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Research progress of hydroxylamine oxidoreductase in
biological denitrification

WU Qifeng, DING Chenyu, HE Tengxia*, CHEN Mengping, ZHANG Manman

Collaborative Innovation Center for Mountain Ecology & Agro-Bioengineering (CICMEAB), Key Laboratory of
Plant Resource Conservation and Germplasm Innovation in Mountainous Region (Ministry of Education), Institute
of Agro-Bioengineering, College of Life Sciences, Guizhou University, Guiyang 550025, Guizhou, China
Abstract: Hydroxylamine oxidoreductase (HAO) is a multiheme protein, and each monomer consists of
seven electron transfer hemes and one catalytic heme. HAO can catalyze the oxidation of hydroxylamine
and hydrazin or the reduction of hydroxylamine, nitrite oxide, and nitrite. The optimum temperature, pH,
substrate, product specificity, and inhibitor of HAO vary among different nitrifying bacteria. As a key
enzyme in nitrification, HAO plays an important role in improving the biological nitrogen removal rate
and eliminating the toxicity of nitrification intermediates (hydroxylamine). This article systematically
reviewed the distribution, structure, expression regulation, and activity of HAO in denitrifying
microorganisms, summarized the biochemical properties of HAO in different nitrifying bacteria, and
finally put forward the future research directions of HAO. This review is helpful for understanding the

biological denitrification process and the mechanism of hydroxylamine metabolism in microorganisms

and will shed new light on the optimization of wastewater treatment.

Keywords: hydroxylamine oxidoreductase; biological denitrification; enzyme activity
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The arrangement of 8 hemes within a subunit of HAO (A) and the arrangement of all hemes in HAO

A: DILLESEH B BECHR T P460 IIREIRR RTE; B: LAZLE

Figure 2 Structure of P460 cofactor in HAOP®. A: A stick representation of the double cross-linked P460
cofactor highlighted in red; B: Line representation of double cross-linked P460 cofactors highlighted in red.
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Figure 3 Ammonia oxidation by nitrifying bacteria*".
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activity and its reserved intermediates.

Table 1 Biochemical characteristics of different nitrifying bacteria HAO

L3 AL} i PH HLF52 14 2%
Strains Specific activity (U/mg) Temperature (°C) Electron acceptor References
Alcaligenes faecalis NR 0.092 30 8.0 K;3Fe(CN)g [62]
Bacillus K5 0.045 30 8.0 K;Fe(CN)g [16]
Acinetobacter Y1 1.550 30 8.0 K;Fe(CN)g [18]
Acinetobacter calcoaceticus HNR 0.051 NR NR Cytc [67]
Pseudomonas taiwanensis J488 0.049 15 NR Cyte [11]
Acinetobacter Y16 0.310 15 7.5 K;3Fe(CN)g [17]
Anammox bacteria KSU-1 NR 65 8.0 K;3Fe(CN)g [25]
Glutamicibacter arilaitensis EM-H8 0.065 20 8.0-8.2 Kj3Fe(CN)g [22]

TE: NR: WA A
Note: NR: No report.
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4.1 RE

T EEAE R — AR EE R R, A2 5 ) i
R R AR 2, (] B 25 3 2o 52 ) AR
TR R DX TR 11 3% %o O 26T ) I R B 7 A
W, EEEOLN B R TR E A IR
WA BEAAEAEN, — Hl X MREETE R, b
TGRSR B2 0G0 2 i i
SERE R BT BOK A, AR 2 4]
A RSP . HAO X A 75 2K 5 i A U E
HEAERE ARG, ZBUR A HAO A 5eids Tt BE
oy 30 oIS AT HH RN, 4> HAO X%
Rt A2, W Shimamura 2208 T
M2 LA KSU-1 Hibk HAO By#igasE I,
W HR B A It T AN [ 9 100 mmol/L
2 — SR YT R 2 min, BT ZEGTE 60 °C
PUF BHRRE TRIGR TG 90% LA b, 1 H AR i
JEwRIR 65 °C BRI i KBS . 5 2 AH
Xof bz B /D BRI AR ) HAO FEARIRL %A T AJ)
REZRIN B PR, A PRAE 2 i 1 49 2 R A Y
¥ & Pseudomonas taiwanensis 148811,
WS HAO 76 15 °C 40F N Rl st
P2 e A SR AE D e A RE 1. LA,
A WIE BN, Acinetobacter sp. Y16 # HAO
TERBANLER I NI, LT ALY T2 A
sk L il 9 S A IR LR 15 °C H 7R 5 iy il i
T [l (4-40 °C)N H1HE R B H A AL 2 e 1 g
M HAE 4-15 °C JLENERE . G 17221k
INF 30%M7,
4.2 pH

pH 25 0 B — M E RN ER, pH
) R ARASA AT DA AR g AR 52, 38 5 M 3 2 35
Ml S R o B B R, AT LR B
2 b 52 ) 58 SR A A 0 ) A R AR R RO
HAO FIR 2408 FIEAILL, TE9R BB R B PR 5
T o ARSI — PR GO B AR 2

7F(7.5-9.0) F s, WNERk Bacillus sp. KS
5 Acinetobacter sp. Y16 1] HAO [ 453 5 1E
pH 8.0 I pH 7.5 W i5F|fe s, {H pH EALT 7.0
6.5 BT 9.0 B e S AR EL = AG DI AS
FTEHET A W Al AR TR AR Sy a2
PRI HAO Fcidk B 17 r X b i pH A BT A TA]
W5+ FEEALE Paracoccus denitrificans GB17 |
HAO LUMHFLSIWI AN (AR ¢ A 732 AR,
HEFEPELE pHE K 8.5 Bk B KME, & F 8.5
s PR, i LA 6 2 AT N (53R ¢550
HLF52 A pH FHE 2 10.0 1 11.0 A7 ] 4G 5]
R TEPERY A HOB R A P HAO TE4 58
1) pH Y N B RFFE R, WIS A
(Acinetobacter sp.) Y1 1) HAO 7£ pH 3.0-10.0 f#¥
AT HEHA TN, 76 pH 6.0-9.0 B & M08,
Hodr pH 8.0 A5 Pk A
43 ERBT

GIEE Tz HAAET AR A, oA
IKAE PR R ) o — AR T o R a8
B MR . B I RERIR T LT )
BIROLR, XN —H4)E s R E
SINEPETRAL,  FF 500 3 A — eSS R R Y
HilwmW 4R s Far A FEEH, 3
BLIRCE 0 00 A A T 3h B AR AR HAO
E—-MEA e EE I, &EE T axt
FCWEVE P A AR KA 52, 1A 75 1) 8 260 14 7 26
ARG AR, AN ] 428 B 1% HAO BT i 12
kX ANHIHORAE , W98 48 B 1XF A. faecalis
NR HAO [ PERI S & B, Ca® IR g s 1
HAO M35, Mn® A B B T HAO #Y
W, B Mo® AAZER ] T HAO A& 1,
R[] — 4 & B X A [l il 1k 7 HAO Bl 7% 1
M A RO AFAE 225 . 1 mmol/L ) Fe**
1 Fe* Al {fi Acinetobacter sp. Y1 #J HAO Fii% 43
B4R 43.78%F1 25.64%"*; Fe® A [l F 4
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= TSR AL T P. denitrificans GB17 F1 A.
faecalis TFO1311 #) HAO JFHEPH ) J0xt 4.
faecalis TUD [ HAO 154K P2 A i 22 iR i)
G JE B TR HAO BEETEAJ7 s B 2%, T
H HAOCT 48 B 520 HAO B 1 i) FAA AR
FANLE R R IETS N2 1, (H I SE K Ak 2 )
t, Joie R Dl R KR R A TR V5 K BT RE A
IR BT, P HAE VLA 3 — 2P i 5
HEEH
4.4 HAO HHIHIF

Tl 1 80 760 2 i R S MR R T i A R o A
VAT I3 AT T ) A 2 0 il 3 12 58 4 ale 2k i)
B, AN [R50 B4 VE LB AE A 22 5,
il 5i8 B2 3 S AR R U A OG . & D SR
(ethylene diamine tetraacetic acid, EDTA)/&—Fl
SIEEGN, AT LUER M e T, R4
JEEFRIEEI IS, N EDTA XS A 3
YER, 10 B 4 Ja 8 —F X i s 1 R OGS
5T & U 0.4 mmol/L EDTA %} Acinetobacter
sp. Y1 (9 HAO A {2 dbAE , (HEGE 57 A3
B A RO, KB HAO W b ot
RN E -, RV E S AT RS EDTA
fiff B 1 HAth 4 B g - A R T B, AR
JRIT, 2B —Rh B A, A s kel
HXF AR AT B HAO 1 M 2 B A [ A3 41
IR YRS Nitrosomonas europaea i HAO
(NeHAO)H') P460 H¢ kL5451, 10 mmol/L
H R Bk B AT 29 60% 0 NeHAO {54, T 7EAH
[F e B N 1% Nitrosococcus oceani HAO [
(NoHAO) &M LT el fE ], X Al BEHUR &
RPN HAO R4 G 7 s Ji Bl i) Jmy i 34
Bt HAT ¥ M. Schalk ZEU'E B ALY |
H,0,. T Zhe AR AN (SDS)XT DR A 2 A AL 4 TR
9 HAO 1o PRt BAMIHIEH, Horh H0, A
HACR A%, 40 pmol/L H,O, BRI i HAO 7k

AR 95%, T H. 3 Fhib &4 A s8R 34 5
AU S TEAH G
45 BRNBPBETZENIEE

gy PN e T W N R S
ZARMEEREXT HAO RO I 2 257 A= AN Rl )
e, Wik, A TiR&EWE HAO {EMEITiEm
HERRYE, FEXT HAO AYBETE A7 E I, 38
STERIA MR AN R 321k, W R
HL - 32 K A0 45 85 AL 1 [KsFe(CN)] . 41 g 5
% c. WrEHEER B S (phenazine methosulfate,
PMS) . FH B mgme 5 o i 5L Ak 2% (methylthiazolyl
tetrazolium bromide, MTT). 2,6- 4 &t By &N
(2,6-dichloroindophenol sodium salt, DCPIP) A4
bR AR IS — TR (NAD S . A ¢ Ml
K3Fe(CN)e 2 H Hil & HIF R Z 5 HAO B 152
A, A A — A A L A2 A RIRT A 1) ©
IR HAO FBES , iR A A. faecalis NRI
1 A. calcoaceticus HNR™f{) HAO A4 X ¢
F LT ARET BRI S G PE, DL KsFe(CN)g
R H S AR U LSP- IR B G PR, 3 5T PR
Acinetobacter sp. Y18 A. faecalis C16 13
BRI S o A SE R RURR 9 HAO X L 52 1A
PR S, s AR A LA KSUTL 1Y
HAO Ry, DU N LTk, 78 pH 8.0 F0
35 °C M N INE T Ak B 1SR, 4
BBk NADL, 4iMi(A3R c. PMS+MTT A
KsFe(CN)s B[ 1 HAO Ak 324k, H
o DU SFUAL B Sy F A2 AR BN AR () HAO 3 1
e Beah, MNBFIE A BL, AN Ak R pR
HAO W) H A T2 I Cytesss, XAE—FIFLE
T HFMACE P RUIMA R ¢ RgfEaR, 8
NN RTERR MK F 45 AR b s P ik v+
TEFRWATAER) 25 F T AT LAk HAO 1 2 A ik
JEBY i IR Paracoccus denitrificans
GB17 ) HAO HLF3Z A Cytesso™s
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Zi BRIk, FEAFIHALANE T HAO HYEY)
W F R AR 22 5, Sl PR A AP IR X HAO
il 5 R SRR, A B A A B T A o R
HAO HIZ5H . 15O R il 715 3 RSS2
BEROHEALRLR, NI, . pH, &R T
A5 25 DR 2R R 3 AT RETE A DR A ) B A
1R AR ZM NLO D8R ) A5 T HA B

=\
=X

5 k¥

HAO 1E AW Z G R G HERG, |2 A%
ETREMN. BFRMARTREAHED T,
{RIAR SCWF e iaE R 5/, FIEH HAO 1R AL
BEAT B T4 i e S A SR AR A e AR
FE NGNS A= 1 Mo L L i A RE R ) A i
PR . Ak, B SR AT R B
B, XF HAO WA THIANR, ARG HLRA
T HAO TEA B ARE M A i Ol . B 12
. FEEFRES . EYBE R I VE LA
fitg & s R Sz ik 2 720, ARTF
T4 TR T A HAO JILAE A WM G A rh i 1
FANLER, R4 1 2 () A 1 Je S o 3 e«

(1) & A SCHRHE B4 4 o A = A Ak
VEF, (HARZPLS HAO ML IE K 4t 751
PR, A= A AR AR D BERY HAO S Xt
A=W RS AR A LA 0t — 2 5E

(2) SFMALE HAO EHEFRF Y5 A F:1il
A B 3 W, R 4iAS FEEE HAO
(LR P 9 AT e AETE IR K 22 7, (HHFTH=
Xif SRR AL B HAO g 356 DR 26 38 11428 A 1T 9 UE
o FEFZBUR, MRS AL GE P e e 5
FMLE P S54ifk HAO, FF454 LR %
5 S A NI R KRR LAY 2 R
#]Z—,

(3) WA EINA HAO 7AW RS AR

s VR A=A NO, (HiZ e Wi FE M A h S5
R, MBI SERIESE, RBEZISWITE
WNHLREST , J54 NH,OH—NO—NO, 1 NH,0OH—
NO—N,O i IR U471 . 3T NO H ik
FAERRER A A 3 PSR4, XL n] A
VIR AL 855 e skl . SR A 2= R Oy
25 M A AR A e BRI ST AS B ik

(4) &R I S B R A 1 e e AR b
LR, i DA OGBS e AR R AR AL
CEAELENEN, MAEA R A R R
JIT TG ) —~ 3 PR AR B = OCHE R HAO Y 4E
FEAFFIESS B o an4: ) & AR T 520 HAO
PTG PR, A ELR A 1 FIFLIAT B = 45 42 1T 1Y)
SEEUESE , X AR T AT HAO /E LA IR
JEUONIR, T — PRI 2 2 X — Sl AR R
W) TAEE &, FTLARI SN 1% . e
HISHFSERT HAO HIFVE LB T8 2 4R 5T,
Eb ARG PR A AT BB A T SR AAL 2E SN, AT
LN HAO R B HLEEAI IR . sk, 37T LLIE
TR AR AR IR AR A TR R BRI 5,
HAO R0 EMTETEAL S RN FREE , TS B e 2k
WFIE F AT Py (A Ak AR I R T2

(5) EAREF THRECLHE ZHTZ24
AT, AR R AR IR HAO 110 5 20 7 Bk 1T
il D B A= I R A 3R 2 e AR R RN R UE I R R
SRENEETFERZ —. WERTRHEAR
BRI 5 BT 2 07 R G, W] LA R
TG A AT & i A S LR DA o
Pk HAO A& PR, Sl o 5L T AR iy i
HAO FERAGHE AR5 8 7R85 HAO
PyFeIk L, BCE T R g R B X HAO [y &
PR 9 R AT s, B v JECRT Tl 410 o] 550 =8 4 0
BT 1. BRIV 22 5 AR G B i
EbnifEEE 20 DNA HORARHIZS, Bk, R, &
143 M R 1 T HAO MOZE K S5 IhRE, 4565 s
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