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Abstract

The common bean, Phaseolus vulgaris, contains a family of defense proteins that comprises phytohe-
magglutinin (PHA), arcelin, and a-amylase inhibitor (¢AT). Here we report eight new derived amino acid
sequences of genes in this family obtained with either the polymerase chain reaction using genomic DNA,
or by screening cDNA libraries made with RNA from developing beans. These new sequences are: two
aAl sequences and arcelin-4 obtained from a wild accession of P. vulgaris that is resistant to the Mexican
bean weevil (Zabrotes subfasciatus) and the bean weevil (Acanthoscelides obrectus), an oAl sequence from
the related species P. acutifolius (tepary bean); a PHA and an arcelin-like sequence from P. acutifolius;
an oAl-like sequence from P. maculatus; and a PHA sequence from an arcelin-5 type P. vulgaris. A
dendrogram of 16 sequences shows that they fall into the three identified groups: phytohemagglutinins,
arceling and oAls. A comparison of these derived amino acid sequences indicates that one of the four
amino acid residues that is conserved in all legume lectins and is required for carbohydrate binding is
absent from all the arcelins; two of the four conserved residues needed for carbohydrate binding are
missing from all the «AIs. Proteolytic processing at an Asn-Ser site is required for the activation of aAl,
and this site is present in all aAl-like sequences; this processing site is also found at the same position
in certain arcelins, which are not proteolytically processed. The presence of this site is therefore not
sufficient for processing to occur.

Introduction phytohemagglutinin (PHA), arcelin (ARL), and

a-amylase inhibitor (¢ AI) [5]. The genes for these
The common bean, Phaseolus vulgaris, contains a three proteins are encoded by a single locus in the
family of plant defense proteins that comprises P. vulgaris genome [29] and it is likely that these

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers: U10348 (xAI2 Pvul(w)), U10415 (xAl-like Pacu), U10353 (xAl-like Pmac), U10352 (¢AI3 Pvul(w)),
U10416 (PHA-L Pacu), U10349 (PHA-E Pvul(w)), U10351 (ARL4 Pvul(w)) and U10350 (ARL Pacu).
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homologous genes have arisen by duplication of
a single ancestral gene. Derived amino acid se-
quences obtained from cDNA clones have been
determined for PHA [12], «Al (first identified as
a lectin-like protein) [13], and arcelin [30]. The
polypeptides show considerable (45-859, ) amino
acid sequence identity and it is therefore predicted
that the proteins have similar structures as well
[38]. PHA and «AI are found in domesticated
bean varieties as well as in wild accessions; ar-
celin has so far been found only in certain wild
accessions of P. vulgaris that come from Mexico
[31]. The three proteins have different modes of
action in protecting seeds from being eaten by
mammals or infested by bruchid larvae that bur-
row into the seeds: PHA is a lectin that binds to
glycoproteins in the intestinal mucosa of mam-
mals and insects and its toxicity results from this
initial binding (see [36] for review), whereas Al
inhibits the x-amylase in the digestive tract of
mammals and coleoptera [32, 33]. The mecha-
nism of action of arcelin remains to be elucidated:
it may be toxic [31], or it may simply be indigest-
ible [22].

PHA and arcelin are glycoproteins whose ma-
ture deglycosylated polypeptides have molecular
weights of 27000 and 26200, respectively. oAl is
encoded by a polypeptide of similar size, but after
proteolytic processing the deglycosylated « and f
subunits have molecular weights of respectively
7800 and 14000 [26, 46].

oAl inhibits porcine pancreatic az-amylase ac-
tivity by forming a 1:1 complex with the enzyme,
and it probably inhibits insect z-amylases in the
same way. However, because of the coevolution
of pests with their food sources, there is likely to
be considerable specificity in the interaction be-
tween different 2 Als and the g-amylases present
in different pests, and therefore variability in the
a-amylase inhibitors. Thus, oAl from domesti-
cated bean cultivars inhibits the x-amylases of
Old World bruchids such as Callosobruchus
maculatus and C. chinensis, although it does not
inhibit the o-amylases of the New World bruchid
Zabrotes subfasciatus [ 16]. However, wild acces-
sions of P. vulgaris contain inhibitors that do in-
hibit the a-amylases of the New World bruchids

[42]. Bruchids cause considerable losses of le-
gume crops in developing as well as in developed
countries, and the genes for xAl are likely ve-
hicles to transfer bruchid resistance from the
common bean to other legumes by genetic engi-
neering. We recently succeeded in expressing the
bean oAl gene in seeds of pea (Pisum sativum) at
levels that are sufficiently high to give complete
protection against C. maculatus and C. chinensis
[40]. Within the genus Phaseolus it is possible to
transfer resistance by traditional breeding tech-
niques. Cardona et al. [3] succeeded in transfer-
ring resistance to Z. subfasciatus from resistant
wild accessions of P. vulgaris to a susceptible do-
mesticated variety using backcrossing. Because
selection after each cross was done on the basis
of arcelin, the entire PHA-cAl-arcelin locus was
probably transferred from the wild accessions.
The final backcrossed lines have high levels of
arcelin and it is likely that these high levels are
responsible for the insect-resistance phenotype.
However, «Al may also contribute to the resis-
tance. The same backcrossing strategy did not
work to transfer resistance to A. obtectus, and it
has not been possible to transfer resistance
against this bruchid from resistant wild acces-
sions to domesticated varieties [19]. In view of
the promising results obtained with gene transfer
that allowed the creation of bruchid-resistant le-
gume seeds [40], we consider it important to study
this gene family in much greater detail and to
examine the biological specificity of the aAls
present in wild accessions of P. vulgaris and in
other species in the genus Phaseolus. Here we
report the newly derived amino acid sequences of
a number of putative aAls, aAl-like proteins,
PHASs and arcelins, and discuss their evolution-
ary relatedness.

Materials and methods
Plant materials
The following species and accessions were used,

and the order given is the same as in Fig. 1. Spe-
cies not listed below or in Fig. 1, but also used in
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Fig. 1. Immunoblot analysis of the SDS-PAGE separated
crude extracts from the seeds numbered 1-17 (as described in
the text). Arrows represent the molecular weight markers (from
bottom to top: 15200, 18600, 27 600, 46300, 74700, 105700,
221200). Blots were probed with antiserum raised against
aAll. Lanes were loaded for equal proteins.

this study, were P. vulgaris cv. Tendergreen and
P. vulgaris, wild, arcelin-5, G-2771. Species for
which the accession numbers are shown were ob-
tained from the Centro Internacional de Agricul-
tura Tropical in Cali, Colombia through the gen-
erosity of Rigoberto Hidalgo. Species without
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accession numbers were obtained from Native
Seeds/Search in Tucson, Arizona. The arcelin
type beans were given to us by R. Bollini, CNR,
Milano, Italy. The species and accessions in-
volved were: 1, P.vulgaris cv. red kidney; 2,
P. vulgaris, wild, arcelin-5, G2771; 3, P. vulgaris,
wild, G24408; 4, P.vulgaris, wild, arcelin-6,
G11051; 5, P. vulgaris, wild, arcelin-4, G12949; 6,
P. acutifolius tenuifolius; 7, P. acutifolius, culti-
vated; 8, P. acutifolius, wild, G40102; 9, P. poly-
anthus, wild, G35877; 10, P. polyanthus, culti-
vated, (335532; 11, P. coccineus, wild, G35875;
12, P. coccineus, cultivated, G35162; 13, P. graya-
nus, wild, S13183; 14, P. microcarpus, wild,
S13308; 15, P.marechalii, wild, S26152; 16,
P. maculatus, cocolmeca bean; 17, P. lunatus, cul-
tivated, G25780.

Protein extraction

Proteins were extracted from seeds by grinding in
an ice-cold mortar with a buffer containing
10 mM Tris-HCl pH 7.5, 0.5 M Na(Cl, 0.1%, Tri-
ton X-100 and 1% 2-mercaptoethanol supple-
mented with 1 ug/ml of leupeptin, aprotinin, and
pepstatin A (125 mg of seeds per ml of buffer).
The supernatant obtained after centrifugation at
15000 x g for 5 min (twice) was frozen at ~20 °C
until further use.

Immunoblot analysis

For immunoblotting, appropriate quantities of
protein (determined according to [21]) were frac-
tionated by SDS-PAGE, transferred to nitrocel-
lulose, and the Al detected using a rabbit anti-
oAl serum obtained as described [26]. We used
goat anti-rabbit IgG coupled to horseradish per-
oxidase (BioRad) as the secondary antibody.

Inhibition tests

Inhibitory activity against porcine pancreatic
w-amylase (EC 3.2.1.1.; type IA, Sigma) was
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tested by the method of Bernfeld [2] with 0.02 M
potassium phosphate pH 7.5, 0.067M NacCl,
0.1 mM CaCl,. Seed extracts were pre-incubated
with the enzyme for 30 min at 37 °C prior to
measuring activity. All tests were carried out with
1 unit of a-amylase, defined as the amount of
enzyme required to produce, from starch, the re-
ducing equivalents of 1 ymol maltose in 10 min at
37 °C.

cDNA library construction and screening

Total RNA was purified from developing beans
by the procedure of Dunsmuir ez al. [9]. Poly(A)*
RNA was isolated by oligo(dT)-cellulose
chromatography (PolyATtract mRNA Isolation
System III, Promega Corporation, Madison,
WI). ¢cDNA was synthesized with a Norl-
oligo(dT) primer-adaptor (Promega) according to
the method of Lapeyre and Amalric [20]. cDNAs
were made blunt-ended with T4 DNA polymerase
before the addition of Eco RI adaptors (Promega).
After adaptor addition, excess adaptors were re-
moved by Sephacryl S-400 chromatography.
c¢DNAs larger than 0.4 kb were ligated into Agt10
that had been digested with Eco RI and dephos-
phorylated (Promega). Following packaging (Gi-
gapack I Gold Packaging Kit, Stratagene Clon-
ing Systems, La Jolla, CA), the libraries were
screened with the cDNA clone coding for oAl
[26]. Selected clones were subcloned in
pGEMI11Zf( - ) (Promega) and sequenced by the
Sequenase dideoxy chain termination method
(United States Biochemical Corporation, Cleve-
land, OH).

Genomic DNA preparation and PCR analysis

Genomic DNA was purified either from leaf tis-
sue of one week old seedlings, or from dry beans
that had been soaked in water for 4 hours, by the
procedure of Dellaporta et al. [7]. The design of
our PCR primers was based on the conserved
amino-terminal (MASS®/y) and carboxy-termi-
nal (LNQ/KIL*) amino acids of PHA-E, PHA-L,

oAl and arcelin [5]. The sequences were as fol-
lows: P1, 5'-GGCTCGAGTCTAGAGGATY/
CT®/TGTTG-3"; P2, 5'-CCATCGATAGATG-
GCTTCCTCCAAS/GT-3’. A 200 ng portion of
each primer and 1 to 2 ug of genomic DNA were
used for PCR in the following 100 ul reaction
mixture: 60mM Tris-HCl pH 8.5, 15mM
(NH,)2S0,, 2.0mM MgCl,, 200 uM each
dNTP, and 2.5 units AmpliTaq DNA polymerase
(Perkin-Elmer, Norwalk, CT). Conditions for
PCR were 95 °C for 3 min, then 40 cycles of:
5.5 °Cfor 1 min, 72 °C for 1 min, and 94 °C for
1 min. The resulting PCR products were cloned
directly (or specific bands were gel-purified first)
in pCRII (Invitrogen, San Diego, CA), and se-
quenced as above.

Sequence analysis

Deduced amino acid sequences were aligned
using the PILEUP and PRETTY programs of the
University of Wisconsin Genetics Computer
Group [8] and the dendrogram was created using
the program FIGURE.

Results
Proteins that crossreact with antibodies to oAl

In seeds of the common bean, xAl is synthesized
as a polypeptide of M, 25000 that is cotransla-
tionally glycosylated in the endoplasmic reticu-
lum and proteolytically processed after it arrives
in the vacuoles [4]. These processing steps result
in a series of polypeptides, that are either glyco-
forms or isoforms, in the M, 15000-18 000 range.
Seed extracts of wild accessions of P. vulgaris and
of other species in the genus Phaseolus were sepa-
rated by SDS-PAGE, transferred to nitrocellu-
lose and probed with a serum against deglycosy-
lated red kidney bean «AI [25]. In extracts of red
kidney bean (Fig. 1, lane 1) and two wild acces-
sions (Fig. 1, lanes 2 and 3), the serum detects the
polypeptides of oAl in the M, 15000-18000
range, as well as possible precursors and/or ag-



gregates in the M, 35000 range (see [25] for dis-
cussion). The abundant protein PHA, which has
about 60-65Y%, sequence identity with ¢ Al, is not
detected by this serum (see also [35]). In wild
accessions that contain arcelin (Fig. 1, lanes 4
and 5), the serum also detects polypeptides in the
M., 30000-40000 range, which corresponds to
the position of arcelin, as well as larger polypep-
tides. It seems likely therefore that the serum rec-
ognizes oAl as well as arcelin polypeptides.

Tepary beans (P. acutifolius) contain g~amylase
inhibitory activity, and seed extracts have small
crossreacting polypeptides in the M, 15000-
18000 range (Fig. 1, lanes 6—8), as observed pre-
viously [35]. (The polypeptides in lane 8 were too
faint to be observed in this image.) Extracts of the
subspecies P. acufifolius tenuifolius contained
crossreacting polypeptides in the M, 30000-
35000 range in addition to the M, 15000-18 000
polypeptides. Together these results indicate that
oAl and arcelin contain common epitopes to
which this particular serum contains antibodies,
and that arcelin-type proteins may also be present
in other bean species such as tepary bean.

Crossreacting polypeptides in the closely re-
lated species P. polyanthus and P. coccineus are
shown in lanes 9 and 10 and in lanes 11 and 12,
respectively. P. polyanthus gave a typical and
strong 3-banded pattern. Both P. coccineus and
P. polyanthus have a-amylase inhibitory activity
(datanot shown). For the five other species shown
in Fig. 1, only P. microcarpus gave bands in the
M, 15000-18000 range. None of these five ex-
tracts contained inhibitory activity for porcine
pancreatic or Tenebrio molitor a-amylase (data
not shown).

Derived amino acid sequences of oAl-arcelin-PHA
proteins

Two different strategies were followed to obtain
derived amino acid sequences. Domesticated
tepary beans and arcelin-4 type P. vulgaris were
grown in the greenhouse and cDNA libraries were
prepared using mRNA obtained from mid-
maturation seeds. These libraries were screened
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with an oAl (P. vulgaris cv. Tendergreen) probe.
This resulted in the identification of the following
sequences: ®Al3 and arcelin-4 from arcelin-4 type
P.vulgaris; PHA-L from P. acutifolius; and an
arcelin-like sequence from P. acutifolius.

When the polymerase chain reaction was used
with genomic DNA, we obtained at least two size
classes of DNAs (Fig.2) with P. vulgaris cv.
Greensleeves: the highest-molecular-weight band
represents the longer PHA sequences and the
lower-molecular-weight bands represents the oAl
sequence. This is consistent with the observation
that these genes do not have introns and that
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Fig. 2. PCR analysis of genomic DNA purified from various
Phaseolus species. Ethidium bromide-stained 1.39, agarose
gel showing PCR amplification products generated using
primer pairs that were designed based on the conserved ter-
minal 5" and 3’ coding regions of PHA-E, PHA-L, zAl, and
arcelin 1. DNA molecular weight markers are indicated in
kilobase pairs on the left.
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there are several short deletions in the amino acid
sequence of oAl compared to that of PHA [26].
When the two bands were clearly separated for
wild accessions or other species, we cloned DNA
from the lower-molecular-weight band. This ap-
proach resulted in the identification of four other
derived amino acid sequences: aAl-like se-
quences from P. acutifolius and P. maculatus;
PHA-E from arcelin-5 type P. vulgaris; and 0 AI2
from arcelin-4 type P. vulgaris.

The derived amino acid sequences of 16 genes
in the lectin-arcelin-zAl gene family are shown in
Fig. 3 and the evolutionary relationships between
those sequences are depicted in a dendrogram
(Fig. 4). Eight of these sequences have already
been published: PHA-E (dlecl) and PHA-L
(dlec2) from P. vulgaris cv. Tendergreen [12],
PHA-L (pdlec2) from P. vulgaris cv. Pinto [45],
«AIl (from P. vulgaris cv. Tendergreen [26]), ar-
celins 1 [30], 2 [17], and 5 [10], and the lima
bean (P. lunatus) lectin [18]. We obtained new
sequences in all three protein categories: lectins,
arcelins and «Als. From a wild accession of
P. vulgaris, we obtained two different oAl se-
quences, and these are labeled AI2 and aAI3.
The sequence of ®AI2 was recently reported by us
[24] and by Suzuki et al. [43]. We chose this
particular accession, classified as arcelin-4, be-
cause its seeds are resistant to the Mexican bean
weevil (Zabrotus subfasciatus), and the bean wee-
vil (Acanthoscelides obtectus) [3]. From the same
accession, we obtained a sequence that repre-
sents arcelin-4. The amino acid sequence of the
N-terminal region of mature arcelin-4 [11]
matches the derived amino acid sequence of
ARL4 Pvul (w) starting from the putative pro-
cessing site. On the dendrogram, this sequence is
most closely related to those of arcelins 1, 2 and
5.

The lectin present in tepary beans has been
purified and characterized several times [6, 34,
37] From this species, we obtained a PHA-L
related sequence (labeled PHA-L Pacu), as well
as an oAl related sequence (labeled aAl-like
Pacu) that is closely related to oAl of the domes-
ticated common bean. In addition, we obtained
an arcelin-like sequence from P. acutifolius (ARL

Pacu) indicating that the presence of arcelin se-
quences is not restricted to P. vulgaris. On the
dendrogram, this sequence is more closely related
to the P. vulgaris arcelins than to other P. acuti-
folius proteins. This finding suggests that the evo-
lution of the arcelin sequences may not be re-
stricted to P. vulgaris. We also obtained an oAl-
like sequence from P. maculatus (o Al-like Pmac)
and an aAl-like pseudo gene from P. marechalii
(data not shown). Seed extracts of these two spe-
cies do not have crossreacting polypeptides of the
same size as oAl (Fig. 1B), or inhibitory activity.
The P. maculatus sequence is more like ¢ AI3 than
aAll or aAlI2 and the results suggest that there
may be two groups of xAl proteins just as there
are two groups of lectins (PHA-E and PHA-L).

Functional residues in the lectin-arcelin-aAI proteins

Four amino acids are completely conserved in all
legume lectins [41] and these are shown in bold,
italic type in Fig. 3. These are an aspartate resi-
due (d), an asparagine residue (N) and two gly-
cine residues (G). When any one of these residues
is mutated by site-directed mutagenesis in pea
lectin ([44] and J. Kijne, personal communica-
tion) or when the corresponding Asn in PHA-L
is mutated to Asp, the resulting protein does not
bind carbohydrate [23]. Of these four residues,
the aspartate residue, essential for carbohydrate
binding, is missing from all the arcelins as well as
from all the xAls, indicating that these proteins
are most likely not lectins. Experiments with pu-
rified arcelins show that they are very weak ag-
glutinins [31]. Tt is not clear whether the weak
agglutination that was observed was caused by
contamination with true agglutinins in the arcelin
preparation or whether the absence of the aspar-
tate residue in arcelins creates agglutinins that are
much less effective.

A unique feature of xAl is that it must be pro-
teolytically processed to be active as an inhibitor
[35]. This processing occurs in the vacuole at the
asparagine residue marked by the second arrow
in Fig. 3. Many legume seed proteins are pro-
cessed at an asparagine residue and the process-
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oAJ2 Pvul (w)

oAl-like Pacu

ATl Pyvul (Tg)

oAl-like Pmac

oAI3 Pvul (w)

——— PHA-L Pvul (Tg)

‘'——eo—w—  PHA-L Pvul (Pinto)

PHA-L Pacn

PHA-E Pvul (w)

PHA-E Pvul (Tg)

LBL Plun

ARL1 Pvul (w)

1

ARL2 Pvul (w)

ARLS Pvul (w)

L ARLA Pvul (w)

ARL Pacu

Fig. 4. Cluster dendrogram by UWGCG’s PILEUP and
FIGURE programs, based on the amino acid sequence align-
ment from Fig. 3. The program aligns the sequences using
progressive, pairwise alignments using the method of Needle-
man and Wunsch [28]. The dendrogram is generated from
these alignments and shows the clustering using the clustering
strategy Unweighted Pair Group Method using Arithmetic
Averages. Abbreviations are as in Fig. 3.

ing protease has recently been purified [27, 39].
This asparagine residue is present in all the oAl
proteins that are grouped together in Fig. 4, as
well as in arcelins 1 and 2 but it is absent from the
lectins as well as from arcelins 4 and 3. In all the
proteins mentioned, asparagine is followed by
serine and processing occurs between these two
residues. Arcelins are not proteolytically pro-
cessed and the results therefore indicate that the
Asp-Ser motif in this position is not by itself suf-
ficient to ensure such processing. This may ac-
count for the observation that P. maculatus and

P. marechalii do not contain polypeptides in the
M_15000-18 000 range although they contain se-
quences with the asparagine-serine motif in the
correct position. The alternative explanation is
that these sequences are not expressed at a suf-
ficiently high level to detect the proteins with the
methods employed here, or that these particular
plant species lack the processing protease.

Gaps in the aligned sequence

The oAl protein has three gaps compared to the
lectins and these are labeled as Gap 1, Gap 2 and
Gap 3 in Fig. 4. Gap 1 appears to be unique to all
the proteins grouped together as aAls. The sec-
ond gap, Gap 2, found in aAIl, is also found in
aAI2 (aAl from wild accession of P. vulgaris) but
is absent from «AI3 and the zAl-like sequences
of the other species. The third gap, Gap 3, is not
unique to oAl but is also found in all the arcelins,
as well as in the arcelin-like protein of P. acutifo-
fius. This gap is found in the 2AI2 and oAl-like
protein of P. acutifolius, but not in «Al3 or the
aAl-like protein of P. maculatus. The presence or
absence of these gaps accounts to a large extent
for the grouping of the «Al sequences in two
groups (Fig. 4).

Discussion

Many seeds contain plant defense proteins, and
the PHA-arcelin-o Al family of plant defense pro-
teins was first identified in the common bean
P. vulgaris [26]. Lectins such as PHA are known
to occur in many species of legumes and are prob-
ably present in all species of the genus Phaseolus.
They have been studied in some detail only in
P. vulgaris, P. lunatus (lima bean) and in P. acuti-
Jfolius. The three members of this gene family occur
at a single locus in the P. vulgaris genome, sug-
gesting that the genes may have arisen by dupli-
cation [29]. It would be of considerable interest
to understand how this gene family has evolved.
This may be a highly evolved protein family with
multiple members in each species. Some mem-



bers of this family may encode agglutinins and
other members inhibitors of a-amylase. A com-
parison of the new sequences we have obtained
with the already known sequences allows us to
draw several conclusions.

First, there do seem to be three groups of se-
quences, although these groupings may disappear
when we obtain more sequences from other wild
accessions and especially from other species. In-
deed, a cDNA initially identified as encoding lima
bean lectin [15] but apparently not encoding the
true lima bean lectin [ 18] falls outside these three
groups (data not shown). On the other hand, the
PHA sequence from tepary bean (PHA-L Pacu)
and the real lima bean lectin (LBL) [ 18] are more
closely related to PHA of the common bean than
to oAl or arcelin proteins. Since the P. acutifolius
PHA sequence has the four conserved amino
acids found in all lectins, it is likely to encode an
agglutinin.

Second, two different oAl sequences were
found in the wild accession of P. vulgaris G12949.
This arcelin-4 type bean is resistant to the bean
weevil (4. obtectus) and the Mexican bean weevil
(Z. subfasciatus) and it is possible that this resis-
tance to weevil infestation results from specific
xAls. Indeed, arcelin-type beans contain variants
of aAls that inhibit the a-amylases of these wee-
vils [42]. Our findings indicate that the bean ge-
nome harbors more than one xAl gene, just as it
has more than one lectin gene. This confirms bio-
chemical work that many cultivars contain two
distinct forms of the inhibitor [14]. Amino acid
sequencing of oAls purified from seed meal of
P. vulgaris cv. Rico 23 shows the presence of two
different proteins, each with its own a and f sub-
units (F. Finardi-Filho, unpublished results).
Whether «Al2, oAI3 and other woAl-like se-
quences actually encode inhibitors can only be
demonstrated by expressing these genes in a bio-
logical system that allows for the necessary post-
translational modifications and activation of oAl
(e.g. tobacco seeds), as was done for aAll [1].
However, the identification of the biological
source of the x-amylase that is inhibited by each
oAl may not be a trivial matter. For example, we
found that «AlI2 (expressed in tobacco seeds,
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under the control of the PHA-L promoter) does
not inhibit the «-amylases of Tenebrio molitor,
A. obtectus, Z. subfasciatus, or the w«-amylase
found in porcine pancreas [24].

Third, our results show that arcelin-4 is more
closely related to the recently reported sequence
of arcelin-5 than to the arcelin-1 and -2 proteins
[10]. Indeed, the bean arcelins appear to be a less
closely related group of proteins than the bean
phytohemagglutinins sequenced so far. Arcelin
proteins may not be restricted to wild accessions
of the common bean; seed extracts of the tepary
bean have proteins in the M, 30000-35000 range
that crossreact with the oAl serum just like the
wild accessions of P. vulgaris that contain arcelin.
Additionally, an arcelin-like sequence was ob-
tained from P. acutifolius. We therefore suggest
that arcelin-like sequences may also be present in
domesticated varieties of the common bean, but
that these may be poorly expressed in the seeds.
Thus, the main difference between arcelin-type
accessions and other accessions of P. vulgaris
may be the copy number of the arcelin genes and
the promoter strength.

The total number of lectin and lectin-like genes
in the P.vulgaris genome is not known. Gene
mapping indicates that PHA, aAl and arcelin
occur at the same locus, although lectin genes
may also occur elsewhere in the genome [29]. The
two phytohemagglutinin genes that encode
PHA-E and PHA-L are known to be linked and
arose most likely from a recent duplication [12].
Genomic cloning revealed the presence of three
lectin-like genes on a single 19 kb fragment of
P. vulgaris cv. Pinto DNA [45]. Analysis of the
entire locus and of the lectin-like genes elsewhere
in the genome is needed to understand how these
genes may have evolved.

Acknowledgements

This work is supported by a grant to M. J. C.
from the US Department of Energy (Energy Bio-
sciences). The sabbatical leave of F.F.F. was
supported by a grant from the National Research
Council (CNPq) of Brazil. It is a pleasure to ac-



1112

knowledge numerous interesting discussions with

Tom Osborn and César

Cardona about

a-amylase inhibitors and arcelins. We thank Lyn
Alkan for her expert assistance in formating the
figures.

References

10.

11.

12.

13.

. Cardona C,

. Altabella T, PalazonJ, Ibarz E, Pinol MT, Serrano R:

Effect of auxin concentration and growth phase on the
plasma membrane H " -ATPase of tobacco calli. Plant Sci
70: 209-214 (1990).

. Bernfeld P: Amylases, « and . In: Colowick SP, Kapl-

an NO (eds) Methods in Enzymology, vol. 1, pp. 149—
158. Academic Press, New York (1955).

KornegayJ, Posso CE, Morales F,
Ramirez H: Comparative value of four arcelin variants in
the development of dry bean lines resistant to the
Mexican bean weevil. Entomol Exp Appl 56: 197-206
(1990).

. Ceriotti A, Vitale A, Bollini R: Lectin-like proteins accu-

mulate as fragmentation products in bean seed protein
bodies. FEBS Lett 250: 157-160 (1989).

. Chrispeels MJ, Raikhel NV: Lectins, lectin genes and

their role in plant defense. Plant Cell 3: 1-19 (1991).

. De Megjia EG, Hankins CN, Paredes-Lopez O, Shan-

non LM: The lectins and lectin-like proteins of tepary
beans (Phaseolus acutifolius) and tepary-common bean
(Phaseolus vulgaris) hybrids. J Food Biochem 14: 117-
126 (1990).

. Dellaporta S, Wood J, Hicks JB: A plant DNA mini-

preparation: Version II. Plant Mol Biol Rep 1: 19-21
(1983).

. Devereux J, Haeberli P, Smithies O: A comprehensive set

of sequence analysis programs for the VAX. Nucl Acids
Res 12: 387-395 (1984).

. Dunsmuir P, Bond D, Lee K, Gidoni D, Townsend J:

Stability of introduced genes and stability in expression.
In: Gelvin SB, Schilperoort RA, Verma DPS (eds) Plant
Molecular Biology Manual, pp. C1/1-C1/4. Kluwer Aca-
demic Publishers, Dordrecht, Netherlands (1988).
Goossens A, Geremia R, Van Montagu M, Angenon G:
Analysis of arcelin 5 protein and ¢cDNA clones. In: Ro-
ca WM (ed) Proceedings of the Bean Advanced Research
Network Workshop (CIAT, Cali, Colombia), in press
(1994).

Hartweck LM, Vogelzang RD, Osborn TC: Character-
ization and comparison of arcelin seed protein variants
from common bean. Plant Physiol 97: 204-211 (1991).
Hoffman LM, Donaldson DD: Characterization of two
Phaseolus vulgaris phytohemagglutinin genes closely
linked on the chromosome. EMBO J 4: 883-889 (1985).
Hoffman LM, Ma Y, Barker RF: Molecular cloning of

14.

15.

16.

17.

18.

19.

20,

21.

22.

23.

24.

25.

26.

27.

28.

Phaseolus vulgaris lectin mRNA and use of cDNA as a
probe to estimate lectin transcripts levels in various tis-
sues. Nucl Acids Res 10: 7819-7828 (1982).

Iguti AM, Lajolo FM: Occurrence and purification of
«-amylase isoinhibitors in bean (Phaseolus vulgaris L) va-
rieties. J Agric Food Chem 39: 2131-2136 (1991).
Imbrie-Milligan C, Datta P, Goldstein 1J: Isolation and
characterization of a cDNA clone encoding the lima bean
lectin. J Biol Chem 264: 16793-16797 (1989).

Ishimoto M, Kitamura K: Growth inhibitory effects of an
a~amylase inhibitor from kidney bean, Phaseolus vulgaris
(L.) on three species of bruchids (Coleoptera: Bruchidae).
Appl Ent Zool 24: 281-286 (1989).

John ME, Long CM: Sequence analysis of arcelin 2, a
lectin-like plant protein. Gene 86: 171-176 (1990).
Jordan ET, Goldstein IJ: The sequence of a second mem-
ber of the lima bean lectin gene family and the expression
and characterization of recombinant lectin in Escherichia
coli. J Biol Chem 269: 7674-7681 (1994).

Kornegay JL, Cardona C: Inheritance of resistance to
Acanthoscelides obtectus in a wild common bean accession
crossed to commercial bean cultivars. Euphytica 52: 103—
111 (1991).

Lapeyre B, Amalric F: A powerful method for the prepa-
ration of cDNA libraries: isolation of cDNA encoding a
100-kDal nucleolar protein. Gene 37: 215-220 (1985).
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Pro-
tein measurement with the Folin phenol reagent. J Biol
Chem 193: 265-275 (1951).

Minney BHP, Gatehouse AMR, Dobie P, Dendy J, Car-
dona C, Gatehouse JA: Biochemical bases of seed resis-
tance to Zabrotes subfasciatus (bean weevil) in Phaseolus
vulgaris (common bean); a mechanism for arcelin toxic-
ity. J Insect Physiol 36: 757-767 (1990).

Mirkov TE, Chrispeels MJ: Mutation of Asn'?® to Asp of
Phaseolus vulgaris leucoagglutinin (PHA-L) eliminates
carbohydrate binding and biological activity. Glycobiol-
ogy 3: 581-587 (1993).

Mirkov TE, Pueyo JJ, Mayer J, Kjemtrup S, Cardona C,
Chrispeels MJ: Molecular and functional analysis of
a-amylase inhibitor genes and proteins in the common
bean Phaseolus vulgaris. In: Roca WM (ed) Proceedings
of the Bean Advanced Research Network Workshop
(CIAT, Cali, Colombia), in press (1994).

Moreno J, Altabella T, Chrispeels MJ: Characterization
of a-amylase-inhibitor, a lectin-like protein in the seeds of
Phaseolus vulgaris. Plant Physiol 92: 703-709 (1990).
Moreno J, Chrispeels MJ: A lectin gene encodes the
a-amylase inhibitor of the common bean. Proc Natl Acad
Sci USA 86: 7885-7889 (1989).

Muramatsu M, Fukazawa C: A high-order structure of
plant storage proprotein allows its 2nd conversion by an
asparagine-specific cysteine protease, a novel proteolytic
enzyme. Eur J Biochem 215: 123-132 (1993).
Needleman SB, Wunsch CD: A general method appli-
cable to the search for similarities in the amino acid se-



29.

30.

3L

32.

33.

34

35.

36.

37.

38.

quence of two proteins. J Mol Biol 48: 443-453 (1970).
Nodari RO, Tsai SM, Gilbertson RL, Gepts P: Towards
an integrated linkage map of common bean. 2. Develop-
ment of an RFLP-based linkage map. Theor Appl Genet
85: 513-520 (1993).

Osborn TC, Alexander DC, Sun SSM, CardonaC,
Bliss FA: Insecticidal activity and lectin homology of ar-
celin seed protein. Science 240: 207-210 (1988).
Osborn TC, Burow M, Bliss FA: Purification and char-
acterization of arcelin seed protein from common bean.
Plant Physiol 86: 399-405 (1988).

Powers JR, Culbertson JD: Interaction of a purified bean
(Phaseolus vulgaris) glycoprotein with an insect amylase.
Cereal Chem 60: 427-429 (1983).

Powers JR, Whitaker JR: Effect of several experimental
parameters on combination of red kidney bean (Phaseolus
vulgaris) o-amylase inhibitor with porcine pancreatic
o-amylase. J Food Biochem 1: 239-260 (1977).

Pratt RC, Singh NK, Shade RE, Murdock LL, Bres-
san RA: Isolation and partial characterization of a seed
lectin from tepary bean that delays bruchid beetle devel-
opment. Plant Physiol 93: 1453-1459 (1990).

Pueyo JJ, Hunt DC, Chrispeels MJ: Activation of bean
«-amylase inhibitor requires proteolytic processing of the
pro-protein. Plant Physiol 101: 1341-1348 (1993).
Pusztai A: Dietary lectins are metabolic signals for the gut
and modulate immune and hormone functions. Eur J Clin
Nutr 47: 691-699 (1993).

Pusztai A, Watt WB, Stewart JC: Erythro- and lympho-
agglutinins of Phaseolus acutifolius. Phytochemistry 26:
1009-1013 (1987).

Rougé P, Barre A, Causse H, Chatelain C, Porthé G: Ar-
celin and a-amylase inhibitor from the seeds of common

39.

40.

41.

42.

43.

44.

45.

46.

1113

bean (Phaseolus vulgaris) are truncated lectins. Biochem
System Ecol 21: 695-703 (1993).

Scott MP, Jung R, Muntz K, Nielsen NC: A protease re-
sponsible for post-translational cleavage of a conserved
Asn-Gly linkage in glycinin, the major seed storage pro-
tein of soybean. Proc Natl Acad Sci USA 89: 658—-662
(1992).

Shade RE, Schroeder HE, Pueyo JJ, Tabe LM, Mur-
dock LL, Higgins TIV, Chrispeels MJ: Transgenic pea
seeds expressing the a-amylase inhibitor of the common
bean are resistant to bruchid beetles. Bio/technology 12:
793-796 (1994).

Sharon N, Lis H: Legume lectins — a large family of ho-
mologous proteins. FASEB J 4: 3198-3208(1990).
Suzuki K, Ishimoto M, Kikuchi F, Kitamura K: Growth
inhibitory effect of an a-amylase inhibitor from the wild
common bean resistant to the Mexican bean weevil
(Zabrotes subfasciatus). Japan J Breed 43: 257-265
(1993).

Suzuki K, Ishimoto M, Kitamura K: ¢cDNA sequence
and deduced primary structure of an x-amylase inhibitor
from a bruchid-resistant wild common bean. Biochim
Biophys Acta 1206: 289-291 (1994).

Van Eijsden RR, De Pater BS, Kijne JW: Mutational
analysis of the sugar-binding site of pea lectin. Glycoconj
J, in press (1994).

Voelker T, Sturm A, Chrispeels MJ: Differences in ex-
pression between two seed lectin alleles obtained from
normal and lectin-deficient beans are maintained in trans-
genic tobacco. EMBO J 6: 3571-3577 (1987).
Yamaguchi H: Isolation and characterization of the sub-
units of Phaseolus vulgaris «-amylase inhibitor. J Biochem
110: 785-789 (1991).



