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Two nucleotide sequences for genes that encode o-amylase inhibitor 4 (aAl-4) from white kidney
bean (WKB) cv. 858, designated gene oAl-4 (Accession No. U84390), and a-amylase inhibitor 5
(aAl-5) from black bean (BB), designated gene aAl-5 (Accession No. U84391), were determined.
Genes 0Al-4 and oAl-5 encode 244 amino acid prepro-oAl-4 and prepro-oAl-5 polypeptides that
are 93 and 95% identical with a-amylase inhibitor | (¢Al-l; Hoffman, L. M.; Ma, Y.; Barker, R. F.
Nucleic Acids Res. 1982, 10, 7819—7828), 40 and 43% identical with red kidney bean lectin, and 52
and 55% identical with arcelin | of wild-type bean. The high degree of sequence similarity indicates
the evolutionary relationship among these genes. PCR analysis of genomic DNA purified from six
genotypes of Phaseolus vulgaris showed very similar band patterns in 2% agarose gel, another
indication of the conserved size homology among these genes. Proteolytic processing sites were
located between Asn77 and Ser78 for pro-aAl-4 and pro-aAl-5. A bend next to Asn77 in three-
dimensional model structures of aAl-4 and atAl-5 proinhibitors indicates that the proteolytic cleavage
is necessary to remove the conformational constraint for activation to the mature protein. Mature
WKB oAl-4 was composed of four subunits (2a23) and had a molecular weight of 50000 determined
by multiangle laser light scattering and 56714 determined by laser-assisted time-of-flight mass
spectrometry.

KEYWORDS: o-Amylase inhibitors; protein structures; gene sequences; proteolytic processing sites;
preproinhibitors; predicted secondary, tertiary, and quaternary structures

INTRODUCTION aAls is important because of their effect in the control of
specific insects, their effect on human nutrition, and their use
as analytical reagents. Shade et &) transferred the common
beanoAl gene to cowpea, giving resistance to certain bruchid

Enzymes that catalyze hydrolysis of the(1,4)-glycosidic
bonds betweern-pD-glucopyranose residues of polymers are
amylasesa-Amylases (EC 3.2.1.1) are the enzymes that release e . 4 h
products with ana-p-configuration. a-Amylase inhibitors beetles, confirming the importance of this protein for plant
(¢Als) are compounds that inactivate someamylases by ~ defense.
forming enzyme-inhibitor complexes. On the basis of their ~ TheaAl-I gene encodesAl-l (LLP) (1, 11), which was the
chemical nature, there are three typest8is, namely, (a) the only oAl gene sequence published for common domesticated
microbial N-containing carbohydrates, (b) the microbial pep- beans R. vulgaris) prior to the results reported in this paper.
tides, and (c) the higher plant proteir®).( Two other known genes encodd\ls; genesaAl-2 andoAl-3

Leguminosae seeds provide a very important source of food have been isolated from wild common bean and the sequences
for humans but, once harvested and stored, they are frequentlypublished 12, 13). The product of geneAl-3 actually is an
damaged by insects. Most cultivars of common bémaéeolus ~ ®Al-like protein (M. J. Chrispeels, personal communication).
wulgaris) contain one or more proteinaeowals, which inhibit aAls belong to a lectir-arcelinr-aAl supergene family of
the activity of some mammalian and inseeamylases but not ~ common bean K. wulgaris) (12). Arcelins and oAls are
that of the endogenous plant enzyrBe4). These proteinaeous  truncated lectinsl(4). The genes encoding all of these proteins
aAls inhibit the a-amylases ofTenebrio molitor (5, 6), were shown to be closely related, exhibiting a high degree of
Callosobruchus maculatu€allosobruchus chinensig), and sequence similarity: 90% betwedlec1(encoding PHA-E) and
Zabrotes subfasciaty8, 9). Investigation of naturally occurring ~ dlec2(encoding PHA-L); 82% betweemAl-1 (encodingaAl-

I) and dlec2 and 78% between the cDNA of arcelin | and the

* Corresponding author [telephone (530) 753-2381; fax (530) 752-4759; gene coding for PHA-LS). The genes for these three proteins
E-T%ﬂ erhltakef@f)l:fd%v's-?du]- d Technol are encoded by a single complex locus inFheulgaris genome

epartment of frood Science and Technology. (16); it is likely that these homologous genes evolved by
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aAl-l of common bean seeds differs uniquely from arcelin
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polymerase (Promega). Conditions for PCR weré®%or 3 min; then

and lectin in that it is synthesized as a preproprotein that 40 cycles of 94°C for 1 min, 55°C for 1 min, and 72C for 1 min;

undergoes specific proteolytic maturatiob7). oAl-l is syn-

and 1 cycle of 72C for 5 min. The PCR sample was cloned into pCR

thesized as a preproprotein on the endoplasmic reticulum, and!! vector by the TA cloning kit (Invitrogen, San Diego, CA) and

it is proteolytically processed after arrival in the protein storage
vacuoles to polypeptides of molecular weights of 15608000
(18). aAl-l protein is inactive as an inhibitor until the polypep-
tide has been proteolytically processed at AsnZ7).(Such
maturation proteolytic processing of proproteins probably
converts an inactive proprotein into an active mature protein
through the release of a conformational constraint within the
proprotein {7, 19). Representative three-dimensional structures
have been determined for lectif®){. The similarities among
aAl-l and PHA-E and other legume lectins make it possible to
model the three-dimensional structuresx@fls on the basis of

the three-dimensional structures of legume lectins that have bee

determined crystallographicall2{). The results from chemical
modification and mutants of common beaAls indicate that
the active site most likely consists of Trpl188, Arg74, and
Tyrl190, in analogy to the Trp18-Arg19-Tyr20 motif of Ten-
damistat 22, 23). Interpretation of the crystal structure of pig
pancreatico-amylase complexed witliAl-I provides some

alternative explanations for essentiality of one or more of these

three residuesl®).

Several similarities among different beaAls and with other
bean proteins are now apparegj. (All known aAls contain
two or more subunits. Most of threeAls have alanine and serine

sequenced by the Sequenase DNA sequencing kit (USB, Cleveland,
OH).

Sequence AnalysisNucleotide sequences were translated to the
corresponding protein sequences by the Translate software program,
which was provided by the ExPASy World Wide Web molecular
biology server from Geneva University Hospital and University of
Geneva, Geneva, Switzerland. Deduced amino acid sequences were
aligned using the PILEUP and PRETTY software programs of the
University of Wisconsin Genetics Computer Group7), and the
dendrogram was created using the software program FIGURE. The
NNPREDICT program was provided by the World Wide Web server
from the University of California, San Francisco, CA. The software

rogram MSA was provided by the World Wide Web server from

ashington University (St. Louis, MO). The software programs
ScanProsite and Pro-Mod were provided by the EXPASy World Wide
Web molecular biology server from Geneva University Hospital and
University of Geneva, Geneva, Switzerland. The coordinates\d#
andoAl-5 three-dimensional structures were built on the basis of the
coordinates of soybean lectigg), legume isolectins 129) and 11 (30),
pea lectin 81), and lentil lectin 82).

Purification of a-Amylase Inhibitors. The WKB oAl was purified
to homogeneity by DEAE-cellulose, CM-cellulose, and Sephadex G-100
column chromatography as described by Powers and Whitékéu¢
with two modifications. These included the addition of a Sephadex
G-100 gel filtration column chromatography stepX195 cm column)
and use of 0.03 and 0.12 M NacCl in buffers 1 and 2, respectively, for

as N-terminal residues, and the partial N-terminal sequencespeag-cellulose column chromatography, rather than 0.1 and 0.15 M

can be aligned into two major groups, indicating two peptides
are present. Ho et al2), on the basis of their and others’ results
for several mature beanAls and their subunit diversity,

NaCl as used by Powers and Whitaksy. (
Inhibitory Activities. Inhibitory activity against procine pancreatic
a-amylase (EC 3.2.1.1; type IA, Sigma) was determined according to

proposed a model as a working hypothesis. The structure ofthe method of Bernfeld3g) with modification. The substrate was 1%

some inhibitors, including the isoinhibitors found in black bean
(I-2 of the 55000 Da and I-1 of the 60000 Da proteins), might
be explained by association of proteolytic fragments. The 2300
Da subunit from black bean isoinhibitor 1-24) could possibly

be related to the 27700 Da unit proposed by Moreno and
Chrispeels25). However,aAls from different beans have quite

different chemical, physical, and specificity properties. It has

NaBH,-reduced starch3d) in 0.04 M potassium phosphate buffer, pH
6.9, containing 0.05 M NaCl. A mixture of porcine pancreatic

0oL-amyIase solution (1.6 1077 M, 0.1 mL) and inhibitor solution (0.

1 mL) was incubated in a water bath for exactly 30 min a®@0 pH

5.4, prior to the addition of substrate solution (0.8 mL of 1% NaBH
reduced starch) for enzymeubstrate reaction for 5.0 min. A standard
curve for reducing group concentration was prepared using maltose.
One inhibitor unit is defined as that amount of inhibitor which gave

been suggested that they may be different in molecular weights,50% inhibition of an aliquot of porcine pancreaticamylase that
pl values, carbohydrate contents, subunit numbers, and specificeleased reducing sugar equivalent to 0.1 mg of maltose per minute at

binding constants with different-amylases?). The objective
of this research was to determine if the different physical,
chemical, and specificity properties reported édkls arise at
the gene level or by post-translational proteolytic modification.

MATERIALS AND METHODS

White kidney bean (WKBP. vulgaris) cultivar 858, black bean (BB;
P. wulgaris), and red kidney bean (RKB?. vulgaris) cultivar RKB
were obtained from the Department of Agronomy and Range Science
University of California, Davis, CA. Red kidney bean (bin 6110) and
black bean (unspecified cultivar) were obtained from a Davis grocery
store.

Genomic DNA Preparation and PCR Analysis White kidney bean
cv. 858 and black bearP( vulgaris) were used. Tissue for DNA
extraction was purified from trifoliate leaf tissue from greenhouse-grown

plants (using the youngest tissue possible) according to the procedur

of Afanador et al. 26). The design of PCR primers was based on two

pH 6.9 and 30°C when acting on 1% NaBkreduced starch for 5
min.

N-Terminal Amino Acids and SequencesN-Terminal sequences
of the purified inhibitors were determined by the Protein Structure
Laboratory at the University of California, Davis, CA, using the
automated Edman degradation meth8#8)(

Molecular Weight Determinations. HPSEC-MALLS Methodvio-
lecular weights were determined by a high-pressure size exclusion
chromatography system with on-line multiple-angle laser light scattering
(HPSEC-MALLS) and differential refractive index (DRI) detectd8§)(
Double-deionized water, passed through a2 Barnstead hollow
fiber filter, was used in the experiment. The eluent was 0.1 M NaNO
with 0.02% (w/w) added NaNfor microbial stability. The flow rate
was 0.66-0.67 mL/min. A Waters Ultrahydrogel column (Waters
Chromatography) was used. The column was held in block heaters at

40°C, and the refractometer was temperature controlled using a water

bath at 37°C. The rest of the system was at room temperature. The

conserved amino acid sequences located in the amino terminusiMection volume was 20QL. The experiment was done in triplicate

(MASS¥/y) and carboxy terminus (LRIL) of PHA-E, PHA-L, cAl,

and arcelin {5). The primer sequences, synthesized by the University
of California Davis Protein Structural Laboratory, were P1; 5
CGCTCGAGGAGGATHTCRGTTGA-3, and P2, CAGAATTCATG-
GCTTCCTCCAA-3. A 200 ng portion of each primer and 0.2§ of
genomic DNA were used for PCR in 1@Q of reaction mixture, which
contained 10 mM Tris-HCI, pH 9, 500 mM KClI, 1.0% Triton X-100,
1.5 mM MgCh, 0.2 mM each dNTP, and 1 unit of Tag DNA

for each sample oftAl.

Laser-Assisted Time-of-Flight Mass Spectrometry (LATOFVI®).
method used to determine the molecular weight and subunit structure
of aAl by LATOFMS was described by Hutchens and Y@v).

RESULTS AND DISCUSSION

PCR Analysis of Genomic DNA Purified from Various
Common BeansChrispeels and Raikhel®) reported that the
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or expressed in wild accessions of beaRs Julgaris), these
two bands may represent two lectin genes. It is noteworthy that
the band patterns in the gel were very similar for all six different
bean cultivars. It is interesting, and important, that the gene
sizes for the putativetAl sequences from the six beans were
similar (Figure 1). However, the matureAl proteins purified
from these six beans have different physical and chemical
properties 4). In addition, some beans, such as black bean, are
known to contain two different isoinhibitors, yet only one band
was seen in the gel for that black bean (lane 7). The low
molecular weight DNA bands (748 bp) for white kidney bean
cv. 858 and black beamAls were size selected first by using
2% agarose gel before these DNAs were cloned.

Deduced Amino Acid Sequence of White Kidney Bean and
Black Bean oAls. Figure 2 shows the deduced amino acid
sequence of a genomic DNA encoding white kidney bean cv.
8580Al and black beamAl. From now on, the inhibitors will
be labeledoAl-4 and aAl-5 because they are the fourth and
) , ) B , fifth aAl sequences reported. The arrows 1 and 2 indicate sites
Figure 1. PCR analysis of genomic DNA purified from various Phaseolus of proteolytic processing of the preproinhibitor for removal of
genotypes: lane 1, MW markers; lane 2, WKB cv. WKB; lane 3, WKB the signal peptide to form proinhibitor and the processing site
cv. 858; lane 4, RKB (Food Corp.); lane 5, RKB (Safeway); lane 6, RKB of proinhibitor to form mature activeltAl, respectively. The
cv. RKB; lane 7, BB (24); lane 8, MW markers. Ethidium bromide-stained underscores indicate the position of the N-terminal amino acid
2.0% agarose gel shows PCR amplification products generated using sequences ofi- and S-peptides obtained for the matuegl
primer pairs that were designed on the basis of the conserved terminal subunits by the Edman degradation method in the current work.
5" and 3' coding regions of PHA-E, PHA-L, aAl, and arcelin |. DNA The nucleotide sequences for the preproinhibitors can be found

molecular weight markers are indicated (in base pairs) on the left. in the Gene Register (Accession No. U84390 and U84391).
genes of PHA-E, PHA-L, arcelin, andAl have conserved Initiation at the ATG codon yielded proteins with 244 amino
amino-terminal (MAS$/y) and carboxy-terminal (LR/xIL acid sequences. Comparison of the deduced amino acid se-

amino acid residues. We designed our PCR primers on the basigluences from the DNA sequence with the two Edman degrada-
of these two conserved amino acid sequences. When thetion determined N-terminal amino acid sequences of purified
Polymerase Chain Reaction was used with genomic DNA from matureaAl-4 andaAl-5 proteins indicated that genomic DNA

six genotypes of beans, at least three bands with different sizeclone aAl-4 encodeszAl-4 and aAl-5 encodesAl-5. The
DNAs were obtained. Their sizes were 758, 840, and 898 bp. sequences match exactly the deduced amino acid sequences
These DNA bands showed two size groups in ethidium bromide- beginning at base positions 64 and 295, respectively. The 21
stained 2% agarose géligure 1). Moreno and Chrispeel2%) amino acid residue polypeptide starting from the initiation codon
reported that genes for PHA andhls do not have introns and ~ was not detected in the matusé\l-4 and aAl-5 proteins; it is

that there are several short deletions in the amino acid sequenceonsidered to represent the signal peptifigble 1 shows the

of aAls when compared to that of PHA. Mirkov et all3) pattern and profile search results f@Al-4 and aAl-5 using
reported that the high molecular weight barigbre 1) ScanProsite. The glycoprotein featureséfl-4 andaAl-5 are
represents the gene for the longer PHA sequences and the lowconsistent with the finding that the three potential N-glycosyl-
molecular weight band represents the gene for thd ation sites are found in the deduced sequences obukled
sequences. Our results are consistent with these observationandoAl-5 genes. These occur at the same amino acid positions
However, at least two bands were found in the higher molecular in aAl-4 and ¢ Al-5. In addition to the potential N-glycosylation
weight (84G-898 bps) region. Because arcelins are only found sites, the protein kinase C phosphorylation sites, casein kinase

Table 1. Amino Acid Pattern and Profile Search Results for Pro-alAl-4 and Pro-oAl-5

oAl-4 0Al-5

1 N-glycosylation sites 1 33-36 NKTN 1 33-36 NKTN

2 86—89 NFTM 2 86—89 NFTM

3 161-164 NSST 3 161-164 NSST
2 protein kinase C phosphorylation sites 1 93-95 THR 1 93-95 THR

2 163-165 STK 2 163-165 STK

3 176-178 TER 3 176-178 TER

4 222-224 SSK 4 222-224 SSK

5 233-235 SER 5 233-235 SER
3 casein kinase Il phosphorylation sites 1 21-24 SATE 1 21-24 SATE

2 114-117 SKGD 2 114-117 SKGD

3 184-187 TTVE

4 N-myristoylation sites 1 78-83 GNVASF 1 78-83 GNVASF
5 legume lectins 3-chain signature 1 119-125 VTVEFDT 1 119-125 VTVEFDT
6 legume lectins a-chain signature 1 192-201 VYDWVSVGFS 1 192-201 VYDWVSVGFS
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1 ATG GCT TCC TCC AAC TTA CTC TCC CTA GCC CTC TTC CTT GTG CTT CTC ACC CAC GCA AAC 60
1M A S S N L L S L A L F L v L L T H A N 20
41

61 TCA GCC ACC GAA ACC TCC TTC ATC ATC GAT GCG TTC AAC AAA ACC AAC CTT ATC CTT CAA 120

21 s A T E T S F I I D A F CE:::E:::S:::E] L I L Q 40

121 GGC GAT GCC ACC GTC TCA TCC AAC GGC AAC TTA CAA CTA TCC CAT AAT TCA TAC GAC TCT 180

41 G D A T v s s N G N L Q L S H N s Y D S 60
181 ATG AGC AGA GCC TTC TAC TCC GCC CCC ATC CAA ATC AGG GAC AGC ACC ACC GGC AAC GTC 240
61 M ) R A F Y s A P I Q I R D S T T G N \4 80

2
241 GCC AGC TTC GAC TCC AAC TTC ACA ATG AAT ATC CGC ACT CAC CGC CAA GCA AAT TCC GCC 300
81 A S F D S E F T M N I R T H R Q A N S A 100

301 GTT GGC CTT GAC TTT GTT CTC GTC CCC GTC CAG CCC GAA TCC AAA GGC GAT ACT GTG ACT 360
101 v G L D F v L v P v Q P_E S K G D T v T 120

361 GTG GAG TTC GAC ACC TTC CTC AGC CGT GTT AGC ATC GAC GTG AAC AAC AAC GAT ATC AAA 420
121 v E F D T F L S R v ) I D v N N N D I K 140

421 AGC GTG CCT TGG GAT GTA CAC GAC TAC GAC GGA CAA AAC GCC GAG GTT CGG ATC ACC TAT 480
141 s v P W D v H D Y D G Q N A E v R I T Y 160

481 AAC TCC TCC ACG AAG GTC TTC TCG GTT TCT CTG TCA AAC CCT TCT ACG GAA AGA GCA ACG 540

164 N S S T K v F S v S L s N P S T E R A T 180

541 ACG TCT CTA CCA CAG TGG AGA CTG GAG AAA GAA GTT TAC GAC TGG GTG AGC GTT GGG TTC 600
181 T S L P Q w R L E K E v Y D w v ) \4 G F 200

601 TCT GCC ACC TCA GGG GCT TAT CAA TGG AGC TAT GAA ACG CAC GAC GTC CTC TCT TGG TCT 660
201 s A T S G A Y Q w S Y E T H D v L S W S 220

661 TTT TCT TCC AAG TTC ATC AAT CTT AAG GAC CAA AAA TCT GAA CGT TCC AAC GTC GTC CTC 720
221 F S S K F I N L K D Q K S E R S N v v L 240

721 AAC CAA ATC CTC 732
241 N Q I L 244
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481 AAC TCC TCC ACG AAG GTC TTC TCG GTT TCT CTG TCA AAC CCT TCT ACG GGA AAG AGC AAC 540

15 K v F S v S L S N P S T G K S N 180

541 GAC GTC TCT ACC ACA GTG GAG CTG GAG AAA GAA GTT TAC GAC TGG GTG AGC CTT GGG TTC 600
181 D v S T T v E L E K E v Y D w v S L G F 200

601 TCT GCC ACC TCA GGG GCT TAT CAA TGG AGC TAT GAA ACG CAC GAC GTC CTC TCT TGG TCT 660
201 s A T S G A Y Q w S Y E T H D v L S w S 220

661 TTT TCT TCC AAG TTC ATC AAT CTT AAG GAC CAA AAA TCT GAA CGT TCC AAC GTC GTC CTC 720
221 F S S K F I N L K D Q K s E R S N v v L 240

721 AAC CAA ATC CTC 732
241 N Q I L 244

Figure 2. Deduced amino acid sequence of genomic DNAs encoding white kidney bean cv. 858 o-amylase inhibitor (top; designated aAl-4) and black
bean o-amylase inhibitor (bottom; designated cAl-5). Arrows 1 and 2 indicate the presumed sites of proteolytic processing of the preproinhibitor to
proinhibitor (and signal peptide) and to mature inhibitor, respectively. The N-terminal amino acid sequences of peptide 1 and peptide 2 obtained by
Edman degradation of the mature aAl-4 and olAl-5 proteins are underlined. Boxes are used to indicate N-glycosylation consensus sequences.

Il phosphorylation sites, N-myristoylation site, and the legume «Al-5 (Table 1). All of these potential post-translational
lectinsa-chain andg3-chain signatures were founddl-4 and modification sites occur at the same locatiodhl-4 andaAl-5
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D kkkT kkkhkkhkhkhhkdhhhhhkhhhhhhhhhhhhhhhh _hhkhhhhhhhhhhhhhd 223
F okkkkkkkkkkk ok ok ok kA kR A Ak k ok k ke k ok k _hk ok ke kA kR TH R, KA * 223
4 **kRikhkkkThAVHEY*RFr*Rehkhkhk kb sk k%GO - _HTTr**kkTL** Nk * 219
5 ************N*********I********SD-_D*DT*****IL**N** 242
6 hhkkkkkhkkhkkkGRKKETTH**Nhhkhkkkkk kN, *k*F_*GRrkkkk kT ok kh* 244
T **I*k**T*k*T*TTRGNV**N*I***** A+ * SDGTTSEALNLA*FA***** 254
8 *********T*INKGVN**N*****t*A**LSDGTTSEGLNLA*L****** 252
9 **kRI*k*k*k**kThkd__ _E*AA*E****+*xH*ELS 228

Figure 3. Amino acid sequences of five mature a-amylase inhibitors, arcelin 1, and three lectins: |, white kidney bean cv. 858 aAl-4; 2, black bean
aAl-5; 3, greensleeves bean alAl-l (1, 11); 4, wild common bean oAl-2 (13); 5, wild common bean alAl-3-like protein (has no inhibitory activity; 23); 6
arcelin | (38); 7, red kidney bean PHA-E (39); 8, red kidney bean PHA-L (39); 9, pea lectin (40); *, same as the amino acid in aAl-4; —, gap inserted
for alignment; arrow 1 or 2, sites of proteolytic processing. Sequences in the box indicate the less homologous region.

except for the third casein kinase |l phosphorylation siteAd

4, where it is absent. It is replaced by the sequence PQWR.
Comparison of the Amino Acid Sequences ofi-Amylase

Inhibitors, Lectins, and Arcelin. Figure 3 is a comparison of 0Al-4  0A-5 oAl oAl-2 oAl-l3 ARL-1 PHAE PHAL

the amino acid sequences of figgls, three lectins, and one OAl-4

arcelin. Striking amino acid sequence homology is noted among ¢Al-5 951

the nine proteins witixAl-4 having the greatest homology with ~ 0All 934 97.54

0Al-5 (95.1% identity) in thisP. vulgaris lectin—arcelin—oAl ﬁ:g ;g'g g;g gg 577

family. aAl-4 amino acid sequence homologies to the other ar(.1 519 551 551 556 59.0

members of this family are as follows: 93.4% identity to LLP; PHA-E 403 432 432 427 494 530

40.3% identity to PHA-E; 74.9% identity taAl-2; 55.6% PHA-L 412 436 436 423 502 555 825

identity toaAl-3; 51.9% identity to arcelin 1; and 41.2% identity ~ 'eci"® 337 350 358 381 364 356 401 387

to PHA-L. ¢Al-5 has amino acid sequence homology to the — - - . :

other members of this family, todr&ble 2). The high degree Data from Figure 3 expressed in percent. ® Pea lectin.

of sequence homology and linkage relationships among them

strongly suggest that these genes evolved from a commonoccurs in the vacuole at the Asn before arrow Zigure 3.

ancestral gene. Processing at an Asn residue is very common in several legume
Pueyo et al. 17) reported that the activation of bearl seed proteins, and the processing protease has recently been

requires proteolytic processing of the proprotein. This processing purified (41, 42). The Asn residue is always followed by a Ser

Table 2. Amino Acid Sequence Homology among a-Amylase
Inhibitors, Arcelin 1, and Lectins?
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PHA-L Pvul (Tg) (Figure 3). Because arcelin | is not proteolytically processed
and does not hawe-amylase inhibitory activity, the data indicate
: PHA-L Pacu that the Asn85-Ser86 sequence at that position is necessary but
PHA-E Pvul (W) not by itself sufficient to ensure proteolytic processing\l-4

andaAl-5 have three gaps (gaps-8 in Figure 3) compared

PHA-E Pvul (Tg) to the lectins. These results are consistent with the report that

LBL Plun aAls from seeds of common beaR.(vulgaris) are truncated
lectins (L4). Not all aAls contain all three gapsF{gure 3).
o Al-5 Pyul Cluster dendrograms by University of Wisconsin Genetics
——[aAI-l Pvul Computer Group’s PILEUP and FIGURE programs were
produced on the basis of that sequence alignnweit:4 and
oAl-4 Pvul oAl-5 contain all three gaps and belong in the same group with
. oAl-I (LLP) (Figure 4). Note thataAl-2 and threenAl-like
—————————————— 0 Al-like Pacu . .
_‘ genes are found in two additional groups.
aAl-2 Pvul(W) The NNPREDICT program predicts the secondary structure
AL like Pmac type for each residue in an amino acid sequed8g44). Figure
5 shows the secondary structure predictionsdal-4 andoAl-5
aAl-3-like Pvul(W) preproproteins. It is noteworthy that these twAl prepropro-

L teins show very similar secondary structures with only one

I_ARLIPVUI(W) exception, which is located in the 18697 region ofoAl-4.
L ARL2 Pvul(W) Suzuki et al. {3) suggested that the differences in the primary
‘( ARL 4 Prul(W) structures ofaAl-l and aAl-2 may be the cause for distinct
inhibitory activity differences on bruchid®,(45).
ARL 5 Pvul(W) Three-Dimensional Models ofo-Amylase Inhibitors. Three-
ARL Pacu dimensional models oftAl-4 and oAl-5 were generated by a

knowledge-based, protein modeling tool Pro-Metb)( The
three-dimensional model of theAl-4 molecule contains 86
residues in a backbone display stylegure 6a). The residue
corresponding to Asn85 ifrigure 3 is shown in the CPK
(Corey, Pauling, and Koltun) stylé-igure 6a). The Asn85 is
next to the proteolytic processing site in the primary sequence.
A bend structure can be seen near this site in the three-
residue. An AsaSer sequence is found in alAls and arcelin dimensional model structure. This finding is consistent with the
1, but it is absent in the lectins (PHA-E, PHA-L and pea lectin) results reported by Pueyo et all7f that removal of the

Figure 4. Cluster dendrogram by UWGCG's PILEUP and FIGURE
programs, based on the amino acid sequences of 17 genes in the
Phaseolus—lectin—arcelin—aAl gene family. PHA, phytohemagglutinin; LBL,
lima bean lectin; oAl, a-amylase inhibitor; ARL, arcelin; Pvul, P. vulgaris;
Pacu, P. acutifolius; Pmac, P. maculatus; Plun, P. lunafus; W, wild; Tg,
Tendergreen.

(a) aAI-4

1 N 72
- - - -HHHHHHHHHHHHHH- - - - - - - EEEEHH- - - -- HEEE----E----- EEE------- HHHH- - - - - EEE
MASSNLLSLALFLVLLTHANSATETSFIIDAFNKTNLILQGDATVSSNGNLQLSHNSYDSMSRAFYSAPIQI
73 N 144
E--ve-- E----===- EEHH----------- EEE------------ EEEEHHHH- -EEEE--------=--~

RDSTTGNVASFDSNFTMNIRTHRQANSAVGLDFVLVPVQPESKGDTVTVEFDTFLSRVSIDVNNNDIKSVPW

145 186 197 216
---------- EEEEEE- - - -EEEEEE---------- - - - - - -HHHHHHHHEEEE - -E- - - - -EEEEH- - - -E
DVHDYDGONAEVRITYNSSTKVFSVSLSNPSTERATTSLPQWRLEKEVYDWVSVGFSATSGAYQWSYETHDV

217 244
EEE------ S, HHH--- -
LSWSFSSKFINLKDQKSERSNVVLNQIL

(b) QAI-5

1 - J 72
- - - -HHHHHHHHHHHHHH- - - - - - - EEEEHH--- - - HEEE----E----- EEE------- HHHH- - - - - EEE
MASSNLLSLALFLVLLTHANSATETSFIIDAFNKTNLILQGDATVSSNGNLQLSHNSYDSMSRAFYSAPIQI
73 { 144
E------ E-------- EEHH------=---- EEE-------=c-=- EEEEHHHH- -EEEE------------

RDSTTGNVASFDSNFTMNIRTHRQANSAVGLDFVLVPVQPESKGDTVTVEFDTFLSRVSIDVNNNDIKSVPW

145 184 197 216
---------- EEEEEE- - - -EEEEEE----- - - - - - - - - -EHHHHHHHHHHHEE - -E- - - - -EEEEH- - - -E
DVHDYDGQNAEVRITYNSSTKVFSVSLSNPSTGKSNDVSTTVELEKEVYDWVSLGFSATSGAYQWSYETHDV

217 244
EEE------ Eocmommmmmee HHH- - - -
LSWSFSSKFINLKDQKSERSNVVLNQIL

Figure 5. Secondary structure prediction for aAl-4 and oAl-5 (H, helix; E, strand; - - -, turn element).
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Figure 6. (a) Three-dimensional model structure for pro-oAl-4. Arrow
indicates the residue Asn, which is next to the second protease cleavage
site (see Figures 2 and 3). (b) Three-dimensional model structure for
pro-oAl-5. Arrow indicates the active site pocket formed by Arg74, Trp189,
and Tyr191 (see Figure 3 for numbering).

conformational constraint is necessary for the activation to active
inhibitor. It is also consistent with the crystallography data for
the porcine pancreatie-amylase-aAl-l complex (19).

The three-dimensional model of thé\l-5 molecule contains
167 residues in a backbone display stfeg(re 6b). The bend
near the proteolytic processing site next to Asn85 is found in
the aAl-5 model also. Three residues that may form the active
site pocket (Arg74, Trp188, and Tyr190; seigure 3 for the
numbering in the mature protein) are highlighted and displayed
in a CPK style Figure 6b). These three residues belong to two
o- andg-subunit chains, but they are close together in the three-
dimensional structure. The major primary structural difference
betweenoAl-4 and aAl-5 occurs only in a 12 amino acid

Lee et al.
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Figure 7. HPSEC-MALLS chromatogram of purified mature WKB cv. 858
a-amylase inhibitor showing where peak boundaries were set. The buffer
contained 0.1 M NaN; and 1 mg/mL of a-amylase inhibitor.

residue sequence located between Glu192 and Arg203 (boxed

in Figure 3 for the numbering). The amino acid sequence of
aAl-4 has 95.1% identity taxAl-5. However, only one-third

of the sequence afiAl-4 and two-thirds ofalAl-5 sequence
were used by Pro-Mod in building the three-dimensional models.
The sequence between Glu192 and Arg203 ofth&5 could

11375+ 225 (I) andnmV/z 16600+ 1300 (l), which are in the
range of the sizes of the smallsubunit (12400 Da) and the
large 5-subunit (17200 Da), based on SDS-PAGEljle 3).

Two peaks next to cluster Il are locatedratz 17500 and at
m/z 15800. The size differences among these three peaks in

not be used for model building. The search of the Protein Data cluster Il are equivalent to two and seven glucose residues. They

Bank (PDB) did not contain enough known three-dimensional

may represent differences in carbohydrate content among

structures for building the complete three-dimensional structures different molecules of thg-subunit. Another (small) cluster

of the proinhibitorsolAl-4 and oAl-5. Dr. Chrispeels’s group
at the University of California, San Diego, CA, reported a three-
dimensional model fortAl-l based on pea lectir?@). The same
group is now trying to crystallize and determine the X-ray crystal
structure ofaAl-I (personal communication). Recently, Bom-
pard-Gilles et al.19) have solved the crystallographic structure
of the porcine pancreatie-amylase-aAl-I complex.

Proposed Quaternary Structure for Mature WKB Cv. 858
o-Amylase Inhibitor (aAl-4). Multiangle laser light scattering
(MALLS) (47) can determine polymer size in solution by
measuring the angular variation of the scattered light intensity.
It provides absolute molecular weight, size, and conformational
information. MALLS is a primary technique and does not need
any primary standard calibration. The limits of the peaks for
purified mature WKB cv. 858BxAl-4 were set as broadly as
possible in the region containing both DRI (AUX2) and MALLS
(LS11) signals igure 7). The elution volume between 14.8
and 22.9 mL contains 99.5% of the total weight of sample
injected (injected weight= 0.2553 mg; calculated eluted weight
= 0.2567 mg). The average of tihdy is (4.994+ 0.9) x 104
g/mol.

The results of LATOFMS data obtained for purified\l-4
are shown inFigure 8. There are two major clusters gtz

located in themwz 28375+ 175 region could be the associated
ab half-molecule, thereby providing evidence of the association
of the two subunits and indicating that tleg association is
stronger than the3, association found in the molecule because
no cluster was found around’z 56714 (data not shown here).
In LATOFMS, the sample is subjected to a large energy pulse,
which disrupts most of the interaction between the two subunits,
thought to be due to hydrophobic interactiah). (

Comparison between the subunit weights determined by
LATOFMS and cDNA permit determination of the percentage
carbohydrate on each subunifaple 3). The small subunit
contained 25.6 wt % of carbohydrate (18 glucose residue
equivalents), whereas the large subunit contained 0.94%
(1 glucose residue equivalent). These results need to be
confirmed by carbohydrate analysis on separated subunits.

Figure 9 is a proposed hypothetical quaternary structural
model foraAl-4. The precursor otlAl-4 is a 244 amino acid
long peptide; it contains a signal peptide (SP) with 21 amino
acid residues (2373 Da) and a proinhibitor peptide (28357 Da).
The signal peptide is removed by a specific protease (protease
1) by cleavage of the peptide bond between Ser21 and Ala22
(Figure 2). Another specific protease (protease 2) cleaves the
peptide bond between Asn98 and Ser99 to gowe and
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Table 3. Molecular Weight and Carbohydrate Content of White Kidney Bean a-Amylase Inhibitor (o-Al-4)2

gel filtration® PAGE® SDS-PAGE! MALLS® LATOFMS' cDNA9 WTh carbohydrate % Glu equivi
12400 ~10000—-25000 11375 + 225 8459.3 2916 25.6 18.0
15200 16600 + 300 16443.2 156.8 0.94 0.97
33600 25940 + 900! 28357 £ 175 24902.5 3472.5 12.2 215
51000 51000 45000 49940 + 900! (56714) (49805.0)¢ 6909 12.2 42.6
75210 £ 900

a purified from white kidney bean cv. 858. Unless indicated, the data are from Lee (48). ® Method of Whitaker (49). Sephadex G-100 column. ¢ Method of Hedrick and
Smith (50). ¢ Method of Weber and Osborne (51). ¢ Multiangle laser light scattering (MALLS; 47). f Laser-assisted time-of-flight mass spectrometery (LATOFMS). 9 See Lee
(48) for methodology. " Weight/mol difference between LATOFMS and cDNA values. ' Using glucose residue MW of 162. 1 Close to 45% existed in each of these two forms,

k Assuming that the active aAl is a tetramer. ' 11.0% by chemical determination (4).
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Figure 8. Mass spectra obtained for purified mature WKB cv. 858
o-amylase inhibitor.
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Figure 9. Model for subunit composition of WKB cv. 858 a-amylase
inhibitor (SP, signal peptide; o, 11375 peptide; and /3, 16600 peptide).

fB-subunits. Ther-subunits have Ala as the N-terminal residue,
and thef-subunits have Ser as the N-terminal residue. One
a-subunit associates with ogsesubunit by hydrophobic binding
(probably) to form a dimer of3. Two a3 dimers then associate
to form ayf,, the activeaAl molecule Figure 9), with a
molecular weight of~56000 Da when glycosylated.

The model proposed iRigure 9 is consistent with the X-ray
crystallographic data of Bompard-Gilles et dl9) as well as
with the data summarized ifiable 3. There is some ambiguity
on what is the nature of the molecule that is active as an
inhibitor. Bompard-Gilles et al.10) refer to the half-molecule
(our term; weight of 28357 Da by LATOFMS inable 3) as a
monomer, which might be construed as the molecule (in their
terminology) and the dimer proposed by them would then be
association of two molecules. Higaki and Yamagucht)(
suggested that thef unit is the smallest component that is
active. Powers and Whitakeb)(determined that the stoichi-
ometery ofo-amylase/inhibitor is 1:1, based on a molecular
weight of 49000 Da for RKBxAl Lee (48) came to a similar
conclusion. Therefore, there are still some inconsistencies that
need to be resolved.

In summary, the N-terminal amino acid sequences of mature
oAl-4 and aAl-5 determined by Edman degradation match
perfectly with the deduced amino acid sequences from the DNA
sequence of the genes foAl-4 and aAl-5. Several charac-
teristic properties obxAls can be explained by the deduced
amino acid sequences ofAl-4 and oAl-5. These properties
include potential N-glycosylation sites, amino acid composition,
Asn—Ser sequence at the second proteolytic processing step
(giving active inhibitor), gaps in the multiple sequence align-
ment, and dendrogram results. These correlations indicate that
we have cloned the genes encodugl-4 and aAl-5.

Comparison of primary structures showed a 15 amino acid
long region near one part of the postulatedll active binding
site (from Glul192 to Arg203, based on numberingFigure
3) that appears to be quantitatively different betweéi-4 and
aAl-5. Because the overall sequences of the two genes that
encode white and black beawAls are very similar, it is
expected that the primary and secondary structures of the
proteins would be very similar. Post-translational modification
and small primary structural differences as indicatecbfat-4
and aAl-5 may play important roles in the determination of
the differences in physical, chemical, and specificity properties
among common beanAls.
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