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Abstract

The inward rectifier potassium channel Kir3.2 can regulate the flow of potassium ions across the
cell membrane, playing important physiological functions. Due to its association with diseases of
the nervous and myocardial systems, it is an important target for drug design. To study its Kkinetics
and functional key sites, we first construct its GNM model, analyze the structural flexibility and the
motion correlations between different functional regions. Then, the motion correlation-weighted
complex network model is constructed, and the key sites are identified in terms of the changes of
characteristic path lengths upon the nodes knocked one by one. The results found that the GNM
model reproduces the flexibilities of different functional regions; evident positive correlations ex-
ist among the interfacial helices, transmembrane helices and CTD regions, which promotes chan-
nel-ligand binding and structural stability; the identified key residues play an important role in
channel activation, structural stability and signal communication. This work helps to enhance the
understanding of Kir3.2 channel’s working mechanism, and the identified key sites can provide
valuable information for drug design.
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1. 818

P[] B R EE S Kiir3.2 AR VR TP ES T I ES IBRBY,  N [a) LR B Ol E KR — L, AETF
ZAEME R R EEEERL]. Kird.2 MERRAS A R VF 2500, A5 R R MR A S 20 . 2Rk
EAAE. ERRSEAAERISE R R e R R MAE[2] [3]. SERRIL, Z%EIEEEH 4 MR A R, el
PR T WIS EE () ThREIX 4. #5545 K458 (transmembrane domain, TMD) 1 i 45 #445 (cytoplasmic domain,
CTD) [4]. HHTIAK, BFEEILASIATAER H AN RERI T TRIEATH: B TMD (1 P SRR e T BT P 45 Tie
I'1[5], HH CTD T () G ML G FAT1[6], P&+ IE Ik /ULEE 4, 5- iR (phosphatidylinositol 4,
5-diphosphate, PIP2) & 1% @& & FI[2] [7] [8]. HAEN, REH —S TAEEHRHZE F@EERT 1L,
HAFTRIA0] [10], AEXF I N TES) 3 a0 fa] P42 8 4T 550G PAT,  WIR S e R A ) 4% Hh R 4% B8 A FH i
ATeaiE 1]

TN G R RMBER T EG S O 2 A TEAREME SR EARTTE. RN
A RIVER (5 AH ELAE B A 7E[12] [13]. Sethi 258 ACKE 42 5140130 /12~ (Molecular dynamics, MD)# 4 5 &
PRI 5 L, K T IR EE RS BN A S AL B S T A 255 8 [14]. BT MD SRR RS, BH
JE NI F& T IR f 3 1 9 48 158 (Elastic network model, ENM) 7V, %7 13K 45 ik FEaz 3 A 5%
PEHEAT IR 2 R Bl 45 B2 2% IR 48 R Y A FH T — S8 KPR 43 T LR 2SR Bl 25 7 FRATT4H 84 R FH % 5
WEAIF ST 1 ULA-snRNA 45 5 IR R I 3 ) 2 R [15] -

FEATAES, FRATHEET Kir3.2 AR =4ES5 A 7 GNM B, Tl [ EiE MR, i
BRI IE ZN NI . 2 S5, M3 T — DB R ARSI Kir3.2 W S 58 MRS 5 28 I A R 2
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Figure 1. Cartoon diagram of Kir3.2 channel protein struc-
ture with the important functional regions labelled

1. Kir32 BEZBEMNFREE, fRET Kird.2 89
EEREX

2. MR
2.1 ARER

WA T AL R P T Kiir3.2 1 e 20 4 2R 45 # 0K [ 8 15 Kl 5 (Protein Data Bank, PDB) [16], 3 PDB
ID N 3SYA, ik R AL PIP2 45 & 45K, WP 1 FR. Kir3.2 @8 E2 i 4 MAF K IEIEALNR, 4 1292
NEREE, BNTREAE 323 NMEAER-

2.2. BRI RE(GNM)

e T X 45 458 (Gaussian Network Model, GNM) A2 FHRE AL 3 14 I 2 AR 2R e i) —Fob, e 28 A 5 1 = 4
GERIREAL R — TR TE 4% . b, EIEBRIRIE Co J5 71 R4k 4% Fh 45 o5, 5 AT BE B /N3 —
HWEARE, YONENZRAEMEER, R RESR - ME T e, T LR FEN, b
2T B B FREN[L7]:

-
Ve =§y[AR (T®E)AR] @)

Horr, y MR FERE, SR AR RREA T Co J{ TIOALEBKIE, N NEERNMLL BT %
ANFEFE, TR N x N BZERE T ARRERE,  HAERE T XON:

-1 ifizjandR; <,
r, = 0 ifizjandR; >, @)
-2y ifi=j

i, j#i

Hp, Ry REAFHEREE i Fj IS, ro Nz,
FRIE i (12 771574 (Mean Square Fluctuation, MSF)FIFRIE | 5 j 11K T4 H92E ARSI 5 8 -
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$oft, U NIERCHFE, 81 u (1 <k NDW T BOAIER R, For @ EURIEait: A on e, 2
FERETCN T (HRFIEE A HR4E Debye-Waller #i:, B K7 AT LB F 20t 5

Kg
6 -2 (am, 4R )= TS 2 ) u] ©
B AL | A j 2 )R — A BIE 328 XA -
AR - AR.
Gy = < I J> 1 (7

[{ar7)x(aR) P
AEXAARMER BUE T BN -1 2] 1, IEERRBEIEIZzh )5 A E, SUERRZ s 5 AR . IZAE 1
YN BTSN (] 1R I2 B AR S B o
2.3. AERERMERE
IR E A MR [18] A T FC B AR AR AL Ui AER AR, 3R Ca JRTAREER
265 1 (171 R, — S M ABNT A% 1 (X L 7.0 A)SResE S48 rh s (B R4 [15], 200 S EAT A
R IR T RN

w; i=]jand R;<r,
A = 8)

0 i=jand R;>r,
KL, r AR A IR BBE RS, BUEESR F ARER (A] S B A e
W, = —Iog(|Cij |) 9)
WA £& FRAIE 14 4% K B (Characteristic Path Length, CPL)/& M4& i BiTAg =15 s [ i 2 K AP EME, CPL x
B 17 R 5% P S 1T A TR FRTEE S M AT S A I 3R o K 15 ORI 2% 38843 1 DT R T 215 RORRERR J5 I 4% CPL )
AR B, @ Z-score KA i
ACPL, —(ACPL,)

o

Z-score, = (10)

o, ACPL FRFEFRT AL k JERHIER B K21, (ACPL) FoR T T SUK KRR 5 R E B K B AR
HFIE, o AN IIARAEZ . Z-score [HEUK I FUAEAEAER MG T 46 T h R SCHIER .
3. &ZR511ie
3.1. GNM ZR{GHEEIL 5K B-Factor AYELIRL
I3 BK] 5 (B-factor) AT AR AW K 70 7 R PR A RO SRk . ASCHERE 2 Kir3.2 () GNM BRLS, AT
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A2 re i i R ER IR R 525G B-factor [ 52 /R #jAH O¢ 2 2 (Pearson correlation coefficient, PCC) KA iE »
KA, #lE2AE 6.0~13.0 A WA, 5K 1.0 Ao G558 0 r= 13.0 A, i FISLE B-factor
1) PCC ik 2 T K 0.77. 4] 2 o TEmRA MEIR-A2 T IR A 525 B-factor [ ELELE. HI T Kir3.2
S B [RIVR DY SRR ZH AR, BT DATE S RBoR T — N e, i 2, GNM ] DURGFH AL Kir3.2 JEiE
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Figure 2. Comparison between the theoretical (solid line) and experimental
(dotted line) B-factors of Kir3.2 chain A
2. Kir3.2 9 A $%3212 (S 4k) AL (B 4k) B EFRILLE:

3.2. E£F GNM /Y Kir3.2 BEEEIHELMES T

PR K VE 10IE BAR SR FT DLW 73 1 Dh e 5 W3 IR (8 532 3, 3R I 7> T ZhREVE B B TR 52
GNM iz gt NR 7 5 & B SR R KSR (s 3 [19], IMONIRTU iR R onfgtEias), &
GNM (¥R 340 M8z Z Qo SR FE Tk v (1 DT RRER L 509%), 2R A (7)THE T IS )38 A <,
3(b)Fram. P Kird.2 A& H [FIJRPY S ARG AR, FrUAAESE R4 17 A A B P AH AT 2L (K3s B AR Sk
sl 3(a) . M 3@) W, A B FRTIRIE B & CTD B2 AMHELE B 1 2 IR DX 3 [R] A7 7E AL 1)
BANEAHSNE, mEhAR S8 1 MXIEPR, XUEBEATZ B AESR AR TR, 3 m e e i e i i
FErh CTD Wligfeizsl; #5508 2 MXERE R 7 A A1 B HE 58 AR (A S LR 5 SRz s IEAHSCE, X
AN ) 0.2 [ £ 25 IS0 e A 72 SR AR ELAE Y A4ESRF TMD BORR eV, IF (2t W I AtZ3): dx5 2 3
XIS e 1 4 A AR XH, B A BER AP E] linker XA B 5% CTD 1 34> g 7 JZ3AH Loop [X 8 [8] 47 7£
SRS BN AR N, BATHENIZAT BT P X 8] (A5 5 50 RPN 2E ) CTD 7 A e ia 2,
HET SIS IE T 2 Eh[1].

3.3. ETRERIRMEEREIAF] Kird.2 BXBAS

LA GNM 1823z s a0 ik SR8 3 158 R S I 9 B, X Kir3.2 JEIE #2571 IR i) 2 2 R 52 2% o 4%
B, A AR ORI TS A, TR T SRR BR AR LRI AR AL, SRR R 1 5 AR M AN 5 A2 i B A
P RBRETR AL, 45 R ILIA 4.t 5] 4(a), A 28 NAE (DD REFR L 1% 1 Hh 0 ) A B ) Z-score {H(Z-score > 1.0),
FLAELE K L A B A I P A(b) BT « TR, RARSEBLA S0 A B B o I Le B B R D REBEAT I 18
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Figure 3. Cross-correlations of Kir3.2 residues calculated based on GNM. (a) Cross-correlations of residues in chain A and
chain B. (b) Cross-correlations of the whole Kir3.2 channel residues

3. £F GNM i HHK) Kir3 2 BREMTENZ XXM, (2) 1 A 10 B HRENRZXHEXME, (b) AEDKIB2E
ERERIEENZ XA XM

A7 T S THZ e S FL BT A D REFRFE R 1 AR 04 Val 72, Thr74. Tyr78. Thr85. Val87. Leu89 1 Asn94.
Tyr78 5H48VAE Bo-po 1 L 11 Leu229 JE A, F2€ 7 TMD-CTD 254 S, i i) A4 2 D fig S
WA A [20]. AL T SR e T ) Asn94 5 SR TE LeuB6 JE A% | &5, farE 1 S e A &,
A A I Pk S B R (1] HEARMBRIEAL T PIP2 454 TS AN AL I e iy b 1Al A B, AT e
XFRCAR S A AR L, R (R A S 1T R s 3 ANd i s kG E A

KL F I ie_E RS REFRFE K Hh 0l Gly180. Alal85. Val188. Phel92 Fl Lys194. Val188 [fjfill§k
FEREEOE R K AR MR, BB Z2E TR B F%IZ[11]. Phel92 MIEEMZRIASE T IR
WET TR, A T3 R B A5 38 4, P B Bs 1 i B B A B /R [11]. Lys194 2 5 1 5 PIP2 45 &,
TR PIP2 FURIEA K55 5] TMD 2 EEAEH[1]. B AHEANEE Gly180 A1 Alal85 fiz-T TMD Py iZ
E b, BATHEN I O] REAE N MG 515 S HIRRAL, XHE 5 17 AR BRI JEER AN turret DX 38k 15 25 B2
A

BT ALIBE B ORI Glulb2, 1ZFREE BANERE RS, TRe R e BRI RR A, B
HREA 2R EEMIEH.

£7F TMD-CTD B X BT (1) Fh 0o 5% 25 GIn197 Al Thr204. 3 Nk 347 T 8% X 9 3 1 loop 1=
BAE PIP2 G561 s BT, P REAE N MME 5 A8 4 1) B BEAX A% Kir3.2 B30 A CTD 4% ia s B %
ER

BT G WML I ThREFRIEFE I 0 A Gly318. iZFE I EAL 61 5t G FAT11 Met319, HIREfENTES
ST A NE 5 4% 3 Met319 FFus G M EEZMEH . 5146, Gly318 EHEFHILA Thr320 I % 5+
AT IEIESL, RTERCEKFLRVEKE KBS 2 4E 1] [21].

BJa, TRAIE 1) HAD SR L Ser208. Asp217. Asp261. Asn263. Asp270. His283. GIn322 Al Ser326
AT CTD Lo HATMARA LI BIIE S EA17E Kird.2 28kt (i EFAEH] . CTD il IE D hE K 3% A A
AR GERE, K R TR TE K Th AR AL 75 SR IOIE S
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Figure 4. ldentification of key residues in chain A based on Z-score. (a) Z-score values of residues; (b)
Distribution of the 23 central residue clusters on Kir3.2 channel

[E 4. T Z-score IRRIZIAY A §E LRI EEIRE . () FREM Z-score 1E; (b) 23 NHILTREFEAE Kird.2
pr ol op i)

4, Z5ig

Kir3.2 f&—Fh P [ BSR4 85 T, 7ERP R0 LR G R AF R BRI . A T ¥ 52 R GNM
Kir3.2 JE TR, R T T S0 5 (O . 45580, BETUSERN CTD ) B 1Y IR K IRy L eI
—HCT IR ARG BT TMD TR turret F1 CTD 10 § A RSFFERCR, S BT 85 Tl
T EIES, SRR . B, T Kird2 MRIEESr, RO R TR ES e 2 17
u&mbmﬁﬁF%ﬁHMHEﬁ@ﬁEﬁﬁ%Eﬁ% SCHH R T LI I SR T AT, 34T
T A I R R O OR A T BE . R, T IAL E AR M A B NS T Kir3.2 |
5%%@%%?%Amw EYECHRARAE, 5 AMIRIE] T — L R P S AT S 10 S B A, AR
RSB SR TS . A LB TRNER R Kir3 2 B0 TAERLH, X250 B 1 5 2

EEWH
% 3 SRR 5L 410 H (31971180, 32271294) .

SEEk
[1] Whorton, M.R. and Mackinnon, R. (2011) Crystal Structure of the Mammalian GIRK2 K* Channel and Gating Regu-
lation by G Proteins, PIP2, and Sodium. Cell, 147, 199-208. https://doi.org/10.1016/j.cell.2011.07.046

[2] Hibino, H., Inanobe, A., Furutani, K., et al. (2010) Inwardly Rectifying Potassium Channels: Their Structure, Function,
and Physiological Roles. Physiological Reviews, 90, 291-366. https://doi.org/10.1152/physrev.00021.2009

[3] Choi, M., Scholl, U.I., Yue, P., et al. (2011) K* Channel Mutations in Adrenal Aldosterone-Producing Adenomas and
Hereditary Hypertension. Science, 331, 768-772. https://doi.org/10.1126/science.1198785

[4] Mathiharan, Y.K., Glaaser, .W., Zhao, Y., et al. (2021) Structural Insights into GIRK2 Channel Modulation by Cho-
lesterol and PIP(2). Cell Reports, 36, Article ID: 109619. https://doi.org/10.1016/j.celrep.2021.109619

[5] Jiang, Y., Lee, A, Chen, J., et al. (2002) The Open Pore Conformation of Potassium Channels. Nature, 417, 523-526.
https://doi.org/10.1038/417523a

[6] Nishida, M., Cadene, M., Chait, B.T., et al. (2007) Crystal Structure of a Kir3.1-Prokaryotic Kir Channel Chimera.

DOI: 10.12677/biphy.2023.114006 71 AW


https://doi.org/10.12677/biphy.2023.114006
https://doi.org/10.1016/j.cell.2011.07.046
https://doi.org/10.1152/physrev.00021.2009
https://doi.org/10.1126/science.1198785
https://doi.org/10.1016/j.celrep.2021.109619
https://doi.org/10.1038/417523a

B, FHRE

(71
(8]
[°]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

EMBO Journal, 26, 4005-4015. https://doi.org/10.1038/sj.emboj.7601828

Luscher, C. and Slesinger, P.A. (2010) Emerging Roles for G Protein-Gated Inwardly Rectifying Potassium (GIRK)
Channels in Health and Disease. Nature Reviews Neuroscience, 11, 301-315. https://doi.org/10.1038/nrn2834

Rifkin, R.A., Moss, S.J. and Slesinger, P.A. (2017) G Protein-Gated Potassium Channels: A Link to Drug Addiction.
Trends in Pharmacological Sciences, 38, 378-392. https://doi.org/10.1016/j.tips.2017.01.007

Huang, C.L., Feng, S. and Hilgemann, D.W. (1998) Direct Activation of Inward Rectifier Potassium Channels by PIP2
and Its Stabilization by Gbetagamma. Nature, 391, 803-806. https://doi.org/10.1038/35882

Sui, J.L., Petit-Jacques, J. and Logothetis, D.E. (1998) Activation of the Atrial KACh Channel by the Betagamma
Subunits of G Proteins or Intracellular Na® lons Depends on the Presence of Phosphatidylinositol Phosphates. Pro-
ceedings of the National Academy of Sciences of the United States of America, 95, 1307-1312.
https://doi.org/10.1073/pnas.95.3.1307

Bernsteiner, H., Zangerl-Plessl, E., Chen, X., et al. (2019) Conduction through a Narrow Inward-Rectifier K* Channel
Pore. Journal of General Physiology, 151, 1231-1246. https://doi.org/10.1085/jgp.201912359

Yan, W., Zhou, J., Sun, M., et al. (2014) The Construction of an Amino Acid Network for Understanding Protein Struc-
ture and Function. Amino Acids, 46, 1419-1439. https://doi.org/10.1007/s00726-014-1710-6

Zhou, J., Yan, W., Hu, G., et al. (2016) Amino Acid Network for Prediction of Catalytic Residues in Enzymes: A Com-
parison Survey. Current Protein & Peptide Science, 17, 41-51.
https://doi.org/10.2174/1389203716666150923105312

Sethi, A., Eargle, J., Black, A.A., et al. (2009) Dynamical Networks in tRNA: Protein Complexes. Proceedings of the
National Academy of Sciences of the United States of America, 106, 6620-6625.
https://doi.org/10.1073/pnas.0810961106

Shao, Q., Gong, W. and Li, C. (2020) A Study on Allosteric Communication in ULA-snRNA Binding Interactions:
Network Analysis Combined with Molecular Dynamics Data. Biophysical Chemistry, 264, Article ID: 106393.
https://doi.org/10.1016/j.bpc.2020.106393

Burley, S.K., Bhikadiya, C., Bi, C., et al. (2021) RCSB Protein Data Bank: Powerful New Tools for Exploring 3D
Structures of Biological Macromolecules for Basic and Applied Research and Education in Fundamental Biology, Biome-
dicine, Biotechnology, Bioengineering and Energy Sciences. Nucleic Acids Research, 49, D437-D451.
https://doi.org/10.1093/nar/gkaal038

Bahar, 1., Atilgan, A.R. and Erman, B. (1997) Direct Evaluation of Thermal Fluctuations in Proteins Using a Sin-
gle-Parameter Harmonic Potential. Folding & Design, 2, 173-181. https://doi.org/10.1016/S1359-0278(97)00024-2

Di Paola, L., De Ruvo, M., Paci, P., et al. (2013) Protein Contact Networks: An Emerging Paradigm in Chemistry. Chem-
ical Reviews, 113, 1598-1613. https://doi.org/10.1021/cr3002356

Babhar, I., Atilgan, A.R., Demirel, M.C., et al. (1998) Vibrational Dynamics of Folded Proteins: Significance of Slow
and Fast Motions in Relation to Function and Stability. Physical Review Letters, 80, 2733-2736.
https://doi.org/10.1103/PhysRevL ett.80.2733

Tao, X., Avalos, J.L., Chen, J., et al. (2009) Crystal Structure of the Eukaryotic Strong Inward-Rectifier K Channel
Kir2.2 at 3.1 A Resolution. Science, 326, 1668-1674. https://doi.org/10.1126/science.1180310

Niu, Y., Tao, X., Touhara, K.K., et al. (2020) Cryo-EM Analysis of PIP(2) Regulation in Mammalian GIRK Channels.
Elife, 9, €60552. https://doi.org/10.7554/eL ife.60552

DOI: 10.12677/biphy.2023.114006 72 W)L


https://doi.org/10.12677/biphy.2023.114006
https://doi.org/10.1038/sj.emboj.7601828
https://doi.org/10.1038/nrn2834
https://doi.org/10.1016/j.tips.2017.01.007
https://doi.org/10.1038/35882
https://doi.org/10.1073/pnas.95.3.1307
https://doi.org/10.1085/jgp.201912359
https://doi.org/10.1007/s00726-014-1710-6
https://doi.org/10.2174/1389203716666150923105312
https://doi.org/10.1073/pnas.0810961106
https://doi.org/10.1016/j.bpc.2020.106393
https://doi.org/10.1093/nar/gkaa1038
https://doi.org/10.1016/S1359-0278(97)00024-2
https://doi.org/10.1021/cr3002356
https://doi.org/10.1103/PhysRevLett.80.2733
https://doi.org/10.1126/science.1180310
https://doi.org/10.7554/eLife.60552

	基于弹性和复杂网络模型的内向整流型钾通道Kir3.2的动力学及关键位点研究
	摘  要
	关键词
	Study on the Kinetics and Key Sites of Inward Rectifier Potassium Channel Kir3.2 Based on the Elastic Network and Complex Network Models
	Abstract
	Keywords
	1. 引言
	2. 方法和体系
	2.1. 研究体系
	2.2. 高斯网络模型(GNM)
	2.3. 氨基酸复杂网络模型

	3. 结果与讨论
	3.1. GNM获得的理论与实验B-Factor的比较
	3.2. 基于GNM的Kir3.2残基运动相关性分析
	3.3. 基于氨基酸复杂网络模型识别Kir3.2的关键位点

	4. 结论
	基金项目
	参考文献

