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Research advances in the biosynthetic pathway and high-yield strains of
ansamitocins

ZHAO Shuang-Ying, ZHANG Pei-Pei, FU Jia-Fang, CAO Guang-Xiang

(School of Biomedical Sciences, Shandong First Medical University, Jinan 250117, China)

Abstract: Ansamitocin P-3 (AP-3), a potent cytotoxic payload for antibody-drug conjugates (ADCs), holds significant
clinical value in targeted tumor therapy. However, its industrialization is hindered by low fermentation titers and high
production costs, underscoring the critical need for research into its high-yield mechanisms and technologies. This review
systematically summarizes recent advances in strategies to enhance AP-3 production, focusing on its biosynthetic pathway
and the engineering of high-yield strains of Actinosynnema pretiosum. Elucidation of the AP-3 biosynthetic mechanism has
clarified the modular organization of the polyketide synthase (PKS) gene cluster and the nonlinear post-modification
enzymatic network. Furthermore, it has revealed the multi-target self-cytotoxicity of AP-3 against the producing strain and
identified the regulatory roles of key factors, such as Asm8 and AdpA_1075. In strain development, the integration of
traditional mutagenesis (e.g., UV, MNNG) and atmospheric and room temperature plasma (ARTP) with modern molecular
tools like CRISPR-Cas9 has yielded remarkable results. Success has been achieved through targeted attenuation of
competitive pathways, reinforcement of rate-limiting steps (e.g., supply of AHBA and methylmalonyl-CoA), engineering of
regulatory factors, and alleviation of product feedback inhibition. Innovations in metabolic regulation have enabled precise
optimization of precursor supply and the dynamic balancing of cofactors such as SAM and NADPH. In addition,
breakthroughs in fermentation technology, including time-dependent carbon source control, enhanced oxygen transfer, and
pulse-feeding strategies, have been validated for industrial feasibility in scaled-up bioreactors. The highest reported AP-3 titer
of 757.7 mg/L stands as a key milestone. Finally, we summarize the primary bottlenecks hindering the industrialization of AP-
3 production and propose future research directions. These focus on integrating dynamic metabolic regulation with intelligent
fermentation technologies to further improve efficiency and reduce costs. This integrated approach is expected to accelerate
the industrial translation of AP-3 and ensure a stable supply of this high-value cytotoxic payload for the development and
clinical application of ADC drugs.
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Figure 1 Schematic diagram of the mechanism of action of AP-3 (a) and its chemical structure(b)
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Figure 3 The biosynthetic
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Figure 4 Schematic diagram of AP-3 synthesis

ADE, adenylation domain; ACP, acyl carrier protein; KS, ketosynthase; DH, dehydratase; ER: enoyl-reductase; KR, ketoreductase;
AT, acyltransferase.
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Table 1 Summary of breeding and engineering strategies for high-yield AP-3 strains
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Table 2 Summary of metabolic engineering strategies for AP-3
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WiRasm25(EEL A, pretiosum Tl AP-3 TR 2743 #19.4f% RH W T APND-343¥7% [25]
%R T) ATCC 31565
BIRTESVEPKS A, pretiosum B AP-3RE RS 32 365 27% WP E-CoA 4 [36]
7% (TIPKS-15)  subsp. auranti-
cum L40
W FKugptpgm  A. pretiosum TV F=AP-3 8 Bk 168 40% PAlE AL UDPGi A% [47]
+spy ATCC 31565
RSN SRALAHBASHR A pretiosum Tl AP-3EE Bk 14 680.5 WS BT ENE Y2 [48]
LRz ATCC 31565
winMg* (2 A.pretiosum  Tolly= AP-3H Bk B 85 WERTE  BIEMCM LSRR L [51]
mmol/L) ATCC 31565
HMT TR WFREN-HIEFE NXJI-22 HATRMAP-3RIRE 246 21545 JnE SAMEAE RIS [28]
RN TR LS
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MiA: R Ak, HoA A B BAE RSB s 1 1
SR PR A T REPE DS s A 187 R4 IR T Zurid 1
PR DUE RS S WA T, a5
PR

B T IE AR A, X B 8 4 R %) g [m] A
FEL, T LU 7N R AR L5 A 2 (] 0% 5= 2 A A O
Z o BN, FEA. pretiosum X470, XZH 7 2 Gehw Joj
JA9T A FPhoP RIE A& K & M CHE A IR R+ 6k
JPhoP 2 . 2 P ISR TR 22 A TR A, (HXT AP-3
FER TR A, $ s LR W 4 5 AP-3 A s iR
AHXT RS, B SO0 5 A TR 04 o D[R] 4 44t
2257 WOIE G T, tAWhiD_sbhifi i #1
IR 388 5 e U A, FL TR R SR 0
R 2 T AL SR AL AR S

A K HER AL R g T & B2 I R E S
R IR DI RE A% LIRS . BT, 7EA. pretiosum
rhEE Sy I B SRR g C R B 2 ook
JRASH(FR3), NAP-3RY B G PR TR T
SR, A T B AE i R i VB RS
5 25 ], Sk AR A A 52 2 A W LAl e A= ) &
G R AR R

40, Jiang %50 e 22 R H i Glarea lozoyensis
(MR BG4 ) P A 1Y R AL CRISPR/Cas9 #
45, AL T DI ReSE R A PR S, i R TR
ARy RGO ST R AR 2 A
SER)_EAFAE 22 5 (HHICRISPR/Cas9 & 4t (144 1332
H——f 5 gRNAKTT . Cas9 codonflifk . F| HHDNA
B2 ALH S ——B A BRI, R TAE R
TEA. pretiosum R ALZEIAY CRISPR 25 1K 2 (4N
P v [ U 2 A58 i/ JI A7 ) DA 3 7
A28, Pt T B H S e i 4 .

WA, ik 2 T i PN 1 B 22 49 B B T S
SantosZE OO T pSAM2 i S 4 T T 2 R 5, 15
AmycolatopsisJBFAR I K& T Tohric B 240 4 T
H ST KR BRI RS EEAE . TFpSAM2
RATEZ PR A Th HA YIReTs %, HA. pretiosum
[F) JeB R TR, % R WS M TEA. pretiosum ™ IT & ZALNT)
Tobric KRR BegmF G4t T B4R HOR F AR
ATAT AR

25 ATk, R KA. pretiosumFEH ntg~ -6 1
R I N2 FE SRR A 7 il b, B a5 F
T ALK [ 22K BB (R AL CRISPR R 4 ) FIGIT S5 il 2k
B (AN TpSAM2IY £ 4% ) i e ik T H S5 HOR B,
Tpe B A Y B 0 RS U S T 2 TR
VERT — iR iA & .

4.5 R IRADH

TR R RS =, B AR
¥« LiugGe 20558 3 U 545 PR 8k 2 A% M DR casm 1 9L
W B AP-3 G 8, 5 A S IR 2 5 H R R
Asc21b'5 I BEHE R B Asm 1 0bFE AR FEPECAM S AL
W, LRIAIR AL EFAsc 1 1TEBRRI = 8, IE
FIRWE - Asm 1 8HE R AT A LSS | IR A LI CAM
PRSI T . SRR R S PR R AL : Wang 5O
R IAP-3il i 455 Al o> B4 F Fts ZRIB-fl i R
[P TP M BT 53 24, 3k ik frs 22 A ][] 2542 T
WD S AP-37 5, e e dMIER GG AL WUk
SEAL M EBGCAMA I HERE N, i ek A HE
LR APASM 3193 0] Jillisk it P AP-3 41, AR H:
TSR I sk A B AR A s, DA T T e R A
%47 HH APASM. 2704 1] [l AMHEAP-3 K 45y
KA Wpretilactam , g Z PR AR = B SR T
TS B S A S AL PN BT SR A B A O R

FR3 A pretiosum WHEREBREFERLE
Table 3 Summary of gene editing methods in A. pretiosum

WHITE/IRG TEN YR

HOARRE R 5 BUR

RIS SOk

O LR AU SN B A FA A KRR R FMIBFH E T 10T AHB A BRI B
Bt HGF073"7

CRISPR/Cas9  JEPHABR F4 I FE(Caso) JEBEINER  KURHEFHAHIACR , AT IS 00 A kit HRTE. 1 T BRIE S HEPR S TP e

R 1EA. pretiosum VRS (BAKRAEE T 38 501571 W71
350730 57 fh A7

(ARSI RO K EEDNARS A SMBE AT SEBEHMERRIC AR A T A TR pSAM2 7 5 1630 2 7 P

ARG WHITEA. pretiosumt (R FHHIE, ZALEWIIN T WA, pretiosumbtfit
BRI THESY

AR SMEDNATA FIHE. coli-HERTHBE CrReRs AT RRIECN LT B AT 5 B I3 A9 1R 5t

BOkiS A AL LGB 55—

TREBFSE Hmn T
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G B A PR i A PR A

5 AT -5 R AR B B 1) R B G S S
PSR ENS . Zhao®E 2 M T HEE T A IR
YeFF R G0, 1% R Gl it — ARG R 3h F7F K i
Jo WS K A4 K olH FHrdB,, ffi Hrd BAH Y 38 i
S FRETEREA R R R PN Ok 3l B bRk R ik . %K
WESCEL T B e I R R L1 R RN B 4 T R A
Y RIREN R DA BT B A 2 B B, TE4 LA Tt
o bR R EAE T EIR TR g/L. XNl
ok TR AN 52 0 A P-3 43 2 e Rl AR PR R T A
TR S
5 XKEITZHMK

KT A 9 BAP-3 Tl i P B9 %0,
DR S 2 T AR S S PR AR 7 I A DG A
o Gl AT AR SRR AR R
AP RIS , A B A R I R A &
BAESH, IS WMBERE S B 100 &5, R peE
B P A PR RCR AR R SRR E M . 7ERL
Bk A =S AR AR = R
T SE UL A R, R AT ARG R T2 00eiE—
Wi . AT R A A O T 20 1t
Fe 4 BORUASAL K BERR = KA 0 5 ], R GEmi
T RV BC R R S5 g s Ak 55 5 H
SRS AT O | A SR TR IR AR B R A e 5
R T 2R % Tk A = B0 7 K, M AP-31
AR 1 Tl Al A = S T 5 b R S
5.1 EBFEMRK

Br R B 1 R G DA AR R | RO B i A%
2 o3 P T R BERCR , W [V [T ¥ (response surface
methodology , RSM) 7F £ R AL & W) LB
R Z 1930 FEAP-3HYLE v, RIS e
2GR R AR . BRI A 5 T SR
R 1R 8 20 W B 05 1 R0 2 Uk AR 3R IR 3
(asm6327 .asm6396) IFALALAH F -7 , {7~ it 4
FhaE 70T - AR (5:5) 3 1 R
RS A SRTRGIPA: B, W E VAR5
BRI (asm24 .asm14) , 774 R BLH 93 41572,
FEAR A B 72 344 7 1, 38 i RSMAR AL 75 3 H 7
WE4 (63.22 g/L)-Hih(22.91 g/L)-BHEE K
(3.29 g/HIKZR, F“H/Eik111.9 mg/L, #H—$E4R%T
Pt/ /4R R B R AL S TR T 2141 mg/L, BUAR

WA 50% 7 . e R IR 7 T ARA HLA(S g/L)
AR 4% fE JEUDP-%5 25 B8 5 F R0 — k-
CoAFH 2, T SB35 00 eah, AR
RS ANL-HR R (0.5 g/L) 5 SAMB ] ] 43 55 fk.C-
3EE S5 N-F AL, 7 4R i 2246 mg/LY . B
IRAIFGE L [RGB T MBI LR SE R 0 Tb 2] i A v 1%
PR SRR, NAP-3I Tl Ak 2E F= 28 T
FEAth

5.2 XERFEE

DR PR~ IR 458 Ao B A o T 100 S5 AR 1)
ST, TEARE T AR, Mgt i i B
N B G AR IE RS I (MCT) FIAE 2 [l (MCM)
TEPERTR RO A, 7 3 T 2285 mg/LPY . fER
AT W7 T, 76 & B rh H48~72 hils N2k i h36
mmol/LIY 5 T BE, &AL N 7 T IRY KN e i
AR TR BEAIEZS , Rk LR SRR A B K asm 14
B Sie (i P iR B AL, PR IR 61 me/L P IRk 1
51545 M P R — 25 iR ——asm 2 S BR PR
140 mmol/L5E T Wi 42 71 %27.43 mg/L >,
S AL 336 A S 30 e 7 0 R RO A AR, Bk
HFIRFKPIHE A TCATEA 5L, - E 42
7+49.48% 7,

FE IO F R R, 7 e K S TR AA S
FIDMSO AT F3 51388 328 J A C I 36 [ -5 34 e e e 1
ARSI AT AHERE , FLSE M HLES AT A 7112
53 MR KB

FUBAL & T B iE 1 S8 56 = R 1 Tl % Ak v
I, HAZ O R N = R R . T2 1% 112
T, JE T A0 H VIR & IR i Pk v B R S 45 6 5
TEES M TRBE R Oasm13-17:asmUdpg{E10 L
AW I N A I AP-377 518 757.7 mg/L, AR SCik
PR P e s 20 0 14 L5 SR A B R S A 7 TR, R T
54 B RS SRR R EUKT B3 L
FAE ST R423.9 mg/Ly=da 180 5 i o e il Uik
S B - R S Gl SR 0 AT R R R A
T o3 BEAbBHR & 57 T 055K {8 0 7 38
120.4 mg/L HRJE fFfae 2. sl i pn
Al S J IR BC AR AL BT B R 4 A SR
sk, AP-31R " T A B4 W R R e bk, o Tl
GE PR AR IR,

MG AR T 2 BN s —H A s it = 2
SIASMA] , AT A SE W 5 R i il , SEEEY
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REALTH R IR LR TN ik 5 2 B

MFE SRR BT L) K B T2 Ak R il it
BRFRFEL oy 3T ORI 4 DL
AR A 3ok A TR R P ik, PT I0 E ROK i 7 TR AR 1
AP T, R ARG T AN L AL SR s AL
B PR 10 LIRS N o ik okl 55175 S SR w3k
13019757.7 mg/Lj™ & , bR B AP-3 1 5 77 1. 208 5
TR R AR, O Tl Ak S AR T G R e
S

6 REERE

AP-31E R ADCZY WIA% O A0 B B 2 Ay , e =
FARC I AR 0. RS2 1, 24245
A BB T PK SHE A i b B Ak e i 2 1 S AR IR
A I 45, EEEE 3R ] F (Asm8 \AdpA_1075%%) K&
UL DR e PO R ATL ] Sy 5 1) o0 3 B8 PN R A5 5 TR
M B 45 S5 5515748 ARTPi% 78 5 CRISPR-Cas 93t
DK G, 2 R T O 43 LRI 5 P i A2 5 AR
R R TR G RN SR R AN s R e TR B E |
T TRREAE T A ORI &l T2 07, ik IR A3
JEES A AL SR S ko R R R S A FE 1O L
RN A A 757.7 mg/LI 5 PR 40 5, IiE 1 AR
A=A T

M TAME AR RO T SR AT — R A
A — R S R G, WA G S A
A R4S, 5 R = e fe e e SR — Bk s — e 4
Mif SZPEAN IR, AP-3XF AL 7 B bk (1) 22 30 5 s vk R A
P % 5 B R R P2 RE 5 = S IR AL il R AR 28 56
TG , i = 15 R SCIABERY | FEI0 0 P A e LA
TBE TN 2%,

6.1 T SEMEREKERE
ST R v T S 2B R Tl AR e A O

VYRR, LR R S w8t e L R i 5
6.1.1 MRS TREHERE

WFERA A 1 A= 9 6 BUL ], 2 1] 2o DBt
TR R R B A KRR @ibRasm25 L RIK
asm10 GEACIMIEFE BN APASM 319355001 | #E 55
DIREVE M R AT T, HAEA [R5 S 3
FUE ™, RAGEREPER , vTVE AR Tl A 7 i
B BEARFRAIAR S XU
6.1.2 TZEMEERULMNL

O 2 2 IR Y T 25 SR, 3 Bl A A 7
LR H AR . R - - A IR
ARG IR I ARSMAAL G P 535141 mg/L, AR
REAR50% 5 H ¥l - 7 280 W5 R ] S8 om S T s 46 ke
PRI P, AT REAG TR T 2880, SC 9 A s Al K
Al S A KB B 1Y A AL b iR EOR , TR RN
i ol B AT ek AR BT AR, fE 3L b S B
423.9 mg/Ly= &, Tl Bt
6.1.3 BIESHETFHEFEEHEAR

HNIE R DL -4 22 12 . SAMZE 1y it , s i 1% 1t
TRAR U SR AL AR A (AAHBA | Py -
CoA), il LB RBE A UM, 1R R
A B ) OB | n] e HPLCSE i Wi 2 245 9
B G S AR 2%, RS ISR KU
BT, A6 24 i A e R B R R T AR 7
6.1.4 BREMKRSGN KRB

FE T S0 = B R Y R A - AR A 3 -
Y6 L DCHRABE A | Ay figp DR S 4 R 3591 2 LA 28
o 10 LEER B Bk abe 5 5 T A SO T
2 iE i A O S HOCHOC R |, SE ) AR i
R Tl A A, DRI [T T At — 2
P, SR R 1) Tl A A

R4 APIKRBIZMRU KRR
Table 4 Summary of fermentation process optimization strategies for AP-3

T2YepE Ak sm R P (mg/L) RIS E PN
WAL RBE e — A T 8.26 a5, LIRACEH IR S R P [70, 71]

Hm A E =515 M 13.86 .45 fRHEATIRGIPA L [72]
FFREMAL W -HI- 284 (RSM)  #8H 141 AR FEAR50% (73]
GORENE S L-#i & f+SAM B 246 DR EE 5 SR [28]
PO =3 ST LI 61 M, B RBESE-CoATE [32]

AHLEG g/L) Easi 95.44 oA P R TR A AR [50]
S ikl KR +4eA4EB, 3 L 4239 49.48% , R A G [18]
ML T2 bRl T RS 10 LifE 757.7 SCHR IR 40 53, R U4 [45]
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