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Insecticidal Activity and Lectin Homology of Arcelin

Seed Protein

TaOMAS C. OsBORN, DANNY C. ALEXANDER,* SAMUEL S. M. SUN,T
CESAR CARDONA, FREDRICK A. BLISS

Arcelin, a major seed protein discovered in wild beans (Phaseolus vulgaris), has toxic
effects on an important bean bruchid pest, Zabrotes subfasciatus. Transfer of the arcelin-
1 allele to bean cultivars and addition of purified arcelin to artificial seeds results in
high levels of insect resistance. The nucleotide and derived amino acid sequences of the
arcelin-1 complementary DNA are very similar to those of genes encoding the bean
seed lectin, phytohemagglutinin. The gene or genes encoding arcelin may have evolved
from a phytohemagglutinin gene or genes resulting in an effective mechanism for

resistance to bean bruchids.

LANTS HAVE EVOLVED WITH VARI-
ous mechanisms to protect their seeds
from insect predators. Proteins,
which are major components of legume
seeds, represent potential antibiosis factors
that could affect predation (I-3). Seeds of
common bean, Phaseolus vulgaris L., contain
a carbohydrate-binding lectin protein called
phytohemagglutinin (PHA). Although the
function of PHA has not been demonstrated
conclusively (4), Janzen et al. (2) suggested
that a major part of its adaptive significance
is to protect bean seeds from insect preda-
tors. That conclusion was based on the toxic
effects of PHA on the cowpea weevil (Callo-
sobruchus maculatus F.) when PHA was in-
corporated into artificial cowpea seeds.
Although PHA may protect bean seeds
from predation by some insects, it is ineffec-
tive against the two most important bruchid
pests of bean, the bean weevil, Acanthosce-
lides obtectus (Say), and the Mexican bean
weevil, Zabrotes subfasciarus (Boheman).
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Most bean cultivars contain PHA, but no
high levels of resistance have been found
among cultivated materials (5). Among wild
beans, however, accessions with high levels
of resistance to these bruchid species have
been identified (6). These wild accessions
also contain a major seed protein, named
arcelin, which has not been detected in seeds
of bean cultivars (7). Four arcelin variants
have been identified in wild beans. Acces-
sions containing arcelin-2, -3, or -4 are
resistant to the two bruchid species, but
arcelin-1—containing accessions have not
been identified as resistant, probably be-

cause the arcelin-1 allele occurs at low fre-
quencies in wild accessions containing this
variant (6, 7). In earlier studies, we found
that genes controlling arcelin and PHA
expression are tightly linked (7) and that
arcelin-1 has several properties in common
with PHA (8). In this study we report on
inseeticidal activity of the arcelin-1 protein
in backcross-derived bean lines and in artifi-
cial seeds. We also report on the cloning and
sequencing of a complementary DNA
(cDNA) for arcelin-1 and on comparisons
of arcelin and lectin sequences.

Although the presence of arcelin is corre-
lated with bruchid resistance in wild beans,
factors other than arcelin protein might
confer the resistance property. To test
whether resistance is associated with the
genetic transfer of arcelin, we introduced the
arcelin-1 allele from the wild line UW325
(9) into the bean cultivar Sanilac by two
generations of backcrossing followed by two
selfing generations. The expression of arce-
lin is controlled by a single Mendelian gene,
and the presence of arcelin is dominant to its
absence (7, 9). Seeds of backcross lines were
tested for resistance to Z. subfasciatus (Table
1). On the basis of days until adult emer-
gence and percentage emergence of adults,
all arcelin-l1—containing lines showed high
levels of resistance. Lines lacking arcelin-1
were fully susceptible compared to the check
cultivar, and lines segregating for arcelin-1
had intermediate levels of resistance. These
results demonstrate that the arcelin-1 variant
is associated with high levels of resistance to
Z. subfasciatus. They also indicate that resist-
ance is associated with the genetic transfer of
arcelin-1 expression.

Analogous sets of backcross lines were
developed from different cultivated bean
types (for example, Pinto and black-seeded
types) as recurrent parents. When these lines

Table 1. Levels of resistance to Z. subfasciatus in ‘Sanilac’ backcross—derived lines with arcelin-1 (Arc!/
Arc"), without arcelin-1 (arc/arc), and segregating for arcelin-1 (Arc'/arc). Lines were screened for
resistance as described previously (5). Values represent the mean (+SEM) of two replicates containing
50 seeds each, each replication infested with seven insect pairs.

Days

Line or cultivar Arcelin until adult Percentage
genotype emergence emergence

Backcross line

3 Arc!/Arc! 53.0 (£0.7) 2.5 (£0.3)

5 Arc!/Arc! 47.8 (£3.2) 2.1 (+0.2)

4 Arcl/arc 33.2 (£2.3) 20.9 (£5.6)

7 Arcl/arc 37.2% 38.7%

8 Arcl/arc 38.1* 34.6%

9 Arcl/arc 35.4% 30.2*

1 arc/arc 34.2 (+£0.2) 89.5 (+3.8)

2 arc/arc 34.7 (+0.1) 76.3 (£1.5)

6 arc/arc 34.4 (+0.3) 93.8 (£6.2)
Susceptible cultivar

Calima arc/arc 34.0 (£0.3) 92.9 (+3.9)

*Values based on one observation.
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Table 2. Levels of resistance to Z. subfaciatus in intact and artificial bean seeds with and without the
addition of purified arcelin-1. Artificial seeds were prepared and screened for resistance with the system
devised for cowpea weevil (3). Values represent the mean (+SEM) of four replicates containing five

seeds each.
Material unt]i)lazs ult Dercentage
screened emergence
emergence
Intact seed
L12-56 32.2 (£0.3) 100.0 (+0)
Sanilac 31.3 (+£0.3) 95.9 (£2.5)
SARCI1-7 50.3 (+£2.0) 7.4 (£3.7)
Calima 31.5 (%0.3) 93.0 (x2.9)
Artificial seed
Control
1.12-56 38.4 (+0.7) 74.7 (£9.4)
Sanilac 37.8 (x1.0) 86.1 (=3.0)
SARCI-7 53.8 (x1.2) 18.4 (x7.3)
Calima 37.9 (£0.3) 87.7 (£6.8)
Experimental
Sanilac + 2.5% arcelin-1 38.9 (+0.8) 76.1 (£5.9)
Sanilac + 5.0% arcelin-1 44.7 (x0.8) 76.1 (£9.8)
Sanilac + 10.0% arcelin-1 53.4 (=1.8) 18.4 (+8.8)

were tested for resistance to Z. subfasciatus,
similar results were obtained. The ‘Sanilac’
backcross lines also were tested for resistance
to A. obtectus, but in this case only low levels
of resistance were associated with the pres-
ence of arcelin-1 (10). The resistance of
arcelin-1—containing bean lines to Z. subfas-
cimtys is due to larval antibiosis (up to 97%
mortality of first instar larvae). This could be
caused by the arcelin protein or by some
factor that is linked genetically to arcelin
expression.

To determine whether arcelin protein is
the factor conferring bruchid resistance, we
produced artificial bean seeds containing
different levels of purified arcelin-1 and test-
ed these seeds for resistance to Z. subfasciatus
(Table 2). In this test, we included intact
seeds and artificial seeds from four cultivated
bean lines as controls. ‘Calima’, ‘Sanilac’,
which contains PHA, and L12-56, a back-
cross line near-isogenic to ‘Sanilac® but
which is PHA-deficient (11), were all sus-
ceptible to bruchid infestation, whereas
SARCI-7, a “Sanilac’ backcross—derived line
homozygous for the presence of arcelin-1,
was resistant. These results indicate that the
presence or absence of PHA does not affect
bruchid development, but as noted before,
arcelin-1 is associated with a high level of
resistance. After soaking and removal of the
seed coat, seeds of these lines were ground
into flour, reconstituted as control artificial
seeds (3) and tested for bruchid resistance.
Although the absolute values for days until
adult emergence and percentage emergence
were different than those for intact seeds,
resistant and susceptible responses were eas-
ily distinguished.

Experimental artificial seeds consisting of
‘Sanilac’ flour to which purified arcelin-1 (8)
was added at three different levels were
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tested for resistance. The highest level of
arcelin-1 (10% w/w) represents the approxi-
mate concentration of arcelin in seed of
SARCI1-7 (12), and the lower levels, 5 and
2.5% wiw, represent approximately one-half
and one-quarter, respectively, of the arcelin
concentration present in SARCI1-7. At the
lowest level tested, arcelin had no significant
antibiosis effect on larvae. At the intermedi-
ate arcelin level, there was a significant
increase in the number of days until adult
emergence but not significant effect on per-
centage emergence. However, the response

of insects to the highest level of arcelin was
nearly identical to that of insects reared on
control artificial seeds of SARC1-7 for both
measures of resistance. This indicates that
the presence of arcelin-1 in bean seeds con-
fers resistance to Z. subfasciatus. The dosage
response of larvae as measured by days until
adult emergence was nearly linear over the
range of arcelin levels tested. For percentage
emergence, a significant dosage response
was observed only at the highest arcelin
level, indicating that high levels are needed
to affect this parameter.

Since PHA was shown to have insecticidal
activity on the cowpea weevil (2), we were
interested in comparing the molecular prop-
erties of arcelin and PHA. Biochemically,
arcelin and PHA are related proteins (8).
They have similar amino acid compositions,
and their deglycosylated molecular weights
are almost identical. They are related anti-
genically, and arcelin behaves as a lectin in
that it agglutinates pronase-treated erythro-
cytes from some animal species. To compare
the amino acid and nucleotide sequences of
these proteins and their genes, we cloned
and sequenced a cDNA encoding arcelin-1
and compared this sequence to the pub-
lished sequences of lectin genes.

Messenger RNA (mRNA) was isolated
from developing seeds of SARC1-7 (13)
and used to construct a cDNA library in the
PARC?7 ¢DNA cloning vector (14). Candi-
date clones for arcelin-1 were selected by
differential hybridization of colony lifts

-
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(15). The nucleotide sequence (16) of candi-
date clone pAR1-11 contained three poten-
tial initiation sites near the 5’ end of the
clone, two of which (the first and third)
were in the same large open reading frame
encoding 269 amino acids (Fig. 1). The
second ATG had a short open reading frame
for 11 amino acids. Initiation at the third
ATG would yield a 265—amino acid poly-
peptide. Comparison of this derived amino
acid sequence to the partial amino acid
sequence of purified arcelin-1 protein dem-
onstrated that pAR1-11 encodes arcelin-1.
The mature protein sequence, which begins
at codon 22 of the 265—amino acid open
reading frame, matches the predicted se-
quence exactly through 47 of 48 amino
acids determined by degradation sequencing
(17); amino acid residue 12 yielded a blank
by protein sequencing, presumably because
of glycosylation of this predicted asparagine
residue. The hydrophobic nature of the 21-
residue peptide not found in the mature
protein suggests that this region serves as a
signal peptide.

At the nucleotide level, the arcelin-1 cod-
ing sequence is very similar to those of the
two genes encoding PHA (I8). There is
approximately 78% identity between the
protein coding sequence of pAR1-11 and
those of pdlecl (PHA-E) and pdlec2 (PHA-
L). A cDNA clone, pPVL134 (19), encod-
ing a lectin-like protein has even higher
percentage identity (81%) to the pAR1-11
coding sequence. High degrees of sequence
similarity occur at the amino acid level as
well (Fig. 2). The derived amino acid se-
quence of arcelin-1 was 58 to 61% identical
with the amino acid sequences derived from
these three other lectin genes.

The high degree of similarity between
arcelin and PHA in nucleotide and amino
acid sequences is evidence for an evolution-
ary relation between these genes. PHA oc-
curs in approximately 90% of bean cultivars
and wild bean accessions (20), whereas,
arcelin occurs in only 10% of wild bean lines
and it has not been observed in bean culti-
vars (7). On the basis of their sequence
similarity, the frequencies at which these
seed proteins occur, and the tight linkage
between arcelin and PHA genes (7), we
hypothesize that arcelin and PHA are en-
coded by homologous genes and that one or
more arcelin genes arose by tandem duplica-
tion and divergence of a PHA gene or genes
or by divergence of one or more of the
existing members of the PHA gene family.

This evolutionary step may be the most
recent event in an evolutionary process in-
volving lectin genes. Low levels of lectins
have been detected in stems, leaves, and
roots of bean plants (21); in the seed of a
PHA-deficient bean cultivar, a small amount

8 APRIL 1988

Fig. 2. Comparisons of nu-
cleotide-derived amino acid

Arcelin-1

1 25 50
* * *

MASSNLLTLALFLVLLTHANSSNDASFNVETFNKTNLILQGDATVSSEGH

scqucnccs of arccl_i_n-l, “lec- Lectin-like ....K..S..... A..S....ATET. .IIDA. ...t enenns ——
S - PHA-L ....... S ASQT..SFOR..E...... R...... K.Q
tin-like” protein (19), PHA- ¢ Vi KEFTV. . .uerenenn.n. IY..FOR..E...... R..S...5.0
L (18), and PHA-E (18).
The complete amino acid se- 51 75 100
quence is presented only for Arcelin-1  LLLTNVKGN---EEDSMGRAFYSAPIQINDRTIDNLASFSTNFTFRINAK
in- i Lectin-like ---NGNLOLSYNSY...S.......... R.S.TG.V...D....MN.RTH
arcelin-L. Dqtsshownmthe PHA-L \R....ND.GEPTLS.L........... W.N.TGAV.ASP.S...N.DVP
sequence lines represent  ppp-p \R....N..GEPRVG.L........... W.N.TGTV...A.S...N.QVP
amino acid identity with ar- ) 150
. i N
celin-1, and dashes indicate o 23 P
gaps introduced to maxi- Arcelin-1  NIENSAYGLAFALVPVGSRPKLKGRYLGLFNTTNYDRDAHTVAVVFDT--
mize sequence identity. The =~ Lectin-like ROA...V..D.V.. : 7
arrow at the amino-terminal  pga- NAGP.D..'vvnrnn.s Q..D..GF LY
region indicates the start of 151 175 200
the mature arcelin-1 pro- . B p

tein. Sequence comparisons ~ Arcelin-1

VSNRI IDVNSIRPIATESCNFGHNNGEKAEVRITYDSPKNDLR

: . Lectin-like ~---- FLS..S....-NND.KSVPWDVHDYD.ON. . ..... N.STKVFS
were mad.c using Intelligen- 57 NVHWDPKPRH.G. .. ... --KSIKTTTWDEVK. .N...L..... STKL.V
etics version 5.0 computer pHA-E NKDWDPTERH.G. . ..... --STKTTRWDFV...N...L..... STNL.V
software. 201 225 250

Arcelin-1  VSLLYPSSEEKCHVSATVPLEKEVEDWVSVGESATSGSKKETTETHNVLS
Lectin-like ...SNPSTGKSNN..T..E..... Yoiiiiianann. AYQWSY...D...
PHA-L A..V...LKTSFI..D..D.KSVLPE..I...T..T.IT.GNV..NDI..
PHA-E A..V...OKTSFI..D..D.KSVLPE......... T.IN.GNV..ND...
251 275
p :
Arcelin-1  WSF-SSNFINFKGKKSERSNILLNKIL

Lectin-like -

PHA-L
PHA-E

of lectin has been detected that differs bio-
chemically from PHA (22). These lectins
may represent a class of ubiquitous tissue
lectins that are expressed at low levels in the
plant and are encoded by a lectin gene or
genes other than those encoding PHA or
arcelin. In fact, a ¢cDNA for a lectin-like
protein that differs from PHA and arcelin
has been isolated from common bean (19).
Genes encoding PHA may have arisen from
this lectin gene by duplication and diver-
gence. Expression of PHA genes at high
levels in the seed could have provided a
selective advantage by conferring resistance
to some insect predators (2). The appear-
ance of a new lectin seed protein, arcelin,
that confers resistance to other insect preda-
tors may represent a similar type of event in
lectin gene evolution.

The mechanism of insecticidal action of
arcelin is unknown, but it may resemble that
of PHA which is a carbohydrate-binding
lectin. Before heat denaturation, PHA is
toxic to mammals because it binds to and
disrupts epithelial cells in the intestine (23).
An analogous mechanism has been pro-
posed for the toxic effect of PHA on the
cowpea weevil (24). Since arcelin appears to
have some carbohydrate-binding activity
(8), this also may be the mode of insecticidal
action for arcelin.

Two possible explanations for insecticidal
activity in arcelin that PHA does not show
are as follows. First, arcelin may have some
unique biochemical characteristic that is re-
sponsible for insecticidal activity on Z. sub-
Sasciatus, such as a different carbohydrate-
binding specificity. Second, insecticidal ac-

..... L.DQ.......V.....
...A.KLSDGTTSEALNLA.FA..Q..
.. .A.KLSDGTTSEGLNLA.LV.....

tivity may be related to the high level of
arcelin expression in the seed. Arcelin-1
represents about 10% of the total bean seed
weight, whereas the maximum level of PHA
found in beans is only 3% of the total seed
weight (25). Since high levels of arcelin-1
are required for insecticidal action in artifi-
cial seeds, bean seeds with levels of PHA
higher than those found in nature also may
be toxic to bean bruchids.

The occurrence of arcelin in bean seeds
appears to be a very effective means of
controlling important storage pests in com-
mon bean. The utility of this form of resist-
ance depends not only on its effectiveness as
an insect antibiosis factor, but also on its
nutritional effects in mammalian diets. Ini-
tial studies indicate that arcelin-1 has no
adverse effects on rat growth and metabo-
lism when supplied as a diet of cooked beans
(26). Since arcelin is controlled by a single
Mendelian gene, this trait can be easily
transferred from wild accessions into bean
cultivars by backcross breeding.
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2-Aminopurine Selectively Inhibits the Induction of

p-Interferon, c-

, and c-myc Gene Expression

KA1 ZINN,* ANDREW KELLER, L1SA-ANNE WHITTEMORE,

ToM MANIATIS

The protein kinase inhibitor 2-aminopurine (2AP) blocks the induction of the human

B-interferon gene by virus or poly(I)-poly(C) at the level of

transcription. This

inhibition is specific, since 2AP does not inhibit induction of cither the ksp70 heat-
shock gene by high temperature or the metallothionein gene by cadmium or dexameth-
asone. However, 2AP does block the induction of the c-fos and c-myc proto-oncogenes
by serum growth factors or virus, suggesting that a protein kinase may be involved in
the regulation of these genes, as well as of the B-interferon gene. However, different
factors must be required for the induction of these three genes, since they are not
coordinately regulated by the same inducers in most of the cell lines examined.

HE HUMAN B-INTERFERON (B-IFN)

I gene is induced by viral infection or
by treatment of cells with synthetic
double-stranded RNAs (dsRNAs) such as
poly(I)-poly(C). The viral induction signal
is thought to be dsRNA generated during
infection (see 1 for review). Although the
mechanism by which the presence of
dsRNA leads to B-IFN gene activation is
not understood, the DNA sequences re-
quired for induction have been extensively
characterized (2, 3). A 40-bp region known
as the IRE (interferon gene regulatory ele-
ment) is sufficient for induction in mouse
C127 cells. The IRE is a transcription en-
hancer composed of two distinct positive
regulatory elements and an adjacent nega-
tive regulatory sequence (4). A second nega-
tive regulatory sequence is located 5’ to the
IRE (2). Genomic deoxyribonuclease pro-
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tection (footprinting) experiments show
that proteins are bound to both negative
regulatory sequences before induction. After
induction, these proteins dissociate and oth-
er proteins bind to the positive regulatory
sequences (5). In vitro DNA binding experi-
ments have identified three different factors
that specifically bind to the positive regula-
tory domains of the IRE (6). Two of these
factors are detected in nuclear extracts from
uninduced cells, whereas the third is detect-
ed exclusively in extracts from cells induced
with virus or poly(I)-poly(C) (6). Since
protein synthesis is not required for induc-
tion, the inactivation of the repressor and
the inducible DNA binding activity may be
the consequence of post-translational modi-
fications of preexisting proteins. One possi-
ble mechanism by which transcription fac-
tors or repressors could be modified is phos-
phorylation. To examine the possibility that
a protein kinase might be involved in the
pathway of B-IFN induction, we studied the
effect of the kinase inhibitor 2-aminopu-
rine (2AP) (7) on B-IFN messenger RNA

(mRNA) transcription in vivo.

Human MG63 osteosarcoma cells were
induced with poly(I)-poly(C) in the pres-
ence or absence of 10 mM 2AP. RNA was
prepared 4 to 6 hours after induction and
analyzed for B-IFN and vy-actin mRNA by
quantitative ribonuclease (RNase) mapping
(2). As shown in Fig. 1, 2AP caused a
dramatic (>100-fold) inhibition of the in-
duction of B-IFN mRNA, but had no effect
on the level of y-actin mRNA. A similar
inhibitory effect of 2AP was observed with
Sendai virus induction. No cytotoxicity due
to 2AP was apparent during the induction
period. However, after incubation for 12

poly({l})-poly(C}/ 2AP

poly{1)- poty(C)

Fig. 1. Effects of 2AP on in-
duction of the B-IFN gene in
human MG63 cells. Total cel-
lular RNA (10 pg per lane)
was hybridized to a mixture of
labeled hybridization probes
specific for the 5’ end of hu-
man B-IFN mRNA (2) and
the coding region of a human
y-actin gene (12) and ana-
lyzed by RNase mapping
(12). Correctly initiated B-
IFN mRNA protects a 277-
nucleotide RNA fragment,
and y-actin mRNA protects a
145-nucleotide RNA frag-
ment. Cells were induced with

(I)-poly(C) as described
!c)olscwhly q?co ZZ) in the absence
(lane 1) or presence (lane 2)
of 10 mM 2AP. Longer expo-
sures of this and other autora-
diograms indicate that 2AP
inhibits induction of B-IFN
mRNA by greater than 100-
fold. [
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