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i E: [ HF1R_BE BB A:BLN 8K & G 44 Bt B8 (malonyl coenzyme A:acyl carrier protein
transacylase, MCAT);2 11 %! fi§ i B &~ B& (fatty acid synthase 11, FASI)#) &2 T 2, 5 55 B2 & R AL 4
K, Rimk Tk MCAT 8912 &40k . [ B 691 348 = A #8485 MCAT ¢9h e, [k ] A4
RAERZ ARG ARAR I T LINT —AT 8649 meat KB 3, xF F 34T £ W45 & 5 o047,
M BERAZ R A BAR, FEEA MCAT #2148 X MATH L48 k¥, /e AA GC-MS 547 R LAk A8
W oA B, (4R ZABI5E MCAT 224 M A a2t fe RALN At , 5 R AZMATE
HFGXARMNIEL, A protits B! MCAT; = A#183% MCAT #9& &1L MCAT #£F4 R X AT H
L48 WARK A T & I8 W BR 69 2h fe; *F L48 & 8. R AR A5 s BRAE s EAT 04T, R I Bt C14:0
BA R RIG M, MM Lt b KRS BB 4e C16:0 A= C17:1 894k, X —4 55 protits 2! MCAT
A A ARARST. (48] = A4845 5 MCAT ReAB 38 I BR 49 & A%, X 4 4 I8 I BR A Ak B X
BERARRBETHORE, AATREBRRGARALA.
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Functional analysis of a malonyl-CoA:ACP transacylase gene
from Phaeodactylum tricornutum

LIU Ping', LIN Bin?, CHU Jinling’, WANG Kang?, GAO Yonglin', CUI Yulin "

1 College of Life Sciences, Yantai University, Yantai 264003, Shandong, China
2 Key Laboratory of Coastal Biology and Biological Resource Utilization, Yantai Institute of Coastal Zone Research,
Chinese Academy of Sciences, Yantai 264003, Shandong, China

Abstract: [Background] Malonyl-CoA:ACP transacylase (MCAT), an important subunit of
type II fatty acid synthase (FASII), is associated with fatty acid synthesis. However, little
information is available on microalgal MCAT. [Objective] To validate the function of the
MCAT gene from Phaeodactylum tricornutum. [Methods] We found a possible mcat gene in
the whole genome sequence of the model diatom P. tricornutum and cloned this gene. We
performed bioinformatic analysis of this gene and introduced it into the MCAT-deficient E. coli
L48 strain. Gas chromatography-mass spectrometry (GC-MS) was employed to analyze the
composition and content of fatty acids in the mutant strains. [Results] The MCAT in P.
tricornutum had the secondary structure mainly composed of a-helix and random coil and the
closest genetic relationship with that in Fragilaria cylindrus, being a protits-type MCAT. To
verify the function of the gene, we introduced this gene into the MCAT-deficient E. coli L48
strain and found that the strain recovered the function of fatty acid synthesis. Further, we
analyzed the fatty acid composition of the reverting and found that the enzyme had a substrate
preference to C14:0. The MCAT promoted the synthesis of medium- and long-chain fatty acids
such as C16:0 and C17:1. This feature is largely consistent with the characteristics of
protits-type MCATSs. [Conclusion] There is a protits-type MCAT in P. tricornutum. This study
provides new clues for the study of fatty acid synthesis and metabolism in microalgae, which is
beneficial to the research and application of microalgal lipids.

Keywords: Phaeodactylum tricornutum; malonyl-CoA:ACP transacylase; fatty acid synthesis;
functional verification

HEWTIR ) 2 T8 ah . Atdh o BR2Y 31T
Wb, FEEAREEA AR Y AT A U fAF
A RAR L A A R ARG, BRI T
FHBEHE B, R, R Y e D7 R A
RIGE . =S8 5 (Phaeodactylum tricornutum)
JE— I B A% LA B R D, AR
FENA/NH B SE e, e RHRAE R AR
SEREREA T TR — 0 R, o
BAM. 20, IRIIRR MBI RSy R,

Horp — 4Bk 742 (eicosapentaenoic acid, EPA)
AR R =ik 35%, #kJe Tl 4™ EPA |y
RAFRIED, M, KR =M s seis i &
B A EEE X,

H ZEEAIGE A 3] 14-18 BRAS TR 1Y PR
NEERENR IR G AL, it B EEE IR TR &
(fatty acid synthase, FAS)fifbL 58 B%, WA 3=
LAFAE 2 B FAS. FASI Z1EE T HMESI Y . %
BEFI—SA i, 76 1 4 2 SRKEE L, R
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i W5 B2 A5 BT 75 1 43R T k6 5 101 FASTT &
ST HYMEEME T, HIGYENL S 501
EARZERY b, U2 WREAGRIER L
FESHRE Y, Bk R i) FAS S AIpL, N
FASII BRISE AR A1, ATkt .

£ FASIL W B SCHERE, MCAT DLIN -t
CoA FlE I 2% /A %5 [ (acyl carrier protein, ACP)
W, 3E R TS IR AR DT R A ) B
TEFE R AE AR A Y e ACPUY DA
X MCAT BRI TS by b, dniil 1
MCAT 4541, fHAAT i MCAT K HAE g
D5 PR A= W R B D REAVE RN Z 620 o ARAIESR
DL =Mt de s 5L A7 40 o el SepE—An]
BT meat ZE[H 38 12 7F MCAT SR [ K 7 #F #
L48 Ik Iz Mg R, Jf i — 22 0 b
PtMCAT WRYRe 5, DA = fteds i
BT R & BLas AR 0 o8 AU TR O R S A 3 e
et

1 HRE5rF%E

1.1 EMFIE

WF 55 BT FH = fA 4 4 B 0 B2 B iR
KBERDE, %5 FACHB-843, = fihfsaisfh
F 172 iR (2120.5) °C BE ARG SR, B
KA 2-3 K, JERESRE A 60-70 pmol/(m*s),
12 h/12 h JarE e .

KIHFFE MCAT il [tk L48 ok B 22 E Hi &
K= CGSC K M #F i & 5 L (http:/cgsc.
biology.yale.edu/), 2 b PRS2 Il FEUR Y () 58 48
FRUT SRR F— . araCl4. lacYl. tsx-57.
glnX44 (AS). gltA5. galK2 (Oc). fabD89 (ts).
rpsL20 (strR) . xylA5 . mtl-1 . lldD1 . thiEl . tfr-5,
EARTE LB B 35387 30 °C, 200 r/min 514 F
3% . KIpHFrH DHSa B2 540 A R 5
YRR E, 7E LB B 3R3ER T 37 °C,

200 r/min Z54 T B5 5%
1.2 EZR AR

LB W . BilEk, B AEY AL R
oNHE)s R EF Apex HF HS DNA Polymerase
FS Master Mix . Evo M-MLV J % 5 Wi B i 51
# . SYBR® Green Premix Pro Tug HS TR %!
qPCR iR & 55, R AR YRR R A\ 5 )
AR Y RNA 42 B0l ) & . SR A BE I
DNA/PCR 7=y [BDIIG] &, At DU AE PRk
H AR/ Al ; ClonExpress II One Step Cloning
Kit, B 5t MERE A PR R A R A W o S
G E 7 PCR Y, Thermo Fisher Scientific 2 H] o
13 SMERESH

F| A ProtParam . H. (https://web.expasy.
org/protparam) FWiIl] MCAT 4> Jii it . &FHL A .
AT RBOK Y. (EH7ELL SOPMA B ff
(https://npsa-prabi.ibcp.fr/cgi-bin/secpred sopma.
pDXf =AM TE s MCAT & [AubfT a4
¥r. FIH SWISS-MODEL 7E%k 1. H[SWISS-
MODEL Interactive Workspace (expasy.org)]if
17T =R R .

Xt MCAT #t47 R gLtk 3B, T4 NCBI
AT 12 A% MCAT ¥4 - 385 44 (Danio
rerio) NP_001038508.1. %k (Macaca mulatta)
NP 001248301.1 . /N Z B (Mus musculus)
NP_001025185.1 . # My [ (Rattus tanezumi)
NP 001178717.1 . #% %& 5% & (Aurantiochytrium
sp.) AKO69810.1 . 2L FH 47 ¥ (Schizochytrium)
AGGS56551.1 | [l 2 48 % (Achlyahypogyna)
OQR91679.1, Elﬁfﬂf@*??ﬁ(Fmgilaria cylindrus)
OEU21657.1 . % #l Bk # (Nannochloropsis
gaditana) AGS78408.1 . JR XM (Jatropha curcas)
NP 001306855.1 . M.k (Linum usitatis simum)
AGD95011.1 . 73 B ¥ (Klebsomidiutm nitens)
GAQ89624.1, i il MEGA 7.0 % f4: (https://www.
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megasoftware.net/) 17 2 J7 51 LU X, #E RS
KA
14 =fA#®IEES RNA RUIREN R B4
¢cDNA B9& &

B K RO A 1 (5.5-6.0)x 10° /~/mL]
[ = A1 #6345 W 5 500 mL, 12 000 r/min .0
5 min WCEE IR IRIBUE RNA, 1 5 4 18 5
S & AR = M TE#E cDNA % —4f,
—80 °C VKFHPR-A1T
1.5 SERRHEE PCR BN =fA1EE%
MCAT %% 3% 7K ¥

J TS5 E meat FERTE = MM T5 i N 10 £ 5
FAE, X =AW S T RS A,
FE B BUE KRB (AR E 6.5x10° 4~/mL)
M=l E LR ELEd, ERT
6 000 r/min #Z.0> 10 min, $EFPE /2 FFFEREL
/2 SRAIEFR AP TR 3 4, a: IE
HWHiFE 3 d; b BRARESE 3 d; c: IEWHISE
B0 ROVIRZ), FM8 1.4 (9P BRI RNA, ¥
Bk, cDNA, it mcat FEN qPCR 5¥5%f
4-F1/4-R1 (3 1), f#i F§ SYBR® Green Premix Pro
Tag HS FiiRM qPCR ikl &iitr, wtE i
PCR. ZZHEH 18S rRNA ﬁmﬁ}%,
RT-qPCR JZ W & % (20 pL): 2xSYBR® Green Pro
Tag HS Premix II 10 pyL, k. FiFEsIY

*1 AMREMABS

(10 pmol/L)4& 1 pL, ¢DNA fi#x 1 pL, ROX
ReferenceR Dye 0.4 puL, RNase free ddH,O
6.6 uL. RT-qPCR W 5% : 95°C 305 95 °C
5s, 60°C30s, 40 MEI . AR 3 K
WA RN A S IR 27T A mcat
e PR (18 A G 38
1.6 mcat EERZE

F 4 = fA w45 e 5L R 4 b — B2 v BB Y mcat
RSt BN S 1-F1L AN 1-R1 (R 1),
DL 1.4 3845 (1) cDNA St , R H i O FLH Apex
HF HS DNA Polymerase FS Master Mix 4 1%
mcat 5K . PCR WK 2 (40 pL): Apex HF HS
DNA Polymerase FS Master Mix 20 uL, . T
W51 4910 pmol/L)4% 2 uL, cDNA Hifz 2 uL,
ddH,0 14 puL, PCR JZ W 2514F: 94 °C 30 s;5 98 °C
10s, 55°C5s, 72°C10s 35 MEH; 72 °C
30 so PCR W& UG % 2 b 5t & R
W ARARA AT, SN TR
IERA ) H B A B
1.7 ERE®EZKIE

¥ pET-30a Jfi ki BamH 1 1E 37 °C fi§1)
40 min, FEATBIREBHEE R KIS B . X
THRN R E 2 e 5 % 2-F1/2-R1 §735 H
F IR B H B F 2 BamH 1 YA B0 1)
DNA F Bt ClonExpress II One Step Cloning

Table 1  Primers used in this study

Name Sequence (5'—3") Product length (bp)
1-F1 CTCGAGATGCATCATCATCA 850

1-R1 AAGCTTTTACACCTCAACGT

2-F1 ACAAGGCCATGGCTGATATCGGATCCATGGGGATGCTCCTACTGACTG 870

2-R1 TGTCGACGGAGCTCGAATTCCCTAGGTTACACCTCAACGTTTTCACATTCG

3-F1 CTACGCCGTGAGTGGCAGTT 234

3-R1 ATGGTTTCGGGATCGGAATG

4-F1 GTCGATAGTGGCATGGTTTC 135

4-R1 ACTCACGGCGTAGTTTCCG

TR BamH 1 BRI N VIR 5

The underlined portion represents the BamH I restriction endonuclease site.
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Kit A7 E A&, W EAEHIRR 2EH HE
TSR AE W He AR RS ml TR 3% 42 )5
B3 AR pET-30a-mcar 3@ 13 oL 5% e F A (FLBH
200 Q, HLZ 25 pF, HE 2 kV, A 4.3 ms)
SAKIGFF R B aRE Las b, BrE gL I 0
VI T LB WKL, T 37 °C gk, K
A # DHSa B Ak FH A BH PR X IR, R B e
pET-30a-mcat J5RL A L48 B k& FHAE B4 X B
PREUCEATERE , 37 °C. 200 r/min 57 2-3 h,
HE ODgo HZ K 0.5-0.8, MALKUE N
0.5 mmol/L ) IPTG, 28 °C & 12 h,
1.8 mcat EREXFHEPHIFTRIK
FIHIZEEE 5 PCR 520 — M da B
mcat FE R TEGR AR R IAFT# L48 iRk, #
KT FERIERIES 6 /NI 12 /NI T
W, I RNA SR G b i 20 SR O 1 0
IZH RNA, 48 5 % il 0 & 09 28 B3R &
cDNA. #5149 %t 3-F1/3-R1 (3% 1), §" 3 Bt
KN 234 bp, {#iH] SYBR® Green Premix Pro
Tag HS TiRA qPCR 57| & dE17 98 6
PCR, KM 272354 mcar FEDH M HIXF 35
&, RT-qPCR M {A (20 pL): 2xSYBR®
Green Pro Tag HS Premix I1 10 uL, I, T4

10 20 30
l l |

(10 pmol/L)4% 1 uL, cDNA #fl 1 pL, ROX
ReferenceR Dye 0.4 pL, RNase free ddH,O
6.6 uL. RT-qPCR i 551F: 95°C30s; 95°C
5s, 60°C30s, 40 MEF . FAFEMAM 3 RE
-

1.9 BERRERRK 5 3 #

B 500 mL 5 35585 B, T4 000 r/min
B0 10 min W KIAFF IR B, VR T BE I Uk
EWR . E5EAn T SF BRI R 0 )y,
F R S EE-IE C e ZE U R, 1K iR Ak 2k
PR ETE T AAHETE BT T B B2 B
S AR S R T AT, BdE A PR
FRGEEABUE— bk,

2 BRS04

21 EYEERENHE

TR EE mear TR T SEAE A B
1059 bp, %ifth 352 N IR . EHITF RNl
37.436 kDa; FRIGZEHL S 5.00, NEREEH; A~
FaE R0 27.18, JB TROEE T ; FAKEFHR
£ 0.051, HMEKHEEM . ZMETEE MCAT
FER R I 1, EA 192
PR (54.55%) T RETE AL o-B2 05 (W5 (), 104 4>

40 50 60 70
I | | |

MGMLLLTVRRLGWATAFAPSFQSSIATATRARTSSRQASDSDFDDFSSQTAFMFPGQGAQFVGMCGDVVK
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1 SOPMA N =FA#81E7%E MCAT I = REEH

Figure 1

Analysis of secondary structure of Phaeodactylum tricornutum MCAT by SOPMA software.
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R IR (29.55%) T RETE L TG KL 45 h (F% ),
42 M E IR (11.93%) AT RETE Al AE {5 (41 (),
14 D IETR (3.98%) W] RBTE J B-H% ff1 (4R (8).
MR MCAT B 4508 o-12E F1JC KL
WG, ZEEWA B TEARMREE. =M
WIEHE MCAT M =25 ILE 2, FER o
UELTE G R 5 B T B, 5 R S ) T
iR —3

MCAT WA G EEMEE R E 3 frs, ot
Iy =Koy sz, DB fa, k. /R
B B BRI S R — K3 DAk
T ST . R BN . M
PIEREA AR IR A A RN — K wIa b
R | SRR . v O AR SR B R B — K
¥, X 5EHM MCAT 943252008 —3 .

HRPE XS HL A5 5, = e 48 T 5 15 A i A s
RE-REB —TRERET L, ZFEH
100, SHGEUBREIE BUHIREE, SRR 78,
J& T protists 257

2 SWISS-MODEL B # 5= AiEieE
MCAT EBHH =R

Figure 2 SWISS-MODEL software to analyze the
tertiary  structure of MCAT  protein  of
Phaeodactylum tricornutum.

22 BRAEZFHT mcar EEKFEF KT
FIH RT-gPCR AT AUL G mear FERFR
NEOL, HE 4 RTLUEN, 7= fAiade s mss
%3 dJa, mear FERFRRE S EA, =
FAMTEEE mear SERTEBRE S P95, UlHHER
RABHEHE = MATE D mear BERRYFRIE

Danio rerio (NP_001038508.1)
100 Macaca mulatta (NP_001248301.1) Animals
(00 Mus musculus (NP_001025185.1)
100 W: Rattus tanezumi (NP_Q01178717.1)
100 Aurantiochytrium sp. (AKO69810.1)
‘l: Sehizochytrium (AGG56551.1)
100 Achiya lvpogyna (OQRY91679.1)
100 Phaeodactylum tricormuum (XP_002181767.1) Protists
—I: Fragilaria cylindrus (OEU21657.1)
8 Narnochloropsis gaditana (AGS78408.1)
100 Jarropha curcas (NP_001306853.1)
Limom usitatis simunmn (AGD9S5011.1) Plants
97

Klebsomidintm nitens (GAQE9624.1})

3 ET meat BEEFHARKEAERILINRELEN  GenBank B35 B/RTEdE5H; X b
HIELF- A bootstrap i

Figure 3 Phylogenetic tree based on the mcat gene sequence using the maximum parsimony method.
GenBank accession No. are shown in parentheses; Bootstrap values are shown at branch points.
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Figure 4 Transcript level of mcat gene in normal
culture and nitrogen-deficient culture conditions.

2.3 MCAT HIhEELEIIE

18 1 B e H R pET-30a-mcat TR 454k
2 RKIGFFE B ERE L48 b, RigRid s 5
Fias, BATEXT AL L48 WAk AR K, LK M
BF A X6 BE 2H K AT T DHS o BERS 1 K H T B
Ui B SEREARAT 1) = A K8 T8 BE mear LR TE L48 T4
PR KR IF T RE, (45 RIAAT I MCAT 6t
bk L48 [nl & 2845
24 mcat EERNREREHBREESHT

iz Fl RT-qPCR 437 meat &K A% ik
gER R EREFE IS 12 NEF mear FER B £
ST R, AEXTRIRKFILIE & T 6 /I
(Kl 6), I, TER SRR FUESE T meat FEH
Mk

RASKE L48-2 Mg iR 4l s ARk an sk 2 fr
TNo SERFWL, TEASKE T MR G bR A M LR

E 5 KBHFEELBEFEFWERKKL A
FHPEXT R, KIAFTF BB AR L48. B: SLIR4, &
H meat FH 5750k L48-2. C: FHMEXTIE, K
¥ DH5a

Figure 5  Growth of Escherichia coli in LB
medium. A: Negative control, Escherichia coli
deficient strain L48. B: Test group, mutant strain
L48-2 containing mcat gene. C: Positive control,
Escherichia coli DH5a.

250 - wm Control
200 =3 6h
mm 12h
150 |-
£ 100 -
28 5ol
X :lé. 50
S
2 3
E2
2 2fF
1 —
L
Control 6 12
1]
Time (h)

6 6hFN12hiESHE mcar EERIRIEKFE

Figure 6 Expression levels of mcat genes after 6 h
and 12 h induction.

NEWT IR B Fh R FEA AR, 20 C14:0., Cl4:1,
C16:0, C16:1, C17:0, C18:1, mcat F&H )%
AFfk C12:0, C14:0, C16:0, C17:1, C18:0 }%
SIS R B AR A T IR R RR S A B . it
Hh, RASREI R TR 4 R L IR R K AR W IR AR
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R 2 EHK L48 RIRZHK L48-2 BOBE A ER LA AX
Table 2 Fatty acid composition of strain L48 and
mutant [L.48-2

Fatty acid L48 (%) L48-2 (%)
C12:0 2.00 2.65
C14:0 4.66 6.10
Cl4:1 42.85 28.87
C15:0 1.80 1.10
C16:0 16.18 25.70
cl16:1 13.29 11.58
C17:0 4.89 2.72
C17:1 2.50 8.60
C18:0 0.73 0.88
C18:1 11.09 10.82
Total lipid (% of DW) 438 4.90
DW: T

DW: Dry weight.

b, RRWTER b F 2N Cl4:1, SRR &
WG AN, S5 R FR I FRIE mear LR RTE 1
NG WRA k, 3X 7] RE 2 BRI BT C14:0
HA TR i, ARk KEEIg iR C16:0
FIC17:1 WA B, X — ¥ 45 5 protits 287 MCAT
(R AR A

3 WREER

AR EE T AR E T — AT REM
meat FEH | ZIEFBEF A MCAT SR 7K i
IE L48 mifkH, MCAT SBEH KA L48 &
ANBETE LB 8533 A K, BT A meat 3
G % B bR IE# AR K, XM T KA
MCAT #ltFétk L48 B T MCAT Wy IRE. 415
SR AT R R RGBT mear LN HEBUE T
REWBR A A%, P il oa & s s (R 2), KB
MR C14:0 AW IfrvE, Mimifeskd &
BENRWFR G0 C16:0 F1 C17:1 MU, A Al fig>
PG & (ARGl SR A R AR B

MCAT E#IE S5 11 BRI G L, 2
JE R G B S EE R 2 — , At JE R TR A

MCAT # 3 T 2R, Z jirA i 8 £ 8,
TERIGFFE PR IR mear FER, 8748 B Rk G
U R L X BE R RR I 0 T 1%, Cheng 55158
W 4 E A7 BRI meat FER, 76 R % B i oh 26
IRIZFER T H 2 R G MCAT 136 7
R R TR I B IR R Y O i AR
FATR = MAAETE D meat FER PEFTINRERAE
RITE LA8 Wbk b RIkIFAT I LhAE, T g
IR A it F B RT HT = AR TS Y mcar &
DX REAIE 1 A 77 R 5 i o

TP IE TR HAA B A PR R, JE 40
AR I E 2y, BRAR AR ) B BT FEPE RN PR
PEo [RIBT, Fg iR HAG 820 & A Tl e,
FERE Y AT LA AR R HLAAR I 8 AR K Py 1 —
S g 15 7R L IV TR PR I R PR 5, Tl AT
Feds ok W HHOR A A SR L R L T
R Je T AL T A R P MCAT
Ve = a8 1L RUAR DT R & A Y B2 230
B, ST R s R A B TR B
BRI A
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