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ATP-citrate lyase: The key enzyme of the reductive TCA cycle

Tadayoshi Kanao
(Department of Biological function)

Almost all organic compounds which construct life are derived from carbon dioxide (CO,)
assimilated by autotrophic organisms. The reductive tricarboxylic acid (RTCA) cycle functions
as a carbon dioxide fixation pathway, distinct from Calvin cycle, in a green sulfur bacterium
Chlorobium limicola. ATP-citrate lyase (ACL) is one of the key enzymes of this cycle. The
enzyme of C. limicola (CI-ACL) was encoded in two adjacent open reading frames, ac/B (1197
bp) and acl/4 (1827bp), whose products showed significant similarity to the N- and C-terminal
regions of the human enzyme, respectively. Heterologous expression of these genes in
Escherichia coli proved that both gene products were essential for ACL activity. Kinetic exami-
nation of the enzyme revealed that the enzyme displayed typical Michaelis-Menten Kkinetics
toward ATP with an apparent K, value of 0.19mM. However, strong negative cooperativity was
observed with respect to citrate binding. ADP was a competitive inhibitor of ATP with a K, value
of 0.036 mM. Together with the feature that the enzyme catalyzed the reaction only in the
direction of citrate cleavage, these kinetic properties indicated that C/-ACL can regulate both
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the direction and carbon flux of the RTCA cycle in C. limicola.
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& L &I

TR ER A EE L RRIRE LCEFT A AW [k

SEHFEEY ] IR TV, Bz 2 URtESIEE
X, B E LTI DRI H b\ IEZE DERE
[Mb] 752 & CHEMEMHFFLTBY, &Todws
FEEL L T B HBME, 13 & A &4 T sz B
EL7Z2 ZBILRFRICHEL TwdET ) 2N TE S,
- T, MOTSREAWDO TR L TR2IIHE LGS
WES - THLME TR, 2L T2 DML Yh
—RIEFEE & L CEDERIBIC B A4 8R %2 T 5,
Tz DENT L EREE, T b bR - WE P - R E
Vo T2 RETIZB TR, MW E R (LR %
HZTWD,

—J, HER Eicid BRlo L9 A BREIR R o = R
LN ZERIC ULrZe <, i e ihER (7 vy 1)) -
MR 7 O MRBREREE & T 2 I Ui - TREEHT
IR L T b, Bk L), ZokkLER
Bilo o9 2 A DIE T ICAT AN, F N FE THEWIZ L
TWEEZLNTWIEH#EEL, B2 hBRE2IER
LTWBEIE LT E N, RHCH T Hkn$ TOWREHT

BORICII MR OBEARE DA T2 20T 5 &S 2
EBZHILbL L)Y,

MRIREREE 12 B W TR R FIZWEETH Y, ZoEE
RIIAE 2 ERE LT 5, FRC—KAEFEICB W T
ML (BEWE Z0) P TBY, Znso
HAEFIFFEICEETH LIS 2THAL )., HEHL
72 DlE, T DR RIREEAHM D ZREIEIC B 5.
Fl#Hs 7 e > Bl X > TRERIEE 2 4T> T\ 5 DI
L, A7 E > hlDITIh acetyl-CoA #Eik?,
3 ~hydroxypropionate [a]i#%%, % L C#ichy TCA [ali#E?
O 3FEFA D e B e AR 2 R L T 5 2 & SBUE S
w3, FNEHHT AT TR, T
PBALT 2RI L > T A NX—2 BT D LD
LB L AT B, FRICKRFRBAGAEE O —FE 13 HACREH]
D 1 R CREM % 52002 CRBEE ERE 2 A LT\ 52,

TrH b DR ENH 2B 22 L2k,
HERBUE T e FAER D G % BB 2 7217 T <,
VAER & S & 720 > T B ZIRILBSRIC & 2 shEkin g
b~ D AW R R 22 1 & B FPe (2 1L FIRFIC R

Received October 1, 2004



40 2R BF

B EoPUc LB b D) AR R LTS Z T
Eb., Ll s ZoGIES NV E B R E AR
BT 2 e DFIRIZIEC, &) bIFEITGH) TCA [
HIZBWTHZEDSB LTz, 4l JEZ v e > BUfkER
BEEHRE S D —>, ®IcH) TCA [l & = D#ERE T
» % ATP-citrate lyase ICPI$ 2% F L D72 D TH
H 5.

=EIThY TCA [EIE%

oy TCA  [nl#%131960F-C ik b B R Chlor-

obium limicola |2 B\ THFER 2 L72IEA b > B R e
TEREHRESR TH 5. REKIT A2 E, RroRMS
TCA % 2 MR 5 2 & T A NX—EEIT))
I L CORBREE 2475 (Fig. 1), Zolligh 1 alf
T2 EEAGTFOIRBALREDPFE SN 15 TFOA X
Vol (232070 BIbREL»SL 19 TD
acetyl-CoA) 77K 5. AREIHKICHEWTIE 2 DOFHE
i 7 BB [ € B¥ 3 pyruvate synthase, 2 -oxoglutarate
synthase B & ORIBEOH M2 PgE L Tnwb EE2 5115
ATP-citrate lyase 258#f¥3% & L TSI TW 5
AR IZ1960FMRIC TR EN I L 2 b b T, %7)
B RIZEEBER DK R L E 0 FPIMEE N L DA T

B o 72, B KRR o —FE, Hydrogenobacter ther-

mophilus TK- 6 25327080 TCA [l 2 v Tl sess
EHZIT->TWDEZ EDWHLDITT D, SRR @**ﬂzi:k
I ORE;RA S N, WEERAMIGHK 2 &

NaH"“CO, % H \» 72 JR R [E %€ D FE Bk » & pyruvate

PS 2[H]
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Fig. 1 The reductive tricarboxylic acid (RTCA) cycle for CO,

assimilation in C. limicola.

The reaction catalyzed by ATP-citrate lyase is in-

dicated with a bold arrow. PS; pyruvate synthase,
PEPC; phosphoenolpyruvate carboxylase, OGS; 2-
oxoglutarate synthase, and IDH;
drogenase are key enzymes for CO,fixation. PEP;
phosphoenolpyruvate, 3-PGA; 3-phosphoglycerate.
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ATP-citrate lyase (ACL)

ATP - citrate lyase (ACL) (% succinyl - CoA
synthetase % & [6] U acyl-CoA synthetase family 12 )%

citrate + ATP + CoA
T Me2+

acetyl-CoA + oxaloacetate + ADP + Pi
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CROBOMORIZ £ 1) B L T acetyl-CoA & 4 X ¥ nm
ftfe 2 E T 2 =B Th 5.
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obium tepidum |2 B\ TH—NGBD 7 7217, Z Ok
W, 2 FE13135kDa DR E 4 mKREEETH Y, SDS-
PAGE # Western f#thi<e 3 > 77BN » WAL B
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2512 aclA, aclB %2 I2FEB L 12384, ACL IGML
M E N W2 & 5WEBETIREEICUETH S 2 &
oI o 7z, FEMBER O F R % 7VIEEDHC L) Ko
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AN, O8N asfD T ul0RIKEE 2 LD

N 2e031197bp (S88AA) ©

272-GHAGA-276
500bp

764-GHAGA-768

phosphorylation sites

Fig. 2 Structure of ACL genes from C. limicola and human.
The phosphorylation sites in human ACL indicate
T446, S450, and S454 which were phosphorylated by
protein kinases.
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D, 2oHUMIZFNFN K,=a 2K,/3, Kg=ab
3K, 2, Ku=abc 4 K. %En5., [1] KXo [S]
Bl oo &EMEZMRAL, BYRIliREZ 7777 F
EHWTEHELL, 208, AL 7EMEICIZIZEe

10 -

1/v(mg/U)

-10 0 10 20 30
1/[ATP] (mM )

Fig. 3 Double-reciprocal plots for various concentrations of
ATP with or without ADP.
ADP concentrations were (0mM
(square), and 0.3mM (triangle).

(circle), 0.1mM

v{U/mg)

G E 7 =B (GEE) o FoMBE—RiAE, 48K
A B

2 [ ]

.

S . £

S 4 <
0 | 1
0 10 20

1/[citrate] (mM %)

Fig. 4 Kinetic analysis of recombinant CI-ACL with citrate.

log [citrate]

[citrate] (mM)

(A) Double-reciprocal plot of the kinetic data. (B) Hill plot of the kinetic data. Hill coefficients are indicated as nyvalues.
The nyvalue of 0.45 is given in the lower citrate concentrations (0.05 to 2mM). (C) Velocity plot with various concentra-
tions of citrate. The solid curve was fitted by nonlinear regression analysis of the experimental data as described in the
text. The dotted line represents a calculated curve of activity if the enzyme were to follow typical Michaelis-Menten

kinetics.
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12 —39 2 R A (R2 = 0.999) 7755 11 (Fig. 4-C),
INEFEEEEEBLL, TNFhoMix, Ka=
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Fc g 2B L 2V, DF ) ok 7 T BRI TS
B\ CRERIEEHIC 435070 ATP 204 L e WikIc A&
HEIC BT V7T 0EEL L Tnwb EEZL L7, &
72 ADP 2 L - THHE L ELZZIT 5 Z 2205, MlHA

8/V

05
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DEZANX—IREEIC LKA L Tl 2 HIfE L T b 2 &
D Z btz AW ACL 13#7chy TCA [l o Az
FimzEgEL, MENO R LX—KEEIC L > TRkFED
NN A &R (carbon flux) # FAERY 2 HEIEA % E
FHOTWBEZ EDHLELEL 5T,
2.2 . KFEELMLHAE H. thermophilus TK-6 ¢ ACL
IKEMAATE H. thermophilus TK- 6 1%, T2 T4,
PARFERALATE T H D #ochy TCA B IT5A 50T T
BREL T 2B L WHlTh L, AR ACL (319894
FELAH A 51, 7 FE46kDa Dk € 6 kS TH 5
EEI T W, L Lehs s H thermopilus 125
WO ACL i 2 TRt L 72553, H—oBERMOG T3
% 2DODWERDP LD 2EEORIGTH B Z L5
&7 o 722020 fEsk ACL PR, Ao oxaloacet-
ate # malate dehydrogenase & 77 7°Y) > 7 L T4 §
% NADH DOWEE (Agzuonm) WET 5 MDH 5, B &
UL ) —2DEEMTH D acetyl-CoA #Et Fur X
T3z EAligk TR A T E ¥ CE®T 4 hydrox-
amate #: (HD#:) 0 25@0) THRIET L2 LW TE 5,
(7 : HD #:13 acetyl-CoA il succinyl-CoA 7c &
acyl-CoA DiEwm L MIAEE. ) H. thermopilus Tl
ACL {fitE% HD B L VBB L TR L 72854, Rl
Z o728 MDH I CIRiEHE 2 RS o7, $4b
t oxaloacetate VER I LT W W Z L ATRE R L7z,
ZORELY o 7O % MALDI-TOF MS 7 &
THM L 7289, citryl-CoA THh 5 2 & harh - 72, it
->C, ZORHY o783 ACL Tld 7 < citryl-CoA

4] 05 1 0 1 2 3 0 5 10 15 20
s {mM) s (mM) s (mM)
Vimax =0.94 (U/mg) Vinax = 1.87 (U/mg) Vmax =4.00 (U/mg)
0937%x4=376 187x2=374 4=375

Fig. 5 Hanes plots of the kinetic data.

The panels of left, middle, right are focused on lower (0~1mM), middle (0~3mM), higher (0~20 mM) concentrations of
citrate, respectively. The estimated enzyme-substrate complexes are indicated below each panel.
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Hthermophilus

Climicola

human

human ACL

Fig. 6 Structural similarity between citryl-CoA synthetase
(CCS), citryl-CoA lyase (CCL), and ATP-citrate lyase
(ACL).
The boxes with same colors (black, light gray, and
dark gray) show high similarity.

synthetase (CCS) & [d%E & #172. CCS 1346kDa, 36kDa
DT afEETHY), Fo—KkESx C. lmicola ACL
kM succinyl-CoA synthetase & &\ AHEME 24 L
Tw7z, (Fig. 6) iz CCS # /T MDH #:iz k 3
ST L DT E & B 5 Z & T citryl-CoA lyase
RS 5 Z SICHI) L 7o, AR IZ S FE30kDa ok
E 3 ARG & HEE S, BIREE W 2 XIS F o— K
i3 C. limicola AclA & C-KFpsoric @ HEE 2R L7z,

(Fig. 6) H. thermopilus |2 HEALSRHAF ORI IT TR
L0 L TEBY, HEWNEILOTERICIE IR TH 5
L# 2 LN Twb, C. lmicola, H. thermopilus » ACL,
CCS, CCL #lti#gd % &, C. lmicola » ACL 13870
1y TCA Inli % 2 24 5 #f2ic BT CCS & CCL %
A L7z EHERI X 15, R 5|2 citrate synthase X° suc-
cinyl-CoA synthetase 7c & DEEH & DRERE K 250 %2
B2 DHE, ZNHIZOWTIIHELEY Rt & 3 BRGE-
LOTH B,

EbH YIS

[ZLDIC Lk T2D5, & THEERIIBNT, £
FRSTHFEEOGAEIES L CUZBOL L v, 72 & 2T
BELHEYHIE L2 E L TYH, EBERELEWDALT
IR 2 3R TER T AERMIC D B, O F ) W TR
THER S N T UL, Y0 5 G % Ak TE %
MOTIRFREM, UEARWREGHETH D, HdERELC
AT 5 AERERIE, 7 ZICHAET BN E Y KT
LT, AR E RS 52 L2 b, HICE 2T,
MNLFREY D R T AN TERE 2 E> TW BT
bhY, BEMESOEEN, WICRFIEZ2HBET 27200 T
3 WZ EDPBHLEPIC - TE 2, 200 LIS, For
TEEIDERIEIC G- 2 5 AU IR EMICE S e - TH Y,
REAOE2 T MEEI L Twb, 20—k T, F~x
DEBIC T 2RI E > TORTB), A rLX—-
VA 7v - BREHEHE T & ofkr el Eas, TR
MCHIEND LI Ich 572,

IR TR T AT 2 Y, S OREICH L TEW
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