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Abstract: 1,4-cyclohexanedimethylamine (1,4-BAC) is an important monomer for bio-based
materials, it finds wide applications in various fields including organic synthesis, medicine,
chemical industry, and materials. At present, its synthesis primarily relies on chemical method,
which suffer from issues such as expensive metal catalyst, harsh reaction conditions, and safety
risks. Therefore, it is necessary to explore greener alternatives for its synthesis. In this study, a
two-bacterium three-enzyme cascade conversion pathway was successfully developed to
convert 1,4-cyclohexanedicarboxaldehyde to 1,4-cyclohexanedimethylamine. This pathway
used Escherichia coli derived aminotransferase (ECTA), Saccharomyces cerevisiae derived
glutamate dehydrogenase (ScGlu-DH), and Candida boidinii derived formate dehydrogenase
(CbFDH). Through structure-guided protein engineering, a beneficial mutant, ECTA™'Y, was
obtained, exhibiting a 2.2-fold increase in specific activity and a 1.9-fold increase in Ke./Kp
compared to that of the wild type. By constructing recombinant strains and optimizing reaction
conditions, it was found that under the optimal conditions, a substrate concentration of 40 g/L
could produce (27.4+£0.9) g/L of the product, corresponding to a molar conversion rate of
67.5%+2.1%.

Keywords: 1,4-cyclohexanedimethylamine; tri-enzyme cascade; protein engineering; whole-cell
catalyst; 1,4-cyclohexanedicarboxaldehy
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Table 1  Strains used in this study

Strains Relevant characteristics Sources

E. coli BL21(DE3) F~ ompT hsdSB (rB” mB") gal dcm (DE3) Novagen
BL21-SmTA E. coli BL21(DE3) (pET28a-SmSm-b20379) This study
BL21-RpTA E. coli BL21(DE3) (pET28a-RpgabT) This study
BL21-ECTA E. coli BL21(DE3) (pET28a-EcpatA) This study
BL21-ScGlu-DH E. coli BL21(DE3) (pET28a-ScGDH1) This study
BL21-CbFDH E. coli BL21(DE3) (pET28a-Cbfdh) This study
BL21-pACYC-ScGlu-DH-CbFDH E. coli BL21(DE3) (pACYCDuet-ScGDH1-Cbfdh) This study
BL21-pRSF-ScGlu-DH-CbFDH E. coli BL21(DE3) (pRSFDuet-ScGDH1-Cbfdh) This study
BL21-pCDF-ScGlu-DH-CbFDH E. coli BL21(DE3) (pCDFDuet-ScGDH1-Cbfdh) This study
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Table 2 Primers used in this study

Primer name Primer sequences (5'—3") Size (bp)

pET28a-ScGlu-DH-F
pET28a-ScGlu-DH-R
pET28a-CbFDH-F
pET28a-CbFDH-R
pET28a-ECTA-F
pET28a-ECTA-R
pET28a-SAV2585-F
pET28a-SAV2585-R
pET28a-SM5064-F
pET28a-SM5064-R
pACYC-SGlu-DH-F
pACYC-ScGlu-DH-R
pACYC-CbFDH-F
pACYC-CbFDH-R
ECTA-F91X-F
ECTA-F91X-R
ECTA-Q119*X-F
ECTA-Q119*X-R
ECTA-F180X-F
ECTA-F180X-R
ECTA-E243X-F
ECTA-E243X-R
ECTA-F327*X-F
ECTA-F327*X-R
ECTA-T332*X-F
ECTA-T332*X-R
ECTA-L419X-F
EcTA-L419X-R

CTGGTGCCGCGCGGCAGCCATATGAGCGAACCGGAATTTCAGCAGGCGTAC
CAAGCTTGTCGACGGAGCTCGAATTCTTAGAAAACATCACCCTGATCGAAC
CCTGGTGCCGCGCGGCAGCCATATGAAGATCGTTTTAGTCTTATATGATG
CAAGCTTGTCGACGGAGCTCGAATTCTTATTTCTTATCGTGTTTACCGTAG
CTGGTGCCGCGCGGCAGCCATATGAACCGTCTGCCGTCTAGCGCAAGCGC
CAAGCTTGTCGACGGAGCTCGAATTCTTAAGCTTCTTCTACAGAAACACG
CTGGTGCCGCGCGGCAGCCATATGTCTGCGCTGCCGCAGGAACGTCGTGTTG
CAAGCTTGTCGACGGAGCTCGAATTCTTAAATACGGCTGAACGCCTGTTCG
CCTGGTGCCGCGCGGCAGCCATATGAATGACCGTCCGAACTCTCTGCACG
CAAGCTTGTCGACGGAGCTCGAATTCTTAGCCAACGTGGCCCTGCGCACGC
CATCACCACAGCCAGGATCCGAATTCATGAACCGTCTGCCGTCTAGCGCAAG
CATTATGCGGCCGCAAGCTTGTCGACTTAAGCTTCTTCTACAGAAACACGC
AGTATAAGAAGGAGATATACATATGAAGATCGTTTTAGTCTTATATGATG
CAGCGGTTTCTTTACCAGACTCGAGTTATTTCTTATCGTGTTTACCGTAG
TTGCCTGGGTGGCNNKGGCATTTTCAACG
CGTTGAAAATGCCMNNGCCACCCAGGCAA
GCCGCTGCACAGCNNKGAACTGCTGGACC
GGTCCAGCAGTTCMNNGCTGTGCAGCGGC
GACCTCCGGTGCGNNKCACGGTAAAAGCC
GGCTTTTACCGTGMNNCGCACCGGAGGTC
ACCTATCCAGGGTNNKGGCGGTGTGATTC
GAATCACACCGCCMNNACCCTGGATAGGT
GTTCGATAACCCGNNKCTCCACACCACTA
TAGTGGTGTGGAGMNNCGGGTTATCGAAC
TCTCCACACCACTNNKTTCGGCGGTAACC
GGTTACCGCCGAAMNNAGTGGTGTGGAGA
GGTTGCGGGCACCNNKAACAACGCTAAAA
TTTTAGCGTTGTTMNNGGTGCCCGCAACC

51
51
50
51
50
50
52
51
50
51
52
51
50
50
29
29
29
29
29
29
29
29
29
29
29
29
29
29
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T 100 pL EEFFREH, 40 °CRY 10 min,
it S i A= L) S5 1Y) 58 8RR, FE 570 nm
KR AT g v LA 2 72 1,4-38 Okt —
JHe B ARG B i (FE— MRS L, BV
WO RE 5 1,4-FR b — e i) & i RE FE)
124 BSHEREGILEE OPA TELITEMN 1,4-2R
O ZHpR

AR AR 3% HPLC S E 1,4-3F 2 e —
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LA-PRC ot F R 77 o ol PR s 5 e
%: Agilent ZORBAX SB-aq {34250 mmx4.6 mm,
5 um), %ishH A: 0.01 mol/L KH,PO,, KOH
pH £ 5.3, HAHLEEHUEE B A B 15 min; i
S B Mol AL OB . AR 1:5:3
PEATIRA, FBERRE pH 2 5.3, RHFE 3 Fin
(AR FE Ve R P A TR s AR IR 35 °C, T
1 mL/min, FFREEH 10 L, @35 B0 8] 23 min,
ol 3 K 4 338 nm,
1.2.5 SFshhFE#

1) X0k

M PDB %#i& 2 3k A5 ECTA RIMILRZE ,
FaiRZER(PDB: 4UOX)M, 3L+ H++"Y pKa

x3 14 RCR-BFREERRE

Table 3 1,4-cyclohexanedimethylamine gradient

elution program

Time (min)  Mobile phase A (%) Mobile phase B (%)
0 80 20
5 65 35

10 35 65

15 30 70

20 50 50

23 80 20

http://journals.im.ac.cn/cjben
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14-4 2 %¢ — W i 08 77 & 43 1] 24 (0.77+0.08)
(0.02+0.01) F1 (3.01£0.11) g/L , ik B
BL21-EcTA FFH & i (Kl 2A). R T 1S4
QAR , BIPORIET S cerevisiae N4 2 R
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ScGlu-DH ¥ o 15— 1% v 508 Al 4 & iR 5T
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Figure 1
1,4-cyclohexanedicarboxaldehyde.
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Figure 2 Construction and validation of cascade pathway in vitro. A: Three aminotransferases from different
sources catalyze the production of 1,4-cyclohexanedimethylamine from 1,4-cyclohexanedicarboxaldehyde. B:
The SDS-PAGE analysis of ECTA, ScGlu-DH and CbFDH. C: Analysis of the products with HPLC. D:

Analysis of the products with LC-MS.

IR A Tz Dok 7 1) C. boidinii I
i iR 5 U (C. boidinii formate dehydrogenase,
CbFDH)*2 4 € NADH ff#f .

R T BB AR R AT AT, K SliAk S
ECTA . ScGlu-DH F11 CbFDH % /% 5 mL (A4
ALK RS, FFEIN 10 mmol/L 1,4-3F e —H
T, SR FH 1R ACHAH €6 1% (HPLC) FIROAH 25 5 1%
IX A (liquid chromotography-mass spectrometry,
LC-MS)% & A il 1,4-F ke —H . 1,4-3F

ot — B 4y T 142.24 g/mol, i HPHES F
R 4> F-H o 143.16 g/mol (& 2C. 2D),
WER T HAR =9 1,4-38 2 b — W e 0 A il
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10.62 1 13.27 U/mg, H:H ECTA 7EZIE I A2
() FE B fre ik, IRt ECTA #E A7 2E (1 5 T2
WO TR S S, AR L4-FR O b e
FRE
2.2 EcTA WERRIEBUEFAERIEA
B HL ) FR AT

h T ECTA WIEE, SRAT45148
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¥ 5 ECTA (PDB: 4UOX)! 2k #g AR Bl HE 42
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(PDB: ISFF)* iy J3 81 14T HLXT , MOTTB 2 FOL .
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X la 54 HARHEAERSFEREE(FI1. Q119%,
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it FH B = I S5 00 7 o 5 AR A HE A T v 2 o O A
SR BRAE FIl LRI 2 A e 25
RASK, SR A 2K FO1Y . fE
100 mmol/L HEPES & H (pH 7.5), JMA
10 mmol/L 1,4-FR 2 k¢ —HEE . 5 umol/L 4lifk i)
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Figure 3 Protein engineering and analysis of the underpinning mechanism of ECTA. A: Homodimer
structure of ECTA. B—C: Representative MD snapshots of the ECTA-1a and ECTA™'Y-1a complexes. D: The
distribution of the distance between la carbon and K300 side chain amine nitrogen.
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BUE AR A B0 I8 B S , 64T OPA 4
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Figure 4 Sequence alignment of ECTA (PDB: 4UOX), AcOAT (PDB: 1VEF), OAT (PDB: 20AT) and
GABA-AT (PDB: 1SFF). The blue triangle indicates the non-conserved amino acids in the binding pocket.

F 4 ECTA RERTIRRYLLESEFMZh HFESH

Table 4 The specific activities and kinetic constants of ECTA and its variant

Enzyme Specific activity (U/mg protein) K (mmol/L) Keat (min~") Keat/Kin (mmol/(L-min))
ECTA 4.50+0.14 (1) 5.04+0.55 (1) 238.25+15.12 (1) 47.27+3.00 (1)
EcTAPY 14.41+0.25 (3.2) 4.98+0.36 (1) 668.48+32.92 (2.8) 134.2346.61 (2.9)

Numbers in parentheses indicate the fold relationship between various parameters of mutant and wild type.
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Figure 5 Evaluation of the construction of recombinant strains and bioconversion. A: The soluble expressions of
ScGlu-DH and CbFDH on pACYCDuet-1, pCDFDuet-1 and pRSFDuet-1 as well as ECTA™'Y on pET28a were
detected by SDS-PAGE. Lane M: Protein Marker; Lane 1—4: ECTA™'Y on pET28a, ScGlu-DH as well as CbFDH
on pCDFDuet-1, pRSFDuet-1 and pACYCDuet-1. B: The production of 1,4-cyclohexanedimethylamine from
1,4-cyclohexanedicarboxaldehyde using different recombinant strains.
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Figure 6 Optimization of reaction conditions for whole cell biocatalysis. A: Effect of reaction pH on
1,4-cyclohexanedimethylamine production. B: Effect of temperature on 1,4-cyclohexanedimethylamine
production. C: Effect of amine donor concentration on 1,4-cyclohexanedimethylamine production. D: Effect of
substrate concentration on 1,4-cyclohexanedimethylamine production.
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