G )
TARNY gt - _J’ rﬁ
R7AS X . > o7

PEKING UNIVERSITY

KesARHREYIEEF o

Bioinformatics Analysis of KcsA Protein
SCAHAEYERERE LR G144H

IREA: EEH

HER: ZBE IS RS fhZER

2h: ZEEY]

B4 . 2018%1

Bg8): 20198185 12H

lllllllllll
llllll



CONTENTS

FESiREE

e 2GR

FRFILERS

NaeS

RGER

Eis






Roderick MacKinnonk El[EE FAXE & RIS AT

e KCSARE—NME1998E
IR FEIE,

* KcsARHE FEEEHTEARABERN—M, MERRZEYVIIRRR, 18
tt—-@%%%’]* , BRSMR

« KcSAEEHSKvER 'JEI’JJL_JE’E‘-' BEEERFEE, EXIKesARNEY SRS
ﬁﬂﬁ_.fl«ijjJ:% E’Jﬁﬂﬁ'ﬁm{/ L&

- Bal, KesAtHRAVERENARZBE(FAXEEZK +8E (8fEFhERG)
B EIF =T

;Hu

Uysal S, Cuello LG, Cortes D M, et al. Mechanism of activation gating in the full-length KcsA K+ channel[J].
Proceedings of the National Academy of Sciences of the United States of America, 2011, 108(29):11896-11899.
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- WebLab faTmap &

» ExPASy_EFNFSERZS R RYER IS
DAS—— Prediction of transmembrane regions
HMMTOP——Prediction of transmembranes helices and topology
Phobius—— Predict transmembrane topology and signal peptides
PredictProtein——Prediction of physico-chemical protein properties
SOSUIl——Classification and secondary structure prediction
TMHMM——_Prediction of transmembrane helices in proteins
Tmpred——membrane-spanning region prediction
TopPred——Topology prediction of membrane proteins
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¥ou il 35 A 45 1) Transmembrane structure predication

TMpred

THpred output for unknown
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Phobius

Phobius posterior probabilities for KCSA_STRLI
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Transmembrane structure predication

TMHMM posterior probabilities for KCSA_STRLI
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Transmembrane structure predication
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FHEE X | Sequence alignment

Alignments

*. Download # Columns 4 1to250cf 250 p Show 2

I S S

Query: sp|P0A334|KCSA_STRLI BE201901103707B37BB34871DC742D8A439176A1E105489EA

KCSA_STRLI - pH-gated potassium channel KesA - Streptomyces liv... - View alignment Ni
E-value: 2.8e-110 X
Score: 817

KCSA_STRCO - pH-gated potassium channel KesA - Streptomyces coe... - View alignment Ni
E-value: 2.8e-110 X

Score: 817

ADA1HZDGUO_SACTN - Voltage-gated potassium channel - Streptomyces sp.... - View alignment

E-value: 2e-107
Score: 798

ADAD76LWY9_STRLI - Voltage-gated potassium channel - Streptomyces liv... - View alignment

E-value: 2e-107
Score: 798

ADA397QGEG_9ACTN - Voltage-gated potassium channel Streptomyces sp. 19 - View alignment

E-value: 2e-107
Score: 798

ADA2PBACG2_9ACTN - pH-gated potassium channel KcsA - Streptomyces sp.... - View alignment

E-value: 6.6e-106
Score: 788

ADA346CBSO_9ACTN - Voltage-gated potassium channel - Streptomyces sp.... - View alignment

E-value: 3e-105

» A Uniproty & iblastPife T K FIHE A, KA KEFIEE S EA R,
(L A 2 1 N 1
o FENNEFLBHYDAR N 350 R I e B (R ) 2R 1 ok
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Sequence alignment

ANITRZR 7 NIRRT 1E 1E
NEWINE FEEEH, 959
1B Uniprot AZNCBI blast T. E. i3
177 AR

A B N uniprot i) 741 EL X 45

H A AN [ 43 AR
B il 1E 2 A H AR SR F KesA
wE— T EEENERNNE 8
BEH
WREX=NEAEFEENFY
i) Iﬁlﬁ%?x_lﬁi'—ﬁm EE/EEaR]
AN B - 2 ] ) 22 5

Alighment

& How to print an alignment in color

09a069
POLI34
QTNLITE

[sleiotulage]
POAT34
QNI G

095069
POLIZ4
QTHING

095069
POLIZ4
QTNLITE

[sleitulate]
POAT34
QTHIN S

09a06Y
POLI34
QTHING

095069
POLIZ4
QTHIN G

[sfeiiulage]
POLI34
QTHIN S

09a06Y
POLI34
QTHIN G

You

KCNEZ_HUMAR
KC54_STELI
GLIC_GLOVI

KCNKZ_HUMAR
KC54_STELI
GLIC_GLOVI

KCNKZ_HUMAN
KC34 STELI
GLIC_GLOVI

KCNEZ_HUMAN
KC54 STELI
GLIC_GLOVI

KCNKZ_HUMAR
KC54_STELI
GLIC_GLOVI

KCNEZ_HUMAN
KC54_STELI
GLIC_GLOVI

KCNEZ_HUMAN
KC54 STRELI
GLIC_GLOVI

KCNEZ_HUMAR
KC54_STELI
GLIC_GLOVI

KCNEZ_HUMAN
KC54_STELI
GLIC_GLOVI

34
1
58

h
1
117

112
1
177

170
1
226

218
an
263

273
a1
321

319
119
360

379
161
360

MLP 54 5RERF TRAG VA AFDLLIPES ALONSER

MFF TG WRP—-ELSE S Ly ASFMLWGF MA LT AV ICLLWE SPRWC QDI S FFFLADE-F

FLEFE TEPTV———LASFVE— SDTT ITWMEWET V2 TIFL WL YL ————— II:

—~LTVNTG ITLIECTSLD DK AE TE EVHAFL 5L SWEDFRLAFDFYRSGVEVET YEFEATWIF

ATVFE ALEQFHE] —— ———————— SERT-—TINIQEQTF ISQHAC——WHa
ETRFVNVENARDATVVD ToVAFDGT WYL ERF 3 AR VL SPLDFRETFFDSQTLHITLIVES

TELDELIGQ TV AATHAS TTFLG-NT SNQT SHWDLG SSFFFAGTVITT IGFG NI SPRTEG—

WDT——FENIVLAV--DLEEVCENDIVEL TCYWD IE 5F TAV-—-VEP ANFA-LEDFLESK

-————GETFCITYALLGTFLFGFLLAGVGDGLGT IFGRGTAK VEDTE TRV —— 5
—————————— WPPILSCLLARL ——VKLIL ———GREGSALHVRA——A
LDYQLRISRQYFSYIPNI- ILFILF T LFISWTAFYST S

*

QTEIRIISTITFILFGCVLFVALPAITFEHIEG WS ALDATYFV VI TL——-TTIGFGDT
GAATVLL—VIVLLAGS LAV - AERF APGAGL ITTPRALWWSVE TA——-T TW&TiED—

TEANYTL—WVSTLIAHTAFNIL VE THLEETFYMI TTCATTFMIVLF YFVAVIEV TVRHT
: s *

VAGGS———DIET-LI-FTRP WHFW-——-ILVGLATFALVL SMIGDWLEVWISEE T
—————————— LTPV TLWFL VAT VIVAG L TSFG LV TAML ATWF VG E-—E
LEVESGP ARA4 ST TRASRTAFPV—VFL——LANI IL AFLFFGF————————

KEEW;EFRAHA AEWT ANVT AEFK ETRRFL SVETVDEFGRAT STEFRFL SAEL AGNHIGEL T
QERF: HFVREHSEE ALE-—EAVTRT T-RALHERFDFLERMLIDIR R ———————

PCRRTLSVNHL TSERDVLFFLLE TESIYLNGLTPHCAGEETAVIENIK

may add additional sequences to this alignment (in FASTA forma

33
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262
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320
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118
359

r
160
389

426
160
359
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Tree

Q7rNDNE GLIC _GLOVI
| | 095069 KCNKZ_HUMAN
POA334 KCSA_STRLI
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FHEE X | Sequence alignment

[BiDownload ~ Graphics Sortby: |E value v

sp|O95069|KCNKZ_HUMAN Potassium channel subfamily K member 2 O5=Homo sapiens OX=9606 GN=KCNK2 PE=1 SV=2
Sequence ID: Query_97447 Length: 426 Number of Matches: 2

Range 1: 156 to 192 Graphics ¥ Mext Match

Score Expect Method Identities Positives Gaps
30.4 bits(67) 12-05  Compositional matrix adjust.  12/37(32%) 23/37(62%) 0/37(0%)
Ouery 74 TTVSYGDLYEVTILWGELVAYVWMVAGITSFGLYTAML 110

TTHz+G++ F T G++ ++ + GL Fiz + A +
Shijet 166 TTIGFGHISPRTEGGEIFCITYALIGIFLFGFLLAGY 132

Range 2: 256 to 364 Graphics A Previous Match § First Match

Score Expect Method Identities Positives Gaps
25.0 bits(53) 0.001 Compositional matrix adjust. 25/115(22%) 45/115{39%) 25/115{21%)

Huery 66  ALWWSVETATTVGYG——————DLYPYTINGELYAVYVMVAGITSFGLVT ARLAT 112
Attt W T TTHzHz nr o gt F ¥+ +
Shyet 256 ATYFYWITLTTIGFGDYVAGGSOIEYLIFYERYVH FHTLVGLAYFAAVIEMIGD 309

Huery 113 WF—YGREERERRGHFVEHSEE——AAEEAYTRTTRALH-ERFIRELERMLIDNERE 160
W ++E ¢ F H+ + + TREL E 40+ +R R+
Skjet 310 WLRVISEETEEEVGEFEAHAWEWTANVTAEFKETERRLSVETYDEFQRATSIERE 364

o B AEIEINCBI blastD)RE X N S8 B 718 18l KesA TR H BEAT B XUF 51 b X
o T HEIRT20-30%E 4 ) — B
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Sequence alignment

& How to print an alignment in color

FOA334
QYTDFS

FOA334
QUTDE S

FOA334
QYTDFS

FOA334
QUTDE S

FOA334
QYTDF S

FOA334
QUTDE S

EC54 STRLI
EViP_AERFE

KC54, STRLI
EVAF AERFE

EC54 STRLI
EViP_AERFE

KCS4 STELI
EVAF_AERFE

EC54 STRLI
EVAP_SERFE

KCS4 STELI
EVAF_AERFE

« BBy KesAEE H S5 KVAPEE H RIS LEXT, 2 — 2R IR I A& 1l iE 5

61

121

47
181

1T
241

161
202

MEVERWVFPGC SVMARF RRGL SDLGGRVENTGIMERFL VELG Vo TA L LEVIWWWVET T

MEPIE L3
ML SEEYLVEL YL VD LILV I TL WAL YA TR AYESCDPAGT VEETLYETPALVPAGLLALTE

GLLi-————— FLVE-LLLGRH AT HWR A 4G4 AT V- ———- LLVIVLL 4% 5TL
GHLAGLGIFRLVRILEFLRTL LI ISR SEFL SATADA DK TRF THL FGAVML TWL T 8F &
E I E S *k - L E I T

LVLAERG APGAGL TTYPRALWWSVE TATT W G DL YPWT LWGRELY AV 4 TT SFGLY

I IVEYPIPNS STESVE DAL WAV TAT T W I WP AT PIGE WIGTAVML Tz TS AL TLL
LK 00

TAAT.8 TWFV——GREQERFHE VEHSEE AL EE &F TR TT RAT HERFDFLERML LD NREF——
IGTVAINFOEILYCEFEPSCSE, AKTAF: WS SN=EEEFEEF VE TLENLEFLE
Llll. K *, . * ok
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% EBREEMBIEE Building a phylogenetic tree

o TeiEKcSAS B ARV E 18
H R ERRIEZE,

In7~l
1

ERAHITZFIILELETSR

- BE[JIEHEFEE (Kv)

- AEERHEFEE (Kir)

« WFLX GBI HEFEE (K2P)
s oA JIEHEFEE (Kligand)

Kuang Q, Purhonen P, Hebert H . Structure of potassium channels[J]. Cellular and Molecular Life Sciences, 2015, 72(19):3677-3693.



K* channel pore KcsA  Streptomyces lividans POA334

KCNA1 Human Q09470

Kv KCNA2 Human P16389
KVAP Aeropyrum pernix QI9YDFS8

Kir KCNJ1 Human P48048
KCNJ6 Human P48051

Kcnk1 Human 000180

K2P
Kcnkl Rat Q9Z2T2
Methanothermobacter
Kligand mthK thermautotrophicus 027564

KCMA1 Human Q12791
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Motif, Tertiary structural analysis

Motif analysis

* UniProt
InterPro
Pfam
HMM logo
SMART

e TMHMM

* TMpred

* Motif Scan



Motif, Tertiary structural analysis

UniProt

Subcellular location:

» Cell membrane @ ; Multi-pass membrane protein @

Topology
T S
Topological domain® 1 - 27 Cytoplasmic @& add %eBLAST I

Transmembrane? 28 - 50 Helical @ Add N BLAST ] 23
Topological domain® 51 - 61 Extracellular # Add N BLAST [ | 11
Intramembrane* 62 - 72 Helical; Pore-forming @ Add % BLAST B 11
Intramembrane* 73 - sp Pore-forming [ | 8
Topological domain® 81 - 87 Extracellular [ 7
Transmembrane? g8 - 111 Helical @ Add N BLAST N 24
Topological domain? 112 - 160 Cytoplasmic @ Add %% BLAST I 49

GO - Cellular component:
» voltage-gated potassium channel complex # Source: InterPro

View the complete GO annotation on QuickGO ...

Keywords - Cellular component!
Cell membrane, Membrane



InterPro

InterPro

ch g Taining @ Abo EMBL-EBI

Protein sequence analysis & classification

Home  Seach  Release noles

Overview
Sumilar proteins

Structures

Filter view on
Entry type

Homologous supertarily
E @Famy
E @ oomans

Status
H @ uninegratea

Per-residue features

aue annotatio

Colour by
@® domain relationship

O source database

help

Download ~ AboutinlerPro  Help | Conlact  interPro BETA

pH-gated potassium channel KcsA = Expot TV = Export FASTA
(POA334)

Accession *P0A334 (KCSA_STRLI)

Species  Streptomyces lividans

Length 160 amina acids (complete)
Source: UniProtkB

Protein family membership

8 voltage-gated potassium channel (IPRO28325)

Homologous superfamilies

None predicted

Domains and repeats

+ Borman
Detailed signature matches
IPROZ8325  Voltage-pated potassium channel
wemmne
— ——— PRI pcmt

® IPRO13089  Petassium channel domain

+ POTHES fom_vams_3)

@ nolPR Uninlegrated signatures
—_— »GID3AT 1028
—_— »GID3A1 205110
e+ GIDSA1 205440
» FTHRINSI7 8F14

»ssranzs
Other features
p— —— 1 CYTOPLSHNC_D
— — +HOM_CYTOPLASH
— »sicteL_pePToE
- oA PEPTD
1 » SIGNAL_PEPTID.
- »sicnes_pePTD.
 Thne

» TRANSMEMERAHE

GO term prediction

Biological Process

#GO-0006813 Potassium ion transport

Molecular Function

#GO-0005240 voltage-9ated potassium channel actity

Cellular Component

2 GO-D00BITE voltage-9ated potassium channel compiex



Motif, Tertiary structural analysis

Protein: KCSA_STRLI (POA334)

Summary

Sequence

Structures

Jump to...
i

Go

This is the summary of UniProt entry KCSA STRLICY (POA334rY).

Description: pH-gated potassium channel KcsA

Source organism: Streptomyces lividanst?¥ (NCBI taxonomy ID )

Length: 160 amino acids
Reference Proteome: X

Please note: when we start each new Pfam data release, we take a copy of the UniProt sequence database. This snapshot of UniProt
forms the basis of the overview that you see here. It is important to note that, although some UniProt entries may be removed after
a Pfam release, these entries will not be removed from Pfam until the next Pfam data release.

Pfam domains

This image shows the arrangement of the Pfam domains that we found on this sequence. Clicking on a domain

will take you to the page describing that Pfam entry. The table below gives the domain boundaries for each of
the domains. Less...

E-values are based on searching the Pfam-A family against UniProtKB 2018 04c¥ using hmmsearch.

Download the data used to generate the domain graphic in JSON format.

Pfam Ion trans 2 33 116 22.50 22.50 53.90 53.40 8.6e-11 1.2e-10

Show or hide domain scores.




The HMM logo is a graphical representation of the Hidden Markov Model that decribes the properties of
that HMM. The differing heights and colors of the letters represent different properties of the positions
in the HMM they represent.



Motif, Tertiary structural analysis

SMART

WHAT S NEW keywaords... Search SMART

SMAR'

Domains within Streptomyces coelicolor A3(2) protein KCSA_STRCO (P0OA333)
pH-gated potassium channel KcsA
+ = - SAVE Selected feature details -0 X

Transmembrane region

This is a transmembrane helix region, as detected
|| ] by the TMHMM v2.0 program. The region starts at

position 28 and ends at position 50.

Transmembrane region (23 aa):
Submit to BLAST Copy to dipboard

0 400 Z VLLVIVLLAGSYLAVLA

Information Interactions Orthology

Length 160 aa
Source database UniProt

ldentifiers KCSA_STRCO, P0A333

The SMART diagram above represents a summary of the results shown below. Domains with scores less significant than established cutoffs are not shown in the diagram. Features are also not shown when two or more
occupy the same piece of sequence; the priority for display is given by SMART > PFAM > PROSPERO repeats > Signal peptide > Transmembrane > Coiled coil > Unstructured regions > Low complexity. In either case,
features not shown in the above diagram are marked as ‘overlap’ in the right side table below.

Confidently predicted domains, repeats, motifs and features: Features NOT shown in the diagram: &

Mame Start a End E-value MName Start a End E-value Reason
low complexity 5 17 MIA low complexity 28 42 MIA overlap
transmembrane

_ 28 50 MIA
region
transmembrane

. 66 28 MIA
region
transmembrane

_ 93 115 MIA
region

low complexity 132 143 MIA



Motif, Tertiary structural analysis

TMHMM Serverv. 2.0

TMHMM result

HELP with output formats
4# WEBSEQUENCE Length: 160
4 WEBSEQUENCE Number of predicted TMHs: 3
# WEBSEQUENCE Exp number of Afis in TMHs: 58.34819
# WEBSEQUENCE Exp number, first &0 ALs: 22.71345
4 WEBSEQUENCE Total prob of N-in: 0.14030
4 WEBSEQUENCE POSSIBLE N-term signal segquence
WEBSEQUENCE TMHMMZ .0 outside 1 27
WEBSEQUENCE TMHMMZ .0 TMhelix 28 50
WEBSEQUENCE TMHMMZ .0 inside 51 ]
WEBSEQUENCE TMHMMZ .0 TMhelix 13 88
WEBSEQUENCE TMHMMZ .0 cutside 28 g2
WEBSEQUENCE TMHMMZ .0 TMhelix EES 115
WEBSEQUENCE TMHMMZ .0 inside 116 180
TMHMM posterior probabilities for WEBSEQUENCE
1.2 . . - . . . .
I B T B
1 4
0B 1
)
=
=}
[l J
= 06
g
=}
04 1
02 . I i ]
Lol
0 L | Hllln .||IH | = L L
20 40 60 80 100 120 140 160
transmembrane inside outside ——

# plot in postscript, script for making the plot in gnuplot, data for plot




Motif, Tertiary structural analysis

THpred output for unknown

Possible transmembrane helices 3008 T T . . . T —

The sequence positions in brackets denominate the core cand

region.

Only scores above 500 are considered significant. teee

Inside to outside helices : 2 found
from to score center

28 ( 30) 50 (47) 2351 39

90 ( 90) 115(111) 2204 103

1066

p=15150t]

Outside to inside helices : 3 found 2008

from to score center
1( 1) 18 ( 18) 234 9 —amEE i
28 ( 31) 50( 47) 2507 39
90 ( 90) 116 (110) 2288 100 _so08 i
----- > STRONGLY prefered model: N-terminus outside —caEa -
2 strong transmembrane helices, total score : 4711
# from to length score orientation —7aEa ' ' L L ' ' '

@ 2@ 40 =1 206 16806 12 148 18

1 28 50 (23) 2507 o-i
2 90 115 (26) 2204 i-o
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Motif Scan Results

search help

° user: GUEST  width: 600
O I ( l n log in settings Query Protein temporarily stored here.
.. HAMAP profiles [hamap], PROSITE patterns [pat], More profiles [pre], PROSITE patterns (frequent match producers)
Gonalascluipee [freq_pat], PROSITE profiles [prf].

Tools
searching HAMAP profiles
Hub searching PROSITE patterns
searching PROSITE patterns (frequent match producers)

Stored results

Private area postprocessing
Misc Summary
Deprecated Original output hamap, pat, freq pat, pre, prf.
Privacy notice T B 0 18

Matches map

(features from guery are
above the ruler, matches of
the motif scan are below the
ruler)

[ pre 1 CHRNNEL_FORE_f_£13 7/

Legends: 1, freg pac:MYRISTYL [2]; 2, freq pac:PRC_PHOSEHO_SITE [2]; 3, freq pac:TYR_SHOSZHO_SITE [2].

FT 43 28 freq pat:MYRISTYL [?]
=T 53 freq pat:MYRISTYL [?]
FT 104 109 fregq pat:MYRISTYL [?]
. =T 129 131 freq pat:PKC PHOSPHO 5ITE [2]
List of matches 140 142 [ pat :PKC_PHOSPHO SITE [2]
FT 131 137 TYR_PHOSPHO SITE [2]
FT 1 114 N
=T 57 112

Graphics pre:CHANNEL_PORE_K

Query

ID CHANMEL_PORE_K:; MATRIX.
DE Pore region of potassium channels,
g system depicted below is approximate.

B atch 1 (scon) (R
3

F W
al| P 1

Subject

ID RAF MPORARY; PRT; 160 AA.

R et ch 1 (scon) RSO
—
EQ 4 1 £ 1he 110 1y 18

Match 1

>pre:CHANNEL_PORE_K 17.550 729 pos. 57 - 114 [ 1, -1] PS50265|pre:CHANNEL_PORE_K Pore region of potassium channels.

6 P
= |

AOLITYPRALWWSYETAT TYGYCOLYPY TLWGRLVAYWYMVAGT TSFOLY TRALATWF



Motif, Tertiary structural analysis

Motif analysis conclusion

* Motif prediction gave us similar result:
kcsA has 3 transmembrane region, with 1 ion passing pore.

* Motif prediction also gave us cues for predicting its tertiary structure in vivo.



o Tertiary structural analysis

Tertiary structural analysis

* Protein Data Bank (PDB)

e Literature

The structure of the potassium channel: molecular basis of K+ conduction and
selectivity.



Tertiary structural analysis

Protein Data Bank

( Transmembrane View

transmembrane regions [0

© 3D View: Structure | Electron Density |
Ligand Interaction

Standalone Viewers
Protein Workshop | Ligand Explorer

Macromoelecule Content

« Total Structure Weight: 4112913 @
« Atom Count 2823 @

« Residue Count- 388 @

« Unigue protein chains: 1

| "DIENERI RS @ Download Files -

POTASSIUM CHANNEL (KCSA) FROM STREPTOMYCES LIVIDANS
DOI: 10.2210/pdb1BLS/pdb

Classification: MEMBRANE PROTEIN
Organism(s): Streptomyces lividans
Expression System: Escherichia coli
Mutation(s): 1 @

Deposited: 1995-07-23 Released: 19958-07-29
Deposition Author(s): Doyle. D.A.. Cabral. J.M., Pfuetzner. R.A.. Kuo. A., Gulbis, J.M., Cohen. S.L.. Chait. B.T.
Mackinnon, R.

Experimental Data Snapshot wwPDB Validation & 3D Report || Full Report
Method: X-RAY DIFFRACTION Metric Percentile Ranks Value
Resolution: 3.2 A Riree [ T .75
R-Value Free: 0.290 Clashscore z I S5
R-Value Work: 0.260 Hamachandran outlicrs : D E G
Sicdechain anlliers N T %
RSRZ outlicrs I T T T e 3

Wonen en
W Feceraic relzties £ 2l 2 T stracedeas
Dberven e velstivg L oo sl aLares o7 il tesalution

This is version 1.3 of the entry. See complete history.

Literature Download

The structure of the potassium channel: molecular basis of K+ conduction and selectivity.
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The structure of the potassium channel: molecular basis of K+ conduction and selectivity.
Doyle DA', Morais Cabral J, Pluetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, MacKinnon R.

+ Author information

Abstract
The potassium channel from Streptomyces lividans is an integral membrane protein with sequence similarity to all known K+ channels,

particularly in the pore region. X-ray analysis with data to 3 2 angstroms reveals that four identical subunits create an inverted teepee, or
cone, cradling the selectivity filter of the pore in its outer end. The narmrow selectivity filter is only 12 angstroms long, whereas the remainder
of the pore is wider and lined with hydrophobic amino acids. A large water-filled cawvity and helix dipoles are positioned so as to overcome
electrostatic destabilization of an ion in the pore at the center of the bilayer. Main chain carbonyl oxygen atoms from the K+ channel
signature sequence line the selectivity filter, which is held open by structural consirainis to coordinate K+ ions but not smaller Na+ ions.
The selectivity filter contains two K+ ions about 7.5 angstroms apart. This configuration promotes ion conduction by exploiting electrostatic
repulsive forces to overcome attractive forces between K+ ions and the selectivity filter. The architecture of the pore establishes the
physical principles underlying selective K+ conduction.
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Figure 1 Sequence alignment of selected
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Declan A. Doyle et al. Science 1998;280:69-77
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Figure 6 Identification of permeant ion
positions in the pore.

Figure 7 Two mechanisms by which the
K* channel stabilizes a cation in the
middle of the membrane.

Figure 8
Detailed
views of
the K*
channel
selectivity
filter.

Declan A. Doyle et al.
Science 1998;280:69-77
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We propose that the following principles underlie the structure and operation of K*
channels. (i) The pore is constructed of an inverted teepee, with the selectivity filter
held at its wide end. This architecture also describes the pore of cyclic nucleotide—gated
channels and probably Na* and Ca?* channels as well. (i1) The narrow selectivity filter
is only 12 A long, whereas the remainder of the pore is wider and has a relatively inert
hydrophobic lining. These structural and chemical properties favor a high K*
throughput by minimizing the distance over which K* interacts strongly with the
channel. (ii1) A large water-filled cavity and helix dipoles help to overcome the high
electrostatic energy barrier facing a cation in the low dielectric membrane center. (iv)
The K* selectivity filter is lined by carbonyl oxygen atoms, which provide multiple
closely spaced sites. The filter is constrained in an optimal geometry so that a
dehydrated K* ion fits with proper coordination but the Na* ion is too small. (v) Two K*
lons at close proximity in the selectivity filter repel each other. The repulsion
overcomes the otherwise strong interaction between ion and protein and allows rapid
conduction in the setting of high selectivity.
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