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1 Supplementary Methods

1.1 Construction of closed, pre-open and open Kir1.1 homology models

We built a closed, a pre-open and two open homology models of Kir1.1 using the available experimental structures

of inwardly-rectifying potassium channels. The closed and pre-open models of Kir1.1 used the structures of chicken

Kir2.2 without1 (PDB:3JYC, resolution 3.1 Å) and with2 PIP2 (PDB:3SPI, resolution 3.3 Å) bound. One of the

two open homology models used the structure of Kir3.24, whilst the other was based on and a published model of

KirBac1.15.

The crystallographic unit cell of R201A Kir3.2 with PIP2 bound (PDB:3SYQ, resolution 3.5 Å) contains two

monomers, one with PIP2 bound and one without, resulting in a tetramer with only two-fold symmetry4. We used

a symmetric tetramer with four-fold symmetry built using only the more open PIP2-bound monomer coordinates

supplied by the MacKinnon laboratory. Neither this structure nor the model of KirBac1.1 derived from 2D electron

microscopy data5 are complete templates for Kir1.1 and hence the Open-Kir3.2 and Open-KirBac-EM models

required multiple templates (Table S2). The N-terminus of the Open-Kir3.2 model (residues 49-67 incl., Kir1.1

numbering) was modelled using the more open chimeric Kir/KirBac structure (PDB:2QKS, resolution 2.2 Å)6. For

both models the long extracellular loop present in Kir1.1 (residues 104-120 incl.) was modelled using the closed

structure of chicken Kir2.2 (PDB: 3JYC)1. The multiple alignment between Kir1.1 and all the homologs is shown

in Figure S6. The quality of the alignment is good with many conserved sequences in both the pore and C-terminal

domains.

We then used Modeller 9v87 to build the four homology models of Kir1.1. If more than one homolog was

used, these were first structurally aligned using VMD8 before being input into Modeller. The fragments were

structurally aligned using the last or first 4 residues. All numbering below is for Kir1.1. Modeller enforced both

the disulphide bond between Cys-121 and Cys-153 and the salt bridge between Glu-137 and Arg-147. The slide

(residues 64-74), M1 (residues 77-104) and M2 (residues 154-183) helices were all constrained to be helical and

finally the four chains were also constrained to be symmetrical. Fifty models were built and the best one was

selected by examining both the reported energy and the number of residues in disfavoured and disallowed regions

of the Ramachandran plot, as assessed by the RAMPAGE server9. Hydrogens were then added using the pdb2gmx

module of GROMACS10. Each model of Kir1.1 contained at a minimum residues 49-350.

1.2 Characterization of the closed, pre-open and open Kir1.1 models

But which model is the most open at the helix bundle crossing and how do the positions of the C-terminal domain

change? To provide an approximate answer to these questions we measured a series of parameters for each model
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given in Table S2. These are (i) the distance between the A180 Cα atoms in TM2, (ii) the average pore radius

and the (iii) twist and (iv) height of the CTD. We chose A180 as it is the equivalent residue to T112 in KcsA

and so enables comparison with the range of open KcsA structures11. The distance between the A180 Cα atoms

therefore gives a crude estimate of how far apart the M2 helices are and therefore how open is the helix bundle

crossing. The average pore radius provides a more accurate assessment; first how the pore radius varies along the

channel is estimated by HOLE12. We define the average pore radius as the average of the pore radius over a 7 Å

window centered on the position of Cα of A180. This value can be compared to theoretical studies of hydrophobic

pores13. The values suggest that both the helix bundle crossing of the closed and pre-open models of Kir1.1 are

in all likelihood impermeable to potassium ions whereas the three open models are most probably permeable. We

then assume the C-terminal domain can be approximated as a rigid body and measure its movement relative to the

closed model of Kir1.1. Any rotation about the pore axis is measured by examining the movement of center of

mass of the Cα atoms of the β -loop of one monomer (residues 329 to 339 incl, Kir1.1. numbering). We assessed

the movement upwards towards the membrane of the C-terminal domain by examining the movement of the center

of mass of all four G-loops (residues 302-305 incl.). These metrics show what we expect, i.e. that the C-terminal

domains of all models except the closed model are closer to the membrane and the CTDs of the open models are

twisted by 10-30◦ compared to the closed model.

1.3 Analysis of the closed, pre-open and open Kir1.1 models

The 47 residues that shift the pH0.5 by more than 0.4 pH units were first mapped onto each of the five models. The

proximity and interactions between all 188 (4 × 47) residues were then analysed. First all hydrogen bonds between

the residues are calculated. We assumed a hydrogen bond to have formed if the distance between the donor and

acceptor was less than 3.8 Å and the angle subtended by the donor, hydrogen and acceptor was less than 60◦. Salt

bridges were assumed to have formed if the sidechains of acidic and basic residues are separated by less than 3.8 Å.

Finally, proximity between two residues was tested by first calculating the accessible surface area of each sidechain

using a probe of varying radius (A and B) and then calculating the accessible surface area (ASA) of both sidechains

together (C). If (A+B)>C then we assume the two residues are packing against one another. The effect of varying

the probe radius in the range 0.2-1.2 Å was examined and we decided on a probe radius of 1.0 Å by comparing the

probe radius to the predicted thermal fluctuation (see below). This analysis was also done using VMD8.

Each of the 188 residues was then assigned to a node in a graph and edges between residues were added where

the above analysis indicated that a hydrogen bond or a salt bridge was present or when the two residues were in

close proximity to one another. Only one edge between two residues was permitted and hence a salt bridge takes

priority over a hydrogen bond which takes priority over an edge indicating proximity. Edges were added between
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two proximal residues if difference in ASA is > 10 Å2. This ensured that the edges indicating proximity are

meaningful and that the resulting packing is likely to stabilise the protein. The clusters (connected subgraphs) of

the resulting undirected graph were then identified and, for example, the distribution of cluster sizes and which

residues are involved in each cluster were then recorded. This analysis was performed using the NetworkX python

module14. It is common to measure the change in accessible surface area to water of a chemical moiety as means

to estimate for the partitioning free energy15. Since the mutated sidechains were typically buried or exposed to

lipid whether the channel is open or closed we are not using the accessible surface area in this way. Instead we are

assessing how the packing between residues changes as the channel changes conformation and hence are assuming

that the more tightly packed the interior of the channel, the lower its free energy. As discussed in the next section,

in this context the radius of the probe is a simple way of including some measure of the thermal fluctuation inherent

in the protein under the experimental conditions.

1.4 Relating the probe radius to the predicted atomic root mean square fluctuation

The Debye-Waller B-factors (B) measured by x-ray crystallography for each atom can be related to the average

root mean square fluctuation (RMSF,
〈
∆R2

〉1/2 ) via16,17

B =
8π2

3
〈
∆R2〉 .

The interpretation is often difficult since the B-factors also contain a component of the statistical error arising

from inferring the position of the atom from the observed electron density. This contribution, however, can be

minimised by examining high resolution crystal structures. None of the available structures of inwardly-rectifying

potassium channels are of sufficiently high resolution, however, there are several high resolution structures of

similar tetrameric cation channels, including KcsA18 (PDB:1K4C, 2.0 Å resolution), NaK19 (PDB:3OUF, 1.55

Å resolution) and MthK20 (PDB:3LDC, 1.45 Å resolution). We calculated the estimated RMSF using the above

approach for all the Cα carbons for each of these channels. Averages over the entire pore (80 residues) or just the

selectivity filter (7 residues) are plotted in Figure S4. The RMSF is hence estimated to be in the range 0.7-0.8 Å in

the filter and 0.9-1.0 Å for the pore. Using a probe radius in this range in the above proximity analysis is therefore

a simple but effective method of modelling the thermal fluctuations in the protein. Indeed when we analysed the

connectivity of the graphs in each model of Kir1.1 (Figure S5) we observed a sudden increase in the size of the

largest sub-graph when the probe radius was in the range 0.8-1.0 Å. We therefore used a probe radius of 1.0 Å to

interpret the connectivity of the graphs. Noskov et al.17 also estimate that the RMSF of atoms in the filter of the

KcsA channel to be roughly on the order of 1.0 Å.
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2 Supplementary Tables

Table S1. (Refers to Figure 1) This is contained within a separate file and lists the mutations analysed and their

effect on the measured pH0.5 and Hill coefficients. If a simple alanine mutation led to a channel with no expression,

a more conservative mutation was tried. If this also failed, in some cases a co-expression with wildtype was then

attempted. Standard errors were calculated in the usual way and are also included.

Table S2. (Refers to Experimental Procedures and Figure 2 and Figure 3). This describes (i) which homologs were

used for each model of Kir1.1 and (ii) a series of simple metrics (explained in the text above) which characterise

how open the bundle crossing of each model is and how close the CTD is to the TMD.

3 Supplementary Movies

Movie S1. (Refers to Figure 1) The model of closed Kir1.1 is rotated showing which positions (a) were mutated

(grey), (b) where mutation resulted in no functional activity (orange), (c) where mutation changed the pH0.5 by less

than 0.4 pH units (green), (d) where pH0.5 < 6.0 (blue) and (e) where pH0.5 > 6.8 (red, 47 positions).

Movie S2. (Refers to Figure 3) Five separate networks identified in the closed state fuse together forming a single

network in the pre-open state which persists in the open state. The five largest networks (four identical in the TMD

and one connecting all the G-loops in the CTD) in the closed state are shown on the model using space-filling

spheres. As an aid to understanding, a morph from the closed to the pre-open state is shown, demonstrating how

the conformational changes cause these networks to fuse together forming a single large network. This network

remains approximately the same even when the channel undergoes further conformational changes and opens. This

is illustrated by a morph from the pre-open to open state (Open-Kir3.2 model).

4 Supplementary Figures 1–6

All figures herein are referred to in either the main body of the paper or the Supplementary Methods section.
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Figure S1 (Refers to Figure 1 and Figure 5) (A) Lack of correlation between the pH0.5 and the Hill coefficients estimated

from the electrophysiological data. Experimental estimates of the error in both quantities are plotted. (B) Unlike the pH0.5

values, the estimated Hill coefficients form an approximately symmetric distribution with the wildtype (2.5 ± 0.2) being

close to the center.
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47 positions where mutation 
shifts pH0.5 to ≥ 6.8

node

largest cluster 

largest cluster 

schematic graph

schematic graph

 repeated 100x

MODELLER

sequence alignment

C-terminal domain:
Kir3.2

Kir3.2

EC loop:
cKir2.2

N-terminus:
mKir3.1-KirBac1.3 chimaera

47 positions chosen randomly 
from the 187 measured

Example of building 
Open-Kir3.2

A

B

C

edge

Figure S2 (Refers to Experimental Procedures and Figure 2) Schematic illustrating how homology models were built and

analysed. (A) Although mainly built using one of the monomers from the R201A Kir3.2 PIP2 bound structure4, the

Open-Kir3.2 model of Kir1.1 required several templates (see Supplementary Table S2) as shown. (B) The 47 positions

which shift the pH0.5 by more than 0.4 units are mapped onto each model. These define the nodes of a graph. Edges were

added where residues either pack close to one another, are hydrogen bonded or form a salt bridge, as described in the

Supplementary Methods. The connectivity of the resulting graph is then analysed, in particular the distribution of cluster

sizes. (C) To check that these clusters did not arise by chance or simply because the open models are more compact, 47

positions were also selected at random from the 187 positions tested and the resulting graphs analysed. This was repeated

100 times for each model and the results compared to the set of experimentally identified residues (Figure S5).
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Figure S3 (Refers to Figure 2B) Large clusters form in the Pre-open and Open-Kir3.2 models but not in the Closed and

control Open-KirBac-EM models. To test if these networks are significant the bottom panel for each model shows one

example where 47 residues are chosen randomly and the resulting network analysed. This is repeated 100 times and the

average and ranges are shown in Figure S5. The single largest cluster in each case is indicated by an arrow.
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Figure S4 (Refers to Experimental Procedures and Figure 2B) The average RMSFs predicted from the Debye-Waller

crystallographic B-factors for three high resolution ion channel structures are in the range (A) 0.9-1.0 Å for Cα in the pore

and (B) 0.7-0.8 Å for Cα atoms in the selectivity filter. The structures are KcsA (PDB:1K4C, 2.0 Å resolution)18, NaK

(PDB:3OUF, 1.55 Å resolution)19 and MthK (PDB:3LDC, 1.45 Å resolution)20.

13



Open-KirBac-EM

 0

 80

 160

 0.5  1
 0

 80

 160

 0.5  1

 0

 80

 160

 0.5  1

A

Open-Kir3.2

Pre-openClosed
size of 
largest 
cluster

98%

2%

25%

50%

mean

B

 0

 80

 160

 0.5  1

Figure S5 (Refers to Experimental Procedures and Figures 2C-F) The clustering observed when the experimentally

identified 47 positions are mapped onto the pre-open and open state models of Kir1.1 is much greater than when graphs

formed using sets of 47 randomly chosen positions are analysed. (A) How the size of the largest cluster varies with the probe

radius. To test if the large clusters that form in the Pre-open and Open-Kir3.2 models are significant when the probe radius is

> 0.6 Å we repeated the graph-based analysis for 100 models where 47 positions were randomly chosen from the 187

positions tested. This is repeated for all three models and the control Open-KirBac-EM model and yields a distribution of

sizes for the largest cluster at each probe radius. This is drawn as a box-whiskers plot as defined in (B). At a probe radius of

1.0 Å the size of the largest experimental cluster is larger than any of the 100 randomly assigned cluster for the Pre-open and

Open-Kir3.2 models but not for the closed or low-resolution Open-KirBac-EM models.
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50        60        70        80        90       100       110        
Kir1.1                     D         W                 F                                                                             A I  D          CNIEFGNVEAQSRFIFFV IWTTVLDLK RYKMTIFITAFLGSWFF GLLWYAV Y HK LPEFHPSANH
Kir2.2                     D         W                 F                                                                             A I  D          CNVEFTNMDDKPQ.RYIA MFTTCVDIR RYMLLLFSLAFLVSWLL GLIFWLI L HG LENPGGDDTF
Kir3.2                     D         W                 F                                                                             A I  D          CNVHHGNVR.ET.YRYLT IFTTLVDLK RFNLLIFVMVYTVTWLF GMIWWLI Y RG MDHIEDPS.W
Kirchim                    D         W                 F                                                                             A I  D          CNVQHGNLGSETS.RYLS LFTTLVDLK RWFFVSLAVLFLLLNTA ATLYMLG L HG LENPGGDDTF
KirBac1.1                   D         W                 F                                                                             A I  D          ...REVIAYGMPASVWR. LYYWALKVS PVFFASLAALFVVNNTL ALLYQLI L HG LENPGGDDTF
KirBac3.1                   D         W                 F                       ...NITRL......WLD. HYHDLLTVS PVFITLITGLYLVTNAL ALAYLACHGDLENPGGDDTFKPC

120       130       140       150       160       170       180        
Kir1.1      V        AF FS  T  T GYG                     G                 P    PC     G         E                  A                   G            T   ENIN LTS  L  L  QV I   FRCVTEQCAT IFLLIFQSIL VIINSFMC AILAKISR KKR
Kir2.2      V        AF FS  T  T GYG                     G                 P    PC     GF        E                  A                   G            K   LQVN  VA  L  I  QT I   FRCVTEECPL VFMVVVQSIV CIIDSFMI AIMAKMAR KKR
Kir3.2      V        AF FS  T  T GYG                     G                 P    PC     GF        E                                      G            T   TNLN  VS  L  I  ET I   YRVITDKCPEGIILLLIQSVL SIVNAFMV CMFVKISQ KKA
Kirchim     V        AF FS  T  T GYG                     G                 P    PC     GF        E                  A                   G            K   LQVN  GG  F  V  LA V   DMH..PQTVY HWIATLEIFV MSSIALAT CAFIKMSQ KKR
KirBac1.1    V        AF FS  T  T GYG                     G                 P    PC     GF        E                  A                   G            K   LQVP  VG  F  V  LA V   DMH..PQTVY HAIATLEIFV MSGIALST LVFARFAR ..R
KirBac3.1    V        AF FS  T  T GYG                     G                 P            F                           A                                VLQ NGFGS TD  F  VQ MA I   KLI..PIGPL NTLVTLEALC MLGLAVAASLIYARFTR ..T

190       200       210       220       230       240       250        
Kir1.1   A    F          G   L  R    R            L                                  S  AV      K        NL                     EG                    KTIT  KN  ISKRG  LC LI VA   KSLLIGSHIYGK LKTTVTP  ETIILDQININFVVDAGNE
Kir2.2   A    F          G   L  R    R            L                                  S  AV      K   M    NL       A             EG                    QTLL  HN  VAMRD  LC  W VG   KSHIVE HVRAQ IKPRITE  EYIPLDQIDIDVGFDKGLD
Kir3.2   A    F          G   L  R    R            L                                  S  AV      K   M     L       A             EG                    ETLV  TH  ISMRD  LC  F VGD  NSHIVE SIRAK IKSKQTS  EFIPLNQTDINVGYYTGDD
Kirchim  A    F          G   L  R    R            L                                  S  AV      K   M    NL       A             EG                    ETLM  EH  ISMRD  LT  F VG   NSHMVS QIRCK LKSRQTP  EFLPLDQLELDVGFSTGAD
KirBac1.1 A    F          G   L  R    R            L                                     A           M    N        A                                   K.IM AAH IVRPFN AMT  V AA A QNVIAE RAKMR A..........AMKIH...DLKLVANEH
KirBac3.1 A    F          G   L  R    R            L                                  S   V      K   M    NL       A             EG                    G.VL  SRM ISDFE  PT  M LA   IEQIIE DVHLV VRSEISQ  MVFRRFH...DLTLTRSRS

260       270       280        290       300       310       320       
Kir1.1     F        H I   SP                                                        S                               V L G  E T    Q R         W  R   NL FI PLTIY V DHN  FFHMA.AETLLQQDFELV F D TV S SATC V TSYVPEEVL GY FAP
Kir2.2     F        H I   SP                                                        S                               V L G  E T    Q R         W  R   RI LV PITIL E NED  LFGIS.RQDLETDDFEIV I E MV A AMTT A SSYLASEIL GH FEP
Kir3.2     F        H I   SP                                                        S                               V L G  E T    Q R         W  R   RL LV PLIIS E NQQ  FWEIS.KAQLPKEELEIV I E MV A GMTC A SSYITSEIL GY FTP
Kirchim    F        H I   SP                                                        S                               V L G  E T    Q R         W  R   QL LV PLTIC V DAK  FYDLS.QRSMQTEQFEVV I E IV T GMTC A TSYTEDEVL GH FFP
KirBac1.1   F        H I   SP                                                                                        V   G  E T    Q R         W  R   PI LLG.WNMM V DAS  LFGETPASLAE.GRAMLL MIE SD T AQVM A HAWEHDDIR HH YVD
KirBac3.1   F        H I   SP                                                        S                                 L                              PI SL .WTVM P DHH  IYGET.DETLRN.SHSEFLV FTGHHEAFAQNVHARHAYSCDEIIWGGHFV

330       340       350                                               
Kir1.1               D   F  T                                                  IVSKTKEGKYRV FHN SK VEV                                               
Kir2.2               D   F  T                                                  VLFEEK.NQYKV YSH HK YEV                                               
Kir3.2               D   F  T                                                  VLTL.EDGFYEV YNS HE YET                                               
Kirchim              D   F  T                                                  VISLE.EGFFKV YSQ HA FEV                                               
KirBac1.1             D   F  T                                                  LMA.......AI YTR ND EPV                                               
KirBac3.1 DVFTT.....RALDLGKFHEIAQ                                               

Figure S6 (Refers to Figure 3) There is a high degree of similarity between Kir1.1 and the homologs used to build the

models of Kir1.1. The whole of Kir3.2 is not resolved in the crystal structure4, in particular the N-terminus and the large

extracellular loop. The former was modeled using the Kirchim structure and the latter Kir2.2. For more details about how the

models were constructed see Supplementary Table S2
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