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Biosynthesis of cinnamyl acetate by three plant-derived benzyl
acyltransferases in engineered Escherichia coli
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Abstract: [Background] Cinnamyl acetate is an important flavor compound and widely used in cosmetics
and food industries. The traditional production methods include direct extraction from plants and chemical
synthesis. [Objective] In this work, we aim to achieve de novo biosynthesis of cinnamyl acetate in
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Escherichia coli by screening benzyl alcohol O-acyl transferases from different plants and constructing
biosynthetic pathway for cinnamyl acetate. [Methods] First, a biosynthetic pathway of aglycon cinnamyl
alcohol from phenylalanine was constructed in the high-phenylalanine-producing E. coli strain named
BPHE by expressing the enzymes phenylalanine ammonialyase (PAL), hydroxycinnamate:CoA ligase
(4CL), and cinnamyl-CoA reductase and endogenous alcohol dehydrogenases or aldo-keto reductases in
E. coli. Subsequently, the benzyl alcohol O-benzoyltransferase from Nicotiana tabacum (ANNO09798) or
benzyl alcohol O-benzoyltransferase from Clarkia breweri (ANNO09796) or benzyl alcohol
acetyltransferase from Clarkia breweri (BEAT) were introduced into the above recombinant E. coli strain
to produce cinnamyl acetate. We further improved the acetyl-CoA production by overexpressing
endogenous acetyl-CoA synthetase (ACS) in E. coli. [Results] We investigated the ability of three
plant-derived benzyl alcohol acyltransferase to biosynthesize cinnamyl acetate, which were further applied
for synthesizing cinnamyl acetate in E. coli. The production of cinnamyl acetate by the engineered E. coli
reached 166.9+6.6 mg/L. [Conclusion] Plant derived benzyl alcohol acyltransferase demonstrate
flexibility to a wide range of substrates and can catalyze the synthesis of cinnamyl acetate by using
cinnamyl alcohol as substrate. This study provides a foundation for microbial production of cinnamyl
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acetate and its derivatives using glucose as the renewable carbon source.

Keywords: cinnamyl acetate, biosynthesis, Escherichia coli, benzyl acyltransferases, fermentation
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(ANN09798)*® (GenBank: AF500202.1). fili% 3
{14 25 FR B P 55 5 1 (ANIN09796) 8 (GenBank :
AF500200.1) & fill % ki 0 78 W B 2, Bk % 7% Wil
(BEAT)™ (GenBank: AF043464.1)%} AL 2, ik
R e R T b S BN E R A L R AR
Fis; DE— R A R IR LB A S R (Acetyl
Coenzyme A Synthetase , ACS)4 = KT 12 £ Mk 4
it A BOBELS . ABIFSE LI R A W A i T DA
PR Rl AR T TR WA ER AL T BB S %

1 MRS

11w

111 E¥k. RALKR B RYEE Y R

KA DH5a FIAMAT I BL21(DE3) & H:
I TR R 34 AR S0 & fR AF; pCDFDuet i fA Al
PET-28a #1434 e A S 0 38 O A7 5 4% FH B FH
T4 (ANNO9798 . ANNO09796) & 7K H i 7, ik 4%
B iff (BEAT) 11 5 [H] /3 51 341 4R 4% K o #F 147 2% 1+
T b e EATO0AL . I H T30 M <5 0 B A= I BB R
NI RG AOR AT BL21(DE3) 2L K 41 DNA
RN PCR 43 Hh Z BEAHG A 5 U (ACS) 1Yy
PRSI 8
112 ExEE

RFnFrikE. Friiss. BSEAKS.
PIE R IEEE 1 AR50 LB 8537 5k (g/L) : & M1k
10.0, MEEEHRERY) 5.0, NacCl 10.0.

TP RBENE 2 4 KBRS MOY #5557
Fe(mL): 5xM9 ZZ b 200.0, 0.025%[% F1FHE
700.0, 20%7% 2 ##+:7% 100.0, 1 mol/L MgS0O, 2.0,
1 mol/L CaCl, 0.1,
®1 AWRFRIERASIY

Table1 Primers used in this study

5xM9 ZZ ik (g/L): Na,HPO,12H,0 85.5,
KH,PO, 15.0, NaCl 2.5, NH,CI 5.0,

FAREE ZEEE 50 mo/L AfEsE R 5K 100 mg/L
EiaT N ISP
113 EEXFIFLEE

#% R Marker 1 kb DNA Ladder, TaKaRa
Biotechnology 24wl ; i) = DNA & . PCR
. Nde | (WYIE§. BamH | NYIEE . Sac | N
YA EcoR | YN K ClonExpress®% F Bt —
A v BRI & 55, M Rt MERE AR RO
B PCR =9y Ml & . kL /)N it 2 HL
R BERE IO A, db st RARAE LR
AMRAH

PCR 4" 14{%, Eppendorf 23 w]; A%/ F LIk
¢, Bio-Rad 2Awl; HIFEALASUFIFLALAR(2 mm),
Eppendorf A )5 25N EE T SO
10, B A IR R RSB S
AP R A
1.2 Ak
121 FRARIMEE

R T A S Y TR 1 h,
BEAT. ANN09796. ANNO09798 45 3 2% JL[K 1) i
wiFg s, RIFIHEI Y% BEAT-5F/BEAT-3R .,
ANNO09796-5F/ANN09796-3R FI ANNO09798-5F/
ANNO09798-3R, LU 45 M A 1 25 5 7~ fi - A1
fL Ay E [ BEAT, ANNO09796. ANN09798
P47 PCR ¥ 34, il 32k Nde | # BamH | 1) LA,
IHiEH:%] Nde | F1 BamH | g1 2% 4k pET-28a
Wi (3R 2), 4545 2] E 41 i kr pET-28a-BEAT .,

Primers name Sequence (5'—3’) Source

BEAT-5F CATATGAACGTGACCATGCATAGC This study
BEAT-3R GGATCCTTAGCTCACATAGCTCAGCAG This study
ANNO09796-5F CATATGGCTCACGACCAGTCTCTG This study
ANNO09796-3R GGATCCTTACAGAGAAGACTGGGTGAAG This study
ANNO09798-3R GGATCCTTACAGAGCCGGACGGATG This study
ANNO09798-5F CATATGGACTCTAAACAGTCTTCTGAAC This study
ACS-5F GAATTCAAGGAGATGAGCCAAATTCACAAACAC This study
ACS-3R GAGCTCTTACGATGGCATCGCGATAG This study
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Table 2 Strains and plasmids used in this study

Plasmids/Strains Description Reference
Plasmids
pCDFDuet CDF ori with P17; SM® Novagen
pET-28a pBR322 ori with Pr7; Kan® Novagen

pCDFDuet-AtCCR-Pc4CL-AtPAL

pCDFDuet carrying AtCCR, Pc4CL and AtPAL [17]

pET-28a-BEAT pET-28a carrying BEAT This study
pET-28a-BEAT-ACS pET-28a carrying BEAT and ACS This study
pET-28a-ANNO09796 pET-28a carrying ANN09796 This study
pET-28a-ANN09798 pET-28a carrying ANN09798 This study
Strains

BPHE E. coli BL21(DE3) with gene tyrR, tyrA and trpE deleted [17]

BPHEOO E. coli BPHE containing pET-28a This study
BPHEO1 E. coli BPHE containing pPCDFDuet-AtCCR-Pc4CL-AtPAL This study
BPHEOQ2 E. coli BPHEO1 containing pET-28a-BEAT This study
BPHEO3 E. coli BPHEO1 containing pET-28a-ANN09798 This study
BPHEO04 E. coli BPHEOQ1 containing pET-28a-ANN09796 This study
BPHEOQ5 E. coli BPHEOL1 containing pET-28a-BEAT-ACS This study

PET-28a-ANNO09796 (/& 1A)F1 pET-28a-ANN09798
(¥l 1B). £ L5 A 4 AR ACS il PCR A
KIHFF A BL21(DE3) AR 41 DNA w8k
0 3 el Y B #2437 45, Sac | #11 EcoR 1 4 ACS H B
fifi % 4% A pET-28a-BEAT K #47 pET-28a-BEAT-
ACS (K 1C) . xFHy 4 Jiki pCDFDuet-AtCCR-
Pc4CL-AtPAL (/& 1D) TA/EZ W CHR[17].
1.2.2 MEYKREEE S ZERAHEES

Hir b S VIR WA KB 5 1B B,
W B KGR AR BPHEO2 BA v fh 3] o4
5 mL A LB B AR B 045, 37 °C 200 r/min
Higt 12 he SR WA 1 mL 7Y BPHEO2
PP B 2 50 mL Wik LB K5 g3k, [HEHm
A 50 pL RIREHRMEER R . 37 °C. 200 r/min
RiJi & ODgoo fHIAF] 0.6-0.8 I, USHNLUHEE Ny
0.1 mmol/L % 5 N FEARAC 1 U T (1sopropyl-B-D-
Thiogalactopyranoside, IPTG) FE K+, SRJG7TE
16 °C. 200 r/min /531555 12-16 h. fieJm WA 4L,
HIAE 4 B O HILP 4 °C. 4 000 r/min 2.0 10 min,
SRIE, T MOY MRAAREE 7 ks 4t 558 %2 ODgoo N
20, % 2 BrEe, ¥ EAREEMAEE T 30 °C.

200 r/min 22 & WEEE IR 96 ho Lh— i i [1] ] i B
FE, RIS OGR4 ODeoo {8, FF
) F v 0 A €633 ¥ (High Performance Liquid
Chromatography , HPLC)#6: il & [ & H A 5 4 43
Mr, #EFEE 20 ul. BPHEO3. BPHEO4, BPHEO5
9% T [RIRE R FH 50 mL AR 45 & vk
123 EHMEEE

il FHFC 45 1260 Infinity UV K% AL 4 ESI
H, B R4 4 Bruker microQ-TOF 11 144X 1) Agilent
1260 RGEXTE A AR & B IES T LC-MS 434,
FFEH Innoval C18 44k (4.6 mmx250 mm, Fife
5 pm)X B 24 AR R B ET T HPLC Z30ffr . 1R
AERR VR AR AN . %7 A, HoO (7 0.1%H
fR); 5w B, HEE; W, 1mL/min; 0-5 min,
95% A Fl1 5% B;5-45 min, 95% A Fl1 5% B %] 100%
B (BAEEVEML); 45-55 min, 100% B; 55-65 min,
5% Bo SEAMGMBEKAE 254 nm b, PR
MS 53t Ry BH S 5 ARiER i M 262 — &R A1
CL RNV B 2R AR AL B D i A2 1 A
SR HERCR A —X 3 ikt T, mMHEE R 21k, A
S R S R EE 2R 3 {E£SD.
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- BamH 1(198)

ﬂ o_nﬁ-.‘ r ‘ a

7 T g

pET-28a-ANN09796
6703 bp

A 11 {erminator 5*.’-{,'5

pET-28a-BEAT-ACS
8 600 bp

1 EHERKEE
Figure 1 Maps of recombinant plasmids

2 HR54WH
21 KB EEZESE AR

FRPE A P A 2 SRR I A A R AR, AT
P T RAERE A BGEAR (E 2), B RRRR
T AR P Xo) 6 35 PR R TR A I A 3% 32 il (P4 CLL) R
AT A AL P A A R e 2 it (AXPAL) B PRI A Pk el
A I8 JF i (AtCCR) A g H AR I AE ) 3 LIS A2
KIHHFE BL21(DE3) Nl ADHs B AKRs i}
LA TG 1, DR I3 AT 0 — 2 % i S A i
AT R IR . XL RS TS B AR A PR E A K AT

pET-28a-ANN09798
8 681 bp

e.’@\ot

| o ’
X Lac 1 promoter M
N f‘@_ RS

A 1
2 q,“
# lacO
T7 promoter

3
pCDFDuet-AtCCR- %
PcACL-AfPAL
8 590 bp

sojowoid-ydury

BB 7 A 00 PRI S AR, N — B il
2 PR PR AR o

X454 JFikL pCDFDuet-AtCCR-Pc4CL-AtPAL
A KIIATH E R BPHEOL HEFTP A & vk &
. DAPARERERR oA BT BE, SR LC-MS %
PIRERE AT T2 Mo, X 547 T HPLC
FERAHT. BPHEOL A- /™ PAEERERIHEETE 24 h Y
k%] 285.3+15.2 mg/L (&l 3A). [RIASRE & T A
AR AR, A B LT BT A 1Y) PRI A B S A1 o 39 240
Hasht,
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Glucose fommy Contral o ppo _APAL 0 [ _PeacL 0]
metabolism HQ > CoAS~
Cinnamic acid Cinnamyl-CoA
AtCCR
St AL, pey e M JQDHOKRS o M
0]
Cinnamyl acetate Cinnamy] alcohol Cinnamaldehyde

B2 ZEAERENEYSHERE

Figure 2 Biosynthetic pathway of cinnamyl acetate from glucose

1
A B 1 [M-H,O+H]*
2 0 117.068 0
pCDF ﬁ;-ﬁ;m { HO
L BEHEY o 15} MW: 134.17
pCDF mi‘rﬁmi)ﬁi{—@ L 5 ’é 1.0 630052 31322
L
pET-28a & EE‘ Ar\Nm)x . | _;L_L! BPHEO3 E 05
Py Py Py
pCDF [ et {85 Y883 ey 0.0
pET-28a [R5 gy JL:UJ_MLI BPHE04
Py, Py, Py 2
pCDF Fﬁi(m}ﬁﬁim(ﬁ% ¢ B
ET-28a (%8s ey l , I
P = 1 BPHE(2 o O
® . MV: 176.21
pCDF nim&ﬁi-ﬂm g 2130747
E 5 |[M+Na] M+K]*
pET-28a I® [_53 BEAT ) Egim:} A BPHEOS g I£9.060 9 2!”.07:: 1 2[15.123 5]
——nA A 03077 2 205,091 6 207085 5
T T T 1 0 1 i 1
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t (min) mfz
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Figure 3 Screening acyltransferases for producing cinnamyl acetate in engineered strains

T Ax XS TR R K& B3 HPLC 6 . T4 % bk BPHEOL &4 ik pCDFDuet-AtCCR-Pc4CL-AtPAL (X 1R), L Hkk
BPHEO2 ¢ 4§k pCDFDuet-AtCCR-Pc4CL-AtPAL il pET-28a-BEAT , T 21 14 bk BPHEO3 2 4§k pCDFDuet-AtCCR-Pc4CL-AtPAL
I pET-28a-ANN09798, T 4H #kk BPHEO4 & 4 ik pCDFDuet-AtCCR-Pc4CL-AtPAL il pET-28a-ANN09796, @ 4H &4k BPHEOS
oA ok pCDFDuet-AtCCR-Pc4CL-AtPAL F1 pET-28a-BEAT-ACS. B: i I7E 39.5 min i, WEBiHILS7E miz 117.068 0
Sb—HESrF B FUEM-H0+H] . C: BTk e 44.5 min B, BEBAIILAYITE miz 199.060 9 kb —ifii /7B Tk (IM+Na] ) F7E
m/z 215.123 5 kb—HE4r 55 1 0% ([M+K] )

Note: A: HPLC analysis of the products in the fermentation supernatant of recombinant strains: strain BPHEO1 harboring plasmid
pCDFDuet-AtCCR-Pc4CL-AtPAL (as control), strain BPHEO2 harboring plasmids pCDFDuet-AtCCR-Pc4CL-AtPAL and pET-28a-BEAT,
strain BPHEO3 harboring plasmids pCDFDuet-AtCCR-Pc4CL-AtPAL and pET-28a-ANNO09798, strain BPHEQ4 harboring plasmids
pCDFDuet-AtCCR-Pc4CL-AtPAL and pET-28a-ANN09796, strain BPHEO5 harboring plasmids pCDFDuet-AtCCR-Pc4CL-AtPAL and
PET-28a-BEAT-ACS. B: Mass spectrum of product 1 eluted at 39.5 min with a molecular ion [M-H,O+H]" at m/z 117.068 0, representing
cinnamyl alcohol. C: Mass spectrum of product 2 eluting at 44.5 min with a molecular ion [M+Na]" at m/z 199.060 9 and [M+K]" at m/z
215.123 5 representing cinnamy| acetate
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KATH LT 3 4 ik pET-28a-BEAT 5
pCDFDuet-AtCCR-Pc4CL-AtPAL . pET-28a-ANN09798
5 pCDFDuet-AtCCR-Pc4CL-AtPAL . pET-28a-ANN09796
5 pCDFDuet-AtCCR-PcACL-AtPAL 43311 A%k
G RN AR W E A KT BPHEOL, 1537
BPHEO02., BPHEO3 #il BPHEO4 j% 3 Fili g ZH i #k .
LW R IERIE, XS E A R BR B £ R HPLC
R, Z5RER Bk 3 M EAAIETE tk=44.5 min
IHABFALE 7 L, AR i SR AR 114 H 04 s ]
A iR, Z LA WHE miz 199.060 9
A —UESr T B T (M+Na]), 7E m/z 215.123 5
Ab— e F 3 FIE(IM+KTY), R &Y 5 F
N 176.21, ] 2012 PR AR X 23 o i — 3,
I E S CTR A EETR (K] 3C). BPHEO3 #
BPHEO4 [/~ ARME, /3 BI{LA (3.5£0.6) mg/L Fi
(2.5£0.3) mg/L, ifii BPHEO2 Y™+t fix & Al ik
135.9+18.4 mg/L (/& 3B). W] ANNO09796 i
ANNO09798 X 2 /™R LB X £ 1R AR M A
Y16 BRI AR, BEAT A4 SR K 24 2
B 40 f%. I HPLC ¥l BPHEO2 T.FEHkk
REEW, KIBR T LR A KRR (tr=44.5 min), 7&
tr=40 min B A7 Fri% BB, BPHEOL, BPHEO3 il
BPHEO4 25 1) & IR AL [RI A 77 A Ak G 0 o 38 o
AT IZA A W TE ST T B 5t h miz 149.066 6
[M+H]", XFRh AR . kB 5 R ER bR i
HR A [R) L — 2, DRI o R PR R o FRAT T AT
fE & BRI EEEERT PcaCL ELAAMGIVER, SHET
REER LR .
2.3 1R CREPEEERTIR B2

LTt CoA N NAEREIEILAL Y 2 k3 At A,
THMZWE CoA BYBERE, FoATid B KI5 N
TR BTG A G, X — e A
T LB A R0 M1 PCR K
FatF R BL21(DE3) 1 FERZH DNA Hh 38 ) £ el
fitg A A G (ACS) R [R, R I 4 2 R

PET-28a-BEAT-ACS Ff-¥1% it b 4k BPHEOL T4
PRAS 3 H 2 Btk BPHEOS., 1% 4H R #k P 46 & i
Bk G 42 HPLC Kl A B , £ TR AVRERR ™ 5t
ik 166.9+6.6 mg/L, #H . BPHEO2 20 bk 77 i
135.9+18.4 mg/L &7+ 1 20% (& 4). 74k, 1E
BPHEO5 s Mg 3 T AR AL 2 .
3 WikE5®

KR ) S D5 S — A 2 A
P, B ] FRE K SRR . RN RS
AR AR IZ B T AR LY, BEE A
TR ERE, FHT6 RN 2 RRAT Y B TR AR
Y B 2 HG T R R et g g b &
J'& Ry TR R AETR 1 DA Sk G 10 TR R A A B 1
filto AWPoEH, RATIERTIAQIEE T R RE TR 4
(LA F AR R PR Y AR 40 M . £ R R FETR
TE W AL R il A . A h BAHD RS
P A I AL S N Y 2R Z — . BAHD 44
PRIEARIEIL G 4 FRAE T A 0 SO B
M, 3R P B B RS (BEAT) . AEF R
F2 Ak R FE I5E 3L 5 B4 i (Anthocyanin Hydroxylated
Cinnamyl Transferase, AHCT). 4F& L7 H iRdh
N -2 b A R ok 2 /o8 T e BL A% B il . 6 S Bk AL
Vindoline 4-O-Z 554 74 Jif (Deacetylated Vindoline
4-O-Acetyltransferase, DAT)?, BAHD kMt

200
180}
160 |
140} ]
120}

100}
80}
60}
40t
20t

0

Cinnamyl acetate (mg/L)

BPHE02 BPHEQ5

4 BPHEO2 #1 BPHEO5 Btk & B Z B B == 1Y
AR

Figure 4 Comparison of the production of cinnamyl
acetate in strains BPHEO2 and BPHE05
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SR Wl ELAG BT W) SE iz Pk o ST B L Tl
GR T 2 R R R AT 1 X A A IR AR T ) A T
W S 1 — S 85 1, RE S A TG S i il A 1
HIRY), PESFERIERRZE . B AEE R
DA K 55 AR ) B0 SR AR AR AR O B A
o AT T ke AR A R RS B B il
(ANNO09798) . il % ki B 2% HH i 8 Wk 5 4% il
(ANNO09796) 1 4% HI i 2, it % # il (BEAT) % 3
BAHD ZZHR I BESL 4 AE 1 , DL R B RN 2 e T A
VERIRY) G M R AR TS, A B 3 Ry ]
GBS o A TR, R BN e 2R
T 2, Tk 2t 5 T (BEAT ) Kol PR A T 174 ik 55 A A 1 1 42
Bl 40 5 A AT o A, FRATTE A A A I
SRR HE— LGN PR AR 2R 7 RE T o L THE
fitf A & B (ACS) Y 3 2 AE R4S KT i & 1%
PR ZBREEAL R 2 CoA, FRATR A F LK
At BL21(DE3)N ) ACS #2155 LBt CoA
i, DN o 24 HH e 2 Tk 5 A% il (BEAT) 1 i 41t
o 2%, LIRAFERRIY ™ f 1551 (166.9+6.6) mg/L.
AR TR B B 55 BAHD BEELEE %
il (I S iz 1 |, REfS LLINEERE N IR Ib & L2
PR PARETR o AS SCE RIS T AE P 5 R P Bt S % 5
fitg &5 B PR A FERR Y RE T, WA EEA 1L 2 R A RE R
IR T 3Rt s %

HH, A a A R AL A EEREFI SRR AN,
TEZ R AR AR50 T AT LSS 28 A RE R 19
B, AR O 1 e v R A AT HE A AE R
B AR SN B R 2 R A R T RS A P
W FVES IR £ M, TE BB 105 W 1 1 1T % Ak 8 i ik
93%, {HIZJ hils R bt N AR . B R &0
Fe R O A, xS WAL A W R AR OR B
AT ZerE, I BB B 0 A 7 5 T A, LA
I R R — D A Y B L O TR W EERR, H
Ao AT R s . B RTZEAR B Tk ik A=
PR HAR KRR, FEAZRT R R
EE R REE 30 AT B AR K S 1 E A Y

Ao LURBIFFE R] R A PR K 1 ) 7 06 0 H AR
PRI, FEARTEEE, FRASE IR X R
PARER R 52 P4 B i ) B AR S BLX — HAR o
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