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Biosynthesis of immunosuppressant tacrolimus: a review
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Abstract: Tacrolimus (FK506) is a 23-membered macrolide with immunosuppressant activity
that is widely used clinically for treating the rejection after organ transplantation. The research on
tacrolimus production was mainly focused on biosynthesis methods, within which there are still
some bottlenecks. This review summarizes the progress made in tacrolimus biosynthesis via
modification of metabolic pathways and control of fermentation process, with the hope to address
the technical bottlenecks for tacrolimus biosynthesis and improve tacrolimus production by
fermentation engineering and metabolic engineering.
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Figure 1 Biosynthetic pathway of tacrolimus. CAS: CoA synthetase; KS: Ketoacyl synthase; AT: Acyl
transferase; DH: Dehydratase; ER: Enoyl reductase; KR: Keto reductase; ACP: Acyl carrier protein''> %!,
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Figure 2 Biosynthetic pathway of the unusual extension unit of tacrolimus: Allylmalonyl-CoA (A) and
methoxymalonyl-ACP (B)!'®!.
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Figure 3 The biosynthesis gene cluster of tacrolimus from Sreptomyces tsukubaensis NRRL18488 and
Sreptomyces sp. KCTC 11604BP (A) and from Streptomyces kanamyceticus KCTC 9225 (B)!'¥.
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Table 1 Cases for improving tacrolimus production by adding different compounds

Compounds Concentration (g/L) Time (h) Initial yield (mg/L) Final yield (mg/L) Improvement (%) References
Succinate 1.50 96.00 353.20 388.70 10.05 [54]
Sodium succinate 1.50 96.00 251.00 321.00 27.89 [55]
Citrate 0.05 30.00 78.26 103.01 31.63 [56]
Picolinic acid 0.03 / 7.00 33.28 375.43 [57]
Pipecolate 0.25 48.00 353.20 394.90 11.81 [54]
Lysine 1.00 48.00 353.20 398.80 12.91 [54]
Lysine 2.50 / 10.00 29.00 190.00 [58]
Lysine 0.05 30.00 78.26 133.49 70.57 [56]
Threonine 2.00 72.00 251.00 279.60 11.39 [55]
Nicotinic acid 0.03 / 7.00 16.05 129.29 [57]
Nicotinamide 0.05 / 7.00 24.24 246.29 [57]
Proline 2.00 72.00 251.00 294.17 17.20 [55]
Alanine 0.20 / 202.00 228.00 12.87 [59]
Leucine 2.00 72.00 251.00 284.13 13.20 [55]
Valine 2.00 72.00 251.00 301.20 20.00 [55]
Valine 1.50 96.00 353.20 395.60 12.00 [54]
Isoleucine 1.00 96.00 353.20 389.90 10.39 [54]
Chorismate 0.25 48.00 353.20 406.90 15.20 [54]
Shikimate 1.50 72.00 251.00 321.00 27.89 [55]
Shikimate 0.40 / 202.00 232.00 14.85 [59]
Shikimate 0.50 48.00 353.20 402.80 14.04 [54]
Shikimate 0.05 30.00 78.26 119.73 52.99 [56]
Salicyl alcohol 0.23 / 278.50 423.80 52.17 [60]
Propanol 2.50 / 6.70 10.60 58.21 [61]
Propylene glycol 7.50 / 2.40 9.00 275.00 [61]
Malonate 0.05 30.00 78.26 127.32 62.69 [56]
Propionic 2.50 / 5.00 12.70 154.00 [61]
Vinyl propionate 0.61 / 37.96 mg/g 71.61 mg/g 88.65 [42]
Soybean oil 10.00 24.00 251.00 361.44 44.00 [55]
Soybean oil 5.00 24.00 353.20 391.10 10.73 [54]
Soybean oil 1.00 24.00 54.03 106.42 96.96 [56]
Lactate 15.00 36.00 251.00 281.00 11.95 [55]
Lactate 15.00 36.00 353.20 382.30 8.24 [54]
Tween 80 6.16 / 37.96 mg/g 62.31 mg/g 64.15 [42]
Methyl oleate 5.00 / 6.00 15.00 150.00 [62]

/ means no data.

PhIESEIOUE R IFE 96 h SN 10 me/L SALH, 427 30%Lh 1o AREA2F S50 i 244 B s
fth 58 B ] P R R 37.5%, i) RT-PCR - JERW, 5XFHEAIEL, DMSO Ml LaCls 4b 35 1
IIE TP () ik i i E N . Wang VAT e s wl P B S T 64.7% (303.6 mg/L).
R #M (sodium butyrate, SB). — H V. fK (dimethyl Poshekhontseva 25U 3% MG 25 B 1E M5k
sulfoxide, DMSO)#il LaCl; AIffifth se 5L m] i) 5 F AN A K I 35 77 25 v (o 75 570 8 4% 2 AT 1 fth 5

&: 010-64807509 B<: cjb@im.ac.cn



3102 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

L] LR PP RE IR B TR . 20 g/L (RIS
Pk 37 1% £ (Saccharomyces cerevisiae) T4 F14 i
%% (Aspergillus ochraceus) 1 #5343 5l {15 570 I 5
B I A e 52 ) AR 7 RE T 4R i 125%F01 115%.
22 ETREEREMNERILIEXNE

FEARAR AR A 57 52 ) e o R 4R AT LA
il v B E A R HE M N AT O
T e At S B ] ) S TR TR B R

FE TR MRS F 2500 2 AT :
o B ) AR WA R DR A A N 5 AR iR AR
PRI B i o T AE At S B w] AR ) R R e
24 i R [l Bl 25 [H] fkbABC K3k 10 000 bp /2
HERHEK, ATRER N Rk WA N
ME,  H AT ARAT SCHRIE TkbABC i R IX YA
KB, (B ZEE TS AU A i IR 2 A A
RIFE K S R 9 2o 3R 38 AT DA 508 s At 5
B A R BT R LIRS T

e

b 7 5 ] A= A Rk R ) e . DHCHC A %
L fkbOPY | IR FEN fkbP 5 RLFR RIS
FEH KLY B IR fkbM Al fkoDPY | 45 T4
TN TBE-CoA AL all AKRDPS72741 | Hl 45,
JETN T E-ACP A LR TRobGHIIK L Fe i 122
FEIH kN Al fkbRZ1221 0 LR B s 22 n e 2
s o

MW 2 ATLLEH, XFR—ERE, HidE
IR A 7 R R ) 46 TR AR A [R) A AE R
FI225 . B TR fKoN Xl 72 52 F] j7=
PR A AT RO, R BRI KRR & ™ Y
SRR Huang SEPYERRT H K B RE
S. tsukubaensis D852, 43ilid FRikIHEH fkbO,
fkbL. fkbP. fkbD FiI fkbM, {775 w] P 4
10%—40%, @t [FlEf i REZHA fkbOLPDM,
RPN BRI 146.13%, RIS T HCBARLN
T PR AR RICR, T DL BSR4

e e RAIE M A REESER S e R R~ 2R R

Table 2 Cases for improving tacrolimus production by modifying genes involved in tacrolimus biosynthesis

Gene name  Strain Engineering Yield before Yield after Improvement References
strategy modification (mg/L) modification (mg/L) (%)

fkbO S. tsukubaensis D852 Overexpression 143.50 200.10 39.44 [54]

fkbL S tsukubaensis D852 Overexpression 143.50 186.30 29.83 [54]

fkbP S tsukubaensis D852 Overexpression 143.50 161.90 12.82 [54]

fkbD S tsukubaensis D852 Overexpression 143.50 173.10 20.63 [54]

fkbM S tsukubaensis D852 Overexpression 143.50 178.30 24.25 [54]

fkbOLPDM S tsukubaensis D852 Overexpression 143.50 353.20 146.13 [54]

allAKRD  Streptomyces sp. RM7011 Overexpression  95.30 238.10 149.84 [73]

allAKRD S tsukubaensis ZJU0O1 Overexpression  46.90 95.70 104.05 [22]

fkbGHIJKL S tsukubaensis ZJUO1 Overexpression  46.90 61.30 30.70 [22]

tcs2 Sreptomyces sp. Overexpression 5.22 5.18 -0.77 [32]
KCTC 11604BP

fkbN Sreptomyces sp. Overexpression 5.22 11.10 112.64 [32]
KCTC 11604BP

fkbN S tsukubaensis L19 Overexpression 143.70 252.20 75.50 [31]

fkbN S tsukubaensis NRRL Overexpression  32.00 48.00 50.00 [26]
18488

tcs7 Sreptomyces sp. Overexpression 5.22 4.51 -13.60 [32]
KCTC 11604BP

tcs7 S tsukubaensisL19 Overexpression 143.70 204.10 42.03 [31]

tcs7 Sreptomyces sp. Knockout 5.22 9.89 89.46 [32]
KCTC 11604BP

fkbR S tsukubaensis NRRL Overexpression  32.00 39.50 23.44 [26]

18488
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RN S A AE T LS A G B, I HaX R ™ G
HATRIN 1+1>2, KIAERE S tsukubaensis
NRRL18488 il S. tsukubaensis L19 Fr & B A fth 72
FLE] P, ME R & Sreptomyces sp. KCTC
11604BP HH I Z5 540 )2 o BE4k, allAKRD [m]H it
FEIE M REIE B — > Fu A v WA 34 P35 R, 315
I PN ZIE-CoA BRI At 5w 52 w5 B
BIRGMEN R Z —, HHut5R R o Rk
allAKRD i [A s, n] LAY/ @I 7= ) 7 e 55 3= A0 ™
W BT 5 1 L4527

X A A DR et W DA L A AR
M e 5L E A A R AR , At T B ] e R
o I FR TRE R DA 48 1 52 ek, P 255 i
R Rt e B w] B A, PR, sl ek
1 55 B A A A2 AT LA ) 42 52 Bt 5 5L W) 7 i Y
P . Wu P F IR IF F 44, BEWT T
TE e DUBERLHTIA R PKS A2, I T
¥k S tsukubaensis L19-2, Hfth 7755 &) P &
140.3 mg/L %) 170.3 mg/L, WA A/b2F# M
Tk e o5 B A R AR DR 2 SRt v B ] P Y
s, HARKSGE RN 3 K.

M 3 ATLUE Y, 23Rk pec BEH (4ufid

*3 FRAHEENERSthZER~ENREM

BE-CoA FRALEE) . bulZ (B mETd KT
1 BulZ) S5V E R RE A AU HE fh 5 55 F) A )
Mo ZEU27E H #k Sreptomyces sp. RM7011 H 5735
ik pec FEH, BB FTAR H JE N —E-CoA fILN,
B a5 E] M 94.2 mg/L #2712 164.9 mg/L,
b T B ] 7 o b R T 75.05%. Ma S0 R
ik bulz K HAR LN bulS2, & Bt v 5 ] 4 77
ikF] 154 mg/L, 5XHEE P S tsukubaensis T-04
AR T 67.39%. Pires %7704 S tsukubaensis
NRRL18488 1E0 i & Hitk, i ahpC 57 ik
R AR , T A4k S AhpC 78 P A7 B P AR Y
H,0, Wl & CHAER, k850 13 N A AR
W, PR e B w7, e At s E e R
F& 29.77 mg/L, BHREKIER 22.51%, %
TIE T 1 A AR AR I 38 7 8 0 A 5 B ) AR 7 e A
i)ﬂu[7l,78]o

X o B AR R A s, i E Al
T DR s el R A OGRS
AR AR TR A A e R DR B AU T B
Z—o REKAP PSS f5 Lz fh s e 17
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BN 4 B

Table 3 Cases for improving tacrolimus production by modifying bypass metabolic pathways

Gene name  Strain Engineering Yield before Yield after Improvement References
strategy modification modification (%)
(mg/L) (mg/L)
mutAB S clavuligerus CKD Overexpression 6.00 9.00 50.00 [62]
1119
pcc Sreptomyces sp. Overexpression 94.20 164.90 75.05 [42]
RM7011
bulz S tsukubaensis TJ-04 Overexpression 92.00 127.00 38.04 [76]
bul 2 S tsukubaensis TJ-04 Overexpression 92.00 133.00 44.57 [76]
bulzZ, bulS2 S tsukubaensis TJ-04 Overexpression 92.00 154.00 67.39 [76]
ahpC S tsukubaensisNRRL  Knockout 24.30 29.77 22.51 [77]

18488
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Table 4 Cases for improving tacrolimus production by metabolic pathway modification based on

genome-scale metabolic models

Gene name  Strain Engineering Yield before Yield after Improvement References

strategy modification ~ modification (%)
(mg/L) (mg/L)

dahp S tsukubaensis D852 Overexpression 143.50 216.80 51.08 [71]

pntAB S tsukubaensis D852 Overexpression 143.50 205.00 42.86 [71]

accA2 S tsukubaensis D852 Overexpression 143.50 200.50 39.72 [71]

wf2 S tsukubaensis D852 Overexpression 143.50 193.20 34.63 [71]

tktB S tsukubaensisNRRL  Overexpression 55.10 73.21 32.87 [79]
18488

msdh S tsukubaensisNRRL  Overexpression 55.10 71.20 29.22 [79]
18488

ask S tsukubaensisNRRL  Overexpression 55.10 65.17 18.28 [79]
18488

aroC S tsukubaensis D852 Overexpression 78.26 109.87 40.39 [56]

dapA S tsukubaensis D852 Overexpression 78.26 96.37 23.14 [56]

trpA S tsukubaensisNRRL  Overexpression 151.00 182.00 20.53 [59]
18488

panD S tsukubaensisNRRL  Overexpression 151.00 188.00 24.50 [59]
18488

aroK S tsukubaensisNRRL  Overexpression 151.00 183.00 21.19 [59]
18488

aroD S tsukubaensisNRRL  Overexpression 151.00 173.00 14.57 [59]
18488

gdhA S tsukubaensis D852 Knockout 143.50 197.70 37.77 [71]

ppc S tsukubaensis D852 Knockout 143.50 189.80 32.26 [71]

gedh S tsukubaensisNRRL ~ Knockout 55.10 77.49 40.64 [79]
18488

ldhD S tsukubaensisNRRL  Knockout 151.00 171.00 13.25 [59]

18488

MR 4 ATLIE Y 3 ) F R B SR AL s
RUTHUI () 55 AR R AR S ], A v B W) 7= AR A
TR, JF B RER I HERAERRE 20%LL
R FERCR . Huang 27T KEGG 04t
B, TG M4, dar FE
BAI(GSMM), HA L fE 865 b2 v Al 621 4
A, T o e R 3 S AR R A T B A
AR AL FARAL, B T TR AR O T R bR
i) gdhA 1 ppc; HITid Kk # dahp. pntAB.
accA2 il zwf2), FERHE S tsukubaensis D852 H
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Bk, RIS IR 3-i S -D-BrT 7 AF B
TR-7-B R A R EESE A dahp, At ve 5wl p= G e
% 216.8 mg/L, HXTHEEER 51.08%, 233
AP PASE IR B . Wang 25755 S8 AL
7 ¥ (static optimization methods, SOA)F 525
i ¥ i /> M7 (dynamic flux balance analysis,
DFBA)LAL iR SE LA ACI RS, i Dlihy 1
S. tsukubaensis NRRL 18488 ) GS-DFBA %!,

TEACH A 22 B /NME(MOMA) B 35 B F T T 41
J:H(gedh, tktB, msdh il ask), Kl % BRFR



SHE L/BBMHNIGEEDENEBRORRHLE

ol 3ok 3 15 TN 1) O R BB 8 A T 2 s b v B ]
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