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Abstract: [Objective] Glycerol-3-phosphate acyltransferase (GPAT) catalyzes the first acylation reaction in
the triacylglycerol (TAG) biosynthetic pathway. Understanding the structure-function relationship of GPAT is
important for genetic or chemogenetic manipulation of the TAG biosynthetic capacity as a key trait in oilseed
crops but associated with human obesity disease. This study aimed to identify key amino acid residues
controlling the activity of GPATY in plants. [Method] Site-directed mutagenesis was employed to construct 58
GPAT9 mutant genes, and yeast genetic complementation specific for GPAT enzyme was utilized to dissect the

effects of alterations of single and multiple amino acid residues on the activities of GPAT9 from Arabidopsis
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thaliana and Brassica napus. [Result] By analyzing 19 amino acid residues of AtGPAT9 and BnGPAT?Y, it
was found that single mutations (T10A, S11A, S13A, S28A, S30A, S31A) at the N-terminus of AtGPAT9 could
not enhance its activity when the respective variants were expressed heterologously. In contrast, the alteration of
the other six amino acid residues at positions 85, 114, 119, 230, 237, and 322, respectively, which are located
outside the conserved domains of acyltransferases significantly affected GPAT9 enzymatic activity.
Additionally, mutual interactions were evident between these amino acids. For instance, the simultaneous
mutation of the three residues (Y85W, N119H, S237N) greatly increased the activity of AtGPAT9, as
exemplified by the findings that the expression of the corresponding mutant enzyme could accelerate the growth
of yeast cells and enhanced the synthesis of TAG by 45.7%, compared with that of yeast cells expressing
BnGPAT9. Noticeably, the presence of potentially phosphorylated amino acids at positions 114 and 237 was
detrimental to acyltransferase activity, implying that plant GPAT9 activity may be regulated through protein
phosphorylation and non-phosphorylation. [Coneclusion] This study describes six previously unreported amino
acid residues key to the regulation of GPAT enzymatic activity. Among them, W85 and H119 are prerequisite
for the proper functioning of GPAT9, and L114, D230, N237, and A322 are beneficial to maintaining the
activity of GPATO. [Ch, 7 fig. 2 tab. 37 ref.]

Key words: Arabidopsis thaliana; Brassica napus; glycerol-3-phosphate acyltransferase; structure-function

relationship; site-directed mutagenesis; yeast genetic complementation

HM BB MK A=W & W& 1% (de novo glycerolipid biosynthesis) S22 Al FP i JEAS AR I 72 o 3-Wi iR H
TS % Ll (glycerol-3-phosphate acyltransferase, GPAT) AL H MR Mk & A RI GG 20 B¢, Az A9 5 1
WENE R (LPA) 7£ LPA Wt R % [ (lysophosphatidic acid acyltransferase, LPAAT) AYAE H F ¥ 1k A B g 2
(PA), PA I HZAEY h Z R A BRI EEAF S 01, W e IE S vk = mE
(TAG) (AW A BLHTIAR . TEBSIR RS MEAL T PA S0 W Hh, J5 34 PT AR e G A- 4R 78 — ik H i
Pk 5 5 4 il (acyl-CoA: diacylglycerol acyltransferease, DGAT) 1 (5) i g -4 #i 5 — Bk H- v Bk 5k % % filg
(phospholipid-dependent diacylglycerol acyltransferase, PDAT) £ 4 it TAGU™', TAG & W iE 1 2 hBHE
Py SCsEAR [R5 NI REE S B VAR OC . BN, 8 FH s A sl Ak ast A% 7 1845 TAG A&
B, PREHRHMEY S ila, BRI S IERERE AR DGR A AN Ze0es , B SR s i )

BRSSO E TAG 2 G Mt B b R S EAE ], {2 H R T IX 2R 250 5 DI RE M INTE G R
Mz Z 551 BWACR R GPAT INAGIAL, (U D56 T HE5H 5U5E e R MHaE! ", &M
GPAT., LPAAT. W2 ¥ NIREEEF4#B (dihydroxyacetone-phosphate acyltransferase, DHAPAT) 45 5 it
SRR 4 = RS AR, Mk T A AR (H), REAMR (D), S5 H 2R (G) il
MV IR (P) & GPAT fEALFIT @ 1Y MAs A 1T ARG 2R (R) 545 A 2R (B) TE45 &
e 3-whmR R E U0 1841k, X T ORSF A5 F4 B8 A il 2 56 195 B o A 19 o 2 6 il 1 1 R 4%
HVER, &S IRSFES R B LR AR A A T BAE SR T RIE s A R .

GPATY i TP AN, S 5BEIEM TAG (AW A K, HIgeskkSFEMFAE R .
TR G S 20, AL 5 T W A e Bt L BAMFRE M R : W Brassica napus BnGPATY 1 53R
IR RE MG IR B I B S5 B R WL B 28 A8 R (ZAFU L) [H GPAT B & PR R 5 R i A KB FE . SR, RS
I¥ Arabidopsis thaliana AtGPAT9 HIA A X R HAMEE 171, R4 AtGPATY 55 BnGPATY Wb R %
PILo2N - B AR T AN — B Rk 94.1%, HWETE 4 DAL B (R 7 25 A 0 s L R R L v 4
—3 HI, AT DB RS S5 A B A i SR S s B R R X GPATY MG P & R M 151 . A<t
X351 FIFH AtGPATY Fil BnGPATY fEREEE R IR R G i R PR FITEST, 456w A8 SRR G |
ANEEAR, FIAT ERAS TN AN R IR BRI M AR X GPATO B IGPE R RZ M, 4558 B 0 BTG PR 0, AR XS
BEMEEL S AL B 4540 5 DI R N ZEC R IIAAL, WIS RE I o0 F s S 45tk . YT TAG &
BGEAR R R LA A8 TAG MGk A BGE AR i A R LS LRl
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i 1 Vector NTI 11.5.4 #k 4% AtGPAT9 (Genebank 5% 51 ACT32031.1) fil BAGPAT9 (Genebank %
S5 ANV28166.1) & FERR A 3EAT He Xt o fdi ] TMHMM 2.0 FI Protter HE47 5 15 45 ¥y dal A1 46 (1 B3 4b
SERRSRITRM RS2y I-TASSER il = 425 400
1.2 EEERRET

¥ AtGPAT9 F1 BnGPATO % i 5 %) 43 %) i# 37 BamH 1/Xho I 1 BamH I/EcoR T X 4] 37 f 50 [ &
pMDI19-T # 44, 75 238 (1) Fi ki pMD19-T-AtGPAT9 I pMD19-T-BnGPAT9; LA Mt , X} AtGPATY
Hl BnGPATY #4778 JRAS . HART AT . RIS R S5 (38 1), PCR Y Gk i
ki DNA 2 Dpn 1k 54ifb)5, 5 AKWGIRAH Escherichia coli 34T T 43 M7 5 7 51 IE B 1 R 28
BamH I f1 Xho I XUEGVIJ5, #4524 [F M)A BEAY pYES2-yADH1-Kan V2 BEREFR KM, FExt=4:
1) F AL R PR EF T DNA U200, DA PR S AE O s RO IE A . TR B8 Ui AY )2, 14 pMD19-T FkifE
hE AR i R R g ] Ok, AR B 4% AE pYES2-yADH1-Kan V2 Fiki EiEfT GPAT9 FE K 1Y 5E 5. %
A, PN DNA KB (6 998 bp) & HiI# (2 660 bp) 19 2.6 1%, RIBGXFE B S Mg 7T LIFEAK A PCR 474
Fis [ B O A A R TR B ) AR %

® 1 BEIT AGPATY FIihZE BnGPATY &SRR AMSI¥IF I
Table 1 Sequences of the primers used for site-directed mutagenesis of 4. thaliana AtGPAT9 and B. napus BnGPAT9

GAS I, B51HIFH] (5'—3") AR 1, SIHF51 (5'—3")

AGCCTCGTGGCAAGCTCAGCCTGCG TTTCATTGTTTATCCCTGTACACGCG
BnGPATI(R40S) AtGPATI(N119H)

TGATTTGCTAGACAT TTGCTGAAAGGTCAAG

TCTACTTGTTTCCTTTATACTGCTGT TTGTAGCAAAAAAGTTAAGGAACCA
BnGPATI(W85Y) AtGPATI(D230N)

GGTGTTGTTGTTAG TGTCCAAGGAGCTGAC

TTGTTTCCTTTATGGTGCTTTGGTGT TAAGGGACCATGTCCAAGGAACTGA
BnGPATY(C87F) AtGPATI(A235T)

TGTTGTTAGATACT CAGTAATCCTCTTCTC

TTCTCTTTCCCTTGAGGTGCTTCACT ACCATGTCCAAGGAGCTGACAATAA
BnGPATY(1102F) AtGPATY(S237N)

TTAGCTTTTGGATG TCCTCTTCTCATATTTCC

CATCACTTTAGCTTTTGGATGGATTA TTGTAGCAAAAAAGTTAAGGAACCA
BnGPAT9(F1091) AtGPAT9(D230N/A235T)

TTTTCCTTTCAACG TGTCCAAGGAACTGAC

TGGTTTATTTTCCTTTCATTGTTTATC TAAGGGACCATGTCCAAGGAACTGA
BnGPATY(T114L) AtGPATI(A235T/ S237N)

CCTGTACACTCTC CAATAATCCTCTTCTCATATTTC
BnGPATO(HI19) TTCAACGTTTATCCCTGTAAATTCTC | AtGPATY(D230N/A235T/ TTGTAGCAAAAAAGTTAAGGAACCA
n

TCCTGAAAGGTCAG S237N) TGTCCAAGGAACTGAC

GTAGCAAGAAAGTTAAGGGACCAT CATAAGGCCCGGTGAAACAGCAATT
BnGPAT9(N230D) AIGPATY(G332A)

GTTCAAGGAACTGACA GAATTTGCAGAGAGGG

TAAGGAACCATGTTCAAGGAGCTGA GGTCAGAGACATGATATCTCATCGG
BnGPATI(T235A) AtGPATI(L335H)

CAATAACCCTCTTCT GCGGGTCTCAAAAAGG

CATGTTCAAGGAACTGACAGTAACC TGAAGTATTCGAGACCAAGCTCCAA
BnGPATI(N237S) AIGPATI(P3558)

CTCTTCTTATATTTC GCATAGTGAACGCAAG

AAGGCCTGGTGAAACAGGAATTGA GTACGGCAGGGAGGCTCGTGGCTTC
BnGPAT9(A322G) AtGPATI(T10A)

GTTTGCAGAGAGGGTC AAAATCCGAGCTTGAC

ATGAACCTCGCGGCAAGCTCCGCCT CGGCAGGGAGGCTCGTGACTGCAAA
AtGPAT9(S40R) AtGPATI(S11A)

GCGTGATTTGCTAGA ATCCGAGCTTGACCTC

ATTTACTTATTCCCACTATGGTGCTT GGAGGCTCGTGACTTCAAAAGCCGA
AtGPATI(Y85W) AIGPATY(S13A)

TGGGGTTGTTGTTAG GCTTGACCTCGATCAC

CTTATTCCCACTATACTGCTGTGGGG AACATCGAAGATTACCTTCCTGCTG
AtGPATY(F87C) AIGPATY(S28A)

TTGTTGTTAGATACT GTTCTTCCATCAATGAAC

TCCTCTTTCCCTTGAGGTGCATCACT GAAGATTACCTTCCTTCTGGTGCTTC
AtGPAT9(F102I) AtGPATI(S30A)

TTAGCTTTTGGGTGG CATCAATGAACCTCGCG

TCACTTTAGCTTTTGGGTGGTTTATT GATTACCTTCCTTCTGGTTCTGCCAT
AtGPATI(1109F) AtGPATI(S31A)

TTCCTTTCATTGTTT CAATGAACCTCGCGGCA
AGPATY(L114T) GGGTGGATTATTTTCCTTTCAACGTT

TATCCCTGTAAATGCG
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1.3 BEsEEHL

S BRI B BE SRR ZAFU1[BY4A742, gatl Agat2A+(pGAL1::AtGPAT1 Leu2)]?>3", Wl 7E 2k FLBEHY
B gk BAER, (AAER A SR IE Rk TAE K AR T . L TR MR ZAFUL 857 14 8 B 35 % B R
GPAT (4% HA RN L — D0, AR IE B % AN R & TR 4% 3L 58 X GPATO T 14 1 52 1

it 3 T BE R AR (BRI 7 2 S A TR B 263k TR S A R ZAFUL A28 4™, 595 4 h, 439
AT AT A (Glu) S ZUAE (Gal) iRUR, A7 PRMERE | 21 208 Fl 5 &R 1 85 3% 3L (SC-Ura-
His-Leu) 1=, 30 °C F}i3% 3~5d. N T R Hb FL A AN ) S R AR S 2 A0 Xl e M s, Bk BT 2 2L
B gRaE b AR K A ] PR VR B B R A TR PR FE R BB R 9206 . MO FUERS 3R 5L EREMLPb e 2R K R iy
7% % SC-Ura-His-Leu+Gal AR 55, 30 °C IR 1555 1~2 d 2 [D(600)] A 2.000 0~3.000 0, s
& TR MR FE 2 D(600) 247 1.000 0, 0.200 0, 0.040 0, 0.008 0 A1 0.001 6, HX 5 pL #%Fl T SC-Ura-His-
Leu+Glu il SC-Ura-His-Leu+Gal &K #53E [, 30 C 537 3~5 d.

1.4 BB H&NERhAg S

30 °C T, BRIEAN GPATY 578 3L A 1Y) ZAFUL i #F SC-Ura-His-Leu+Gal &35 SR I h 15 37 &
D(600) 24 3.000 0~4.000 0, #i B3R T SC-Ura-His-Leu+Glu 435 35 5E 2 D(600) & 0.100 0, &y 5555
FFRE e 5% D(600).

B 6 AR IR R A B AE FL2s R R TR LA T, R DR Y, R T RERAR , 8 )2
o B R IE T WY BT Ve R 0.05% PR A5, 7ESRAMT NS AR T, MEEE R AR
TAG, Jf3l i SAH AR E T TAG & =P,

2 RGN
2.1 AtGPAT9 #1 BnGPAT9 & ER

FUNBEE B FElEREh R IANT, R ST AtGPATY 512 BnGPAT9 K I AN [R] A4 7% 124,
T AR T R 0 06 B E M O L A, % AtGPAT9 5 BnGPAT9 # 4T T ¥ %1 b X . AtGPAT9 Fi
BnGPATY ¥t 376 MREIERALN, Wi FH 301k mik 94.1%, 4 DRSFRIBEILEE RS Mg 25 A 38R C
JoT I A7 T A 7K R 25 A 38 (—ILARL—) MY 2 SE R FR HL 78 42— 3> HAE N il & 28 AE 1)
BERR AN A, FE 2N E AR (1) BEATZEA 22 MR AR R, Hr 11 4A~H
AR . 3T TMHMM FI Protter (1) 85 25 A4 S 000 7 - B 8 IX 25 A HLA B Al DL, (3 3 A4
PERRE XS A 7 AR E SRR AR I (K] 1) 734, 3T 1-TASSER [ = ZES5H Bl & 3 . AtGPAT9 Fl
BnGPAT9 7 40, 109, 114, 119, 230, 235, 237 fil 322 {V & IEFRFRFL I AFE], FIRESGIRMH = 4=
2R ZE S, e TS AT TS AT AL (] 2).

2.2 AtGPATY #1 BnGPATY HIE S 3R

ST BRI MR X GPAT BEE AL B B Z V= E A, 38 L3R AtGPATY Fl BaGPATY H {7 7F
WY R IERIR L 22 5, 12 FH 2 o5 58 A8 F A W 35 AH LAV 8 P B R A s AT A LR, RIDKE AtGPATO
() BAAS B A G I R i i [R] i R 40 5 BnGPATO FhH B 007 B 5E M IR I B SRR 3L, [ Z IRk . AT
FEIAIHE T 58 FRIRIAY GPATY 2878 HEH (55 2).

23 BEANFEBRKZRERTI GPATI iF R

W AR GPAT9 58748 KR v b 22 A A A W5 2 00 3 (ADHY) By, JFDAZs 8k 5 1 B A A
AtGPATO (1) JBRE A 1 P %k BB, LA B 42 5 BnGPATO 1 [ Kz g BHPE X B, 5 26 8 21 5ok S5 A3
ZAFUL Wk, MEARE GPATO ALK ZAFU fE A A5G 72 4L Bk KB IGaE 1. MRS 1L
P B 200 M 9 A 3, AT DA B R U DAk AN (W] 28 A8 A7 a5 % GPATY Bl i M52 . 25 o Y
ZAFU1 S RAE R AR 208 FREFRIT, W85Y B H119N [ B 5 i 4 S5 BnGPATO 22k Xif 58 A8 4/
K BB 09K 52 B8 1 (8] 3A), Ui BT W85 Il H119 J& BnGPATO IE % SHAEFT AT 09 . A 4h, 5 B A= 1
BnGPATO #H I, 7 N237S 8% A322G 72547 5 19 BnGPATY Xf ZAFU1 1% A4 K B #E4E R % (K 3A),
FWIX 2407 782 5 BnGPATO G VA 5 . AH B, HiAth 5> L7 g & 4t (R40S. C87F. 1102F,
F1091, T235A) % BnGPATORY TG A A= BT 20 (K 3A). F¢nllJ& N230D Fl T114L FAA7 s e 1
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AtGPAT9 1 [SESEEES
BnGPAT9 MSSTZ
AtGPATY9 56
BnGPAT9

AtGPAT9 111
BnGPAT9

AtGPATY 166 PSESS
BnGPAT9 VYVANH

220

AtGPAT9
BnGPAT9

AtGPAT9 276 RESSSRY
BnGPAT9

AtGPAT9 BRAGLEKEVPWDGYLKYSRI
AR A B8 2R R R 222 DL SR (03, AR SR IR T LUK (30, AN R E R IR IR AR DL A (38R . RS g O~ 45 A
BARIL A AT1. AT2. AT3 FIAT4. FRES X HbRicy TM1. TM2 Al TM3. #5378 GPAT (L2 3 (R Z LR IR AL,
NRORGEERA) 3-TERRH i P 75 R s BE R AR
B 1 #dIk AtGPATY F= it 3£ BnGPATY &K E2 591 Hoxf
Figure 1  Alignment of the amino acid sequences of A. thaliana AtGPAT9 and B. napus BhnGPAT9

M 330

§ 376

AtGPATY BnGPATY

SRR DL S ML i BT SUEOR, I S237 Ak 237 2 FR -
2

2 AtGPATY #= BnGPATY = % 2& #yFam]
Figure 2 Prediction of three-dimensional structures of AtGPAT9 and BnGPAT9

BnGPATY i, X B Fi/EHX T BaTI4L M5 U M . Wil 4 s . 548 BnGPATI A L,
& T114L S8 75V 15 1) BnGPATO £ i 1k 58 45 1A v (1) 2R 35 R A A 40 it AE R R IR Bt ey, RIBN & 2d
K%, K3k BnGPATY (T114L) (Y & 75 76w A5 72 4k AR R 0 %ce BT A2 A BnGPATO 1Y 4 £, HA&A
FPHTE R K,

Ffeld, XF 19 AR AtGPATO FE7E FE R HEAT T Wk ist AL HANSEE , iy 6 4> g & 11 43 il 78
N it A P8 e W R A (V2 05 & A T10A, ST1A. S13A. S28A., S30A il S31A #ffe, HAM 1340 kAT
S40R. Y85W. F87C. F102I, I109F, L114T. N119H, D230N., A235T. S237N. G322A. L335H #1P355S
B, S5 WIR: N 6 AW 78 Bl IR A6 7 a5 53 50l 2 46 Ji v e 2 05 1R 4 R O AN B el 3 AtGPATO 1 7
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Table 2 Site-directed mutagenesis of amino acid residues at single and multiple sites in AtGPAT9 and BnGPAT9

B GILRR IR IR ) )
AtGPATIZEILMRTR LR A HE
BnGPAT9 AtGPAT9
BnR40S** AtT10A AtF1021/S237N AtY85W/D230N
BnW85Y AtS11A AtT109F/S237N ALY85W/A235T
BnC87F** AtSI3A AtD230N/A235T AtYS5W/S237N**
Bnl102F** AtS28A AtD230N/S237N AtYS5W/D230N/A235T
BnF1091** AtS30A AtA235T/S237N AtYS5W/D230N/S237N
BnT114L%** AtS31A AtD230N/A235T/S237N AtYS85W/A235T/S237N
BnH119N AtS40R AtS237N/G322A AtY85W/D230N/A235T/S237N
BnN230D*** ALY85W ACYSSW/N1 19T *** AtS40R/Y85W/S237N**
BnT235A%* AtF87C AtYSSW/L114T/N119H* AtN119H/D230N
BnN237S* AtF1021 AtYSSW/N119H/S237N**x* AtN119H/A235T
BnA322G* AtI109F AtYS5SW/L114T/N119H/S237N*** ANT19H/S237N***
AtL114T AtYS5W/N119H/D230N** AtN119H/D230N/A235T
AN119H* ALYSSW/N119H/A235T** AN119H/D230N/S237N**
AtD230N ANT19H/A235T/S237N***
AtA235T AtN119H/D230N/A235T/S237N
AtS237N
AtG322A
AtL335H
AtP355S

VLA . AR SRR LI Al 0 R S R AR TS A R AR A S KR, U AtS40R/S237N {3 AtGPATI A9 40 17 tH 22 %R (S)
ARG R (R), 237 i ZE W (S) 28 I KA/ (N)o *CF L1 57 IR 23K BE S Ik & e B U ZE AR K ZAF UL 1 A= K ik
s <BEAERMEREH RN, BEMZ, f8oR.

pYES2
AtGPAT9
BnGPAT9
BnR40S
BnW385Y
BnC87F
Bnl102F
BnF1091
BnT114L
BnH119N
BnN230D
BnT235A
BnN237S

A

Gal

o
o
L
3
o
o
o
o

(@]

o

Glu

B Gal Glu
pYES2
AtGPAT9

AtT10A
AtSI1IA
AtS13A
AtS28A
AtS30A
AtS31A

60 O D0 6.0 Q0 60 O D Q0 60000
SEFRNS S EES S SRS SEESAE
O T 27 VAT T Y QY Y N NN N SN SN AN
D (600) D (600)

A, AL LGN BnGPATY BS540, B, B4 55 5848 AtGPATO G PEMISAIT . A 7 PP Al 2 SE R Ak 2k % o)
GPATO B 7% 14 (R 5L, #5747 AN [ 98487 151 AtGPATO B8 BnGPAT 15 26 - SUE R W AR AT B ZAFUL HHRIA, &
TEF= e M S 1 R B 1 A R R R R AR DG . R S I R4 M I FE B FE R R B R S0, (EA I M &b S
T AW, BIRGEREA I BT AR pYES2 (E BT AL, 87 A4E R BT I+ AtGPAT9 FlIji 5% BnGPAT9
53 SR SR 93 ot RIS ekt

B3 AR A4S K LA AtGPATI #» BaGPATO B & 1 69 % R
Figure 3  Effects of different single mutations on AtGPAT9 and BnGPAT9 activities

BnA322G
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( 3B). BT NUI9H, H At () B4 55 28 48 75 Xt
AtGPATO 7E BB 55 2 40 0 36 AR 77 26 1T L% i
(£ 2). TERERFDEMR BB BRI SR 5080, N119H
BBl AtGPATI YK ZAFU1 28 A8 IR #i 4 b
AR BB, (HRPPE AR #R 55 (€ 2, 18l 5D),
24 SASEBEERTI GPATI &M EZM
FETAHAR 5 AR AR 2 R 5% i 2 [a] 34 AT e X i
TG M A R R Y B R Y, AR
AtGPATY Ml BnGPATY Z [RIfF7E A IR 22 5, if
— BT 28 H 2~4 N E IR IR B Y
AtGPATY % 25 fiff . 5 W85, H119 Fll N237 {3 &5 %}
BnGPATY i& M= A HZ W EH — 8, FPE#k
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