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Abstract

Cyclic nucleotide-gated (CNG) channels convert cyclic nucleotide binding and unbinding into 

electrical signals in sensory receptors and neurons. The molecular conformational changes 

underpinning ligand activation are largely undefined. We report both closed- and open-state atomic 

cryo-EM structures of a full-length C. elegans cGMP-activated channel TAX-4 reconstituted in 
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lipid nanodiscs. These structures, together with computational and functional analyses and a 

mutant channel structure, reveal a double-barrier hydrophobic gate formed by two S6 amino acids 

in the central cavity. cGMP binding produces global conformational changes that open the cavity 

gate located ~52 Å away but do not alter the structure of the selectivity filter – the commonly 

presumed activation gate. Our work provides mechanistic insights into the allosteric gating and 

regulation of cyclic nucleotide-gated and -modulated channels and CNG channel-related 

channelopathies.

Cyclic nucleotide-modulated ion channels are present in prokaryotes and eukaryotes and 

play important physiological functions 1–3. In eukaryotes, they are grouped into cyclic 

nucleotide-gated (CNG) channels and hyperpolarization-activated cyclic nucleotide-

modulated (HCN) channels. CNG channels are essential for smell and vision in vertebrates. 

In olfactory receptors and photoreceptors, CNG channels open and close (i.e., gate) in 

response to stimuli-induced changes in the intracellular concentrations of cyclic adenosine 

monophosphate (cAMP) or cyclic guanosine monophosphate (cGMP), thereby transducing 

biochemical signals into electrical and calcium signals 1–3. CNG channels are also expressed 

in the central nervous system where they modulate neuronal and glial functions 1,3. 

Numerous hereditary mutations in CNG channel genes have been associated with 

degenerative visual disorders such as retinitis and achromatopsia, for which new treatment 

strategies are being explored 1,3,4.

CNG channels are nonselective cation channels 1–3,5–9. They are formed by four subunits, 

each containing six transmembrane (TM) segments (S1-S6) and a pore-loop between S5 and 

S6 1–3. Although CNG channels belong to the voltage-gated ion channel (VGIC) 

superfamily and have an S4 decorated with multiple positively charged amino acids 1–3,7,8, 

they are not activated by TM voltage owing to the unique structure of S4 and its interactions 

with other regions 10. CNG channels are activated by intracellular cAMP or cGMP, which 

bind to a cyclic nucleotide-binding domain (CNBD) in the intracellular C-terminus 1–3,7,8. A 

~80-amino acid linker (called the C-linker) connecting the CNBD and S6 is crucial for 

ligand activation 11–16. Functional studies suggest that CNG channels have a single 

activation gate located in the ion selectivity filter (SF) 17–21, a view that has been widely 

accepted 3,10,22,23 but has also been challenged 24.

Despite extensive functional and structural studies, the way cyclic nucleotides (CN) activate 

CNG channels and whether the SF is in fact the activation gate remains largely unclear. This 

paucity of knowledge is due in part to a lack of structures of a full-length CNG channel in 

both the unliganded closed-state and liganded open-state. Work on prokaryotic CN-

modulated channels such as MloK1, LliK and SthK has produced only closed-state 

structures, even in cases where a CN is bound to the CNBD 25–27. We recently reported a 

liganded open-state cryo-EM structure of a eukaryotic CNG channel TAX-4 10, a cGMP-

activated channel in Caenorhabditis elegans 16,28,29. In this study we determined single-

particle cryo-EM structures of full-length TAX-4 reconstituted in lipid nanodiscs in a 

cGMP-unbound closed state and a cGMP-bound open state at 2.6 Å and 2.7 Å resolutions, 

respectively. We also carried out computational analyses and structure-guided mutagenesis 

to elucidate the ion permeation pathway. Our work reveals a single double-barrier 
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hydrophobic gate in the central cavity and a conformational trajectory from the CNBD to the 

cavity gate in association with channel gating.

RESULTS

cGMP-unbound and cGMP-bound structures

To obtain a cGMP-unbound structure, full-length TAX-4 was purified in the presence of 100 

μM cGMP as previously described 10, but cGMP was omitted in the final gel filtration 

elution buffer. The purified apo protein formed cGMP-activated channels when reconstituted 

in liposomes (Fig. 1a). For single-particle cryo-EM analysis, the protein was reconstituted in 

lipid nanodiscs (Extended Data Fig. 1). A cryo-EM density map of unliganded TAX-4 

tetramer was obtained at an overall resolution of 2.6 Å and 2.8 Å with imposed C4 and C1 
symmetry, respectively (Fig. 1b, Extended Data Figs. 1 and 2, and Table 1). The local 

resolution varies from 2.4 Å in some TM and cytoplasmic regions to 3.0 Å in the peripheries 

of the 3D reconstruction with C4 symmetry (Extended Data Fig. 1h). The densities were of 

excellent quality for most functional regions (Extended Data Fig. 2). We were able to model 

513 of the 733 amino acids of TAX-4 in the final structure (Table 1). Residues M1 to V103 

(N-terminus), G162 to L164, and D620 to K733 (distal C-terminus) were not modeled 

because of weak or missing densities.

The previous cGMP-bound open-state TAX-4 structure was obtained in amphipol 10. To 

ensure adequate comparison with the cGMP-unbound structure, we determined the cryo-EM 

structure of cGMP-bound TAX-4 in lipid nanodiscs (Extended Data Fig. 3 and Table 1). The 

overall resolution reached 2.7 Å and 2.9 Å with imposed C4 and C1 symmetry, respectively, 

which is significantly higher than the 3.5 Å-resolution in amphipol. The cGMP-bound 

structures in nanodiscs and amphipol are highly similar, with an α-carbon r.m.s.d of 0.9 Å 

when all of the 512 resolved amino acids are superimposed.

The overall architecture of cGMP-unbound TAX-4 is similar to that of cGMP-bound TAX-4 

(Fig. 1c,d). The channel is a tetramer and has a non-domain swapped configuration (Fig. 1c). 

As described previously 10, each protomer can be arbitrarily divided into four structural 

layers along the fourfold axis: an extracellular domain comprising mainly of the S1-S2 

linker, a transmembrane domain (TMD) comprising of S1-S6 and the pore-loop, a gating 

ring formed by helices A’B’C’D’ of the C-linker, which also contains helices E’F’, and the 

CNBD (Fig. 1d).

As the primary goal of this work is to determine cGMP-induced conformational changes in 

the full-length channel, and since it is unknown a priori which regions of TAX-4 remain 

static during cGMP activation, we opted to superimpose the cGMP-unbound and -bound 

structures based on an alignment of all resolved atoms (see METHODS for details). The 

global and local structural comparisons described below are all based on this alignment. 

Global comparison reveals marked conformational changes in many parts of the channel 

(Fig. 1d and Supplementary Video 1), as detailed below. The α-carbon and all-atom r.m.s.d 

of global superposition is 2.6 Å and 3.0 Å, respectively. The entire channel contracts by ~5.9 

Å upon cGMP binding to the CNBD. Contraction is most dramatic in the CNBD and C-

linker (Fig. 1d and Supplementary Video 1).
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A hydrophobic gate in the central cavity

The ion conduction pore traverses all four structural layers. In the cGMP-bound structure, 

the pore has a single constriction at E379 of the SF, and the inner pore formed by S6 is wide 

open (Fig. 2b,c). In striking contrast, the pore of the cGMP-unbound structure has three 

constrictions, one at E379, one at F403 of S6, and one at V407 of S6 (Fig. 2a,c). The side-

chains of F403 and V407 point away from the pore axis in the cGMP-bound structure (Figs. 

2b and 3a) but protrude into the pore lumen in the cGMP-unbound structure (Figs. 2a and 

3a). As a consequence, the pore narrows dramatically at F403 and V407, from a diameter of 

23.1 Å and 14.6 Å in the cGMP-bound structure to 5.9 Å and 5.7 Å in the cGMP-unbound 

structure, respectively (Fig. 3a). Computational analyses based on the recently developed 

Channel Annotation Package (CHAP) 30,31 indicate that the side-chains of F403 and V407 

pose a prohibitive high-energy barrier for water molecules in the cGMP-unbound structure 

and that water molecules readily permeate the pore region at F403 and V407 in the cGMP-

bound structure but are repelled from this region in the cGMP-unbound structure (Fig. 2d). 

Since water permeability serves well as a proxy for ion permeability 30–32, the side-chains of 

F403 and V407 most likely form a hydrophobic gate that prevents the flow of hydrated and 

partially hydrated Na+, K+ and Ca2+ ions. These structures and analyses suggest that the 

cGMP-unbound and -bound structures represent closed state and open state, respectively, 

and that F403 and V407 form a double-barrier hydrophobic gate.

F403 is located in the middle of the membrane and immediately below the SF, and V407 is 

one α-helical turn down (Fig. 3). These positions correspond to the aqueous central cavity in 

many VGICs) 33,34. Thus, we referred to the F403-V407 hydrophobic gate as cavity gate.

Most VGICs have an inner gate at the cytoplasmic end of S6. The narrowest inner pore 

diameter of TAX-4 in the closed state is 9.1 Å at S415 (see Fig. 1d for its position). Thus, 

although the TAX-4 inner pore narrows markedly upon cGMP unbinding (Fig. 2a–c), it is 

sufficiently wide to permit conduction of hydrated Na+, K+ and Ca2+ ions. S415 corresponds 

to or is close to amino acids that form the inner gate in many channels, including TRPV1 

and HCN1 34,35. Thus, TAX-4 does not appear to have an inner gate.

No conformational change at the selectivity filter

Currently, it is generally accepted that the activation gate of CNG channels is located in the 

SF 3,10,22,23, despite some contention 24. This view is based on state-dependent block and 

cysteine modification of CNG channel pores by Ag+, Cd2+ or methanethiosulfonate 

compounds 17–21,36. However, our structures show that the SF is virtually identical in the 

closed and open states (Fig. 3a), thus challenge this prevailing view. The TAX-4 SF is 

formed by the side-chains and backbone carbonyl oxygens of four conserved amino acids, 

T376, I377, G378 and E379 (Fig. 3a,b). Paradoxically, the narrowest constriction along the 

ion conduction pathway in both the closed and open states is formed by the side-chains of 

E379 at the external entrance of the SF (Figs. 2a–c and 3a). This constriction has a similar 

size in the closed and open states, measuring 4.2 Å and 4.6 Å in diameter, respectively (Fig. 

3a). It is the narrowest constriction in the pore because the carboxylates of E379 extend to 

the center to provide dehydration and salvation to the permeating cations. CHAP analyses 

show the highest water density at the E379 constriction in both open and closed states (Fig. 
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2d), suggesting that Na+, K+ or Ca2+ ions can readily permeate this constriction in both 

states. The rest of the SF is >7.5 Å in diameter in both closed and open states (Fig. 3a) and 

permits water permeation (Fig. 2d). These structures and analyses indicate that cGMP 

binding does not significantly change the structure of the SF under our experimental 

conditions.

The densities of E379 side-chains are strong and unambiguous in both open and closed 

states (Fig. 3b,c) and show that E379 does not interact with any other amino acids in either 

state. A weak density is observed at the center of the SF between the carbonyl oxygen rings 

of T376 and I377 in the open state (Fig. 3c). This density also appears in the C1 
reconstruction (data not shown) but does not appear in half maps (Extended Data Fig. 3i). It 

is thus uncertain whether this density represents an ion or is an artifact. On the other hand, a 

robust density is observed at the center of E379 side-chains in the closed state (Fig. 3b). This 

density is also present in the C1 reconstruction (data not shown) and half maps (Extended 

Data Fig. 1i) and therefore most likely represents a bound ion. Since Na+ and contaminating 

Ca2+ are the only cations in the protein sample, the observed density likely represents a 

bound Na+ or Ca2+ ion. The precise nature and identity of this density awaits future 

elucidation.

Functional and structural examination of the cavity gate

If F403 and V407 form the sole activation gate, one would expect that a mutant TAX-4 

channel without such a gate would conduct basal currents in the absence of cGMP. To test 

this hypothesis, we created F403A, V407A and F403A-V407A mutant channels and 

recorded their currents in HEK 293T cells. The wild-type (WT) channel had no basal 

currents but produced large cGMP-activated currents (Fig. 4a,b). F403A and V407A also 

had no basal current (Fig. 4b), which is expected since the other hydrophobic barrier is still 

intact and the cavity gate is therefore still closed. However, F403A-V407A had no basal 

current, and strikingly, none of the single or double alanine mutant channels had cGMP-

activated currents (Fig. 4b), even though the channels were expressed on the plasma 

membrane (data not shown). Inspection of the closed- and open-state structures shows that 

F403 and V407 are engaged in extensive van der Waals interactions with other amino acids 

in both states (see later). Disrupting these interactions likely destabilizes both states. The 

detrimental effect of the F403A-V407A mutation suggests that mutating F403 and V407 

together to glycine or polar amino acids would also destabilize both closed and open states 

and that any attempt to obtain a constitutively open TAX-4 channel by simultaneously 

mutating these amino acids would be difficult.

In some channels, hydrophobic gates form at locations where the pore is physically wide 

enough to accommodate partially or even fully hydrated Na+ or K+ ions 30,31. The pore of 

TAX-4 is 5.9 and 5.7 Å wide at F403 and V407, respectively, in the closed state (Fig. 3a). To 

examine the robustness of the F403-V407 hydrophobic gate, we created F403V-V407A, 

reasoning that a valine at position 403 may maintain some of the van der Waals interactions 

but, with the much smaller valine and alanine at positions 403 and 407, the pore would be 

significantly wider in the absence of cGMP. The F403V-V407A mutant channel (named VA) 

showed no cGMP-induced currents when expressed in HEK 293T cells (Fig. 4b) and 
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displayed sporadic cGMP-evoked currents in only 2 out of 20 single-channel recordings 

when reconstituted in liposomes (Fig. 4c), indicating an impaired activation by cGMP. This 

is expected since the V407A mutation alone impaired activation by cGMP (Fig. 4b). 

Interestingly, F403V-V407A exhibited a small but significant increase in outward basal 

current (Fig. 4a). There was no increase in inward basal current; the reason for this is unclear 

but could be asymmetric ion block and/or ion permeation in the mutant channel pore. The 

outward basal current is unlikely produced by voltage-dependent activation of the mutant 

channel, because WT TAX-4 does not respond to voltage (Fig. 4a) 10 and because the 

structure of S4 and other parts of the voltage sensor-like domain is unaltered by the F403V-

V407A double mutation (Fig. 4d). The outward basal current is also unlikely to be caused by 

spontaneous openings of the mutant channel, which showed no activity in the absence of 

cGMP in 20 out of 20 liposome recordings. A parsimonious explanation for the small basal 

current is that the cavity gate becomes slightly leaky in F403V-V407A, and the resulting 

leak current is too miniscule to be detected by single-channel recording (Fig. 4c) but the 

macroscopic leak current is measurable by whole-cell recording (Fig. 4a).

To test this hypothesis and understand why F403V-V407A has but a small basal current, we 

solved its structure in a cGMP-unbound state (Extended Data Fig. 4 and Table 1). The 

mutant structure, determined at a 2.5 Å-resolution, is virtually identical to the WT closed-

state structure (Fig. 4d), with an α carbon r.m.s.d of 0.5 Å when all of the 513 resolved 

amino acids are superimposed. The side-chains of V403 and A407 point to the cavity (Fig. 

4e,h), as the side-chains of F403 and V407 do in WT closed state. As expected, the pore 

widens significantly at these positions when compared to WT closed state (Fig. 4f,h). CHAP 

analyses indicate that although V403 still poses a high energy barrier, water permeation is 

not completely absent in the mutant pore as in the WT pore (Fig. 4g). This structure is thus 

in good agreement with the small basal current observed in the mutant channel (Fig. 4a). 

These functional and structural results support the hypothesis that V407 and A403 still form 

a hydrophobic gate in the F403V-V407A mutant channel, but this gate is slightly leaky. They 

also reinforce the conclusion that F403 and V407 form a strong double-barrier hydrophobic 

gate in the WT channel.

CNBD and C-linker conformational changes

The cGMP-binding site is ~51-54 Å from the cavity gate. The conformational changes 

triggered by cGMP binding are essentially propagated from the CNBD to the cavity gate 

through the C-linker (Fig. 1c,d). The overall structure of the TAX-4 CNBD is similar to that 

of other CN-binding proteins 26,27,35,37–43 and is composed of four α helices (designated A, 

B, C and P) and a β-roll containing eight β sheets (Fig. 5a,b). cGMP binding causes most 

parts of the CNBD to contract, bringing the α helices and β-roll closer together to cradle a 

cGMP molecule in a conserved binding pocket (Fig. 5a,b and Supplementary Video 1). The 

C-helix undergoes the largest movement upon cGMP binding: it rotates counterclockwise 

with respect to the TMD by 17.5o when viewed from the intracellular side (Fig. 5c) (same 

view below unless noted otherwise) and moves vertically towards cGMP and the TMD by > 

2.9 Å (Fig. 5d). Helices A, B and P and the β-roll also move toward cGMP. These 

movements cause the C-linker to undergo dramatic and complex conformation 

rearrangements (Figs. 5, 6 and Supplementary Video 1). The C-linker is composed of α 
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helices A’-F’, of which A’B’C’D’ form the gating ring. Helices A’B’ of one subunit 

associate with helices C’D’ and S4-S5-S6 of the counterclockwise neighboring subunit in 

both closed and open states. Upon cGMP binding, helices E’ and F’ move vertically toward 

the TMD by 7.1 Å and 6.6 Å, respectively (Fig. 5e). This large upward movement causes the 

gating ring to move closer to the TMD and to tilt. Helices C’ and D’ move up vertically by 

3.2 Å and 3.3 Å, respectively (Fig. 5e). Helix A’ rotates counterclockwise by 2o (Fig. 6a), 

tilts towards the center by 15o (Fig. 6b), and moves up vertically by 1.1-5.9 Å (Fig. 6c). 

These movements increase the distance between two diagonally opposed A419 from 17.9 Å 

to 24.7 Å (Fig. 6a); A419 is located at the N-terminal end of helix A’ and connects with S6 

(for location, see Fig. 1d).

S6 conformational changes

S6 interacts strongly with S5 and pore-helix of the same subunit and S6 of the 

counterclockwise neighboring subunit (Fig. 7a,b). The interactions are mostly different in 

the closed and open states. Notably, F403 and V407 form extensively van der Waals contacts 

in both the closed and open states (Fig. 7b). These residues thus play a dual role: forming a 

hydrophobic cavity gate and stabilizing the closed and open states.

Previous cysteine mutagenesis and modification studies suggest that S6 undergoes rotational 

and translational motions during ligand gating of CNG channels 17,36. Our TAX-4 structures 

show that the cGMP binding-induced movement of the gating ring causes a movement of 

most parts of the TMD, with the largest movement in S5 and S6 (Supplementary Videos 1 

and 2). S6 connects to the gating ring via a 2-amino acid (M417 and S418) linker (Fig. 1d 

and Supplementary Figure 1). Inserting a single glycine between M417 and S418 disrupts 

cGMP activation of TAX-4 10, indicating that a direct connection between S6 and the gating 

ring is crucial for ligand activation. This connection takes place between N416 of S6 and 

A419 of helix A’ (Fig. 1d and Supplementary Figure 1). The radial expansion of A419 from 

the central axis upon cGMP binding pulls on the intracellular end of S6, and this pulling, 

together with the movements of other TMD regions, leads to a dilation of the inner pore 

(from 9.1 Å to 18.0 Å at S415) and a right-handed twist of S6 (Fig. 7c). The degree of this 

twist varies at different positions, with the largest twist at F403 and V407 (4.2o at G399, 

43.8o at F403, 51.8o at V407, and 18.2o at S415). Due to this twist, the side-chains of F403 

and V407 undergo a 98o and 51o clockwise rotation (Fig. 7d,e and Supplementary Video 2). 

It is this rotation that opens the cavity gate. The main hinge point for S6 twisting and 

splaying is G399 (for location, see Fig. 1d). This glycine is conserved from prokaryotic CN-

modulated channels to human CNG channels, as is the cavity gate (Supplementary Figure 

1), suggesting that the cGMP binding-induced S6 conformational changes described for 

TAX-4 is a conserved gating mechanism.

DISCUSSION

The high-resolution structures of TAX-4 illuminate several new aspects of CNG channel 

gating, provide an alternative explanation for some previous results, and raise questions on 

some earlier conclusions. First, a spatial conformational trajectory of allosteric gating by 

cGMP is revealed. The conformational changes are complex (Supplementary Video 1) but 
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can be simplified into four steps. (1) cGMP binding causes the CNBD to contract, with its α 
helices and β-roll approaching the bound ligand. (2) The CNBD-contacting E’F’ helices of 

the C-linker move up toward the membrane. (3) Helix A’ of the gating ring tilts, rotates 

counterclockwise, and moves toward the membrane, causing its S6-connecting end to 

expand drastically. (4) S6 dilates and twists, and as a result, the side-chains of F403 and 

V407 swing away from the pore axis (Fig. 7b–e and Supplementary Videos 1 and 2).

Local structural comparisons of isolated apo and liganded CNBDs have revealed some of the 

CN-induced movements observed in the full-length TAX-4 structures, especially the large 

movement of the C-helix 26,27,37–43. The CNBDs of full-length MloK1 and SthK move 

toward the membrane by A 3-6 Å 44,45. Moreover, the CNBDs of LliK and SthK splay apart 

radially by 4 Å or more 26,45, and the CNBD of SthK rotates 25o clockwise with respect to 

the TMD 45. In contrast, although the C helix moves toward the membrane and undergoes a 

significant counterclockwise rotation, the CNBD of TAX-4 as a whole does not move 

vertically toward the membrane or splay apart upon cGMP binding (Supplementary Video 

1). The reasons for and importance of these differences await elucidation.

HCN channels are modulated by CNs and contain a CNBD and C-linker. Structures of apo 

and cAMP-bound full-length human HCN1 have been determined 35. Superposition of the 

C-linkers and CNBDs of HCN1 and TAX-4 based on an alignment of the β-roll shows that 

although the overall structures of these regions are similar in the two channels, significant 

local differences exist in both apo and liganded states (Extended Data Fig. 5). In particular, 

the CN-induced conformational changes of helix A’ of the C-linker are much smaller in 

HCN1 than in TAX-4. Thus, the displacement of S6 is much smaller in HCN1 than in 

TAX-4, consistent with the fact that HCN1 is not activated by CNs in the absence of 

hyperpolarization.

Second, CNs open a hydrophobic gate in the central cavity. VGICs are known to have two 

gates, one located at the intracellular end of the S6 bundle (the inner gate), one in the SF (the 

SF gate) 46. Some channels have both gates (e.g., Kv channels and TRPV134,46) and some 

have only the inner gate (e.g., TRPML347). Our work demonstrates the existence of a third 

gate − a gate in the central cavity. The presence of this hydrophobic cavity gate explains 

some of the unique pharmacological properties of CNG channels, such as the profound 

closed-state block by the local anesthetic tetracaine 48,49. A hydrophobic cavity gate is also 

observed in the closed-state structures of bacterial CN-modulated channels, and is formed by 

Y224 and I228 in LliK, F203 in MloK1, and Y211 and I215 in SthK 25–27 (Supplementary 

Figure 1 and Extended Data Fig. 6). Although a number of ion channels have hydrophobic 

gates 30,31, no other VGIC has been reported to possess a hydrophobic gate in the central 

cavity. Thus, it appears that the hydrophobic cavity gate is a unique structural feature 

evolved in bacterial CN-modulated channels and preserved in eukaryotic CNG channels.

The lack of an inner gate in TAX-4 explains previous cysteine modification data from 

vertebrate CNG channels showing that some positions above the S6 bundle crossing were 

readily accessible to intracellular thiol-modifying reagents when the channels were closed 
17–21,36. Those observations were originally interpreted in the context of the KcsA structure 
33 and led to the hypothesis that the CNG channel activation gate was located not at the S6 
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bundle crossing but at the SF. A key observation that led to the SF gate proposition was the 

state-dependent modification by intracellular Ag+ of cysteine residues engineered at the SF 
19. In this study, cysteines at the equivalent positions of T376 and I377 (for position, see Fig. 

3) were modified by Ag+ in open and closed states with similar rates (between 106-107 M
−1S−1); on the other hand, a cysteine at the equivalent position of V380 was modified 200 

times more slowly in the closed state (104 M−1S−1) than in the open state (2×106 M−1S−1). 

An activation gate was proposed to be formed by the backbone movement of a glycine 

equivalent to G378 19. However, it is unclear based on the TAX-4 structures how Ag+ 

modification of a cysteine at the equivalent position of V308 would inhibit the channel. 

Moreover, the TAX-4 structures show that G378 moves little upon cGMP binding and 

unbinding (Fig. 3a). Whether the SF of vertebrate and native CNG channels has a structure 

different from that of TAX-4 and whether it undergoes CN-induced movements and forms 

an activation gate remains to be determined.

Third, the closed and open states are stabilized by numerous and distinct interactions 

between many regions. The interaction interfaces vary among different CNG channel 

subunits (Supplementary Figure 1), explaining in part the different affinities and efficacies of 

CN activation of different CNG channels 1,3. Altering the strength of these interactions 

would be expected to affect CNG channel gating, as has been observed in cases where some 

of the interactions are disrupted or strengthened 11–16,36,50–52.

Fourth, although the SF does not change its conformation upon cGMP binding and 

unbinding, it may nevertheless play a role in gating. Notably, the side-chains of E379 do not 

interact with any other amino acids in either the closed or open state; instead, they appear to 

interact with a cation in the closed state but not in the open state (Fig. 3b, c). This interaction 

may stabilize the closed state. The effects of E379 mutations on CNG channel gating 53,54 

thus need to be reinterpreted in light of these structural observations.

Finally, CNG channels are modulated by various membrane lipids 55–61. Discrete and strong 

densities not belonging to the channel protein are observed in both cGMP-unbound and -

bound structures (Extended Data Fig. 7). These densities may represent lipids. Indeed, some 

densities can be modeled as specific lipid molecules (Extended Data Fig. 7). The functional 

importance of lipid binding to TAX-4 awaits further investigation.

METHODS

Molecular biology.

Cloning of the TAX-4 coding sequence into various expression vectors was conducted as 

described previously 10. Briefly, the full-length TAX-4 gene was amplified from a 

Caenorhabditis elegans cDNA library by PCR. The WT TAX-4 gene was cloned into a 

modified pFastBac1 vector for expression of MBP-tagged full-length TAX-4 protein, and 

into the pcDNA3.1(−) vector (Invitrogen) for electrophysiology experiments. All TAX-4 

mutants used in protein purification and electrophysiology experiments were created using 

the Q5® Site-Directed Mutagenesis Kit (New England Biolabs) and were verified by 

sequencing. For surface expression experiments, a construct named GFP-TAX-4_WT-HA 

was created as described previously 10. Briefly, the full-length WT TAX-4 gene was cloned 
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into a modified pEGFP_C1 vector, generating a construct called GFP-TAX-4_WT. Then, a 

sequence of GGGYPYDVPDYAGGG, which contains the hemagglutinin (HA) tag 

(underlined) and flanking sequences, was inserted between G162 and T163 in GFP-

TAX-4_WT. The resulting GFP-TAX-4_WT-HA channel thus contains a GFP tag on its N-

terminus and an HA tag in the extracellular linker between S1 and S2. All site-specific 

mutants were subsequently generated in TAX-4_WT and GFP-TAX-4_WT-HA by PCR-

based overlapping extension mutagenesis.

Protein expression, purification and nanodisc reconstitution.

The baculovirus of WT and mutant TAX-4 was generated with Sf9 cells (Invitrogen, not 

tested for mycoplasma) following the standard protocol and used to infect Sf9 cells for 

protein expression at a ratio of 1:50 (virus to Sf9, v/v). Forty-eight hours after infection, 

cells were harvested by centrifugation at 4,539 g. All purification procedures were carried 

out at 4 °C unless specified otherwise. The cell pellet was re-suspended and lysed by 

osmotic shock in a hypotonic buffer (20 mM Tris-Cl, pH 8.0, 5 mM β-mercaptoethanol, 100 

μM cGMP) supplemented with a protease inhibitor cocktail (Sigma). After lysis, cell 

membranes were collected by centrifugation at 29,448 g for 30 min. TAX-4 protein was 

further extracted from cell membranes using a glass dounce homogenizer in an extraction 

buffer (50 mM HEPES-Na, pH 8.58, 150 mM NaCl, 0.5% LMNG, 5 mM β-

mercaptoethanol, 100 μM cGMP). After incubation for 1 h, the solubilized membrane was 

clarified by ultracentrifugation at 111,338 g for 30 min and incubated with amylose resin 

(New England Biolabs) for 2 h with gentle agitation. The resin was collected by low speed 

spin at 800 g, transferred into a gravity column, and washed with buffer A (50 mM HEPES-

Na, pH 8.58, 150 mM NaCl, 0.05% LMNG, 0.15 mM soybean polar lipid extract (Avanti), 5 

mM β-mercaptoethanol, 100 μM cGMP) and subsequently buffer B (50 mM HEPES-Na, pH 

7.4, 500 mM NaCl, 0.05% LMNG, 0.15 mM soybean polar lipid extract, 5 mM β-

mercaptoethanol, 100 μM cGMP). Maltose (20 mM) in the wash buffer B was used to elute 

the MBP-tagged TAX-4 protein. The eluted MBP-tagged TAX-4 protein was concentrated to 

1 ml before nanodisc reconstitution.

Membrane scaffold protein MSP2N2 was expressed and purified from Escherichia coli, and 

MBP-tagged TAX-4 protein was incorporated into lipid nanodiscs following the published 

protocol 62. In brief, MBP-TAX-4, MSP2N2 and soybean polar lipids (dissolved in a buffer 

containing 50 mM HEPES-Na, pH 7.4, 500 mM NaCl, 33 mM CHAPS) were mixed at a 

molar ratio of 1:2.5:200, and incubated on ice for 20 min. Bio-beads SM2 (200 mg per 1 ml 

mixture, Bio-Rad) were added to initiate the reconstitution by removing detergents from the 

system and the mixture was incubated at 4 °C with gentle agitation for 1 h. A second batch 

of Bio-beads (same amount as above) together with TEV protease (100 μg per 1 mg MBP-

TAX-4) was then added and the sample was incubated at 4 °C overnight. The TAX-4/

nanodisc sample was centrifuged to remove Bio-beads and concentrated to 0.5 ml before the 

final separation with a Superose 6 column (GE). The elution peak corresponding to 

reconstituted TAX-4/nanodisc was collected for cryo-EM analysis. For cGMP-bound WT 

TAX-4/nanodisc sample, the protein was eluted with a gel-filtration buffer containing 50 

mM HEPES-Na, 500 mM NaCl, 5 mM β-mercaptoethanol, pH 7.4, with 100 μM cGMP. For 
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cGMP-unbound WT and F403V-V407A mutant TAX-4/nanodisc samples, the proteins were 

eluted with the same buffer but without cGMP.

Cryo-EM sample preparation and data acquisition.

The cryo-EM grids were prepared by applying 3 μl of TAX-4/nanodisc sample (0.75 mg ml
−1 with or without the addition of 2 mM cGMP) to a glow-discharged UltrAuFoil holey gold 

R0.6/1 grid (Quantifoil Micro Tools). After waiting for 30 s, the grid was blotted for 8 s 

(double-sided, blot force 3) under 100% humidity and 4 °C using FEI Vitrobot Mark IV 

(FEI) and immediately plunged into liquid mixture of ethane and propane 37%:63% cooled 

by liquid nitrogen. Micrographs were acquired by a FEI Titan Krios microscope (Thermo 

Fisher) operated at 300 kV and equipped with a K2 Summit direct electron detector (Gatan) 

working at counting mode. Leginon 63 was used for data collection. A nominal 

magnification of 22,500 × was used for imaging the samples, corresponding to a final pixel 

size of 1.07 Å on image. The defocus ranged from −1.5 μm to −3 μm. Each micrograph was 

dose-fractionated to 47 movie frames under a dose rate of 8.09 counts per pixel per second, 

with a total exposure time of 9.4 s and a frame exposure time of 0.2 s, resulting in a total 

dose of 66.03 e−/Å2. For cGMP-unbound F403V-V407A mutant TAX-4/nanodisc sample, a 

total of 5,982 movies were collected at a nominal magnification of 130,000 ×, corresponding 

to a final pixel size of 1.06 Å. Each micrograph was dose-fractionated to 40 movie frames 

under a dose rate of 7.94 counts per pixel per second, with a total exposure time of 8 s and a 

frame exposure time of 0.2 s, resulting in a total dose of 56.45 e−/Å2. All micrographs were 

imaged from regions with an ice thickness range of 20-80 nm 64,65.

Image processing.

For all cryo-EM data collected, drift correction, beam-induced motion correction and dose -

weighting were performed with MotionCor2 66 using a 5 × 5 patch. The resulting integrated 

micrographs were used for further processing. Contrast-transfer function parameters of the 

micrographs were estimated using Gctf 67. Particles were automatically picked by RELION 

3.0 68. Initially, 617,269 and 801,931 particles were picked for cGMP-bound and -unbound 

WT TAX-4, respectively. The picked particles were 4 × binned (4.28 Å) and applied to two 

rounds of 2D classification and one round of 3D classification with C1 symmetry. After the 

2D and 3D classifications, a total of 128,685 particles for cGMP-bound WT TAX-4 and 

163,525 particles for cGMP-unbound WT TAX-4 within classes exhibiting recognizable 

TAX-4 channel features were selected and re-extracted (1.07 Å) in RELION 3.0, and were 

then subjected to CryoSPARC 69 for 3D refinement with C4 and C1 symmetry individually. 

The final 3D cryo-EM density maps for cGMP-bound and -unbound WT TAX-4 in lipid 

nanodiscs were reconstructed and refined at 2.7 Å and 2.6 Å resolution with C4 symmetry, 

and 2.9 Å and 2.8 Å resolution with C1 symmetry. All resolutions were estimated by the 

gold-standard Fourier shell correlation (FSC) = 0.143 criterion. Local resolution was 

calculated using the built-in estimation in CryoSPARC. Image processing for F403V-V407A 

mutant TAX-4 was performed according to the same procedures described above. Initially 

1,877,870 particles were picked; 445,131 particles were selected after 2D and 3D 

classifications. The final 3D cryo-EM density map was reconstructed and refined at 2.5 Å 

with C4 symmetry and 2.7 Å with C1 symmetry.
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Model building, refinement, and validation.

For cGMP-bound WT TAX-4/nanodisc complex, the previously solved structure of TAX-4 

in amphipol (PDB ID: 5H3O) was docked into the cryo-EM map constructed with C4 
symmetry using UCSF Chimera 70 to generate the initial model. For cGMP-unbound WT 

and F403V-V407A mutant TAX-4/nanodisc complexes, the structure of TAX-4 in amphipol 

(PDB ID: 5H3O) was modified by removing the cGMP molecules before docked into the 

corresponding cryo-EM maps (C4 symmetry). All model building was conducted in Coot 71 

using the real-space refinement tool by manual adjustment of main chain/side chain 

conformations that differed from the structure of TAX-4 in amphipol. 512 out of 733 

residues were built for cGMP-bound WT TAX-4, and 513 out of 733 residues were built for 

cGMP-unbound WT and F403V-V407A mutant TAX-4. Residues 1-102, 161-166 and 

621-733 in cGMP-bound WT TAX-4, and residues 1-103, 162-164 and 620-733 in cGMP-

unbound WT and F403V-V407A mutant TAX-4 were not visible in the corresponding 

density maps. Coordinates and individual B-factors were refined against summed maps with 

secondary structure restraints and strict NCS constraints using phenix.real_space_refine 72 

implemented in PHENIX 73. Overfitting of the atomic models was validated via the 

previously described methods 74. In brief, atoms in the final model were randomly shifted by 

up to 0.2 Å, and the new model was then refined against one of the two half maps generated 

during the final 3D reconstruction. FSC values were calculated between the map generated 

from the resulting model and the two half maps, as well as the averaged map of two half 

maps. The quality of the models were evaluated with MolProbity 75. All the figures were 

prepared in PyMol 76 or UCSF Chimera 70.

Structural alignment and comparison.

Pair-wise structural superposition was performed with PyMol 76 by aligning all resolved 

atoms in the two tetramers. We opted to align all the atoms rather than a particular region 

and use four subunits rather than a single subunit for several reasons. (1) Our primary goal is 

to determine cGMP-induced conformational changes in the full-length channel. It is 

unknown a priori which regions of the channel do not undergo cGMP-induced 

conformational changes. Thus we believe that aligning all resolved atoms is more objective 

than selecting some atoms for alignment. (2) There is no experimental evidence to indicate 

that certain regions of the channel remain static upon cGMP binding/unbinding in the full-

length channel. Thus, using a particular region for alignment seems arbitrary and lacks 

justification. (3) cGMP may produce tertiary conformational changes, which could be 

masked, undetected or under-measured in single subunit alignments. (4) The α-carbon 

r.m.s.d is 2.6 Å when the cGMP-unbound and -bound structures are superimposed based on 

an alignment of all resolved atoms. The r.m.s.d is 2.8 Å, 2.8 Å and 3.1 Å, respectively, if the 

alignment is based on S1-S3, S1-S6, or the β-roll of the CNBD. The all-atom alignment has 

the smallest r.m.s.d.

Molecular dynamics simulation and CHAP analysis.

To generate the input files for CHAP 30 analysis, all-atom molecular dynamics simulation 

(MDS) systems were built with the CHARMM-GUI 77 web server using CHARMM36 force 

field, based on the structures of cGMP-bound WT TAX-4, cGMP-unbound WT TAX-4, and 
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cGMP-unbound F403V-V407A mutant TAX-4. The structures were merged to a lipid bilayer 

composed of 512 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules, 

and the systems were then solvated with 87337 TIP3P water molecules. 0.1 M NaCl was 

used to neutralize the systems, resulting in a total of ~365,000 atoms with initial dimensions 

of 147 Å × 147 Å × 167 Å.

CHAP analysis was performed according to online instructions (https://

www.channotation.org) and personal communication with S. Tucker and G. Klesse. The 

PDB files generated by MDS were used as input for CHAP analysis. The output files of this 

analysis include the topology of the ion permeation pathway, pore radii, water densities and 

water free energies.

Electrophysiology.

For whole-cell recordings, human embryonic kidney (HEK) 293T cells (American Type 

Culture Collection (ATCC), not tested for mycoplasma) were grown in DMEM (Thermo 

Fisher Scientific) plus 10% Fetal bovine serum (Gibco) and penicillin (100 U/mL)/

streptomycin (0.1 mg/mL) (Biological Industries). HEK 293T cells were transfected with 

WT or mutant TAX-4 using LipoD293 (SignaGen Laboratories) and used for recording in 

48 h after transfection.

All experiments were performed at room temperature (~ 22 °C). Pipettes were fabricated 

from borosilicate glass (World Precision Instruments) using a micropipette puller (P-1000, 

Sutter Instrument), and were fire-polished to resistances of 3-4 MΩ for whole-cell recording. 

Whole-cell currents were elicited by 30-ms voltage steps from −100 mV to +150 mV with 

10-mV increments, with a holding potential of 0 mV. Currents were amplified by Axopatch 

200B and digitized by Digidata 1440A (Molecular Devices). Currents were low-pass filtered 

at 2 kHz and sampled at 10 kHz. pCLAMP 10 software (Molecular Devices) was used for 

data acquisition and analysis. Both intracellular and extracellular solutions contained (in 

mM) 140 NaCl, 5 KCl, 1 EGTA and 10 HEPES (pH 7.4 adjusted with NaOH). The EC50 of 

cGMP activation of TAX-4 is 0.16 μM in inside-out patch recordings from HEK 293T cells 
10. To ensure full activation of WT and mutant channels, a high concentration of 100 μM 

cGMP was added to the pipette solution.

For inside-out patch-clamp recordings on giant unilamellar vesicles (GUV), purified WT or 

F403V-V407A mutant TAX-4 proteins were reconstituted at a 1:100 (w/w) ratio into 

preformed Triton X-100 (0.11 % [w/v])-destabilized liposomes that were prepared from 

Brain Extract Polar (Avanti Polar Lipid) in 150 mM NaCl and 20 mM HEPES (pH 7.5) as 

described 78. Triton X-100 was subsequently removed by Bio-Beads SM-2 (Bio-Rad). Three 

µl of reconstituted proteoliposomes was dehydrated on a clean cover slip overnight at 4°C. 

The dried proteoliposome layer was then rehydrated at room temperature with a standard 

bath solution containing (in mM) 270 NaCl, 30 KCl and 10 HEPES 10 (pH 7.5 adjusted 

with NaOH) to form GUV. For single-channel recording, patch pipettes were pulled from 

Borosilicate glass (Harvard Apparatus) and had a resistance of 5-7 MΩ when filled with a 

solution containing (in mM) 270 NaCl, 30 KCl and 10 HEPES 10 (pH 7.5 adjusted with 

NaOH). Giga-Ω seal was formed by gentle suction when the patch pipette made contact with 

the GUV. To obtain an inside-out single layer of membrane patch, the pipette was pulled 
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away from the GUV and the tip was exposed to air for 1-2 seconds and put back into the 

standard bath solution. Data were acquired by AxoPatch 200B and digitized by Digidata 

1322A. Currents were low-pass filtered at 1 kHz and sampled at 50 kHz. pCLAMP 9 

software was used for data acquisition and analysis. To elicit single-channel currents, 0.5-5 

uM cGMP was added to the bath solution.

Immunofluorescence and imaging.

HEK 293T cells were plated on poly-D-lysine-coated (Sigma) glass coverslips in DMEM 

(Invitrogen) supplemented with 10% fetal bovine serum (Hyclone), and kept in an incubator 

at 37 °C in a 5% CO2 humid atmosphere. Transfection was performed using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. 2.5 µg of GFP-TAX-4_WT-

HA or corresponding mutants cDNAs in 200 µl Opti-MEM (Invitrogen) were used to 

transfect each 12 mm (diameter) coverslip.

Immunofluorescence staining was performed 36 h post-transfection, at which time GFP’s 

expression was seen to peak. The culture medium was removed, and the transfected cells 

were briefly rinsed with PBS, and immediately fixed with PBS supplemented with 2% 

paraformaldehyde-4% sucrose, for 15 min at room temperature. Cells were then washed in 

PBS, and subsequently blocked in a non-permeabilizing (detergent-free) blocking buffer, 

which consisted of 1% fish gelatin (Sigma) and 2% goat serum (Sigma) in PBS, for 4 h at 

room temperature. To visualize surface HA tags, the fixed cells were incubated with a 

primary antibody against HA (mouse monoclonal anti-HA, BioLegend) at 4ºC overnight 

(diluted in blocking buffer, 1:160), then washed with PBS four times. A goat anti-mouse 

secondary antibody conjugated with the Alexa594 fluorophore (Life Technologies) was 

added to the coverslips for 1.5 h at room temperature (in blocking buffer, 1:700). The stained 

coverslips were finally washed 5 times with PBS before imaging.

Imaging was performed using a spinning disc confocal microscope, built on an inverted 

Nikon Eclipse TE2000-S microscope. Optics consisted of a spinning disc scanner unit 

(CSU10, Yokogawa) and a CCD high resolution digital ImageM camera (Hamamatsu). 

Images were acquired using a 60x color-corrected objective lens (Nikon). The GFP (green) 

laser line used 491 nm and 520 nm as excitation and emission wavelengths, respectively. 

The Alexa594 (red) laser optical path consisted of a 561 nm excitation source and a 591 nm 

emission filter. Laser sources and equipment were from Spectral. Optical filters (Chroma) 

were sputter-coated, to minimize chromatic aberration.

Focal plane thickness (z-axis) was 200 nm in all conditions. Confocal images for each 

fluorophore (GFP and HA) were always acquired as sequential scans (every 200 nm), which 

eliminated any optical bleed-through for the fluorophores used. Images were acquired and 

analyzed with Volocity 6.3 (PerkinElmer).

Statistics and reproducibility.

Blind experiments were conducted in HEK 293T whole-cell recordings with independent 

biological replicates. The homogeneity of variance was first tested using Levene’s Test. 

Based on the result of Levene’s Test, statistical significance was evaluated using two-tailed 

t-test (for all two-group comparisons). Data are presented as the mean ± standard error of the 
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mean (s.e.m.). A p-value of < 0.05 is considered statistically significant and is denoted by *, 

and “ns” indicates no significant difference.

CHAP analysis in Figs. 2c,d and 4f,g was repeated twice independently and the results were 

identical. Gel-filtration, SDS-PAGE and 2D classification in Extended Data Figs. 1, 3 and 4 

were performed independently at least three times and the results were consistent.

Cell lines.

Sf9 (Invitrogen) and HEK 293T (ATCC) cells were used. Cell lines were not authenticated 

or tested for mycoplasma contamination.

Reporting summary.

Further information on experimental design is available in the Nature Research Reporting 

Summary linked to this article.

Data availability

The cryo-EM density maps have been deposited in the Electron Microscopy Data Bank 

under the accession number EMD-21649 for cGMP-unbound WT TAX-4, EMD-21650 for 

cGMP-bound WT TAX-4, and EMD-21651 for cGMP-unbound F403V-V407A mutant 

TAX-4. The coordinates of the atomic models have been deposited in the Protein Data Bank 

under the accession number 6WEJ for cGMP-unbound WT TAX-4, 6WEK for cGMP-bound 

WT TAX-4, and 6WEL for cGMP-unbound F403V-V407A mutant TAX-4. Source data for 

Fig. 4a,b and Extended Data Figs, 1b, 3b and 4b are available with the paper online.

Extended Data
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Extended Data Fig 1. Cryo-EM single-particle analysis of cGMP-unbound TAX-4 reconstituted 
in lipid nanodiscs.
a, Gel filtration profile of cGMP-unbound TAX-4 nanodisc sample. b, SDS-PAGE of 

cGMP-unbound TAX-4 nanodisc sample used for cryo-EM. Unprocessed gel is available as 

source data. c, A representative motion-corrected micrograph. d, Fourier power spectrum of 

the micrograph shown in (c). e, Gallery of typical averages from 2D classification. f, Flow 

chart of cryo-EM image processing. g, Euler angle distribution of particles used in the final 

3D reconstruction with C4 symmetry. h, Local resolution of the final density map 
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reconstructed with C4 symmetry. i, Densities of the SF generated from the two half maps, 

contoured at 5σ and overlaid with the model. j, Gold-standard FSC curves of the final 3D 

reconstructions with C4 and C1 symmetry, respectively. k, FSC curves for cross-validation 

between maps and model. Black, model versus the summed map. Blue, model versus the 

half map that was used for model refinement (called ‘work’). Red, model versus another half 

map that was not used for model refinement (called ‘free’). Uncropped image for panel b is 

available as source data

Zheng et al. Page 17

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig 2. Cryo-EM density maps and atomic models of selected key regions in 
cGMP-unbound and -bound structures.
a, cGMP-unbound. The map was low-pass filtered to 2.6 Å, sharpened with a temperature 

factor of −117 Å2 and contoured at 5σ. b, cGMP-bound. The map was low-pass filtered to 

2.7 Å, sharpened with a temperature factor of −113 Å2 and contoured at 5σ
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Extended Data Fig 3. Cryo-EM single-particle analysis of cGMP-bound TAX-4 reconstituted in 
lipid nanodiscs.
a, Gel filtration profile of cGMP-bound TAX-4 nanodisc sample. b, SDS-PAGE of cGMP-

bound TAX-4 nanodisc sample used for cryo-EM. Unprocessed gel is available as source 

data. c, A representative motion-corrected micrograph. d, Fourier power spectrum of the 

micrograph shown in (c). e, Gallery of typical averages from 2D classification. f, Flow chart 

of cryo-EM image processing. g, Euler angle distribution of particles used in the final 3D 

reconstruction with C4 symmetry. h, Local resolution of the final density map reconstructed 
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with C4 symmetry. i, Densities of the SF generated from the two half maps, contoured at 5σ 
and overlaid with the model. j, Gold-standard FSC curves of the final 3D reconstructions 

with C4 and C1 symmetry, respectively. k, FSC curves for cross-validation between maps 

and model. Black, model versus the summed map. Blue, model versus the half map that was 

used for model refinement (called ‘work’). Red, model versus another half map that was not 

used for model refinement (called ‘free’). Uncropped image for panel b is available as 

source data
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Extended Data Fig 4. Cryo-EM single-particle analysis of cGMP-unbound F403V-V407A (VA) 
mutant TAX-4 reconstituted in lipid nanodiscs.
a, Gel filtration profile of cGMP-bound VA TAX-4 nanodisc sample. b, SDS-PAGE of 

cGMP-bound VA TAX-4 nanodisc sample used for cryo-EM. Unprocessed gel is available 

as source data. c, A representative motion-corrected micrograph. d, Fourier power spectrum 

of the micrograph shown in (c). e, Gallery of typical averages from 2D classification. f, Flow 

chart of cryo-EM image processing. g, Euler angle distribution of particles used in the final 

3D reconstruction with C4 symmetry. h, Local resolution of the final density map 
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reconstructed with C4 symmetry. i, Densities of the SF generated from the two half maps, 

contoured at 5σ and overlaid with the model. j, Gold-standard FSC curves of the final 3D 

reconstructions with C4 and C1 symmetry, respectively. k, FSC curves for cross-validation 

between maps and model. Black, model versus the summed map. Blue, model versus the 

half map that was used for model refinement (called ‘work’). Red, model versus another half 

map that was not used for model refinement (called ‘free’). Uncropped image for panel b is 

available as source data
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Extended Data Fig 5. Comparison of the CNBD and C-linker structures of TAX-4 and HCN1.
a,b, Superposition of the CNBD and C-linker structures in unliganded states in stereo view. 

The α-carbon r.m.s.d is 9.2 Å. c,d, Superposition of the CNBD and C-linker structures in 

liganded states in stereo view. The α-carbon r.m.s.d is 9.4 Å
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Extended Data Fig 6. Superposition of S6 of TAX-4 orthologs.
a,b, Superposition of S6 (viewed from the extracellular side) of cGMP-bound (open state) 

TAX-4, apo (closed state) TAX-4, apo SthK (PDB ID: 6CJQ) and apo LliK (PDB ID: 

5V4S), showing the presence of a hydrophobic cavity gate in all the apo structures
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Extended Data Fig 7. TAX-4 and lipid interactions.
a, Cryo-EM density map of cGMP-unbound TAX-4 reconstituted in lipid nanodiscs. 

Densities colored in blue are not modeled into TAX-4 and likely represent lipids. b,c, 

Possible lipid binding in several different regions in the closed state. The extra densities 

were fit with phosphatidylcholine (lipid 1 and 2) or phosphatidic acid (lipid 3 and 4). d, 

Cryo-EM density map of cGMP-bound TAX-4 reconstituted in lipid nanodiscs. Densities 

colored in blue are not modeled into TAX-4 and likely represent lipids. e, Possible lipid 

binding in the open state. The extra densities were fit with phosphatidylcholine (lipid 1 and 

2) or phosphatidic acid (lipid 3). Density maps were contoured at 5σ (b,e) or 3σ (c).
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Figure 1. Cryo-EM structures of TAX-4 in cGMP-unbound and -bound states.
a, Single-channel currents of TAX-4 reconstituted in giant unilamellar vesicles. cGMP-

induced currents were observed in 5/5 recordings. No basal activity was observed between 

−100 and +100 mV in any recordings. b, Cryo-EM density map of cGMP-unbound TAX-4 

reconstituted in lipid nanodiscs (gray). c, cGMP-unbound structure, viewed parallel to the 

membrane. d, Superposition of cGMP-unbound and -bound protomer structures, viewed 

parallel to the membrane. S1-S6, pore-loop, C-linker and CNBD are illustrated in different 

colors. The α-carbon positions of five key amino acids are indicated.
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Figure 2. The ion permeation pathway of TAX-4 in closed and open states.
a,b, Water-accessible pathways in the closed (a) and open (b) states, generated with the 

CHAP program and color coded according to the water free energy. c, Pore-size profile of 

the indicated structures. The origin of the pore axis is set at the cytoplasmic end of S6. d, 

Water density profile.
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Figure 3. Comparison of the selectivity filter and central cavity in the closed and open states.
a, Comparison of SF and central cavity in closed and open states. Distances between the 

atoms are measured as the center-to-center distance of two diagonally opposed atoms. b,c, 

Close-up of the shown SF and central cavity residues in the closed (b) and open (c) states. 

Cryo-EM density maps (mesh) are contoured to 5σ. Purple sphere in (b) represents a 

presumed cation.
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Figure 4. Functional, structural and computational analyses of F403V-V407A mutant TAX-4.
a, Averaged current-voltage relationships of whole-cell basal currents recorded in 

randomized and blind experiments from HEK 293T cells expressing F403V-V407A 

channels. The recording pipette contained no cGMP. n=number of independent measures. 

Error bars represent S.E.M. Original data are available as source data. b, Bar graphs 

summarizing whole-cell currents recorded at +100 mV from HEK 293T cells expressing 

WT and the indicated mutant channels, without or with 100 μM cGMP (to ensure maximum 

activation) in the recording pipette. Number of measurements is indicated for each 

condition. Error bars represent S.E.M. ns: no statistical difference. * p<0.05. Original data, 

error bar values, and statistical significance levels are available as source data. c, Single-

channel currents of F403V-V407A mutant TAX-4 reconstituted in giant unilamellar vesicles. 

cGMP-induced currents were observed in 2/20 recordings. No basal activity was observed 

between −100 and +100 mV in any recordings. d, Superposition of WT and F403V-V407A 

(i.e., VA) cGMP-unbound protomer structures, viewed parallel to the membrane. e, Water-

accessible pathways in the VA closed state, generated with the CHAP program and color 

coded according to the water free energy. f,g, Pore-size (f) and water density (g) of the VA 

closed state. Data for WT closed and open states were reproduced for comparison. The 

Zheng et al. Page 33

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



origin of the pore axis is set at the cytoplasmic end of S6. Inset in (g) shows an enlargement 

of the indicated region. h, Comparison of SF and central cavity in WT and VA closed states. 

Distances between the atoms are measured as the center-to-center distance of two diagonally 

opposed atoms. i, Close-up of the shown SF and central cavity residues in the VA closed 

state. Cryo-EM density maps (mesh) are contoured to 5σ. Purple sphere represents a 

presumed cation.
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Figure 5. cGMP binding-induced conformational changes in the CNBD and C-linker.
a,b, Comparison of the CNBD and C-linker structures in closed and open states in stereo 

view. Blue arrows and numbers indicate cGMP-induced movements (in Å) of selected atoms 

in the two structures. c, Bottom-up view of rotation of C-helix in the CNBD upon cGMP-

binding. d, Sideview of vertical movement of C-helix upon cGMP-binding. e, Sideview of 

vertical movement of helices C’D’E’F’ in the C-linker upon cGMP-binding.
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Figure 6. cGMP binding-induced conformational changes in the gating ring.
a, Bottom-up view of rotation and expansion of helices A’B’ in the gating ring upon cGMP-

binding. b, Sideview of upward tilting of helices A’B’ upon cGMP-binding. c, Sideview of 

vertical movement of helix A’ upon cGMP-binding.
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Figure 7. S6 interactions and cGMP binding-induced conformational changes in S6.
a, Interactions between S6 and S5, pore-helix and S6 of an adjacent subunit in the closed 

state. b, Diagram of specific interactions between S6 and S5, pore-helix and S6 of an 

adjacent subunit in closed and open states. c, Comparison of S6 and helices A’B’ in closed 

and open states in stereo view. The α-carbon positions of five key amino acids are indicated. 

d,e, Comparison of S6 (viewed from the intracellular side) in closed and open states, 

highlighting the rotation of F403 (d) and V407 (e).
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Table 1.

Cryo-EM data collection, refinement and validation statistics

cGMP-unbound WT 
(EMD-21649, PDB 6WEJ)

cGMP-bound WT 
(EMD-21650, PDB 6WEK)

cGMP-unbound F403V/V407A 
(EMD-21651, PDB 6WEL)

Data collection and processing

Magnification 22,500 22,500 130,000

Voltage (kV) 300 300 300

Electron exposure (e−/Å2) 66.03 66.03 56.45

Defocus range (μm) −1.5 to −3.0 −1.5 to −3.0 −0.9 to −2.6

Pixel size (Å) 1.07 1.07 1.06

Symmetry imposed C4 C4 C4

Initial particle images (no.) 801,931 617,269 1,877,870

Final particle images (no.) 163,525 128,685 445,131

Map resolution (Å) 2.6 2.7 2.5

 FSC threshold 0.143 0.143 0.143

Map resolution range (Å) 2.4 to 3.0 2.4 to 3.0 2.4 to 3.0

Refinement

Initial model used PDB 5H3O PDB 5H3O PDB 5H3O

Model resolution (Å) 2.7 2.8 2.6

 FSC threshold 0.5 0.5 0.5

Map sharpening B factor (Å2) −117.3 −112.5 −93.9

Model composition

 Non-hydrogen atoms 17,665 17,616 17,725

 Protein residues 2,052 2,048 2,052

 Ligands (cGMP/lipids/Na+) 0/32/1 4/28/0 0/36/1

B factors (Å2)

 Protein 79.28 72.23 80.84

 Ligand 61.08 63.50 65.75

R.m.s. deviations

 Bond lengths (Å) 0.013 0.015 0.011

 Bond angles (°) 1.016 1.031 0.789

Validation

MolProbity score 2.11 2.38 2.08

Clashscore 8.77 10.08 8.22

Poor rotamers (%) 2.80 4.95 3.02

Ramachandran plot

 Favored (%) 95.68 95.23 96.07

 Allowed (%) 4.32 4.77 3.93

 Disallowed (%) 0 0 0
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