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WA e, MHEE S TE a5 LamA KR IS T B8RSR ST /. B a3t
HERFz, 2R AT =, [B 6] 547455 F o965 LamA AR Mk, FHididss
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R A KE; NI120D. QI8SE A= T224D FHMAK, ARFSEH T, REFARTHEL SHERY0EE
HepA A ZR K, mAESSBTRM T, NI120D £ 65 °C B 698a% A4 h 2 A A 69 27.8%, 0L,
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Effect of metal ions on the activity and stability of recombinant
cold-adapted a-amylase LamA from Luteimonas abyssi
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Abstract: [Background] Luteimonas abyssi XHO031 is one kind of marine bacteria with strong starch
degradation ability. Previous studies showed that LamA, a cold-adapted a-amylase identified from strain
XHO031, kept high activity under low temperature. LamA will have great application prospects if the high
temperature tolerance is improved. [Objective] To determine the calcium ion-dependent thermo-stability
enhancement mechanism of LamA, site-directed mutagenesis of key amino acids in the calcium ion binding
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region was constructed. [Methods] The thermo-stability of LamA was measured in the presence of different
chemicals. The amino acid sites that affect calcium ion binding and thermal stability were searched by
bioinformatics analysis. Furthermore, the mutant proteins were constructed by the site-directed mutagenesis
method and then overexpressed and purified. [Results] Under the calcium-free conditions, LamA was
completely inactivated after incubation at 65 °C for 30 minutes. However, in the presence of 5 mmol/L
calcium ion, LamA still had 36% of the activity after incubation at 65 °C for 30 min. The result showed that
calcium ions can significantly improve the thermo-stability of LamA. The D200R and H233D/M234C
mutant proteins completely lost starch degradation activities. Moreover, the activities of N120D, Q185E and
T224D mutant proteins were decreased. However, the mutant proteins kept similar stability compared with
the wild-type enzyme under the high temperature and calcium-free conditions. N120D mutant protein
preserved only 27.8% residual activity compared with the wild-type enzyme at 65 °C supplemented with the
calcium ion. Through molecular biology experiments and protein structure simulation, we speculated that the
calcium ion binding to the Asnl20 site stabilized the structure of LamA under high temperatures.
[Conclusion] This study preliminarily clarified the mechanism of calcium ion-dependent thermo-stability
enhancement of the cold-adapted a-amylase LamA and provided a theoretical basis for the engineering
transformation of related enzymes.

Keywords: Marine enzyme resource, Catalytic mechanism, a-Amylase, lon dependent, Thermo-stability
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o-TE B B T HE AL TE R I a-1,4 BT EEAG K
fl' 1, R E AT RS® R R ERORR Tl A
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135 Bacillus amyloliquefaciens (1) a-VE R TR
FERI, Asp233 454 Ca” Il IR ENE, A
a-TER AR P s Bt T . ER R
B B. licheniformis W) a-JEM BT, Z5H% A |
B 2 [lite AR Ca® i HLRe e o A e 2 o A
FAUFPL kil SHEIE a- SR BELE I )5 T BT A
BRI a-VEA T AR PS5 e L ) B
PERE, Hup RS Z Wb s o-TEA BEE L
TR PRI TERT, SR AR Pk SO IR
a-FEABEFE TS A PRt i 4 S iR A7
T LY a-TER I, D AT A EAG LR AR A A
PEFR, RS B AN TR, AN T A
1, BB 0 T

ML KRR -SRI IR TR >,
TR RRIT) - TE A I Kb BE R TR A RS o ARk
5 1) TR UK e 75 PR BT XHO31 (Luteimonas abyssi

XHO3 1) RT3 8 2 A —BRAN S, ZERTHIE 5T
LA SE R TR RR I S LR A7, SRl T
—A a-JEMEEIE, 4k T a-JER B LamA, X
FC AR AT THIE T . LamA BT HESH
i, HEIE ek ) 8 881 U/mg, TERIZE a-TE k) il
WG T8, HAERIRIREE T AT BB R4 i G
Sy AR E AT TS LR, SHRARTHIG
T o-VERNG LamA $AFiE MRS, TR AR IR
FER RN N, (A SRR T 2 JF
W WIS — R PR DR 2 SR AL, W2 a-
TE R Tt 1) B i 52y T O R S AR
U ARSI
1.1 #R
1.1.1  E#RFIFRL

FATFS2I0 A R AN TR N 1 PR .
1.1.2 LB &5 E(g/L)

TR 5.0, &AW 10.0, NaCl10.0; 395 pH
£ 7.0, BAEIRIETINA 2%30E, 1x10° Pa K
20 min,
1.1.3  FERAFIALES

Prime STAR GXL DNA Polymerase, TaKaRa 7y
Al BORREGAR G, ARt A R H AR A BR A
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Table 1 Strains and plasmids used in this study

Strains or plasmids Usage

Source

Luteimonas abyssi XH031
E. coli IM109
E. coli BL21(DE3)

Target strain

Amplification of recombinant plasmid

bacteria

pET-24a(+) As an expression vector, to construct an a-amylase
recombinant expression plasmid

pET-24a/LamA Site-directed mutation template

As an expression host, to construct expression engineering

The South Pacific circulation™™

New England Biolaboratories (Beverly, MA)
Novagen (Madison, WI)

Novagen (Madison, WI)

This study

Al BEAEHERERS DNA [EIGR &, KARAAERHL
AN FERERE.OHL, Thermo AH]; PCR
1%, Applied Biosystems 2] ; fiffFRi%, Fecan 23]
1.2 7%

121 £RBETFX LamA #i2EMHAZWNE

TESEMRAZRY LamA - HIIAZYRE 1 mmol/L
5 mmol/L #Y Na™, K', Ca’", Fe’', Mn™", A",
Zn®" . Mg, JFELEZS IR, W 10 L B
HIA 90 pL FH§ 50 mmol/L Tris-HCI Z& i (pH 8.0)TiC
il 89 1% AT EPEERR I, T 65 °C W 10 min,
JIA 100 uL DNS 87, #7K¥AE 5 min, ¥4, E%
Z 1 mL. W 150 L SOBik, FHEEARSC e 3
ODsyo Z75 2 FMEARIEIN L, THE AR 1Y
HiE S T LamA 4 B0 B 3% W T
ffy Ca®*, 525 (AXTIR—[FF 30, 55 F1 65 °C il
¥ 30 min, E ARG 7o
1.2.2 LamA XL FN K 5%

X} LamA (155 F 75137847 BLASTp il CD-Search
3BT, PR SRR S B 40t SR EIERY -
TR Y51 P22630 [Aeromonas hydrophila] 018420
[Drosophila subobscura] . O18408 [Drosophila
melanogaster]. P22998 [Streptomyces violaceus].
P27350 [Streptomyces thermoviolaceus|i1T % 7%
HXt, SN BEMIN B. licheniformis ) o-UE
3 i (UniProtKB:Q208A7) ) 45 2% & [X I 3¢ 4 {7
AR T AT ARSI LamA BVRRENE R Cat e e
() g FE PRV A

DL pET-24a/LamA SR, DAGEARNL Ry Hly
Wit 2 Fonsg|¥), f#i Asn120, GInl85., Asp200.

His233. Met234 Fl Thr224 5878 kA I 28 2
M2, LA pET-24a/LamA NARAR, 55 5780 s
SII7E P 1514, PCR ¥ 1A £ (50 uL): 5xPrime
STAR GXL Buffer 10 pL., dNTP Mixture (2.5 mmol/L)
4 uL, Primer 1 (20 pmol/L) 1 pL., Primer 2 (20 pmol/L)
1 uL, Template 0.5 pL, Prime STAR GXL DNA
polymerase 2 pL, ddH,O 31.5 pL, PCR JZ i 5%
4+ 98 °C 2 min; 98°C 10s, 60°C 15s, 68°C
10 s/1 kb, J&30 MEFR; 72 °C 2 min. #7374
PEATBANE B BEAE HL UK 204, I H B9 R Be bl JiE [mllie
afifl,, 1938054 RN SR B S-BR1L
Ab RS HE B 3 O FRARBORE e Al R IR 2 2 A i

BL21 "; SRICPHPESCRE, $REUSRL, BEATEEUIA
PP B
F2 WA

Table 2 Primers used in this study

Primers Sequences (5'—3")
N120D-F GTGGTGCTCGACCACATGGCG
N120D-R GTCGGCATAGGTCTCGACGCC

H233D/M234C-F
H233D/M234C-R

GCTGCGAAAGACTGTCCGGCC
ATCCACCCGGAAGCCGGTCAC

Q185E-F CAGGTCGAGCAGTGGCGCCTG
QI85E-R GCTCACGTCGGTGTAGTCGAC
D200R-F CCGCGCCTGGTCGCCAACGAT
D200R-R AAGGCCGGGATCGTCGCCGCC
T224D-F GTGGACGGCTTCCGGGTGGAT
T224D-R GCCGAGCGCCTTCAGTGCGAG

e FRIGON AR EILTR, 20000 S AT R L A
Note: Mutated amino acids are underlined and site-directed mutant
nucleotides are marked in red.
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123 EARTEAWFRIE. U RIEMHERN

PG LR F A R IR R RN ZS 200 R 2 LB
WARIE TR (R IR & R LR EE 100 pg/mL)H, 37 °C,
170 r/min ¥E351559%; FF ODego 155 0.4-0.6 Z ],
IMAZASE 0.1 mmol/L /) IPTG, 16 °C. 170 r/min
P52k 12-20 h.F 4 °C .12 000 r/min &> 10 min
WA, BT IEBR A Y Binding buffer i, &
T UK B RERE (MRS, 200 V, #8755 s, [P 10 s,
50 %); T 4°C. 12000 r/min 50> 30 min, WA I
T, FH 0.2 um JEFRLIE, 4 °C IRFR . # b
WIMABRZHTAE T BRE, RO K e 1 20 4
(10, 20, 50. 75. 250 mmol/L)f%% ik (20 mmol/L
Tris-HC1, pH 8.0; 0.5 mmol/L NaCl)JEi&E HEMT
K, )5 FABEME e EE 500 mmol/L 2% mhif it 2
Brde BRUEERIE FTRT 4 °C 8T, BREbE M.
Bl 12% (AR A 2, i SDS-PAGE
AN 1K 2K 1 Atk gt R,

WEHL 2 pL BERAL, DABTIRAE R 2s I RR Al
NanoDrop 2000/2000c I 8 IV EE, FK i i i
B AHIRI MR . 4 HL 10 uL BRI A AT I TR
M, 37 °C ib7; SRR TS, AR
AR R PR AR Z R AR e 4R
T LamA FI45 AR M HLIE T,

124 BEYN LamA RERTERFEEMBEM
RIS MmN E
S8 1.2.1 W5, 78 90 uL B 1% iE TR

175
150 i[
125

100

|
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H
=
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W
T

Relative activity (%)

W
(=]
T

N
(]
T

WA 10 pL SRR LamA FI5EAE R
M, TARERE@G. 10, 16, 30, 37, 50, 60. 70,
80. 90, 100 °C) F /¥ 10 min, Jll5EFiH5 LamA
4% A B (ATEAN ] SN B T B AR TG o P
U LamA R A FAFEE©. 10, 20,
30, 37,50, 60, 70, 80, 90, 100 °C) [ i+ 20 min,
FEMFRRVARR T, Fhedd i RN 10 min, W&
LamA FI#5 53258 1 T AR 77
125 LamA fRTLELEBEFEHETHREE
P E

TEEWRIE Y LamA FIZARER A, INAZORE
5 mmol/L 15 Ca®", 233 F 37 °C F1 65 °C T~ 1 he
SR 1.2.1 Wik, 78 1% e a b A
10 pL W, T-356id ¥ (LamA F1 T224D Jy 50 °C;
N120D F1 QI85E &y 37 °C)fzJsi 10 min, 5E HF
RMHE T .
1.2.6 {BETHEAMNSNEREHSH

X} LamA W8 (1741117 BLAST 43477, 7€ PDB
Bt BUR R E S &, RS PyMOL
Fl Adobe Illustrator £l LamA [ Ca*" 454 X Ik Ay
EALEM .

2 ZR545H
2.1 £RBET LamA HiEEMHSNT

£ LamA AR AR BE A Na* K Ca®" |
Fe’™. Mn™", A", Zn*™", Mg, #HAE 65°C F
(TS 71 1), Na", K", A%} LamA 7E 65 °C 1

1 0 mmol/L
1 1 mmol/L
1 5 mmol/L

I

0
Ca** Na* K*

1 ARIEBBEF LamA A2 EMMFN

Mn?* Fe’* Zn* AP Mg*

Figure 1 Effects of different metal ions on thermo-stability of LamA
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Mt % S LI 0 ; Fe' . Mn®", Zn®". Mg™ FH2F% B. licheniformis W) o-TEHE#(UniProtKB

BOMEIVEE, AARBEZER; Ca® M BERE
THEE T

PE—SI R, KA Ca® i, 65 °C ZhHE
30 min 42K (5 min BIJE 2 90%i& 1), 55 °C 4b
P 30 min AHXFEEE K 5%; MAEAAN 1 mmol/L Al
5 mmol/L i Ca*'J5, HHIXIHHE B& FIHEE 3). It
Hh, Y Ca® M ARSI I (5-50 mmol/L), FHX il
TER A BEZ 0, i 5 mmol/L [ Ca® Rl
LamA {#57E 65 °C 1 55 °C (IS 11 LAasE k.
R FIRZEA, WA LamA HAG 520 $AES e 1
() Ca™ G55 h s
2.2 LamA £¥EERFE D

a-JER LamA [FFE R 751 4Kk 1 428 bp,
i 510 DEERR, FOMHAE SRR 35 M4
HER, BLASTp 45 R HMEE G H . EiS
LamA AHRIPERS R H 4 SEEG B0 TR o-JE 4 il T
H, 5 LamA B ATHHT 2P (B 2),

Q208A7YE4k A X S oCHE A 5 20, FiI T 5 AT fig
SN LamA it PAME & Ca® 454 i & FEBR 3 45
Asnl120, GInl85, Asp200., His233 Fl Met234. i
11 NCBI ) CD-Search Hiill ) Ca® 454437 5 Thr224
W F IeAb—FF AT

%3 TREIRE Ca’3F LamA HEREMARIF N
Table 3 Effect of different calcium ion concentrations on
thermo-stability of LamA

Temperature Time of Calcium ion Relative
(°C) treatment (min) concentration (mmol/L) activity (%)
55 30 0 5
1 35
5 55
65 30 0 0
1 25
5 36

T8 4% 30 °C ZEBES ARSI 100%.
Note: The enzymatic activity after treatment at 30 °C was counted
as 100%.

LamA ARREIGDLRVI EHP. . . LEDTETEASNVGAL AR ANEAVLRPDLDYP 135
018408 ERMOET SYKLTTR. . . . ENEEEF GDNVRRCND SGDFD. . ..... G 125
018420 ERN®T SYKLI TR. . . . {€DEEGF ADNVRRCND SADFY....... G 126
P22630 ARMOIECDLRLVDSP. . . L[ENKGDLEGLI AANGA ANESVKRNDLNYP 121
P22998 TREOEVSYKI AGR. . . . L[EDRTAFEKNNI DTCHA ANG. . ........ 125
P27350 TSRO VSYKI AGR. . . . LEDRAAERSNVNTCHA SAG. .. v v 126
Consensus  p WW yqp g m

LamA GAAVLAGYAAD. . ..... PARYGALRLYGNL. . . .. ASNAFGAADFGPAVAI V. . WRlCEGGD. . . DP 196
018408 VAVGTAGTEAE....... PSKKSFPGWP. .. ......... YTAGDFHPTCEMT. . CElVG. . ... ... 174
018420 GAVGTAGTEAD....... PATKSFPGVP. ........... YTAEDFHPSCQIY. . CEflvG. . ...... 175
P22630 GTELLGGQYAAN....... PDYYSRGRLFGDL. . ... GGNLLSASDFHPEGQNT. . VRIMCGGAG. . . DK 182
P22998 ..SGTGTGGTS....... FSKYDYPGLY. ........... SGSDVDDCRATHS. . CEflvG. ....... 172
P27350 ..SGTGTGGSS....... YTKYDYPGLY. . . ......... SAPDFDDCTAENT. . CE@VG. . ...... 173
Consensus N i 1

LamA VRQGRDY. ELAllkA AAHI NRVIDAGVR. . . ... .. .. AGNMHVF TTGEAG 264
018408 RSKLIEF. LDHEI E SEDLEYI YSSLSNLNI DHGFPHNSRPFIF DHGHET 252
018420 RTKLIEF. LDHEI E SEDLEFI YGSLSDLKTEHGFPHNARPFI F DHGGGE 253
P22630 VSCQGGAY. LKARKGMeT DYGI NAVFTPEIK. . . ... ... . GGVHVE TTGEAG 250
P22998 RGKI AGY. LNDAS AADLANIKSRLT. ......... NPNVF VKL HGAGEA 240
P27350 RQTI AGY. NNDL S| AEDLANIKSRLS. ......... NPNAYVK YGAGEP 241

Consensus 1 dl v 1

2 LamA 5HEfth o-EMEBNERFIELIS

e i

Figure 2 The protein sequence alignment of LamA and other a-amylases using the DNAMAN

Vet EEAPIMEEERRALA, Horh Thr224 JZil i NCBI 1) CD-Search Tl ()55 26 745 & L81 5
P22630 [Aeromonas hydrophila] . 018420 [Drosophila subobscural .

P27350 [Streptomyces thermoviolaceus].

Pl v HoAtL 2 1174 ¥ UniProtKB:
018408 [Drosophila melanogaster] . P22998 [Streptomyces violaceus].

Note: The sites marked with * represent the amino acid sites. Thr224 is a calcium ion binding site predicted by NCBI’s CD-Search. The
UniProtKB of other sequences are as follows: P22630 [Aeromonas hydrophila], O18420 [Drosophila subobscura], O18408 [Drosophila
melanogaster], P22998 [Streptomyces violaceus], P27350 [Streptomyces thermoviolaceus].
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T LamA J¥HI8H#0, 5 PDB #dfi/E
MR P S EAR, AIE G TRIVE AR, i
B LamA MBI A ELIRIRESS & Ca™ IR 1 F
TR 4), B Ca® 1EPEr O LA, W]
X A LamA 1 Ca” 45 & KR 3). &
BRANLET, HIBr Asn120. Asp200 FI His233

Ca” 254 X AR5, GInl85 o AT REZEIZ XI5}
HRERISCHEAER . Asp HA U, Asn 1 His A
Wb EEEmR, Y5 Ca® PR E A . E—HE
M, FERIIN Ca™ I, X AN AT 7 A
HHER ; T4YEEA S Ca®'ah a5, WIS digitan
g, Ak, Asnl20 5 Asp200 2] By A g

AT REXT R 1 Zs M e MR B A

x4 FUERBEFEANESS LamA BFFIEE R 53R

Table 4 Sequence alignment of LamA with the proteins
used to make the simulation

Accession SI\C/I;); ;FCO;:; Que&c;over E value I d:rftr((:;%) )
IVIW_A 947 94.7 89 le-20 25.69
ITMQ A 94.7 94.7 89 le-20 25.86
1G%4 A 90.1 90.1 76 4e-19 28.20
XK A 87.0 87.0 87 Se-18 25.06
1XGZ A 83.6 83.6 66 8e-17 26.67

~

His189

| el
E3 EMLh o TR T 4 A KR A
Figure 3 Protein structure simulation of calcium ion
binding region of Tenebrio molitor larval a-amylase

TE: ik 4 o-JEREFPDB ID: ITMQ A), H
Asn98. Aspl55. His189 5 LamA 1 Asn120, Asp200 Fl His233 XJhi.
Note: The protein used in the figure is 7enebrio molitor larval a-amylase

(PDB ID: 1ITMQ_A), and Asn98, Aspl155 and His189 in the figure
correspond to Asn120, Asp200 and His233 of LamA respectively.

23 EARTEABEMHRN

Xof T F) SRR s A T84S, ik Analif
TEMATBEN, AT AR 56 45 R
SR RS /1. D200R F1 H233D/M234C 58425k
if; N120D. QISSE. T224D HFBLiAMME, {HiGME
85 LamA A FTIAR(& 4). FIZ 2EbnuE it
BHIE S, SRR AR IS KT LamA (% 5).
24 REX LamA RRTEBRFEMHFEEM
A

F pH 8.0 [# KN4 3 HhdEA TGS I S
LI S Fion, SR B [ T224D (1) dieid O B
5 LamA #[d], ¥28 50 °C; 1 N120D 5 Q185E
A fIE SOV R 37 °C. TR )G, 3 FhRARE
FAAF X B AR IR 5 LamA JC IR & 2200 ILAT,
X} Thr224 {58748 520 1 HARIRLTE P

TR IR A5 R & 6 Fin, LamA Fi
3 Fh9 A8 E A1 30-37 °C Zalfa et s, Hias
PESZ S S AR BE 22 R K . ZRE A SE g0 45
R, WIAHIW Asn120. GIn185 il Thr224 F-AF H %

LamA T224D H233D/M234C
D200R NI120D QI85E

B4 FHRMIEHRTFARQE LamA RREEAMES
Figure 4 Enzyme activity assay of LamA and mutant
proteins by soluble starch plate medium

# 5 LamA fIRTEEMLLED
Table 5 Specific activity of LamA and mutant proteins

Protein Specific activity (U/mg)
LamA 2706.8
N120D 1574.1
QI85E 1595.1
T224D 1 587.6
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100 - 100 —F I
80 | %0
2 60+ =
z = 60}
& 3
2 40f 2
= g 40F T
= —O— N120D 5 T
20 | —O— QISSE
—O— T224D 20 ¢
O L 1 1 1 1 1 J
0 20 40 60 80 100 0
Q
Temperature (°C) § S g (\Q?
~  F ~ =
5 EEX LamA RRTEREMRIFM 37°C 65 °C

Figure 5 Effects of temperature on the activity of LamA
and mutant proteins

TE: ORRIRIS SR IBEE J131k 100%.

Note: The enzyme activity at the optimum reaction temperature
was counted as 100%.

100
80
e
2 60t
z
2
S 40
§ —O— N120D
20F —O— QI8SE
—O— T224D
0 C 1 1 1 1 1 J
0 20 40 60 80 100

Temperature (°C)

6 AELREX LamA RREEAREMEMNFMN
Figure 6 Effects of temperature on the stability of LamA
and mutant proteins

TE: Hedfgm R ARTEE 171 100%.
Note: The highest residual enzyme activity was counted as 100%.
JE BFRETERI AL, AT REE T HoAh A5 14 RS e
XJ LamA S EPERYSZ M
25 RBARAESETFFRETH LamA RIRE
HRER

1E 5 mmol/L [ Ca*" 24 F, % LamA FIZE
AREEITE 65 °C IAEME, &3 N120D RS0 25 2R
BABL(E 7). % T N120D 5 LamA (/5 /)

7 5 mmol/L 55 F 54T N120 5 LamA BI#AFR
E M4

Figure 7 Comparison of thermal stability of N120 and
LamA under 5 mmol/L calcium ion condition

TE: B LamA 1E 37 °C (WBES 7130 100%.

Note: The enzymatic activity of LamA at 37 °C was counted as
100%.

2K, B Asn120 5 Ca™ IZE & A2 H i
SRS T (AR R 2 65 °C B, LamA M4
ST HFEFE R 36%, T N120D FAH S ) BRI
10%, {CHFEET LamA G 1119 27.8%. Ui
Ca™ FEAEMT, Asnl120 {75 %} LamA (3 EVEME
e
3 wwhEER

HErC A2 WR T T 256 % E i o-E
AR e P ) SRV A2 B SHIGIR o-TEA
T AR SCRIE ST ZN R B, LamA VR AR o-VEH
By, AT AN Ca* R p e E, A
BIFIIWFRAMN . AL T Asnl20 At
SRR AR S, I Asnl20 5 Ca*' 4544
BN REEG J7, (HRERE ) LamA 7ERR IR EE T
FaELE M . ISR Asn120 875 8 22 HAth 42
FR, kit — LA, 1Ah, S B.
licheniformis 11 a-3E R A HE T 404 0200 Hfi g
Asnl20. Asp200 Fl His233 if A] fEJ& LamA t
Ca-Na-Ca Z5H 1 SCHENT 5, XTANES T 456 A CF
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FEARE A T — 2 R 1l o

o-JE R G A BRSSP R R Y
2 RIA TR BT BRI A R R
SEMRIEVERY, R AR A TSRS RIS AR AR,
DRI AT AR A P R i e L s aleR 1,
AR T Tl A 5553 P 9L T 52 1 — L L0 T R0
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