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Two different a-amylase isozymes (AMY1 and AMY2) found in barley malt share up to 80% of amino
acid sequence identity with each other, but their enzymatic properties differ remarkably. AMY1 shows
the highest activity at low concentration of calcium ion, while AMY2 is highly active at high calcium
concentration. Meanwhile, BASI (Barley o-Amylase/Subtilisin Inhibitor) protein specifically inhibits
only AMY2. In the present study, three separate regions in AMY genes (I, II, and III) were assigned
on the basis of restriction enzyme sites and four kinds of chimeric amylases have been obtained by
swapping a part of regions with each other. Each chimera gene was successfully over-expressed in
Pichia pastoris. From the results of enzymatic characterization, both AMY211 and AMY122 showed
the mixed or intermediate type of calcium-dependent activity between AMY1 and 2. Meanwhile, only
AMY221 chimera could be significantly inhibited by BASI protein. As a result, it can be proposed
that some amino acid residues in the region I and II, except region III, of barley a-amylases play very
important roles in calcium-dependency and interaction with BASI.
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Sigma-Aldrich (USA)®} Duchefa Biochemie (Netherlands)2
FE 7t ARSI HHA 2AS g Algase
TaKaRa Biomedical (Japan)ollA] 43R oM, 25 Zefo|y
= Bioneer (Korea)Z7-E ASIATE 71501 45 9
3] A3 insoluble blue starch (IBS):= Amersham Bio-
sciences (Sweden)olA] Fslg.om, Thild Haprao gca™
Protein Assay kit (Pierce Biotechnology, USA)E ©|-8-3}l3th
12y fe opdaiAl A3l lE<] BASI (Barley o-Amylase/
Subtilisin Inhibitor)= ©w}=9] Z2W1 A4 (Carlsberg
Laboratory) oA BAE ez AF o} x}-8-351%ch

otmjol2lM| chimera 42| M=

2y oldEAl XS dErEdsty] fsted, AMY1 %
AMY2 3412 742} ¥3l6l= cDNA 22 pBAL7# pBAHI5
(165 o2 3l PCRS AAIBIALE AMY1 &4 74}
9] FE2 $J¥IMd= AMYN (5-TTTGGATCCATGGGGAA
GAACGGC-3)3} AMYIC (5-TTTGAATTCAGTGCAGAC
TTCAGCTCC-3)) Xglo|u|E AM83l9a, AMY2 Eh 3
2ol 749 AMYN 2 AMY2C (5'-AAAGAATTCATATTTTC
TCCCAAACGGCTTAGTC-3) Zlo|HE g3l ZE3}
Ptk PCRE 5Z3 oF 1.3 kbe] Rl obdalAl F3%k= BamHI
3} EcoRI Agai= A2k §, pPIC3K W E|(Invitrogen,
USA)oll AISIaL E. coli MC10612 FRAAG slo] z)xgt
EavEE ARtk 4 AR = Yol 3EAeR
ZA8F= BamHI, Sacl, Nsil, EcoRl A3+EA XS 0|85
o] 574 DNA 9SS AT X33 ohofst =< chimera
AAE AxsAek o|AE AxE pPICZKAMY1 T 779
ZAv| == BglllE Aste] A33sE £l electroporation
(2000V, 25 pF, 200 Q; GenePulser II, Bio-Rad, USA)H<
AHE8e] Pichia pastoris GS115 Al W2 2% stk
20l AZF E5F histidineS XF3HA] S MMS (1.34%
Yeast Nitrogen Base, 0.4 pg/ml D-biotin, 0.5% methanol, 1%
soluble starch, Invitrogen) BJA] “gol|A A& 7lRs)] E4d0]
2 28 952 JEsith
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Invitrogen AR Z2EF]| we} AZ3 Pichia 175 BMMY
"l x](1.34% YNB, 0.4 pg/ml D-biotin, 0.5% methanol, 1%

2] dutolda}A]| chimera a42 EA 81

yeast extract, 2% peptone, 0.1 M potassium phosphate, pH
6.0l HE3k3L, 30°Cell A 120411 F<F Wit §, 244
st FAE AAstL FSAS Itk et 28
298 B-cyclodextrin sepharose (Amersham) ZHo| F3}A]
21 %, 25 mM CaCL$} 200 mM NaClg ¥#3F 20 mM
sodium acetate buffer@ A|Z3}al, 8§ mM2] B-cyclodextring
ZE3E T buffers ST UA BAE 353l9th HEHo=
1 mM CaClL< 3k 20 mM MES buffer (pH 6.7)91 ths
FAslel PAE BLE Aov, o) F e Al A8
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Insoluble blue starch (IBS)ol| ™3t &43HdL Matsui 5
9)9] Ho ue} =43AT ¥H-8-9(20 mM sodium ace-
tate, 5 mM CaCl,, pH 5.5)°l 12.5 mg/ml2] FE=Z IBSE 4]
o] 7128HL ATk 500 plo) 71ALH, HAHk3-gol
350 plell ZA3] 343 G4l 150 plS 43 37°ColA 158
ZFWRSAIZ] 3250 w12} 0.5 M NaOHE H7)sle] kg8 £
2319tk RS 12,000xgolA 1087 QARSI 1
TS AASL, S 300 s Fste] 620 nmollM FREE
=48tk o] W &0 4 1 it FolR 27 dlel|A 1
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Isoelectric focusing (IEF) #43-& 93l Fast Protein Liquid
Chromatography (FPLC, Amersham Biosciences) A]Z2=%]ol|A],
PhastGel (pI 4.0-6.5, Amersham)S- |83} Z &40 53
e Z2AsIAtE A719% $ IEF gel= 2% 2] soluble potato
starchS gt 7128 He] W1, 30°CollA 308 old 73]
WAL The, 825 WMHINEZ 02 gel oA &4 ©id
o] SAE SRl

molatAlofl st BASIS| AsHEN =X
B olelA @49t BASI ¢ AS AH3 vISE 41
37°C9] ¥H3-&9(40 mM Tris-HCl; pH 8.0, 5 mM CaCl,,
0.05% bovine serum albumin)olA] 1583 vlg] WHAZ] 3,
Nielsen 5(12)2] ®Hell w2} BIAcore 3000 (BIAcore, Swe-
den)= ©]&3F SPR (Surface Plasmon Resonance) £4]0 &
chimera £4:¢} BASI 719 2% =& SH39H:
20 o 2%
Ha| omlolald| chimera 42| M=
oA frefgt dgfoldeiAl AMY1Y AMY2E 747
414789k 403749 ofmligto g o]Foll FHALTA oF
80% 2] opr|=4t A E s AdE Eetal, 1 §4F 540
o9 Aolslth9). 71€ ATFelA ERlE T FHEA] 54
Z}o]E Table 19 LoF5lit) oF 4.7-4.99] v+& 54
A= AMY1 &4E k02 mMe] CaCl, 504 o) 24
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Table 1. Differences of enzymatic properties between barley o-
AMY1 AMY2
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Inhibition by BASI
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Stability at pH 3.5
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amylase isozymes 1 and 2
Total amino acid residues 414
Isoelectric point (pI) 4.7-4.9
* concentration 0.2 mM
no yes
stable unstable
low high
high low
9791w, |
CaClz
ig. 2. Cloning of each wild-type or chimeric barley a-amylase
L) Fig. 2. Cloning of each wild-ty] hi barley yl
gene into a P. pastoris-E. coli shuttle vector. PCR-amplified AMY
gene derivatives were cloned between BamHI and EcoRI restriction
enzyme sites of pPIC3K. Both 5'- and 3’-AOX1 indicate the part of
homologous regions in alcohol oxidase (AOX) in P. pastoris. Gene
abbreviations are as follows; amp, ampicillin-resistant gene; kan.
kanamycin-resistant gene; ori, replication origin in E. coli; his4
histidinol dehydrogenase gene; TT, transcriptional terminator.
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YERT, pH 3.59 AHd ZAME Q%
A4S Holn, A ZAqA EA
23] AMY1°] ¥ £ T HdEvd,

= A,
= . )
S stollA 7Y =2 24
Aol w43 FAstERE A2 Pk g B¢}
2], aRoME
18).
A £ AFeXe 4 SHEA e 34F B4 A
o1& %6% T8 A FolE rHsh] At F 7HA
TREL BF EA5HE Sacl 2 Nsil Agtase] $1x5 7]
Fo2 AAES 1 (AMY1S 71722 & 1, Hisl~Glul60), 11 A B
(Leul61~Cys321), IIT (Ile322~Ser414)9] A FEoZ U+
t} o]2 EdE AMY1 ¥ AMY2 wild-type &4 9401] Z}z}e] Chimera 42| SHA Z#H
B4 597 A5 x3E 9] chimera B4 43S F71=2 dukz oz AMY13 AMY2E 54
A|ZFskal, Z} chimera E45 AMY112, 122, 211, 221E 59 TEEH, AMY19] 3% 9F 47499 B}
SI9tHFig. 1). 53] Al 1 FHoll= Ba] obdeiAle] YAT7x W AMY2E ¢F 5.9-6.19] AtjFos =2
JollA BHE domain-B Fto] EFE S, viXER] A 11T = 7o g dEAHY B APoAME FAE Z} chimera 845
Folelle 7HEAl-ET d9o] E3Eo] Z} chimera &40 IEF H7)d5Hoz Basle Zze] Sx-e syt
3 Z7te] AEgs IRIT F UES Ax3Ah (Fig. 3). 2t o}d#HA] EAEL gel A4 1-3709] WI=S §
P. pastorisS} E. coli 7F2] A=, ol E%9] post-translational modification®] 2]
A WG ST EE AXI F 3 ohFst sdEA e TEE AR s os
A% 3}04 AAA KRR YW= AE o2 ze 542 7ol a48Ade] Zolrt A &
F oA AAEE vle} 2
e

Ho
RS EF

}*— chimera &4
[ ]

o=
shuttle vector?! pPIC3KZ &
(Fig. 2), Pichia AIX W= &
AYE AxF aRE Aok HY
o] AMxY} ARE HiFele EXs=
Domain A [ B ] A
AMY-111 _
AMY-112 _:l ’
AMY-122 _ : 1
: : ,
T 1
Nsil EcoRI
. Fig. 3. Determination of isoelectric point (pI) of barley o-amylase
chimeras by isoelectric focusing (IEF) and activity staining toward
2% soluble starch substrate. The IEF separation was performed by
using Fast Protein Liquid Chromatography system with PhastGel (pl

4-6.5).

Z¥7}+e] chimera &4 FAAE P

AMY-211 |
T

Sacl
Fig. 1. Scheme for the construction of chimeric enzymes by

AMY -221 |
AMY -222 :
BamHI
swapping fragments between barley o-amylase isozymes 1 and 2
Using the restriction enzyme sites, Sacl and Nsil, DNA fragment I
II, and III were alternatively swapped between AMY1 and AMY2
Domain A, B, and C correspond to those found in three-dimen-

sional structures of barley amylase isozymes. For the consistency in
nomenclature with other chimeras, wild-type AMY1 and 2 are also

designated as AMY111 and 222, respectively
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Fig. 4. Calcium-dependent activity of AMY1, AMY2, and their
chimeras on insoluble blue starch substrate. Relative activity of
AMYs was compared with increase of CaCl, concentration. The
calcium ion concentration at X-axis is demonstrated by using the
logarithmic scale. (o) AMY111; (m) AMY112; (&) AMY122; (A)
AMY211; (o) AMY221; (o) AMY222.
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Ko, B AFoe TR AASAT ES AFE A
5 Hwsgth 1 A7, AMYIS 4.8-5.1, AMY29] A=
oF 5.89] THHS yERo] dPdet I fARIE oW, v
A| chimera 459 9= oF 47-6.12] Tt SHAH &
IZE2 Bgck a2y A I R A X3E AMY1129]
739 AMY1 B} w2 oF 4.79] TS Bl ¥, AMY221
2 % 6.19 2 THAHE 7HRE AoE UehtA olE 7HE
Al 5919 opnest 275 238 7|E wild-type X
g opdElAle] TR FAT dRkE A¥E Btk

Chimera &20] St BASI2| XSt

HelolA felst dld Felo] opdElAl-AsiA] BASI
179 S, AMY2 E4NHS BojFo g Ashe 3oz &
HA Stk oF 80% o3l ofnl=Aat A e wie- FAF
3 JATZRE A= F FAEAE6, 7, 13)014 olHF Aol
3 A gyt BEEE 2 vlg oldl Aot wei 2 A
TollA] QojZl Z+E chimera HAEY] 3k BASIS] A&z
2 B39ty AxFos AMY2219] ZA$ol= < 036 nM
9] K; 32 YeRfo] BASIOl 913 A axzr) gl Hglou,

Table 2. Comparison and categorization of various barley a-amylase

R Adutolda}A] chimera &42 EA 83

U™ A] chimera E452 BASISF A3 ASISHA] Hdl= AL
2 Jelgth AMY29] K; ko] ¢F 0.28 nM FFUS 7<)
W, FNEAL T 2oo] AMY1 Xghol| 23] BASI9Le] ZAE
o] Thax 7rAslg ol thE chimera 49 €2 BASIS)
Asto] 7Fsehs & = Aok webs] BASISHe] At e
She A Z7)o) thREo] A 1 B} A 11 F9ol] A &
F3he AoE AEkAch

-

CaCl; S0l IE S4 24| H3}

CaCl 2] 712 0.1 mMeollA 50 mM7FR] S7HA)1719, 2+
chimera ®4:2] insoluble blue starch 7] thdl 7}=E3)
2SStk £ A7 AT ©E2W AMY12 0.1 mM
o] Aol TR o] B4S HYom, AMY29] A5
= 15 mM %A 7 =& 48 JEMIRIE, 20 mM ©]
9] CaCl, EA) 3lollA BE odelA] 459 B4 337
3] ZATE o F UATKFig. 4). ¢ AMY1129] A$<=
0.5 mM?9| Zol2 FxoX Ho 48 Jehlo] AMY1H
FARE FEE RYa, AMY1223 AMY2219] ZA$de 10
mM FEolA Hd A4S Ho AMY2 ol Ik
chimera 842 T3t whd, AMY2119] A= HH 24
o] 57} ok 7.5 mMo|EE, AMY1H AMY29] 714
549 3492 AR UEiTtH

Chimera 42| EM d|w % 1=t

Z¥% chimera 459 54 B4 Az <A 7+ X3
2olol g HlwE e AMY1 L AMY2 849 EA4
ztolol] thgh Bt et Fojrt aFEth weba B A
Ae 71E ATl T2 ARSI HF Zsgole FE9| Ao
o= 0.1 mM ©]3te] e ZAEole & slolAe] i
QA B4 Aols T ] F8% TRIIESE AAIS
ok &, AMY1Z AMY2= HE ZgrEe] 3o Loz v
FLO] Lol 3loxe] & Apolr) wig- Avke A& e
sk Aotk olye vkt VEES H-3] wdsied £
AFE Table 20 BEtATh

PichialX] ¥&E ®e] oldeA] Fiol o g o
FAHZA L ZEER 5 mMS 7|1FeE B o), AMY27}
2,387 U/mgO.& 74 =9kom], AMY2119] 44 U/mgo.& 7}

chimeric enzymes on the basis of their enzymatic characteristics

. Specific activit Optimal CaCl Relative activity (%
Chimeras b (Umgy b (mM) at 0.1 mM cyac(lz) Pl Type’
AMY111 1493 (1775) 0.1 100.0 4.8-5.1 1
AMY112 1260 (1374) 0.5 99.4 4.7 1
AMY122 1042 (1107) 10.0 80.7 5.1 M
AMY211 44 (45) 7.5 79.6 48 M
AMY221 1038 (1206) 10.0 333 6.1 11
AMY222 2387 (2940) 15.0 41.0 5.8 11

* Specific activity of chimeras was determined by using insoluble blue starch assay with 5 mM of CaCl,. Each value in parenthesis corresponds to the

specific activity of each chimera at optimal calcium concentration.

" All chimeras are categorized into three different groups of I (AMY1-type), II (AMY2-type), and M (mixed type between AMY1 and 2).
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A o 3A4s Btk thEEY chimera E4A5S AMY29}
Hlwste] o 43-53% 9 7HeEs] 24S JERIAAIE,
=2 ul$ it EdHe] 540 42
A s Zﬂol gutAo|w, £3] chimera EAo] 75
ZZAR1 Wslyt ukd = Q7] wiitolzt Azt

o] chimera &4-9] 54& W3] H2 A& Hole
CaChe] BEulo g BE3IE AMYI22E AMY29} FrAkgk

a4 oSS YEAIRE 215521 0.1 mM ZFol2 F5d
*H Aol tsix= AMY1 tH] °F 81% FFOE AMY2
9] 41%°l ¥l3l ZA =55 ¢ 5 Yok T3 AMY2119] 7
= FA 27175 mME £ HoA |tk FA] v Tk
o] Zg &7 AMY1 &4 ¢ 80% S RS A
o2 Hol AMY1 ¥ AMY29] FH(EE E33) 542 &
& 5 Utk

o] AFE FHH R Qoksld, ®BE| ofdEiA|Y] F1E
Al-Dehs 23 Al I F9le 849 Z¢ &R & 9%
< PAA EapH, SHPL 5§99 on|=At 7 9
3 AAE A S-S 330]‘6}“13} Kadziola 5(6)< YATF=
ATE T3l 3 BAY] FAgelo] AMY29; AzhE WA
3lal, o]E o] AaAgo] 75k Asn9l, Aspl38, Alal4l,
Aspl48 59 opn| =it ZH7]7} B-domain®l] 9]X]&c}ar W a1s}
Atk & AT chimera &40 54 24 A3, A8 72
T A3k6)2} Al B-domaing ¥35= A I ¥$7}F
Ze ERY ule FoE8S dPFez IR & ISk
e, o 2] Al 1 §919] AERte 2= 7F 540 U
oELTt &3] AR Fgkom, thal W2 FES CaCl,

Z70142] B4o] AMY17} 28] 23449 Ao WalEe
shlaith wek e 2ein Wls oo ® T ]
So) 24 olEwe] L FF Ao dAR F AT, B

0% o]E % 7kx] BAFA] YEA BN Hosh= 4
We Hse FHaEy] Asie B ARdeln o
chimera 49 A% 2@ GAEAQ] vlu- BAL E3)] 1
S e 38 A7) BRshy, o)F Jwte g IE Ak
o2 Fa3 XL‘?" 7Rl a4 :rL7‘94' 71=0] ArEaHA
gsl=d) §-83F ARE AT £ YS Aoz Jysith

=g

He] "ol e A" Mz tE dujoldald Fdaa
(AMY1, AMY2):= 80%°ll ©38h= =2 ofr)iedt A de] s
AE HolARE F AA40] EAL AME gE AMYL S4he 9
< TR 2w 204 Ho S48 Hole W, AMY2 &
A S ZFol RN =2 84S eItk =3
BASI (Barley a-Amylase/Subtilisin Inhibitor) THH&2- AMY2
B KO0 At wehd & ATFeE AMY1
I AMY2 £49 §HAE 1, 11, 119 A F92 Ve & A
Sta A Aol ol dF BAE % X3S 459 chimera
84S 712 A|Z3)al, Pichia pastoris TolA tlaF 2
33t olE EAo E4E vlwgk Ay, Al 1 §evle] 45

N

138 AMY211 2 AMY122 §49] Z9, AMY13} AMY2
A e &8 Uehligier, BASIO 93t Asja
= AMY29] Al L 1T 3915 EPshs AMY221 EaojAwt
HEEN Wb He) opgebAle Al 1 R B Al 1 59
of EAgh= obrliedt 7150 245 2F4 % BASISH] 2
Foll 83 gT& sk Wb Al 11 F-9)= o5 &40
23 Apololl FFS PIAA S-S sk

Az

LAt o

SPR #4o & < Carlsberg Laboratory9] Peter K.
Nielsen 2P}l 7] 7“} an,]q o] =R 2005 RS
Pl o] AAoR F=ATAEY AYs ol 3P
&ITH(KRF-2005-521-F00055) ZA2H]uTh.
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