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[# ZE] HEHRIE (CNG) BT liE L — ek v 0 U R R B 7 i, n) LB 3wl 40
WAS /Ny WEHREA, S8 FHEAMBENFEEMEZ —. CNGI#IE & H 6 FiA [H I H
ifid . 4 AR AN 24 B RN . CNG B T3 38 A9 36 E il 8 45 58 7 /45 £ (Ca® /CaM) K B iR
AT RS W IR LS A TR T, T AR AN 5 8 Tk B, 25 ZF/E YA T REM R . H FE AT
AP &P CNG B Pl ia Lok, @i TP HABIGE . s DI | BRI 07 28 M S ik 2
Fa RN FF AR DG R FEPRUR YT ik SR i B2, AE L R s R i 490 (OSNs) WIS s ks
FEAEM . Bk CNG B Fil b i D BE . 4540 . TR ML B 5 A0 5 B 56 3R 55 O i b A7 T 4538
DA A CNG 85 7 38 T8 AH DGR 1 TR YT $2 A R AR % .
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Research progress in cyclic nucleotide-gated ion channels
and its function

FNAG Lin', LI Shipeng®
(1. Department of Pathogenic Biology, College of Basic Mediccal Science , Changchun Medical College,
Changchun 130031, China;2. Department of Basic Biology, College of Plant Science, Jilin University,
Changchun 130062, China)

ABSTRACT Cyclic nucleotide-gated (CNG) ion channel is a type of non-selective tetrameric cation
channel that can be directly activated by intracellular signaling molecules—cyclic nucleotides, and is one of
the main pathways for calcium ions to enter the cells. The CNG channel proteins are encoded by six
different genes: four A subunits and two B subunits. The activity of CNG ion channel can be modulated by
calcium/calmodulin  (Ca®'/CaM) as well as phosphorylation or the action of phosphatidylinositol on the
membrane, thereby altering intracellular calcium ion concentrations and participating in the regulation of a
variety of biological functions. Since the discovery of CNG ion channels in rod photoreceptors, it has
undergone research processes such as physiological functions, cloning related genes, understanding
regulatory mechanisms, analyzing crystal structures, and developing related gene therapy methods. They
play an important role in signal transduction in olfactory sensory neurons (OSNs) of vision and smell.
This article briefly reviews the function, structure, regulatory mechanism, and relationship with related

diseases of CNG ion channel, in order to provide the theoretical basis and reference for the treatment of
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CNG 1on channel-related diseases.

KEYWORDS Cyclic nucleotide-gated ion channel; Calcium ion; Regulatory mechanism; Retina

1985 4F FESENKO 45 '/ fi T A8 45 fk 3l 4 0 I
JEE B AT 40 A B R B BE R 5 H (cyclic
guanosine monophosphate, c¢GMP) fg H #% i %
ACN RN NG DI S VR BN B2y 8 sl W E
(cyclic nucleotide-gated, CNG) B FiEil, %5
T IE ARV Na . K'. Ca® . Li MIRb 55 2 Fh &
T B R GE , X REOR U, sl S cGMP
HIZE G2 50 o 78O HE RO I8 32 2% A
b JB e M 22 o6 (olfactory sensory neurons, OSNs)
FHBP R T HAIMEE ., CNG B Ti#iH
1 S 3l 1y 20 23440 T RN AR ) A B b i) R S 1 O
Z—, IAERTEMIEE A i . CNG B 7 i
gy vE b N R et R ik . CNG B i 1
1Y A5 5 1 2 1 CNG 38 38 FE A 58 742 3l ) 155 80 1 44
a4 7 RIS 0 E R . B E CNG B i 1A
BIWF R A, HTZ W EBAE R H £ 52 8 ¢,
SRNT Y AH DG 58 i S B B, A G E N
A1 T AR SR B W 5T #E X CNG B 7l 8 D) RE . 45
b R HLE A CNG B 7 38 38 0% 48 55 7 1 iE 17

S

1 CNGEBFBEMNINGE

1.1 CNGETHREAAMELSTHFTFTHH4AR
CNG ¥ ¥ 38 8 38 o B 7% 5 40 0 9 30 8% 1 1R 45 & hi
PEHOE , S5 5 b R CAE A T
AT 20 L AL AE A B b, FETOOLIE AL T, cGMP
5 CNG B il 8 #4560 AT CNG 2 1
W, Ca g P i CNG B 7l i oF AN S e
TN (HREH L) s OGBS B0 B, S
T B AR AR OB G A VR cGMP S 1 B R —
& fi: (phosphodiesterase, PDE), filt & — & % i fit
JIE L T 3 cGMP /9K fif il CNG 825 7 38 15 1
M, CNG B F 38 18 1 56 T REAIC T 40y Ca™
HYHJE, Ca™ He AR B S 52 R cGMP 45 1 DA T
I FAVEAT S GO R, 303 E X cGMP (1)
AN L Ca’ i S SO M ) AR A A, 2
Jo Tva) £ 20 i ) R TR AL 5 TRTIRE, AS2 T 0B 40 i e
PRG3R 2% 28 fih b 59 CNG B 73 38 nT LAJE 35 %8 fok
3 Be A T — AR 55 1538 1, 4t g R A% £k
00 P 22 3k BT RE R, DG AR S WAL B T LY e 42
Eipioe

1.2 CNGATHREEREGETHIFTHHAA
CNG # B AU S 50555 L, s S1E
Sl & T EEAER . MU R 40 T OSNs
R ) Y G AR P R R 32 AR A I AR, AR
H ) 25 B AR 2 T BE VP IR R B AR N i A
& Bz 40 Mo A OSNs B b 45 5 P <0k 2 1k

(odorant receptors, ORs) 454, #Eif i3 3 R4 {5
SR SR, BMERE RN (adenylate

cyclase, AC), MM B N FHFBERR M (cyclic
adenosine monophosphate, cAMP) & W 1 £ .
HEITEY cAMP 18 id 4545 M CNG B 1~ i 3 il H T
JC, DA 5 MELBE 28 o0 il Ak . IR CONG B F
Wil £ S 5%0s Ca®, Ca® G Cl i i ik
— PR IEAR S, WT AR LR 28 % S 3 % 38 O i st
B R AR RE . P CL AR OSN £# ik, A
Bl T 75 5 bl 22 366 J5 DA WL A2 K 44 i R I 1) % ol
%t

1.3 CNGBEFTHREANELERFZHE CNGE
T3 E B T A 2 M A A R AR R AE A, i
Z 5 2 HAhpy AR . OCNG & F# i ] DU
Wi 7 15 5 26 3A (Sema3A), M fifi ffg 4 Ca® e JiE
T, S AT e KgET B hm
@CNG B Fill i i fE R NO/cGMP 5 5 #8525
A BE N SOE AR Y, RS S R B4
P43 e s Bl R AR Y @ K CNG
38 IE ] RE S 5 R D AR RO T A
R REE 2 . B2, CNGEFHEESS Tk
WiE 2 0k B f L, 80 H AR LA R — 2
i B

2 CNGETFBEREN

CNG B T3l i f JE AR 25 4 26 00 T fig R AR 351 Y
K#ia, H4MWEAR -8 EEE., 540
CNG B il B HA 6 MBI B (S1~S6), H
H S1~S4 iR 1k i i AR SR AR FE LS M B, il 4
FLIA % 42 S5 1 S6 X Bt LA ez v S6 [X 35 2 7] #4 B —
METESEE. ST ROERE (N) MR
(C) A g 25 ¥ B34 07 F M N, CNG B Fil i 1
CE A& 1M FHIREE S (cyclic nucleotide-
binding domain, CNBD) #1 1 /~# CNBD 3% 4% 5
S6 i Bt 1 C-linker 45 #4 3 . C-linker 25 #4 3 ¥
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CNBD 25 4 8 3% 45 2 s FL 25 M Bk 1, B B E AR 45 &
FF e 3
2.1 CNGBFaE#ERBA WIWHILAH6I %
F )5 A 4 65 CNG 85 38 38 A9 W 36, M4 28
FF 5 0 AH LR R A S 2 S AL . CNGA Al
CNGB ", R B r CNG B 1 i 5 2 4=
W R AL FT 4 B o - W B (cyclic nucleotide-gated
channel alpha 1, CNGA1) "™, BfiJ5, 4% 5 b
CNGA2. CNGA3, CNGA4, CNGBI fl CNGB3
WA cDNA ™Y FEF T FRATL i, BTk
H T Tax-2 Ml Tax-4 24~ CNG 8 i 3 ", M
FEE LW A R R G s B 1 CNG B 1
i IE W CNG-P1 "™, DS IR fih ffy b 7 [
CNG i i W #£ 1. (cyclic nucleotide-gated channel
L, CNGL), 3% 8 CNGL % X 78 H K i o %
ik 19, CNG W H: CNGA1-3 Bl 32 3k Jy 7] I £ &
PR B AT TR BA D RE ) 3E o AT 40 CNG B 1
34 CNGALFI 1A CNGBla P B4 % 75 W
HE 40 e CNG &+ 3 18 W i 2 > CNGA3 fil 2 4>
CNGB3 WA 41 ™ MUSE 40 L CNG 8 38 18 th
24 CNGA2, 14 CNGA4 14 CNGB1b W %t
EAE ) A

CNG B ¥ il 18 /9 Z #E1Ek B T8 /K mRNA
PEREE BT RE . e & B CNG B 13 18 W 5 ] A% 59
Pl J& CNGB1 # M, 14K % CNGB1 W %
CNGBla7e 0FF 240 M 33k, T LS8 32 4K ph 28 50 7
e — AN E R CNGB1b, %30 5 ik = K A8 A o
T7AE (4 B 43 N-3iis 40 B o 25 b 3k . e Ah, ok Rk
BPRE T LR 2 R AT s AR, KR U E A
CNGB1 1Y N-ij & &% & & R & 1 (glutamic acid-
rich protein, GARP) &5k, M Jo i i 12 i 45 4
. CNGBlaf) GARP 45 #4) 38 K JLAH G 1 o] %5 1 B
3B B E A X 6 I8 A7 2% A1 B i 2R A -2 A B
BHETS
2.2 CNBD##3% CNGE 7l i) CNBD &5
W5 HAL R RS S E QTS ML, s
cGMP K #i B9 55 H ¥ B G (protein kinase G,
PKG) 1 cAMP #4925 B A (protein kinase
A, PKA) DL K KW #T o8 A0 0 58 BB Ts & A
(catabolite gene activator protein, CAP). CAP fl
PKA [ & 1A 45 # 4 & AL, Bk, CAP W
CNBD %5 4 3 % 9 AE CNG 8 13l i e 4R 25 4 3
Y

CNG & ¥ 3 38 B A & B0 380 R = 1 .
cGMP ., 3K B I W BB R A% 15 (inosine 3/, 5'-
cyclic monophosphate, c¢IMP) FI cAMP ¥ 17 7 &
B 2ES, X3INHRETRA TS 4
CNGA1 B F#i WK CNBD 254 . R, 454
cGMP fi£ ik 38 8 A5 #4 FF B R0C% L 45 A cIMP 29 5
104%, 454 cAMP 51 0004% ', 76 CNBD 1 &
DA 2AEENARRS 5 R BRN 25
8142 CNGAL B 7 i b g3 & 1 75 & 1R
T560, T560 %48 FEAL T %38 i XF cGMP 1) & W 3%
My, (HXF cAMP B 256 M H B m A K s 5
245 5 R RE S Bk SR T CHIR e, AR AT
40 CNGAL B 718 i C-13UiE I # K 4 & R 7k 3t
D604 11 28 48 35 004 T B AR I R S0k .
iz 5 358 o AR A B R 5 BT & 2 A Y A B AR
M5 HMEEHS S, AR S EEMSS
F CNBD 9 % ) 2 4k, B =z L8 47 JF o [F o)
CNBDs (13 i #4 42 28 £k 7] B 2 th F C-18 € ) A 4>
W BT & SE S, DAl C-1RE I 19 D604 5%
5 DA PR AT IR 0 TR B R AR AR AR
2.3 C-linker £ M3  C-linker {7 T 3% 42 5 i X B¢
S6 FI CNBD Z [6], & B ECAC AR 5 04T 40 i . 4
200 BRI 4 B CNG 3 38 T8 45 & TR0 04 & g 1
T FEMAFAN CNGAL B FEiE T, S6BT
J7 B9 2H R Bk Ak HA20 S AH AR FE 5 Ni* T Bl e 47
B0 T IR S 00 A R R SRR ) T
OB 40 i rf 2 3K AR AT 40 CNG B 73 3 /Y #F
8 R CNGAZ2 B il i H 396 1 i) — 41L&
i, AH T CNGAL B T3 i 158 417 7 3L 1R ,
5 N R e 7 e, ELE B DR S R X NG A
R SE A ) o N AR S AR T Y R
B . C-linker X 355 114 820 5E 45 4 A1 X6 T L B o0 b Y
SRS U T 5 5% 005 T CNGaliE . #F g8 > R
C-linker X 3§ "' B " -2 5iE (1) 5% B £ 75 cAMP 17 7 19
TEOLT , AXS T3 R FR A e A B, T ecGMP Y
i 5 VA
24 CNGHFEBEAALEHHR CNGEFHEHIE
1) 28 JE AR i DX 3 A RT3l T 00 AR R A G .
CNGAZ2 & il 18 ¥ i H ek T CNGAL & + i
H, CNGA2 S A i X 38 7Y B 2k B AR T cAMP
FETE AT cGMP B R %A T, 2 X 3%
WA B A XAEER T W /R
(calmodulin, CaM) %54 2] CNGAZ2 21 3 K vy 5 1)
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B A% A X, BT % T Y R R T i B
A U FIHTEMNE P RIEMEZAK, K CNGA2 1)
B4 3 vty AR L i X8R AT DL R R EME L, W
Ca™"/CaM FH I T CNGA2 1 2 5L 0K I 5 12 JE K s
B AR ECAE R, TR S i Ca®' B CaM I G itk AL
7 A TR A AL CNGA 2 88 5 ity 25 44 35K
i 3t 5 R i 25 4 R B R T B A A %A AR
FH, i Ca®/CaM 38 2oF BH 1 3 Fl A B4R H >k 3 il
CNGA2# A .

Ca™'/CaM i 33 45 & CNGB1 Y 2 3 it 45 #4 15
O I AT 40 i CNG B Tl iE , IR IR & 3L R
SR v A EAE Y BRI, AR LT 4 I E G
Ca®"/CaM 45 & 3 CNGB1 i & 3 o 45 # 5, BH 1k
TR IR S R RGHE I P CNGAT 9 CNBD 32 Uiy
B AL i X 3 (post-CNBD X 8 ) 4 & £ JH .
CNGB1 H CaM 25 4 3 5 post-CNBD [X s 11 5 25 I
N AR NEAE ST

CNGA W31 post-CNBD [X 8 £, 75 14~ 52 & iR
PIBERE, VWP = K, R II% X e 7=
SERIEIEM 3 1 1 (CNGA : CNGB) fbit&Eh k&
FETHER M. CNGAT I3 post-CNBD 4% #4) 38 9l il
B 1 28 A5 R 1] RS BOU0 )R (0 2 AR M, R BT post-
CNBD 25 4 35 7] 8 5% 1 [/] 1 CNG 25 7@ - 5
RIGLFF 40 CNG B 7l iE i s i
2.5 CNGIT##m% CNG B T 8 ok 3HoR %
H 25 CNBDs I 45 & M 0H0E . FRRE RS
B HWE AL, JEE A C g, IR
(S6) . fLUEE Ak PRV UE # 4% , R AATIF
CNG B Fil il & 1 3. A5 CNG &+
R CNBD AHEAE A 23 A IR 5 — 25 24
TR 5 CNBD X 25 4% — 20 & CNBD iy # 4742
b, PR AR RS A B LR AT = 7
WF5E 2 KB . CNG B 1 3 18 FL 4 f 5 0 JF 1 Bk
75, WIEFTHFR AR SE . 7 CNGAL B 738 i (19 TGk
B R AR R, B S6 (fEE B9 N SR E ) 12 Bk
AR (S399C), ik H AT Wi 0 KL 18] — il B 41 i
SUEED LT I

Bic 4 5 CNBD 25 44 38 AH 45 G 4k 17 %005 38 38 T
TE By L AEAE 2 R Ul . — b 2 B[] 28 A A5 A
(MWC AL 0 CNG & 38 i /9 MW C 55 R
W AN SERN S AL, BCARSS G 09 B (6] 2 A48
T VRl B R G A L RN Gl in Pk Y BCAR 25 A A B Rg ;s 3
— bR AR A0 2~4 A B g A A IR OR

CNBD #4 4 48 ¥4 JF i 117 8 0% CNG B T i =,
5500 LR b, MW C AR (18 4 55 2 RE A% i B e
Tl ARG ANHBO T, CNG B FEiE e LA LT
TF, 3K R T A S AR TE G B N TE T R AR

AT, A4 CNG 218 i
FEI A S 0 AR Y, CNG B T
Bk A A “SE PR B R R X R T
MNa F(8) K& F1E I8 i, e
W T AR ML SR, RV 245D e 5T 0w
UL S A5 SR, M4 A Na 5 K LLAMY B+
B, EMFM s AW E N, ONG B i D
2 BN HL R A SR, T O R B A R S Ak
f 15 n T G R . N PR FE 48 i CNGATL W S
E365Q 28 48 (& b IR 254 1 i Br ', i CONG 5 13
TH B F RO T AR SR A T A A R R
3 CNGEFEENAT

CNG B 38 38 1 I8 15 % T 40 0 B % % 3z 28
TR A A ] R WL J A7 M2 0T I A N A R R TR
B, CNG B 7 il i e 0% 1 Ca® MKt 19 S it HIL il
B A Sl b B2 LEE (phosphoinositide, PI) 7
AN TR TA] AR HB S 02, DT 0 4 368 95 2 o
3.1 Ca® & #MMEAF X CNGBIbH ) CaM 454
G /N BB B I Y B Ca™ /CaM X IR
CNG B 38 38 B I35 I AS Bl A8 L5E #f 28 o0 % 8 &2
S OB T TR S O RN I PR 2k
(100 ms ) o JICIE BB 40 i rp 3235/ RO B2 CNG
B AT Y L. CNGB1b W ¥ 2 5 g
CNG B 38 38 09 B A T T4 30, A B T e 8o
P2 TR SRS S R PR 20k . R Ca® B A IR
PR REAL Ca® Vi BE ORI 98 2 B . AN A0 AT ) A
B Ca” R I 5 7 2, TAE 56 HE A BT 240 B
Hh R )
3.2 BBARAYF  F CNGAL M Y498 {7 &
CNGB1la iy Y1097 {57 s (1) Ji% 22 2 5% FE e i AL il 1
CNGA1-+CNGBla & 7l i 36, 38 cGMP
FWEA S R, A EE C (protein kinase
C, PKC) #MRfk CaM &5 & 137 45 i 22 2 R ok 3%
fiE % B i 34 0 CNG B 38 38 X} cGMP /% 26 1 ) .
4 CNGAS3 i i % 3] PKC 4 5 i CNBD 45 44 58 4
22 G IR AR B R AL i A # , FEUA A CNGA3 &+
i I8 Xt cGMP 955 Al 7 B
3.3 BEBAMBAT LS00 Pl A7 7 1 &
T E A, 7R CNG B 7l i v R
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ZAEM . PL (4F15) P,APL (3, 4H15) PXF#F
AR RHER Y CONG B 7 A R E
PT (3. 4 M15) Pyal LA ] K B OSNs H iy 15 it
CNG & 1l 18 A IR 4 KRR B CNGA2 B 13l
T ARAD, R R T LE G R AZ B b i AR ELAE
A E o JCRZ R N BERR LS K P32 206 . 40
WCa | ZaESMERTHRRGREZMER
T

3.4 BRFAAT KAWHEANM CNG g T3 8
Xof PE AR S i g 3 32 300 A0 T R 7 4 R R 9 R Y
1R CNG il 38 4 cGMP 1936 f 18K, 1R
)X cGMP ZE R I3 fm - w5 ™ R W. AR
P4 X AL HE A0 22 1 e 2 TR K v TARE), I 2 1
Jiie D2 32 1A 2l 700 76 7 18] B I T CNG B 13 5E 1Y
cGMP ZEFN T, HTE R ARBEAR . TC5 fi B 100 5 24
JH R TR 1) A R I R SR AE A IR g R A R
Al fE A& d 3 B0IE W5 IS M C (phospholipase C,
PLC) FIPKC, A B i 2R 52 44 i S0 19 m
TR SRALHE AN CNG B 7 38 T8 (1 B M5 fn g
B4, cAMP-PKA {55l #% . NAKGERN ., #4
SFEALE H A (mitogen-activated protein kinase,
MAPK) {5 5 i % Al 45 - 55 98 2 (s 1T (Ca™/
calmodulin-dependent protein kinase Il , CaMK ) #J
A By T O HE 4 . CNG B 1 18 1) B %
P

3.5 EAERFHFX JGER 1 LR A
TOLEZ A CNG 8 TliEsh, 6 BB 41 CNG
BT E P . Grbl4 2 — R B R 2 AR A
FL o ROBHBE ) 5 B 2455 B CNGAT i C 3 IX
3ol Sk AT 40 CNG & 7@ il 1G5 0E . iE—
TG RYIGIE T 00 19 8 R 2 AR 2 5 v
M2t CNGAT A i1 i 2 IR 5% 2 Y498 Al Y 503 2f¢ 41 il
PFF 40 ML CNG 8 738 . Beoh, JeiRiie i R 2
R AR AL, PI3-FRE IS PRI 5, 33X AT AR o
VA3 S I8 7 25 M B 1 BEE PP, A PTP, 7K F Sk 38 45 5 Jg&
Z 4 ONG B FiE s . R = £k
BRI DLZS SO I SZ £ /0 Be I PIP, K P i & 3 m

4 CNGETHEHESER

4.1 CNGETHRELERTHAMBR % i UAT
40 CNG & T iE WA (CNGA1HICNGB1) #)
B RS R G 00 e B R R
(autosomal recessive retinitis pigmentosa, arRP)
AOCHE Y LB R AR M (retinitis pigmentosa,

RP) B RFAE 2= 0 FT 40 i g A7 dEaR 1k, SR Ik e
LA AN T K o AL RS Y e R . £
A CNGATL 5 R 98 A8 v i 1 #2330t R M0 R g
#o CNG B T8 25 A U T 3 1 fk
FA AL HLE] . cGMP B A9 AS X BRI 45 LA B
KSR WL FE 4 fiL CNG 3 1 3 18 /9 Al 55 24 B 2% 4F
PE YL FE CNGBL Gl g R ASE A v SR 3 BT 95 1Al
ANERPAITRCR, N CNGBI-RPIFIERHHT
I PRI 56 B T iy

4.2 CNGEBETHEHESEF X HLFF 40 M 22 £
it (rod monochromacy, RM) i#f&%5 ZK % CNGA3
SN A ) % K B CNG B i 3 b g <F & 5%
BRI RS LR RE S RM 2 0E, Xie—Ff
5 L0 H Y G AR R a4 RN e R PR, R AE R
PN W R R . R BR R BRI SE 4K BE 9E 51 5
@, AL HIESE 7 KW CNGB3 RS %45 1] fig
TG0 B L AT I R A A A RN R ORI
B AR PR S5 5t A PRSI o R AR DU SR AR A 4 A s 3 B
RAL TR LSS W I AT FoE Y KB CNGB3TEM
o 24 L ' g 07 o R R A G REAE T . R4A1OW 2 A
2 CNGA3 h —F 5 6 15 A1 5 19 I fig B 2k %8 742,
RA21IW 2 75 i B A 2k 2R I8 48 . R4A21 7 T 1145
Wb, TEEMRE TS S4B EAEH . R421W &
T R FhAE EVE T, R P 5 bR 3 T A AR ok
IR E T RCIRAS . R4A21W 38 38 75 T cGMP (1175
A RS IFESAESET, £ AKX CNG & T
WMIEWE G RMHEAR TSR ESEAEMN
S

4.3 CNGHBFHEEEREARRK = CNGALW
INERATS SR ELA WLsE , {H F I S H A IR A, X
5l iE Ca™ /CaM W 028 47 3¢ 1. CNGA2 3
DAL B3k /DN Bt R PR L B 2, LG R G AR B R
AN, KARSTENSEN 45 °% R8T 2 ) nR 38 e 2
B, BHAARN CNGA2 BN &R R S5, 3@
ik 53 BT GG A IR ST 7 56 K 2 WRUSE & B, X 5 5] 32
S W) 52 B B D1 R 5 44 ft B A B A A A - 2H D ) 2
R H CNGA2 56 b 40 8 4 $ 0 2 1k 28728 07
AT AR A R S I OC BE WRLBE A 5 3 B Ik R Y 28
705 5 WEL G 5 B DAH G o

5 REERE

HHr, ARAZh CNG 2 i 3 i Ui 4 3
NREM AR T, RECHCNG & FiEEA
ARSI AF A, E AT AR B D) A B S



o84 TR 224 (BE 2 i)

504 B2 2024 4F 3 A

H o EAR CNG B 38 18 N-C K i /8 B AE H X T
FEGGEE AT EREAEEE L, HECNGE T
3 2 U] 7 A 41K SF A TR B HLEN SR A R
HE— W58, NHRFEHBKT L, BEREAEH
B 2 8] (0 KR AR R 45 Floge s 136 7 oA R B
MEX ., HEiCARZ LT CNG 1Y% E A OC
T M £ & ¥ (single nucleotide polymorphism,
SNP) i S BHFFE, W4t CNG B 7 i i 1y 5L H
G 7AF 55 22 P I JE 0 LA B MRBE R R A O, R,
E— W58 CNG [958 09 53 F HLIEN R A B T 3B Al
IRYT CNG B 7l s, BE CNG &+
i A LR 2 AR S W R A R A, n] R TR AL
MM AN CNG B FEE M EREL, FHER
CNG & ¥ i@ a5 22 0 2 22w Mt T 7 &
NI 38 7% 4 S99 14 2 s AL, X N 2R A0F 5% 22 b
O 5% 5 g e WL 9 g R A TRz R S o [) B AR G
Bl REARY (14)  N7 R ] 7 el 2 W Ak, AR
A OG99 14 7 245 W R e PR Iy FH B 1 1 5 Bkt

FEEMRER:

FT A VE# 7 AR AE R 25 vh o€ o

EE Bk A B

J7 WA TS SO RS ARG 7 5T I8 SCRY AR BT

(&% k]

[1] FESENKO E E, KOLESNIKOV S S, LYUBARSKY
A L. Induction by cyclic GMP of cationic conductance in
plasma membrane of retinal rod outer segment [J].
Nature, 1985, 313(6000): 310-313.

[2] NAKAMURA T, GOLD G H. A cyclic nucleotide-
gated conductance in olfactory receptor cilia[J]. Nature,
1987, 325(6103) : 442-444.

[3] BURNS M E, ARSHAVSKY V Y. Beyond counting
photons: trials and trends in vertebrate visual
transduction[ J]. Neuron, 2005, 48(3): 387-401.

[4] HSUY T, MOLDAY R S. Modulation of the cGMP-
gated channel of rod photoreceptor cells by
calmodulin[ J]. Nature, 1993, 361(6407): 76-79.

[5] SAVCHENKO A, BARNES S, KRAMER R H.
Cyclic-nucleotide-gated  channels mediate  synaptic
feedback by nitric oxide[J]. Nature, 1997, 390(6661):
694-698.

[6] FRINGS S. Chemoelectrical signal transduction in
olfactory sensory neurons of air-breathing vertebrates[J].
Cell Mol Life Sci, 2001, 58(4): 510-519.

[7] TOGASHI K, VON SCHIMMELMANN M 7,

NISHIYAMA M, et al. Cyclic GMP-gated CNG
channels function in Sema3A-induced growth cone
repulsion[ J]. Neuron, 2008, 58(5): 694-707.

[8] HEINE S, MICHALAKIS S, KALLENBORN-
GERHARDT W, et al. CNGA3: a target of spinal
nitric  oxide/cGMP  signaling and modulator of
inflammatory pain hypersensitivity [J]. J Neurosci,
2011, 31(31): 11184-11192.

[9] KALLENBORN-GERHARDT W, METZNER K,
LU R R, et al. Neuropathic and cAMP-induced pain
behavior is ameliorated in mice lacking CNGBI1 [J].
Neuropharmacology, 2020, 171: 108087.

[10] MICHALAKIS S,KLEPPISCH T,POLTA S A, et al.
Altered synaptic plasticity and behavioral abnormalities
in CNGA3-deficient mice [J]. Genes Brain Behav,
2011, 10(2): 137-148.

[11] BRADLEY J, REUTER D, FRINGS S. Facilitation of
calmodulin-mediated odor adaptation by cAMP-gated
channel subunits[J]. Science, 2001, 294(5549) . 2176-
2178.

[12] KAUPP U B, NIIDOME T, TANABE T, et al
Primary structure and functional expression from
complementary DNA of the rod photoreceptor cyclic
GMP-gated channel [J]. Nature, 1989, 342 (6251):
762-766.

[13] GERSTNER A, ZONG X, HOFMANN F, et al.
Molecular cloning and functional characterization of a
new modulatory cyclic nucleotide-gated channel subunit
from mouse retina[J]. J Neurosci, 2000, 20(4): 1324-
1332.

[14] COBURN C M, BARGMANN C I. A putative cyclic
nucleotide-gated channel is required for sensory
development and function in C. elegans [J]. Neuron,
1996, 17(4): 695-706.

[15] BAUMANN A, FRINGS S, GODDE M, et al.
Primary structure and functional expression of a
Drosophila cyclic nucleotide-gated channel present in
eyes and antennae[J]. EMBO J, 1994, 13(21) : 5040-
5050.

[16] MIYAZU M, TANIMURA T,

Molecular cloning and characterization of a putative

SOKABE M.

cyclic  nucleotide-gated  channel  from
melanogaster[ J]. Insect Mol Biol, 2000,9(3) : 283-292.

[17] ZHONG H N, MOLDAY L L, MOLDAY R S, et al.
The heteromeric cyclic nucleotide-gated channel adopts a
3A: 1B stoichiometry [J]. Nature, 2002, 420 (6912):
193-198.

[18] PENG C H, RICH E D, VARNUM M D. Subunit

Drosophila



D

PO IR ) 45 2 3 18 S L T e i F 50 0 e 585

configuration of heteromeric cone cyclic nucleotide-gated
channels[ J]. Neuron, 2004, 42(3): 401-410.

[19] ZHENG J, ZAGOTTA W N. Stoichiometry and
assembly  of
channels[ J]. Neuron, 2004, 42(3): 411-421.

[20] RITTER L M, KHATTREE N, TAM B, et al. In situ

visualization of protein interactions in sensory neurons:

olfactory  cyclic  nucleotide-gated

glutamic acid-rich proteins (GARPs) play differential
roles for photoreceptor outer segment scaffolding[J].
J Neurosci, 2011, 31(31): 11231-11243.

[21]SU Y, DOSTMANN W R, HERBERG F W, et al.
Regulatory subunit of protein kinase A: structure of
deletion mutant with ¢AMP binding domains [J].
Science, 1995, 269(5225) : 807-813.

[22] VARNUM M D, BLACK K D, ZAGOTTA W N.
Molecular mechanism for ligand discrimination of cyclic
nucleotide-gated channels [J]. Neuron, 1995, 15 (3):
619-625.

[23] ALTENHOFEN W, LUDWIG J, EISMANN E, et al.
Control of ligand specificity in cyclic nucleotide-gated
channels from rod photoreceptors and olfactory
epithelium [J]. Proc Natl Acad Sci U S A, 1991, 88(21) :
9868-9872.

[24] GORDON S E, DOWNING-PARK J, ZIMMERMAN A 1..
Modulation of the cGMP-gated ion channel in frog rods
by calmodulin and an endogenous inhibitory factor[J].
J Physiol, 1995, 486(Pt 3): 533-546.

[25] GORDON S E, DOWNING-PARK J, TAM B, et al.
Diacylglycerol analogs inhibit the rod cGMP-gated
channel by a
mechanism[J]. Biophys J, 1995, 69(2): 409-417.

[26] EVANS E G B, MORGAN J L W, DIMAIO F, et al.

Allosteric conformational change of a cyclic nucleotide-

phosphorylation-independent

gated ion channel revealed by DEER spectroscopy [J].
Proc Natl Acad Sci U S A,2020,117(20) : 10839-10847.

[27]L1U M, CHEN T Y, AHAMED B, et al. Calcium-
calmodulin modulation of the olfactory cyclic nucleotide-
gated cation channel [J]. Science, 1994, 266 (5189):
1348-1354.

[28] VARNUM M D, ZAGOTTA W N. Interdomain
interactions underlying activation of cyclic nucleotide-
gated channels[J]. Science, 1997, 278(5335): 110-113.

[29] TRUDEAU M C, ZAGOTTA W N. Mechanism of
calcium/calmodulin inhibition of rod cyclic nucleotide-
gated channels [J]. Proc Natl Acad Sci U S A, 2002,
99(12): 8424-8429.

[30] MALLOUK N, ILDEFONSE M, PAGES F, et al.

Basis for intracellular retention of a human mutant of the

retinal rod channel alpha subunit [J]. J Membr Biol,
2002, 185(2): 129-136.

[31]FLYNN G E, BLACK K D, ISLAS L D, et al
Structure and rearrangements in the carboxy-terminal
region of SpIH channels [J]. Structure, 2007, 15 (6):
671-682.

[32]FLYNN G E, ZAGOTTA W N. Conformational
changes in S6 coupled to the opening of cyclic nucleotide-
gated channels[ J]. Neuron, 2001, 30(3): 689-698.

[33] TIBBS G R, GOULDING E H, SIEGELBAUM S A.
Allosteric activation and tuning of ligand efficacy in
cyclic-nucleotide-gated  channels [ J]. Nature, 1997,
386(6625): 612-615.

[34] CRAVEN K B, ZAGOTTA W N. CNG and HCN
channels: two peas, one pod [J]. Annu Rev Physiol,
2006, 68: 375-401.

[35] XUE J, HAN Y, ZENG W Z, et al. Structural
mechanisms of gating and selectivity of human rod
CNGA1 channel[ J].Neuron,2021,109(8):1302-1313.

[36] SONG Y J, CYGNAR K D, SAGDULLAEV B, et al.
Olfactory CNG channel desensitization by Ca*"/CaM via
the B1b subunit affects response termination but not
sensitivity to recurring stimulation [ J].Neuron, 2008,
58(3): 374-386.

[37]NACHE V, WONGSAMITKUL N, KUSCH J, et al.
Deciphering the function of the CNGBI1b subunit in
olfactory CNG channels[J]. Sci Rep, 2016, 6: 29378.

[38] REBRIK T I, KORENBROT J I. In intact mammalian
photoreceptors, Ca’ -dependent modulation of ¢cGMP-
gated ion channels is detectable in cones but not
in rods[J]. J Gen Physiol, 2004, 123(1): 63-75.

[39] MOLOKANOVA E, KRAJEWSKI J L, SATPAEV
D, et al. Subunit contributions to phosphorylation-
dependent modulation of bovine rod cyclic nucleotide-
gated channels[J].J Physiol, 2003, 552(Pt 2) : 345-356.

[40] MULLER F, VANTLER M, WEITZ D, et al. Ligand
sensitivity of the 2 subunit from the bovine cone cGMP-
gated channel is modulated by protein kinase C but not
by calmodulin[ J]. J Physiol, 2001, 532(Pt 2) : 399-409.

[41] WOMACK K B, GORDON S E, HE F, et al. Do
phosphatidylinositides
phototransduction?[J]. J Neurosci, 2000, 20(8): 2792-
2799.

[42] BRIGHT S R, RICH E D, VARNUM M D.

Regulation of human cone cyclic nucleotide-gated

modulate vertebrate

channels by endogenous phospholipids and exogenously
applied phosphatidylinositol 3, 4, 5-trisphosphate [J].
Mol Pharmacol, 2007, 71(1): 176-183.



586 TR 224 (BE 2 i)

504 B2 2024 4F 3 A

[43] ZHAINAZAROV A B, SPEHR M, WETZEL C H,
et al. Modulation of the olfactory CNG channel by PtdIns
(3,4, 5)P3[J]. I Membr Biol, 2004, 201(1): 51-57.

[44] CHEN S K, KO G Y P, DRYER S E. Somatostatin
peptides produce multiple effects on gating properties of
native cone photoreceptor ¢cGMP-gated channels that
depend on circadian phase and previous illumination[J].
J Neurosci, 2007, 27(45): 12168-12175.

[45]KO G Y P, KOM L, DRYER S E. Circadian phase-
dependent modulation of cGMP-gated channels of cone
photoreceptors by dopamine and D2 agonist[J].
J Neurosci, 2003, 23(8): 3145-3153.

[46] KO G Y P, KO M L, DRYER S E. Circadian
regulation of cGMP-gated channels of vertebrate cone
photoreceptors: role of cAMP and Ras[J]. J Neurosci,
2004, 24(6): 1296-1304.

[47] GUPTA V K, RAJALA A, DALY R J, et al. Growth
factor receptor-bound protein 14: a new modulator of
photoreceptor-specific cyclic-nucleotide-gated channel[J].
EMBO Rep, 2010, 11(11): 861-867.

[48] GUPTA V K, RAJALA A, RAJALA R V. Insulin
receptor photoreceptor  CNG
activity [J]. Am J Physiol Endocrinol Metab, 2012,
303(11): E1363-E1372.

[49] RAJALA R V, MCCLELLAN M E, ASH J D, et al.

In vivo regulation of phosphoinositide 3-kinase in retina

regulates channel

through light-induced tyrosine phosphorylation of the
insulin receptor beta-subunit [J]. J Biol Chem, 2002,
277(45): 43319-43326.

[50] LT G Y, RAJALA A, WIECHMANN A F, et al.
Activation and membrane binding of retinal protein
kinase Balpha/Aktl is regulated through light-dependent
generation of phosphoinositides[J]. J Neurochem, 2008,
107(5): 1382-1397.

[51] PAQUET-DURAND F, BECK S, MICHALAKIS S,

et al. A key role for cyclic nucleotide gated (CNG)
channels in cGMP-related retinitis pigmentosa[J]. Hum
Mol Genet, 2011, 20(5): 941-947.

[52] WANG L, ZOU T D, LIN Y Q, et al. Identification of
a novel homozygous variant in the CNGA1 gene in a
Chinese family with autosomal recessive retinitis
pigmentosa [J]. Mol Med Rep, 2020, 22 (3) : 2516-
2520.

[53]XUE J, HAN Y, ZENG W Z, et al. Structural
mechanisms of assembly, permeation, gating, and
pharmacology of native human rod CNG channel [J].
Neuron, 2022, 110(1): 86-95.e5.

[54] PETERSEN-JONES S M, OCCELLI L M,
WINKLER P A, et al. Patients and animal models of
CNGR1-deficient retinitis pigmentosa support gene
augmentation approach[J]. J Clin Invest, 2018,128(1) :
190-206.

[55] MICHAELIDES M, ALIGIANIS T A, AINSWORTH J R,
et al. Progressive cone dystrophy associated with
mutation in CNGB3 [J]. Invest Ophthalmol Vis Sci,
2004, 45(6): 1975-1982.

[56] ZHENG X, HU Z, LI H, et al. Structure of the human
cone photoreceptor cyclic nucleotide-gated channel [J].
Nat Struct Mol Biol, 2022, 29(1): 40-46.

[57]ZHENG X D, LI H, HU Z S, et al. Structural and
functional  characterization of an  achromatopsia-
associated mutation in a phototransduction channel [J].
Commun Biol, 2022, 5(1): 190.

[58] KARSTENSEN H G, MANG Y, FARK T, et al. The
first mutation in CNGAZ in two brothers with
anosmial J]. Clin Genet, 2015, 88(3): 293-296.

[59] SAILANI M R,JINGGA I, MIRMAZLOMI S H, et al.
Isolated congenital anosmia and CNGAZ2 mutation [J].
Sci Rep, 2017, 7(1): 2667.



