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Research Progress on Heme Protein Targets of Gas Signaling Molecules
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Abstract: Gas signaling molecules, including nitric oxide, carbon monoxide, and hydrogen sulfide, play crucial roles in regulat-
ing physiological processes such as vasodilation, neurotransmission, platelet aggregation, immunity, cell proliferation, and mi-
tochondrial respiration. Studies have shown that heme protein in cells is one of the main receptors of gas signal molecules, and
they all have the same cofactor—heme. Heme is a ring composed of four pyrrole subunits, with a center chelating a ferrous ion
group. It is a co-group of proteins such as hemoglobin, myoglobin, peroxidase and cytochrome. The intermediate ferrous ion can
coordinate and bind with gas signaling molecules, widely participating in various physiological activities of organisms. In this pa-
per, the types of heme proteins and downstream pathways involved in the action of gas signaling molecules were reviewed , with a

view to providing reference for further study of their mechanisms.
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PRI BT 5T MO PR, B, LS wl LR 1 AR 4 %
TR ER AR, CO REREIM I Zh W 22 R I AL 1Y
FH F P4 (mitogen-activited protein kinases , MAPK) &
FEHURAEAY, COAAL T FEBEA B Y T BE L 1R VL
AR R S5 A SN

SRME S TAR G A BS54 B,
Je AT S AR YSRGS G RS | AR B A L
RE. 15770 TAM N I Z IR Fh A IR Z 45
M2 M2 R MR T4, MALREH
I AR T AR AN B — 25 A L2 3R A A
A EE BT FEZEAR 7T, 121 3R 8 1 i AN )
SERIRA R, Horh 2= A & — A S LR A
TR 5 A B A IR S 5 A W) RO B4 A R
I i & BLAY BT A RE RS AR 2 45 5 1ML £1 3R A 45 A4 3
POEWIREW 2 5 (5 557 T, Bl an nl v 5 1P IR A
1L (soluble guanylate cyclase,sGC)"™ (Il 4L & 5

NO 454 (heme NO binding, HNOB)'™' . CO & 1L i

1% 7 (CO oxidation activator, CooA )™ | Ifil £ 7 H
(hemoglobin, Hb) | L1 & 1 (myoglobin, Mb)"™*' |
i S AL W) il (peroxidase, POD) | 4l g {6, % (cyto-
chrome)"""'%, TEIRE TSI, M ZL RS 5T
AU Il AR R USSR AR
i A AW IR S B (R 1) . ML RE
EEAFESNNI AR B~ S =y E = giURRY ¢ 2 A NN el ST
B Fe AT S UG T 745 PN Z MR
TRAT 5 23 1R e L T 7 AR AR B AR T 2
JRBLME S (R 2 ASCHXT R UR(E S5
FAVE TR I £1 2R 2 AP DL K i 21 2R 2 1 ] i
PSR 5 00100 T e B AT 4R | R e
T &5+ (hydrogen, H)fE N5 4 N SUKMF 550+
T REVE , DU A SRR 5 2 FALBR A A OC
W FEE 2%
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Table 1 The involvement of heme proteins in related physiological processes
HHAAR Z 5 A R & H A E I KRR )5
CLOCK/BMALI 5§ — %k P A AT IiFL 3 1 5 (A A A
22 R T T PR i) TS B L Y14 12
BRI AL PAAR A Y RE T Wi 7L s A M 5 A 5
MELEF WELLER UiDig iR N TP TR ) AT MLZLER TP AR TRl s
; AN o . SHIEUN (|40 157 - R P2 AN T EZR AN
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Table 2 Recognition of heme protein by gas signal molecules
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ML —F LAY 2w SUEEFABRNIGERRIBAL T e g 2
wsipgaNox) MR TIE g NoX ik it g BB
NO U [ (NosP) ML R H I Fe™ N R4 A TR A= P L
24N S Y AL S5 F Sk =2 ) & 2
sGC MELRPE Fe™ T HIEe KP4 & D AT IT, JF 0 sGCIm T
HEAL GTPIE A cGMP
¢o CO AT (CooA)  MLLLER Y Fe™ N A2 KAy 57 € (oL W 757 CO AL Y 7
ReoM IML£T 3 Y Fe ARH Z 54UE N CO A fbIig
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1 MmENOKWMOEER

NO Ifil 213 85 12 40 58 98 i iz NO {5 5
(R S5, LA P VA M S T PR AL sGC LM 21 R —
AALEA LS A HE A DL NO UK H (NO-sens-
ing protein, NosP) o
1.1 "AMESERIAMLE
1.1.1 sCCHyz M IS IR L
FELET SR N ) —Fh 6 F v i m 21 R 2
Ji AEZHAUP A DIERIE . sGC 2% al
BT, B2 4 80 kD, & —Fh 5 — BRIk, 4
ML A — A ML R BAR 2R
ik B VR S E R A R — 27 B ] U
PET S RN EEFFAR , 2 A 3645 H 4398 H-NOX
(heme nitric oxide oxygen binding ) 45438 . Per/Arnt/
Sim(PAS) Z5 #4524 el (CC) 45 F 3R C-K o
fEALZE R ik, Hod PAS B CC 2 NS5 5 ol 01
BIAHE AR, B1 IR His105 FlIfL LT 2 4 F
T B R LS G i 1 ERY H-NOX &b T
JTEFIGE T ol TP 3 H-NOX 9 Il £1 2 454 459k
N St BB E P 7 0, LA BB &S A i 20 2. il 5%
HAT G REFA /N B sGC, & BN LL 4 145
HAE RS ET 194 M2 BER I, Horb His105 /&
LT 2 PR BT LA R NO SRS 543 T
1.1.2 NO #rsGC oM Z 5t & T i@ NO
W45 A sGC R I M LL R Ar T K45 B 5 i 4 Hilag
ifiE. sGCAE NOZESH, MLLE O Fe b T
TR ECIRAS 5 24 sGC 5 LI ) NO £ A BB AL
SHCALAY Fe-NO AW, Mol sGC b THUE IR

FE sGC B FE T N il 4347 — > 3L 907 Y
25, X A A G it g1 3L H-NOX 5 PAS
K CC S5 ¥ 102 2% (0 M AR SR PR FF R o 7R TC
W IPRAET A F C o A I 45 & 1
LA F R PVRES IR TR L5 A o 76 NO 3T
T, B1 W IR His105 5120 5 o Fe B F 25 &
B NO FTH, T30 B1 W3 H-HOX &5 38 kA= T
IR A, o sGC AL AT AL CC A5 F 38 A
LA R A TCTE RS A T 2 AR e R A i
JRIRTE . CCE5HBR 2 METEZ M kA T 70/
FXT G ol , T80 CC 4RI B3 A0 A fi A A B
PG AR, B 24N 36 ) Ak 25 A 3 2 1) & A T 4
% IR ZE G DA T AL GTP IR I cGMP™

PO IR S F A sGC A LUK GTP 34 4k

cGMP, 1] cGMP 1E A B AR {1 3005 17 55 30 1 T Ui
B A B AL B HE T oK I A | SR A IR S
M£L2 5 NO W45 6 T3 R, M S & A K
FEGR I NO B RE S R AH I i A= BT R
12 Max-SR/ELEEEA
1.2.1 H-NOX £ #s ey KA R KR sGC—
GRAERE e B, L5 B A I 21 3R AR AR Y
— W F I BAT 15%~40% HIARIIME  iZ Z AL 55
FLAZAE W) sGC VL ROR B 20 B 2k PR 21 A 850 e > T
FF ik 5] 3524E (open reading frame, ORF) ., B4 5%
TERA, JETEHe 5 19 NO BT LAYE 5 40 B 19 A B A Ak it
TR 5| & 240 TR AH DG B AT R R A U PRt 4
WA T4 40 HNOB.  FEE IR A  F5EE K
33k 1 4 TR 1121 2% 455 F Bl ) K BE 449l 190 N4 3
iR, HA U RS RS R . Ik, AT
DUAE 2 TR Y v 25 A7 A6 25 RN Sl WA P9 AR AL A it 21
REH. WWE,H-NOXEN Z A e 5T 4T
R AYATE NO SR 3B WE AT TP ET .
1.2.2 H-NOX & #Mxuynm i R oiss i S
B JF T 7K - 45 K i H-NOX 25 Fy i ok [ mg R &
FRR, 90 R 1.7 A, W R AT 1 B9 H-NOX
KIS TA «-B2TER 1A PR 1T B R 4k
A EE BT . 2 Y N-R i DXkl 5 4> R e 2
(aA-aD 1 oG ) , v T IfiL L1 25 A 278 3 5 C- 7 3 X ek
AL T IMLELZR A o, 1 B A ok R A B B ) 1R
JE oE 2L . H-NOX &5 3k Bk T 5 4L E 454
i) His #b, 545 Tyr135 . Ser137 . Arg139 4 J§ 1) YxS/
TxR &7 DL R B C R i 2 10 LR 1Y Pro, B
M RARSF Y . o, YxS/TxR 37l Pro % 3 H
TR TA A X 2 4 G rh VR 14 0l 21 3R S5 A AR
B, AN, SEEAEYAFRNE, T ProH &
VEA, B A ML LT 2 % A4 T 4R,
1.2.3  H-NOX £ #3xF NO 9w i H-NOX 544
AR W R SRS 540 T, 2T 2 P ) Fe 5 His
ZEAH N, Fe-His i . NO 1] LA 5 His 4454 Fe?',
TENO 5 Fer 45 A 1, Fe-His & A Wi, S 20 21
P AR Horp Fe DAL SR 05 #% ) ML 21 25 Y 32
Uiy , I 21 2% H b i PR AE - T B 5 ) 21 3R A4S
TE A% B , % [R) FL 7 1 0% TR R ik DA — 2, 3 2o i
W5 oA WA EAER, 518 8 F 5N b3k 1 5%
A7, JE -5 20 H-NOX B AR i 10 G2 e A= A8 Ak, B2
AL N UER AR A5 S 8
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AT A0 B AR N R A5 S o S A A TR] L A7
TS SR 5 AU A T G B 1Y H-NOX &5 1 388 55 214K
di-GMP & Ji Bl AR — RO 3 W] — 4R\ 7 .
X SE LK A H-NOX A B AR di-GMP i T i
(H-NOX-associated cyclic-di-GMP processing en-
zyme, HaCE) , H.rtp 2OIR di-GMP 2 41 13 5 8 75 4=
W o6 — A5 o1 5 — AR dni b g —
19, 12 PR AL it (diguanylate cyclase, DGC) R —
fig /i ( phosphodiesterase , PDE ) W J& 43 F & ik 19 .
2 AT 3o 3K L R I T PR di-GMP Y AR e
R 2 A A P B T 1 (BT )
1.3 NO# %= B (NO-sensing protein, NosP)
1.3.1  NosP 5 #3369 £ I 16 KER 43 40 B 465
A7 H-NOX Z5 A4y 38 , {H AL A7 ¥ 53 A 2 15 H-NOX
45 K4 518 200 T AT K RE XSG IR 174 NO R H AR AR R

5'-BERR S H B S
ST A (

# IR di-GMP

GTP  ¥iRdi-GMP
FIRdi-GMP
./N (
GTP E: ‘

E 1 HEEYIER B R S
Fig. 1 Regulatory pathways for bacterial biofilm formation
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TR O BT 8 55 A BRSO 5] G ] R PP TR
XU A AR A NO Bz L . Bl A IR
AT NO 256 8 LB E ok R HoAin 44
9 NO HUBEE 1 (NosP) . HETE 2% & A
NosP F4H PR U 3.

#3 BRISHAEH NosP AR

Table 3 Currently known bacterial species containing NosP

Y PR hr T34 NosP FfiZf SAERBH A MAOFEHE  EEEH HNOX
il 231 BRI Pseudomonas aeruginosa 1 387 1 w
AL Vibrio cholerae 2 405/395 1/1 7
v ILIR Shewanella oneidensis 1 395 1 w
W fili 72 1] 1 Legionella pneumophila 1 388 1 J&

AT, NosP Z5 A 48l T — > AR R AR 19 28 1
TG, A i B i B 1 il 2 A1 54 L T NosP S 1], H:
KRN 42 kDo AT UL P Y W I 7 413 nm, 1
FLRZ AW b 0 2L 2R B P8 TE 403 nm Kb A I

Wb, i anss AR it AL I . 5 sGCR RN 2 L 72
NosP FHAG Il 21 9 L 20 R Z0 2t i . HATE A
BT NosP 7 N A i 5 — N ML ZL R 455, TG
R E BC A Y 2H R a8 i 2 O A AT
NosP [ =245 . fE—ZR 454K | NosP i N
S 1 C 3 Y FIST (F-box FZRMIIN 5 556 T ) 2145
T BZH A
1.3.2  NosP *F NO #9v% i NosP 72 o 75 2 Jfl i
e, NOGE i A o B0 s A, 5
NosP B £k 2§ BLA , T3 NosP 4 2 22 4k, fifi NosP
M 1) 2H 22 158 184 i (histidine kinases, NahK) [ #
FRALHE N, NahKORH IR ER 56 72 T WA ERAR di-GMP
AR e R JE 15 - (eyclic-di-GMP metabolizing re-
sponse regulator, NarR) o i fi2 fb ) NarR & 3t H}
DGC FEAR A PDE $5 1% 4 , DGCAEAL GTP JE 1
AR di-GMP 1:d 72 B 101 il 5 PDE (L FHIR di-GMP

N5 - R 5 13- (37,5") - 551 [ 5'-phosphogua-
nylyl-(3',5")-guanosine, pGpG |, Fx 2 IR di-
GMP (R BEAR , o 20 T v A= B i (1 2) 2

ﬁ@%ﬁ% '%’E]

Wﬁdx GMP

GTP ﬁﬁdl GMP

B2 FERHZEFEEELINE RN NosP X NO )
e SN
Fig. 2 Signal transduction pathway of NosP to NO in

Legionella pneumophila and Vibrio cholerae™

2 Mz CORMARER

2.1 sGC
AT EFEBHE sGC X CO 11y I [
”@ ) E/‘Jl::jlljo

VI K5 NO



PR URE S A TR MAREARABITGER | 503

211 CO#asGCHMMRIFHETHERE sGC
AMEBE AL X NO AE Hime iz, 2 CO i, CO
FEAE YR N 3 2 5 S sGC TR cGMP R A7
RN o TEMFLA AR DY, CO il i s sGC ok &
FEFNINO 2Bl A= BRI 68 , 5] 40 % 1 e L 3R 4 1/
W%, CORGIERIMLL R Fe 45 4R, Fe & 1
TR SR LA AR AEAE s 2 CO 5 Fe 45 &
i, Fe LAIK H BE 4SS F4 HE AR IR TE P, #4750 AR 4k
5 NOJE—H", sGC Ay 3 1A 55 Fa oA 28 B 38T
AT cGMP KT8
212 COANOXsGCHMZAEA  CO5NOXF
sGCHIZSZMAAT /N AT AR o 3% i NO
F1CO 2 Fh AR sGC H-NOX 45 M3 i1 520 , % R
NO 38 38 1 5 B 37 Fe-NO BEIR A, 985 2L 2 vh
Fe-His $ & A= Wi, JE B 19 sGC, 1 CO 5 Fe™
TE R 6 BUfifkf 4 NO M2l R M 0.2~03 A,
COLE AR 7 0.8~0.9 A, Hi 7] G2t Tk
J - 2R A bR B R, X R T o A4
CO X ML 2T ZZ L0 26 1 2L F NO

WA 5 COLE A MFRT, sGC ML 2 &4
WG RN R SE A GRS B 1. 5 CO AR
J&, NOGH Dh—E FRE 5 MLL R E54 i CO B
) T T4 Z P s & . Xt co f T
JR T2 A8 TR, HE NO X sGCF 52 (1 5% 1 B
K, H A LR LS : Do 58 3L His105 f2 H:
FHARFREE AL AT ; @ T IKEE 5 2T R N iR £k
AHEAEFH , H-NOX &5 #4358 i Bk i 2> 5 1L 21 256 AH
XS BEAL, Glud 1 BT A BAE A5 29 0.5 A
HIRiR% . B)a, T L R R 5EH , Phel 12 (i
R X AR T JE RS, e AT IR 45 A ek
22 CO EH#iEF (CO oxidation activator,

CooA)

CooA 5 FH F I — 2 & M4 R 1Y JFE A% CO J&
N 5 ST, 8 B B O — R B 5 CO AL
Mg, K 2K 1 wmol - L7, AT AR IR AL
ZI AT (Rhodospirillum rubrum ) W & BLIF8 € T
TIIZE
221 CooA £ HRA AR CooA T HFEREH
A2 ML R R RIAEEA, A B2&H
BERY R, RS B ELAT N S5 I 2T 25 45 45 380R1 C i
DNA 55 G 38, 1245 16 3500 1 26 L iy R e - ez - B2 e
DNA 5557 ZETLCOL A RE T, ik A
B B N K 3 Pro2 5 2K B BEAY 2T R AL, ;L 2

AR o TR) =2 T HE 3 A9 I 21 2 A2 PR 85 1 —FF , CooA
ML F 25 H 50 His77 BCfi4h 4 o
2.2.2 CooA *F CO#a 2 CO 5 CooA HHIM LT E
G54, I AR DNA 45 G 25 A8 dal fl H: 30 o 1)
BT , MR R S PE R DNAL CooA XF CO
A B IR FE AT A i 21 2 A7 AE Fe i)
A REHE 5 COZE A, i %ALY CooA XF CO & A 1E
FHP. CooA &b TF AR, Bk A BE 1Y N A bty
5 AR BEER ML R KRB AEF T PR i T8
] ) HE R AR T, N A5 -5 1021 2 25 4 B9 Pro B MR &
Ay ES  IFREEN T 2020 A, NN CO RERSZE &1,
PRI N A v 28 0 BT 6, FE M L1 R 45 B 45
FA I A DNA 45 & 25 302 [ T — 42, ml
DU I DNA 454 8544 R 78 5 1 2 DNA 25
A B 895 L, I 5 CooA A RNA A B2
[i] 1 B2 i % — R B B0 T CO Sl Ak 1 il % AE
SE AN, AT R BIE T 5 COL5 A1 M4E,
PRIE T COMRRES & -
23 CORBHATETF

i 3 3 P 21 S BT A U A7 26 R TR F CooA 119 CO
TR A0 TR B SRR R T B R AEBERS L CO 1Y)
S IR A A B R T R I T T
MLETZE 19 CO AR BT (regulator of CO metab-
olism, RecoM)™ . Bt Y & H AT A B4 T ReoM
25 (R A AL A 28, T AR AT 763X B A8 ReoM £
2o E PSS AR DL LA B A el s CO A H i 7

ReoM & 7EAN T & BLAYSE —2REE T R
() CO SRy s 15 R, HA CooA AT TR R
TEAA TE 28 IR P55 ( Burkholderia xenovorans) W 1 56
Y78 2| ReoM , i AR 12 H 2 i i B [RIUR A9 I 21 2
7 ReoM-1 Fl ReoM-2 £H il 1 [R] Y5 — AR
RIS — A ML R L5 PAS S5 3 A1— A4~
DNA 255 1) Lyt TR 5 #4353 2 > 45 44 Sl 3F # fr
S E I AR KR A S AR IR, & B PAS 4544
A% JE His74 Fll Met104 75 24 IfiL 21 3 Fe™ [ LA
Met104 76 5B E5 A I R AERIFE . ReoM-1
Xt CO A & AE % & B sEA F7 , (EJE X DNA By 5l
FIAR5E , ReoM-2 W 5 Z A 2™, 45 e e, Xt
ReoM-1 2 11 75 , 75 CO 25 M1 1 5K DNA 2 fil /g
LR R T — AN s RSO, W] USRS AR
{EHFEA ) CO Ko 2 Fh ReoM ZEMR NAEN CO 1
ZIREA, S 5ME MM COEMTIRE. Hir, B
ZAEARRI AR AR P 28 H T 13 F ReoM (3 4),
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ENHZ5AEEN CO A S ETe A

x4 HAEEMEMRcoM
Table 4  Currently reported RcoM

LA RT X4 MEERS & ReoM AT A PRI RE
I Alcinella ehrlichei T 1 Z: 5 Co A ikt
SR O R Burkholderia xenovorans A 2 %5 cogibuifE
H FC AT 7 Geobacter sp. strain FRC-32 R4 1 25 CO % fkDihe
T A=A R Geobacterium sulfurreducens R4, 1 25 coEhIhEE
A T Aty b T T G. uraniumreducens R4, 1 Z5 co A tbuing
FH B PR P Pseudomonas carbinolinicus R, 1 %5 co A LIfg
2R [ R R A Azorhizobium caulinodans T 1 Tt
EEF Wl Xanthobacter autotrophicus TR 1 IR R
P DR Magnetospirillum magneticum HePE IR 4 1 IREAR
W EGAENTTC/RBREIRTE  Magnetospirillum magnetotacticum — FHEPERAR 1 Ui AR A
Tl B AT Magnetospirillum gryphiswaldense — HETERAE 1 YigeRH
ESARAN: ] Rhodospirillum rubrum KA 1 IhRE AR
2.4 Pt#EBE B-A& B (cystathione B synthase,CBS) TEHE

24.1 CBS# 44 CBS 3518 K40 i rp 3
ik E N T UIMLIAE I, i 298 63 kD, Hi 551 4%
SERRAL L, S —FPIRIE U AR CBS & —~ i
LR, JE T HERR i % % (pyridoxal phosphate,
PLP) OB B IR . HET, Capide iy
CBSZik 20 5 Al AW HALFE— N LT B 25 A
— MRS R B A — AN T S5 (AdoMet)
B 5 — A 40 Z f—A4> PLP AHSE &,
SE— P AEE T B A R N 2 5 A
EIRERE0] A

BN T ML RSB TR ML R85 530, 6 F N
Ui 2 AT 70 A E FEER , HoH Cys52 Fl His65 71 3% 45
G IMETZ ; A S5 M B & B AR ST Y 67 T4 40~
413 , A5 Lys 119 5 PLPAIZS &, 7 57
456 225 1R 5 A ALY 282 (homocysteine , Hey ) /F
R A YR EE 7K AT H,S s AdoMet 3 T C %
KB 140 N2 IEMR , X% B VU SR AR B 11 LA S Y
TG EE AR, [RIBt2: CBS AR TS 7
242 CO¥vCBS#EM AiEE B, CBS Y
ML RIS SR N R (RS2 2T 2 Fe
BTN AT LSEmEEE Y. ECOER T 5
BRI LT R A5 A 0BG = AR R . MM
CO 5 FeTifi g, WA Cys52 5 ML H 4T,
&R T W4k CBS (45 52 6 Bt (5 25 44 , 41 il H: il

25 HBCORE=R

FEAE IR IR T CO TR I AAAY H A3
JUREH . UShY i, MR EEAARS
I o — R S ML R SS9 4
ML JIELE E e DA 2L &R iz |
AR B AR LA R R Bl , 11 53
FeRorp 1, BUE AL SEAL o JBEOK S A s A
Ak 27 )R, 40 i 21 2 0 4R B (heme oxygenase,
HO) . — %A fk & A [ (nitric oxide synthase, NOS) |
L EALYIEE A A K C(cytochrome C) (AL (4 2%
P450 (cytochrome P450) 2613 112 549
TR P2 T A A 1 A BT, JE W R T R 2%
AR JF O . COAER AT LAFIIMLZL 3R Fe* Tz
RSS20 7, TT LA S AR 8 L 456 T 52
e A= AR R A= BRI RESY . R 5 A T CO XA G
IMELER R H IS5 S DI RERYSE

3 MEBRES(HS) WhIEER

o8 RPN A B AU HLS J2 4% NO L CO
R 3ASARME S 7 ErEm R s .
£ RN TCHE HE S N, #0507 LAAE N R HLS
S IF ELRT DA VR TR Ok IE T A it
FE, R AT P o i X R T 4
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Table 5  Effects of CO on the function of related heme proteins

EAH T G SAMLER AT CO eI
gy 2R A EHE RN A R SRR LR 5 A BN
5 BILIEALAL S — Kk i FEILLEER 1% RiE A )
M AL I AR RATERT SR ILAT
o . 60 IR L2055
e o TE VA PO LK A L S 5 RO LB 3-8/ A o
AR —RIk ! NO BLRI 0 — L A
. ‘ TELL LRI 1 5 F AL 51 00 4100 €3 C oA , 1 B
MERC HPIRIL L MR, bk T AT
‘ 2 5L AV 2L 5 =
AN 53K P4SO PR IRAE 1 R 1 A 41 (3% P4SO 1%

2 HFT AR, # R & B H,S BAT A Y0 Y
R A AT 2 HS R R P M 20 3R
HHMIEE (K 6). Filan, HS 5S4 A R C Ak
fit 1) FH ELAE 55 00 AT B UBGE I R LA
FASIAT OGS HLS XA L (0 3R C AU i 410 7l

SIS ROULIRAPIREA . RUE H,S vl figil i
55 1M1 21 3R 5 R LA TR S 4 B S, {5y T
Rk /D ZE RIS 5 B0 LEAH AR A SR DL ]

HR

F6 HSIEXMLIEEEAINEEM M

Table 6 Effects of H,S on the function of related heme proteins

EOAT GHALR | AMTEN [ S fi
mage  AGEERRE 4 e RS ER. S
MAEE Bk L AR R e PRGN, S

Ny J— Ty i mol) 7] LA 33
MiBEEC BRI 2 %ﬁ%@ﬁé@ﬁ%ﬂﬂ#ﬁ?%gﬁi&%ﬁ%ﬁgﬁ

B s IR A £ PR TLEMER AR

pectinata) RO GRAP B S50 .S dite

(A5 B R , B A AL I S (sulfide-qui-
none oxidoreductase , SQR ) REWZ A ] 31 Hb S £k H,S .
AT A B, SQR A F T H,S S AL I Sh Zohi (4
AW 1 ALY ST H 15 i (reverse electron trans-
port, RET) , 3 /> it F b iy - 64T S ) dz i, 1 4%
LA L 5 3 Ay 2 ) 245 8] A1 i LR A4 7 A i 4R
E¥) . WAk, RET ] LA S A AP O M 4&
LA A (S D6 R 98 B OIS 2 11V (adenosine
monophosphate-activated protein kinase, AMPK) [
P, PRLHCAHE SQR J2& HLS i —A~ ELERAE RS,
{HBHE Y2 SQRIFA SR ML R A A .

A B Y HLS T L 5 NO B R ET 5k i

B BRI e BE A U E R HE
Y H,S AT LA A ALz sl R SR R &
P8 DGEVERSE ™ Iah, 4 AR N xf
H,S A AH N 19 5 R, 491 4 VR 6 4 R AR e 1)
FL B A 240 A DA 1 T A 30 I 3o 7 5 AL
T AR S A HLS B IR R i A2

4 RE
ANFEREYIA A B2 KR A AR, ER
TSN SR S T B S5 R SR L2 T Y Fe (HLIML
S RALFHAR 80 U, 0 12 B 2 A 4 25, R LA



506‘ A #HE R# & Current Biotechnology

[F) (4 £ 4 5 A R AR A [ S A TR
M55 TR B B Z R

AR, S0 TR AR LR Y Fe™
Zia A E A AL R A TR AATZ
A BRIIRE , BIANHT A R AL T | DA PO A
PR oo PRIHAT NI S0 531 7T BSR4 AT
KB TAE T 010 AHR HATAA T8 BA e
FLENW AR PRSI ) A AR S, B B
F A S AT Fh A P g 2 v B B e ) A
(e B LA TR AR — R 50 Tk
AR5

FURT N Lk, 268 K800 1945 5 70 1 32 AR AR S 7
ST AR YN A B R TR R
KT AT 5707 BT A B 7 A B A 2 WK
-, S BRI AR SO TR R A BRI
HE AR o M T HA R 4 B P R
GRS 5e 507 30, o ARV CaTRLA i
I AT R P[5 P45 3 S i 1 A B 2
FRBHRBE TR R . HRRUE, AR50 1
ARy B E BRI REHR & 22T 5005 4 L (B4R N Uik
5570 TR Z AR —— M L1 3R 8 Y Z5 T
L TEHORAE T TR B G A A2 A Ty
1o WEBEE BT R A, AT AR AE 57K
LR S S T AR IPLE

£ % X W

[1] WAREHAM L K, SOUTHAM H M, POOLE R K. Do nitric
oxide, carbon monoxide and hydrogen sulfide really qualify as
'gasotransmitters' in bacteria?|[J]. Biochem. Soc. Trans., 2018,
46(5): 1107-1118.

[2] CUIQ,YANG Y, JIN, et al.. Gaseous signaling molecules and
their application in resistant cancer treatment: from invisible
to visible[J]. Future Med. Chem., 2019, 11(4): 323-336.

[3] DE PAULA T D, SILVA B R, GRANDO M D, et al.. Relax-
ation induced by the nitric oxide donor and cyclooxygenase in-
hibitor NCX2121 in renal hypertensive rat aortas[J]. Eur. J.
Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci., 2017, 107: 45-53.

[4] KASHFI K. Carbon monoxide in cell signaling and potential
therapeutics[J/OL]. Biochem. Pharmacol., 2022, 204: 115231
[2022-08-19]. https://doi.org/10.1016/j.bep.2022.115231.

[5] SHAN H, QIU J, CHANG P, et al.. Exogenous hydrogen sul-
fide offers neuroprotection on intracerebral hemorrhage injury
through modulating endogenous H,S metabolism in mice[J/OL].
Front. Cell. Neurosci., 2019, 13: 349[2019-08-07]. https://doi.
org/10.3389/fncel.2019.00349.

[6] YANG S Q, JIANG L, LAN F, et al.. Inhibited endogenous

H,S generation and excessive autophagy in hippocampus con-

[8]

[9]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

tribute to sleep deprivation-induced cognitive impairment[J/OL].
Front. Psychol., 2019, 10: 53[2019-01-24]. https://doi.org/
10.3389/fpsyg.2019.00053.

KULKARNI-CHITNIS M, MITCHELL-BUSH L, BELFORD R,
et al.. Interaction between hydrogen sulfide, nitric oxide, and
carbon monoxide pathways in the bovine isolated retinalJ].
AIMS Neurosci., 2019, 6(3): 104-115.

AUSMA T, DE KOK L J. Atmospheric H,S: impact on plant
functioning[J/OL]. Front. Plant Sci., 2019, 10: 743[2019-06-11].
https://doi.org/10.3389/fpls.2019.00743.

LIN C C, YANG C C, HSIAO L D, et al.. Heme oxygenase-1
induction by carbon monoxide releasing molecule-3 suppresses
interleukin-1 B -mediated neuroinflammation[J/OL]. Front. Mol.
Neurosci., 2017, 10: 387[2017-11-20]. https://doi.org/10.3389/
fnmol.2017.00387.

MENDES S S, MIRANDA V, SARAIVA L M. Hydrogen sul-
fide and carbon monoxide tolerance in bacteria[J/OL]. Antioxi-
dants, 2021, 10(5): 729[2021-05-05]. https://doi.org/10.3390/
antiox10050729.

SOUSA E H, LOPES L G, GONZALEZ G, et al.. Drug discovery
targeting heme-based sensors and their coupled activities[J].
J. Inorg. Biochem., 2017, 167: 12-20.

KRUGER A, KEPPEL M, SHARMA V, et al.. The diversity of
heme sensor systems-heme-responsive transcriptional regula-
tion mediated by transient heme protein interactions[J/OL].
FEMS Microbiol. Rev., 2022, 46(3): fuac002[2022-05-06]. https:/
doi.org/10.1093/femsre/fuac002.

CORREIA S S, IYENGAR R R, GERMANO P, et al.. The CNS-
penetrant soluble guanylate cyclase Stimulator CY6463 reveals
its therapeutic potential in neurodegenerative diseases[J/OL].
Front. Pharmacol., 2021, 12: 656561[2021-05-24]. https://doi.
org/10.3389/fphar.2021.656561.

SUMI M P, TUPTA B, GHOSH A. Nitric oxide trickle drives
heme into hemoglobin and muscle myoglobin[J/OL]. Cells, 2022,
11(18): 2838[2022-09-12]. https://doi.org/10.3390/cells11182838.
ROBERTS G P, THORSTEINSSON M V, KERBY R L, et al..
CooA: a heme-containing regulatory protein that serves as a
specific sensor of both carbon monoxide and redox state[J].
Prog. Nucl. Acid Res. Mol. Biol., 2001, 67: 35-63.
MOHRMANN H, DRAGELJ J, BASERGA F, et al.. The reduc-
tive phase of Rhodobacter sphaeroides cytochrome ¢ oxidase
disentangled by CO ligation[J/OL]. Phys. Chem. Chem. Phys.,
2017,19:32143[2014-11-16]. https://doi.org/10.1039/¢7cp06480b.
NISHINAGA M, SUGIMOTO H, NISHITANI Y, et al.. Heme
controls the structural rearrangement of its sensor protein me-
diating the hemolytic bacterial survival[J/OL]. Commun. Biol.,
2021, 4(1): 467(2021-04-13]. https://doi.org/10.1038/s42003-
021-01987-5.

CHILDERS K C, YAO X Q, GIANNAKOULIAS S, et al.. Syn-
ergistic mutations in soluble guanylyl cyclase (sGC) reveal a
key role for interfacial regions in the sGC activation mecha-
nism[J]. J. Biol. Chem., 2019, 294(48): 18451-18464.
KOESLING D, MERGIA E, RUSSWURM M. Physiological
functions of NO-sensitive guanylyl cyclase isoforms[J]. Curr.

Med. Chem., 2016, 23(24): 2653-2665.



PR URE S TR MARE AR AIER | 507

[24]

[25]

[26]

[27]

[29]

[30]

[32]

[33]

DERBYSHIRE E R, MARLETTA M A. Structure and regula-
tion of soluble guanylate cyclase[J]. Annu. Rev. Biochem., 2012,
81: 533-559.

MONTFORT W R, WALES J A, WEICHSEL A. Structure and
activation of soluble guanylyl cyclase, the nitric oxide sensor[J].
Antioxid. Redox Signal., 2017, 26(3): 107-121.

RUHLE A, ELGERT C, HAHN M G, et al. Tyrosine 135 of
the B, subunit as binding site of BAY-543: importance of the
Y-x-S-x-R motif for binding and activation by sGC activator
drugs[J/OL]. Eur. J. Pharmacol., 2020, 881: 173203[2020-05-
13]. https://doi.org/10.1016/j.ejphar.2020.173203.

KANG Y, LIU R, WU J X, et al.. Structural insights into the
mechanism of human soluble guanylate cyclase[J]. Nature, 2019,
574(7777): 206-210.

LIU T, SCHROEDER H, POWER G G, et al.. A physiologically
relevant role for NO stored in vascular smooth muscle cells: a
novel theory of vascular NO signaling[J/OL]. Redox Biol., 2022,
53:102327[2022-05-09]. https://doi.org/10.1016/j.redox.2022.
102327.

SOMMER A, BEHRENDS S. Methods to investigate structure
and activation dynamics of GC-1/GC-2[J]. Nitric Oxide, 2018,
78: 127-139.

BACON B, NISBETT L M, BOON E. Bacterial haemoprotein
sensors of NO: H-NOX and NosP[J]. Adv. Microb. Physiol.,
2017, 70: 1-36.

L-MNISBETT, BOON E M. Nitric oxide regulation of H-NOX
signaling pathways in bacterialJ]. Biochemistry, 2016, 55(35):
4873-4884.

PELLICENA P, KAROW D S, BOON E M, et al.. Crystal
structure of an oxygen-binding heme domain related to soluble
guanylate cyclases[J]. Proc. Natl. Acad. Sci. USA, 2004, 101(35):
12854-12859.

KHALID R R, SIDDIQI A R, MYLONAS E, et al.. Dynamic
characterization of the human heme nitric oxide/oxygen (HNOX)
domain under the influence of diatomic gaseous ligands[J/OL].
Int. J. Mol. Sci., 2019, 20(3): 698[2019-02-06]. https://doi.org/
10.3390/ijms20030698.

CHEN C Y, LEE W, RENHOWE P A, et al.. Solution struc-
tures of the Shewanella woodyi H-NOX protein in the presence
and absence of soluble guanylyl cyclase stimulator IWP-051[]].
Protein Sci., 2021, 30(2): 448-463.

KAROW D S, PAN D, TRAN R, et al.. Spectroscopic charac-
terization of the soluble guanylate cyclase-like heme domains
from Vibrio cholerae and Thermoanaerobacter tengcongensis|J].
Biochemistry, 2004, 43(31): 10203-10211.

HOSSAIN S, BOON E M. Discovery of a novel nitric oxide binding
protein and nitric-oxide-responsive signaling pathway in Pseu-
domonas aeruginosalJ]. ACS Infect. Dis., 2017, 3(6): 454-461.
BACON B A, LIU Y, KINCAID J R, et al.. Spectral character-
ization of a novel NO sensing protein in bacteria: NosP[J]. Bio-
chemistry, 2018, 57(43): 6187-6200.

MA X, SAYED N, BEUVE A, et al.. NO and CO differentially
activate soluble guanylyl cyclase via a heme pivot-bend mech-
anism[J]. EMBO J., 2007, 26(2): 578-588.

VOS M H, SALMAN M, LIEBL U. Early processes in heme-

[36]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[48]

[49]

[50]

[51]

based CO-sensing proteins[J/OL]. Front. Mol. Biosci., 2022, 9:
1046412[2022-11-03]. https://doi.org/10.3389/fmolb.2022.
1046412.

BORJIGIN M, LI H, LANZ N D, et al.. Structure-based hypoth-
esis on the activation of the CO-sensing transcription factor
CooAlJ]. Acta Crystallogr. Sect. D Biol. Crystallogr., 2007,
63(3): 282-287.

HINES J P, DENT M R, STEVENS D J, et al.. Site-directed
spin label electron paramagnetic resonance spectroscopy as a
probe of conformational dynamics in the Fe( lll) "locked-off"
state of the CO-sensing transcription factor CooA[J]. Protein
Sci. Publ. Protein Soc., 2018, 27(9): 1670-1679.

ROBERTS G P, KERBY R L, YOUN H, et al.. CooA, a para-
digm for gas sensing regulatory proteins[J]. J. Inorg. Biochem.,
2005, 99(1): 280-292.

TRIPATHI S, POULOS T L. Testing the N-terminal velcro
model of CooA carbon monoxide activation[J]. Biochemistry,
2018, 57(21): 3059-3064.

KERBY R L, ROBERTS G P. Burkholderia xenovorans RcoM
(Bx)-1, a transcriptional regulator system for sensing low and
persistent levels of carbon monoxide[J]. J. Bacteriol., 2012,
194(21): 5803-5816.

KERBY R L, YOUN H, ROBERTS G P. RcoM: a new single-
component transcriptional regulator of CO metabolism in bac-
teria[J]. J. Bacteriol., 2008, 190(9): 3336-3343.

BOWMAN H E, DENT M R, BURSTYN J N. Met(104) is the
CO-replaceable ligand at Fe( Il ) heme in the CO-sensing tran-
scription factor BxReoM-1[J]. J. Biol. Inorg. Chem., 2016,
21(4): 559-569.

SALMAN M, VILLAMIL F C, RAMODIHARILAFY R, et al.
Interaction of the full-length heme-based CO sensor protein
RcoM-2 with ligands[J]. Biochemistry, 2019, 58(39): 4028-4034.
GIMENEZ-MASCARELL P, MAJTAN T, OYENARTE 1, et al.
Crystal structure of cystathionine B-synthase from honeybee
Apis melliferal]). J. Struct. Biol., 2018, 202(1): 82-93.

PEY A L, MARTINEZ-CRUZ L. A, KRAUS J P, et al.. Oligo-
meric status of human cystathionine beta-synthase modulates
AdoMet binding[J]. FEBS Lett., 2016, 590(24): 4461-4471.
ANASHKIN V A, BAYKOV A A, LAHTI R. Enzymes regulated
via cystathionine B-synthase domains[J]. Biochem. Biokhimiia,
2017, 82(10): 1079-1087.

BHATT A, MUKHOPADHYAYA A, ALI M E. a-Helix in cys-
tathionine B-synthase enzyme acts as an electron reservoir(J].
J. Phys. Chem. B, 2022, 126(26): 4754-4760.

SUEMATSU M, NAKAMURA T, TOKUMOTO Y, et al.. CO-
CBS-H2 S axis: from vascular mediator to cancer regulator(J].
Microcirculation, 2016, 23(3): 183-190.

KABE Y, YAMAMOTO T, KAJIMURA M, et al.. Cystathio-
nine B-synthase and PGRMC1 as CO sensors[J]. Free. Radic.
Biol. Med., 2016, 99: 333-344.

TUPTA B, STUEHR E, SUMI M P, et al.. GAPDH is involved
in the heme-maturation of myoglobin and hemoglobin[J/OL].
FASEB J., 2022, 36(2): €22099[2022-12-31]. https://doi. org/
10.1096/{j.202101237RR.

KAWAHARA B, FAULL K F, JANZEN C, et al.. Carbon mon-



508

A #HE R# & Current Biotechnology

[52]

[53]

[54]

[55]

[57]

[58]

[59]

[60]

oxide inhibits cytochrome P450 enzymes CYP3A4/2C8 in hu-
man breast cancer cells, increasing sensitivity to paclitaxel[J].
J. Med. Chem., 2021, 64(12): 8437-8446.

YANG P M, HUANG Y T, ZHANG Y Q, et al.. Carbon monox-
ide releasing molecule induces endothelial nitric oxide synthase
activation through a calcium and phosphatidylinositol 3-kinase/
Akt mechanism[J]. Vasc. Pharmacol., 2016, 87: 209-218.
WANG J, LI X, CHANG J W, et al.. Enzymological and struc-
tural characterization of Arabidopsis thaliana heme oxygenase-1[J].
FEBS Open Bio., 2022, 12(9): 1677-1687.

LIU S, XIA S, YUE D, et al.. The bonding nature of Fe-CO
complexes in heme proteins[J]. Inorg. Chem., 2022, 61(44):
17494-17504.

FARIS P, NEGRI S, FARIS D, et al.. Hydrogen sulfide (H,S):
as a potent modulator and therapeutic prodrug in cancer[J].
Curr. Med. Chem., 2023, 30(40): 4506-45032.

Z0U S, SHIMIZU T, YAMAMOTO M, et al.. Hydrogen sulfide-
induced relaxation of the bladder is attenuated in spontaneously
hypertensive rats[J]. Int. Urol. Nephrol., 2019, 51(9): 1507-1515.
JIA J, WANG Z, ZHANG M, et al.. SQR mediates therapeutic
effects of H,S by targeting mitochondrial electron transport to
induce mitochondrial uncoupling[J/OL]. Sci. Adv., 2020, 6(35):
eaaz5752[2020-08-26]. https://doi.org/10.1126/sciadv.aaz5752.
GHEIBI S, JEDDI S, KASHFI K, et al.. Regulation of vascular
tone homeostasis by NO and H,S: implications in hypertension|J].
Biochem. Pharmacol., 2018, 149: 42-59.

BARROW K, WANG Y, YU R, et al.. H,S protects from oxida-
tive stress-driven ACE2 expression and cardiac aging[J]. Mol.
Cell. Biochem., 2022, 477(5): 1393-1403.

JIANG J L, TIAN Y, LI L, et al.. H,S alleviates salinity stress

[61]

[62]

[63]

[65]

[66]

[67]

[68]

[69]

in cucumber by maintaining the Na"/K”™ balance and regulating
H_,S metabolism and oxidative stress response[J/OL]. Front. Plant
Sci., 2019, 10: 678[2019-05-28]. https://doi. org/10.3389/fpls.
2019.00678.

CORPAS F J, PALMA J M. st signaling in plants and appli-
cations in agriculture[J]. J. Adv. Res., 2020, 24: 131-137.

LIU F, ZHANG X, CAI B, et al.. Physiological response and
transcription profiling analysis reveal the role of glutathione in
H_S-induced chilling stress tolerance of cucumber seedlings[J/OL].
Plant Sci. Int. J. Exp. Plant Biol., 2020, 291: 110363[2019-11-
29]. https://doi.org/10.1016/j.plantsci.2019.110363.

SHIMIZU T, MASUDA S. Persulphide-responsive transcrip-
tional regulation and metabolism in bacteria[J]. J. Biochem.,
2020, 167(2): 125-132.

JIN Z, ZHAO P, GONG W, et al.. Fe-porphyrin: a redox-related
biosensor of hydrogen molecule[J]. Nano Res., 2023, 16(2):
2020-2025.

YOU Y, ZHU Y X, JIANG J, et al.. Water-enabled H, generation
from hydrogenated silicon nanosheets for efficient anti-in-
flammation[J]. J. Am. Chem. Soc., 2022, 144(31): 14195-14206.
TONG J, ZHANG Y, YU P, et al.. Protective effect of hydrogen
gas on mouse hind limb ischemia-reperfusion injury[J]. J. Surg.
Res., 2021, 266: 148-159.

AU IV R UK S A B K AR BRI
HEJE——ZN SR ]. A AR E, 2022, 12(3): 332-343.
A KA AR R AR R SRR (). A=
YIE AR IR, 2020,10(1):15-22.

ZHANG Y, XU J, YANG H. Hydrogen: an endogenous regula-
tor of liver homeostasis[J/OL]. Front. Pharmacol., 2020, 11:
877[2020-06-11]. https://doi.org/10.3389/fphar.2020.00877.



