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Abstract

Object: Carbohydrate-active enzymes (CAZymes) are capable of decomposing complex polysaccharides
into simpler forms. Animal gut microorganisms are an important resource pool of carbohydrate enzymes,
and it is of great scientific value and practical production significance to study the genomes of animal gut
microorganisms in depth and to mine novel carbohydrate-active enzymes from them that can efficiently
degrade cellulose. Therefore, the aim of this study was to discover novel carbohydrate-active enzymes from
the MAG117.bin.13 genome of Bacteroides fragilis from the equine cecum. Bioinformatics was applied to
unearth novel multifunctional CAZymes belonging to the GH family (Glycosidehydrolase, GHs) that
efficiently hydrolyze oligosaccharides and polysaccharides. This will provide a reference for exploring
novel CAZymes encoded by gut microbiota and lay a foundation for the development of novel industrial
enzymes and feed additives.

Methods: (1) Based on the existing research foundation in our laboratory, the hypothetical proteins were
screened from the genome of equine caecum Bacteroides fragilis MAG117.bin.13 on the basis of sequence
similarity, functional similarity, and enzyme-catalyzed synergistic properties. (2) Physicochemical property
analysis, signal peptide prediction, transmembrane structure and hydrophilic/hydrophobicity prediction,
glycosylation and phosphorylation site prediction of the hypothetical proteins were carried out using
ProtParam, ProtScale, Signal P 3.0, TMHMM, NetNGlyc 1.0, NetPhos 2.0, SOPMA and SWISS- MODEL
software, secondary and tertiary structure prediction. (3) The hypothetical protein was sent to Shanghai
Biotechnology for synthesis, and the recombinant plasmid was extracted from the cloned strain, and the
correctly sequenced recombinant plasmid was transformed into E. co/i strain BL21 (DE3) for optimization
of the expression conditions and purification of the target protein by EcoRI and BamH], and then identified
by 12% polyacrylamide gel electrophoresis (SDS-PAGE). (4) The standard curves of glucose and
N-acetyl-D-glucosamine were prepared, and the enzyme activity was detected by the dinitrosalicylic acid
(DNS) method, and the obtained values were compared with the standard curves to calculate the specific
activity of the enzyme, and to evaluate the catalytic degradation ability of the hypothetical protein to a
series of substrates. (5) The hypothetical proteins were compared with the equine intestinal macrogenome
and NR database to evaluate the number of family members comprising them and their sequence diversity.
Results: (1) The diversity in the number and species of CAZymes in the MAG117.bin.13 genome of
Bacteroides fragilis from the equine caccum was investigated by analyzing the genome. Screening yielded
18 hypothetical proteins and identified to BfLac2275 (named BflLac2275) from them. (2) Bioinformatics
analysis showed that BflLac2275 has a potential signal sequence consisting of 19 amino acid residues at the

N-terminus and is a non-transmembrane hydrophilic protein. Meanwhile, tertiary structure prediction
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showed that BfLLac2275 has a nearly circular groove in the protein, which may be the active site for
substrate binding. (3) BfLac2275 was induced to be expressed in E. coli and the conditions were optimized.
The results showed that the optimal induction concentration, temperature and time using BfLac2275 were
0.8 mmol/L, 37 °C and 16 h. (4) The hydrolytic activity of BfLac2275 on a series of substrates was
determined, and the results showed that BfLac2275 was active on a-lactose (156.94 U/mg), D-(+)-maltose
(92.59 U/mg), cotton-nut sugar (86.81 U/mg) and sodium hyaluronate (5.71 U/mg) with catalytic activity,
exhibiting the characteristics of a multifunctional enzyme. By determining the effects of metal ions on the
activity of BfLac2275 in degrading various substrates, it was found that Na?>" and Fe?" enhanced the relative
activity of BfLac2275 towards o-lactose. the addition of K?*, Na?* and Mn?" increased the relative activity
of BfLac2275 towards D-(+)-maltose and raffinose dramatically. And the addition of monosaccharides
increased the relative activity of 5 mM glucose on the degradation of D-(+)-maltose by BfLac2275. (5)
Homologous sequences of 36 BfLac2275 were predicted from equine intestinal MAGs, while homologous
sequences of 3488 were predicted from the NR database.

Conclusion: In this experiment, the carbohydrate-active enzyme hypothetical protein BfLac2275 was
screened from the MAG117.bin.13 genome of Bacteroides fragilis from the equine appendix, and its
physicochemical properties and structure were predicted by bioinformatics, and its enzymatic
characteristics were verified after heterologous expression and purification. As a result, BfLac2275 was
found to be a novel multifunctional carbohydrate-active enzyme capable of degrading multiple substrates.
This study not only provides a reference for the mining of novel carbohydrate-active enzymes encoded by
microorganisms, but also provides a paradigm for in-depth study of the functional annotation of
hypothetical proteins in the intestinal macrogenome.

Key words: novel carbohydrate-active enzymes; gut microorganisms; prokaryotic expression; activity

analysis; Bacteroides fragilis
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1.1 Bk B 47E M B A

1.1.1 BRIk EE MBS RAYE K

HIRF R AEAERE R . S NGUE ) RIE R Bk AL &4, T W TE T A DA Oy i
KT R RER GV Ry E B A U, TR A, TFEA AN
PERIBEIER S 1A ROR: 2 WEAI SR 8 e A v 5okl DMEEAT i — D AR 2. E RS- FhahiE
Y JE A, SOk EYIEYEEE SRR E (CAZymes) KIEEHEAEM, X EA]
KA R R REAEHB. R KL EY)IEERE £ s % (Carbohydrate-Active
enZYmes Database) VAR5 A 7 21 4E 2= P I 75 2L 00 AH ORISR b AT 7028, FEW AULR
6 KI5, T /KBS (Glycoside Hydrolases, GHs) M, $EFL A F21 (Glycosyl Transferases,
GTs) Bl ZHiZLAEME (Polysaccharide Lyases, PLs) 1, fr/KAL & Y05 EF( Carbohydrate
Esterases, CEs)U), #BIEEEK % (Auxiliary Activities, AAs) BIDL N B /KA & ¥ 25 1 35k

(CarbohydrateBinding Modules, CBMs) I, H A /K il 2 Fh R AN E & i 3 8 K

%, GH FIRFEEZS S5k AEDERER AN GH FR) Z M H T 847 %k, s
ey AR, B TR 2550120, R, ACE AR TR Z T E AU CAZymes
X785 FH A2 2% 1R 22 W0 BB B35 LA S T i TV B AR AR s 1 22 DG B 22

WAL & VDTG B B AR PR AR I B i) I — R EEA NG, —ITA4E
VAR LR A i 15 30 T 75 e 0 32 EORIEUS . Bl KR S — AT BT, B
REZK A PR Fh Bl 22 PR K A B WD TRT PR B, DA T Z AR AU R At 1) 43 R 7 95 T DA
Hq AN R A B AN (7] T B 06 7K R 2o BC RS TR IR X e vh 0. B RS 1 /K g Bl 24 o0
9189 NSk o BiKAL B W& G PG B TR A& VD456 5 R R B B 2 1) s A
BE P 251, A JLAE SR, BT 2 B DR ZH 0 5 R s G, B /KA 5 40 v 1P R 1
FEAN WS B s A I S B T HE e 202 0 B8 e s I BE 8 . Forh CAZy #uds P
T2 f 22 DS AE PR HhoBOA B PR R I B E PR AL R BB EOK R B T 26 1 MR T
RIE AP YER B KA GHS K5, GHS ke CAZy FE i R I — M K gl 2 ik,
BTG EE — ORI, it DA SR B 4 fim 4 4T 4E R B 5 R A6,

1.1.2 kL &5 BRI A0 2 HE I AR E A
LA, TR CAZymes #AMTHRIE, RRIFE 1 HIEMAEY CAZymes
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PRARITI8, 55 R R BRI R KA B 1 Tl B S A B i B2 00 . A
RWTFCRM, 5K 2208 (B 70 A AR TR s W E /KR Bl ) 7= 26, B, GHS SR IR
AP 20 BN F B IE 1, 3K LR 07 AR T R R S AR B O B AT
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Wi E VIR 2 5 2 b S g AR AL AR OQ A AN RS S Thg . JLAL R AT 7,
BT 518 B AEYIREVE AR 2, 3K L8P 3K 75 20 N i A 58 A7 AE 1 %
Mg TR, GIANAT iR . FLFdER . TR B R, BRAh e — S Res S Uil
RIMHZHE, AT B EVI gt BT AL, BRAEACEE RIS, — AR TN
Bt & A AR AL 538, CBM il T s e A 1 S AR R (K 45 4 fe 71020, IX2eh )
LRI BN P DI REE S & 2 0, BV AT S R R A RIIGE, e VRRRK
WEPIKE, HETRZAEERIARLE, CBMs 840 55 MR, X8 SR R R 5+ 1t
J7 R & I ZE AP TR RAR B RO i LU AR, s L B RN,
P H2 20 A B 1) 25 ] 5 A iy T S8 B A BRI RS AR 552800 kAL 5 Wi T il X
AL AR E — Rk NS, %538 CAZymes /RELH P R AL AORF RN, = 2 B 4G R
2%, WL EE L R KAL G A TR I SR IL FAE A, T 20 B 0 B O B
GH ZJEAT PL ZGRTE T 5 B P ok Ak D0 75 ZE AL AR SN L A SR S CE XIRAE I
KEKFEREHZ 500,

e AR AR i B R Y E 2 B, H B YA B I A Oy, B
GAHLYER . RFEMBIRES G, KRR Il 14 &7 AR 4 SR A A5
i BAT R AR AE A A BEAE AR IBSOR Y R B i XD S 2 AR K1, 3k
i AT L [T PR LT 2 2 (1 BEOR A L 0 fD9 mT DA R Ry o bR T AR ALIE AN A2
LTUERN, MATYER SR MEZENRE L4, X TR E mEEE ZEEN, et
e RS ERZE A 1 REYINE 2 R KRR YR AT B R,
AR LT 2 (1 1o R g 85 2 22 R AR B P R P S B T AN TR Al A 00 e e 1 £ K
B3, AR B L 2 DR, AR F L AR TR A W AL SCE /N
Fi B AR Rl AR B 88 AR S 2 2 ot M AT (7 s (RIS SR H 1 %8¢
e PR, [, 2T 2 2 I B e KA T LICRE A B 2T 4E 2K AN R BRI R, X ARt
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JERRT UL FH R S AR 5 £ 4 21 A 1, 3K W] RS A R AN AE W) R 2 5F A% Lo B AR

CAZymes {ERFEFLER . JEME . ek AR I 55 525 B /K AL & W0 70 Al R T A B ¢
MRS 4 B 73 2 28 5% B (A1 P B39 AR PRI ANAN R 45 K4 17 it CAZymes ()28
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A BT B AR NSRRI KA S A, DL BRI A AR R ). i 2k B T
RN, A A 7 TERCAEYI CAZyme 5 P REEA A 1R K A &S RE 77,
XU i T R KA S I VR B Y R R SRt R REBON AN FRIDT,

1.2 =B ZHEF AR HI R

ERFTH R, ZFEFI AL A (Polysaccharide utilization sites, PUL) J& 3t [F] 1
VAR LR, EATR AR T e AR KR, gD S A KA S R AL BT S T A
HERES, AT LURENE =Y 5 SEIL R ALCS . PUL 1= 24w 040 MU R 1 SR M 45 5 2
4 (SGBP) . TonB fk#ilh#izE H (TBDT) . CAZymes (F¢i WHIZ GH, {HAEJE
Y& FHITE L N IEA PL A1 CED AR /K AL & W A% A% /4 SR 1 IR 1 B AMARO), PUL £
Rk 5 H ER R P ESOE L, JF BT Re e FEAH B, B F L0, BRR
MR -2 IR B LS) . AR SRR SRR I N RIGTE W AE A R, R RO E, & H VF
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Hh KEEE, AP EE 2 REENEH.

HE WK SV LLE R T AT- 22 W TR A7 AE T2 A=W R v A ] ) ik ) e K Ak
A7 FEIS1, BRI, 75 A N AR DR AR R A SE I 58 A M AL A (e BERT AR . Wi e
FEXT B AN 2 Zh e 97 1 B 2R BoK AL SRR AR B TR 51k 1 TR 2 26 b0, i
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G AVER A RSt (Sus) , &AL T B & /KA S A B # e B2, PUL 7718
LU =ML 2 — 5 SusR AR RER/R TR MRS DIEE (ECF-0) HlF-FitolH 1
X BRI R4 (HTCS) o Wl EFTA, susC-susD Xt7& PUL HIbRE, CHH T
KN K i LA R B B R 2H v 7 PUL #MA, 45 Bacteroides thetaiotaomicron (88
A~ PUL) B3 Bacteroides ovatus (126 > PUL) B4R Bacteroides cellulosilyticus WH2 (113
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3



15 XLk BAFRFHMEFMIL
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Y 25 HOAT B AR BE 7] K BB PUL-XylS A1 PUL-XyIL 7] £ i 0ok 2 BFn 43 52 AN [) feg A
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