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for Active 0.19 a-Amylase Inhibitor from Wheat Kernel1
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A synthetic gene encoding 0.19 a-amylase inhibitor (a-AI) from wheat kernel was obtained
by enzymatic assembly of 18 oligodeoxynucleotides which were chemically synthesized.
The synthetic gene was introduced into vector pET15b for expression in Escherichia coli
BL21(DE3) under the control of T7 promoter. However, in SDS-PAGE and Western blotting
analyses of the E. coli cell lysate, the expression product could not be detected. Expression
analysis for various partially deleted gene fragments suggested that the putative hairpin-
like structure of mRNA in the 5'-terminal coding region might interrupt efficient expres-
sion. When the hairpin structure was eliminated by using degenerate codons, the resulting
gene could be overexpressed in E. coli. Although the gene product was accumulated in an
insoluble fraction as inclusion bodies, its inhibitory activity could be recovered by
solubilization with 8 M urea, followed by refolding through two successive steps of dialysis
at alkaline pH. After purification, the recombinant 0.19 a-AI showed the same characteris-
tics as the authentic inhibitor in terms of N-terminal amino acid sequence, peptide mapping
on reverse-phase HPLC, far-UV circular dichroism (CD) spectrum and have inhibition of
human salivary a-amylase. Thus, we have established an overexpression system in E. coli
for active recombinant 0.19 a-AI.

Key words: a-amylase inhibitor, hairpin structure, recombinant, synthetic gene, wheat
kernel.

Proteinous a-amylase inhibitors (a-Ala) are widespread in
microorganisms (Streptomyces) (1-7) and higher plants,
and specifically inhibit a-amylases. Relatively small ce-AI
molecules from microorganisms have been intensively
studied. In particular, the three-dimensional structures of
Tendamistat (HOE467) from S. tendoe 4158 and Haim I
from S. griseosporeus YM-25 have been determined by
NMR spectroscopy or X-ray crystallography and from
these results the putative active sites have been identified
(8-10). Also, the three-dimensional structures of mutant
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Tendamistat (11) and Tendamistat-porcine pancreatic
ff-amylase complex (12) have been determined and the
inhibitory mechanisms have been analyzed at the molecular
level. On the other hand, plant a-AIs have been isolated
from wheat kernel, barley (13), rye (14), kidney bean (15),
and other plants (16-18), but they have not yet been
investigated in detail. However, the three-dimensional
structures of the bifunctional a-amylase/proteinase K
inhibitor from wheat (19) and a-amylase/trypsin inhibitor
from ragi (20) have been determined recently.

A variety of a-AIs occur in the wheat kernel (21) and
they can be classified into endogenous and exogenous a-
AIs. The endogenous a-AIs inhibit a-amylases from plants
and microorganisms, but can not inhibit mammalian and
insect enzymes. In contrast, the exogenous a -AIs inhibit
mammalian and insect a-amylases, while they have no
inhibitory activity towards the enzymes from plants and
microorganisms. Furthermore, the exogenous a- AIs can be
grouped into three families of 60,000, 26,000, and 13,000
Da according to their molecular mass (21). Among them,
0.19 (22), 0.28 (23), and 0.53 a-AIs (24), distinguished by
their relative gel electrophoretic mobility, have so far been
studied in detail (25-28). The 0.19 a-AI belonging to the
26,000 family consists of two identical subunits, each
composed of 124 amino acids, and is assumed to have five
intrachain disulfide bonds. The inhibitor forms a 1:1
complex with the amylase and can inhibit human salivary
a-amylase ninetyfold more effectively than human pancre-
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atic ff-amylase {22). The elucidation of the mechanism of
the specific interaction between 0.19 a-Al and the target
amylases is an intriguing problem from the viewpoint of
molecular recognition. We had planned to identify the
reactive amino acid residues in the molecule, and we
conducted several chemical modifications, obtaining some
significant data. This approach, however, seemed unlikely
to permit any definitive conclusion. Therefore, to confirm
our preliminary speculations on the reactive sites, we
attempted to utilize site-directed mutagenesis. Although
the 0.19 a-Al gene is known to be located in the short arm
of chromosome 3D (29), it has not yet been cloned thus far.
We tried to construct a synthetic 0.19 <ar-AI gene for the
following three reasons: (1) the whole amino acid sequence
has already been determined, (2) it is a relatively small
protein, so construction of the gene seemed feasible, and (3)
we could incorporate appropriate restriction enzyme recog-
nition sites. In this paper, we describe the molecular cloning
of a chemically synthesized gene for 0.19 a-Al, the devel-
opment of an overexpression system in Escherichia coli,
solubilization of the insoluble expression product, and
refolding to an active form, as well as the characterization
of the purified protein.

MATERIALS AND METHODS

Materials—E. coli strain JM109 and plasmid pUCH8
used for cloning were obtained from Toyobo and Takara
Shuzo, respectively. Plasmid pET15b and E. coli BL21-
(DE3) for expression were purchased from Novagen.
Restriction endonucleases and DNA-modifying enzymes
were purchased from Nippon Gene. Alkaline phosphatase-
conjugated goat anti-rabbit IgG and its substrates (5-
bromo-4-chloro-3-indolyl phosphate [BCIP] and nitro blue
tetrazolium [NBT]) used for immunoblotting were prod-
ucts of Promega Biotech. The chemicals used in this study
were all of reagent grade. The authentic 0.19 a-Al was
extracted from wheat flour and purified essentially accord-
ing to the method of O'Connor and McGeeney (30) by
ammonium sulfate fractionation (10-50% sat.), followed by
1st DEAE-Sephacel, QEA-Sephadex, and 2nd DEAE-Se-
phacel column chromatographies. The purity and mobility
of the inhibitor were examined by electrophoretical analy-
sis.

Synthesis of OHgodeoxyribonucleotid.es—The 18 single-
stranded oligodeoxyribonucleotides (oligomers) to be as-
sembled were synthesized by the solid-phase phosphor -
amidite method with an Applied Biosystems 381A DNA
synthesizer according to the procedures recommended by
the manufacturer. The synthesized oligomers were cleaved
from the controlled pore glass with 2 ml of cone. NH40H
solution, and deprotected at 55°C for 10 h, then NH40H
was removed by the use of a rotary vacuum evaporator.

Design and Construction of the Synthetic Gene for 0.19
a-AI—The synthetic gene for 0.19 a - AI was designed to be
composed of the coding region with tandem termination
codons and a linker region, which was constructed from the
18 oligomers synthesized. The optimal codon usage for E.
coli was employed and some restriction endonuclease
recognition sites were introduced into the gene for conve-
nience as shown in Fig. 1. The gene fragments encoding the
N- and C-terminal halves (half position is the Sphl site
around Met 60) of the inhibitor were constructed from eight

and ten oligomers, respectively. Equimolar amounts of
5'-phosphorylated oligomers were mixed and then an-
nealed by heating at 70°C for 10 min, followed by slow
cooling to room temperature. The resulting N- and C-ter-
minal fragments were ligated separately into the multiple
cloning sites of pUCH8. The N-terminal fragment was
ligated into the EcoRI-SphI sites of pUCH8, and the
C-terminal fragment was ligated into the Sphl-Hindlll
sites by T4 DNA ligase. The plasmids were named pUCAI-
N and pUCAI-C, respectively. They were digested with
Sphl and Hiredlll, and the C-terminal fragment from
pUCAI-C was ligated into the Sphl-Hindlll sites of
pUCAI-N. The resulting plasmid including the full-length
0.19 a-Al gene was designated as pUCAI-I.

Construction of the Expression Vector for 0.19 a-AI—
The strategy for construction of the expression vector is
shown in Fig. 2. The cloning plasmid vector pUCAI-I was
digested with Hindlll and the generated sticky ends were
filled with Klenow fragment (these filled-in restriction sites
are illustrated by the symbol #), followed by Ncol diges-
tion. The truncated 0.19 a-Al gene fragment was ligated
into the Ncol-BamHl# sites of pET15b, which was treated
with BamUl, Klenow fragment, and Ncol successively. The
resulting plasmid vector was named pETAI-0. A fragment
encoding the missing N-terminal region of a-Al was
prepared from two oligomers, 5'-CATGTCTGGTCCATG-
GATGTGCTACCC-3' and 5'-GGGTAGCACATCCATGG-
ACCAGA-3'. This fragment was then ligated into the Ncol-
Smal sites of pETAI-0, which was treated with the same
restriction enzymes. The obtained expression vector for
full-length 0.19 a-Al was designated as pETAI-I.

Expression of 0.19 a-AI Gene in E. coli—The expres-
sion plasmid vector pETAI-I was transformed into E. coli
BL21(DE3). The transformant was cultured in 1.5 ml of
LB-broth (1% Difco tryptone, 0.5% Difco yeast extract, and
1% NaCl) containing 100 /*g/ml of ampicillin (LB/Amp) at
37°C. When the absorbance of the culture reached 0.6 at
660 nm, expression was induced by adding isopropyl-/?-
D-thiogalactopyranoside (IPTG) at the final concentration
of 0.5 mM. After 3 h, aliquots of 0.2 ml of the culture were
collected and centrifuged. The pellets were suspended in 32
//I of SDS-PAGE sample buffer (1.2% SDS, 12 mM Tris-
Glycine, pH 6.8, 0.025% bromophenol blue, 1.5% 2-mer-
captoethanol) and lysed by sonication. The lysate was
boiled for 5 min and then subjected to SDS-PAGE and
Western blotting.

SDS-PAGE and Western Blotting—SDS-PAGE was
performed on 15% polyacrylamide slab gel under reducing
conditions (31). The gel was stained with Coomassie
Brilliant Blue (CBB) R-250. Following the electrophoresis,
proteins were electroblotted onto a nitrocellulose mem-
brane. The membrane was treated with masking solution
(3% BSA in TS buffer, which is composed of 10 mM
Tris-HCl at pH 8.0, 50 mM NaCl) for 30 min, and incubat-
ed with rabbit antiserum against 0.19 a-Al in masking
solution for 30 min at room temperature. It was washed
with 0.1% Tween 20 in TS buffer, then incubated with
alkaline phosphatase-conjugated goat anti-rabbit IgG in TS
buffer for 30 min and bands were visualized by using a
ProtoBlot Immunoblotting system with NBT, and BCEP in
AP solution (100 mM Tris-HCl, at pH 9.5,150 mM NaCl).

Calculation of the Free Energy of mRNA Secondary
Structure—The prediction of mRNA secondary structure
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for 0.19 a - AI from the base sequence of the synthetic gene
and the calculation of the free energy of the predicted
hairpin structure was performed by GENETYX programs
(Software Development, Tokyo) (32). For the prediction,
the matching percentage of stem parts was set at 63, and
the maximum and minimum sizes of search for both stem
and loop parts were set at 11 and 10. For the calculation, the
minimum length of stacking region was set at 2.0 and the
maximum stacking energy (kcal/mol) was set at —10.

Expression Efficiency Analysis for the Deleted Genes—
Deletion analysis was carried out in the fusion protein
expression system of porcine adenylate kinase (ADK) and
0.19 or-AI, since the ADK gene had been confirmed by
expression downstream of the tac promoter on the expres-
sion vector pMAXC in E. coli(33). The 0.19 a-AI gene was
deleted after a consideration of hairpin structures of mRN A
detected by the GENETYX programs and ligated into the
midstream of the ADK gene, in-frame. A plasmid including
the fused gene of ADK and the full-length 0.19 a-Al was
designated as pAAf-1 and constructed as follows. The
pMAXC was digested with Aflll and the sticky ends were
filled with Klenow fragment (Aflllf), then digested with
Hindlll. The pUCAI was digested with EcoRl, filled with
Klenow fragment (EcoRlft), and then digested with Hin-
dlll. Ligation of the 0.19 a-Al gene fragment (i?coRI#-
Hindlll) into the A/ZII#-ifmdIII sites of pMAXC generated
pAAf-1. Three plasmids including the fused genes of ADK
and truncated 0.19 a-Al were named pAAf-Dl, pAAf-D2,
pAAf-D3 and constructed, respectively, as follows: the
pMAXC and pUCAI were digested with pvull and Hindlll.
Ligation of the 0.19 a-Al gene fragment (pvull-Hindlll)
from pUCAI into the pvull-Hindlll sites of pMAXC
yielded pAAf-Dl. For pAAf-D2, pMAXC was digested with
Smal and ifiredlll, while pUCAI was digested with Nael
and Hindlll. Ligation of the 0.19 a-Al gene fragment
(Nael-Hindlll) into the Smal-Hindlll sites of pMAXC
generated pAAf-D2. To obtain pAAf-D3, pMAXC and
pUCAI were digested with Smal and Hindlll. Ligation of
the 0.19 a-Al gene fragment (Smal-Hindlll) into the
Smal-Hindlll sites of pMAXC resulted in pAAf-D3. The
gene products were detected by SDS-PAGE.

Modification of the 5'-Terminal Region of the 0.19 a-Al
Gene—The codon usage for the N-terminal region of the
0.19 a-Al gene was changed by the PCR technique on an
ATTO Zymoreactor model II AB-1820 with an improved
primer 5'-ACGAATTCATGAGTGGTCCATGGATGTGT-
TACCCAGGTCAAGCATTCC-3' as the sense primer and
the oligomer, 5'-CTGCGCGCCGTGTTCTTTGTACATA-
GAGTCCAGCATG-3' used in the construction of the 0.19
a-Al gene, as the antisense primer. The resulting PCR
product was cloned into vector pUCAI-I after digestion
with EcoBl and Sphl. This exchange of N-terminal frag-
ment generated the cloning vector pUCAI-II including the
modified 0.19 a-Al gene. The modified expression vector,
pETAI-II was constructed by exchanging the Ncol-Nsfl.
fragment from pETAI-I for the one from pUCAI-II.

Renaturation and Purification of Recombinant 0.19 a-
AI—E. coli BL21(DE3) transformed with pETAI-II was
cultured in 1 liter of LB/Amp at 37°C. After cultivation for
3 h in the presence of 0.5 mM IPTG, the culture was held
for 30 min on ice and cells were harvested by centrifugation
at 6,000 rpm for 30 min. The pellets were suspended in
water and the cells were harvested by centrifugation at

6,000 rpm for 15 min. The pellets were resuspended in 10
mM Tris-HCl, pH 8.0 and sonicated five times for 1 min
each. The insoluble fraction was collected by centrifugation
at 6,000 rpm for 15 min and dissolved in 8.0 M urea in 10
mM Tris-HCl, pH 8.0, followed by incubation for 30 min at
37°C. After centrifugation, the supernatant was collected
and diluted tenfold with the same solution. The diluted
solution was dialyzed against 50 mM Tris-HCl, pH 10.0 for
6-16 h at room temperature and then against 50 mM
Tris-HCl, pH 9.0 for 16 h. Insoluble matter precipitated
during the dialysis was removed by centrifugation and the
supernatant was loaded on a DEAE-Sephacel column
equilibrated with 50 mM Tris-HCl, pH 9.0. After having
been washed with the same buffer, proteins were eluted
with a linear gradient of 0-150 mM NaCl in the same
buffer. The fractions containing inhibitory activity were
pooled and dialyzed against water for 16 h at room temper-
ature, followed by lyophilization. The preparation was
dissolved in 50 mM Tris-HCl, pH 9.0, and applied to a
column of Shodex DEAE-825 (8.0mmX75 mm). The
conditions of equilibration and elution were the same as
those described above. The protein in a single peak was
pooled and used for the characterization of recombinant
0.19 a-Al after its purity had been confirmed by native
PAGE.

Amino Acid Sequencing—After SDS-PAGE, proteins
were electroblotted onto a polyvinylidene difluoride mem-
brane (Immobilon-P; Millipore) and stained with CBB. The
band corresponding to 0.19 a-Al on the membrane was cut
out, and applied to an automated protein sequencer (Ap-
plied Biosystems 477A).

Peptide Mapping—The lyophilized recombinant and
authentic 0.19 a-AIs were denatured in 500 mM Tris-HCl,
pH8.1, containing 6.0 M guanidine-HCl, 2.0 mM EDTA
for 90 min at 50°C. They were reduced with 22 ,«M di-
thiothreitol for 4 h at 50°C, then carboxymethylated with
54 juM monoiodoacetic acid for 20 min at room tempera-
ture in the dark. The resulting reduced and carboxymeth-
ylated 0.19 a-AIs were dialyzed against 5.0 mM NH4HCO3

at pH 8.0 for 48 h at room temperature, and digested with
V8 protease (Staphylococcus aureus protease) for 24 h at
37°C. The reaction was stopped with 1 N HC1 and the
resultant peptides were applied to a reverse-phase column
of n BONDASPHERE 5//C18-300A (3.9mmXl50mm).
The elution profiles were obtained with a linear gradient of
0-60% acetonitrile in 0.1% trifluoroacetic acid (TFA).

Circular Dichroism (CD) Spectra—CD spectra of the
recombinant and authentic 0.19 <z-AIs were measured with
a Jasco J-600 CD dichrograph at room temperature. The
scanning range was 250-190 nm and the path length of the
quartz cell was 1.0 mm. The concentrations of 0.19 tf-AIs
were 0.10 mg/ml.

Measurement of Inhibitory Activity—Forty microliters
of 35//g/ml human salivary ar-amylase (HSA), 40n\ of
1.25-10 //g/ml 0.19 a-AI, and 20/^1 of 20 mM HEPES-
NaOH, pH 7.0, containing 20 mM CaCl2, were preincubat-
ed for 15 min at 37°C. Forty microliters of the reaction
solution was added to 1.0 ml of 0.10% soluble starch
solution, and the whole was incubated for 1 min at 37°C. To
stop the reaction, 1.0 ml of I2-KI solution (0.33% I2, 3.3%
KI) was added. After 5 min at room temperature, the
reaction solution was diluted with 8.0 ml of water. After 15
min at room temperature, the absorbance at 660 nm was
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measured. Remaining activity of HSA was measured using
the following equation: Remaining activity of HSA(%) =
100 X AA(/AA where AA is the difference of absorbance
between a reagent blank and inhibitor blank and AAt is the
difference of absorbance between a reagent blank and
sample.

RESULTS AND DISCUSSION

Design and Construction of Chemically Synthesized Gene
for 0.19 a-AI—We first cloned a gene for a-AI by artificial
assembly of synthesized oligoDNA fragments. The syn-
thetic gene for 0.19 a-AI was a 390 bp DNA fragment
containing a coding region (125 amino acids, 375 bp), and
two translation termination codons for complete termina-
tion (Fig. 1). We divided the whole gene into 18 oligomers,
from 30 mer to 49 mer, and introduced 15 restriction
endonuclease recognition sites into the gene to facilitate
genetic manipulations. In the construction of the 0.19 a-AI
gene, the N- and C-terminal fragments were prepared by
annealing all the component oligomers simultaneously.
Each subcloning vector, pUCAI-N or pUCAI-C, had an
insertion of about 200 bp, and its sequence was verified by
using a fluorescence DNA sequencer (Hitachi SQ-3000)
(34). The gene segments encoding the N- and C-terminal
halves were connected to construct the complete 0.19 a-AI
gene (cloning vector pUCAI-I), and the sequence was
confirmed by sequencing and restriction enzyme mapping
(data not shown here).

Expression of 0.19 a-AI Gene in E. coli—To express the
synthetic gene in E. coli, it was introduced downstream of
the T7 promoter in plasmid vector pET15b (Fig. 2). The
resulting expression vector pETAI-I was transformed into
E. coli BL21(DE3) and the transformant was grown in LB/
Amp medium at 37°C. After induction with 0.5 mM IPTG,
the cells were subjected to SDS-PAGE and Western blot
analysis. The expression product was not detected (Fig. 3,
lane 2). The proteins in lanes 2 and 3 showed multiple bands
on Western blotting, which may be due to non-specific
binding of the antibody with these proteins. The authentic
a-AI in lane 4 showed two bands, of which the upper band
may be an oxidized form of a-AI. Although the SDS-PAGE
for Western blotting was performed in the presence of
/?-mercaptoethanol, the reduced form may be partially
oxidized (Fig. 3B). As a first step, we tested the efficiency
of translational initiation (35-37). We prepared pAAf-I, a
fused gene of 0.19 a-AI preceded by ADK, for which
efficient translational initiation is assured owing to the
overexpression in E. coli, and examined expression of the
fusion protein. The result of SDS-PAGE showed that the
translational initiation for the fused gene proceeded
smoothly as expected, but a significantly smaller-than-ex-
pected fusion protein was produced (Fig. 4B, lane 2), its
molecular mass being approximately 10-12 kDa in contrast
with the predicted molecular mass of about 24 kDa for the
fusion protein. This strongly suggested that the expression
of the fusion gene was interrupted near the 5'-terminal
region of the 0.19 a-AI gene. However, it was unclear

1 5 10 15 20 25
Met Ser Gly Pro Trp Met Cys Tyr Pro Gly Gin Ala Phe Gin Val Pro Ala Leu Pro Ala Cys Arg Pro Leu Leu Arg
ATC TCT CCT
TAC AGA CCA

ATG ICC TA
[AC ACG AT

CCG
GGC

GGC CAG CCT TTC CACTiTT CCG CCT CTC CCCGC
CCG CTC CGA AAC GTC CAA GGC CGA GAC GGCCGA ACC CCA CGC GAC GAC CCA

T TGC CCT CCC CTC CTC CCT

EcoR I Nco\ Sma I Nael

26 30 35 40 45 50
Leu Gin Cys Asn Gly Ser Gin Val Pro Glu Ala Val Leu Arg Asp Cys Cys Gin Gin Leu Ala His He Ser Glu

GGA TCC
CCT ACG

CAC CTT CCC GAA CCT CTT CTG CCT GAC TCC TCC CAG
CTC CAA GGC CTT CGA CAA GAC CCA CTC ACC ACC GTC

CAG CTC
CTC CAC

CCT CAC ATC TCT CAA
CGA GTG TAG ACA CTT

Psl I

51
Trp Cys Arg

Bam HI PvuU

55 60 65 70 75
Cys Gly Ala Leu Tyr Ser Met Leu Asp Ser Met Tyr Lys Glu His Gly Ala Gin Glu Gly Gin Ala

TCC TGC CGT
ACC ACG CCA ACC CCA CGA GAC ATG TCC JAC C

TGC CGT CCT CTC TAC ACC ATC C fG GAC TCT ATG TAC AAA CAA CAC CGC CCC CAC GAA CCT CAG
AC CTG AGA TAC ATG TTT CTT CTG CCC CCC G TC CTT CCA CTC CCA

G GCT

BssH II

76
Gly Thr Gly
CGT ACC
CCA TCC

Sph I

80 85 90 95 100
Ala Phe Pro Arg Cys Arg Arg Glu Val Val Lys Leu Thr Ala Ala Ser lie Thr Ala Val Cys Arg

CCT CCT TTC
CCA CCA AAG

CCC CCC
CCC GCC

TCC CGT CCT CAA CTT CTT AAA CTC ACT CCT GCT TCT ATC ACT CCA C TT TCC CGT
ACG GCA CCA.JTT CAA CAA TTT CAC TGA CCA CCA AGA TAC T GA CCT ACC CCA.

Kpn\

101
Leu Pro He

Sac II Psi I

105 110 115 120 124
Val Val Asp Ala Ser Gly Asp Gly Ala Tyr Val Cys Lys Asp Val Ala Ala Tyr Pro Asp Ala ***

CTC CCG ATC
CAC GGC TAC

CTT GTT CWT GCA TCT GGT CAC GCT CCT TAC CTA TCC AAA CAC CTT GCT GCT TAC CCC GAC CCT TAA
CAA CAA CfTA CGT AKA CCA CTC CCA CGAIATG CAT ACC TTT CTC CAA CCA CGA ATG CCC CTC CGA ATT

Nsil SnaBl

Fig. 1. Design of synthetic gene for 0.19 a-AI. The nucleotide sequence was designed with optimum codon
usage of E. coli according to the amino acid sequence. The synthetic gene is composed of the coding region (125
amino acids, 375 base-pairs), two termination codons and a linker region for connection to the vector. The
asterisks indicate translation termination codons. The arrows below or above the nucleotide sequence indicate the
direction (5'-»3') of individual single-stranded oligodeoxy-ribonucleotides synthesized. Restriction endonuclease
recognition sites are boxed.

Vol. 122, No. 5, 1997

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


922 M. Okuda et al.

T7 transcription /
expression region

Hind III

-0.19 a -A I gene
Sma I
Ncol

BamHl
Klenow
Ncol

Ncol

Hind III
Klenow
Ncol

Hind III* Oligomers

T4DNALigase

Annealing

Ncol
Sma I

Nco I S/na I

Fig. 2. Construction of the expression vec-
tor for 0.19 a-AI gene. The expression vector of
0.19 a-AI gene was constructed as described
under "MATERIALS AND METHODS." To
express the gene in E. coli BL21(DE3), it was
ligated into vector pET15b, which has the T7
promoter and T7 terminator. The cloning sites of
pET15b were iVcol and BamHl. On the other
hand, the terminal restriction sites of the gene in
the cloning vector pUCAI-I were iJcoRI and
Htndlll. Therefore, the o'-terminal sticky end
must be altered to that of the Ncol site. The
asterisk indicates that after the ligation, the site
was no longer recognized by its restriction en-
donuclease. The symbol sharp (#) indicates a
restriction site filled-in by Klenow fragment.

T4 DNA Ligase

BamH I# (Hind III#)
0.19 a -A I gene
Sma I
Ncol

Ncol*

whether the interruption occurred at the transcription or
the translation step. To follow up this unexpected observa-
tion, we tried to identify the region responsible for the
interruption by deleting various parts capable of forming a
hairpin structure (Fig. 4). We predicted the secondary

structures of mRNA by using the GENETYX program;
eight hairpin structures were predicted, of which five were
located near the N-terminal region of the inhibitor (Fig. 4).
They were named H1-H8 in the order from the 5'-ter-
minus. Moreover, the minimum free energy of each hairpin
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structure was calculated (Table I). To examine whether
hairpin structure of mRNA interrupts expression and if so,
to identify which hairpin is predominantly responsible, we
prepared three truncated 0.19 a-AI genes, named pAAf-
Dl, pAAf-D2, and pAAf-D3 (Fig. 4A). The expression
efficiency was readily monitored by SDS-PAGE of the
expression product. The SDS-PAGE profile showed that
the molecular mass of the pAAf-Dl gene product coincided
with the predicted value (Fig. 4B, lane 3). The expression
products of pAAf-D2 deleting HI and H2 also showed the
predicted molecular masses (Fig. 4B, lane 4). The pAAf-D3
lacking HI only produced a normal expression product (Fig.
4B, lane 5). Since the elimination of the most stable
hairpin, HI ( — 18.31 kcal/mol), led to adequate synthesis
of full fusion protein, HI was identified as the sole critical
element preventing effective expression (Fig. 5).

Expression of an Improved 0.19 a-AI Gene in E. coli—
To eliminate the putative hairpin structure HI, the 5'-ter-

2 3 4
B

1 2 3

Fig. 3. Expression of 0.19 a-AI gene in E. coli. SDS-PAGE and
Western blotting were performed as described under "MATERIALS
AND METHODS." Panels A and B show SDS-PAGE and Western
blotting, respectively, for identical samples. Lane 1, total cellular
proteins derived from the expression vector pETAI-II; lane 2,
pETAI-I transformant; lane 3, control vector pET15b transformant;
lane 4, authentic 0.19 a-AI.

minal region was modified by PCR using an improved
primer designed by taking advantage of degenerate codons.
Destabilization by five substitutions ( + 21:C-»U, +27:G->
A, +30:C^U, + 33:G->A, +36:U—A) in the expression
vector pETAI-II was expected to increase the minimum
free energy from -18.31 to -12.10kcal/mol (Fig. 5).
Thus, we constructed an improved gene with these nu-
cleotide substitutions. To examine the expression of the
improved gene in E. coli, pETAI-II was introduced into E.
coli BL21(DE3) and the resultant transformant was culti-
vated. Aliquots of the cells were subjected to SDS-PAGE
and Western blot analysis (Fig. 3). The SDS-PAGE showed
a strong band with the same mobility as that of authentic
0.19 a-AI (Fig. 3A, lane 1) and this band was also detected
by Western blot analysis (Fig. 3B, lane 1).

Thus, the five codon alterations to destabilize the HI
structure led to overexpression of the improved gene, and
the destabilization was estimated as 6.21 kcal/mol. We
also succeeded in obtaining overexpression with an expres-
sion vector pMKAI-II (tac promoter) in a synthetic two-
cistron expression system (38) by the same method (data
not shown). We are still not clear how the hairpin structure
functions in E. coli, but our results suggest that the specific
secondary structure in the mRNA influenced its expression.

TABLE I. Predicted hairpin structures of mRNA for 0.19 a-
and their minimum free energy.

Hairpin name Minimum free energy
(kcal/mol) Sequence position*

HI
ffi
H3
H4
H5
H6
H7
H8

-18.31
-12.30
-13.61

-5.61
-7.72
-5.35

-12.10
-9.10

3- 35
40- 72
65- 94
89-120

103-132
170-202
226-256
302-333

"Sequence begins at A of the translation initiation codon AUG.

HI

I | : Adenylate kinase gene

: 0.19 a -A I gene

: Deletion region

\H2

mRNA

H3
"H4H5 H6

.H7

ft ft'
H8

DNA

pAAf-I

pAAf-Dl

pAAf-D2

pAAf-D3

B

S K S K ^ ^

1 2 3 4 5

25.0kDa —

17.8kDa •-
12.4kDa • •

lane 1: Ecoli JM109/pMK2

lane 2 : Ecoli JM109 / pAAf-1

lane 3 : E.coli JM109 / pAAf-Dl

lane 4: £.co« JM 109 / pAAf-D2

lane 5: E.coU JM109 / pAAf-D3

Fig. 4. Deletion analysis. Panel A:
Predicted mRNA hairpin structures on
0.19 a-A\ mRNA from its gene and the
fused gene of ADK and the intact or
truncated 0.19 a-Als. The expression
analysis for various deleted genes was
performed as described under "MATE-
RIALS AND METHODS." On the
mRNA, V represents a hairpin struc-
ture and its height indicates.the stabil-
ity of the mRNA molecule. For the
gene DNA, the pAAf-I was composed
of ADK gene and full-length 0.19 ff-AI

afooodffBfifififiBKSBBBSSSSftSBi gene. For three deleted genes, the
deleted region of 0.19 a -AI gene corre-

sponded to the H1-H5 hairpin structures in pAAf-Dl, H1-H2 hairpin
structures in pAAf-D2, and only HI hairpin structure in pAAf-D3.
Panel B: SDS-PAGE of the fusion protein for ADK and intact or
truncated 0.19 a-AI. SDS-PAGE was performed as described under
"MATERIALS AND METHODS." Lane 1, total cellular protein of E.
coli transformant harboring control vector pMK2; lane 2, pAAf-I
transformants; lane 3, pAAf-Dl transformants; lane 4, pAAf-D2
transformant; lane 5, pAAf-D3 transformant.
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-18.31 kcal/mol
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v

Fig. 5. Improvement of 5'-
terminal region in 0.19 a-AI
gene. The destabilization of HI
hairpin structure was achieved
by base substitution. The pre-
diction of mRNA secondary C
structure and the calculation of
its minimum free energy were
performed by using the GENE-
TYX program as described
under "MATERIALS AND
METHODS." The numbers indi-
cate positions in the base se-
quence from the beginning of the
translation initiation codon. The
substituted bases are enclosed with circles. Left: HI hairpin structure. Right: destabilized HI hairpin structure.
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Fig. 6. Comparison of peptide maps of recombinant and
authentic 0.19 a-AI. Both 0.19 a-Als were carboxymethylated and
digested as described under "MATERIALS AND METHODS." Panel
A shows the elution profile of recombinant 0.19 a-AI and Panel B,
that of authentic 0.19 <*-AI. The elution profiles were obtained by
using a reverse-phase column of n BONDASPHERE 5juC18-300A
(3.9 mm X150 mm) with a linear gradient of 0-60% acetonitrile
solution. The main peaks are numbered according to the order of
elution.

Renaturation, Purification, and Characterization of the
Recombinant a-AI—The expressed recombinant 0.19 a-AI
was accumulated as insoluble form, possibly as inclusion
bodies, inE. coli. Thesubunitof natural 0.19 a-AI contains
five disulfide bonds, so a refolding step was required to
acquire full inhibitory activity with correct disulfide
bridges. The result of SDS-PAGE in the presence and
absence of a reducing reagent indicated that the inhibitor

_T 2
•5

& 0

o
X
to
1-1 -2

Recombinant 0.19 a -AI

Authentic 0.19 a-AI

200 210 220 230 240 250

wavelength ( nm )
Fig. 7. Far-UV CD spectra of recombinant and authentic 0.19
a-AI. Far-UV CD spectra of both 0.19 a-AIs were measured as
described under "MATERIALS AND METHODS." The solid line
shows the spectrum of recombinant 0.19 a-AI and the thin line, that
of authentic 0.19 a-AI.

was accumulated as the reduced form in E. coli (data not
shown). Hence, the E. coli cells (2-4 g/liter LB broth) were
sonicated and the insoluble fraction was solubilized by
incubation with 8.0 M urea in 10 mM Tris-HCl, pH 8.0 for
30 min at 37°C. Then, the renaturation of the denatured
protein was carried out by successive dialysis (two steps) as
described in "MATERIALS AND METHODS" (39). The re-
sulting renatured inhibitor was purified by two steps of
anion exchange chromatography. Native-PAGE showed
that the mobility (i?/=0.19) of the purified recombinant
material (10-20 mg obtained) was identical with that of the
authentic sample (data not shown here). Also, the amino
acid sequence analysis revealed that the N-terminal 13
residues were identical with those of the authentic sample,
indicating the removal of AT-formylmethionine, and the
peptide mappings of the two a-AIs showed almost identical
patterns (Fig. 6). In addition, the conformations of the
recombinant and authentic materials were estimated from
their far-UV CD spectra, which showed very similar
profiles with double troughs near 206 and 222 nm, suggest-
ing an <*-helix-dominant protein (Fig. 7). In the process of
removing the denaturant at alkaline pH, free sulfhydryl
groups were oxidized by oxygen in air to form the appropri-
ate S-S linkages spontaneously, and the renatured inhibitor

J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Expression of Synthetic Wheat a-Amylase Inhibitor Gene in E. coli 925

100 i

50

Recombinanl 0.19 Q! -AI

Authentic 0.19 a - A l
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Fig. 8. Inhibitory activity of recombinant and authentic 0.19
a-AI. The inhibitory activity of both 0.19 ff-AIs towards human
salivary a-amylase was measured as described under "MATERIALS
AND METHODS." - • - : recombinant 0.19 Q--AI. -U-: authentic
0.19 <*-AI.

recovered its inhibitory activity. In the renaturation proce-
dure, a low protein concentation was very important since
high protein concentration led to the formation of aggre-
gates of insoluble, inactive protein. The inhibitory activity
of the recombinant 0.19 a-AI for human salivary a-amy-
lase (HSA) was measured and the result showed that the
recombinant 0.19 a-AI had the same degree of inhibitory
activity as the authentic product (Fig. 8).

The results of N-terminal amino acid sequencing, pep-
tide mapping and CD spectroscopy of the gene product were
identical with those of the authentic 0.19 a-AI. It also
exhibited almost the same inhibitory activity as the
authentic material towards salivary amylase. Therefore, in
summary, we have succeeded in establishing an overex-
pression-preparation system for the active recombinant
inhibitor. However, it is necessary to examine the assign-
ment of disulfide bonds in both recombinant and authentic
a-AI. We have investigated this problem and the results
will be presented elsewhere.

Recently the three-dimensional structure of the bifunc-
tional amylase/trypsin inhibitor from ragi seed (RBI) was
determined (20). The RBI shows 26% amino acid sequence
homology with 0.19 a-AI and has ten Cys residues forming
five disulfide bonds at very similar positions to those of 0.19
a-AI. Thus, some conformational information is now
available. Additionally, the crystallization of 0.19 a-AI was
reported (40) and the elucidation of its whole three-dimen-
sional structure is therefore feasible. The specific inhibi-
tory mechanism of a-AI from plants has not been estab-
lished, but our overexpression-preparation system will
enable us to study the inhibitory mechanism by genetic
modification and also structural-biological techniques.
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