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Abstract: Objective: To elucidate the structural basis underlying the diverse extremophilic catalytic properties of -
galactosidases in the GH42 glycoside hydrolase family, enzymes with resolved crystal structures were systematically
analyzed to reveal the relationship between structural features and catalytic characteristics. Methods: Correlation analysis
between catalytic properties and microbial habitats was performed, combined with amino acid composition, phylogenetic
evolution, hydrophobicity distribution, and structural bioinformatics approaches, to investigate the structural determinants
responsible for catalytic diversity among GH42 f-galactosidases. Results: GH42 f-galactosidases exhibited a biased amino
acid composition characterized by relatively high glutamate (E) content and low lysine (K) content, resulting in generally

low isoelectric points (pI). The catalytic properties of these enzymes were adaptively correlated with the growth
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environments of their host microorganisms. A "paired" evolutionary pattern was observed between thermophilic and cold-
adapted f-galactosidases within the family. Thermostable enzymes possessed higher internal hydrophobicity, whereas cold-
adapted enzymes display stronger surface hydrophilicity. Cold-adapted enzymes exhibited significantly distinct flexible
regions at the junction between the TIM-barrel domain and Domain B, as well as at the C-terminus. In contrast,
thermostable enzymes enhanced structural rigidity by increasing hydrogen bond numbers and proline (P) content to improve
their optimal temperature range. Conclusion: GH42 f-galactosidases shared a conserved molecular scaffold and diverged
into cold-adapted and thermostable enzymes via differential internal and surface hydrophobicity. Temperature adaptation of
these enzymes arised from the synergistic effects of monomer flexibility, number of hydrogen bonds, and oligomeric state.
Based on the evolutionary relationships within the family, this study systematically explored the structural divergence and
catalytic differentiation among GH42 enzymes. These findings provide a general reference for further investigations into
extremophilic catalysis of GH42 pf-galactosidases and the development of engineered enzymes with multi-tolerant
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properties.
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B-EFUBEE IS, 2R B-D-ERUR B FLRIK
fi# Biff (B-D-galactoside galacto hydrolase, EC 3.2.1.23)
HATR/K IS FpE T A ik zhfe™ . Tolk PL
FUBEVE RS, I p-2F 2T B 5B b TS
MG AR SR 2 FLBE (galactooligosaccharide, GOS )P,
Fi MR BEMR P S AR, B-EZUME T 53 )Jm T- GH1 |
GH2. GH35. GH42, GH50. GH59 FKj%, 3T 2024
ARG T GHI154 ZKJ%EP . 1994 4F GH2 FKiEE A p-
UM B ALE R (PDB:AVAO) B IE . 1996 41,
GHI1 KR IE T BA 2 K st 2= 1)
AEME 1 i (PDB:1GOW) . % % H 1T, GH1 1 GH2
WIS iR gi i B B 2 FHE FASE, H
Horp g2 U i SRS A B = FE AN 22, WFSEAEXT
221%; GHS0 A1 GH59 SRJ%EH i JG -2 LMH T fn Ak
GEK KA o T GH4A2 Fl GH35 KGR p-2F 3L
Hifg PRLELAT 2 RE e A ARr e B FTF &0 1, ok ikaz
B3, IS A AT, 3 — AR Rr S
0] BT A KA N T S A

HHT, 1 GH42 ZKi%E 48R p-B2UbE i
S EA— D R RE /K g B S %, LG5 A E IS
PREHAIRIRIEZS, BoA R b & s A= oo FHFF
KVETT, IFALE IR WA . mEL  mE AR AE 2 ek
FEARAEALARTEC T, RGPS B R, H
ST aE AR ST I Rl R B [B) 2540 25 S S TIRE b=
AR, XT T p-2ZUBE T B Y B & F 4352
W EA R HEA . Nk, 2058 2L GH42 5%
S-S A ST ST &2, dl i g5 E S
BT, IR T B 45 i) 25 5 R U s B 3l v R
FISENE, Sl GHA42 ZRJi% p->1 FULBE T B AL AR P 5T
Fe Z2 U 32 et TR BRI R RS
1 MRS E*®
1.1 RIedRE

B P& K Y5 T Carbohydrate-Active Enzymes
(CAZY, http://www.cazy.org/) EUHE ZE 1 GH42 ik
O RAT p-21ZUPE T B AR S5 44, A48 Thermus sp.
A4 KR A4-p-Gal(PDB ID: IKWG, 1KWK), Geoba-

cillus stearothermophilus T-6 S GanB A1 Gan42B
(PDB ID: 40IF ., 40JY #1 5SDFA). Halorubrum lacus-
profundi I Bga (PDB ID: 6LVW) . Marinomonas
efl 275 M-bGal(PDB ID: 6Y2K) . Rahnella sp. R3
>k P R-p-Gal( PDB ID: 5E9A) . Bacillus circulans
subsp. alkalophilus 5 Bcoa-f-Gal(PDB ID: 3TTS.
3TTY) . Bifidobacterium animalis subsp. Lactis Bl-
04 ki Gal42A (PDB ID: 4UNI. 4UOQ #1 4U0Z) .
Bifidobacterium bifidum S17 3K i Bbgll ( PDB ID:
4UCF. 4UZS) . B. animalis subsp. lactis B1-04 35
BlArap42B (PDB ID: 5XB7) . Bifidobacterium lon-
gum subspecies infantis 3 i BiBga42A( PDB 1D:
8IBR. 8IBS £/l 8IBT),
12 SEWT5E
1.2.1 GH42 SR RS p-F 2L H 45 A4
5381 FIHH Discovery Studio 2021 X g-2F M it
ZHELEAIEAT X, T RMSD FUFSIAR{UE, FiE
15 Fas M EIE vl Yifb AL ¥ . {8 FH Composition
Profiler( http://www.cprofiler.org) 53 #7t GH42 K Ji&,
GH2 FXJit:, GH35 FRjit M Swissport51 545 = [A]
AR 4 )% 22 U, Fl FH BANAIT (https://bandit.
uni-mainz.de/) #£17 PDB 45414 B’-factor {E 3134 M 45
ZME e
1.22 #E4k5rHr A MEGA ¥} 2 TimeTree
(http://www .timetree.org/) AT E4L 5347 o
1.2.3 pg-PRLBE BRI E B ST R T
$i fasta SCA4 % 2 5k UniProtKB U HE /& 2% 5 Hi A
ExPASy ProtParam Tool(https://web.expasy.org/prot-
param/) , i# o £ A P A4S & SRR 4 B e
) . B A L S (pD) | 43R (MW) B S K
(GRAVY) %, ilid ChimeraXZ ANz B> 4544
A4 (.pdb) FIH “hbonds” 723153547 F N &=
(Intra-model H-bonds); JA#& 5T Bt 5 A= ik
TH (Surface ) IR ETHL AT . SRR
1.3 R

JE 4 25 5T )Y 4 ZCHE 38 i UniProt 28 4% )72 #0
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CAZY BHRZEIREL, JF9 5381 5 Bkt BT 3R A
ProtParamTool (ExPASy) . & BgE+453 47 E UCSF
ChimeraX( version 1.6.1) H1 #:417 . {# F Discovery
Studio 2021 1 PyMOL 2.5 #4743 T 4544 ] #i Ak Ak
B, R Origin 2021 F 4 247 %0 40 B K B I
251l

2 HBRE5SMH

2.1 GH42 HKixC AN p-F LRSI
SHEEEREYEX ST

GH42 FKJGRMA p->FFUT B sb AL A4 12 1,
B53= Planococcus sp. L4 IR BgaP ST HER4E i
ARSE, AWFFE LAY 11 A SRS Fa 1 R G005 Al O 1
AT 404, FELL PDB 1D YE AR FT i3 B A it
. W 1 AT, GH1. GH2. GH35 fil GH42 Fji%
o g2 ZUMHHE YR A T TIM L gh A, (B TRIE
TRACUR B AEBAAR PN BE | 45 S5 sl R R G
LARE 22 . GHA2 FiE p-FZLEEFH ARSI
BE4 600~700 aa, KT GH1 ZEj p->EZNE T4
K, Hmg/NT GH2 1 GH35 K%, mERHETE A
BRI SR G AR SRR . R A, =3R4k pd
AR S R AN SRR ERIER, B
GHA42 ZZJ5 O M AL p-~F 2L il 322 DARcRR
R = RARIERAFAE . X REE T XLl g2l 2Lk
TG AR TSR, T B AR E R G &I
T PLE N AR B, AN G Thermus sp. A4 Fll G.
stearothermophilus T-6, W& B Marinomonas efl Fil
Rahnella sp. R3, WG IHeWEEL & H. lacusprofundi
Planococcus sp. L4, WEHR & B. circulans sp. alkalo-
philus.

R, 4N 2 P, st g2 U 19 AL 4
PEL 5 R YRR W ZAE AR IR BEAHGE B o AN g AR
Thermus sp. A4 KR p-EZLEH T 1IKWG fxidi fF
JHIREE A 70 °C; BB WEERBE H. lacusprofundi K5
B-EFUBET I 6LVW TERIR A5 1F (4~10 °C) R38R
At 5i4h, GHA2 Kk Z Rk p-21ZLBE TS,
IS E pH oA 6.5, MWK S B. circulans sp. alka-
lophilus V5 p->-FUPHFEE 3TTS B9 pH 1E LRI AT

ik 6~7.5; Wil 35 A2 8 J& Bifidobacterium K5 -2
FLBETYlfF 4UNIL, 4UCF. 5XB7 & 8IBR {E R &L
A 30~45 °C, BabfEH pH o~ 5.5~6.5, i & MBI
Beio M T RLNEASZ g i o M R ik ik Ak
R H M ORI G, Hk S B Rt H 0
IR S R A g FUBE T AN W], GH42 K% -
FLBHF B AR HZUNE, X2 E 158055 . an
2 2 IR, 345 GHA2 S5 Al b1 BilFEE 28 VAT FLBE /K
TS PE, f1FE 1IKWG., 401F F1 3TTS(3TTY) ., 1HZ,
GH42 FEJ5HR 43 ik b Bl ELAT SR MR o+ Rl FH fg
TR aE M . 4 3TTS HAT b o ks 4O1F fE
g R JHAER ZR 2 FLM; SIBR BEMS I JHFLPUBE (LNT) .
CAWIIE RN, GHA2 ZE5 0T IA S HAE R 2H LB 4B
H) GHS3 SR oA 7 i B SR B2 70, b
BH, B->FZUBEH e AR R S ORI E W A A IR
e HwoK AL G RIS 2B AR G, JF BT e &k
S B2 R U AR E 22 S A I BB R 3R

GH42 ZZJi5 & 1 S AR G544 p-=F FL 0 1 I 20 ik
Mg 7 AR 22 8K . L Thermus sp. Ad SRR
IKWG 218, How a5t il 5 7 2 AR AR — 380k
¥4 30% 47, {H Co JEF RMSD [HZF /N 2,
AR 0.96, KB T 25 SR~ s . H
56 2, Tt 1 KWK 5 [F] A it #4114 4O1F
SRR F AR . RMSD {Efe A, S i S5 i
i3 p- R 6Y2K & 1R e 51 AR UL R B v,
RMSD fH /. HLEHEN 6Y2K AT i8S 1IKWK #E
DR Ta]_ S EUT . RIS, B T X BREE IR Y
3 P, dE LT BE R S e A P BRI AT 2,
an GH42 ZRJ5 M B RIE N 21> B-F-ZUBETT i
Z Ak AT X R 22 5ok, St S5 imiE A
A=K A G A FAER AR T 5 o
2.2 GH42 FRi&C MLt p-F-AEEHIE R A
IRy

X LUAS R E K iR B 5305 -1 U0 I LR
AT LRI, GH42 FRI%AN GH3S5 S%EAT B i
18 e e X G ) AR 3 e X (L1062, 1l GH2 SR
SRR WA S FICIH WA (8 1) . GH42 5k

R PRI MECEA R /KA B 500 b i 3 A S 4k 22 5

Table 1 Distribution and structural differences of f-galactosidase in glycoside hydrolase families

prrpe PPEFURT S RS A B R 1 g AT Domain P H - U AR R 454

Kk S A B AR Y B FEAL A H 35 o REMEA g A
GH1 8/88 400~600 aa TIM - TR AU U A 314 1GOW(1996.9)

[15-17],— (18] —=
GH2 13/64 700~1000 aa TIM 5 ?\%ﬁ[moﬁ%?éﬁm{/ /éé%%[ 4V40(1994.4)
N [23-27])— X [A[28-29] %

GH35 13/18 600~1000 aa TIM 6 Lﬂﬁ?ywﬁj%ﬁ% W!E[‘%& 1TG7(2004.5)
GH42 10/12 600~700 aa TIM 3 SRRESII TIPSR 1K\(K£621_18VK
GH50 0/4 - - - - -

GH59 0/1 - - - - -
GH154 12 398 aa (ala)g - PUZRAES 8014(2024.1)

T =" R i IS .
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Table 2 Main characteristics of known 3D structure GH 42 f-galactosidases

P GR K AL IERL  FHIM
e - PDB ID hro Ca RMSD (A) AR
S (FHLS) P UPE(%)
IKWG El41 — o
Thermus sp. A4(A4-B-Gal) KWK B3l 100 0.00 ZRIAS T, 70 °C, pH6.5; X FURE I8 .
P G 4 40IF ~
. stearothermophilus T-6 407Y E158 2.3 198 =R, Ty 53 C, pHO.0; TFUB s o
(GanB;Gan42B) SDFA E323 : : W X GOSH HEALTEFE .
=HK; 4 mol/L NaCl 5 KCIFEAATF, T,
[iF3 [IFZEEN
iy ‘mﬁ'ﬁ;)'é H. lacusprofundi (Bga) 6LVW gvg 45.4 1.44 50~55 °C, pH6.5; 4~10 “CF A[ {3
3 10%-~13%35 1
&Y . E142 o -
_ ;T 5 °C,37~50 CRaxE; pH6.0,
G Fighy)  Marinomonas efl (M-bgal) 6Y2K 314 54.0 0.96 B Ty FasEs p
TS Rahnella sp. R3 (R-f-Gal) SE9A E157 30.6 1.90 SRR 4 TIREER; fE/RE4-35 C,
E314 pH6.5,
TR B. circulans sp. alkalophilus 3TTS E150 29.2 175 AR Ty 35 C, i fEHpH6~7.5; X FLHH
" (Bca-p-Gal) 3TTY E307 : : SRR, B S
4UNI
S 3% A B. animalis subsp. Lactis 4U0 E159 =EEIK; T 45 °C, pH5.5.
Wit gk Galdon) Q 323 273 1.86 IR T p
4U0Z
) 4UCF El6l Cepn ] PO
B. bifidum S17(Bbgll) 4UZS E320 26.9 1.89 ZHIK; T, 40 °C, pHE.0; TLGOSHEALAESS o
B. animalis subsp. lactis Bl-04 _
(BlAraplZQB) 5XB7 E;f } 25.7 1.91 =I5 T, 30 °C, pH6.5.
B.I bsp. infanti SIBR E160
. longum subsp. infantis SIBS =3 sT 37 C, pH6.5; LNTHIFAE ST .
(BiBga42A) SIBT E318 295 1.85 A Top P AR

<maQrOgPH®TREAO0ZET<E - ZRa

— |
{ EEE
H42

SIBR .

1EWE
401IF
B
SE9A
SXB7

£

C) o4
.J;

15¢
= GH42 vs. GH2
_ = GH42 vs. GH35
S 10+ = GH42 vs. Swissprot51
N
H
2 0.5
| || i
&
e 0“ |||| | |||| ||||
® | | I| ||| || |I ) I|| |I' |
_05 L
ACDEFGHIKLMNPQRSTVWY
FILPRRh
2 GH42 %5 GH2. GH35 il SWISS-PROT (i /E &
B2 R

Fig.2 Amino acid distribution of GH42 relative to GH2, GH35
and SWISS-PROT database

5 GH2. GH35 FGHAE A45H5ds7E (Swissprot51)
FME(E 2), &2 FIEEIERR N A. D, E. H. R Ml
SR FHEEIERR N I. K. N, S fl T, FHH GH42

oz zno

PEEEEEEELEEE T

" GH2
1 GH42, GH35 J GH2 FFRC MRS p-2F ZURH B SRR AL U H
Fig.l Comparison of the amino acid composition of the known crystal structures S-galactosidase of GH42, GH35 and GH2 families

FKIg B-1FUBE T Bl I PR e HA e o 3 41,
Wy AE A AE B NE TR LR A I G 78 =5 &
IR SR C I M AE =S SR H % k8 5541
M5 GH2 FKJGA GH35 KA Lk, GHA2 FKiGk iR
P ORI Y ESLRR E S, AR I AR i mei:
M K &A%, [FAF, GH42 550% p->FLbE T Bl
pI AE XL T B - 5%, Hirh GHA42 0% -1
pl & 5.41, GH35 ZKJ5 -3 pl 2 5.95, 11 GH2 %
SFH pl oy 5.80. AWFSRERY, B A BTl B AT
) RO = o [ = T il o) o s e AL B £ < | .
M, GH425 % E & o . K S A S b nT RE R
pI AEARX HE SO BAR M IR . 5 ST g b MRt
Sy PRI T 45 3 o, (I pl B BR P2 F 5
BN EERFAEEN . GH42 ik B A Rk IR TR
AN EE %nﬁéﬂslr‘a% B B-leZUBEE T, TR Hh ERIABE
A 35 A 38 N T BRI B 3 — 2 3k 1R 4H A A S Y
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JELAL
7351, GHA2 Zik p-~EFUBE g 22512 T. S,
Pl R Fizemik. Hp, P mEmng 1IKWK,
6LVW Fl 6Y2K HJHARGFIPFaENE. W1, IKWK
AT AT 6L VW S HL IR e P R ARG it A A A 5
MHRIRAY 6Y2K 5 6LVW AL, ¥ EA K iFy#ida
FEPE(37~50 °C) . BUAWIFELIREH] P & i, iy
SRS T EERNIER (H, [RCAT AT 4OIF Ho
HBLEIAh, H P S AR, IR, P & ARk
FE GH42 SZJ% p->B3UBE Il 53T S5 F IS E M e
—PHE=E.
2.3 GH42 HKikE MERALEN p-F I EEEEE L o1
X) GHA2 ZZJ5 O M AR 254 g~ ZLVE 1 i 19
BTSSR AN 3 s . 5RO E], 316
FE oA FiE BTl SR VS AR P 0T IR B 38 i R T IR 2
AH 2 Hbi , Marinomonas efl B MK IR i 6Y2K 5
Thermus sp. A4 YR #40EE 1KWG, LA K Rahnella
sp. R3 RIAMMILIERS SEOA 5 G. stearothermophilus
T-6 KW FAAEF 401F, 435 R M BOE L OCH .
AWFERY, BERETS S5 g Eh D REE LA a4 1 - RY
X5, 2B K BRI (BRI ER MR IR BT iy
A AR B AR BA RS N . IS BIFIEIA
Sy, MR IR AR A e S 51 e AR MR SR . 3
WATRESE: GH42 SRS TR p-FF U itk
A EAHVT A ST o ik T T AR It P T A A [ s
WL T AR, 455X 2T Co B AR HEL
A B RS, ABFSEHED, GHA2 ZRE AR IR M
M 4 B->F FLHEF I 7T BB 2 B TAHXS LAY 1Y 445
14, 3Bt Z IR 578 oAb Y S HR IR E W AR A
e BE A VW RS E PEAIVE RS L . A7 ¢ GH42
G5 B->F-FUMEF XS BRI i B 103 L PEAE L i
BRARAIRT
et

L Thermus thermophilus-IKWG  —2.10
=577

B. longum-SIBR ~5.58
B. bifidum-4UCF —5.68
B. animalis-4UNT -1.77
B ad 5 _
STTS 3.
— 0.1 substitutions per site G. stea wior 342 $58 |

K3 GH42 ZIEEMMEREYRIR p-21 FUAH BRI HL AT
Y&iiteini
Fig.3 Surface charge and evolutionary analysis of S-galacto-
sidase derived from polarophilic microorganisms
of GH42 family

WA, BA BF IR A O B 1 T AR T AR AR ST 2 it
P 2 A AR X BT A M B I FR AH BRI r= A iy itk
Azt R, FR T FRLfAT 252 MR AR P X R 32 E i B 1A
R RBFFEMEETSHT T GHA2 ZE% A A
L5 B-ZUBHE B AL AR rh R AT H ff AR AR TE 1L,
Iz AL T3 IR H. lacusprofundi SRR 6LVW,

B wet8sEe

&S BSOS

T L for B AR TGS WIS 51 . AP 2B,
R AT T FEL A 5 e R AR i b 5 R e R P SR A
AR, FHHAEARFE EA AR R 2L S . g
PP Pyt Y 1 it 1 2 T P AT A A AR S AR, LA
4 b i Y HD T AE A AR M BRBE O, F b HE T,
6LVW 2 [ Hi, £y B b 821K PTG T 2 Xt JHC T A 40 it
B 1 —Fp i B PR, [RIET, 53 A T B, Tl
A= W R R RE A% AR P L P B B T 1 2R TR HL AT R T
W, IR A= Wy H Py & 4 1 o B AR T g 3R
FEL T, (H2 [A]— 2B R s (e A e A E k22 e 08,
GH42 ZZJ% p->1ZUFE T B 2 i A 747 5 LR e,
N Bifidobacterium YR p-HFLHEH N 5XB7. SIBR
1 4UCF FKHEHMES -5 2547, {8 B. animalis subsp.
Lactis B1-04 2 4UNI “H—1.77, TERFFT XIS A K1
FEL a7 B e, WL ER R 5 v O N i — 194 55 T 7R - it
ot 2R B, B 0T 45 A 3R T Y FL A R R o A 2
GH42 FKj% p->1-ZUBET A5 AH B 40 i 2R3 v
IRt
2.4 GH42 KRixE MBS p-F A EEERH K MR
M (RGAVY) o#h

W 4 Jras, X Lo B il S AT i 2 30, 3
GRAVY %A MEREM: 225, (AR B T2t 3=
Ml GRAVY {H ( Surface-GRAVY) F1 I #5 GRAVY
(B (2L TIM fifiR &tk 8 1~ g-F /=211, B-GRAVY)
85 5 2 N e T (B AL =S T P S e S /T T8
it PR /K AR R P R R, GHA42 58
5 -2t FLBE T B il AR R BE S Surface-GRAVY
{H X B-GRAVYHAHG ., #2501 &8, 76751
AL R = AR O, NS B Aifaiskisti Ak M, o0
2 1T 2% /A v ) T e 2 A T IRLBE 5, 4 4UNI(T,
45 °C) 5 4UCF(T,, 40 °C); HA ML f-GRAVY
{H, Surface-GRAVY {H Y EHGEA/E R EARIT . 7
in, e |3 e MR 3TTS S s 401F, —3%
JYHVAHLE R, B-GRAVY {H X Surface-GRAVY fH
Yz, R PNFBB /K K R S5 /K PEARARL, D] 35 o
IEAE IR EEIRAERL, 43502 53F0 55 °C. GH42 5Kk
FAXF e B p-2 FUBE Y I OB K S i 5%, B

2( = GRAVY = f-GRAVY = Surface-GRAVY
1
IR IR A L
>~ —1
>
5 2
© -3
-4
-5
-6

LA FTOD S DS
SOFTITETES S

K4 GHA42 ZGEC RS gL FUFH TG GRAVY {4
Fig4 GRAVY value of known crystal stuctures /-
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