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NOMPC ion channel hinge forms a gating 
spring that initiates mechanosensation
 

Philip Hehlert    1,7, Thomas Effertz    2,7, Ruo-Xu Gu3,5, Björn Nadrowski1, 
Bart R. H. Geurten1,6, Dirk Beutner2, Bert L. de Groot3,4 & Martin C. Göpfert    1,4 

The sensation of mechanical stimuli is initiated by elastic gating springs 
that pull open mechanosensory transduction channels. Searches for 
gating springs have focused on force-conveying protein tethers such as 
the amino-terminal ankyrin tether of the Drosophila mechanosensory 
transduction channel NOMPC. Here, by combining protein domain 
duplications with mechanical measurements, electrophysiology, molecular 
dynamics simulations and modeling, we identify the NOMPC gating-spring 
as the short linker between the ankyrin tether and the channel gate. This 
linker acts as a Hookean hinge that is ten times more elastic than the tether, 
with the linker hinge dictating channel gating and the intrinsic stiffness 
of the gating spring. Our study shows how mechanosensation is initiated 
molecularly; disentangles gating springs and tethers, and respective 
paradigms of channel gating; and puts forward gating springs as core ion 
channel constituents that enable efficient gating by diverse stimuli and in a 
wide variety of channels.

Our abilities to sense touch, gravity and sound—and to control move-
ments of our gut and limbs—all commence with the transduction of 
mechanical stimuli into electrical signals1–4. This mechano-electrical 
transduction (MET) takes place in mechanosensory cells and is medi-
ated by MET channels—dedicated ion channels that are gated directly 
by mechanical stimuli5–8. When this mechano-gating of MET channels 
was uncovered four decades ago, in mechanosensory hair cells of the 
inner ear9–12, it was realized that coupling mechanical stimuli to chan-
nel gating transitions necessitates an elastic coupling element10—the 
gating spring11—whose force-induced deformation delivers the gating 
energy10–12. Through its elasticity, this gating spring allows the channel 
to switch between closed and open conformations, and mechanical 
stimuli can influence the channel open probability by altering the ten-
sion of the gating spring1,10–14.

Irrespective of whether a gating spring opens a MET channel by 
push or pull, the spring will relax when the channel gates swings open, 
making it seem more compliant1,12–14. This gating compliance is an 

intrinsic property of MET channels1 that has been observed experi-
mentally in the mechanics of both vertebrate inner ear hair cells12,15–17 
and the Drosophila ear18. In either system, the stiffness of the gating 
springs can be deduced using the gating-spring model1,12–18—a biophysi-
cal framework that, linking gating compliance to MET channel gating, 
defines the gating spring as a theoretical element1,12–14.

MET channels can receive force from the surrounding lipid bilayer 
(force-from-lipids gating) and tether filaments (force-from-filaments 
gating)2–8. Searches for gating springs have concentrated on tether 
filaments that, judging from their position and stiffness, could 
potentially serve as gating springs. In vertebrate hair cells, the gating 
springs might be the tip links that, tethering the MET channel com-
plex extracellularly to adjacent hair bundle stereocilia, convey force 
to the channels11–14,17,19–21. The whole tip links, however, might not be 
sufficiently compliant to function as gating springs22–26. Alternative 
gating-spring candidates are the tip link component protocadherin-15 
(refs. 27,28) and ankyrin repeat (AR) proteins that tether membrane 
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form the AR domain of the NOMPC channel40, whereby duplicating 
this domain yields functional 29+29ARs–NOMPC channels whose AR 
domain comprises twice 29 ARs34. Judging from electron tomography, 
the AR domain of 29+29ARs–NOMPC has twice the normal length37, 
suggesting that its stiffness will be halved. We now tested how this 
domain duplication affects NOMPC gating and the gating-spring stiff-
ness, unexpectedly revealing that the NOMPC gating spring is not its AR 
domain but, instead, its linker helix (LH) domain, which is interspersed 
between AR domain and gate.

Results
AR domain duplication leaves NOMPC gating unaltered in vitro
To explore how AR domain duplication affects NOMPC gating, we 
expressed 29AR+29AR-NOMPC34 (hereafter referred to as AR+AR–
NOMPC::GFP; Fig. 1a) heterologously in Drosophila S2 cells, transfect-
ing cells with the parental nompC-GFP plasmid as controls. The latter 
plasmid includes the 1,732-amino-acid isoform nompC.L (GenBank: 
ADK73985.1), tagged with green fluorescent protein (GFP)37 (hereafter 
referred to as NOMPC::GFP; Fig. 1a). GFP fluorescence documented 
cell surface localization for both the control protein, NOMPC::GFP 
and the modified protein AR+AR-NOMPC::GFP (Extended Data Fig. 1a). 
In accordance with previous observations34, patch-clamp recordings 
from excised outside–out membrane patches confirmed that both 
proteins form functional ion channels displaying spontaneous open-
ings (Fig. 1b). Current amplitude histograms obtained for the two 

proteins intracellularly to the cytoskeleton19,20,23,25,29. In the nematode 
Caenorhabditis elegans, the AR protein ankyrin seems to convey force 
to a MET channel complex that, molecularly, resembles that of hair 
cells29, and ARs are thought to form the gating spring of the Drosophila 
MET channel NOMPC30–39. NOMPC is a mechano-gated transient recep-
tor potential (TRP) family channel implicated in touch sensation32,40, 
proprioception41 and hearing42. Compared with other TRP channels, 
NOMPC bears an exceptionally long N-terminal AR domain that forms 
one full turn of a helix30,35. Tethering the channel to microtubules33–35, 
this AR domain forms a force-conveying filament33,34,37 that is essential 
for mechano-gating34. Apart from tether filaments, the lipid bilayer has 
been put forward as a gating-spring candidate43 and, in principle, any 
compliant force-conveying element, or several such elements together, 
could function as gating spring25,26.

For a coupling element to qualify as a gating-spring component, 
manipulating its stiffness should alter the gating-spring stiffness and, 
thus, channel gating19,20. Softening the element should necessitate 
larger displacements to force open the channel, and it should also 
reduce the propensity of the channel to open spontaneously by reduc-
ing the resting tension of the spring19–21,34,37. Such stiffness manipula-
tions, though proposed19,20, are unreported, leaving unresolved the 
molecular identities of the gating springs17,19,20,23–26,38.

The stiffness of a Hookean spring scales inversely with length, and 
stacks of ARs reportedly display Hookean behavior, with their stiffness 
declining when more ARs are added to the stacks23,44. A total of 29 ARs 
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Fig. 1 | Effects of domain duplications on in vitro NOMPC function.  
a, Sketches of NOMPC::GFP control protein, AR+AR–NOMPC::GFP with 
duplicated AR domain, and LH+LH–NOMPC::GFP with duplicated LH domain. 
TMD, transmembrane domain (membrane core). b, Representative traces  
of respective spontaneous currents recorded in outside–out patches at a  
holding potential of −60 mV. Dashed lines, zero current level (0 V); n = 22 
(NOMPC::GFP), 7 (AR+AR–NOMPC::GFP) or 13 (LH+LH–NOMPC::GFP) cells.  
c, Respective histograms of current amplitudes, each fitted with two Gaussians 
(left), and single-channel conductance. Right, boxplot of data (gray dotted line, 
average from control; box, 50% of data; line in box, median; white square, mean, 

whiskers, 1.5× interquartile range). d, Representative recordings of respective 
pressure-activated currents; n = 8 (NOMPC::GFP), 6 (AR+AR–NOMPC::GFP) or 7 
(LH+LH–NOMPC::GFP) cells. e, Respective probability to find at least one channel 
constantly open, po,≥1, plotted against the stimulus pressure (symbols), fitted with 
Y(X) = 1 − (1 − po(X))N (lines); color code as in a–d. f, Respective open probability, 
po, (top) deduced from the fits in e. g, Respective offset pressures corresponding 
to po = 0.5. Boxplot as defined in c. Two-tailed Mann–Whitney U-tests with 
Bonferroni correction (NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001).  
For additional data, see Extended Data Fig. 1b,c.
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proteins showed similar bimodal distributions (Fig. 1c, left), whereby 
fitting each distribution with two Gaussians yielded a virtually identical 
single-channel conductance for AR+AR–NOMPC::GFP and NOMPC::GFP 
(Fig. 1c, right). Both proteins gave rise to mechano-activated currents 
when we applied negative pressure to the inside of the patch using a 
high-speed pressure clamp45 (Fig. 1d). Increasing the pressure ampli-
tude opened several channels and extended their open times (Fig. 1d) 
and, accordingly, we determined the probability of finding at least 
one channel open, po,≥1 = 1 − (1 − po)N, where po and N are the open prob-
ability and the channel number, respectively. When plotted against the 
pressure amplitude, P, po,≥1(P) was shifted to slightly more negative 
pressures for AR+AR–NOMPC::GFP than for NOMPC::GFP (Fig. 1e). 
Fitting po,≥1(P) with Y(P) = 1 − (1 − po(P))N attributed this shift to a lower 
number, N, of active AR+AR–NOMPC::GFP channels in the membrane 
patches (1.7 ± 0.3 channels per patch versus 9 ± 1.8 channels per patch 
for NOMPC::GFP; mean ± s.e.m.; sample sizes, seven and eight cells, 
respectively) (Extended Data Fig. 1b). The deduced open probabili-
ties, po(P), superimposed for the two proteins (Fig. 1f), with the pres-
sure amplitude corresponding to po = 0.5 being virtually identical for 
NOMPC::GFP and AR+AR–NOMPC::GFP (Fig. 1g and Extended Data 
Fig. 1c). Hence, under in vitro conditions, duplication of the NOMPC AR 
domain seems to have, at most, subtle effects on NOMPC spontaneous 
activity and mechanosensitivity.

AR domain duplication does not alter NOMPC function in vivo
NOMPC is expressed widely in Drosophila mechanosensory cells, 
including the ciliated chordotonal stretch receptor neurons of John-
ston’s organ ( JO)—the fly’s antennal hearing organ40,46. Within JO neu-
rons, NOMPC localizes to mechanosensory cilium tips46, with its loss 
causing an approximately threefold drop in JO mechanosensitivity42. To 
explore whether AR domain duplication might affect NOMPC function 
in vivo, we introduced AR+AR–NOMPC::GFP and NOMPC::GFP in the 
JO neurons of nompC null mutant (nompC−/−) flies using the UAS/Gal4 
system47 with nompC-Gal4 (ref. 41). GFP fluorescence confirmed that, 
within JO neurons, both proteins localize to the cilium tips (Extended 
Data Fig. 2). To probe mechanosensitivity, we recorded JO neuron 
compound action potentials (CAPs) while displacing the fly’s antennal 
sound receiver with force steps (Fig. 2). Compared with NOMPC::GFP 
controls (Fig. 2a), receiver displacements that were 3.4 times greater 
were required to evoke the half-maximum CAP response in nompC−/− 
null mutant flies (Fig. 2b,e), reporting the roughly threefold sensitivity 
drop. Normal sensitivity, as seen in the wild type42, was restored equally 
by NOMPC::GFP and AR+AR–NOMPC::GFP (Fig. 2a,c,e), document-
ing that either protein can compensate for the loss of endogenous 
NOMPC. Hence, in the JO neurons of live flies, AR+AR–NOMPC::GFP, 
NOMPC::GFP and endogenous NOMPC are interchangeable function-
ally, illustrating that, also under in vivo conditions, duplication of the 
AR domain does not notably compromise the mechanosensory func-
tion of NOMPC.

AR domain duplication does not affect gating-spring stiffness
To test whether AR domain duplication might alter gating-spring stiff-
ness, we measured the gating compliance in the mechanics of the fly’s 
antennal sound receiver18. Displacements of this receiver are coupled 
to JO neuron cilia, and the receiver stiffness drops nonlinearly over that 
range of displacement amplitudes in which MET channels gate18,31,48. 
Quantitatively, this gating compliance can be described by a gating-spring 
model including opposing populations of two channel types that differ 
in displacement sensitivity31. We showed previously that the gating com-
pliance contributed by the more sensitive channel type is lost selectively 
in nompC−/− flies31, and we now found that this NOMPC-dependent gating 
compliance is restored fully by both NOMPC::GFP and AR+AR–
NOMPC::GFP. Replacing native NOMPC with either protein rescued the 
sharp drop of the receiver stiffness at small displacement amplitudes 
(Fig. 3a,c) that is seen in wild-type flies31 and lost in nompC−/− flies (Fig. 3b). 

To describe this sharp stiffness drop, the gating-spring model had to 
include two channel types, the same as for wild-type flies31, as confirmed 
by assessing the goodness of the fits using Akaike weights (Supplemen-
tary Table 1). Across displacement amplitudes, the receiver stiffness 
superimposed for flies expressing either protein, as did respective fits 
of the gating-spring model (Fig. 3a,c). Judging from these fits, opening 
one of the NOMPC-dependent sensitive (s) channels changes the force 
in its gating spring, zs = γκsδs (refs. 1,12–14), by 24 ± 1 fN (mean ± s.e.m.) 
in flies expressing AR+AR–NOMPC::GFP (Fig. 3e and Supplementary 
Table 1). This force change matches that reported for wild-type flies 
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(24 ± 1 fN)31 and that obtained for flies expressing NOMPC::GFP (23 ± 2 fN; 
Fig. 3e and Supplementary Table 1). Duplicating the AR domain is unlikely 
to alter γ—a geometric projection factor relating receiver displacements 
to molecular displacements12–14,18—yet reductions of the gating-spring 

stiffness, κs, could, in principle, be balanced by an increased gating swing, 
δs. Evidence that the AR domain duplication does not alter κs—and thus 
δs—was provided by the asymptotic stiffness, K∞, the antennal receiver 
approaches at large displacement amplitudes (Fig. 3a,c). According to 
the gating-spring model, K∞ = Klin + KGS, where Klin is the receiver’s linear 
stiffness and KGS is the combined stiffness contributed by all gating 
springs1,12,31. Parameter values obtained for K∞, Klin and KGS were virtually 
identical for flies expressing AR+AR–NOMPC::GFP and NOMPC::GFP 
(Supplementary Table 1) and, judging from parameter values obtained 
for nompC−/− flies, the gating springs associated with the less sensitive 
(ls) channel type have a combined stiffness, KGSls, of 17 ± 3 µN m−1 
(mean ± s.e.m.), matching a previous estimate (16 ± 3 µN m−1)31. Using 
the former value to deduce the combined stiffness of the 
NOMPC-dependent gating springs, KGSs = KGS − KGSls = Nsγ2κs, yielded 
slightly lower values of KGSs for flies expressing AR+AR–NOMPC::GFP 
than for NOMPC::GFP controls (Fig. 3f), reflecting a slightly, though 
statistically nonsignificant, lower channel number, Ns (Supplementary 
Table 1). When we normalized KGSs to Ns, the effective gating-spring stiff-
ness per channel, γ2κs = KGSs /Ns, was identical for AR+AR–NOMPC::GFP 
and NOMPC::GFP (Fig. 3g), signaling that the AR domain duplication 
does not alter the spring constant, ks, of individual NOMPC-dependent 
gating springs. Also unaltered were the κs-dependent single-channel 
gating energy, EGs = 1/2κsδs

2 = 1/2 (Nszs2/KGSs )
48 (Fig. 3h) and the 

κs-independent projected gating swing, δs/γ = 2EGs /zs (Fig. 3i). Accord-
ingly, the AR domain does not contribute detectably to gating-spring 
mechanics, indicating that this mechanics is determined by other, more 
compliant coupling elements.

Actuating ARs deforms LH domain hinge
The intracellular AR domain is connected to the NOMPC membrane 
core by the LH domain (Fig. 1a)—a stack of intracellular linker helices 
spanning approximately residues 1136–1260 of the NOMPC.L isoform 
(UniProt: A8DYV6_DROME)35. Judging from a high-resolution cryogenic 
electron microscopic structure of NOMPC.L (PDB 5VKQ) in the closed 
conformation35 and respective molecular dynamics simulations36,39, 
the LH domain seems to act as a bridge between the AR domain and 
the TRP domain, conveying force to the pore-forming transmembrane 
helices S5 and S6 (Fig. 1a and 4a). Domain swapping with voltage-gated 
channels had shown that, together, the NOMPC AR and LH domains 
mediate mechano-gating34. Accordingly, we reasoned that, instead of 
the AR domain, the LH domain could act as the gating spring. To assess 
whether the LH domain might be elastic and deform when force acts on 
the ARs, we performed molecular dynamics simulations for part of the 
reported NOMPC structure35, including the last five ARs (AR25–AR29), 
the LH domain and the channel’s membrane core (Fig. 4a). Besides 
applying pulling force to AR25, we also applied pushing force, which 
seems to activate NOMPC39. Both types of forcing induced larger confor-
mational changes of the LH domain than the AR domains, as revealed by 
comparing the root-mean-square deviation (RMSD) of atomic positions 
between nonequilibrium (with force applied) and equilibrium (without 
force applied) simulations (Fig. 4b). Principal component analysis (PCA) 
revealed rigid body motion of the transmembrane helices relative to 
the ARs along the direction of the first principal component, which 
accounted for more than 50% of the total variance (Fig. 4c,d). Dynamic 
domain analysis of the extreme PCA conformations using the DynDom 
method49 hinged this relative movement on residues of the LH domain 
(Fig. 4d and Supplementary Video 1). Aligning the transmembrane 
helices, the LH domain and the ARs of the extreme PCA conforma-
tions separately also located the main conformational differences at 
the LH and TRP domains, whereas the conformation of the AR domain 
remained almost unchanged (Fig. 4e). PCA of the LH domain alone 
revealed hinge-like motions of its upper half (amino acids 1218–1260) 
relative to its lower half (1235–1217) (Fig. 4f and Supplementary Videos 
2–4). The collective motion of the LH domain alone correlated with 
that of the entire protein portion for their first principal component 
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(Pearson correlation coefficient of ~0.78; Fig. 4g). This motion coupling 
further corroborates the hinge function of the LH domain, with no 
other domains determining the collective motion of the simulated 
portion of the protein. To assess how the ARs communicate with the 
transmembrane domain, we searched for communication pathways 
between AR25 and the TRP domain using community network analy-
sis50. All five ARs and the LH domain were found to be involved in the 
information flow, with the contacts between the LH and TRP domain 
mediating this flow between intracellular and transmembrane domains 
(Fig. 4h). In our simulations, the five ARs reflected the motion of the LH 
domain, hampering reasonable estimates of LH domain elasticity. The 
combined elasticity of the LH domain and the five ARs (Extended Data 

Fig. 3a), however, exceeded that obtained for those five ARs when force 
was applied to AR25 and the LH domain was restrained (Extended Data 
Fig. 3a,b), signaling that the LH domain is considerably more elastic than 
AR25–AR29. Compared with those 5 ARs, the 26 ARs spanning from AR4 
to AR29 were much softer when force was applied to AR4 and the LH 
domain was restrained (Extended Data Fig. 3b), yet the conformational 
changes located mainly at the N-terminal ARs AR4–AR7, whose side 
chain structures are unresolved35. These localized conformational 
changes might not occur in nature, where the N-terminal end of the AR 
domain is bound to microtubules and other proteins seem to support 
the entire AR domain37. Hence, the LH domain hinge identified by our 
simulations could be sufficiently compliant to serve gating-spring 
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function, especially as our experimental data suggests that, under 
natural conditions, the AR domain is rather stiff (Figs. 1–3).

LH domain duplication reduces mechanosensitivity in vitro
To test experimentally whether the LH domain acts as a gating spring, 
we duplicated this domain using the nompC.L-GFP plasmid41, yielding 
an LH+LH–NOMPC::GFP protein with two LH domains arranged in tan-
dem (Fig. 1a). Like NOMPC::GFP, LH+LH–NOMPC::GFP reached the cell 
surface in S2 cells (Extended Data Fig. 1a), showing spontaneous open-
ings in excised outside–out membrane patches (Fig. 1b). Compared with 
NOMPC::GFP, the frequency of opening events was reduced for LH+LH–
NOMPC::GFP (Fig. 1b,c; left), while the single-channel conductance was 

unchanged (Fig. 1c; right). Like NOMPC::GFP, LH+LH–NOMPC::GFP 
responded to negative pressure, although with reduced sensitivity 
(Fig. 1d). When plotted against the pressure amplitude, the probability to 
find at least one channel open, po,≥1 = 1 − (1 − po)N, was shifted towards more 
negative pressures for LH+LH–NOMPC::GFP compared with NOMPC::GFP 
(Fig. 1e). This reduced pressure sensitivity was also seen when we deduced 
the open probability, po(P) (Fig. 1f), documenting that the shift of po,≥1(P) 
cannot be attributed solely to the reduced channel number, N (Extended 
Data Fig. 1b), but, independent of that number, reports a shift of po(P). 
Judging from the fits, the pressure amplitude corresponding to po = 0.5 
was −45 ± 2 mmHg (mean ± s.e.m.) for LH+LH–NOMPC::GFP—almost 
twice the respective amplitude obtained for NOMPC::GFP (−28 ± 2 mmHg) 
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(Fig. 1g and Extended Data Fig. 1c). Duplicating the LH domain thus 
reduces NOMPC spontaneous activity and mechanosensitivity, whereby 
the nearly twofold drop in pressure sensitivity might signal Hookean 
behavior. Duplicating a Hookean gating spring in tandem should reduce 
displacement sensitivity twofold, yet our in vitro experiments do not 
show how displacement scales with the stimulus pressure.

LH domain duplication halves mechanosensitivity in vivo
The reduced mechanosensitivity of LH+LH–NOMPC::GFP was also 
seen in vivo when we analyzed mechanically evoked JO neuron CAP 
responses. To replace native NOMPC in these neurons with LH+LH–
NOMPC::GFP, we expressed a UAS-LH+LH-nompC::GFP transgene 
in the nompC3 null mutant background using the expression driver 
nompC-GAL4. In JO neurons, LH+LH–NOMPC::GFP localized to the 
cilium tips (Extended Data Fig. 2). CAP recordings from JO neurons 
revealed that, compared with NOMPC::GFP, LH-LH–NOMPC::GFP 
restores JO mechanosensitivity only partially (Fig. 2a,d). The receiver 
displacement corresponding to the half-maximal CAP amplitude was 
2.8 ± 0.2 µm (mean ± s.e.m.; N = 6 animals) for LH-LH–NOMPC::GFP flies, 
2.3 times the respective displacement determined for NOMPC::GFP 
controls (1.2 ± 0.1 µm; N = 6) (Fig. 2e). This circa twofold drop in dis-
placement sensitivity further points to Hookean behavior, with the 
duplicated LH domain necessitating displacements that are twice as 
large to mechano-activate NOMPC. In line with this sensitivity drop, 
the dynamic range of the CAP response widened slightly, although 
statistically nonsignificant (Fig. 2f), consistent with the larger working 
range of softer springs. This dynamic range expansion, though seem-
ingly present in vivo, could not be seen in vitro (Fig. 1f), where it might 
have been concealed entirely by the variability of the response (Fig. 1e).

LH domain duplication halves gating-spring stiffness
In addition to partially restoring the displacement sensitivity of JO 
neurons, LH+LH–NOMPC::GFP partially restored the NOMPC- 
dependent gating compliance in the mechanics of the fly’s antennal 
sound receiver (Fig. 3d). For the NOMPC-dependent sensitive channel 
type, fits of the gating-spring model yielded a force change, zs, in the 
gating spring upon channel opening of only 11 ± 1 fN (mean ± s.e.m.), 
half the value obtained for NOMPC::GFP controls (Fig. 3e and Supple-
mentary Table 1) and wild-type flies (24 ± 1 fN)31. This halving of z was 
specific to the NOMPC-dependent channels; for the less sensitive, 
NOMPC-independent channel type, the respective force change, zls, 
was identical for flies expressing LH+LH NOMPC::GFP and NOMPC::GFP 
(Supplementary Table 1). The twofold reduction of zs in LH+LH 
NOMPC::GFP flies coincided with a drop of the receiver’s asymptotic 
stiffness K∞, but not its linear stiffness Klin (Supplementary Table 1), 
reporting a reduction of the combined gating-spring stiffness, KGS. 
Compared with NOMPC::GFP controls, the combined stiffness of the 
NOMPC-dependent gating springs, KGSs, was reduced in flies express-
ing LH+LH–NOMPC::GFP (Fig. 3f). When normalized to the number of 
sensitive channels, KGSs/Ns = γ2ks was only 8 ± 3 nN m−1 (mean ± s.e.m.), 
half the value obtained for NOMPC::GFP controls (17 ± 3 nN m−1; Fig. 3g 
and Supplementary Table 1). Duplicating the LH domain thus halves 
the effective stiffness, γ2ks, of the NOMPC-dependent gating springs, 
and, thus, their spring constant, ks. The latter conclusion can be drawn 
because the duplication halved both γ2ks (Fig. 3g) and zs = γκsδs (Fig. 3e), 
indicating that it reduces κs only, without altering the projection factor 
γ and the gating swing δs. In effect, LH domain duplication also halved 
the ks-dependent gating energy (EGs = 1/2 ksδs

2) (Fig. 3h), but not the 
ks-independent, projected gating swing, δs/γ (Fig. 3i).

Extranumeral LH domain can substitute the native one
Halving the spring constant of the gating spring, the duplicated LH 
domain behaves like two identical Hookean springs that are arranged in 
series. Judging from this Hookean behavior, the extranumeral LH domain 
functions like the native LH domain, which seems unexpected given 

the tight network of intramolecular interactions the native LH domain 
makes with the adjacent TRP domain35. Accordingly, we reasoned that 
the inserted, extranumeral LH domain should be able to functionally 
replace the native LH domain if the latter were stabilized by crosslink-
ing. To test this possibility, we substituted three vicinal aa pairs in the 
native LH domain with cysteine pairs, I1161C–C1203, K1177C–N1241C and 
A1212C–H1249C (Fig. 5a,b). For the last two pairs, the Cα–Cα distance 
between their alpha carbons (Cα) changed in our molecular dynam-
ics simulations when force was applied to the ARs (Fig. 5b), whereby 
stabilizing these pairs should constrain the hinge-like movement of 
the LH domain (Extended Data Fig. 4). When expressed in Drosophila 
S2 cells, the modified LH+LHCys-NOMPC::GFP channel resembled the 
parental LH+LH–NOMPC::GFP channel with respect to its spontane-
ous activity (Fig. 5c), single-channel conductance (Fig. 5d) and mech-
anosensitivity (Fig. 5e,f). The crosslinking reagent 1,6-hexanediyl 
bismethane-thiosulfonat (MTS6, or MTS-6-MTS) entirely abolished the 
spontaneous activity of LH+LHCys-NOMPC::GFP, LH+LH–NOMPC::GFP and 
NOMPC::GFP within 1 min, signaling unspecific crosslinking (Extended 
Data Fig. 5a). Immediately upon adding MTS6, however, the frequency of 
spontaneous openings increased transiently for LH+LHCys-NOMPC::GFP, 
yielding a current amplitude distribution (Fig. 5d; left) resembling that 
obtained for NOMPC::GFP (Fig. 1c, left). No such transient increase was 
observed for LH+LH–NOMPC::GFP, NOMPC::GFP and a control protein, 
LH+LHCys-ctrl-NOMPC::GFP, carrying only one cysteine pair, I1161C–C1203, 
with the two cysteine pairs placed according to our molecular dynam-
ics simulations being reverted to single, unpaired remaining cysteines, 
K1177C and A1212C (Extended Data Fig. 5a). Crosslinking also transiently 
increased the pressure sensitivity of LH+LHCys-NOMPC::GFP (Fig. 5e and 
Extended Data Fig. 5b), but not of LH+LH–NOMPC::GFP, NOMPC::GFP, and 
LH+LHCys-ctrl-NOMPC::GFP (Extended Data Fig. 5b), shifting the open prob-
ability towards the low pressure amplitudes that activate NOMPC::GFP 
(Fig. 5f–h). Although unspecific crosslinking precluded in vivo testing 
in the fly, this in vitro restoration of sensitive gating indicates that, by 
constraining the native LH domain, the duplicated LH domain can be 
reverted functionally to a single LH domain. Apparently, the structural 
flexibility identified by our molecular dynamics simulations is essential 
for LH domain function, and the extranumeral LH domain we introduced 
can take over this function when the native LH domain is stabilized, sug-
gesting functional equivalence.

LH domain hinge constitutes the gating spring
NOMPC forms tetrameric channels whose four AR domains assemble 
into an AR bundle29 whose spring constant, κAR, has been estimated to 
range between 4 and 22 pN nm−1 (refs. 13,42,43). The respective spring 
constant of the NOMPC gating spring, κs, cannot be deduced directly 
from fits of the gating-spring model, yet when arbitrarily assuming a 
gating swing δs of 4 nm as estimated for the hair cell MET channel10, 
the gating energy required to open one NOMPC::GFP channel (Fig. 3h) 
translates into κs = 2 pN nm−1 for the gating spring per NOMPC tetramer. 
Describing the four AR and LH domains per channel as two springs in 
series whose combined stiffness equals κs, one obtains a spring constant 
of the LH domains,κLH, between 2.2 pN nm−1 (if κAR = 22 pN nm−1) and 
4 pN nm−1 (if κAR = 4 pN nm−1). In the latter case (κAR = κLH = 4 pN nm−1), 
halving either κAR or κLH through domain duplication would reduce κs 
equally by one-third, which is not what our mechanical measurements 
revealed. In the former case (κAR = 22 pN nm−1 and κLH = 2.2 pN nm−1), 
halving κLH would reduce κs by nearly 50% and halving κAR would lower 
it by only 9%, which comes closer to the results of our mechanical 
measurements (Fig. 3). Care seems warranted concerning these abso-
lute stiffness estimates, yet the ratio κLH/κs must be smaller than 1.1 
(= 2.2 pN nm−1/2pN nm−1) because κs drops by almost exactly 50% upon 
LH domain duplication, and remains unaltered when the AR domain 
is duplicated. If the NOMPC gating swing were only 1 nm, the gating 
energy would translate into a gating-spring stiffness, κs, of 31 pN nm−1, 
indicating a spring constant, κAR, of the AR bundle of at least 310 pN nm−1 
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given the mechanical effects observed. Independent of absolute stiff-
ness estimates, the AR domain thus must be at least ten times stiffer 
than the LH domain, and the LH domain contributes over 90% of the 
gating-spring compliance, leaving little room for elastic contributions 
from other coupling elements such as the AR and TRP domains and the 
cell membrane. Hence, instead of being one of several gating-spring 
components, the LH domain hinge governs gating-spring mechanics 
and, accordingly, is the gating spring.

Discussion
This study identifies the NOMPC LH domain as a gating spring that, 
admitting and promoting gating movements, initiates mechanosens-
ing, showing how efficient gating is achieved. By flexibly suspending 
gate and TRP domain on the AR domain, the hinge formed by the LH 
domain allows the gate to switch conformation locally, whereby the gate 
movements can be organized by the TRP domain. Through its elasticity, 
the hinge can accommodate gating movements and store their energy, 
without passing the movements to the stimulus-convening AR domain. 
This facilitates energy-efficient and fast gating transitions by reducing 
friction and, thus, sensitive gating by weak stimuli. Because the hinge 
suspending the gate is the most compliant coupling element, the gat-
ing spring, stimuli can be coupled efficiently to the hinge, and gate the 
channel by deforming the hinge. We anticipate this gating scheme to 
be universal in that it is realized in many ion channels, irrespective of 
the nature of the gating stimuli. Actuating channel gates requires force, 
and many ion channels bear flexible linkers between stimulus-receiving 
sensor domains and gate51–53, including, for example, TRPV4, whose 
linker corresponding to the NOMPC LH domain receives force induced 
by ligand binding from the AR domain54. Several of those linkers couple 
stimulus-induced conformational changes to channel pore activity and 
seem to show spring behavior52,53,55, suggesting that, analogous to the 
NOMPC LH domain, they might act as gating springs. To allow stimuli 
to actuate channel gates temporarily, the gate has to be suspended 
elastically and, to enable efficient gating, this elastic suspension has 
to be the most compliant coupling element, the gating spring. If a hair 
cell tip link, the voltage sensor domain of a voltage-gated channel or 
any other stimulus-conveying structure were more compliant than 
the gate suspension, stimuli would perform mechanical work on those 
structures, without moving the gate. Instead of tip links, an intracel-
lular tether formed by the 24 AR protein ankyrin was proposed recently 
to serve as the hair cell gating spring25. Judging from the NOMPC AR 
domain, however, ankyrin might be too rigid to act as a gating spring, 
suggesting that that spring is built into the hair cell MET channel com-
plex, suspending the channel gate elastically. Such an arrangement 
might also be realized in MET channels of the Piezo family, where the 
short linker element known as the latch could serve as gating spring56. 
So far, gating springs have been associated mainly with tether fila-
ments, as formed by the NOMPC AR domain, and a particular mode 
of MET channel gating that involves such filaments1–7,12–14,19–21,23–30,33–39. 
By identifying and characterizing the NOMPC gating spring, this study 
proposes gating springs as core ion channel constituents that enable 
efficient gating in diverse channels and by diverse stimuli.
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Methods
Animal models
Fly (Drosophila melanogaster) stocks used in this study and their 
respective origins are as follows: for nompC null mutant background, 
+/+;nompC[3],cn[1],bw[1]/CyO;+/+ (BDSC 42258) was used. For rescue 
experiments, the Gal4/UAS-system47,57 was used with +/+;nompC[1]/
CyO-WeeP;nompC-Gal4 (ref. 41) for JO neuron expression. For rescue 
experiments, respective nompC-alleles were used: w[1118];nompC[3], 
UAS-nompC::GFP/CyO;+/+ (NOMPC::GFP, this study), w*;nompC[1], 
UAS-29 + 29ARs-nompC::GFP/CyO;+/+ (AR + AR–NOMPC::GFP, gift 
from Y.-N. Jan) and w[1118];nompC[3];UAS-nompC[LH+LH-Cys]::GFP 
(LH+LH–NOMPC::GFP, this study). Flies were kept at 25 °C, 60% humi-
dity on standard cornmeal–yeast medium in a 12-h/12-h light/dark 
cycle. nompC null mutants were collected as pupae from the culture 
vials and kept on filter paper soaked with a 1% sucrose solution (in 
H2O) to facilitate eclosion58. Experiments were performed using adult 
flies 2–5 days after eclosion, irrespective of their sex because neither 
JO function nor auditory mechanics seem to be sex-specific. Dealing 
with an invertebrate species, no ethical approval was needed. Experi-
ments were carried out in accordance with German Federal Regulations 
(license Gen.Az 501.40611/0166/501).

LH domain duplication
The NOMPC LH domain is ~125 amino acids in length, spanning approxi-
mately residues 1136–1260 of NOMPC.L (UniProt A8DYV6_DROME)35. 
To generate LH+LH–NOMPC::GFP, two nompC constructs were gene-
rated from pUAST-attB-nompC.L-GFP (provided by J. N. Jan) by PCR 
(Phire Tissue Direct PCR Master Mix, Thermo Fisher Scientific, F170S): 
(1) one N-terminal construct including the AR+LH domain (residue 
1–1269, via primers 5′-CCgaattcATGTCGCAGCCGCGCGGAGGGCGT-3′  
nompC-F-EcoRI-ATG_Fw, 5′-CCagatctGGATGCCCACGTCAGGGAGC 
CATG-3′ nompC-LHEnd-BglII_Rv) and (2) one C-terminal construct con-
taining the LH domain, the transmembrane core and the GFP-tagged  
C terminus (residues 1139–*, via primers 5′-GGagatctATGGAGGACAAGC 
GATTCGTGTACA-3′ nompC-LHStart-BglII_Fw / 5′-CCtctagaTTACTTG 
TACAGCTCGTCCATGCCGAGA-3′ nompC-eGFP.TAA-XbaI_Rv). By fusing  
the two constructs (using BglII, pUAST-attB-nompC[LH+LH]-GFP  
(LH+LH–NOMPC::GFP) was generated that includes two LH domains  
arranged in tandem, one spanning residues 1136–1260 of NOMPC.L 
and the second spanning aa 1139–1260. Judging from our results, the 
missing four amino acids (1136–1139) of the latter LH domain do not 
contribute to domain function, narrowing down the functional domain 
to approximately 120 amino acids (1139–1260 of NOMPC.L).

To generate LH+LHCys-NOMPC::GFP, additional cysteines were 
introduced into the LH domain of construct 2 (see above) using the 
QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent, 
210515) with the primers 5′-GACGTTCTCATTGAATGTGAGCAGAA 
GGAAGTGATTGCCTGCACGGTAGTTCAGCG-3′ (NOMPCN1241C,H1249C_Fw),  
5′-GCCACGGAGCTCTTGTGCCTGGCAGCTGGGTC-3′ (NOMPCA1212C_Fw,  
5′-GTGGATACAGCCGCCTGTCTGTCCAACATCTAC-3′ (NOMPCK1177C_Fw),  
and 5′-CAGGACAAACTCCTGACAGGGCTTGTTGTTGTG-3′ (NOMP 
CI1161C_Rv), in serial rounds according to the manufacturer protocol  
(creating construct 3). By fusing this construct 3 to construct 1 (see 
above), we obtained pUAST-attB-nompC[LH+LHCys]::GFP (note that 
LHCys is the native LH domain that interacts directly with TRP and the 
transmembrane domain, not the extranumeral LH domain that is con-
nected to the AR domain). To create a control for the crosslinking 
experiments (LH+LHCys-ctrl-NOMPC::GFP), one cysteine of each of the 
hinge cysteine-double-pairs was reverted back to C1241N, C1249H 
through site-directed mutagenesis (see above, primer 5′-CGACGTTCT 
CATTGAAAATGAGCAGAAGGAAGTGATTGCCCACACGGTAGTTC-3′).

All constructs were confirmed by sequencing. Transgenic flies 
were generated by BestGene (http://www.thebestgene.com), and the 
respective constructs were recombined with nompC[3] allele. The  
nompC[3] allele was genotyped via PCR (primers 5′-TGCCCTGCTGAC 

CAATAAG-3′ and 5′-TGACAGACTTCCATCTGCC-3′) and subsequently  
subjected to restriction digest with FspBI and BfaI. All restriction 
enzymes used were purchased from Thermo Fisher Scientific (EcoRI, 
F170S; BglII, FD0083; XbaI, FD0684; FspBI, FD1764).

Heterologous expression in S2 cells
Drosophila S2 cells (ATCC, CRL-1963) were maintained according to 
the protocol of Harvard Medical School (https://fgr.hms.harvard. 
edu/fly-cell-culture). For heterologous expression of GFP-tagged 
NOMPC constructs (Fig. 1 and Extended Data Fig. 1), cells were 
transfected with Effectene Transfection Reagent (Qiagen, 301425) 
following the manufacturerʼs protocol; 500 ng of pAct5C-Gal4  
vector (this study) was cotransfected with an equimolar amount of 
pUAST-vector with the respective NOMPC::GFP construct. For the 
UAST-NOMPC::GFP-vectors, freshly generated mini-preps (Macherey 
Nagel, 740490.250) gave higher transfection yields, especially for 
pUAST-attB-nompC[LH+LH]::GFP and pUAST-attB-nompC[AR+AR]::GFP 
(also called pUAST-attB-29+29ARs-NOMPC::GFP)34. Cells were incubated 
for 2–3 days to allow for protein expression and membrane localiza-
tion before their transfer to cover slips coated with Concanavalin A 
(Merck, C5275-5MG). After allowing the cells to sediment and adhere 
for at least 1 h, cells were used for patch-clamp experiments within a 
time window of 1–3 h.

Cell surface localization of GFP-tagged NOMPC constructs 
(Extended Data Fig. 1a) was assessed by total internal reflection 
microscopy with a Zeiss Axio Observer.Z1 microscope and an Evolve 
512 EMCCD camera (Photometrics) and Zen Blue software, using ×63 
EC Plan-NEOFLUAR and ×100 α Plan-APOCHROMAT objectives.

In vitro patch-clamp recordings
We recorded currents of NOMPC channel constructs with fire-polished 
patch pipettes (WPI, 1B150F-4) of 2–3.5 MΩ at 30 kHz (with digital 
postprocessing filtering at 2 kHz) with a HEKA EPC10 amplifier (HEKA 
Elektronik GmbH). Intracellular patch solution consisted of 140 mM 
cesium methanesulfonate (Sigma-Aldrich, C1426-5G) and 10 mM 
HEPES (Sigma-Aldrich, H4034-100G), while the extracellular solution 
contained 140 mM sodium methansulfonate (Sigma-Aldrich) and 
10 mM HEPES. All solutions were adjusted to pH 7.2 (with either CsOH 
(Sigma-Aldrich, C8518-10G) or NaOH) and to 320 mOsm (with cesium 
methanesulfonate and sodium methanesulfonate, respectively). All 
recordings were performed in voltage clamp mode at −60 mV. Cells 
were imaged on an Examiner.D1 with a ×40 dipping objective (Zeiss), 
using a light source (Zeiss HXP120 C) and a fluorescein isothiocy-
anate filter to identify GFP-positive cells. Cells were first patched in 
whole-cell configuration. Cells with a leak current >50 pA were dis-
carded, as were cells with a series resistance (RS) > 20 MΩ. The presence 
of spontaneous current events was established in whole-cell configura-
tion, before switching to an outside–out patch configuration for the 
remainder of the experiment. Spontaneous current events were then 
recorded in outside–out cell patches before the same patches were 
stimulated using a high-speed-pressure-clamp system (HSPC-2-SB, 
Ala Scientific Instruments) controlled by the HEKA EPC10 (HSPC-2-SB) 
and the Patchmaster software (HEKA, v.2x90.2). Stimuli of −80 to 
+20 mmHg were applied and recorded from the monitor port of the 
HSPC system. Data analysis used the monitor signals to define stimulus 
amplitudes, which were determined in their stable state, after an initial 
peak. Python, Clampfit (Molecular Devices), Excel (Microsoft) and 
Origin Pro 2020 (OriginLab) were used for postprocessing and data 
analysis. We assume that each outside–out patch includes N identical 
channels, and that the number N varies between patches. We further 
assume that each individual channel has an open probability, po, that is 
determined by the external pressure P applied to the patch. This open 
probability po is considered to be identical for the individual channels 
in the membrane patch, determined by the external pressure P: po(P). 
The Bernoulli distribution then allows us to assess the single-channel 
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open probability po(P) by determining the probability to find at least 
one channel open, po,≥1: po,≥1 = 1 − (1 − po)N. To rule out artefacts due to 
adaptation, we restricted the analysis to a time window of 500 ms, 
beginning 100 ms after stimulus onset. Upon correcting for baseline 
drift, we determined po,≥1 by assigning a 1 to each datapoint in that time 
window when its current amplitude reached that of a single current 
event (based on spontaneous events for each patch), or a 0 when its 
current amplitude was below that of single events. Zeros and ones were 
summed up for the entire time window and divided by the number of 
datapoints, yielding po,≥1, which can assume values between 0 (cur-
rent amplitudes never reached that of a single event) and 1 (current 
amplitudes always reached or exceed it). We then plotted po,≥1 against 
the pressure amplitude P (Fig. 1e). By fitting this pressure-dependent 
probability, po,≥1(P), with Y(P) = 1 = 1 − (1 − po)N, we deduced po (Fig. 1f) 
and the channel number, N (Extended Data Fig. 1b). To assess the 
validity of the fits, we independently estimated the channel number 
by diving the peak current Imax = Ni by the single-channel current i 
(Extended Data Fig. 1b), and normalized the pressure-dependent 
current amplitude I(P) = Nipo(P) to the maximum current amplitude 
Imax (Extended Data Fig. 1c).

Localization of NOMPC constructs in JO neurons
Localization of recombinantly expressed GFP-tagged proteins or 
endogenous NOMPC was visualized in fixed adult JO tissue sections 
(Extended Data Fig. 2). Staining was performed as described59,60. In 
brief, fly antennal second sections were prepared from 5-day adult 
fly heads. Heads of adult flies, 5 days posteclosure, were isolated and 
fixed in 4% paraformaldehyde (Merck) for 1 h at room temperature. 
After a brief wash with 1× PBS (Merck, P4417) heads were embedded 
in albumin gelatine and fixed in 6% paraformaldehyde, 0.3% PBS-T 
(Triton, Sigma-Aldrich, X100), pH 7.4, at 4 °C overnight. The embedded 
heads were then fixed in 100% methanol (Merck) for 10 min at 4 °C and 
quickly transferred to 1× PBS for rehydration. Tissue sections (40 µm) 
were generated with a microtome, and tissue slices were stored in 1× 
PBS-T. Samples were blocked in blocking buffer (1× PBS-T, 5% normal 
goat serum, 2% bovine serum albumin) for 1 h at room temperature. 
Tissues were then incubated with FluoTag-X4 Atto 488 nm anti-GFP 
(1:1,000, NanoTag Biotechnologies, N0304) and Cy3-conjugated goat 
anti-HRP (1:300, Jackson ImmunoResearch, 123-165-021) in blocking 
buffer for 2 h at room temperature. After three washing steps with 1× 
PBS-T (10 min, room temperature), tissue samples were mounted on 
microscope slides in DABCO (Carl Roth, 0718.1). For NOMPC staining, 
samples were treated as described above with the exception that tis-
sues were incubated with rabbit anti-NOMPC-EC (provided by Y.-N. 
Jan, 1:500, in blocking buffer) for one night at 4 °C. After three washing 
steps with 1× PBS-T (10 min, room temperature) tissue samples were 
incubated with Alexa Fluor 488 goat anti-rabbit (in blocking buffer, 
1:1,000, Thermo Fisher Scientific, A-11008) for 2 h at room temperature 
and then washed and mounted as described above.

Stainings were analyzed with a Leica SP8 microscope (at 20 °C) in 
8-bit mode using a C-Apochromat ×63/1.40 W Korr FCS M27 objective 
and Leica X software. For fluorescence detection, the following set-
tings were used: Atto 488/Alexa-488 (excitation, 488 nm; emission, 
490–540 nm); Cy3 (excitation, 561 nm; emission, 566–610 nm). Images 
were subsequently processed in Image J v.1.49 m (National Institutes of 
Health) and arranged in Adobe Illustrator Creative Cloud and InDesign 
Creative Cloud.

JO neuron CAP responses
CAP responses of JO neurons were recorded extracellularly as 
described18,61, using an electrolytically tapered tungsten wire inserted 
into the joint between antenna and head capsule. A second tungsten 
wire inserted into the thorax beneath the scutellum served as indiffer-
ent electrode. CAP responses were evoked by actuating the antennal 
sound receiver electrostatically with force steps (duration 60 ms)18,31. 

Force steps were imposed by feeding voltage commands of opposing 
sign to two tungsten stereotrodes (Micro Probe (back) WE3ST31.0A5, 
(front) WE3ST31.0A10) placed equidistantly in front and behind the 
sound receiver. To allow each stereotrode to push and pull the antenna 
back and forth, the fly’s electrical potential was lifted to around 100 V 
against ground via the indifferent electrode18. Force steps of differ-
ent amplitude were presented in a randomized order, whereby each 
amplitude was presented around 100 (large amplitudes) to 10,000 
(small amplitudes) times. Simultaneously with the CAP recordings, 
the displacement of the antennal sound receiver was monitored near 
the tip of the antennal arista using a Polytec PSV-400 scanning laser 
Doppler vibrometer equipped with a DD-500 displacement decoder 
(Polytec, Polytec Acquisition software v.9.4). Command voltages, 
electrode signals and displacement signals were sampled at a rate 
of 100 kHz for offline analysis using Spike v.2 (CED). To extract CAP 
and displacement amplitudes, CAP and displacement responses to 
identical forcing amplitudes were averaged, and the amplitudes of 
the initial peak of the CAP response and the corresponding receiver 
displacement were determined.

Gating compliance measurement and modeling
To assess the gating compliance in the mechanics of the fly’s antennal 
sound receiver, the displacement response of the receiver to force steps 
was measured as described above. Following previous studies18,31,48 the 
external force, F = mẌonset, experienced by the antennal receiver was cal-
culated from the receiver’s maximum acceleration upon forcing onset, 
Ẍmax, and its apparent mass, m (~5 × 10−9 g)18. The dynamic stiffness of 
the receiver, ∂mẌonset/∂Xpeak, was calculated for the peak displacement, 
Xpeak upon forcing onset, and the steady-state stiffness, ∂mẌonset/∂Xsteady, 
was determined for the steady-state displacement, Xsteady, the receiver 
approached during prolonged forcing, which was extrapolated with 
exponential fits18,31,48.

In line with previous work18,31,48, we describe the receiver’s dynamic 
stiffness with a symmetric gating-spring model that includes opposing 
channel populations with a displacement-dependent open probability 
po(X) = 1/(1 + e−z(x−x0)/(kBT))  Each population includes N/2 channels, 
whereby the opposing channel populations have an inversed open 
probability, po(X) and po(− X) = 1 − po(X). Describing the dynamic stiff-
ness of the receiver in wild-type flies necessitates a gating-spring  
model with two different, NOMPC-dependent sensitive (s) and NOMPC- 
independent, less sensitive (ls) channel types31. After correcting  
for inertial effects, the respective displacement-dependent dynamic 
stiffness of the receiver31 can be written as

K (X ) = KGS + Klin − (Nszs2

kBT
)pos (1 − pos ) − (Nlszls2

kBT
)pols (1 − pols ) . (1)

KGS = KGSs + KGSls is the combined gating stiffness the two channel 
types together contribute to the mechanics of the fly’s antennal 
receiver, and Klin is the linear stiffness of the receiver (Fig. 3a), which 
equals the steady-state stiffness because adaptation is complete18,48. 
KGS can be deduced from the difference between the asymptotic stiff-
ness, K∞, the receiver approaches at large-amplitude displacements 
(Fig. 3a) and its linear stiffness, KGS = K∞ − Klin (refs. 12,18). The parameter 
z = γκδ denotes the change in force in the gating spring when the respec-
tive channel opens12–14, where γ is a geometric projection factor relating 
receiver displacements to molecular displacements, κ is the spring 
constant of the gating spring and δ is the gating swing, that is, the 
distance by which the gating spring relaxes upon channel opening12.

In nompC null mutants lacking the sensitive, NOMPC-dependent 
channel type, equation (1) simplifies to

K (X ) = KGSls + Klin − (Nlszls2
kBT

)pols (X ) (1 − pols (X )) , (2)

allowing us to deduce the combined stiffness, KGSls, of the NOMPC- 
independent gating springs44.
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To assess which of the two equations (equations (1) or (2)) better 
describes the dynamic receiver stiffness in flies expressing 
NOMPC::GFP, AR+AR–NOMPC::GFP, or LH+LH–NOMPC::GFP, we  
fitted the two equations to the pooled data of each strain and deter-
mined the sum of the squared residuals, Rss. The goodness of the  
fits was then assessed using the Akaike information theorem with cor-
rection of finite sample size, AICc = AIC + (2k(k + 1)/(n − k − 1)) with 
AICc = nln(Rss/n) + 2k, where k and n are the numbers of free parame-
ters and datapoints, respectively31.The differences Δ = AICr − AICcmin 
of the r = 2 models were then used to determine their Akaike weights,  
wi = exp(−Δi/2)/∑

2
r=1 exp (−Δi/2), which can range between 0 (probability  

low) and 1 (probability high) (Supplementary Table 1). For nompC  
null mutants, equations (1) and (2) yielded virtually identical values  
for wi, yet equation (2) fit the data better when we clamped zi to 3 fN— 
the average value equally obtained for wild-type flies31 and flies express-
ing NOMPC::GFP, AR+AR–NOMPC::GFP, and LH+LH–NOMPC::GFP  
(Supplementary Table 1). For all those latter flies, equation (1) better 
described the data, as witnessed by larger values of wi (Supplementary 
Table 1).

Using the average value of KGSls obtained for nompC null mutants 
(17 µM m−1), the combined stiffness of the NOMPC-dependent gating 
springs, KGSs = KGS − KGSls = Nsγ2ks, was determined for flies expressing 
the different NOMPC constructs (Fig. 3f). Because γ is not known, the 
spring constant, ks, of a NOMPC-dependent gating spring could not be 
accessed directly, yet what was accessible is its effective stiffness, 
γ2ks = KGSs /Ns, as seen in the receiver’s mechanics (Fig. 3g), the energy 
required to open the channel, EGs = 1/2ksδ2s = 1/2(NsZ2

s /KGSs ))
43 (Fig. 3h) 

and the projected gating swing, δs/γ = 2EGs /zs (Fig. 3i).

Molecular dynamics simulations and analysis
Based on the reported NOMPC structure35, we extracted a selected part 
of the protein for molecular dynamics simulations, to enable simula-
tion at the atomistic level. To investigate the protein conformational 
changes under external force, we performed both equilibrium and non-
equilibrium simulations of a truncated version of NOMPC. Specifically, 
the NOMPC with the whole transmembrane portion, the LH domain and 
five AR domains was embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine (POPC) bilayer and 100 ns simulations were per-
formed with and without applied force. In the nonequilibrium simu-
lations, both pulling and pushing forces were applied, respectively, 
on the center of mass of AR25 (Fig. 4a) with a pulling/pushing rate of 
1.5 × 10−5 nm ps−1 and a force constant of 5,000 kJ mol nm−2). The final 
systems contained ~550,000 atoms, including the truncated NOMPC 
protein, 608 POPC lipids and ~140,000 water molecules. Three parallel 
simulations were performed for each setup (that is, equilibrium, pulling 
and pushing simulations; Supplementary Table 2).

Conformations of the LH domain and the AR domains in the 
simulations were extracted and their RMSDs relative to the reported 
cryogenic electron microscopy structure were calculated. PCAs were 
conducted for a truncated part of the protein (addressed as core pro-
tein) and the LH domain alone, respectively, to recognize their collec-
tive motions during the simulations with and without external force. 
The former truncated part included the AR domains, the LH domain 
and part of the transmembrane domain (TRP domain and S5 and S6 
helices) (see Figs. 1a and 4a for nomenclature). PCA was performed 
based on the conformations from all of the trajectories (that is, equi-
librium, pulling and pushing simulations). PCAs were conducted after 
structural superimposition of each of the four subunits of the channel, 
and motions along the first one or three eigenvectors were examined 
for the core protein and the LH domain, respectively. In addition, the 
extreme conformations of the collective motions were subjected to 
dynamic domain analysis using the DynDom program49 to identify 
the hinge region responsible for the rigid body motion described 
by the eigenvectors. Community network analyses were performed 
for the core protein using the Networkview tool50 to investigate the 

information flow between the AR domains and the TRP helices. Simi-
lar to PCA, the community network analyses were conducted after 
structural superimposition of each of the four subunits of the channel.

To estimate the elasticities of LH domain and ARs, we constructed 
two simulation systems: (1) the above-mentioned truncated NOMPC 
with five ARs embedded in a POPC bilayer (Extended Data Fig. 3), and 
(2) a truncated NOMPC with the LH domain and 26 ARs (AR4–AR29; 
Extended Data Fig. 3). These systems are addressed as TMD + LH+5AR 
and LH+26ARs, respectively. For the LH+26ARs system, the missing 
residues in the experimental structure were added by the FASPR online 
service62. AR1–AR3 were not included as unwinding of their second-
ary structure was observed in our simulations. For each system, we 
conducted simulations both without force and with constant forces 
(both pulling and pushing) applied on the center of mass of a selected 
AR. We then calculated the force (F)-induced length-change of the LH 
domain and the ARs together (TMD + LH+5ARs) or only the AR domains 
(LH+26ARs) along the membrane normal, Δx, to estimate spring con-
stants, k = F/Δx. In these simulations, we restrained the atomic positions 
of part of the protein, so that the calculated differences in length (Δx) 
induced by external force can be ascribed solely to the conformational 
changes of LH domain or ARs. For the simulations of TMD + LH+5ARs, 
the spring constant of the LH domain + AR25–AR29 was calculated, with 
forces (Extended Data Fig. 3) applied on the center of mass of AR25 and 
the positions of S6 and TRP helices restrained. For the simulations of 
LH+26ARs, the spring constants of AR4–AR29 and AR25–AR29 were 
calculated, with forces applied on the centers of mass of AR4 and AR25, 
respectively. The positions of the LH domain were restrained in these 
simulations. Three 100 ns parallel simulations were performed for 
each setup, whereby the last 50 ns trajectories were used to calculate 
the length of LH domain and AR domains. The accumulated simulation 
time for this work is ~5.1 µs. The simulations performed in this work are 
summarized in Supplementary Table 2.

CHARMM-GUI63 was used to construct the systems, and the molec-
ular dynamics simulations were performed using the GROMACS2019 
(ref. 64) software package employing the CHARMM36m force field65 
and the TIP3P water model66 with an integration time step of 2 fs. We 
maintained the temperature of the systems at 310 K by the Nose-Hoover 
thermostat67,68 with a relaxation time of 1 ps, whereas the pressure 
was restrained at 1 bar using the semi-isotropic Parrinello-Rahman 
barostat69,70 and a relaxation time step of 5 ps; van der Waals interac-
tions were switched off from 1.0 nm to 1.2 nm using the force-switching 
method71. A real space cutoff of 1.2 nm and the particle mesh Ewald 
method72,73 were applied to calculate the long-range electrostatic 
interactions with a Fourier grid spacing of 0.12 nm and an interpolation 
order of 4 for the Ewald mesh.

Statistics and reproducibility
No statistical methods were used to predetermine sample sizes 
but our sample sizes are similar to those reported in previous 
publications18,31,34,42,48. Experiments were randomized with respect to 
genotypes and stimulation amplitudes. No data were excluded from 
the analyses, except for patch recordings when experiments were 
incomplete because the patch had ruptured during the experiments. 
Investigators were blinded initially for genotypes during experiment 
and outcome assessment, yet blinding was given up in the course of 
the study because it turned out to be ineffective as genotypes could 
be inferred easily from phenotypes. To test for statistical differences, 
two-tailed Mann–Whitney U-tests were used with Bonferroni correc-
tion for multiple testing. Descriptive data is presented as mean ± s.e.m. 
unless stated otherwise. All boxplots are displayed as follows: mini-
mum and maximum are the smallest and largest values, respectively, 
excluding outliers and the box is drawn from the 25th to 75th percentile 
with the median in the center. Numbers of biological replicates are 
indicated in the figure legends. P values less than 0.05 were considered 
as statistically significant and depicted as follows: *P < 0.05; **P < 0.01; 
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***P < 0.001. Representative images of NOMPC construct localization 
in S2 cells and JO neurons are shown from at least n = 100 cells per 
construct and three flies per strain, respectively.

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

Data availability
Source data can be found in a public repository74. Plasmids and flies 
generated in this study will be provided on request. The NOMPC.L 
structure used for the molecular dynamic simulations is accessible at 
Protein Data Bank (PDB) with accession 5VKQ. Source data are provided 
with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Expression of GFP-tagged NOMPC variants in 
Drosophila S2 cells. a, Protein localization. GFP fluorescence reports cell surface 
localization for all three variants. n ≥ 100 cells/construct. b, Currents and 
respective channel numbers in excised outside-out membrane patches.  
Left: channel number N  per patch deduced by fitting po,≥1 (P) (Fig. 1h) with 
Y (P) = 1− (1− po (P))

N. Middle: respective peak current amplitudes. Right: 
channel number deduced by dividing the peak current (middle) by the respective 
single channel current amplitude (Fig. 1d) (n = (n = 7 cells per protein variant 
except for n = 9 (NOMPC::GFP) and n = 6 (LH+LHCys-NOMPC::GFP)). Both methods 
yield similar channel numbers. c, Top: respective normalized amplitudes ( I/Imax) 

as function of the stimulus pressure (n = 7 cells per protein variant except for 
n = 9 (NOMPC::GFP) and n = 6 (AR + AR-NOMPC::GFP)). Solid lines: respective 
Boltzmann fits. Hatched lines: po (P) deduced from Fig. 1f by fitting po,≥1 (P)  
with Y (P) = 1− (1− po (P))

N. Bottom: superimposed Boltzmann fits from the top 
panels and respective offset pressure corresponding to half-maximal current 
amplitude (shown for po (P) in Fig. 1g). Compared to the deduced po (P), the 
normalized current amplitudes increase less steeply with the stimulus pressure 
(top), yet, like po (P), they superimpose for AR + AR-NOMPC::GFP and 
NOMPC::GFP and are shifted to approximately twice larger pressures for 
LH + LH-NOMPC::GFP and LH+LHCys-NOMPC::GFP.
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Extended Data Fig. 2 | Localization of GFP-tagged NOMPC variants in 
Drosophila JO neurons. GFP signals are enhanced with an anti-GFP antibody 
(cyan), and JO neurons are counterstained with anti-horseradish peroxidase 
(HRP), which recognizes sugar residues of glycoproteins that are secreted by JO 
neurons in two bands (h, see inset upper right). The proximal band (arrowhead) 
demarks the junction between the cilium (c) and the dendritic inner segment 

(d), and the distal band demarks the ciliary dilation (“cd”) that separates cilium 
tip and base regions. s: Cell soma. Anti-GFP staining shows that NOMPC::GFP, 
AR + AR-NOMPC::GFP, and LH + LH-NOMPC::GFP localize to the cilium tip 
regions, same as native NOMPC (lower panel, stained with the anti-NOMPC 
antibody αNOMPC-EC16. Scale bars: 20 µm. n = 3 flies/strain.
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Extended Data Fig. 3 | Elasticities of LH and AR domains. We simulated 
two systems separately to calculate the spring constants of the LH+5ARs (a, 
TMD + LH+5ARs) and the ARs (b, LH+26ARs). Only one subunit is shown in ribbon 
for clarity, with the transmembrane domain (TMD), the TRP helix, the LH domain 
and the ARs in gray, cyan, orange and magenta. The ARs on which forces were 

applied are labelled by green lines. For panel b, we also show the structure of a 
subunit, which is coloured based on the root-mean-square-fluctuation (RMSF) of 
the Cα atom of each residue (simulations with a force of 30 kJ/(mol nm) applied 
to AR4 are used as an example). For additional information, see Methods and 
Supplementary Table S2.
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Extended Data Fig. 4 | Correlation between distances of amino acid pairs 
and LH domain principal components. Correlation coefficients between the 
Cα-Cα distances of the three amino-acid pairs that were converted into cysteine 
pairs to generate LH+LHCys-NOMPC::GFP (Fig. 5 and Extended Data Fig. 5) and 
the principal components (PCs) of the LH domain in equilibrium (left), pushing 

(middle) and pulling (right) simulations. Correlation coefficients whose absolute 
values exceed 0.5 are highlighted in blue. The positions of the respective 
amino-acid pairs and their Cα-Cα distances in equilibrium (without forcing) and 
non-equilibrium (with pushing force) simulations are indicated in Fig. 5b.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Transient effects of crosslinking cysteine pairs on  
in vitro NOMPC function. a, Representative traces of spontaneous currents 
recorded before and at different times after application of the crosslinking agent 
MTS6. b, Corresponding traces of pressure-evoked currents. MTS6 transiently 
increases spontaneous and pressure-evoked currents of LH+LHCys-NOMPC::GFP 
carrying three cysteine pairs (I1161C–C1203, K1177C–N1241C, A1212C–H1249C), 
but not of NOMPC::GFP, LH-LH-NOMPC::GFP, and also LH+LHCys-ctrl-NOMPC::GFP, 
in which two of the three cysteine pairs of LH+LHCys-NOMPC::GFP (K1177C–
N1241C and A1212C–H1249C) are reverted back to single cysteines (K1177C and 
A1212C). c, Corresponding pressure(P)-dependent open probability po (P) before 
(hatched lines) and immediately after (solid lines) MTS6 application (N = 5 cells 
per construct). For each construct, po,≥1 (P) = 1− (1− po (P))

N (left) and  
po (P) (right) are shown. MTS6 shifts po (P) to lower pressure amplitudes for 

LH+LHCys-NOMPC::GFP, but not NOMPC::GFP, LH + LH-NOMPC::GFP, and 
LH+LHCys-ctrl-NOMPC::GFP. This narrows down the effect to modification of the 
two cysteine pairs that are present only in LH+LHCys-NOMPC::GFP (K1177C–
N1241C and A1212C–H1249C) and that, according to our molecular dynamics 
(MD) simulations, change distance in response to force (Fig. 5b). At the same 
time, it shows that this increase arises neither from modification of the cysteine 
pair that is present in both constructs (I1161C–C1203, which does not change 
distance in our MD simulations (Fig. 5b)), nor from modification of the two  
single cysteines K1177C and A1212C. In principle, the effect could arise from 
modification of the two single cysteines N1241C and H1249C, yet this possibility 
seems unlikely, not only because MTS6 crosslinks cysteine pairs, but because 
MTS6 does not randomly impair LH+LHCys-NOMPC::GFP, but shifts its po (P) to 
that of NOMPC::GFP.
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accessible at protein data bank (pdb) (rcsb.org/structure/5VKQ).
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Antibodies

Antibodies used FluoTag®-X4 Atto 488nm anti-GFP (1:1000, NanoTag Biotechnologies, N0304) 

Cy3-conjugated goat anti-HRP (1:300, Jackson ImmunoResearch, 123-165-021) 
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Validation anti-NOMPC-EC (Zhang et al., 2015), anti-HRP (Katana et al. 2019), anti-GFP confirmed with in vivo localization of NOMPC in S2 cells 

and at the tip of the cilium (see Extended Data Figs. 1a and 2).
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