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Abstract

Na+-activated K+ channels are members of the Slo family of large conductance K+ channels that 

are widely expressed in the brain, where their opening regulates neuronal excitability. These 

channels are fascinating for the biological roles they fulfill as well as for their intriguing 

biophysical properties, including conductance levels ten times most other K+ channels and gating 

sensitivity to intracellular Na+. Here we present the structure a complete Na+-activated K+ 

channel, Slo2.2, in the Na+-free state, determined by cryo-electron microscopy at a nominal 

resolution of 4.5 Å. The channel is composed of a large cytoplasmic gating ring within which 

resides the Na+-binding site and a transmembrane domain that closely resembles voltage-gated K+ 

channels. In the structure, the cytoplasmic domain adopts a closed conformation and the ion 

conduction pore is also closed. The structure provides a first view of a member of the Slo K+ 

channel family, which reveals features explaining their high conductance and gating mechanism.

Potassium channels control the excitability of electrically active cells by regulating the 

resting membrane potential in response to a variety of stimuli
1
. One such stimulus is an 

increase in intracellular Na+, which occurs following repeated membrane depolarization. 

Slo2.2, also known as Slack or KCNT1, is opened by increases in intracellular Na+2-8. This 

channel is widely expressed in the brain and shapes neuronal excitability, especially in 

neurons that fire action potentials at high frequencies
8-12

. Mutations in KCNT1, the gene 

that encodes the Slo2.2 protein, are linked to a variety of intellectual disabilities including 

malignant migrating partial seizures in infancy
13-17

, autosomal dominant nocturnal frontal 
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lobe epilepsy
18

, and Ohtahara syndrome
19

. Slo2.2 has also been found in other cell types, 

including nociceptive and sensory neurons, where it is hypothesized to influence pain 

sensitivity, and in epithelial cells of the thick ascending limb of Henle's loop, where it is 

involved in ion reabsorption
20-23

.

Slo2.2 is a member of the Slo family of large conductance K+ channels, which are 

characterized by a transmembrane domain (TMD) containing six or seven transmembrane 

helices and a large cytoplasmic domain (CTD) containing two regulator of K+ conductance 

(RCK) domains. High-resolution structural data do not currently exist for a full-length Slo 

channel, but structures of isolated CTDs of Slo1, a Ca2+- and voltage-activated channel, 

were determined in Ca2+-free (closed) and Ca2+-bound (open) conformations
24-26

. In these 

structures the CTDs are organized into tetrameric gating rings that expand upon Ca2+ 

binding
25

. This expansion appears sufficient to open an inner helix gate in the 

transmembrane channel
25

. However, solvent accessibility experiments carried out in Slo1 

and in Slo2.1 (a near relative of Slo2.2, also Na+- activated) have led to a hypothesis that 

these channels never fully close an inner gate, but instead close at the selectivity filter
27-29

. 

Thus, the basic question - where is the gate in Slo channels - has remained unanswered.

Cryo-EM Analysis

To determine the structure of a full-length Slo2.2 channel a construct encoding the entire 

Chicken KCNT1 gene (84% sequence identity to human KCNT1; Extended Data Fig. 1) was 

heterologously expressed in Spodoptera frugiperda cells. Images of frozen-hydrated 

preparations of detergent- and lipid-solubilized Slo2.2 tetramers in the absence of Na+ were 

recorded using a direct electron detector (Extended Data Fig. 2a). Using single-particle 

analysis a cryo-EM density map of a Slo2.2 tetramer was calculated at a nominal resolution 

of 4.5 Å with C4 symmetry imposed (Extended Data Fig. 2d and Extended Data Table 1). 

The density map contains two domains into which the tetrameric structures of a Slo1 gating 

ring
24

 and the Kv chimera α subunit
30

 could be manually fitted.

During fitting it became apparent that the density corresponding to the periphery of the 

TMD was of significantly poorer quality than the density corresponding to the gating ring 

(Extended Data Fig. 3a). To assess the source of disorder in the TMD, three-dimensional 

maximum likelihood classification of the particle images was performed, yielding five 

similar but nonidentical subclasses. These subclasses were related by a rotation of the TMD 

with respect to the gating ring about the four-fold axis (Fig. 1b). In the two most extreme 

subclasses the rotation angle is 7°. Consequently, the larger mass of the gating rings resulted 

in them being well aligned in the reconstruction while the smaller TMD is blurred, 

especially at the perimeter furthest from the four-fold axis. Separate focused refinements of 

the TMD and the gating ring using soft masks improved the maps for both domains (Fig. 1a) 

and provided enough detail to build a model starting with a voltage-dependent K+ channel 

structure for the TMD and a Slo1 gating ring structure for the gating ring (Fig. 1c - e and 

Extended Data Fig. 6 and Extended Data Table 1). We note that strong K+ ion density (6.5σ) 

is present in the selectivity filter and weaker density (4σ) in the central cavity and in the 

inner pore closer to the cytoplasm (Fig. 1e and Extended Data Fig. 5a). Prior knowledge of 

the location of K+ ions in the selectivity filter and central cavity of K+ channels from x-ray 
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crystallographic studies supports our assignment of these densities as ions rather than noise 

along the 4-fold axis (Extended Data Fig. 5b)
31

.

The gating ring and TMD models were built and refined independently against phases and 

amplitudes calculated from the focused refinement maps using reciprocal space algorithms. 

The gating ring was refined to a resolution of 4.2 Å using p4 symmetry, the nominal 

resolution of the map, with Rw ork/Rfree = 25.5/28.0 and good geometry (Extended Data 

Figs. 3d and 4a,b and Extended Data Table 1). The nominal resolution of the TMD map is 

5.2 Å, but local resolution estimates combined with the resolved features of the map indicate 

that the map, particularly within the pore domain, contains information that extends to 

higher resolution (Fig. 1 a, c - e, Extended Data Figure 3c, d, Extended Data Table 1). The 

TMD structure was therefore refined using p4 symmetry to 4.5 Å, the nominal resolution of 

the full channel map, with Rw ork/Rfree = 25.7/27.1 and good geometry (Extended Data Fig. 

4a,c and Extended Data Table 1). A model of the complete channel was generated by 

manually docking the independently refined TMD and gating ring models into the full 

channel map. The fit was improved by rigid body refinement of the gating ring and TMD 

against amplitudes and phases extracted from the full map (Fig. 2b and Extended Data Table 

1). The final refined model contains residues 244-337, 351-612, 769-860, 865-1019, 

1041-1171. In addition, unregistered polyalanine α-helical models were built for S0 

(amphipathic helix similar to those present in Kv channels), S1, the linker between S1 and 

S2, S2, S3 and S4 in the TMD and αX’, αY’ and αZ’ in the gating ring (Extended Data Fig. 

1).

Structure of Slo2.2

The tetrameric Slo2.2 channel is 120 Å in length along an axis perpendicular to the 

membrane plane (Fig. 2b). More than half of this length corresponds to the gating ring, 

which protrudes into the cytoplasm. Viewed down the 4-fold axis the TMD is approximately 

80 Å on square edge and the gating ring is 95 Å (Fig. 2b). Each subunit polypeptide chain 

builds up the Slo2.2 channel in 3 layers, a TMD layer and two RCK domain layers (RCK1 

and RCK2), which form the gating ring (Fig. 2b, c).

The TMD is similar in topology to a voltage-dependent K+ (Kv) channel, to which Slo2.2 is 

related
32

. The central ion conduction pore is surrounded in the membrane by voltage sensor-

like domains, which we refer to as S1-S4 domains to emphasize their non-voltage-dependent 

uniqueness (Fig. 2b, c). As in Kv channels, the S1-S4 domains are arranged as appendages 

that project laterally into the lipid membrane. At a level of greater structural detail we note 

two important distinctions between the TMDs of Kv1.2 and Slo2.2.

The first distinction is the manner in which the surface of the S1-S4 domain forms its 

contacts with the pore. In the Kv channel the voltage sensor's interaction with the pore 

occurs mainly through the extracellular half of S1 and through the S4-S5 linker (Fig. 3). 

This configuration leaves the charged S4 helix free to move in response to voltage 

differences across the membrane and exert force on the S4-S5 linker to gate the channel. In 

Slo2.2 the extracellular half of S1, nearly the entire S4, and a helix from the S1-S2 

connecting segment form an extensive contact surface with the pore. The Kv voltage sensor 
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and Slo2.2 S1-S4 domains have essentially the same helical structure, but their different 

orientations with respect to the pore reconfigure the contact surface (Fig. 3). In Slo2.2 S4 

runs antiparallel to and in close contact with S5, as if its function is to help glue the S1-S4 

domain to the pore rather than to provide a mobile voltage sensor. This possibility is 

consistent with the amino acid sequence of Slo2.2, which shows two positive and two 

negative charged amino acids in or near S4 instead of the excess positive charges observed in 

Kv channel S4s and in the S4 sequence of Slo1 and Slo3
33

. Further, mutations involving 

these positive and negative charges in Slo2.2 do not produce large changes in voltage-

dependence
34

. Thus, S1-S4 does not appear to function as a mobile voltage sensor in Slo2.2. 

We further note a surprising observation, which may be related to the differences in S4: we 

cannot detect cryo-EM density for an S4-S5 helical linker in Slo2.2. Higher resolution data 

will be required to tell whether this linker is partially disordered or simply not present as a 

helix. Its absence in Slo2.2 is conspicuous, and implies that this region serves a different 

function than in Kv channels.

The second distinction is the manner in which the TMD connects to the gating ring. The Kv 

channel contains a CTD consisting of a T1 domain and beta subunit. These are held at a 

distance of nearly 15 Å away from the membrane plane and consequently ions can gain 

access the transmembrane pore through lateral openings between the TMD and CTD, near 

the membrane surface
35

. In contrast, in Slo2.2 the TMD and gating ring form a 

complementary interface near the membrane surface. This is most easily appreciated in a 

surface representation of Slo2.2 (Fig. 2c). In this picture the gap at the perimeter of the 

interface would be filled in if a full side-chain model (instead of poly-alanine) of the S1-S4 

domain had been built. The relatively snug fit between the TMD and gating ring in Slo2.2 

has important implications for ion conduction and gating.

Ion Conduction

In contrast to the Kv channel, the continuous pore across the membrane and through the 

gating ring makes Slo2.2 more like an inward rectifier K+ channel, which also has an 

extended ion pathway due to a tightly engaged CTD
36,37

 (Fig. 4a). In inward rectifiers, 

however, the extended pore is narrower and contains binding sites for blocking ions, a 

property that gives rise to inward rectification
36,38

. In contrast, in Slo2.2 the gating ring 

creates a massive funnel that begins nearly 40 Å wide and gradually narrows as it 

approaches the pore inside the TMD. The inner surface of the funnel is highly 

electronegative owing to the presence of many aspartate and glutamate amino acids (Fig. 

4c). This electrostatically negative funnel, by functioning as a cation-attractor, undoubtedly 

contributes to the unusually high conductance (nearly 200 pS for Slo2.2: about 20 times that 

of a canonical Kv channel such as Shaker
39

) of Slo channels (Extended Data Fig. 7a). 

Indeed, Slo channels are the highest conductance K+ channels known and a recent 

mutagenesis study with Slo1 showed that the gating ring contributes to the high 

conductance
40

.

The ion conduction pathway leading from the cytoplasm up to the selectivity filter has a 

single constriction formed by the crossing of four transmembrane S6 (inner) helices (Fig. 

4b). The pore constricts to a minimum radius at Met 333, which points its beta carbon 
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towards the center of the pore. Cryo-EM density for this side chain beyond the beta carbon is 

not well resolved; however, modeling the six most frequently observed rotamers of Met 

yields a range of pore diameters – defined by diagonally opposed van der Waals surfaces – 

ranging from 4 Å to 6 Å (Fig. 4b and Extended Data Fig. 8). A hydrated K+ ion has a 

diameter closer to 8 Å, therefore, the structure is compatible with a closed conformation, 

consistent with the Na+-free conditions under which this structure was determined. Adding 

to the physical barrier that the van der Waals constriction at the level of Met 333 would 

present to a permeating K+ ion, the local electrostatic environment would raise the barrier 

further (Fig. 4c). The band of blue color seen in Figure 4c (positive electrostatic potential) 

coincident with the constriction is due to Arg 335 and Lys 337 on the inner helices and Arg 

396 on the surface of the gating ring; these positive-charged amino acids impose a long-

range cation-repulsive potential. Thus, the inner helix gate appears closed to K+ diffusion by 

virtue of its narrow constriction and positive electrostatic potential at the level of the 

constriction.

Gating inferences from structure

The Slo2.2 gating ring is similar in overall structure to the gating rings in Slo1 and 

Slo3
24,25,41

. Two non-identical RCK domains on the C terminus of each subunit assemble 

through a ‘flexible interface’; four RCK domain pairs then assemble with each other through 

‘assembly interfaces’ to form the ring (Fig. 5). The assembly interface is essential to the 

function of Slo1 because it contains the high-affinity Ca2+-binding site known as the ‘Ca2+ 

bowl’
26

. Instead of a Ca2+ bowl, Slo2.2 has an extended α-helix, αQ’, which interacts across 

the assembly interface with an adjacent subunit (Fig. 5). A helix-turn-helix structure (αX’, 

αY’ and αZ’) is also unique to the assembly interface in Slo2.2. This helical elaboration is 

provided by a ~110-residue insertion in the RCK2 domain that is conserved and unique to 

Slo2 channels (Extended Data Fig. 1). Putative Na+-binding site amino acids, identified 

through mutagenesis, do not fall within the assembly interface
42

. If this means that Na+ in 

Slo2.2 activates from a different locus than Ca2+ in Slo1 we should not be too surprised. 

After all, the prokaryotic K+ channel MthK contains a Ca2+-activated gating ring in which 

Ca2+ binds near the flexible interface rather than the assembly interface
43

. Apparently the 

conformations of RCK-based gating rings can be modulated in a variety of ways.

A possible locus for Na+ binding was identified in two studies using mutagenesis
42,44

. Both 

studies found that Asp 812 (or the corresponding residue in Slo2.1, Asp 757) reduced Na+ 

activation. In one study a second residue (His 817 in Slo2.2) was also found to affect Na+ 

activation, however, position 817 is located 15 Å away from Asp 812 and thus could not 

possibly form a single binding site along with Asp 812
42

. Additional studies including a 

structure of Slo2.2 in the presence of Na+ will be required to better understand Na+ 

activation in Slo2.2.

Crystal structures of isolated (from the TMD) Slo1 gating rings in the absence and presence 

of Ca2+ show that when Ca2+ binds to the Ca2+ bowl the N-lobe of RCK1 undergoes a 

conformational change
24,25. This causes the four N-lobes (one from each subunit) on the 

surface of the gating ring to expand like the petals of an opening flower (Extended Data Fig. 

9). This expansion is illustrated by marking a residue (Lys 343) on the N-lobe that connects 

Hite et al. Page 5

Nature. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to S6 (the inner helix gate) through a linker (Extended Data Fig. 9). The distance between 

diagonally opposed Lys 343 residues is approximately 81 Å and 94 Å in closed and opened 

Slo1 gating rings, respectively. The equivalent residue in Slo2.2 (Lys 351) measures 73 Å 

from its diagonally opposed molecular symmetry mate, and the position of the N-lobe is 

similar to that in the closed Slo1 gating ring. Thus, the Slo2.2 gating ring is closed, as is the 

inner helical gate to which it is connected. Cryo-EM density shows a weak connection 

between Lys 351 on the N-lobe and Lys 337 on S6 (Fig. 6b). This connection supports the 

idea that expansion of the N-lobes upon Na+ binding to the gating ring is mechanically 

connected to pore opening through this connecting linker. But the structure raises an 

additional mechanistic possibility. The interface formed between complementary-shaped 

surfaces on the TMD and gating ring involves the RCK1 N-lobes. If indeed the N-lobes 

expand when Na+ binds, as occurs when Ca2+ binds to the gating ring of Slo1, then the 

expansion would do more than pull on the linkers to S6; it would also presumably exert 

forces onto the TMD through the protein-protein interface
45

. Such a mechanism of force 

transfer across the interface might explain why the S1-S4 domain in Slo2.2 is firmly 

attached through a large interface with the pore. – so that conformational changes within the 

gating ring can be efficiently transmitted to the pore via the S1-S4 domain.

In summary, this study visualizes a Na+-activated Slo2.2 K+ channel in its ligand-free, 

closed conformation. The structure supports three important concepts concerning the 

function of this class of K+ channels: (i) A closed inner helix gate, analogous to that 

observed
46

 or deduced
47

 in other K+ channels, would prevent K+ conduction through 

restrictive van der Waal surfaces and an unfavorable electrostatic environment; (ii) 

Expansion of N-lobes on the gating ring would open the pore through a polypeptide linker 

and through the protein-protein interface between the gating ring and TMD; (iii) A massive 

electrostatic funnel facing the cytoplasm helps to explain why Slo channels are the highest 

conductance K+ channels.

Methods

Expression and Purification

A synthetic gene fragment encoding residues 1 to 1201 of Chicken Slo2.2 (GI:73920088) 

was purchased from Bio Basic Inc. The resulting fragment was cloned into a modified 

pFastbac vector (Invitrogen) containing green fluorescent protein and a 1D4 antibody 

recognition sequence (TETSQVAPA) on the C terminus. Sf9 (Spodoptera frugiperda) cells 

infected with the baculovirus were cultured at 27°C for 72 hours in supplemented Grace's 

insect cell medium (Invitrogen). Cells were washed with ice-cold phosphate-buffered saline 

and extracted for 3 hours at 4°C with buffer containing 50 mM Hepes pH 7.4, 300 mM KCl 

and 40 mM dodecyl-β-D-maltopyranoside (DDM) in the presence of a protease inhibitor 

cocktail (2 μg/ml leupeptin, 2 μg/ml aprotinin, 2 μg/ml pepstatin A, 1 mM benzamidine, 100 

μg/ml 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, and 100 μM phenylmethane 

sulphonylfluoride). The insoluble fraction was removed by centrifugation at 35k × g for 45 

minutes at 4°C and the remaining soluble fraction was incubated with 1D4-affinity resin pre-

equilibrated with 20 mM Hepes pH 7.4, 300 mM KCl and 4 mM DDM. The suspension was 

mixed for 5 hours at 4°C. Beads were collected on a column by gravity and then washed 
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with 10 column volumes of wash buffer (20 mM Hepes pH 7.4, 300 mM KCl, 4 mM DDM 

and 0.1 mg/ml 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE): 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (3:1 w/w)). The protein was 

digested with PreScission protease (20:1 w/w ratio) on the column overnight at 4°C to 

remove the affinity tag and then eluted with 2 column volumes of wash buffer. Concentrated 

protein was further purified by size-exclusion chromatography on a Superose 6 (GE Life 

Sciences) column in 20 mM Hepes pH 7.4, 300 mM KCl, 1.5 mM DDM and 0.05 mg/ml 

POPE:POPG (3:1 w/w). Peak fractions were pooled and concentrated to 3-5 mg/ml for cryo-

electron microscopy analysis.

Electron microscopy sample preparation and imaging

3.5 μl of purified channel was pipetted onto a glow discharged copper Quantifoil R1.2/1.3 

holey carbon grids (Quantifoil). Grids were blotted for 3.5 s at ~85% humidity and flash 

frozen in liquid nitrogen-cooled liquid ethane using an FEI Vitrobot Mark IV (FEI). Grids 

were transferred to an FEI Titan Krios electron microscope operating at an acceleration 

voltage of 300 keV. Images were recorded in an automated fashion on a Gatan K2 Summit 

(Gatan) detector set to in super-resolution counting mode with a super-resolution pixel size 

of 0.52 Å using SerialEM
48

. Inelastically scattered electrons were filtered by a Gatan 

Imaging Filter with a slit width of 30 eV (Gatan). Images were recorded for 5 s with a sub-

frame exposure time of 200 ms and a dose of ~8 electrons per physical pixel (1.04 Å at the 

image plane) for a total accumulated dose of ~40 electrons per Å2 on the specimen over 25 

sub-frames (~1.5 electrons per Å2 per sub-frame).

Image processing and map calculation

Dose-fractionated super-resolution images were 2 × 2 binned (resulting in a pixel size of 

1.04 Å) for whole-frame motion correction with motioncorr
49

. Following motion correction, 

the sum of the 25 aligned sub-frames in the image stack was 4 × 4 binned (pixel size of 4.16 

Å pixel) for manual particle selection. 40,643 particles were manually selected in BOXER
50 

from 2,243 images and then extracted from the motion-corrected images in RELION
51

. The 

effects of the contrast transfer function were estimated by ctffind3
52

 and CTER
53

. 22,154 

particles were subjected to iterative stable alignment and classification
54

 (ISAC), specifying 

200 particles per group and a pixel error threshold of 2; 6 generations yielded a set of 642 

stable class averages. The classes were inspected manually and those whose images 

contained portions of more than one particle or that had other obvious defects were 

discarded. The remaining 472 classes were used to generate an initial model with the 

multi_shc command in SPARX
55

 with and without imposing C4 symmetry. The results were 

similar for both cases, so the symmetrized version was used as the initial model for 3D 

refinement (Extended Data Fig. 3c.).

The initial set of 40,643 particles was subjected to 2D classification in RELION from which 

particles classified into low-abundance classes were removed, resulting in a stack of 35,586 

particles. These 35,586 particles were segregated into 6 classes by RELION's 3D 

classification algorithm using the initial model generated in SPARX. Four of the six classes 

appeared similar by visual inspection in UCSF Chimera
56

 and were combined into a stack of 

24,231 particles for 3D refinement in RELION. Particle polishing was applied to the 
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particles using RELION 1.3 to correct for individual particle movements and for attenuation 

of the high-resolution terms due to rapid movement of the initial few frames and radiation 

damage in the later frames
57

, yielding a map that achieved a resolution of 4.5 Å as assessed 

by Fourier shell correlation of independently refined half datasets and using the 0.143 cut-

off criterion
58

. Local resolution estimates calculated using ResMap demonstrated that the 

periphery of the TMD was poorly ordered compared to the pore and the gating ring
59

.

3D maximum-likelihood classification of the 24,231 particles was performed using 

FREALIGN
60

, starting from the orientation parameters determined by RELION. Five 

subclasses were specified and the resolution was limited to 8.8 Å for classification and 6.6 Å 

for refinement to minimize the effects of high-resolution overfitting. Maps of each of the 

subclasses were calculated at 7 Å and were superimposed based on their gating rings using 

UCSF Chimera. The orientation of the TMDs varied by up to 7°.

In order to minimize the effects of the rotational variability, soft masks were generated (5 

pixel cushion and 5 pixel cosine edge fall-off) for both the gating ring and TMD and applied 

to the reconstructions during refinement
61

. The gating ring mask was applied at the end of 

every round of refinement in RELION, resulting in a map that reached a resolution of 4.2 Å. 

The variation of the TMD made it difficult to align the entire data set, so instead the two 

most similar classes from the 3D classification were combined, yielding a subset of 11,303 

images. The angular parameters of these images were determined by FREALIGN using an 

iterative process in which two refinement cycles were run with the mask followed by two 

without the mask. This iterative procedure of refining with and without mask application 

was necessary due to the small mass of the TMD relative to the whole channel. The map of 

the transmembrane region achieved a final resolution of 5.2 Å by FSC.

Model building

The structure of the closed Slo1 gating ring
24

 (PDB code: 3NAF) was docked into the gating 

ring map using UCSF Chimera and then manually rebuilt in coot
62

 to fit the density. For the 

regions lacking homology with Slo1, secondary structure elements were first built into the 

density map and then connected with manually built loops. Once the backbone was traced, 

the sequence was registered using a combination of identification of large side chains and 

sequence homology with Slo1. The structure of the Kv chimera α subunit
30

 (PDB code: 

2R9R) was docked into the TMD map using UCSF Chimera using the selectivity filter and 

pore helix as a reference. The positions and tilts of S5 and S6 were adjusted by moving the 

helices as rigid domains to fit the density and then loops connected them were manually 

rebuilt. The sequence was registered using the presence of large side chains, the proline kink 

and sequence homology among K+ channels. The S1-S4 domain was built as 6 polyalanine 

helices in coot (S0 - 15 residues, S1 - 28 residues, S1-S2 - 17 residues, S2 and S3 - 53 

residues, S4 - 26 residues). The helices were assigned based upon homology with Kv 

chimera and roughly agree in length with those predicted by hydropothy analysis. A model 

of the full channel was generated by manually docking the independently determined 

structures for the gating ring and TMD into the map of the full channel.
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Reciprocal space refinement

The masked cryo-EM density maps were translated to a new unit cell that extended 10 Å 

from the model in all directions and then solvent flattened by creating a mask that extends 3 

Å away from the model and setting the density outside of the mask to approximate the 

solvent content of a protein crystal. Reciprocal space structure factors were calculated from 

the translated and solvent-flattened maps using FFT
63

. The phases were blurred in a 

resolution-dependent fashion by setting FOM = FSC and subsequently used to calculate 

Hendrickson-Lattman coefficients. Coordinate and B-factor refinement of the gating ring 

and TMD models were performed using Phenix
64

 using X-ray scattering factors against a 

maximum likelihood with experimental phase probability distribution target function with 

5% of the reflections excluded as a free set to monitor overfitting. Secondary structure, 

geometric, B-factor and Ramachandran restraints were employed throughout refinement. 

Rigid body refinement of the full channel model was performed Phenix
64

 using X-ray 

scattering factors against a maximum likelihood with experimental phase probability 

distribution target function with 5% of the reflections excluded as a free set to monitor 

overfitting.

Overfitting of the models during refinement was also evaluated using a method previously 

described
61

. Briefly, all atoms of the refined models were randomly displaced by 0.1 Å and 

then subjected to one round of coordinate and B-factor refinement against phases and 

amplitudes calculated from one of the independently determined half-maps. Following this 

refinement cycle, the Fourier shell correlation was calculated between the resulting model 

and both of the half maps as well as the full map. Structure figures were prepared with 

UCSF Chimera
56

, Pymol (Pymol version 1.7.2 Schrödinger, LLC), Hollow
65

 and 

APBS
66,67

. All structure calculations were performed using software compiled by SBGrid
68

.

Reconstitution and electrophysiological recordings from planar lipid bilayers

Purified channels were reconstituted into octyl maltoside (Anatrace)-solubilized 3:1 (wt:wt) 

POPE:POPG lipid vesicles as described
69

. Detergent was removed by dialysis for 5 days 

against detergent-free buffer containing 10 mM HEPES-KOH pH 7.5, 450 mM KCl, and 2 

mM dithiothreitol at 4°C, with daily buffer exchanges. After 5 days, all residual detergent 

was removed by incubating the reconstituted channels with Bio-Beads (Bio-Rad) for 2 hr at 

room temperature. The reconstituted channels were aliquoted and flash frozen into liquid 

nitrogen prior to storage at −80°C.

Planar lipid bilayer experiments were performed as described previously
70,71

. Lipids of 

desired compositions were prepared by dissolving argon-dried lipids in decane to a final 

concentration of 20 mg/ml. Lipid solutions were painted over a 300 μm hole in a polystyrene 

partition that separated the two chambers to form the planar lipid bilayer. Reconstituted 

channels were pipetted onto the chamber side of the bilayer after thinning of a planar lipid 

bilayer had been detected via monitoring of electrical capacitance. All recordings were 

performed using the voltage-clamp method in whole-cell mode. Analogue signals were 

filtered at 1 kHz using a low-pass Bessel filter on an Axopatch 200B amplifier (Molecular 

Devices) in whole-cell mode and digitized at 10 kHz using a Digidata 1400A analogue-to-

digital converter (Molecular Devices). The pClamp software suite (Molecular Devices) was 

Hite et al. Page 9

Nature. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used to control membrane voltage and record current. All electrophysiological recordings 

were replicated in at least three independent experiments.

Extended Data

Extended Data Figure 1. Sequence alignment of Slo channels
a, Sequence alignment of chicken Slo2.2 with human Slo2.2 and human Slo2.1. b, Predicted 

position of transmembrane helices in Slo2.2 S1-S4 domain based upon hydropothy analysis 

using Jpred 4
72

. c-d, Structure-based sequence alignment of chicken Slo2.2 TMD with rat 

Kv chimera (c) and chicken Slo2.2 gating ring with human Slo1 gating ring (d). Helices are 

colored in blue and beta strands are colored in red.
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Extended Data Figure 2. Full channel 3D reconstruction of Chicken Slo2.2
a, Representative micrograph of detergent- and lipid-solubilized Slo2.2 in vitreous ice. b, 10 

selected 2D class averages. c, Ab-initio initial model of Slo2.2. d, Fourier shell correlation 

(FSC) curve of the full channel reconstruction with the nominal resolution estimated to be 

4.5 Å based on the FSC = 0.143 criterion.
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Extended Data Figure 3. Focused refinement of the gating ring and the TMD
a, 3D density map of the full channel reconstruction colored according to local resolution. b, 
3D density map calculated following focused refinement using a mask to only include the 

gating ring colored according to local resolution. c, 3D density map calculated following 

focused refinement using a mask to only include the TMD colored according to local 

resolution. d, Fourier shell correlation of the full channel reconstruction (4.5 Å), the gating 

ring-focused refinement reconstruction (4.2 Å) and the TMD-focused refinement 

reconstruction (5.2 Å).
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Extended Data Figure 4. Validation of the Slo2.2 model
a, Refinement statistics for Slo2.2 full channel, TMD and gating ring models. b-c, FSC 

curves for cross-validation of the refined gating ring (b) and TMD (c) models. Black curve is 

the refined model compared to the full data set, red curve is the refined model compared to 

half map 1 (used during test refinement) and blue curve is the refined model compared to 

half map 2 (not used during test refinement).

Extended Data Figure 5. K+ ions in Slo2.2
a, Central section of the density maps of the two independently calculated half maps with 

densities corresponding to K+ ions highlighted. b, Superposition of the Slo2.2 selectivity 

filter (green) with KcsA (PDB: 1K4C) selectivity filter (yellow). Density peaks resolved in 

Slo2.2 selectivity fitler at 6.5σ are shown as blue mesh. K+ ions resolved in KcsA are shown 

as grey spheres.
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Extended Data Figure 6. Representative segments of the cryo-EM density map
Selected regions of the gating ring density (a,b) and TMD density (c,d) maps with refined 

model.

Extended Data Figure 7. Single channel conductance of Slo2.2
a, Single channel current-voltage relationship (mean ± s.e.m.) for Slo2.2 in planar lipid 

bilayers. Single channel conductance is ~200 pS. b, Representative recordings of Slo2.2 held 

at −80, −40 and 0 mV in planar lipid bilayers. Chamber solution contained 135 mM NaCl, 

15 mM KCl and cup solution contained 150 mM KCl. c, Histogram of Slo2.2 currents when 

held at −80, −40 and 0 mV.

Hite et al. Page 14

Nature. Author manuscript; available in PMC 2016 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 8. Inner helix gate
a, Ribbon diagram of the Slo2.2 pore with Met 333 side chains modeled as spheres. b, Pore 

radius plot for Slo2.2 with Met 333 modeled as each of the six most frequently observed 

rotamers.

Extended Data Figure 9. Slo2.2 gating ring is in a closed conformation
Wire diagram of Slo1 gating ring in the open (top left) and closed (top right) conformations. 

The mobile RCK1 N-lobe is colored in black and the rest of the gating ring is colored in 

grey. The N-terminal residue of the gating ring, Lys 343, is shown as a sphere. Wire diagram 

of the Slo2.2 gating ring (bottom) with the RCK1 N-lobe colored in blue and the rest of the 

gating ring colored in white. The N-terminal residue of the gating ring, Lys 351, is shown as 

a sphere.
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Figure 1. Cryo-EM structure of chicken Slo2.2
a, Cryo-EM density map of chicken Slo2.2 following focused refinements of the TMD and 

the gating ring. The gating ring map is filtered to 4.2 Å and the TMD map is filtered to 4.5 

Å. b, Density map of two of the 3D subclasses filtered to 7 Å and aligned by their gating 

rings. The density slice corresponds to the region of the TMD between the dashed lines. c-d, 
Fragments of the density map corresponding to helix αC in the gating ring (c) and the pore 

helix in the TMD (d). The refined model is shown in sticks. Large side chains that were used 

to register the sequence are highlighted. e, Central section of the density map through the 

TMD calculated at 4σ (red) and 6.5σ (blue) with densities corresponding to K+ ions 

highlighted.
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Figure 2. Architecture of Slo2.2
a, Domain organization of chicken Slo2.2. b, Ribbon diagram of Slo2.2. The S1-S4 domain 

is colored in green, the pore domain is colored in yellow, the RCK1 domain in blue and the 

RCK2 domain in red. The approximate width of the membrane is marked by the grey lines. 

c, Surface depiction of Slo2.2 with front and rear subunits removed for clarity.
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Figure 3. Interactions between pore and S1-S4 domains
Ribbon diagram of Slo2.2 (left) S1-S4 domain and Kv chimera (middle) voltage-sensor 

domain colored in green with the pore domain colored in yellow. Red spheres represent the 

residues on S1, S4 and the S1-S2 linker that are close enough to interact with the pore 

domain. Superposition of the S1-S4 domain of Slo2.2 with the voltage-sensor domain of Kv 

chimera (right) by aligning S1, S2 and S3.
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Figure 4. Slo2.2 ion conduction pathway
a, Surface representation of the Slo2.2 pore and ribbon diagram with front and rear subunits 

excluded for clarity. The K+- accessible surface was determined using the HOLLOW script 

(see methods section for details). b, The Slo2.2 constriction site is formed by Met 333 from 

the inner helix of each of the four subunits. c, Electrostatic surface potential of the Slo2.2 

ion conduction pathway colored from red (−5.0 kT/e) to blue (5.0 kT/e).
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Figure 5. Slo2.2 gating ring
Wire diagram of the Slo2.2 gating ring with the boundary of one subunit highlighted (left). 

The flexible interface that mediates interactions between the RCK1 and RCK2 domains of 

each subunit and the assembly interface that mediates interactions between adjacent subunits 

are shown. The assembly interface for Slo2.2 (middle) and Slo1 (right) with one subunit 

shown as a surface and the second shown as ribbons. The RCK1 domains are colored in blue 

and the RCK2 domains are colored in red. The Ca2+ ion resolved in the Slo1 Ca2+ bowl is 

shown as a yellow sphere.
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Figure 6. Slo2.2 gating
a, Representative single channel recordings of Slo2.2 in planar lipid bilayers with 

symmetrical 0 - 80 mM NaCl and 150 mM KCl when held at −80 mV. b, Cryo-EM density 

connects Lys 337, the C-terminal residue of the TMD, to Lys 351, the N-terminal residue of 

the gating ring, the Cα positions of which are highlighted by spheres. The density is filtered 

to 5 Å. c, Model for Slo2.2 channel activation. Na+ binding to the gating ring results in an 

upward movement of the RCK1 N-lobes, which pull apart the inner S6 helices and push up 

the cytoplasmic ends of S4 and S5, thereby opening the pore.
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