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Cumulative effect of mutations at conserved sites of GH42
family on the catalytic activity of B-galactosidase BgaB from
Geobacillus stearothermophilus

DONG Yining', CHEN Wei’, ZHANG Hao’, GU Haiyang', LIU Yang', CHEN Haiqin >

1 School of Biological Science and Food Engineering, Chuzhou University, Chuzhou 239000, Anhui, China
2 State Key Laboratory of Food Science and Technology, School of Food Science and Technology, Jiangnan University,
Wuxi 214122, Jiangsu, China

Abstract: [Background] The weak transglycosidase activity of [-galactosidase and the
hydrolyzable property of the product galactooligosaccharides (GOS) results in the low product
yield. [Objective] To study the effect of mutations at highly conserved sites of glycoside
hydrolase family 42 (GH42) on the catalytic activity of the [-galactosidase BgaB from
Geobacillus stearothermophilus. [Methods] On the basis of the functional analyses of single site
mutations, the conserved sites E303 and F341 were cumulatively mutated by the combination of
site-directed mutagenesis and chemical modification. [Results] The double-site mutant
Ox-E303C/F341S was constructed. Compared with the wild-type enzyme, the double mutations
reduced the hydrolysis activity to 30% and increased the GOS yield from 0.75% to 19.50%.
[Conclusion] The cumulative mutations of conserved sites enable co-evolution of single-site
mutant functions. Reducing the hydrolytic activity and substrate inhibition can improve the
transglycosidase activity of B-galactosidases. This work provides a reference for the modification
and regulation of the transglycosylating activity of GH42 B-galactosidases.

Keywords: [-galactosidase; cumulative mutation; galactooligosaccharides (GOS); glycoside
hydrolase family 42 (GH42); transglycosylating activity

B-2F FLAK YW (EC.3.2.1.23) H A KM FIFL  GOS M3 40%, A 3UN 5 & /T 60%!,

PRI R AL Th e, BB LAZLIE MK & IR
>F 7| B (galactooligosaccharides, GOS)!', GOS
PR IR IR, FEMA TR
BE 77 & dh oA R B FL R A R B (human milk
oligosaccharides, HMOs), X /]Niz i 2 3 5 i
K ss B WA KRR, REZAEYRE B2
FLHE G GOS & lae 1 oy FAH 2= R
K, HEBERW GOS #5A MR, 52K i SR
By 55 Z2 A R 2 A, -t L T A
b GOS #5533 4b T 20%—50%7KF11, FRH
Xt GOS HYATSE -5 10 -5 Ak AR HER A B

H 2008 4E4IL1E GOS VBT BT £ v LASK , Y
HA P ACA = A ) il B b, el B
GOS AR E BT A B, E GOS
FEb TG e R I S ST A R R R

I 20 42K, £ GOS A RUHTE T HEARIIF
ZERP M 40,2001 4F Hansson 25265 Pyrococcus
Sfuriosus R B-H I HETT i Phed26 L mi 548K
2%, 1 GOS 133 40%HE &3] 45% "7,
2009 4F, Placier %5 5 Jeid i AL IS A8 45515 1
7 356 14 7 92 AR A A A A AR PR ek R A SR AR (AR
R109K; F5XT R109 13 o 54710 158 A8 3145 4% bk
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FHEAL IS PEUE— R ) 8 AR R R109W, 7E
DLFLBEAE R s vk 2 b, AR R 3L =
WIS 2%3% 5= 3 23%!"%, 2013 4E, Wu &4
Sulfolobus solfataricus Y5 B-FLbEF 2+
S EH RIS U T EL X, B0 X AT
fEZ: 5 GOS 454 1Y Phed4d 1 o s HEAT 2 5 o3
ALK GOS 15K i 50.9%3#E = 5 61.7%!'Y,
2019 4, Gao %R HIBEIR-1 WETF 456 AL s S
PO 265 15 1 AR T 1 R K P AR 25 5 i R
AT, Xt Aspergillus oryzae Kl B-2FFL bk
T B N140 F1 W806 1/ s 47 1 s 248 , FIr5 3L
JRASR N140C/WS06F ¥ GOS 753 i 1y A 1Y
(1 35.7%3 F 5 59.8% "),

AR SR, 857 ool W T K
i M BT AL D BE , 2425 GOS THEMA %L
AR AR AR 5 3 AL 43 T 4 R AL
SIRYAEIM T 25 GH42 KK Geobacillus
stearothermophilus Fe {5 P-EF LM BgaB JiE
WES G AR, I A UGS RS T
TEAR TS P R AR R0 IES SR 45
B E IR S T R B Phe341 A RAS AT L
MAE BgaB XK AE UM R AT, AT
PE PP FUME T B S (AR, IE DL ARAR IR
Prim il Ve AR 28 A8 1R F341S;5 RN oE A 3K
19T R AL LR 2 Glu303 1)-SO0 ik
RAFR Ox-E303C, %R A$ER T BgaB F b
AL M 7R B 98 At B ARBFSE L Glu303
1 Phe341 &L A0 HbR, RIS B
7 WA AL T R A B2 R, LAY GHA42 Kk
B-2f- FLBH T 40 F- A AL I BIF 5% B8 St

1A

1.1 B
111 EHRFBAL
B FIEITH Geobacillus stearothermophilus

HIE B-FFUBHF R bgaB (GenBank 55K
AAA22262.1, 672 aa)Fll Escherichia coli IM109 .
DHSo B 5 ik pKK223-3 34 VTR K Fh
A W H AR WU T RR ZE (Culture: Collection of Food
Microorganisms, Jiangnan University CCFM){#A7 .
112 EFHRE

LB HiFr A (g/L): K 10.0, EERESRIY)
5.0, NaCl10.0, 778 ERE KRG HEBRETR
£ LB B B M A BN HFHE R B2LWRE N
100.0 pg/mL, 3 5 4 B 10 4% 77 A %

TB #5537 (g/L): IR 12.00, EERERHL
1 24.00, ¥ 5.00, KH,PO,4 2.31,K,HPO4-3H,0
16.43, MTHMEAMETRE.
113 EZXF R

DNA PRl 1 P VIl . T4 DNA 3% £ i F1 Tag
DNA &0, RiEFAEY TRARAR; DNA
REGME, Toyobo Aw]; RN VIR Dpn 1,
Fermentas AN F); 24 N &=, £ LAY TF(E
M)A BRZS Fl 5 DNA- B A Ha Ik Ji8 [
o &, LR ERLA R AR ; PCR ™
Waitb iR &, b RARA AR BRA A 5
BCA #HFE Sl &, a0 A Y I R
H R F] ;8RS A (Ni-Chelaing column) ,
Qiagen A H] o

PCR ¥, G-STROM A Hl; BURE LML,
Eppendorf 23 Al 5 % FRHLIKAL . BEHE HEL UK ASCRN B8
AR R S, Bio-Rad 22w 5 GALARKI RS,
Molecular Devices 28 rl; A WLAr 6B, TG
JeA] B AAR AT PR Wl 5 B AL, Sonics
& Materials 23 Hl 5 SO AH (35, RIS KAy
I BTAERAT PR 7] 5 28 KOG ks il #% (ELSD),,
WBEB A BR /A ; Discovery Studio 4336 7
FRAUEAE, BIOVIA A,
1.2 FiE
1.2.1 GH42 X% B-+ A BEEHBEMES

GH42 % B-2F FLWE T Bl 2 BE Ry 41) e 1ot
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EC 43 (EC 3.2.1.23)7E NCBI (National Center

for Biotechnology Information, https://www.ncbi.
nlm.nih.gov/) J& JU 4% %4 #& % (non-redundant

database). UniProt %{#& %€ (https://www.uniprot.
org/)Fl CAZy %4 J% (http://www.cazy.org/) 1 A
FiK1%. BgaB [FJEZ5H 3TTY F PDB $dii/E 4k
155 ZEFHIHX R MEGA 11 #F CLUSTAL
B 58 B (http://www.megasoftware.ent/) .

455 ZH T KA X i dE GH4A2
KR B-F FLWEAT B IS 45 6 7 05 <7 9 58 B
(sequence profile), H4%, DA 3TTY MtEitk, F
] Discovery Studio ¥t BgaB 43254 #E1 7 [A] Y&
fHE, L LibDock #4 iKY 5 BgaB i 4 [14%
AT X, JELURY oG, B2
IEWEE G BRI ETE SA N SR
ZEIPH XS 3 2 5 R 45 & A LR A ST
GH42 ZFWEH M R~F1E 0L, JF 458 WebLogo
(http://weblogo.berkeley.edu/)4= i, GH42 F )ik
Y45 & A IR A ST Logos
1.2.2 E303C/F341S R K HE

PLSEEG 3 O R Tkl pKK223-3-bgaB-F341S
AR , SR G A BRA 1S 585 :(QuickChange®
site-directed mutagenesis protocol)El'X} E303 24
FEWR A7 1R 2 e 2 IR (Cys) 85 46 1Y) B i R 72
&, SI¥F 53R 5-GTCAACCGTTTATTTT
GATGTGCCAGGTAACCTCACATGTTAA-3',
123 BHEBARRTHEBHFRILISHK

Y 1 7 ) ARG AE E. coli IM109 HHifE4 T
HERIK, PREEAR A LM T 5 mL LB #it
MR FRIET, 37 °C. 200 t/min PR E SRS R E
TR, KRR 1%3%F T 200 mL LB
PR AR FRIL T, 37 °C. 200 r/min &% 3557
£ ODgoo i5%] 0.6-1.0. LA 1 mmol/L IPTG F
20 °C SR XLK)E 3 000 r/min B0 20 min
WA R . HIBERZE 0 (100 mmol/L, pH 7.0)
HBIFFINA S B G50 (1< Cocktail) J& , UK

MRS (TAE s, BIEK9 s, T 200 W,
S 30 min)RE  FEREAEIR T 55 °C bR
30 min EFRAMAZGER, 412 000 r/min B0
20 min Y& EIE ISR . HIBRAGT 0.22 pm
e IS B CEAIAE . S 6 AFFEMRFY washing
buffer (4351 & PKMEHE FE 20—100 mmol/L)%H
VEMiZE AT, &5 4 % elution buffer (7%
250 mmol/L BR M )Pk H 9 8 11, WS I VR
FH®E 2 2% #h ¥ (50 mmol/L, pH 7.0)i& #7154l
A0 Tl 28 RE
1.2.4 Z¥T5{k Ox-E303C/F341S &1

RAK E303C/F341S AR KIALPR)
H 303 i 5i—SH Mk #8406 H—-SO0™, 1435848
& Ox-E303C/F341S. HALR VKR INZE 1
N, KEAT 100 L, % 0.25 mol/L #ifRELZE
AW (pH 6.5). 10 pmol/L Br, 0—0.3 mol/L KI.,
DL A= RO BEAE A IR, 25 °C 4k U 30 he
1.2.5 KERTEMME

i Gist-Bracades #2776 1 . B
100 pL [ A1 900 pL BEFREL 2% sl (pH 6.5)
A 10 mL 8 HIE AT, i 5.0 mL 4BF5 228 B-D-
K F M I A% (ortho-nitrophenyl-B-galactoside,
ONPG) MKW, 55 °C A5#a/ N 10 min f5, i
B BT UK IF A 2.0 mL Na,CO; i
WL . DA FHEA S, Bl 500

®1 RTEEFFEMLER

Table 1  Reaction conditions for the mutant

oxidation

Items Volume Final concentration
(9 (pmol/L)

Enzyme solution 5 3

Phosphate buffer (pH 6.5) 85 250

KI 5 0-300

Br 5 10

Total 100

25 °C R

Reaction occurs at 25 °C.
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JEIE T (420 nm)I & B b ROERE B P R
I BCA i 2, #e AR AR A 1 1 -
By x8

4.45x10x E,,
;T:EFF' : E420j‘7 420 nm ﬂ‘ﬂ/‘]”&)\]ﬁgﬁ, Ewﬂg
100 pL Jr MG 75 B 0T i (g)s 8 N e f4
s 10 BT[] (min); 4.45 HTESLE 55T
1 pmol-ONP/mL W G (A .
1.2.6 REKHER~=TH

FEAL VAR (pH 6.5, 50 mmol/L Wik
W, 55 O MA 20 pL 500 mmol/L
FLBHVE R, B[R] S0 B AR A F 95 °C
PS5 min ZOb SOV o B STR A YRR ER R
Jei JEAT OB (43 (HPLC) € &40 o (3%
#:: TSKgel Amide-80 24 (250 mmx>4.6 mm,
5 um); WA ZME SKEEEIL 70:30 IR &
HPLC 4514 %ii 1.0 mL/min; #EJ 30 °C; ik
FEfE 15 pL; ZEAOGHURKINAS . A R
45°C; N, 77 3.0x10° Pa.

Ay B R 2. 4.6, 8, 10, 12 mmol/L
AR . CEILBE R LR bR W, TR ARG
T BORR o T AR M4 15 ul T ARA @, %2
B R A5 25, 1 S bm o (T I O B B )
FETRIF . DA . LR U B S e A
b, WETH BN RZs HIARHERT 26 . &:F% 10 h X
W 15 pL i ARAH 3, 105% 30 min 435
WA R P i ) B g TR, AR AR o o i 2 3050 UM
e OB R 2 B v BE (mmol/L), PR B R I e
B Ry e FE (mg/L) . GOS AHNT 7= i A &
PR B B S ) R PR EE e A e,
SR/

U(g) = ()

—MGa — Mg —

GOS(%) — mLacO mLacl % 100 (2)

mLacO
e M ORSHD TR EWRE (mg/L); myao )
BFLHERE 5 mpise WETZYP IR s ma

jﬂﬁé?[ﬁg(fﬁg 5 MgGie j‘?%%ﬁﬂ?fg o
2 ZEREH57

2.1 InEeREMRNmAYIEE

B-F= FLH Y I v 1) FF 6 0 T A A L
B R G B E IR FLE(GOS), 4+
Gal-(Gal)n-Gle/Gal (n 2 0-6)24, R} X A] |
FHHASRTE VNS BT 721 GOS K fiff Ay w2 Wi
FFURESE L IS8 K A R R LR 1 B
Xt B-2 FLBE WG M A AR R,
B-F- L T Wl AR f 0 MR TR M IR v, [RIA
MAFTEIRYAMHIER, T8 GOS 74313 4
K, EEMR SR, SHIEYES AR
A7 i Xt AR R T 1 LA R s A RS20 AR
58 K [ V5 A 5 RS 0 % 9% 07 95 % BgaB 43 F
H S 5 UM A A TR O S UEAT T R0
Wi 1 frR, BgaB 432k LA TIM (distored
triosephosphate isomerase)ffi: L 251 (E 1A),
S50 T A M E RS FE T
TIM Z5#3N (K 1B), Hhidd e 25
PRGNS 9 A EREE RS AL
71~ (K 10),

S5 RYIEEG AR S Phe34l %
AT DLAE BgaB X FUME > FRIERS,
T R 42 JEL X il AT R D K SR i
RN Glu303 k4 —SOO0 ™ AT 4 5y
BgaB F AL 1ER . e g Sk B, R
WFFEXT GHA2 Kk 2 081 4> p-2F LB Bl T
RAFERFINIAT T, 4 TS 5KV &
IR S AER G b oL, 25 anE 2
JIT7 o Glu303 S G115 N e BE DRSF I 2R RR A6 AL
PRSFE 100%; Phe34l AMERSFEIERR I S, ff
SFREE R 89%, FWIIX 2 N IEMRAL L AE Ik
RN GHA2 ZKR B-~F FLWH Wl 10 15 1 Y
T B OR B AR ABF5E LA Glu303
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A

Y PHE
3 341

GLU
1.67 351
“e, 279 -
Y i
2.98 354
GLN
110 s S
TRP
148 —
VAL
Interactions 309
van der Waals
[ Conventional hydrogen bond [l Unfavorable donor-donor
Carbon hydrogen bond Il Unfavorable acceptor-acceptor

£ 1 p-FIPEEEE BgaB 0 FTHMRFIAMESIEE A: BgaB FURL LIETEF L. B: A FLHES

A Co B HAFURE B IR (LN

Figure 1 The molecular structure and the galactose binding mode of [(-galactosidase BgaB from
Geobacillus stearothermophilus. A: Overall structure of the BgaB monomer and the active center. B: The
galactose bound in the active center of BgaB. C: A drawing of the surrounding amino acid residues of
B-galactosidase BgaB interacting with the galactose molecule.
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Figure 2 Sequence profile of the substrates binding sites of GH 42 family B-galactosidases and evaluation

of the degree of conservation at each site.

Phe341 MWFFE HbR, FRITIX 2 A HA A F R
VB FH B DR <1 2 BE TR 7 o5, SR AR 8 A0 Xof e £k 7% 1
(R FE I
2.2 Ox-E303C/F341S =T {ApIHE
DIscEG s A BgaB AL RAFIK F341S
BN, X E303 v s T Cys B, K15
X B GEA K E303C/F341S , X 87 4 Y il K
X, RS AR g 47 T 41 R Tk I R A Al
DI [E) He B KT (0-0.3 mol/L) N4 ALF, X3¢
SR ASA E303C/F341S H E303 47 2 e 4 e

A
100.00

)

£

S 10,00

Z 100

2

2

E 010 o WT

& -=— Ox-E303C/F341S

0.01 S
0.00 0.05 0.10 015 020 025 030

KI {mol/L.)

3 KISHUEHEEREKLRTE E303C/F3418 &R0

B Kb B (8] Xk 5 A2 K e I 1 (4 52 1]

4% BEAT 8 AL, 15 3 —SO0 e W 58 748 fA
(Ox-E303C/F341S). LIHFA: RIS X0 RE, KT e
JEE T B A A R S AR AOK SR TG PE R i B 3A
/Ro Ox-E303C/F341S /K ffis PERE K1 Hk B 3 K
MEmr, 4 KIWEAF] 0.2 mol/L J& HKfifi&
PECRAFARRE , M) S0 T P A U G A S A8 4k
I 45 B E B 0.2 mol/L KI A Ak A BT 15 58 A {4
Ox-E303C/F3418 /K ffiditEfa e . &l 3B AIAl,
AR E AL IR 25 F R, Ox-E303C/F341S /K fi# i
PEGR ZAR T 17 A R . Ox-E303C/F341S 7K i

100.00

g

S 100

T Loo

2

=

S 0.10 —— WT

2 —- Ox-E303C/F341S
001 b

0 48 96 144 192 240 288

Time (h)

A KT JE X 5 AR AR K At 15 4 0 52

Figure 3 Potency of inhibition of wild type and E303C/F341S mutant activity via oxidation through KI
exposure. A: Effect of KI concentration on enzyme activity. B: Effect of treatment time on enzyme activity.
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PERE A AL RS & 5 TR, b3
IFIAIGA ] 192 h i 7K T ik Bl de ok, A ]
T, B AR RUEOK AR I M LT AS 32 AL [
SO o PR AR R R A AN AR . KT MR N
0.2 mol/L, Ak I8 192 he

SDS-PAGE 437 i 7= B A= 7 J% 58 A5 A fifg 1)
70 kDa B—HESH (K 4). BURSEARAK
E303C/F341S S HA B M1 Ox-E303C/F341S
AR Y A U . E303C il F341S F S 28 AR K Y
FRAE A RKNUAS, 456 B A= Y T 58 75 A iy
KA A A7 2 W B R AR A B 4 3R 8 IE A .
23 BHHEBRERTIRE KRS D

PL oNPG RN IRH, DA HFA: R PR
SRR F341S. E303C DA K WA EFHAR A
E303C/F341S il Ox-E303C/F341S H i 402 2
fiR . Hodr, B RASR E303C LTS (N ok Y
AR 0.6%, XA T E303 ARt

kDa W M LI L2 L3 L4

97.4
66.2

43.0

31.0

20.1

14.4

% 4 FFHE RN RTRES SDS-PAGE 1 M: Fx
MER A Fat; W BPAERIEE; L1 XSS RAR A
E303C/F341S; L2: X H 578K Ox-E303C/F341S;
L3. B 5 RA5IK E303C; L4: BAS 75K F341S

Figure 4 Analysis of the purified wild-type and
mutant proteins by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). M:

Molecular Marker; W: Wild-type; L1: E303C/F341S
mutant; L2: Ox-E303C/F341S mutant; L3: E303C
mutant; L4: F341S mutant.

*2 HHARRETEHEELL oNPG ARYIMLLESE
Table 2  Specific activities of wild-type and
mutant enzymes using oNPG as substrate

Enzymes Specific activity ~ Relative activity
(U/mg) (%)

Wild-type enzyme  37.20 100

E303C/F341S 0.07 0.20

Ox-E303C/F341S  11.16 30

F3418* 27.90 75

E303C* 0.22 0.60

ARSI R O R R IR
*: Single-point mutants have been constructed in this
laboratory.

FEMRAL A, 75 GHA2 KA & BEORST, X B-
PR B AL T BE A 4R 5 BA SR P01,
X — S IR A5 AL IR E T 1A i 2878 & R BUK i
TP B R R R AR K F341S
FL RS T R B AE LA 75%. RTHADF oY 45 5%
W] F341 r sl A L ZUBHM S VR, Bl
RAFA F341S 5221 ZUREI T 45 FHAH 85 A5 Y g
WU f I, F341S K ERAEALIE PRI
I AT B S H T X 2 ZUBE 58 TR 501 B8 g ok A
B, RAHERALR E303C/F341S HOHHE AL T8 4=
R R B AR, U B AR T 0.2%, KW
£ i E303 5 F341 i RRRA N0 T 7K i 1 1
B2 ; T Ox-E303C/F341S 7K fif 18 M Ry W 2k
IR 30%, FWI-SOO Mk ik & 1T 5
IK A E o

24 FHAEABENSKRETHAER Ox-E303C/

F341S W R A RZ R =857 4
WY A R Ko R R AR Ox-E303C/F3418

HEAL LI SOy 3o A e, 4521 2 i i S I e ]
AR 5 R . A RUEEAE SV 0-10 h
BB B T 3BT 1) GOS, I KGN 0.75%;
FE 50 h [ o b A8 o Bl UK AR, o EUR
FIH A0 & R W K, GOS 78 v B[] ik
# 20 h BB FEAL A 0,2 B AE AU X 9
Koy 3 B ek iR o 5 B AR Y A
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% 5001 12.5 = £ 500} Lac Gal 35.0 =
= 400" -+-Gle ——GOS _d00 T § 20015 e Gle —eGOS 300 &
= £ £ \ 250 §
g 300 a7 #7535 % ‘é 300 ISR 200 §
[} . - < bt o _ B
g 200 i L E ¥ 50 & g 200 ¢ t - E-- 4130 &
j 100 S & s - ‘; AT 100 3
< oA ] = 8 P I SabEETY TS
L ] A e
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Figure 5 Reaction process of lactose conversion and product formation catalyzed by wild-type and mutant
enzymes. A: Lactose conversion catalyzed by wild-type enzyme. B: Lactose conversion catalyzed by the

mutant Ox-E303C/F341S.
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