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Abstract: Nature has invented a myriad of natural products through billions of years of evolution. Natural products
own unique structural features selected by evolutionary pressure and serve as a treasure trove for drug discovery. The
rapid growth of microbial genomic data now provides new opportunities for evolutionary and big data analysis of
biosynthetic gene clusters, which not only gives us a clearer picture about the global landscape of natural products, but

also enables us to reveal the evolutionary trajectory of natural products. Such holistic understanding of natural products
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can facilitate the phylogeny-guided genome mining, allow better functional prediction of biosynthetic enzymes, and
even open the door to biosynthetic redesign to create non-natural molecules by evolution-guided engineering. The core
essence of evolutionary and large-scale bioinformatics lies in that it visualizes the entire sequence space and their
distribution of a particular analyte family. Therefore, big data-driven bioinformatics has the potential to answer some
challenging questions such as “How many natural products remain to be discovered?”, and “How long can natural
products discovery be sustainable?” This review summarizes recent advances in the application of evolution and big
data-guided bioinformatics for natural products research from several perspectives including: (D natural product
discovery; @ functional and structural prediction of biosynthetic enzymes and their products; (3 bioengineering, with
the emphasis on the assembly line enzymes such as polyketide synthases and non-ribosomal peptide synthetases. Due
to the modular domain architecture they have, the assembly line enzymes have been the main targets for genome
mining. The phylogenetic analysis of their domains has shown to be a powerful and effective way to predict their
enzymatic function and substrate specificity. Recently, the evolutionary mechanism of the assembly line enzymes has
been investigated, and several evolution-guided engineering strategies were shown to have much higher efficiency for
the assembly line reprogramming, providing a potential breakthrough for the bioproduction of complex polyketides and
peptides. Non-modular enzymes are also discussed with selected representative examples. Finally, we present current

challenges and future prospects of big data-driven natural products research.

Keywords: natural products; evolution; genome mining; biosynthetic engineering; bioinformatics
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638 BRENE F45E

3 HEAEMIREDE SR ) NRPS 58

R A% BE AR IR A A (NRPS) 2 5K H 41 B A
TR 1) 2 A e g B 5 A 1, LR A A TR IR 2R 4k
SR Z R BEREY SN, Hh—S5n K
MR, AhER. RIEERS Y R
B AR SR AR, NRPS 8 H #0081 BRI
LA, [ BUNRPS 2 KA 2 &4k, DL
BT T 8 PKS UK 7 XA IR R &, B
P 3 2415 C (condensation). A (adenylation) .
T (thiolation, WHARFARE H) 3 4451 ELH Atk
BRI 45 K I W E (epimerization) . [ 28 NRPS &
1 38 i N ) g R A 5 A 38 [ TR RS 1)
QAT ™. NRPS & UK R E DL R,
A GERIRE FERT T R IR IR AR, 1 ATP BUE I
R H-AMP, RIGHBIBAEAT L. C4Hik
WA RBOE A M A ORED BlE, @i Ig ek
Pk e AT B ZE . ] PKS — 4%, NRPS X #2483
P A EANEAH B EHS ARG HEE

B3

3.1 NRPS#H{ENE

5 PKS 254, NRPS (kb ik 72 9 B 48 kA= (1)
BRI EMH R T HEMEH . AR 2 E
T A R T A A RS . AL
A B B R AEAE A AT AR B AT A
15 45 #5502 18] (A0 BLAE DL & A, BE AR R %2
AL

NRPS [ 575 — 1% 0 g5 i 2 C 503, fR 4 37
WIEBEMEMARF A Lo 9 "C v PCRIR G C 25 #4935
(C B starterC) 3FhIRAL, L4 C A LA C 4513,
HTREFHHEEERFHTRYNESR (K
BRI B-FRHERTR), AR B R LT
oA R T 2 ) B, B B TR A C 5 Mtk ST
WAL SRS B4 B AH ™. TE40
NRPS 1 PCPE-E-"C, JLF- & ¥ i r 57 (), RS E
FEREA S B AT BB R A S AL M
PR E H FAF, E-PCE B A R4 5 5K 1 ik
Ejj [8910

3.2 NRPSIgesmn

24 NRPS f3E b HLEE, NRPS 4135 2% | i 45
ST 5 5= S 2 A BB LR,
X5 & 48 DNA F 21 T30 iR S A4k & 90 1) Ak 27 46
MR T RE -

1991 4F, Stachelhaus fll Marahiel fRiE T A 454
SR R S T T ) T B AR . AR AT OGTE ] A
S5 K 1) R Gtk A W 5 TR A 2K A B R ) O BB
(K7, HIRKEIAE A, XY BUR 4 & 11421
10 R W /7 %) (HP Stachelhaus %153), 5'&
MR R A s AR, e, —ik
NRPS A 25 16 380 (1 4 10 T B R A, o
NRPSpredictor2 " fil SANDPUMA " &5, X &4 i
W T () e — 7 T A R DRAZ 4 O I AL R AR
PR E R B, 55— J5 H 1 ATy NRPS 34 28 24t
1 TR A IE I B

—I-_ Ala
= = = predict Ala

Ala
Ser

.
Ser

- = = = = = = predict Ser

______ no prediction
4[_{— Om
Dab

Bl7 BT 7 iR T A R R YR

Fig. 7 Prediction for substrates of A domain using

phylogeny-guided method
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Fig. 8 Unrooted phylogenetic tree of the C-domain

superfamily *
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Fig. 9 The structure of peptide molecules 12~17 obtained by phylogeny-guided genome mining

(Compounds 12 was calcium-dependent antibiotic discovered by genome mining of A domain; compounds 13~ 16 belonged to glycopeptide

family of antibiotics discovered by genome mining of C domain;compound 17 was lipopeptide antibiotic discovered by NRPS prediction)
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Fig. 10 Evolution-guided engineering for NRPS
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