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ZHANG Wei!

Abstract: [Background] The cyanobacterial tricarboxylic acid cycle, which produces succinic acid, is
different from that of other species. The existences of a-ketoglutarate decarboxylase and succinic
semialdehyde dehydrogenase in cyanobacterium make its tricarboxylic acid cycle complete. Succinic
semialdehyde dehydrogenases that catalyze the conversion of succinic semialdehyde to succinic acid,
exist in cyanobacteria extensively. [Objective] Clone, express and purify the protein encoded by the
cce4228 gene of Cyanothece sp. ATCC51142, and characterize its biochemical properties in vitro.
[Methods] cce4228 gene was cloned into pET-28a vector, overexpression of recombinant cce4228
protein was induced by isopropyl B-D-thiogalactoside (IPTG) in E. coli BL21(DE3) and then the protein
was purified by Ni-NTA affinity chromatography. The biochemical properties of cce4228 protein were
characterized by spectrophotometric and bioinformatics methods. [Results] An expression plasmid
pET-28a-cce4228 was constructed and cce4228 protein was overexpressed in soluble form in E. coli
BL21(DE3). Recombinant cce4228 protein with purity higher than 90% was obtained. Steady-state
kinetic and bioinformatic studies demonstrated that cce4228 protein was a NADP -dependent succinic
semialdehyde dehydrogenase. [Conclusion] The cce4228 gene in Cyanothece sp. ATCC51142 encodes a
succinic semialdehyde dehydrogenase, which prefers to use NADP" rather than NAD" as its cofactor.
These results will provide basis to understand the structure-function relationship and catalytic
mechanism of cce4228 protein further.
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Jit PRl S P D A BOR Y Lys160 24 35 IR %
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Table 1 Primers used in this study
b7/ E2 5191751
Primers name Sequences (5'—3")

cce4228F-Nde I TGTAACTCATATGGGTATCGCTACAGTTA
ACCC

cced228R-Xho 1 TATCTCGAGTCACTTGATCCATACGGTTT
TTAC

TE: SIS T RIS R R A

Note: The underlined are restriction enzymes cutting sites.

A 50 pg/mL RHAFEE 2R A LB B4 Hr b 2 1 H
PETERE . B2 TEYE PCR 56 TIE I A 1% P S bt oA e
VR TR AR UTORE S 2R
1.3 RGBS EERIFSRIER AL

K I IR BRSO RE B Y5 AL 10 mL &4 R
AREE K (50 pug/mL)AY LB AR E IR, 37 °C,
180 r/min R5FR1I o SRIGHE 1% (IR L) A FefP &
B R IR R 800 mL LB AR FR-EEP (3
A 50 pg/mL RIRER)IATHE Y KR, Fidh
FEUWL ODgoo 2 0.6 BF KK ST A IPTG (AU hy
0.2 mmol/L), F 25°C, 180 r/min Z¥2EH55% 24 h,
BT 4 °C. 6 000 r/min B5.0> 20 min FF75AY A ]
20 FERFAYE- 2% pPi (20 mmol/L Tris-HC1, pH
7.5 ZoB)EE:, TUOKIBHBA G T 4 °C.
12 000 r/min &.0> 1 h AN REA FIHW, £ 0.22 pm
PEREE RIS, F BT Ni-NTA Wi (3 50 7
& MBI T AL BE ), AR S F S DR IR A 1 1 22
PRV IEA TV BE R BE BRI, 40 OB B A VR B 1
‘¥, H SDS-PAGE fill Hiy&E M. ILESHH
(R FTIVERUS , T 4 °C T RSB M 80Tk
i iENT, X5 H Bradford Jy ikt H 098 (1 #E1 T
FETE
14 S£REBEFIIEAEE ¥R SEEELEER
=AU

1£ 50 mmol/L Tris-HC1 pH 7.5 (92 s, 4>
PN A LW BE R 2 mmol/L (K48 5 F (Mg,
Mn?", Ca*", Co*", Ni*', cu*", zn®"), WE
cced228 HE FTEUN ISR 4/ 25 F B Ak 3R iR
VR2E 2 A B 3 R 1) e KW s B oy A E o S g e A

BUA 500 L, RMKRPEAH FIRARREE
F, 0.5 mmol/L NADP —4#£:, 0.2 mmol/L BEFAMR
TR 0.135 pmol/L cced228 [ fHi 14Nt
JGEETHTE 25 °C R M 22 I W RS R TE 340 nm 1Y
W A (A3a0) 2840 o AR WG AR ) 28 Ak R 28153 L
DR, SCIRE A 3 IR,
1.5 ~I{KZFR pH EXTEIARR FEE A Sl IE
B

TEAE pH MEEM T 25 E cced228 %E{f&
A6 3% B R 1 T 5% b LB B R 1Y) B R ) i I
FE . RAMZMBIAZRUT: 50 mmol/L MES pH
5.6, 50 mmol/L Bis-Tris pH 6.0, 6.5, 50 mmol/L
HEPES pH 7.0. 7.5, 50 mmol/L Tris-HCI pH 8.0.
8.5, 50 mmol/L N-If L Jt-2-%0Jk £ ik CHES
(9.0, 9.5, 50 mmol/L CAPS) pH 10.0. 10.5.
11.00 J AT 500 pl, 76 F3iR7N R R 28
i e ﬁ 0.2 mmol/L MgCl,, 0.5 mmol/L NADP
TR, 0.2 mmol/L BEIAFRFEEF 0.135 pmol/L
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BEHATR - W U 1) [l ) ) 22 S 8fE 25 °C
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RN 0.067 5 pmol/L cced228 . 1l E ARl
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il 0.01-1 mmol/L, RN H cced228 H I
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G
1.8 EE4H cced228 FEHHI = HELEHITIN
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i Pymol FAFARHE U A= LY pdb SCIFHIAE

2 HRE4H
2.1 IEFFE ATCC51142 1 cce4228 BRI BY5TrE
MR W5 AT ATCCS1142 1 cce4228 FEIH ¥ 3115
T34 Nde 1R Xho 1EEYINI S A0 L. TS 149
(1), DLEFBE ATCCS51142 KP4 b e T
PCR #784, 714 1%I5NEHEERE vk A, AR5
KNI R 1.4 kb IREST PR =W, S R BEAR/NS
WA ATCCS1142 W cce4228 K& R BRI B Ik
B(1 368 bp)MMI& (K 1), XFH#E# A pET-28a-
cce4228 T TCRIIN P45 R . FRAFHIFEH FF
S5 AT ATCCS51142 WY cced228 F:H 73
(GenBank & 353t5 WP_009543699)—&: 4 100%.
PL b2 o 20 ook J B A T A% R 528

bp M 1 2 bp

5000

2000
1500

1000

1368

500

B 1 5% ATCC51142 H cce4228 EFE R PCR 18
Figure 1 PCR cloning of cce4228 gene

d: M: DNA ZF45#E; 1. 2: PCR ™).

Note: M: DNA marker; 1, 2: PCR product.

22 FE4H cced228 EHEXRFHEPHIFIED T

¥ pET-28a 75 # (AR ¥ 1E 4 i) pET-28a-
cce4228 T R 53 A AL K IZATTR BL21(DE3)/S%
TS HAT IPTG Wekik, 458 ILE 2. t
K2 AT, PKE 1 784 50 kD dbRA KEEAE
ik, SRMVKIE 4 TEIZAH B M E AL RE, WA
# ATCC51142 H cce4228 FER Gtis—1~ 49.3 kD 14
AR, SUKIE 4 hRYEARA/MEET . A, I
1B 5-6 RN MIBERE G KRB0 B4 cced228 HIHKE
R B, MAEDTEE T A H 08 A X
By DA ESEREN pET-28a-cce4228 4 FURIAE K
Pk B R R P RE IEW R, JFHEA
cced228 HA AR A I idE
2.3 E4H cced228 EEAYLELL

HE.OIF ISR A HEA R FIER
3 A28 i (20 mmol/L Tris-HCI, pH 7.5)4b 34T
1) Ni-NTA g, 285 &4 20-100 mmol/L B
(VA28 DA TR, bzl RanE 3 Fis.
SDS-PAGE £ 53¢ B 24 kv FEH N5 60 mmol/L
F, DR cced228 FHAPLVENL, KR ELL
BB FATERK s 55 >4 100 mmol/L I lbi . & 3118 3
HKIE 3-8 PRI, FEXILE T e s, 155

kD M1 2 3 4 5 6 kD
180 —
%:;: == ’::

El2 E4Hcced228 R KT E BL21(DE3) R AIRIA
Figure 2 Expression of pET-28a plasmid and
pET-28a-cce4228 plasmid

T M: SEFBURE; 1-3: Fefk pET-28a 2 BIAII KM FT i 4H
M R R, 00 BB DR TUE R G; 4-6: %
& pET-28a-cce4228 20 BN YR IAAT B AN AR 5 5 5 BRI, 25
O JE IR O SR TTIE R .

Note: M: Protein marker; 1-3: Cell lysate, supernatant and pellet
suspension of pET-28a after induction; 4-6: Cell lysate,

supernatant and pellet suspension of pET-28a-cce4228 after
induction.
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B3 4 cced228 R FEFBMAAILLA S BB KT
Figure 3 SDS-PAGE of cce4228 protein purification

W M: EAFRE; W QIR S: BhOs BIEW; P
BOEUIEE R ; FT: WA 20: 20 mmol/L BRIESEBI ;
60: 60 mmol/L BKMABERL ; 1-8: 100 mmol/L BRI .
Note: M: Protein marker; W: pET-28a-cce4228 cell lysate; S:
Supernatant; P: Pellet; FT: Flow-through; 20: 20 mmol/L imidazole

elution; 60: 60 mmol/L imidazole elution; 1-8: 100 mmol/L
imidazole elution.

4K T 90%I1) H 8 1. Bradford J7 i e

45 B EHE IR EE N 6.75 /L (135 umol/L),

H A FAISCR R 15.6 mg/g HA.

2.4 FE4H cced228 ERRYE LTI
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e
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e
—
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1111

VB‘%X §R&X C&X ((\e\'fA,\ C&X $‘Q’X C&X (L&X
o

Metal ion

4 ERBFIELH cced228 ERELFMEREIN

FIABOE VR, Mg %} cced228 25 1A FRIIIE 1F
B35 BRI NS A Cu” B T2 W B ANH] cced228 2K
FLIREALTEE, Co™ B 2B/l cced228 I
FIHEARTEYE, 24T 2 mmol/L Zn* B} cced228 H 1
MREAL IS EABE A I 2 (K] 4A). TEAPRUEIRER 5%
T, FEARR Mg W T cced228 25 11180 112416
MR G KRR (B 4B) A5 f KW U SRV
(Vma) 9 0.316+0.005 pmol/(L-s), TZH cced228 15
Mg IILSE HBU(Km) 0006 2+0.000 7 mmol/L, S
JSEFT I cced228 Mk 0.135 pmol/L,  FRIKCAT AT
185 ke ] 23457, keadKin N 3.77%10° L/(mols).,
242 RR{KZ pH EXELH cced228 EFEMNTFE
4% Y 22 M

KRR pH {EXTEEA cced228 ML T
szl 5 BiR. HEER pH JEFR 5.6-11.0,
TEARE pH HZEMPRIK R cced228 HEHRIEA
) B A AL TG M . M PR RAE S0 mmol/L
CHES, pH9.01}, cced228 & [IKALIE P fc i 5
TS, TEMMEAMET cced228 B MMMEALIE
PEHRRIESME T o MR pH KT 7.0
B, cced228 25 AL IS M 2RSS -

B

0.35 -

—o—i

HH

0.30

0.25 1

0.20

0.15

V' (umol/(L-s))

0.10

0.05

000 1 1 1 1 1 |
0.2 0.4 0.6 0.8 1.0 1.2

Mg?* concentration (mmol/L)

Figure 4 Effects of metal ions on the catalytic activity of cce4228 protein

T A WIASIEIS R B T ERHIIA SN MU s B: ANIE] Mg” Wk FER (5 KW IR ST R . B0 LUF B AR EZEFR , n=3.
Note: A: The maximum initial velocities with addition of different metal ions; B: The maximum initial velocities at different Mg®"
concentrations. Data are expressed as the mean+standard deviation, n=3.
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035 0.23+0.01 pmol/(L-s), cce4228 %[ 5KWIHY K
0.30F A 0.004 1+£0.000 5 mmol/L, cce4228 I S5IKYIHY
025 1 m 47 K 4 0.052+£0.004 mmol/L, JZJW i cce4228

% onl oor BTN 0.135 umolL, (ML L5715 5)

gw 67 ket 170 s, ke/Km 7 4.15%x10° L/(mol's) (/&

= 6C). &2 BEHAMR WL O 0.02 mmol/L, 2k
0.10 A5 NAD HEFEIT, 5 Vi 4 0.35£0.01 pmol/(L-s),
0.05 cce4228 HEHYH NADHY K, 4 1.7240.17 mmol/L
0.00 0.2, W, (Kl 6D), Wi HHEE] kew ] 2.59 57, keadKm

5.6 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.510.010.511.0
pH

5 RERZR pH {EXEL cced228 ERELTEIERIFN
Figure 5 Effects of pH on the catalytic activity of cce4228
protein

2.43 FEH cced228 EHMEEE N F S
AR I A5 T, Y B IR 2 BEAE IR
Y1, NADP'5{ NAD MHiHFif, 4 cced228
13l 206 MR A B oK GO R =: 1 58  1
T V=V 1+Ko/[SIH[SVKD) . HEANRES) 177
Bz 2 Fon, LA NADP™ (0.5 mmol/L)E 4k K+
BF, AR Viax A 0.26+£0.02 pumol/(L-s), cce4228
E S5 IEYIN Ky M 0.008+£0.003 mmol/L, cced228
A S ERYAMENEB(K) A 0.8£0.2 mmol/L, JX
I T cced228 B FIRIVEE A 0.067 5 pmol/L,
PRl AT S5 5 ke N 385 87, keadK
4.81x10° L/(mol's) (& 6A). 4[&EBEIAMR L mEHk
FEN 0.2 mmol/L, ™7AF NADP HREERT, 5 Vi
47 0.239+0.008 umol/(L-s), cce4228 %[5 NADP"
() K 0.034+0.002 mmol/L (&l 6B), ifiditai5
F keat N 3.54 87", koK N 1.04x10° L/(mol's). L)
NAD" (10 mmol/LYWERAHHE T, WA Viax N

1.51x10° L/(mol-s), HILAl LIFEH cce4228 2 1
Ul NADP 4R T, SA—2% NADP i 2! (5%
MR 1 Ml U
25 E4H cced228 ERREMIEREN

AT EE ATCC51142 FR Y cce4228 B[R 4k 4
FIBUS A 455 M SRRk AL . B4 cced228 AN
HLEHI 4T 5N 49 289.69 Da, HEAFHL S
4.77, FE/RIHCFR K e 7 41 285 L/(mol-cm), N5
Hr cce4228 -5 HAUKIRAR) SSADH & H 192k
K&, MHI MEGA 6.0 #AFHH ClustalW J5 ik ik
11273 lext, B Neighbor-Joining (N-J)&: itk
1T 1 000 ¥X Bootstrap 4 R Gt (& 7), Hp
ANFRVER) SSADH 434%: #UBIIT (drabidopsis
thaliana). N(Human). KFFH (Escherichia coli
GabD Fll Escherichia coli Ynel). Hi%LZF it
(Bacillus subtilis). FRMKEEIKTR (Streptococcus
pyogenes). FEKWE(Synechococcus sp. PCC 7002) .
1 2 B (Anabaena sp. PCC 7120), K 7 Z553H
cce4228 [ IRERFEM MR BN SSADH 1N
A —43 3, TSI A KGR ARG R 2R
TRFRE T AR S, RWEF%: ATCC51142

#2 AREHEEFIELR cced228 TR SSA HIEgsh H ¥ S

Table 2 Kinetic parameters of recombinant cce4228 with SSA as substrate using different cofactors

Cofactors K (mmol/L) K; (mmol/L) ket (57 kea/ K (L/(mol's)) K (mmol/L)"
NADP" 0.0080.003 0.8+0.2 3.85 4.81x10° 0.034+0.002
NAD" 0.004 10.000 5 0.052+0.004 1.70 4.15%10° 1.72+0.17

W T HIR TR RE R

Note: " K., for cofactors.
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Figure 6 Kinetic profiles of cce4228 protein
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e A WGV BB AR B M B IR 2R, 15152 NADP fO B 0.5 mmol/L; B: 45N 8 b NADP e i A9 AR fk il
28, RE IR R 0.2 mmol/L; C: WIUA RN H B SR HARR - Bk B AR A 2R, 5@ NAD PVR N 10 mmol/L; D: )
U BN I NAD YR A (i 2k, 118 SRR Uk 4 0.02 mmol/L.

Note: A: Plot of the initial velocities as function of SSA concentrations, the concentration of NADP" was fixed at 0.5 mmol/L; B: Plot of the

initial velocities as function of NADP" concentrations, the concentration of SSA was fixed at 0.2 mmol/L; C: Plot of the initial velocities as
function of SSA concentrations, the concentration of NAD" was fixed at 10 mmol/L; D: Plot of the initial velocities as function of NAD"

concentrations, the concentration of SSA was fixed at 0.02 mmol/L.

1) cced228 [ 5 REKBEEAN M EBERY SSADH (415
R 22771 F1 all3556 R [1)EL K REGT . BLAST ¥
M R, WEFFEE ATCC51142 1 cced228 THH S
faflEEE PCC7120 W all3556 & AR ELRR P 41—
PEFIE 73%, S5EBREE PCCT7002 H 22771 FE DA
SR A — kIR E] 65%, 1REREE PCCT7002 FHE)
a2771 FfaPEEE PCCT7120 H1Y all3556 2 EBEIE
52k NADP ARAF R B FARR 108 1 S -2+,

2.6 FE4H cced228 EFHRI =R

PIEBREE PCC7002 22771 A S IAZEH
(PDB: 3vz3) WX} cced228 I —HELh#ayik
TrEi(&l 8). &l 8 AT L& BE cced228 2 [ HIMiEAL
HUO T AR IR SE R ) o0 X3, NADP 4R 7%
MRS, SRR A TS PO X
. cced228 H ML HL LAY ZEF /R RN 9 FTR .
PSRRI RS AU T Cys262 F1 Asnl31
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.

Escherichia coli Ynel (WP115463367.1)
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Synechococcus sp. PCC 7002 (ACB00745.1)
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Anabaena sp. PCC 7120 (BAB75255.1)

H54F5% ATCC51142 1 cced4228 EEH S EHRIEH SSADH EH RFH LS4

Figure 7 Phylogenetic analysis of cce4228 with other SSADHs from different sources

TE: 0.1 FURERSHRIR; IR IR ECHRIER I, 2R/, RZZEFRBR); BFEIIR ARMEG0%IA N AIE, <50%E2%).
Note: 0.1 represents the distance ruler; Line represents branch length (The closer the branch length is, the smaller the difference, and the
greater the difference); Number represents self-expanding value (>50% believes credible, <50% hides).

(14 4% 354 S BEVE FH (B 5349 <0.3 nm, B AR
), BRHARR LRI AR TS Serd20 HMIEE
HEEEA . AN, NADPHHIN T 5 Glu228 Fi
Arg139 FMIEE 1) S EEVE X R NADP' ) {4
ZREFEEHE 9).

B8 FE4H cced228 EXHEILH B TERE

Figure 8 Modeled cartoon structure of cce4228

TE: CHREURRRIRAE | BEFIRR IR B NADP Hi K745 i
BRESH , LB R L (BRIET) | 5 0. oI B-
Pras S TCIN A 2 AR L . 8 RIg . N-H8 8 P10 AU,
CHRE M STk, MR (A B o f Al oo S

Note: Key residues, SSA substrate and NADP" cofactor are showed
as sticks, represented by light gray (carbon atom), magenta and
blue, respectively. The a-helix, f-strands and loops are depicted as
red, yellow and green, respectively. N- indicates the N-terminal and
C- indicates the C-terminal of cce4228. The hydrogen bonds are
shown as black dotted lines.

3 Wi

P T S R AR I Y - PR S
BN, REIDOR O AR 5280 TCA i
Wit AR A BT DL L o-

NADP

SSA

L4

$420 R139

B9 F4H cced228 EREMLMPLIRER

Figure 9 Stick view of catalytic center structure of cce4228
TE: SSA fRIRFARRPERE(BRIR T W4k (), NADP S Ak I
W ZAEH TR AR (5 i), DCSa BRI (B T
WIEE), o v ARGy P AL E. BERL
DA

Note: SSA indicates succinic semialdehyde (green carbon), NADP
indicates the nicotinamide adenine dinucleotide phosphate cofactor
(purple carbon chain) and the numbers next to the key residues

(cyano carbon) are the positions in the amino acids sequence of
cce4228. The hydrogen bonds are showed as black dotted lines.
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FRAN y-2d 5 T R4 U 55 B (0115 TCA PR3 1S
SERE O] e PR A I X P AR 5 I 1y S [
e, 1 SSADH AL IR 1F & 3% FiR 2
I, b= Ye3E iR . it SSADH 7EAWiAR N
ANERT DA AT LA 440 o 1 ) B R e P vk
AT LAAE A TCA ISR AEmR I5 A BE IR o

SSADH J& Tl Ul e a T P72,
R WEMETE NADP 8, NAD H#iH 2 S F1&
%, A, BFSER IR SSADH F77EH] B iR T
JEY M B G , FLAM R 45 F 5L Al 15 ) )
T, RV o B 0 B T I e T VS A . o B e
(NADP' g, NAD") %54 .0 il SSADH 1%
PEPOL Wl 24 R R cced228 5 115 NADP
4548 12 5 NAD iR 454 e 109 50 1%
(2. Kl 6B #16D), [FHH{H AN NADP
PRI cced228 I MMMk TR Bt (5
VR E Y NAD 4R 2 524G 2. K 6A
Al 6C). AWFFTIFER BN cced228 H FIAFAEIYM
TG, EJ A AS [R] 6 4 D8] 1B JES 400 0 o e 2
AT L NADP A4 R i 5 5 e i e
#E1L 0.1 mmol/L B} A TFUR X} cced228 Ha [ IE HA 71
TIVER, SRMTLL NAD Rl 1A SR F R - I vk i
it 0.02 mmol/L B LI AR cced228 2 (L
TEPE(E 6A T 6C). RPNl R i i o 3
Wi TFIE A ORI, T cced228 HIH
NADP 4R F I 45 A R I K T5 NAD H#iH F 11
EARE ST, IR NADP 4 PR I 52 5w vk
FERIEIIA LM cced228 MEALIETE ., Mo, HH
SRR Y SSADH 2481, ANl 4 i 1 s g 1
Z pH X cced228 M MMEALIE AT B (4] 4
I 5),

PG B2 B d R Wi ATCC51142
1 cced228 2 -5 [A] o Wi e ) JR BK s PCC7002 Al
L% PCC7120 SKIEAY SSADH %%k % 22 B0 (A
7o L, ARFFTE cced228 & AMINESN f12F
P B A IR PCC7120 19 SSADH 6™, gities
LER TR I cced228 B (A ITE M O L IR IR I

53k F IR EREE PCC7002 1 SSADH i A <1212
AL R E— AR ANIIT cced228 M I RYLE DI REX
FARME TR, A, SRR PCCT120 H
i) SSADH #[A], 7E cce4228 H 15 NADP 4fi [H
T B R AR IR A 1 30 ) S R AR B Ser157, iX
— BRI RYE T cced228 B [ 1 PR TR d- 1k
13— R .
4 G

AW GY T A T B 15 E
pET-28a-cce4228 T4 Jihi 30 AL = KT I
BL21(DE3)Hifff 1)z K1k, #id IPTG W5k
i Ni-NTA EFZ T2k AT AR R T 90% A H A
cce4228 [ i HAEYIE B TBOA cced228 51
AIBRALPE AT A0HT, cced228 2 -5 HAB A Rk
Ui () SSADH ZE H % & 4t ik 4k o M 45 R 2 W
cced228 15 H Bk PCC7002 Fifh 3 PCC7120
() SSADH N [al—4r 37 HIRZ e R AT . BEsh )1
25 AE S FF3E ATCC51142 1 cced228 55 /i
F NADP 4 [H T GabD 251y SSADH, AHF54E
RN cced228 HMEN SSADH [HEAL SN HL
il 25 T H A
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