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GORK K+ channel structure and gating vital
to informing stomatal engineering

Xue Zhang 1,2,4, William Carroll3,4, Thu Binh-Anh Nguyen 3,4,
Thanh-Hao Nguyen 3, Zhao Yang 1,2, Miaolian Ma1,2, Xiaowei Huang 1,
Adrian Hills3, Hui Guo1,2, Rucha Karnik 3, Michael R. Blatt 3,5 &
Peng Zhang 1,2,5

The Arabidopsis GORK channel is a major pathway for guard cell K+ efflux that
facilitates stomatal closure. GORK is an outwardly-rectifying member of the
cyclic-nucleotide binding-homology domain (CNBHD) family of K+ channels
with close homologues in all other angiosperms known to date. Its bioengi-
neering has demonstrated the potential for enhanced carbon assimilation and
water use efficiency. Here we identify critical domains through structural and
functional analysis, highlighting conformations that reflect long-lived closed
andpre-open states ofGORK. These conformations aremarkedby interactions
at the cytosolic face of the membrane between so-called voltage-sensor,
C-linker and CNBHD domains, the latter relocating across 10 Å below the
voltage sensor. The interactions center around two coupling sites that func-
tional analysis establish are critical for channel gating. The channel is also
subject to putative, ligand-like interactions within the CNBHD, which leads to
its gating independence of cyclic nucleotides such as cAMP or cGMP. These
findings implicate a multi-step mechanism of semi-independent conforma-
tional transitions that underlie channel activity and offer promising new sites
for optimizing GORK to engineer stomata.

Stomata are pores that mediate gaseous exchange across the
impermeable surface of plant leaves. They open in the light to allow
CO2 entry for photosynthesis and close to prevent leaf drying. Guard
cells surrounding each stoma regulate the aperture in response to
environmental and internal signals through the uptake and release of
osmotically-active solutes and water1–3. Ionic potassium (K+) is the
predominant inorganic solute transported by guard cells and is taken
up by voltage-dependent K+ channels andH+-coupled symport4,5 and is
released through a second set of K+ channels.

TheGORKK+ channel wasfirst identifiedwith the gork nullmutant
that slows stomatal closing6–8 and is a major pathway mediating K+

efflux for stomatal closure. GORK is a member of the cyclic-nucleotide
binding (homology) domain (CNBD/CNBHD) channel subfamily, and
exhibits unique regulatory characteristics that appear to be conserved
among these channels in angiosperm plants9–11. Like other outward-
rectifying K+ channels of plants12,13, GORK is activated with membrane
depolarisation to voltages positive of the K+ equilibrium voltage7,14.
External K+ acts as an inhibitor of the gate so that the voltage depen-
dence for activation is shifted in the positive direction with increasing
K+ outside11. The action was interpreted previously as a ‘failsafe’
to prevent K+ uptake when K+ rises around the guard cells9,13.
These characteristics of K+ dependence are intrinsic to the GORK
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protein and are retained when the channel is expressed in Xenopus
laevis oocytes7,14,15.

Previous work showed that relaxing the K+ dependence of GORK
gating accelerates steady-state K+

flux, thereby enhancing stomatal
kinetics and carbon assimilation in fluctuating environments typically
experienced by plants in the field15. These findings mark the GORK
channel as a promising target in extending bioengineering, both to
enhance carbon capture and to improvewater use efficiency16. As a key
step in this direction, and to understand the unusual mechanics of
GORK gating, we undertook a structural analysis of the channel in
conjunction with functional studies to resolve sites within GORK that
are important for its unique gating. Our results highlight two coupling
sites and their interactions that have major impacts on GORK gating.
These sites and the associated conformations indicate an

unprecedented, latching mechanism of semi-independent elements
that operate in concert to gate the channel.

Results
GORK architecture
For single-particle cryo-EM structural studies, the Arabidopsis full-
lengthGORKwas expressed as a fusion proteinwithGreen Fluorescent
Protein (GFP) in sf9 insect cells. Initially, the wild-type protein (GORK
or GORKwt) was purified in a 150mM KCl and 0.02% glyco-diosgenin
(GDN) environment. The cryo-EM analysis revealed the density map of
a homotetramer at 3.0 Å resolution. Focused refinement was
employed to improve the resolution of the cytosolic region and facil-
itate atomic model construction of 688 residues of the core GORK
structure (Fig. 1a; Supplementary Figs. 1, and 2). This final structure

Fig. 1 | Architecture of GORK. a Cryo-EM density for 3D reconstruction of GORK,
with four subunits coloured in green, yellow, blue, and pink, and micelle densities
coloured in light grey. b Side view of cartoon representation of GORK, with one
subunit highlighted and coloured by domains. c Domain layers viewed sectionally
from inside with subunits labelled (A-D). d Side view of the VSD and PD of

neighbouring subunits. Stick side chains are shown for the gating-charge residues,
counter-charge residues and hydrophobic constriction site. e Ion conduction pore
of GORK with front and rear subunits removed for clarity. Ion permeation pathway
is shown in grey. Gating residues and filter residues are shown as sticks. f Pore
radius calculated by MOLE. The constricting residues are labelled.
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comprised part of the cytosolic N-terminus, the transmembrane
domains of the channel, andmost of the cytosolic regionof the protein
including theCNBHDand theANKdomains (Fig. 1b).Missing onlywere
thefirst 32 residues of theN-terminus and thefinalC-terminal regionof
100 residues.

Without constraints, the GORK tetramer adopted a fourfold
symmetry within the transmembrane region that collapsed to two-
fold symmetry within the C-terminal cytosolic region (Fig. 1c). Within
the transmembrane region, the four subunits of GORK aligned to a
non-domain-swapped architecture of six α-helices (S1–S6) with the
voltage-sensor domain (VSD, S1–S4) positioned against the pore
domain (PD, S5–S6) of the same subunit (Fig. 1d). Evident below the
VSD on the cytosolic membrane face, we resolved an elbow-on-
shoulder ring of C-linkers. Each C-linker comprised of a hairpin of
two helices (A’ and B’) and two shorter helical sequences (C’ and D’)
that are a feature of CNBD channels characterised to date17–24 (Sup-
plementary Figs. 3 and 4; see also Fig. 1b, c) and bridge the PD and
CNBHD sequences. The C-linkers appeared to form a transition zone
with alternating configurations within the same reconstruction:
adjacent subunits—hereafter designated A through D, with pairings
A/B and C/D—formed a stable interface through the CNBHDs that
extended into two separate strands of two-fold symmetry in the ANK
domains (Fig. 1c). These characteristics ally GORK with the plant K+

channels AKT124 and SKOR23 and distinguish GORK from other CNBD
channels (Supplementary Fig. 3).

A more detailed analysis showed, within the VSDs, a regularly-
spaced sequence of six positively-charged residues in the S4 helix
contribute to the gating charge movements, with counter-charges
residing on the S2 and S3 helices and residue F108 from the S2 helix
forming a hydrophobic constriction over which the S4 residues pivot
(Fig. 1d). In general, the VSDs of K+ channels assume an ‘up’ con-
formation on membrane depolarisation that favours movement of
these charged residues away from the cytosolic face of the membrane
and re-aligns the counter-charges across a constriction formed by
residue F108. We observed residues R168, R174, and R177 to locate
above, and R179, K180 and R187 to locate below F108. This arrange-
ment is consistent with the ‘up’ position of the VSD as expected of the
channel when isolated in the absence of an electrical field.

Like other K+ channels, within the PD the GORK channel assembly
forms a ‘bracelet’ of backbone carbonyls from the signature TVGYG
motif. The carbonyls coordinate K+ ions as they pass through this
filter25,26 and showed a density associated with a string of K+ ions in the
filter (Fig. 1e). Below thefilter, the internal gate of the pore is formedby
the side chains of residues I303, T307 and V311 at the base of the S6
helix. We found that these residues formed a constriction of approxi-
mately 1 Å, indicating that the channel was closed (Fig. 1e-f). While the
‘up’ conformation of the VSDmight imply an open state of the channel,
we note that the K+-dependence of GORK prevents channel opening in
high K+ 7,12,13,15. In the closely related SKOR K+ channel, increasing
external K+ concentrations introduce a long-lived closed state, even at
depolarising voltages, that gives rise to K+ inhibition27. GORK evidently
adopts a closed state in 150mMK+, even with the VSD in the ‘up’
conformation. Thus, it is reasonable to conclude that the structure
represents a similar, long-lived channel conformation, presumably
inhibited by high potassium concentration.

Coupling sites
The four to twofold symmetry reduction of GORK is shaped by distinct
configurations of the C-linker and, between the CNBHD and ANK
domains, a region we have designated the ankyrin- or A-linker. Both
linkers adopt a ‘flat’ conformation of helical structures in subunits A
and C; the corresponding linkers in subunits B and D display a ‘kinked’
conformation with lower helical content that implies increased flex-
ibility (Fig. 2a, b andSupplementaryFig. 4a). The twokinked subunits B
and D associate with CNBHDs that are raised to abut closely with the

C-linker and VSD, while subunits A and C position the CNBHDs 10 Å
lower below the corresponding C-linker and VSD.

These variations in linker regions highlighted two putative cou-
pling sites of likely importance for channel kinetics (Fig. 2a, b and
Supplementary Fig. 4b). The first andmost tightly packed coupling site
(Coupling Site I, CSI) is located below the pore domain where the S4
and S5 helices overlay the C-linkers (Fig. 2c-d). Here residue R320 from
the C-linker A’ helix abuts the S4–S5 loop of adjacent subunit, forming
hydrogen bonds with the backbone of vicinal residues. Two K312
residues at the base of the S6 helix in subunits A and C interact with
E317 and D321 of the C-linker A’ helices in subunits B and D (Fig. 2c,
Supplementary Fig. 5a, c); the other two K312 residues of subunits B
and D interact with D321 and Y196 of the C-linker helices of subunits A
andC (Fig. 2d, Supplementary Fig. 5b, d). The net effect is to generate a
tight necklace of salt-bridges and hydrogen-bonds between the sub-
unit pairs and immediately below the pore gate. It is noteworthy that
D321 and the linkages it forms are partially-conserved among other
CNBD channels, including AKT1, KAT1, and HCN118,24,28 and fully con-
served in SKOR23.

Prior to resolving the GORK structure our functional analyses
drew on homologies to AKT1 and SKOR.We generated GORKmutants,
substituting each residue with Ala and with residues introducing
opposing charges before expressing the mutated channels in oocytes
for functional assessment. Unlike some plant CNBD K+ channels11,29,30,
functional activity of GORK in oocytes does not require co-expression
with protein kinases to activate the current14,15. Voltage clamp analysis
in Xenopus oocytes showed that, with some notable exceptions, many
substitutions around CSI failed to yield functional channels (Supple-
mentary Fig. 5e). The findings drew our attention to this coupling site.
In addition to the GORKK312R mutant, the mutants GORKE317A and
GORKD321A each yielded ensemble, or whole-cell, currents roughly
2-fold greater in amplitude than the wild-type GORK; the currents also
activated rapidly on depolarisation and deactivated slowly on repo-
larization when compared with GORKwt (Fig. 2e). Substitutions to give
GORKE317Q and GORKD321N, eliminating the negative charged side
groups, further enhanced the ensemble conductance (Fig. 2f), accel-
erated activation on membrane depolarisation and slowed deactiva-
tion on repolarization. Substitutions introducing positively-charged
side chains with GORKE317K and GORKD321R failed to yield currents
(Supplementary Fig. 5e).

We analysed the current from each construct to extract the gating
characteristics of the midpoint voltage, V1/2, and apparent voltage
sensitivity or gating charge, δ, as well as the maximum ensemble
(whole-cell) conductance, Gmax (see “Methods”). Additionally, we cal-
culated the relative conductance (G/Gmax) from tail current amplitudes
recorded at −140 or −160mV (see “Methods”). In general, fittings gave
values of δ of 1.6–1.8 in every case, consistent with the channel in
vivo14,15. However, fitting the steady-state currents of GORKE317A and
GORKD321A to a Boltzmann function (Eq. [1], see “Methods”) showed
highly significant negative shifts in the midpoint voltage for gating,
V1/2, relative to GORKwt to values of −37 ± 2 and −34 ± 4mV, shifts that
were evident also in Grel determined from tail currents (Fig. 2f). The
features of GORKE317A and GORKD321A were strongly enhanced in the
double mutant GORKE317AD321A (Fig. 2e, f). Current in the double mutant
deactivated with halftimes near 10 s and yielded a shift in V1/2 of
−43 ± 3mV, indicating almost a 2 kcalmol−1 reduction in the energy
barrier for activating the channel31. These findings again indicated a
critical role for the coupling between the C-linker ring and the base of
the pore.

We used these functional studies to guide cryo-EM analysis of the
full-length GORKE317AD321A protein. The mutant yielded a stable trans-
membrane region but showed a loss of density resolution, notably
below the CNBHD, suggestingmuch greater conformational dynamics
within the cytosolic C-terminal region. After focused 3D classification
to mask the PD and the C-linker, we obtained a relatively complete
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Fig. 2 | Coupling sites and GORK channel kinetics. a, b Twomajor coupling sites
formed by adjacent pairs of neighbouring subunits, with the other subunit pairs
removed in each for clarity. The C-linker and A-linker domains are indicated by
darker colours. c, dClose-up view ofCoupling Site I (CSI) cross-referenced to (a,b).
Key residues are shownas sticks. eMutants ofCSI residues E317 andD321 accelerate
activation and slow deactivation of GORK. Representative voltage clamp traces
(left) for GORKwt, GORKE317A, GORKD321A and GORKE317AD321A. Scale: vertical, 5μA;
horizontal, 2 s. Halftime (t1/2) analysis for activation at +40mV (centre) and deac-
tivation at −140mV (right) cross-referenced to traces by symbol. Note the loga-
rithmic scales. Data from n > 12 independent experiments for each construct (small
grey symbols) are shown with means ± SEM (large symbols). Lettering indicates
significant differences at P <0.002. f Steady-state current–voltage curves (left,
above) and relative conductance–voltage curves (left, below) are means ± SEM
(n > 12) from thedata in (e). Gating parameters (right) ofmidpoint voltage (V1/2) and
maximum ensemble conductance (Gmax) are from fittings to Eq. [1]. Relative con-
ductance plots are overlaid with means ± SEM of tail currents after scaling to Gmax

taken fromfittings to Eq. [1]. Data for each construct (small grey symbols) are shown
with means ± SEM (large symbols) cross-referenced by symbol. Lettering indicates

significant differences at P <0.002. Fittings for GORKwt and GORKE317AD321A shown
(left) for visual guidance. g, h Close-up view of Coupling Site II (CSII) cross-
referenced to (a, b). Key residues are shown as sticks. N-terminus is coloured in
orange in (h). i Voltage clamp analysis of GORKwt and the CSII mutants GORKT125A

and GORKL474A. Current-voltage (centre, above) and relative conductance-voltage
curves (centre, below) are means ± SEM of n > 12 for each construct. Gating para-
meters (right) of midpoint voltage (V1/2) and maximum ensemble conductance
(Gmax) are from fittings to Eq. [1]. Relative conductance plots are overlaid with
means ± SEM of tail currents after scaling to Gmax taken from fittings to Eq. [1].
Representative voltage clamp traces (insets, left) are cross-referenced by symbol;
expanded scales are of the first 0.5 s of each clamp step with arrows marking the
shoulders in activation. Scale: vertical, 4μA; horizontal, 1 s. Analysis (right) for each
independent experiment (small grey symbols) and means ± SEM (large symbols)
shows negative shifts in V1/2 and increase in Gmax for GORKT125A and GORKL474A

relative to GORKwt. Lettering indicates significant differences at P <0.002. Fittings
for GORKwt and GORKL474A shown (left) for visual guidance. Immunoblots are
included in Supplementary Fig. 10. Source data are provided as a Source Data file.
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reconstruction (Supplementary Fig. 6). The resolved structure of
GORKE317AD321A showed a tilt of the S4–S5 loop andpartial rotation of the
C-linkers relative to GORKwt (Supplementary Fig. 6f, g and Supple-
mentary Movie 1). Given the substantial impact on gating evident for
the GORKE317AD321A mutant, these observations point to the CSI inter-
actions and their relaxation as the likely explanation for the reduced
energy barrier for gating.

Comparison of GORKwt and GORKE317AD312A also highlighted a sec-
ond, putative coupling site (CSII) located below the VSD. This site
arises between subunit pairs A/B and C/D with a proximal association
between the base of the VSD S2–S3 loop, the C-linker and CNBHD
(Fig. 2g, h). Here, the kinked C-linker and raised CNBHD abut the VSD
of neighbouring subunit, with T125, Y126, R127 of the S2–S3 loop
positioned against a hydrophobic patch formedbyL349of theC-linker
and L408 and L474 of the CNBHD (Fig. 2g). We postulated that these
interactions might impact on the raised CNBHD. To test this idea, we
generated the substitutions GORKL474A and GORKT125A. Both mutants
gave enhanced current amplitudes and displaced V1/2 to −28 ± 4mV
and −19 ± 1mV, respectively, both inBoltzmannfittings and tail current
analyses (Fig. 2i). Evident in recordings from both mutants, too, was a
shoulder in the kinetics for current activation (Fig. 2i, inset), consistent
with the idea that interfering with the interactions of the VSD S2-S3
loop and CNBHD exposed an intermediate in the transition from the
closed to open states.

We also suspected a possible intercalation in the B/C and D/A
subunit pairs of an N-terminal segment between the flat C-linker and
VSD (Fig. 2h), as modelling the N-terminal residues 33–47 satisfied the
EM density and chemical environment (Supplementary Fig. 2). We
generated anN-terminal deletionmutant, omitting thefirst 50 residues
to give GORKΔ50. Expressed in oocytes, GORKΔ50 yielded roughly a 1.8-
fold increase in current amplitude and V1/2 shift of −30 ± 3mV relative
to GORKwt (Supplementary Fig. 7a). Cryo-EM analysis of the GORKΔ50

protein (Supplementary Fig. 7b–e) showed a dominant conformation
that, with the lack of the N-terminus, positioned three of the four
CNBHDs raised to abut the S2–S3 loops of the corresponding VSDs
(Supplementary Fig. 7f and Supplementary Movie 2). These data are
consistent with an N-terminal interaction in coupling the VSD and
CNBHD, its deletion facilitating VSD-CNBHD coupling and thereby
relaxing the channel gate to enhance activity15.

A-linker and intrinsic-ligand-like interactions
Despite their widespread presence, there are hints that the CNBHDs
found in the voltage-dependent channels of plants may have lost their
capacity for cyclic-nucleotide binding32. Indeed, the β-roll structures
known to coordinate cyclic nucleotides of binding CNBDs are not
conserved among the plant K+ channels32. Nonetheless, within the
A-linker of subunits B and D we resolved a kink and short helix at the
end of the CNBHD, positioning the side chain of residue R512 within
the pseudo ligand-binding pocket (Fig. 3a). Neighbouring subunits A
and C, by contrast, exhibited a flattened A-linker, forming a long helix
with the first ANK repeat that left the corresponding pseudo-binding
pockets exposed (Fig. 3b). Thus, two of the four subunits positioned
R512 in the space that would typically be occupied by a cyclic
nucleotide such as is bound in HCN117 (Fig. 3c). A similar mechanism is
observed in the KCNH family members21,33,34, where three residues of a
β-strand motif function as an intrinsic ligand (Fig. 3d), mutation or
deletion of which affects voltage-dependent gating33,35,36. We tested for
a role of the CNBHDs in GORKwith additions ofmembrane permeable
8-bromo-cAMP and 8-bromo-cGMP during recordings but observed
no effect either on the voltage-dependence or ensemble conductance
(Fig. 3e). However, charge-swapped and size-exclusion mutants
GORKR512E, GORKR512F and GORKR512Q reduced the ensemble con-
ductance (Fig. 3f), suggesting that the residue R512 and its intercala-
tion within the pseudo-binding pocket is important for channel
conformations that support activity.

A cytosolic tetramer interface
Three further interacting regions were resolved within the cytosolic
domain and, initially, were thought to be important for subunit
assembly. The first region was evident within the ring of C-linkers
(Fig. 4a and Supplementary Fig. 4b). Here, in the B/C and A/D subunit
pairs, the residues D357 and D363 of the kinked C-linker subunits B or
D appeared to form salt-bridges or hydrogen-bonds with residues
R332 and K322 of the neighbouring subunits C or A. These interactions
were seen to be replaced by coordination with T356-K333 and D363-
T358 in the A/B and C/D subunit pairs. Analysis of GORKR332A and
GORKD357A showed small, but significant positive shifts in gating evi-
dent in V1/2 and 50–70% reductions in Gmax; however, GORK

T356A and
GORKK333A had no significant effect on channel gating when compared
to GORKwt (Fig. 4b). A second region, arising between CNBHD surfaces
in the subunit pairs A/B and C/D centred around Q397 and Y424
(Fig. 4c). Expressing GORKQ397A gave a mean shift of V1/2 to −19 ± 3mV
and 1.6-fold rise in Gmax. The GORKY424A mutant gave only a modest
shift in V1/2, although it reduced Gmax to roughly 40% of that for
GORKwt (Fig. 4b).

The third region arose with the tight pairing of neighbouring ANK
domains of subunit A/B andC/D, and aweaker apposition of B andD at
the last ANK repeat (Fig. 4d). This region has been proposed to con-
tribute to tetramer assembly37. To assess the impact of this region on
channel function, we generated the C-terminal deletions GORKΔ527 and
GORKΔ702 thereby removing the KHA +ANK and KHA domains, respec-
tively. Expressing these constructs showed small shifts in V1/2 relative
to GORKwt that, like the effects on Gmax, were not significant (Fig. 4e).
However, that we recovered fully-functional channels with both dele-
tions belies any critical role for the region in channel assembly and
activity. Indeed, the substantial mobility, implicit in the loss of resol-
vable structures to the ANK and KHA domains under conditions
favouring channel activation (Supplementary Figs. 6 and 7), suggest
that their conformations are dictated by the channel structure within,
and immediately beneath the membrane surface, not the other way
around.

A pre-open state
Extensive functional analysis of GORK11,14,15 shows that the channel
remains closed in high K+, even at 0mV such as experienced by the
protein in isolation. This knowledge, and our structural observations
(Fig. 1e, f), point to conformations of the closed channel. GORK gating
is displaced to more negative voltages on mutation within the cyto-
solic N-terminus: Horaruang et al. 15 noted thatmutations of the GORK
N-terminus affecting channel clustering also displaced gating to ren-
der a channel that favoured the open state at 0mV even in 50mMK+.
Subsequently, we found that the GORKΔ23 deletionmutant, lacking the
N-terminal 23 residues, itself displaced V1/2 for gating to −47± 1mV
(Fig. 5a), an effect greater than observed with GORKΔ50.

To further bias the conditions for channel opening, we isolated
the GORKΔ23 protein in 10mMK+ for cryo-EM analysis (Supplementary
Fig. 8). The analysis yielded a predominant structure lacking much
detail beyond CNBHD in the cytosolic region but exhibiting four-fold
symmetry with all four CNBHDs raised to abut against the corre-
sponding C-linkers and VSDs (GORKΔ23-sym) (Fig. 5b). Also classified
were structures exhibiting nearly full-length and asymmetrical density
maps (GORKΔ23) and, among these, structures with three of the four
CNBHDs in a raised configuration similar to the structures resolved
with GORKΔ50. Notable in GORKΔ23-sym structure, we observed all four
C-linkers in a kinked conformation placing each of the four K312 resi-
dues around the ring in opposition to the D321 residue from the same
subunit (Fig. 5c and Supplementary Fig. 9a, b). Also evident in this
structure, the four VSDs appeared to form hydrophobic interactions
with CNBHDs, and were displaced by roughly 2 Å within the plane of
the membrane and away from the pore-lining helices, compared with
GORKwt, leading to a 0.5–0.7 Å dilation of the channel gate at residues
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T307 and V311 (Fig. 5b–d, Supplementary Movies 2 and 3). The
C-linkers of GORKΔ23-sym showed wider spacings at the ‘elbow’, a
pattern also evident between the CNBHDs of neighbouring subunits
(Fig. 5c and Supplementary Fig. 9c, d). Given themuch-reduced energy
barrier of the GORKΔ23 mutation, we conclude that the structure is
likely to represent a pre-open state primed for transition to a four-fold
symmetry within the cytosolic region and opening of the pore.

Discussion
Although we have yet to resolve GORK in a bona fide open state, our
results nonetheless highlight two coupling sites for gating centred
around the C-linker, CNBHD, and the cytosolic face of the VSD. These
structures and the conformations they assume aremost evident when
comparing GORKwt with the GORKE317AD321A and the N-terminal deletion
mutants. Electrophysiological analysis showed that these mutants
engender reductions in the energy barrier for gating and introduce
current kinetics that are consistent with intermediates between the
open and closed channel. Most striking are the effects of mutations in
CSI that comprises a ring of interactions that build across each of the

four channel subunits around the C-linkers and their interactions with
the VSDs and S6 pore helices. The position of this ring, immediately
below the opening to the channel pore and the base of the VSD, points
to a critical role for the interactions in transit to the open channel
conformation. This conclusion finds strong support with the extra-
ordinarily slow current relaxations observed on mutating key C-linker
and VSD residues (Fig. 2e, f). Additional contributions arise with an
apparent intercalation of R512 from the A-linker within a pseudo-
binding pocket of the CNBHD that contributes to CSII (Fig. 3). The
latter interactions associate with the raised CNBHD that positions it
against the C-linker and VSD, and they engender a shift of the VSD
within the plane of the membrane and away from the PD (Supple-
mentary Movies 1 and 2). Such effects are understood if the interac-
tions jointly constrain the conformational freedom of the CNBHD and
VSD: loss of this constraint, in the GORKT125A and GORKL474A mutants,
then allows additional conformations that give rise to the shoulder in
activation kinetics (Fig. 2i).

The conformational difference of GORKE317AD321A with thewild-type
structure is reminiscent of the transition between apo- and cNMP-

Fig. 3 | Intrinsic ligand inCNBHD. a,bTheCNBHDdomain fromdifferent subunits
of GORKwt. The A-linkers are indicated by darker colours. The residues R512 are
shown as sticks. c The CNBD domain of HCN1 (PDB 5U6P). The bounded cAMP is
shown as yellow sticks. d The CNBHD domain of Eag1 (PDB 5K7L). The ‘intrinsic
ligand’motif is indicated by darker colour. e Voltage clamp analysis of GORKwt with
2mM 8-bromo-cAMP and 8-bromo-cGMP added during recordings.
Current–voltage curves (centre, above) and relative conductance–voltage curves
(centre, below) are means ± SEM of n > 9 for each treatment. Gating parameters
(right) of midpoint voltage (V1/2) and maximum ensemble conductance (Gmax) are
from fittings to Eq. [1]. Relative conductanceplots are overlaidwithmeans ± SEMof
tail currents after scaling to Gmax taken from fittings to Eq. [1]. Representative
voltage clamp traces (insets, left) are cross-referenced by symbol. Scale: vertical,
2μA; horizontal, 1 s. Analysis (right) for each independent experiment (small grey

symbols) and means ± SEM (large symbols) shows no significant effect on V1/2 or
Gmax atP <0.05. fVoltage clamp analysis of GORKwt and the intrinsic ligandmutants
GORKR512E, GORKR512F, and GORKR512Q. Current–voltage curves (centre, above) and
relative conductance–voltage curves (centre, below) are means ± SEM of n > 11 for
each construct. Gating parameters (right) of midpoint voltage (V1/2) and maximum
ensemble conductance (Gmax) are from fittings to Eq. [1]. Relative conductance
plots are overlaid withmeans ± SEMof tail currents after scaling toGmax taken from
fittings to Eq. [1]. Representative voltage clamp traces (insets, left) are cross-
referencedby symbol. Scale: vertical, 2 μA; horizontal, 1 s. Gating analysis (right) for
each independent experiment (small grey symbols) and means ± SEM (large sym-
bols) showed no significant effect on V1/2. Differences in Gmax at P <0.001 of the
mutants indicated by lettering. Immunoblots are included in Supplementary
Fig. 10. Source data are provided as a Source Data file.
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bound states of cyclic nucleotide-gated ion channels that bias these
channels for enhanced sensitivities to voltage17. Furthermore, as we
have observed, N-terminal deletions of GORKexhibit partial dilation of
the pore. These structures associate with substantial shifts in the
voltage-dependence for gating to favour the open channel, and they
lend support to the idea of a pre-open conformation. In this state, the
channel assumes a four-fold symmetry of kinked C-linkers with the
CNBHDs raised and positioned against the corresponding C-linkers
and VSDs. Thus, if dilation of the C-linker ring must occur in con-
junctionwithmovement of theVSD, it is tempting to view the stateswe
have resolved as snapshots of intermediate stages revealing a set of
mechanical ‘latches’ that must be engaged for the channel to open.

How the cytosolic N-terminusmay interactwithin these structures
remains to be resolved.Nonetheless, insertionof theN-terminus below
the pore is likely to assume the role of a ‘safety catch’ to CSI and
constrain its transitions to disfavour conformations leading to the
open channel. Equally uncertain is the identity of the critical residues
with which the N-terminus interacts. Nor do our data speak to the
question of how these interactionsmight couple to the K+ sensitivity of

the channel gate. Previous studies had shown that sequences of
alternating charges along theN-terminus engage in a ‘fireman’s grip’ to
form clusters of GORK channels and that clustering and gating are
functionally linked through theN-terminus14,15. Itmay also prove useful
to compare these findings with those of other CNBD channels for
which gating is altered by N- and C-terminal regulatory domains
(Supplementary Fig. 3). Among these an N-terminal domain of the
KCNH channels, including the EAG, ERG and ELK channels, is thought
to operate with intrinsic-ligand binding of the CNBD to promote
channel activation and slow its deactivation36,38,39. We note that inter-
calation of the mammalian HCN1 N-terminus adjacent the C-linker
appears to introduce contact points that couple cAMP binding to
promote voltage-dependent gating of the channel18,40. So, we are
tempted to speculate that analogous coupling interactionsfind roles in
GORK for its gating with voltage and K+.

It remains intriguing that each of the structures resolved to date
has revealed a pore that is partially or fully closed. Yet each con-
formation nonetheless shows the VSD in the ‘up’ conformation that
associates with the open channel. With some notable exceptions, the

Fig. 4 | Tetrameric interface in cytosolic region. a Top and side views of the
C-linker ring of the GORK tetramer, with each subunit individually coloured. Key
residues are shown as sticks. b, Summary of voltage clamp analysis for GORKwt and
mutants of potential interacting residues within the C-linker and CNBHD domains.
Data for V1/2 and Gmax are shown for each independent experiment (small grey
symbols, n > 9 for each mutant) and their means ± SEM (large symbols). Significant
differences indicated by lettering at P <0.002. c Tetrameric interface formed by
CNBHD domains of neighbouring subunits. d Tetrameric interface formed by ANK
domains. The sites of Δ527 and Δ702 truncations are indicated by red spheres.
e Voltage clamp analysis of GORKwt and the C-terminal deletion mutants GORKΔ527

and GORKΔ702. Current–voltage curves (centre, above) and relative

conductance–voltage curves (centre, below) are means ± SEM of n > 12 for each
treatment. Gating parameters (right) of midpoint voltage (V1/2) and maximum
ensemble conductance (Gmax) are from fittings to Eq. [1]. Relative conductance
plots are overlaid withmeans ± SEMof tail currents after scaling toGmax taken from
fittings to Eq. [1]. Representative voltage clamp traces (insets, left) are cross-
referenced by symbol. Scale: vertical, 2μA; horizontal, 1 s. Data for V1/2 andGmax for
each construct (small grey symbols) are shown with means ± SEM (large symbols)
cross-referenced by symbol. No significant differences were observed at P <0.05.
Fittings of the current- and conductance-voltage plots for GORKwt shown (centre,
above and below) for visual guidance. Immunoblots are included in Supplementary
Fig. 10. Source data are provided as a Source Data file.
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VSDs of most K+ channel structures resolved to date are tightly linked
to the state of the pore, whether in the open or closed state11,19,41. By
contrast, several CNBD/CNBHD channels appear to show a much
weaker coupling between the VSD and channel pore. The mammalian
HCN1 channel has been resolved with the pore both open and closed,
in both cases with the VSD in the up position18,42,43, leading to sug-
gestions of a ‘domino-like’ sequence of transitions that connect vol-
tage with channel activities so that VSD conformation is only indirectly
connected to that of the pore42,44.

While there is little doubt of a weak connection between VSD
conformation and the open pore of GORK, our observations also
challenge the perception of gating as a fixed, domino-like progression
of conformational changes that must occur in sequence. Notably, the
alternate conformations arising between the CNBHD and C-linker, and
the associated, outward displacements of the VSD suggest instead that
eachmayoperate as semi-independentmechanical ‘latches’. A detailed
kinetic analysis of GORK remains outstanding. Nonetheless, the gating
kinetics of GORK and its mutants are consistent with single-channel
studies of the very close homologue SKOR, the second of the two
outward-rectifying K+ channels in Arabidopsis. Lifetime analysis of
SKOR gating showed that the channel relaxes to a long-lived closed

state - a ‘locked closed’ state - inmillimolarK+ that is evident evenwhen
themembrane is strongly depolarised27. In other words, it appears that
the VSD transitions of GORK, like SKOR, are necessary but not suffi-
cient to achieve the open state of the channel. Again, this behaviour fits
amodel of GORKgating that comprises a compound,mechanical latch
with multiple steps that depend on separate inputs and operate semi-
independently (Fig. 6).

Finally, our findings uncover two domains of the GORK channel
that are certain to provide new targets for bioengineering. Previous
studies demonstrated the potential of K+

flux manipulations for
improvingwater use efficiency and carbon assimilation by accelerating
stomatal opening and closing15,45. Horaruang et al. 15 identified muta-
tions within the GORK N-terminus that reduced the K+ affinity for K+

inhibition of gating, shifting the voltage dependence for channel
activity to more negative voltages. The effect was to enhance the
capacity for K+ efflux at voltages positive of EK and also to introduce a
new conductance for K+ influx at voltages negative of EK. By enhancing
K+

flux behind stomatal movements, the GORK N-terminal mutants
promoted both water use efficiency and assimilation under field-like
conditions of fluctuating light: they accelerated stomatal opening with
increases in light, thereby reducing stomatal limitation of CO2 uptake

Fig. 5 | GORKΔ23 adopts an apparent pre-open state. a Voltage clamp analysis of
GORKwt and N-terminal deletion mutant GORKΔ23. Current–voltage (centre, above)
and relative conductance–voltage curves (centre, below) curves aremeans ± SEMof
n > 15 for each construct. Gating parameters (right) of midpoint voltage (V1/2) and
maximum ensemble conductance (Gmax) are from fittings to Eq. [1]. Relative con-
ductance plots are overlaid with means ± SEM of tail currents after scaling to Gmax

taken from fittings to Eq. [1]. Representative voltage clamp traces (insets, left) are
cross-referenced by symbol and show accelerated activation and slowed deacti-
vation. Scale: vertical, 4μA; horizontal, 1 s. Gating analysis (right) for each inde-
pendent experiment (small grey symbols) andmeans ± SEM (large symbols) shows a

large negative shift in V1/2 and a 4-fold increase in Gmax for GORKΔ23 relative to
GORKwt. Lettering indicates significant differences at P <0.001. Fittings shown for
comparison. Note the smaller inward current at −68 and −92mV, negative of the K+

equilibrium voltage. Immunoblots are included in Supplementary Fig. 10. Source
data are provided as a Source Data file. b Overall structure of GORKΔ23-sym, with
diagonal subunits coloured in light and dark purple for clarity. c Structural differ-
ence between GORKwt (green and yellow) and GORKΔ23-sym (purple) subunits. The
arrows indicate the VSD movement. d Pore radius of GORKwt and GORKΔ23-sym
calculated using MOLE. The constricting residues are labelled.
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to the leaf, and they accelerated the rate of closing, so reducing water
losswith decreases in light by bettermatching stomatalmovements to
the reduced photosynthetic carbon assimilation when light was
limiting46. Most important, Horaruang et al.15 showed, by mechanistic
modelling and experiment, that displacing V1/2 by −20mV and more
relative to the wild-type channel was necessary and sufficient to
achieve these gains in water use efficiency and carbon assimilation.
Clearly similar, indeed greater, displacements in V1/2 are realised with
mutations of both CSI and CSII. Thus, it is plausible that further gains
may be possible by targeting these sites. It remains now to assess the
scope for such gains in the whole plant and whether combined
manipulations of GORK gating might facilitate even greater gains in K+

flux for stomatal movements.

Methods
Molecular cloning and mutagenesis
The gene encodingGORK (At5g37500, UniprotQ94A76)was amplified
from Arabidopsis thaliana complementary DNA as described
previously14. For protein purification, the full-length GORK DNA
sequence was subcloned into pFastBac vector containing a C-terminal
GFP-His tag and TEV protease cleavage site. The mutations and
N-terminal truncations were generated using two-step PCR with an
initial amplification followed by DpnI digestion and a second round of
re-amplification. For electrophysiology, we used Gateway Entry clones
from previous work14,47. GORK truncations were created to include
Gateway Entry sites and point mutations were generated by site-
directed and overlapping PCR mutagenesis48. Entry clones in

pDONR207 for Gateway reactions49 were used throughout and all
Entry clones verified by restriction digestion and sequencing. Desti-
nation clones were generated in pGT-myc-Dest with an extended
C-terminal myc-tag of 21 residues and the expression clones were
linearised for in vitro transcription and oocyte expression31,50. Primers
used are listed in Supplementary Tables 1 and 2.

Expression and purification of proteins
GORK and its mutants were expressed in Sf9 insect cells after bacu-
lovirus transfection. After expression, the Sf9 cells were pelleted, fro-
zen in liquid nitrogen and resuspended in buffer A (20mMTris pH 7.5,
150mM KCl) supplemented with 1mM phenylmethylsulfonyl fluoride
(PMSF), 2mM tris(2-carboxyethyl)phosphine (TCEP), 5 μg/mL aproti-
nin, 1.3μg/mL pepstatin A, 0.5μg/mL leupeptin, 1mM benzamidine,
2mM MgCl2 and 5μg/mL DNase I. Then 1% dodecyl maltoside (DDM)
and 0.2% CHS was added before incubation at 4 °C for 3 h. Insoluble
membranes were removed by ultracentrifugation at 150,000 g for
70min; the supernatant was added to NHS-activated Sepharose beads
(GE Healthcare) coupled to GFP nanobody51 at 4 °C for 1 h. The beads
were washed with 20mM Tris-HCl pH 7.5, 150mM KCl, 0.05% GDN,
2mM TCEP and then incubated overnight with TEV protease at 4 °C to
remove C-terminal GFP tag. The GORK protein was collected and
concentrated for further purification by size-exclusion chromato-
graphy (SEC, Superose 6 increase 10/300 GL, GE Healthcare) equili-
brated with buffer C (20mMTris-HCl pH 7.5, 150mMKCl, 0.02% GDN,
2mMTCEP). The peak fractions were collected and concentrated to 3-
4mg/mL for cryo-EM sample preparation.

Fig. 6 | A semi-independent latchmechanism forGORKgating.GORKK+ channel
subunit structure (top left) comprising N-terminus (N), pore (PD) and voltage-
sensor (VSD) domains, C-linker (C-linker), CNBHD (CNBHD) and ankyrin (ANK)
domains, condensed for illustrative purposes. Only two of four subunits of the
functional channel shown for clarity, omitting the ANK domain (right and below).
For channel opening, each of four semi-independent conformational elements
converge through state transitions (numbered conformations) to open the chan-
nel. Membrane depolarisation (①→②) drives the VSD outward to the up con-
formation. Relaxation of the N-terminus interchanges loosely with outward
movement of the CNBHD to the raised conformation and an open, fourfold sym-
metry in the C-linker (③–⑤), not in a particular order. The raised CNBHD promotes

lateral movement of the VSD away from the pore and facilitates channel opening
(⑥). High K+ outside favours transition to long-lived (locked closed) states (⑦).
Retaining part of the N-terminus (dashed and solid N-terminus) may help stabilise
the GORKΔ23 and GORKΔ23-sym conformations. The cryo-EM structures of GORKΔ50,
GORKΔ23 and GORKΔ23-sym may represent semi-independent conformations lead-
ing through a pre-open conformation to the open channel conformation and the
initial GORKwt structure to the locked closed conformation. Conformations ①, ②
and ⑥ are inferred from general knowledge of K+ channel function, and the model
conforms broadly with single-channel data for the GORK homologue SKOR27 and
the macroscopic kinetics described here.
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For cells expressing GORK N-terminal truncations, the pellet was
first suspended using hypotonic buffer of 20mM Tris, pH 7.5, 10mM
KCl, 1mMPMSF, benzamidine, and protease inhibitors for 45min. The
cell lysate was the spun at 39,800 g for 30min to sediment crude
membranes. The membrane pellet was homogenised and solubilized
in 1%DDM+0.2%CHS, 20mMTris pH7.5, 10or 10mMKClplus 40mM
NaCl, 1mMPSMF, 2mMTCEP, benzamidine, and protease inhibitors at
4 °C for 1 h. Insoluble membranes were removed by ultracentrifuga-
tion at 39,800 g for 30min, with the subsequent steps as
described above.

Cryo-EM sample preparation and data collection
To prepare samples for cryo-EM analysis, 3.5μL protein was applied to
glow-discharged carbon grids (Quantifoil Cu R1.2/1.3 400mesh). Grids
were blotted for 3 swithGrade 597 Filter Paper (Whatman) andplunge-
frozen in liquid ethane cooled by liquid nitrogen using a VitrobotMark
IV (Thermo Scientific) at 8 °C and 100% humidity.

Datasets for GORKwt and GORKE317AD321A were collected on a Titan
Krios (Thermo Scientific) transmission electron microscope operated
at 300 kV and equipped with a K3 direct electron detector (Gatan) and
Gatan imaging filter (GIF). For GORKwt, 6866 movie stacks were auto-
matically acquired in super-resolution mode (81,000× magnification)
using SerialEM software, with a set defocus range from −1.2mm to
−2.2mm. Each stack was exposed for 2 s, resulting in 40 frames and a
total dose of 58.3 e−/Å2. For GORKE317AD321A, 3334 movie stacks were
automatically acquired in super-resolution mode (130,000× magnifi-
cation) using EPU software, with a set defocus range from −1.0mm to
−2.0mm. Each stack was exposed for 2 s, resulting in 40 frames and
total irradiation of 57.8 e−/Å2. Datasets for GORKΔ50 and GORKΔ23 were
collected on a Titan Krios G4 transmission electron microscope with a
Falcon 4 direct electron detector and Selectrix X imaging filter
(Thermo Scientific) operated at 300 kV in zero-loss mode with a slit
width of 20 eV. Sets of 4683 and 4045movie stacks, respectively, were
automatically acquired in super-resolution mode (130,000× magnifi-
cation) using EPU software with a defocus range from −1.0mm to
−2.0mm. Each stack was exposed for 3.51 s, resulting in 1080 frames
and total dose of 49.3 e−/Å2.

Data processing
The data processing workflow and statistics are summarised in Sup-
plementary Figs. 1 and 6–8 and Supplementary Table 3. Raw movies
were firstmotion-corrected usingMotionCor252 and, for Falcon 4 data,
frames were aligned using motion correction in RELION 3.153. The
resulting dose-weighted micrographs were imported to cryoSPARC
v354 for patch-based contrast transfer function (CTF) estimation. After
blob picker or template picker selection, particles were extracted for
each dataset. Junk particles were removed by multiple rounds of 2D
classification. The initial 3D model was generated using ab initio
reconstruction. Subsequent multi-class heterogenous refinement and
resolution gradient classification was performed to clean the particles,
and the best classes were used for non-uniform refinement without
imposing symmetry. Local refinement or CTF refinement was per-
formed to further process particles until a high-quality map was gen-
erated. The overall resolution of each map was determined by the
gold-standard Fourier Shell Correlation (FSC) 0.143 criterion. Local
resolution estimation of each map was generated by cryoSPARC.

For the dataset of GORKwt, the heterogenous refinement gener-
ated one major class. After gradient resolution refinement, the best
class generate a high-quality map with an overall resolution of 3.00Å.
Local refinement was performed with a soft mask around cytosolic
region to further improve the map quality of ankyrin-repeat domain.

For the dataset of GORKE317AD321A, the non-uniform refinement
yielded amapwith strong densities of transmembrane region. Further
3D classification used a mask focusing on PD and C-linker and gener-
ated three classes. The class showing different conformation of

C-linker domain was further processed with non-uniform refinement
and generated a map with an overall resolution of 3.14 Å.

For the dataset of GORKΔ50, the non-uniform refinement yielded a
map with strong densities of transmembrane region and CNBHD
domain. Further 3D classification generated three classes, with two
classes showing three lifted CNBHD and one class showing two lifted
CNBHD. The particles showing three liftedCNBHDwere combined and
further processed with non-uniform refinement and generated a map
with an overall resolution of 2.60Å.

For the dataset of GORKΔ23, heterogenous refinement generated
two good classes, with one class showing C2 symmetry in cytosolic
region while the other showing C4 symmetry. The particles from
these good classes were combined and further processed with 3D
variable analysis, yielding eight clusters. The C4-symmetry classes
from heterogenous refinement and 3D variable analysis were com-
bined, and duplicate particles were removed. Further process using
non-uniform refinement and C4 symmetry generated a map with
strong density of transmembrane region and CNBHD domain. Sym-
metry expansion and local refinement were performed to further
improved the map quality and generated a map with an overall
resolution of 2.43 Å.

Model building and structure refinement
The atomic model of GORK was built based on an initial model pre-
dicted by AlphaFold II55, and manual model building and adjustments
were carried out with COOT56. The resultingmodel was refined using a
real space refinementmodule from PHENIX57 with secondary structure
and geometry restraints applied. The structures were validated with
MolProbity58, and refinement statistics can be found in Supplementary
Table 3. All structure figures were prepared in ChimeraX59.

Electrophysiology
K+ channels expressed in Xenopus oocytes were recorded by two-
electrode voltage clamp14,31,47 using Henry’s EP suite (v. 3.6.5.5, Y-Sci-
ence, Glasgow, UK). Capped mRNAs (cRNAs) were generated from
linearised oocyte-expression plasmids (HiScribe® T7 ARCA mRNA Kit,
E2065S, New England Biolabs) and were injected at 25 ng/oocyte.
Recordings were carried out 72 h after injection and oocytes were
collected and analysed for protein expression. For recordings, oocytes
were superfused with 10mMK+ in modified ND96 buffer with 1.8mM
MgCl2, 1.8mM CaCl2 and 10mM HEPES-NaOH, pH 7.2 adjusted for
osmotic balance47,60. Measurements with the membrane-permeant 8-
bromo-cAMP and 8-bromo-cGMP were carried out on the same
oocytes before and 25–30min after additions. Voltage was clamped in
cycles with 4-s to 6-s, positive-going steps between -120 mV and
+40mV. Steps were from a holding voltage of −140mV or –160mV,
well negative of the K+ equilibrium voltage EK, followedby an extended
step back to the holding voltage.

Background currents were subtracted and K+ currents were ana-
lysed using Henry’s EP suite and SigmaPlot 11.2 (Systat Software, Inc.,
USA) as describedpreviously14,61–63. Steady-state current, I, wasfittedby
joint, non-linear least-squares using a Marquardt-Levenberg algorithm
to a Boltzmann function of the form

I =
GmaxðV � EK Þ
1 + eδFðV 1=2�V Þ=RT ð1Þ

where Gmax is the maximum ensemble channel conductance, V is the
membrane voltage, V1/2 is the midpoint voltage for gating, δ is the
apparent gating charge or voltage sensitivity, and F, R, and T have their
usual meanings. Relative conductances, Grel (=G/Gmax), were derived
from Eq. [1] as

Grel =
1

1 + eδFðV 1=2�V Þ=RT ð2Þ
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andwere also plotted directly from tail currents recorded on returning
to the holding voltage, either −140 or −160mV, after scaling the
maximum tail currents toGmax from fittings to Eq. [1]. The closematch
betweenGrel derived from fittings to Eqs. [1] and [2] when compared to
the relative tail current amplitudes confirmed the validity of assuming
a constant conductance to the open-channel current, independent of
voltage, despite the asymmetry in K+ concentrations across the
membrane. This conclusion was also supported by instantaneous
current-voltage analysis of GORKwt and the most negative-shifted of
the mutants, GORKΔ23 (Supplemental Fig. 11), much as shown
previously for GORK8 and its homologue in Vicia guard cells12.

Current relaxation kinetics were fitted similarly by joint, non-
linear least-squares minimisation to a simple exponential function to
extract the deactivation kinetics. For activation, currents were ana-
lysed using the in-built functions of Henry’s EP suite to calculate half-
times at each clamp voltage from normalised current relaxations.

Immunoblot analysis
Proteins expressed in oocytes were analysed from oocytes collected
after electrophysiological recordings47. Immunoblots were analysed
following standardprotocols48 using rabbitαGORKantibody14 orαmyc
antibody (ab9106, Abcam, Cambridge UK) at 1:4000 or 1:10,000
dilutions and goat anti-rabbit horseradish peroxidase-conjugated
secondary antibodies (ab6721, Abcam) at 1:10,000 dilution.
Antibody-bound protein bands were visualised by chemiluminescence
using HRP substrate (peroxide) luminol (Thermo Scientific, Cat.
34075). Ponceau staining was used as a control to verify an equal
loading. Chemiluminescent signals were acquired (Fusion spectra,
Vilber Lourmat) at 600 dpi resolution and quantified using ImageJ
v1.54f (rsbweb.nih.gov/ij/).

Statistics
All results are reported asmeans ± SEMof n independent experiments.
Significance was determined by t-test and Analysis of Variance
(ANOVA), as appropriate, with post-hoc analysis (Tukey). Significant
differences are indicated by different lettering at P <0.05 unless
otherwise stated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM density maps of GORKwt, GORKE317AD3321A, GORKΔ50, and
GORKΔ23 have been deposited in the Electron Microscopy Data Bank
(EMDB) under accession codes EMD-61061, EMD-61062, EMD-61063,
and EMD-61064, respectively. The corresponding atomic coordinates
have been deposited in the Protein Data Bank (PDB) under accession
codes PDB 9J0X, 9J0Y, 9J0Z, and 9J10, respectively. Source data are
provided with this paper.
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