previously by Collier et al. (11) and
more recently by us (13).

The findings reported in the present study
of yet another plant which contains insulin
strengthen the view that the peptide hor-
mone insulin is evolutionarily conserved
throughout living organisms, including mi-
crobes (18), insects (36) and plants (11,12,
27), probably participating in similar signal-
ing pathways.
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