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Abstract:
It is one of the most important enzyme in lipid biosynthesis. FAS of the oleaginous yeast Rhodosporidium toruloides has

Fatty acid synthase (FAS) catalyses the reaction between acetyl-CoA and malonyl-CoA to produce fatty acids.

two acyl carrier protein (ACP) domains and a distinct subunit composition compared with FASs of other species. As ACP is
a protein cofactor crucial for fatty acid chain elongation, more ACPs in the FAS may facilitate the reaction. To study the
biochemical and structural properties of this novel FAS from R. toruloides, plasmids were constructed and transformed into
Escherichia coli BL21(DE3). The strain ZWEOQ6 harboring plasmids pET22b-FAS1 and pET24b-FAS2 could co-overexpress the
two subunits. The recombinant FAS was purified by sequentially using ammonium sulphate precipitation, sucrose density
gradient centrifugation and anion exchange chromatography. The specific activity of the recombinant FAS was 548 mU/mg. The
purified complex would be used to study enzyme kinetics and protein structure of FAS, and heterogeneous expression and

purification will facilitate revealing the mechanism of this novel FAS with double ACPs.

Keywords: Rhodosporidium toruloides, fatty acid synthase, overexpression, purification, enzyme activity

UTSEARE, BEEREIR . PRET SR H 4 AR ASTE 20%MME, XEHEY
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Ay S I TR B TR AR A5 2 Y A D R H e
@), A S AR R AR, K7
Bz KE. BEG, 7AYok 32 2
R R I B 3 R, A A A A
TR . RAETMAR R AR, HEEHTE
fho A RAEFEIE L 1.67 12 t (2009 4F), H:
HE I 1.42 12 t, 15 80%A M IE FH T &0,
HRESER, R 14%0 1A Ag AL T 5
B T ok 2 B s e TSR s, S
SO R FURMIE R A, WA ZUFF R (R A B UR

W B A 1) A= 0 I s B Ak v g 2 L v —
P AT BE A BEREC . S B DR B DR AL A T
V&R RE IR ST A AE AE AL P, R 8o S 4

R J M E Y (Oleaginous microbes)! ),
41 £ ffi /% £} Rhodosporidium toruloides A] F 2
i F BT 70%0 AT, ol R A IR e i Al
PR E] 78.7 /LI, TR A A T K
W, IR R A A e i i A2 L,
B — R HAT RAT Tl 10 T B A TR PR

XoF (B £ 4% fd [ Bk 3 A7 7 R DX 2H 0 P R0
B, RBESTHBENIREM (FAS) %
DAY 2t ey o A S S 2, LS A A
W37 % £} Saccharomyces cerevisiae) 1 FAS B
BAE (K 1), H p B (Fasl) W
fiff (Acetyl transferase) Fl/iMtit 5 (Enoyl
reductase) Z5HIZAL, T o WA (Fas2) HiflK
JK W (Dehydratase). PN . ME/ K5 B 4% # 1
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Fig. 1 Comparison of the fatty acid synthases from R. toruloides and S. cerevisiae. The FASs are composed of the
following domains, acetyl transferase, AT; enoyl reductase, ER; dehydratase, DH; malonyl/palmitoyl transferase, MPT;
acyl carrier protein, ACP; ketoacyl reductase, KR; ketoacyl synthase, KS and phosphopantetheinyl transferase, PPT.

(Malonyl/palmitoyl transferase). P4t # A& &
(Acyl carrier protein, ACP). [ [t i 5 i
(Ketoacyl reductase). Ml fit & W
synthase) Fl W MR 2 Bt & 2 & W& ¥ % Wy
(Phosphopantetheinyl transferase, PPT) %5444
. H Fas2 FFA ACP 25350, A7 4
— IR F 76%. FIHATNIE, EUWLH FAS
A ACP SR, ACP TERE R & a7
W, REEFER. 8 PPT iEfb)E, 7EMRSFI
22 R AL BRI I s b e, T BEIR
SPa L el g S R sy e = o i L ]
WEEE-ACP 7 FAS MRSV AL 58 B0 I
B, BRI — B (-CHCH,-) ',
PRI EE R FAS ) a6B6 5 Ik, 7 it 2400
2 600 kDa, iZE R SYIY AL 6 B P2
10120 A 23 A B A S 6 R — A
W T ACP. #RILLZAUBEEE FAS tIE 2
HEAMEH, HiEESES S HA ACP, AT
RE 2 i 25 b SO R TRV DV B, A A TR T R
AL BSR4 & A BEEE FAS B9 AP fkaF
S5, MR 7GR FAS SRR A,
ERGIFR DL RE T IZEEGY, SR
TE . REWH S EE AR B0 RN B B s Hi 2 A Ak

(Ketoacyl
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Firig 4 FAS B LLTE )4t 500 mU/mg.

1 MBET %

1.1 ##

pPYX212-FAS1-FAS2-WT Jfi ki iy A< 5256 %8
RN HER . B-FISL LM (B-ME).
LR (PMSF) . 54 3 -B-D-Hi 2 7L
Wit (IPTG). Wi . HEPES. EDTA. E. coli
DH50 Fl BL21(DE3)W [ dt 0 i [ AE P R A
R\ ] 3 pET22b(+) . pET24b(+) 1 pACYCDuet-1
# AR A Novagen /3 7 ; PrimeSTAR DNA &
fitg . PR UIEE R DNA & BRI QK%
TaKaRa /Al FrHSIHIWZR 1 s, 51974 5
A ARG B /A 8L ; DNA T i b at
Invitrogen A H]5¢ il ; NADPH ., ZWE4fEE A #1
N _RHBEAEEE A I H Sigma 22| ; DEAE
Sepharose Fast Flow #fl§14 1 GE Healthcare 2
A); cOmplete 2 A1) H Roche 237 ;
HAth Ak 23X R o br sl LB B3 3R 3L 4
10 /L AWM, 5 /L BEEEKY, 10 g/L NaCl,
pH 7.0; TB B3R RHh 12 /L AR, 24 g/L
BEEERY, 4 mL/L Hil, 0.017 mol/L KH,PO, Fl
0.072 mol/L K,HPO,.
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Table 1 Primers used in this study

Primer name
FAS1-5-Ndel

Primer sequence* (5'-3")
GGCATTCCATATGgcaagctggageca
cccgeagttcgaaaagggtgcaATGAACG
GCCGAGCGACGCG
GGAATTCTCAGAGCCCGCCGAA
GACG
CGTACCCATGGCAAGCTGGAGC
CACCCGCAG
CGCCAAGCTTCAGAGCCCGCCG
AAGACGTCGAGC
FAS1-5-Ndel-His GTGAAGCATATGcaccaccaccaccace
acagcageggcATGAACGGCCGAGC
GACGCG
GCCCAAGCTTATGGTCGCGGCG
CAGGACTTG
CCGCATTGCGGCCGCCTTCTGG
GCGATGACGACGGC
GTGAAGCATATGGTCGCGGCGC
AGGACTTG

FAS2-3-His-Avrll GTCCTAGGTCAgtggtggtggtegtggte
gtggtgCTTCTGGGCGATGACGAC
GGCG

*The restriction sites are underlined. Lowercase letters

FAS1-3-EcoRI

FAS1-5-Ncol

FAS1-3-HindIII

FAS2-5-HindIII

FAS2-3-NotI

FAS2-5-Ndel

indicate Tag or Linker sequences.

1.2 H%
1.21 FAS RiARA MR

Pl pYX212-FAS1-FAS2-WT JMait, fii
FAS1-5-Ndel/FAS1-3-EcoRI B|¥4 % FAS1 Jt
I, 1% H BHE 551 A Strep T -Fp%5 5581, #1715
1 A B2 Nde I/EcoR 1 ALY, % A[RIFERGY)
() pET24b(H)Fk M, 143 Fk: pET24b-FAS1, fifi
Fl FAS1-5-Nde | -His/FAS1-3-EcoR [ 5|#3" 1
FASL LR, % BeAE 5" | A His-pR&s 741,
I3 A pET22b(+)zk 14 ) Nde T/EcoR T {7 55, , £
#|Jfiki pET22b-His-FAS1. ¥ pET24b-FASI
A Nde I/EcoR I #fi A i Bti#E A pET22b(+)#
1155 pET22b-FAS1. UL pET24b-FAS1 A #itl ,
fdi i FAS1-5-Nco I/FAS1-3-Hind [I1 5| ¥y 9" 4 47

StrepII-FRZ5 1) FASL JE[A, 28 Nco I/Hind TTIX it
Yl G % A £ IBH K pACYCDuet-1, 152 i ki
pACYC-FASI,

Pl pYX212-FAS1-FAS2-WT Jy itk ,
FAS2-5-HindIII/FAS2-3-Not [ 51#)9 1 FAS2
K, 133009 H Bt4 HindII/Not T XTI, %A
] F¢ B V) B9 pET24b(+) 2k 1K , 15 2] it i
pET24b-FAS2, HIT3Rik C vty His-Fr2E )il
&4 M. JH FAS2-5-Nde [/FAS2-3-His-Avr Il 5]
Yy 3t FAS2 BN, i BETE 3| A His-hrds
JE, 2 Nde T/Avr T XU J 4 A RIS T8 3R A5 (1)
pACYC-FAS1 Jiki, 15%] pACYC-FAS1-FAS2
JBTRL o T TET BT A IR A TR, 228 I e UE TG Bk
HRAr . Rk Fokifk{L E. coli BL21(DE3), 5
FI) A AR o A H Y BUORCRI B I bR ik 2
FiR
1.22 HABRBWRKRLL

PERPE 4 bk ZWEO06 (7% T 5 mL LB
WG IR 3L (&% 100 pg/mL 2N F & R M
50 pug/mL RABER), 37 CHIRGH IR . |
1 mL 4R F 400 mL TB ¥+ 5L (4% 100 pg/mL 2
N B2 M 50 pg/mL RIAFEE ), 37 *C . 200 r/min
F5 3% 2 ODgoo 294 0.8, ALY & 4 0.5 mmol/L
) IPTG, 16 CifETH53% 36 h, BELOIEERIE,
20 CHR-AF o

PLF 4ifb IR AE VK ok 4 CkAT .

MR, IREAL 12 g, PL1 2 3 Ef
AR 2% v (100 mmol/L K3POy4, 5 mmol/L
EDTA, 5 mmol/L B-ME, 1 mmol/LL. PMSF,
3 mmol/L MgCl,, 0.5 mg/mL % [, & B
Hil58 2 B, pH 7.0), #AEZHAIME, 18 000xg
0 30 min, EYNMEER, RIEWEERE 2P
M, FFIMARE T
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F 2 HMEBRAMELEE
Table 2 Plasmids and strains used in this study

Plasmids and strains

Description

Plasmids
pET22b(+)
pET24b(+)
pACYCDuet-1
pET24b-FAS1
pET24b-FAS2
pET22b-His-FAS1
pET22b-FAS1
pACYC-FASI
pACYC-FAS1-FAS2

Strains
E. coli DH5a

E. coli BL21(DE3)
ZWEO1
ZWE02

ZWEO03
ZWE04

ZWEOQ05
ZWE06

ZWEQ7

pBR322 origin, amp®

pBR322 origin, C terminal His-tag, kan®

P15A origin, 2 MCSs, chI®

The StrepII-FAS1 fragment inserted into the Nde I/EcoR I site of pET24b(+)

The FAS2 fragment inserted into the Hind TII/Not T site of pET24b(+)

The His-FAS1 fragment inserted into the Nde I/EcoR I site of pET22b(+)

The StrepII-FAS1 fragment inserted into the Nde I/EcoR T site of pET22b(+)

The StrepII-FAS1 fragment inserted into the Nco I/Hind III site of pACYCDuet-1
The FAS2-His fragment inserted into the Nde I/Avr II site of pACYC-FAS1

F ®80dlacZAM15 endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG A(lacZYA-argF) U169
hsdR17(rg” mg) A~

F ompT gal decm lon hsdSg(rg™ mg ) A(DE3 [lacl lacUV5-T7 gene 1 ind1 Sam7 nin5])

E. coli BL21(DE3) with pET24b-FAS1 plasmid used for expressing StrepII-Fasl fusion protein
E. coli BL21(DE3) with pET24b-FAS2 plasmid used for expressing Fas2-His fusion protein

E. coli BL21(DE3) with pACYC-FASI plasmid used for expressing Strepll-Fas1 fusion protein

E. coli BL21(DE3) with pACYC-FAS1-FAS2 plasmid used for expressing Strepll-Fasl and
Fas2-His fusion protein

E. coli BL21(DE3) with pACYC-FAS1 and pET24b-FAS2 plasmids used for expressing
Strepll-Fas1 and Fas2-His fusion protein

E. coli BL21(DE3) with pET22b-FAS1 and pET24b-FAS2 plasmids used for expressing
Strepll-Fas1 and Fas2-His fusion protein

E. coli BL21(DE3) with pET22b-His-FAS1 and pET24b-FAS2 plasmids used for expressing
His-Fas1 and Fas2-His fusion protein

BER B UUUE . IR A0 MO 2% L3 b,

15%. 20%. 25%. 30%. 35%7#1 40% (W/V) Jit

A VA RFR I FBR R 2 15 (pH 7.0), (H B AR
BTN 20%, TEFE 30 min, 18 000xg 5.0
30 min, FIEW PN 1/3 VAR ) AR RN A R e 1
W, (R IR B vk R N3 40%, $i+ 30 min,
18 000xg &[> 30 min, VIHEE T 16 mL Z& vhii
A (20 mmol/L HEPES, 100 mmol/L KCI,
5 mmol/L EDTA, 5 mmol/L B-ME, pH 8.0).
FEWH S B B0 2 A TREH) 10%

http://journals.im.ac.cn/cjben

W W, 1] 38.5 mL 9 Ultra Clear Open-top
BULAE, IR 5 mL _FREERRA W, HA5
WY RS R VAR, EIRBCE 7 h, R HIE gt
WREME . SRIEIA 2.8 mL HIEW, A
Beckman SW32 #%43k, 90 000xg, 4 C&.0> 15 h,
MEAE RO S SR 3 mL #E 5, AT
SDS-PAGE 43#7, ¥ FAS Wi/ HE A4 0 85 R
G, B



SEF F/EILBERSHABHRASBHEARX. AHSEEEN 1419

55 B0 B 78 2 B . 2 Hr 3Bl DEAE
Sepharose Fast Flow, JZHril HA#E 25 mm, $IH
T2 15 cm (2 80 mL). Jofdi F 400 mL 28 i
A CFEEATAE, IR SR B AR BAE, SR
J& 1 100 mL 22 vf A Ve, 51 250 mL ZZofr
A 1250 mL 2%t B (20 mmol/L HEPES,
800 mmol/L KC1, 5 mmol/L EDTA, 5 mmol/L
B-ME, pH 8.0) 4l thEIRAWUEN, A
WA E F, YERiZH 5> F Bradford ¥4 2K
H#JE, SDS-PAGE 73, & H R 024 73 1%
1.2.3  EHER

T 76 I 2 S AR R % 100 mmol/L K3POy
(pH 7.0), 5 mmol/L EDTA, 5 mmol/L DTT,
12.5 umol/L Z Wt A, 50 pmol/L 7§ /% P Tt
4l A, 75 umol/L NADPH, Jn A& &, 7¢
200 pL AR AL AT, Fi (225 C)
JN, Kl 340 nm WOGIE AL, DRI —
M SRS A 6 IR TS B E X, B
14#E 1 nmol NADPH (1 mL JZ W& &, W%
Wb 0.006 2) FrE RN 1 mU,

2 BREMM

21 FAS RiIZEMMWESMHK

AT 4L FAS &AL, 435k
FASL Fll FAS2 JE[H 4, Fasl 7% 1266 TREIR,
Fas2 75 2 928 M2 LR (GenBank Accession No.
4359k EMS21161 F1 EMS21268), #0i i/~ 7 Ji:
B RE A . # FASL FI FAS2 [N 43 51l e e 215
IKE A pET24b(+), 3441k E. coli BL21(DE3){5%
FHFEE ZWE01 F1 ZWE02, IPTG )i 521k H
MM, B3 hAErEER (B 2).

Jralifk FAS 61, TR —E kT Rk

PIAT3E, RA IR mE AW ik,

¥ FASL Al FAS2 TERER|AIRIAPIE M
pACYCDuet-1 A&, ZEIR S H WA Z ik
M, HAE TRBITH (T7 B8 /lac #2971
MR ZE & 608 Tl R0, & pACYC-
FAS1-FAS2 BT i B 20 B bk ZWE04 HoK it 3Rk

[El2 SDS-PAGE #ATEHEMKFRIZENER

Fig. 2 SDS-PAGE analysis of the cell lysates from
recombinant strains with the indicated plasmids. White
and black arrows indicated expressed Fasl and Fas2
subunits, respectively. The cells were precultured in LB
broth with appropriate amount of antibiotics at 37 C to
ODgpp ~ 0.8, then 0.5 mmol/L IPTG was added and the
temperature was reduced to 16 ‘C to induce the
expression of recombinant proteins, excepting the
control culture without IPTG. Cell pellets harvested from
overnight culture were used for SDS-PAGE analysis.

cjb@im.ac.cn
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Fasl #5H, i 8 KAY Fas2 FE FSEAARIE (K 2).

SRJG, TE E. coli BL21(DE3)H ] i} %% 1k,
pACYC-FASI Fl pET24b-FAS2 fFiki, 55|84
PPk ZWEOS ., 3 > JiokE 2 AN R &2 il X AP
PRic B, HAMRIRIRATE. BARTEA Wk
ZWEO5 7] [d] i KB P~ 1, {H Fasl Rik il
BALTF Fas2 (Kl 2), AIREZEH T pACYCDuet-1
FURLfE H P1SA E il -+, 1M pET24b(+)fi H
pBR322 & IX, i # kS DU A 5 & 1
1/4181 ) e 3 Fas1 3k AP RAK

T FAS PIMEREAIHRECR N 1 0 1,
{HE A FE R ZWEO0S, #/4™JE A9 2 ik 7K A
¥4 . pET22b(+) 5 pET24b(+)Z /A #B (i F] pBR322
X, RS AR ICZE A, DRt el
PrA: R AT EFFX A IEAFRAE R BORLE ], HL
JR s DUROH I . R 2 Boki L3R 0k H 9 2
FEA ScikdizaE! ", N, o pET22b-FAS1 I
pET24b-FAS2 kL[] i 4% 1k E. coli BL21(DE3),
BB FEHF R ZWEO06, T ik FAS BN F
. SDS-PAGE 43 #r# W], & pET22b-FAS1 FI
pET24b-FAS2 JUkr i EE 41 itk ZWE06, Wi~
R RIA A (& 3),
22 H{LELARY FAS

FA E M ZWEO06, %1k N 3 Strepll-FRss
i) Fasl 1 C ¢ His-PrZEhy Fas2, 2R T
Ni-NTA # g B FZHralif FAS £ &9, kA
B Rk, NANE T pET22b-His-FAS1 Jfik:
AT 25 N ili His-$R% 1Y Fasl. % pET22b-
His-FAS1 # pET24b-FAS2 i ki (1) 5 2H B 4k
ZWEO7 Al #47 Hi Rak W MR (45 R RS
), B Ni-NTA #5312 8r4lifk FAS,
TSR WA ) -

e, [ R4 Fkk ZWE06 %35 FAS Bif

http://journals.im.ac.cn/cjben

pET22b-FASI
pET24b-FAS2

pACYC-FASI
pET24b-FAS2

10 10 5 5 10 10 5 5SpulM kDa

Fas2

Fasl

B3 RAEHEKBHNERRIZKTE

Fig. 3 Comparison of the expression of FAS subunits
in the strains with plasmids as indicated. The arrows
indicated expressed Fasl and Fas2 subunits. The culture
conditions were the same as Fig. 2, and 5 or 10 pL cell
lysates (as indicated) from the same volume of culture
broth were loaded into the gel. M: protein molecular
weight standard.

WA, ZERETIESERWED, PERmE
1 30%—40% 1 AR R £ o3 R TvE , [l H &
M2, FICRE 70%, ks 20%-40%10
MERREINE, HAHE A EIBCER 92%.

i TRV R FAS 0 a6B6 Z&W), Hor+
ik 2 600 kDa, HEI B 21 4 fa % £ FAS 0] BB
PR WBRNZ A AN, A A 215+
o X TREREEY, TR R B A
BLDUEATAYES . (R 10%—40%28 YL B 25 i 1
J&, Beckman SW32 %3, 90 000xg 2. 15 h,
WA 5L 2 1 [R] B HE BRAE A 2% PR L 25% (1)
MEEEZ (B 4, JKiE 8), 45 HEA I EE FAS
A AR B B JEE 0 A SR, R BRI 4T &
eIl EE FAS ] REHAT 5 BRI I B FAS BRI &
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Sucrose density — T

10 11 12 p

1 2 3 4 5 6 7 8 9

Bl 4 SDS-PAGE #EHEZEEHER LA BAS
Fig. 4 SDS-PAGE analysis of the protein fractions
from sucrose density gradient centrifugation. From lane
1 to 12, the sucrose density increased from 10% to 40%.
Lane p was loaded with proteins from the centrifugation
pellets. White and black arrows indicated the Fasl and
Fas2 subunits, respectively.

GRS R E S 1Y Fasl WL &R (/7 7E
FEEREE R (K 4, JKiE 4, A@fik), H
VI 2 FAS B IRAAAE T 000 (B 4,
B op, HEFMBEOEK), VRO

B ALRE /T B A 1, I LT LSRRI B Y
M HEFN R I BE AR

WA FAS B &I TEE)Z , BIEWYR )
2y = R 9 TR T s 2 I AN U LU % S
DEAE Sepharose 55 [ 2 F 24t i, KC1 kB
FEEEVENL, H E@ﬁ[ﬂ%ﬁ 100-200 mmol/L ) KCI
Ve . 83 Bk =P alifl, FAS Y4l BEiAE] 90%
PLE (I 5). ﬁuﬁﬁﬁﬁ%fﬁﬁﬁ%@ﬁﬁ%
WA — R B — R XA
2.3 FAS Wyl E N E

T FAS )4 NADPH 7E 340 nm A 4534

1 2 3 4 M kDa

mhe

Fas2 —

e -
- —120
B -
: 100
[ -
e o -
70

[El5 SDS-PAGE it i3iEMEBHM

Fig. 5 SDS-PAGE analysis of proteins obtained from
the purification procedures. The arrows indicated Fasl
and Fas2 subunits. Equal amount of proteins (3 pg) were
loaded in each lane. lane 1: lysate supernatant; lane 2:
20%—-40% (NH,4),SO,4 precipitation;
density gradient centrifugation; lane 4: DEAE sepharose

lane 3: sucrose

anion exchange chromatography; M: protein molecular
weight standard.

Wi, ELIEE IR IS RECK 6.2%10° L/(mol-em),
iﬁiﬁﬁﬁhaﬂlr‘ ¥ NADPH if#E#x", KM
3G B R AT IE R, AP E A L&
TREELE FAS B9 EETE 7128 (548 + 16) mU/mg.
3 itk

[ 21 4% 76 1 B & — kPR 28 A9 7 v R
B, b T HI IR R ENUE, U T TR
SR MR AR, KRBT —a iy
THAE I R A B SRS A, A G FAS A,

It FAS P IE L ] FAST il FAS2, FET
NeFR 2 rh s B A A T AN I LAY

cjb@im.ac.cn
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RIEMRT Y], I EATHAT AR 1 25 04 Sl 2H R
&AW ACP Z5Fgk (K 1), FIHET NI,
HAELLWERE TR BRI T X P& 24> ACP Z5 M43k
FAS. SRS FAS ZEUAY i 2 25 09 3l 4 i 1) 2R
fiil & W (Polyketide synthases, PKS), &% &H
ZA~ ACP! HFSLIEN, & 5 P HIE ACP 1
ZAMMARIR &8 (J& T PKS, TMdE FAS),
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T AR, [RIEHZE ) FAS 1] T IR A4
BRI TR B P 7 P
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