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Characterization of gentisate 1,2-dioxygenase HagA from
Haloferax volcanii WFD11
GONG Hong-Yun' ZHOU Yu® XU Ying"~ ZHOU Ning-Yi'?

(1. State Key Laboratory of Microbial Metabolism, School of Life Sciences & Biotechnology, Shanghai
Jiao Tong University, Shanghai 200240, China)
(2. Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Hubei 430071, China)

Abstract: [Objective] We studied the growth characteristics of Haloferax volcanii WFDI11 cultivated
on a number of aromatic acids as carbon sources to reveal the possible difference between bacteria and
archaea in aromatic acids degradation. [Methods] The putative gentisate 1,2-dioxygenase gene was
cloned and the enzyme heterologously expressed, purified and functionally identified before
determining its key enzyme parameters. We measured the growth of H. volcanii WFD11 in halophile
growth medium minimal medium containing one of the six aromatic acids (4 mmol/L) separately as
sole carbon source. The intermediate from 3-hydroxybenzoic acid catabolism was determined using
high performance liquid chromatography. The putative gentisate 1,2-dioxygenase gene, designated
hagA, was heterologously expressed in H. volcanii H1424, and HagA was purified by affinity
chromatography on an Ni** chelating column of rapid purification system. HagA was functionally
identified based on its specific activity to catalyze the ring cleavage of gentisate using ultraviolet
spectrophotometer. The expression type of hagd was revealed by real-time PCR. [Results] Strain
WEFDI1 could use 4 mmol/L 3-hydroxybenzoic acid (3HBA) and 3-hydroxyphenylpropionic acid
(3HPP) as sole carbon source for growth, but not on 4 mmol/L benzoic acid (BA), 2-hydroxybenzoic
acid (2HBA), 4-hydroxybenzoic acid (4HBA), 3-phenylpropionic (3PP). Gentisate was determined as
the intermediate during 3HBA catabolism. The cell extract of H. volcanii WFDI11 catalyzed the ring
cleavage of gentisate to maleylpyruvate. Purified HagA exhibited a specific activity of 0.024 8 U/mg of
gentisate 1,2-dioxygenase, without Fe*". Real-time PCR proved that hagA was constitutively expressed
in strain WFD11. [Conclusion] This study provides the basis to further explore the difference between
bacteria and archaea in aromatic acids degradation.

Keywords: Halophilic archaea, Haloferax volcanii WFD11, Haloferax volcanii H1424, Gentisate,
Gentisate 1,2-dioxygenase, Maleylpyruvate
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Figure 1 Two alternative routes for maleylpyruvate catabolism in the gentisate pathway

TE: A: ®iER; B: KRz,

Note: A: Isomerization route; B: Direct hydrolysis route.

R A AT P B S — 3, H Ry
RACEWRIIITAR D, AR BRTIEER e 3 A At
FRRACEYRVIEIIIE, e AR T
I RGE . B BIHAE PIERRE LR B Haloferax
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B HA o AU 07 PR R RE 1 o H. volcanii
WFDI11 22— tkEhwm i, 2w b mEm
RKibE . &5k, EIFRAHERIE T LA
J5 RN BRI RE IR AE 4, LB A E WFD11
PRIMRBEA JERRBR 1,2- U4 a0 1 1120

A5 108 3 TP ) A K S T I A 45 SRR
52, H. volcanii WFDI11 BERSH|H 3-FILAEH R A
3-FR BN IR A ME— BRI BRI AR K, R AEYIE

BT, SR — A BRI IEIRRR 1,2- XU 4
I hagd , FFAESFRIAEAKE EWFR TiZ 0k
IARR 1,2-BUIN4A G AH DGR . ARSI AR SE T
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Table 1 Strains and plasmids used in this study

TR/ R FRAE 3/
Strains/Plasmids Characteristics Source
H. volcanii H1424 EENHRERE, W B AR TE 3 , ApyrE2 AhdrB Nph-pitA Amrr cdc48d-Ct [22]
H. volcanii WFD11 EE BN, LMD ERR, WA R R RTE [20]
pTA1228 W IAIA, pBluescript 1T with H. volcanii 3 299 bp Sal 1/BspH 1 genomic [22]

fragment containing cdc48d gene, Ap"
T Ap": ANHERIIE.
Note: Ap": Ampicillin-resistant.
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112 BEFEMEMIE: HGM JEAR; L
HGM E& P Hy-YPC 3731 Hyv-Ca
B R F R k4L L HEPES Znb
W : 20 mmol/L 4-¥% £ JLWR % £ fi#f ik (HEPES)
(pH 7.5), 2 mol/L NaCl, 20 mmol/L BX#&, 1 mmol/L
% BB TG GRC o K  WE R 2% v (PB. 22 PR
50 mmol/LL pH 7.4): 77.4 mL 1 mol/L Na,HPO,,
22.6 mL 1 mol/L NaH,PO4, ZEM/KEAE 1L,
113 EZRAFIAMLF: AUEEYIEH New
England BioLabs; i [RISCHIEE A6 LA K 36 EUTOR A 3
PRIZH B ARl & 31 H OMEGA ; BCA &
W R G A 28 K 2\ 5 S e & PCR 42
B RNA #3057 & & PrimeScript™ RT reagent Kit
with gDNA Eraser, TaKaRa /A r] . Ni-DA Resin FF
Prepacked EFNZMTHE, 4 W YRk 2wl
Perkin Elmer 5413 0656% 3 . Gene Company i
FRAY(EPOCH2). AKTA EH4ifb RS0, M
AN ] 4 H e KR, 25 2% Oy Growth
Curves Ab Ltd A H] 5 S EAHEIE{L(HPLC), 3HE
RFFIE A H]

1.2 7

1.2.1 EHREPERSEE: wHk WFDI1 KT
HGM R FE 557580, 78 45 °C 4040, witkss
Ff 3-5 d Ja PRBURTR TR AR HOM A = Bk
FrA K . 24 ODgoo (HZI R 0.5 1F, DL 1% (AL L)
R R ) 5 mL HGM WA FE E R 5T,
45°C. 160 r/min $iR I 2 ODeoo 1L H 0.5, SAF
5500xg #5.0> 10 min WAEREIR, - F HGM Wi iA
BB VR A 2 Y W A BT 5 mL HGM
WARSEA S SR 5 . bk WFD11 H R IR L
1% (TR LB 4 IR 2 547 4 mmol/L /28 H
fR (Benzoic acid , BA) . 2- #& & X H R
(2-Hydroxybenzoic acid, 2HBA). 3-3% 3k 7K F fig
(3-Hydroxybenzoic acid, 3HBA). 4-#% 37K H iR
4HBA) . 3 K N R
(3-Phenylpropionic acid, 3PP)F1 3- ¥ 5 7K N iR
(3-Hydroxyphenylpropionic acid, 3HPP)AJ HGM &

(4-Hydroxybenzoic acid ,

PRIEARBE R o BE 4 T AR B A B A IS 4 )
HGM BARA R F7 560, 45 °C | 175 r/min 7755
7% 7-14 d, FFRIHA A S A G o3 eSO e T ik
AR, il R L.

1.2.2 ZBBEZ 12-WMEEIeEEERMEME
1&: AN H. volcanii WFD11 JERZH 4TI, T
JE XS HBE R AT 9 A T A5 B2e b, LA e
HHAR 1,2-XUM4A B AAD_12619.1, AAD 49427.1,
AAQ 91293.1, AAW 63413.1, AAZ 93402.1,
ABH 01038.1, ABW 22836.1, ADT 78164.1 ,
BAC_78375.1 , CAA 12267.1 , NP _602217.1 ,
YP_164947.1) Fl 1ty B Jg 0 {2 1,2- X 4R
(AAQ 62856.1, AAQ 79814.1) NS, KI T I
TERY IR REER 1,2-3UHN A i, 4 4 i 56 X i 44
hagA (KY678395). HagA S5 HIINREN) H. volcanii
D1227 WEMHRR 1,2-BUI4ARH(AAQ_62856.1) & [
FPA—3PE R 84.2%, SEHITIRERIERE D1 B JERR
B2 1,2- XN A B (AAQ_79814.1) 3K 11 41 — Bk N
80.5%. Lk WFDI11 FHESELFIZ] DNA SAHR , L hagAf
(5'-CCGGAATTCCGATGGGCCACGTCTTAGAC
G-3', EcoR 1 RYINL &5 T R Zhnid) Ml hagAr
(5'-CGGGATCCCGTTACTGTGGTGCCGCCTCG-3',
BamH 1 BEYI 2 T RIZARE) 5 190, §74S haga
FE RSP UEY G IR . PR H R B hagd
LR KRR pTA1228 |, S IR4EA/E T
( Halohandbook ) e &l 8 28 ok A T 45
VEdruk, W EA TR pTA1228-hagd ¥ ASRKTE +
H. volcanii H1424 W, 154 %) Hv-Ca i s 7 3 h
MAAEYRMENER), Tk & mEHFR A H
volcanii H1424 [pTA1228-hagA)#E4k T

123 HAEMEAEMAREGH &KX HagA &H
&: DL 1% (BRI H. volcanii WFD11 £
F 547 2 mmol/L 3HBA 1Y 200 mL HGM A & 5%
FRHErR, 45 °C| 175 v/min $R5 R EXEA K s
1, 4 000xg B0 10 min JAEREM, FVK EHAHK
HEPES ZZ R4 2 Yk, EET 5 mL K
ARl G2 R, A R B DR, A
20% T, 4 °C {RAF H. volcanii WFD1 1 G -
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¥ H. volcanii H1424 [pTA1228-hagAE#: %
5 mL Hv-Ca (AR AR ZE) PGS IbiE 75, SR
JEHE4EZ 33 mL 9 Hv-Ca 3535 3 592 5 ODgoo 19
W SEAETE 0.5 2247 Ja %45 333 mL () Hv-YPC K%
Fedtrp, [RIBHINA 1.3 mmol/L A5 S5 0 2 R ik
TS, 45°C 853529 16 h J5 2XP8UE 1, FmA
3 mmol/L IR FHIRIAES 4 h 5 4 °C 444
TR - il AR, HHAE 45 °C 45
(T TR K EBFES 0.5 h Z2J5, 4 000xg &5 10 min
SRR, TR PB (Phosphate buffer)Z% ik
VRSN 2 R, EET 5 mL WA AR R P .
TEVKUE S 78 P R (11 3 5,455 7 s), RS 10 min
IR, FJ5 4 °C. 13 000xg B0 60 min Y£E FiE
W, T RIER TS 3 fn s 1 2lifk. SR Ni-DA
Resin FF Prepacked SEFZ At aifb 8. & EH
5-10 FEAEARFE A5 28 v BD PB 2% v -l 2
BT AE (LB T ZEZZ P A 5% H ). SR
il & A 20 B S R RO A Z BT A, AR e R I 4kt
A #28 shf i VR, BRERS NiTH4S
R AN 0T . e S MR B w8 Y- 1 7 i v g s
AR E (40, 80, 120, 160, 250, 320, 500 mmol/L)
PEATREBEVEMG, 8 a0 SR S R ], AR
HR A i
1.2.4 SDS-PAGE RERREMMNE: RHASH
JE e FE 12.5% R 46 e e FE 5%1% SDS-PAGE . ##
10 uL /9 _EFEZE v S5 AE SR TR 215 67K & 10 min,
12 000xg #.0> 10 min J5 7. EAERA 10 0L, H
WK £F 9 12 mA HLiK 30 min, 18 mA HiJK 1 h, BUH
BERS A 214 R-250 YLy rh & 3k YL {4 5 min.,
Pes ik, ZPbaEEE 5. RA BCA
R e R B 0 R TR
1.2.5 AZFBEE 1,2-WNEEEEESNE : il Perkin
Elmer B KAMOEEETT, DURIRER MK, X H.
volcanii WFD11 HFH B A 2lifk & 1 HagA 17
kG 0 ) T B (U)RE SRS 1 pmol
VG400 1 /0 5 ) T A T T A I . e IR
1,2- 80Ul A A A0 8 BH R JF B0 S 10, o= L T s

TR BT DN TR R 1 EE R T Ot R ALAE 330 nm
10 800 mol/(L-cm). HHIWAEF IR B3R
FOMERAEWR S 320 nm [7] 330 nm (W%, FFLL,
JERAER 1,2-XUM A RS P AT LA L =i T 06 — R
BAPRENEARRTE 330 nm SEMBSEREIRMIE o SN
{RZ: 1€ HEPES Z AN GG A AR el &
alifb 1 HagA, JEMHERAGHERE A 0.125 mmol/L, J
NEE A 30 °C, X HRARHOR IR ARRR .

1.2.6 =E4% 4 FEFMFIA HPLC 053R4
A AT DL 1% (R LR RERN
Pk WEDI11 £F07E Hv-YPC WA E B3,
45 °C, 175 r/min 532 £ ODgoo %120 0.5, H HGM
WARIEAR R FRIE VAR 3 BRI EAHEST
HGM RASEASEFZ 5 F, A 1 mmol/L 2,2kt
BERF T 10 min, ZRJ5 A 2 mmol/L 3HBA #4544
BEALRNE, FUNISTTELSN 2 h, JEERTIRE, FEALZ
50% IR IRIR LA BESS , F LR CBRZEBURHET,
e 288K vh ] HPLC RS Fn =4 .

FIFH HPLC % g ARAR F1 SHBA %535 MRk 778
PEE R, (3EH Y Agilent ZORBAX 300SB-C g
(5 pm, 250 mmx4.6 mm), PEBLIAEFIUIE 2 MRS
(50 mmol/L pH 4.2, 80%)F1HEE(20%), il K:
287 nm (3HBA) &% 320 nm (JEMHER), Wik K
1.0 mL/min, #FFEE 20 uL.

1.2.7 SEBTEE PCR:7E 25 mL (LR R,
DL 1% (IRFRE) 3R R bk WED1L #2803
10 mL Hv-YPC AR: 3R, 45 °C. 175 r/min &
UilEFR R ODgoo 210 0.6, JHBERRELZE thik 5 vk
2 RHEIR, FHELET 3 mL HGM RAKREA B F7 3%
Wi, A 2 mmol/L 3HBA, Hirp—JAIIEYI/E
SR, 45°C. 175 t/min P55 5529 8 h, F K
B HLE RNA H 8455 cDNA, LIk WEDI1 1
16S rRNA EEFE NS LA, LU 16Sf(5'-TTGATC
CTGCCGGAGGTCATTG-3")H1 16Sr (5'-CAGCATG
ACTCCCGTATGAACT-3)EH 16S rRNA F:[H Ay
5147, L) hagAfl (5-CCTAGAAGCACTCCGTCA-3')
Ml hagArl (5-TGTTGTGGAAGTGTGGG-3")1E H
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hagA FEHE51Y, HIE TaKaRa i £& SYBR®
Premix ExTaq"™ i3 B 317520 % i PCR MIE .
2 ZR5454
2.1 WFD11 E#kERYIE KL

1E4 R 1M ARABIFARIE H. volcanii WFDI11
AIUAFI S AL B o i A, RIS i 1A
WEDI11 BB TR RRR 1,2- S0 R 120 1
55439k 4 mmol/L 1) BA, 2HBA . 3HBA . 4HBA .
3PP FI 3HPP %5 6 FPO5 IR A ME—Biis FIRE,
45 °C. 175 v/min fRGEFFRLMT, XTEAER A
volcanii WFD11 A T AL, 25 AN 2 PR
B4 WED11 pEkka] L35l LL 4 mmol/L 3HBA F
3HPP WME—RRIFAAENRE K, (HRASRERIH BA.
2HBA. 4HBA #i1 3PP JyMfE—ficili FHREIHAE K o
2.2 H. volcanii WFD11 449451t 3-$32 H AR HER
) AN

L 2 mmol/L 3HBA NI TTE bk WFD11 42
AN AW EEAL S5 At HPLC K R i, 4551
s [l 3A F1 3B 4352 R 3HBA FUeAHER A%
#ES; B 3C 13D WoRRVAR RS 1 h A1 2 h (FE
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Figure 2 Growth curves of H. volcanii WFD11 on

different aromatic acids

T BA: ZRHIRR; 2HBA: 2-BFEEHIIR; 3HBA: 3R,

4HBA: 4-FHORHIER; 3PP: 3 NNRR; 3HPP: 3-FANIR.

Note: BA: Benzoic acid; 2HBA: 2-Hydroxybenzoic acid; 3HBA:

3-Hydroxybenzoic acid; 4HBA: 4-Hydroxybenzoic acid; 3PP:

3-Phenylpropionic acid; 3HPP: 3-Hydroxyphenylpropionic acid.

afr, 3D SR 3C B A e IR H AL A IO AL
SN F I 2 A= 1 e TR R DA R ) A R i o
4[] 3HBA (&1 3C); Fifidg B [A] (4RSI S 3HBA %
Wl (B 3C) M 4 e IR R 2 RAR(E] 3D). 45
IESE TR WED11 A fiifl SHBA A e IR (1) BE
71, FEAENNZ R IR RRR AR R 3SHBA.
Pl 2 mmol/L 3HBA NJEY, AIMARRE WED11,
BT R 4ERS SHBA WA/, R 3 =9 e iR
FiR B A (1% HPLC A6 AR SR
2.3 H. volcanii WFD11 #8E§% 8 A £ ABEE 1,2-
WIS EgED

PL 1% (IR H. volcanii WFD11 4%
FhF Hv-YPC IR F & 373k, B5FR 2 ODegoo 11
WOGIETE 0.5 2247 . 4 000xg B5.0> 10 min WAEF A
FHVK 74 () HEPES 2% nhil e i AN PRI, F
F 5 mL VKT A TR R 28 olif o B8PS R
JEWAE BB, RIS HE WFD11 AR . il
Perkin Elmer XU 43606, DL 0.25 mmol/L
T RS S T, e DN 380 WA I8 K eR IS A e IR TR
(Amax=320 nm) [8] 7= 4 T T I — R PR 1% 1 B PR
(Amax=330 nm)IFE (& 4A), BE Fbk WFD11 Hi
WEA T HRR 1,2-XUNA RS 7. XA 1 mmol/L
2,2"-BkmenE S bk WED11 LR T KRR
12- BN BTG 715 Ak WED11 FHERE 4 °C ik
B 6d, HAmIEIHER 1,2-XUMA RSB #5i%,
RIS mmol/L AR I R PO AT AU/ g A R
1,2-BUNAEU BRI A, (R IRAR 1,2- 30N 42 B
T RZE T REIIRA
2.4 JRBER 1,2-WINEEEEEZ4F R

P RRRR 1,2-BUIN SRR hagd Fiiby TR Y 2F
BFIREIK pTA1228 H#HE, TE W HERIAE F
H1424 kR FEIFAifk, @ LM
MiZtiAkiy HagA & RIBEE 77, i 4B fios, LUk
RER R SIS 320 nm W BT, 326t ] 330 nm
A% . IEBH HagA #EAE B AHFR (Anax=320 nm)FF-3f
SN BT s — 8 BT PN A R (Amax=330 nm), .
B IERRER 1,2-XUIN4EBRS 11, 181 HagA Hig 7
7 0.024 8 U/g (&l 4B). 7ER N IR HHIMALHREE Ky
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Figure 3 The 3-hydroxybenzoic acid biotransformation using strain WFD11 monitored by HPLC
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Note: A: The standard of 3-hydroxybenzoic acid; B: The standard of gentisic acid; C: The decline of 3-hydroxybenzoic acid; D: The

accumulation of gentisate.
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Figure 4 Cell extract of H. volcanii WFD11 (A) and HagA (B) both catalyzed the ring cleavage of gentisate
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Figure 5 The relative expression of gentisate 1,2-dioxygenase-
encoding gene hagA
H: GA: JE/ERR.
Note: GA: Gentisic acid.
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Table 2 The identities of HagA with other gentisate 1,2-dioxygenases

Functional identified gentisate 1,2-dioxygenases

HagA (%)

Gentisate 1,2-dioxygenase [H. sp. D1227] [AAQ62856.1] 84.2
Gentisate 1,2-dioxygenase [Haloarcula sp. D1] [AAQ79814.1] 80.5
Gentisate 1,2-dioxygenase [Sphingomonas sp. RWS] [CAA12267.1] 26.4
Gentisate 1,2-dioxygenase [Streptomyces sp. WA46] [BAC78375.1] 27.7
Gentisate 1,2-dioxygenase [Rhodococcus sp. NCIMB 12038] [ADT78164.1] 24.7
Gentisate 1,2-dioxygenase [Burkholderia sp. NCIMB 10467] [ABW22836] 30.7
Gentisate 1,2-dioxygenase [Rhodococcus opacus] [ABH01038.1] 25.3
Gentisate 1,2-dioxygenase [Polaromonas naphthalenivorans CJ2] [AAZ93402.1] 27.3
Gentisate 1,2-dioxygenase [Klebsiella pneumoniae] [AAW63413.1] 31.7
Gentisate 1,2-dioxygenase [Pseudaminobacter salicylatoxidans] [AAQ91293.1] 27.6
Gentisate 1,2-dioxygenase [Ralstonia sp. U2] [AAD12619.1] 26.3
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