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Introduction

TREK-1, a two-pore (K
2
P) background potassium channel1 

densely expressed in the CNS2,3 is believed to be one of the key 
components mediating reactions to inflammatory signals in 
the brain.4,5 The channel regulates resting potential in neurons 
and is believed to act as a hyperpolarizing (pacifying) neuro-
protector in cases of ischemia, hypoxia, hyperthermia or swell-
ing.5-10 Hyperpolarizing TREK-1 activity has been directly 
implicated in the mechanisms of anesthesia by general volatile 
anesthetics5,11 and in the setting of sensory thresholds for pain 
perception.12 TREK-1 is reported to have an important role in 
the mood regulation.13,14 TREK-1 was also proposed to play an 
essential role in determining membrane potential in embryonic 
atrial myocytes.15 In patch-clamp setting, TREK-1 is perfectly 
mechanosensitive as it generates robust current transients in 

TREK-1, a mechanosensitive K channel from the two-pore family (K2P), is involved in protective regulation of the 
resting potential in CNS neurons and other tissues. The structure of TREK-1 and the basis of its sensitivity to stretch 
and variety of lipid-soluble factors remain unknown. Using existing K channel structures as modeling templates, TREK-
1 was envisioned as a two-fold symmetrical complex with the gate formed primarily by the centrally positioned TM2b 
helices of the second homologous repeat. Opening was modeled as a conical expansion of the barrel separating TM2b’s 
accompanied by extension of TM2a helices with the cytoplasmic TM2a-TM1b connector. Seeking first experimental 
support to the models we have accomplished thermodynamic analysis of mouse TREK-1 gating and functional testing of 
several deletion mutants. The predicted increase of the channel in-plane area (ΔA) of ~5 nm2 in models was supported 
by the experimental ΔA of ~4 nm2 derived from the slope of open probability versus membrane tension in HEK-293T cells 
and their cytoskeleton-depleted blebs. In response to steps of suction, wild-type channel produced transient currents 
in cell-attached patches and mostly sustained currents upon patch excision. TREK-1 motifs not present in canonical 
K channels include divergent cytoplasmic N- and C-termini, and a characteristic 50-residue extracellular loop in the 
first homologous repeat. Deletion of the extracellular loop (Δ76–124) reduced the average current density in patches, 
increased spontaneous activity and generated a larger sub-population of high-conductance channels, while activation 
by tension augmented by arachidonic acid was fully retained. Further deletion of the C-terminal end (Δ76–124/Δ334–411) 
removed voltage dependency but otherwise produced no additional effect. In an attempt to generate a cysteine-free 
version of the channel, we mutated two remaining cysteines 159 and 219 in the transmembrane region. C219A did not 
compromise channel activity, whereas the C159A/S mutants were essentially inactive. Treatment with β-mercaptoethanol 
suggested that none of these cysteines form functionally-important disulfides.
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response to pressure pulses.1,16 Besides its importance for the 
CNS function, TREK-1 channel is perhaps the most biophysi-
cally tractable membrane-bound target for arachidonic acid 
(AA), the major inflammatory intermediate, as well as for 
other lipid mediators.17-19 The broad spectrum of activating 
stimuli20 implies allostery and a high degree of interdomain 
coupling. The unusual tandem design of K2P channels (4TM, 
two-pore loops), distinct from 2TM (IR) and 6TM (K

V
) K+ 

channels, and the richness of functional information makes 
TREK-1 a good model of a 2P channel for biophysical and 
structural studies.

TREK-1 (K
2
P2.1, KCNK2) belongs to the KCNK channel 

family with 15 mammalian members.21 Like other two-pore K+ 
channels, TREK-1 contains two homologous repeats, each hav-
ing a KcsA-like 2TM topology, apparently a product of early 
gene duplication. As a result, TREK-1 is predicted to be a dimer, 
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Results

TREK-1 homology model and the gating transition. The model 
of mouse TREK-1 built by homology to KcsA29 is schematically 
represented in Figure 1. The model illustrates the impossibility 
of replicating the four-fold symmetrical KcsA-like design, where 
the pore is equally lined by four symmetrically arranged TM2s. 
The connector between a and b homologous repeats and a pro-
line at a putative hinge region of TM2a prevent TM2a from 
packing the same way as TM2b with its free C termini. As a 
result, in the resting state, the constriction of the pore is formed 
mostly by two TM2b helices, whereas TM2a’s embrace the core 
pair of tilted helices from the sides. The long extracellular loop 
(S75-H126) connecting TM1a with its pore helix is not included 
in the model since deletion of this loop does not preclude gating 
by tension or arachidonic acid (see below). The gate is occluded 
by a two-fold arrangement of A286, L289 and G293 residues 
on TM2b, whereas A175 on TM2a flank the gate from the side. 
The cytoplasmic connector between the a and b repeats has a 
pattern of 18-residue amphipathic helix with a number of posi-
tive charges that would interact with lipid headgroups. The part 
of the C-terminus included in the model (residues 308–333) 
was modeled as a coiled-coil bundle. The N-terminus was not 
included because it is difficult to predict without additional 
information and because it is absent with alternative transcrip-
tion initiation at M42.

The transition is predicted to be a conical expansion of the 
cytoplasmic side of the protein associated with straightening of 
the kink between TM2a and the connector helix. In the open-
state model, TM2a extends into the lipid, and probably beyond, 
which increases the footprint of the complex in the plane of the 
membrane. The area of the protein cross-section along the z 
(membrane normal) coordinate was calculated on the two mod-
els equilibrated in full-atom system with lipids. It indicates that 
the protein expands at the cytoplasmic side by 9 nm2, whereas the 
extracellular side of the transmembrane barrel shrinks by about 
4 nm2 (Fig. 1D). Given that tension acts primarily at the bound-
aries between the hydrocarbon and the polar regions32 roughly 
corresponding to the maxima of expansion and shrinking, the 
overall expansion is estimated to be about 5 nm2. The modeled 
expansion of the cytoplasmic side of the pore at the same time 
creates an aqueous passage of ~12 Å in diameter permitting per-
meation of fully hydrated ions.

Experimental estimation of the spatial scale of protein expan-
sion. We have expressed mouse TREK-1 in HEK-293T cells and 
obtained robust adaptive responses to pulses of negative pressure 
(Fig. 2). Using relatively large pipettes (~2 μm in diameter, BN 
6–7) with bent tips oriented parallel to the focal plane we were able 
to reliably visualize patches under DIC optics and to determine 
their curvatures. Activation curves reconstructed from maximal 
current responses to progressively increasing stimuli combined 
with imaging revealed tension mid-points for TREK-1 activation 
as ~8.5 ± 1.1 mN/m in on-cell patches (cytoskeleton intact) and 
~5.2 ± 0.4 mN/m in transparent blebs largely devoid of the cyto-
skeleton (n = 5 for each type). The experimental dependencies 
of the equilibrium constant Po/Pc were fitted to the Boltzmann 

not tetramer, which may have important consequences for its 
regulation. Mouse and human TREK-1 proteins have alternative 
transcription initiation sites at M42 and M57, respectively,22,23 
which in these instances completely eliminate their cytoplas-
mic N-termini. Mouse TREK-1 has a 110-residue cytoplasmic 
C-tail with clusters of charged residues and three regulatory ser-
ine phosphorylation sites.24 The cytoplasmic loop connecting the 
first and second repeats, a necessary component for the tandem 
organization, has a pattern of positive charges and can be mod-
eled as a membrane-associated amphipathic helix (see accompa-
nying manuscript), similar to the “slide” helix of inward rectifier 
KirBac1.1,25,26 or to the predicted N-terminal helix of bacterial 
mechanosensitive channel MscL.27,28 A distinct feature from 
other K+ channels is a 50-residue extracellular loop (75–125) con-
necting the TM1 helix of the first homologous repeat (TM1a) 
with its P-loop. The functional role of the extracellular domain 
remains unclear.

The wealth of physiological information, however, 
emphasizes several missing links that could be addressed only 
by structural and biophysical studies. Currently, we do not have 
a crystal structure for any of the K

2
P channels, and for this rea-

son in the accompanying paper (Milac et al., pp. 23–33),29 we 
describe the models for the resting, low-conductance and fully 
open states of the mouse TREK-1 channel built by homology 
on a KcsA template.30 The homotetrameric KcsA structure with 
its free cytoplasmic N- and C-termini, however, could not be 
used directly to build a TREK-1 model, which had to incorpo-
rate the linker domain connecting two homologous repeats for 
which sequential differences preclude four-fold symmetry in the 
packing of the transmembrane helices. As a result, the resting 
state and the opening transition feature a two-fold symmetry, 
which probably has functional manifestations and physiological 
significance. One of the interesting possibilities is that the two-
fold design may potentially permit allosteric regulation of the 
selectivity filter conformation by breaking and re-forming the 
pseudo four-fold symmetry of the K+ coordinating groups. The 
model provides a large set of predictions that can then be tested 
with low-resolution techniques such as disulfide cross-linking, 
FRET and spin-labeling analysis.

In this paper we address the overall characteristics of the 
TREK-1 models as a prelude to analyzing finer details. On the 
assumption that TREK-1 is gated directly by tension transmitted 
through the lipid bilayer and thus the in-plane protein expansion 
confers the tension sensitivity,31 we first compare the spatial scales 
of the conformational transition predicted by the model with the 
areal expansion deduced from the experimental dose-response 
curves. We then analyze functional characteristics of channels 
with deletions removing the parts that could not be accurately 
modeled due to the limitations of existing templates. Particularly, 
we demonstrate that neither the 50-residue extracellular loop 
connecting the first transmembrane helix with the pore domain 
nor the C-terminal domain beyond the residue 334 are essential 
for gating by membrane tension or AA. Finally, by eliminating 
two of the three endogenous cysteines and probing the functional 
state of the mutants we prepare the system for disulfide cross-
linking analysis.
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treating cell-attached patches with cytoskeleton-disrupting agents 
such as colchicine and cytochalazin D were shown to augment 
mechano-activated currents of TREK-1 and TRAAK.18,34

Patch excision often removes desensitization. Figure 3 depicts 
a sequence of traces obtained in cell-attached configuration 
first and then upon patch pull-out and exposure to air. In 
the cell‑attached configuration recorded in HEK-293T cells, 
TREK-1 desensitization was observed in 95% of the patches 
(n = 80). With large (BN 6–7) pipettes the decay time was gener-
ally slower than reported before,16 likely due to patch membrane 
flow, which changes curvature over time.35,36 Pulling the pipette 
out often leading to vesicle formation removed desensitization 
and slowed down the process of activation. Complete excision by 
brief exposure of the pipette tip to air increased the current, but 
in the majority of outcomes desensitization was absent. This sug-
gests that either cytoskeleton or other intracellular components 
are required for desensitization. Both responses, before and after 
excision, were augmented by AA (not shown).

Effects of deletions on the functional responses of TREK-1 
to membrane tension and AA. After deletion of the extracellular 
loop (Δ76–125) we observed WT-like mechano-activated currents 

equation (see Methods). The maximal free energy differences 
between the states (ΔE) at zero tension and area changes (ΔA) asso-
ciated with the transitions estimated from the two-dose-response 
curves (Fig.  2) were 7.8 kT and 3.7  nm2 for the cell-attached 
patch and 3.9 kT and 3.9 nm2 for the cytoskeleton-depleted bleb. 
Similar curves were obtained in four additional patches in each 
preparation and the averages of ΔE and ΔA were 6.6 ± 0.9 kT 
and 3.1 ± 0.4 nm2 for cells and 4.0 ± 0.7 kT and 3.3 ± 0.6 nm2 for 
blebs. The positive correlation between the ΔA and ΔE param-
eters in individual patches suggested that the channel popula-
tion might be non-uniform and, as was shown previously,33 even 
a slight spread of actual ΔE among individual channels in the 
population may lead to an underestimation of both ΔE and ΔA. 
For this reason, the maximal values observed represent patches 
with more uniform populations and provide values closer to real 
physical parameters. The maximal area parameters reflecting 
physical in-plane expansion of the protein in both cases are simi-
lar and close to the amount of protein expansion estimated from 
the model. The higher tension mid-point and estimated energy 
values for cell-attached patches suggest that the cortical cyto-
skeleton bears part of the tension applied to the patch. Similarly, 

Figure 1. The topology of TREK-1 protein (A) and the structural models of the closed (B) and open (C) state built by homology to crystal structures of 
KcsA. The domains in the structures are color-coded as in the topology scheme (A); M1P1 designates the location of the extracellular 50-residue loop 
not included in the models. The yellow balls show the predicted positions of the hydrophobic residues forming the gate. G186 is the hinge glycine 
between the TM2a and the putative connector helix linking it to TM1b. In-plane expansion of the channel on opening (upper images on (B and C), 
as viewed from the cytoplasm) is illustrated by the gray contours marking the solvent-accessible channel surface for a slab between the levels of the 
gate (-5 Å) and the maximum tension on the cytoplasmic side (~-15 Å). Detailed in-plane area profiles along the z coordinate (D) estimate the total area 
change of the cytoplasmic part associated with the opening transition as ~5 nm2. Color versions of our figures can be seen at http://www.landesbio-
science.com/journals/channels/article/13906/
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larger than regular 50–60  pS conductance.23 Previously, the 
high-conductance form was attributed to alternative initia-
tion from internal Met codon that eliminates large part of the 
N-terminus, the behavior reported for both TREK-1,22 and 
TREK-2,38 channels. We did not eliminate the alternative trans-
lation initiation site M42, and thus cannot definitively evaluate 
relative contributions of the N-terminus and the extracellular 
loop in the switching to larger conductance. However, we can 
state that the absence of the loop either skews the distribution 
of transcripts toward the shorter form, or independently permits 
larger openings in the longer form. This interdependence needs 
to be analyzed in more detail.

Further truncation of the C-terminus (Δ76–125/Δ334–411) 
did not significantly alter the channel response to mechanical 
stimulation compared to the Δ76–125 mutant. Five to ten chan-
nels per patch (n = 15) were typically active under a 120  mm 
Hg pressure gradient (Fig. 5A); these channels with higher con-
ductance and “spiky” appearance were as sensitive to tension as 
WT. We observed spontaneous activity (B) without pressure 
gradient comparable to that in the Δ76–125 mutant. We should 
be mindful about residual (background) stretch arising from the 
seal formation. The main difference that the C-terminal deletion 

in the same range of pressures as those activating WT (Fig. 4A). 
With equal amount of DNA and similar level of transfection, as 
indicated by comparable fluorescence of independently expressed 
EGFP from the same plasmid, the maximal integral patch cur-
rent of the Δ76–125 mutant was on average 10 times smaller 
compared to WT (Table 1). The current-to-voltage relationships 
recorded with voltage ramps (B) closely resembled that of WT.37 
While substantial fraction of channels remained functional, the 
decreased integral current could signify either a de-regulation or 
less efficient assembly/incorporation into the plasma membrane. 
A much higher occurrence of spontaneous activities observed at 
zero pressure (C) suggests that the channels are de-regulated. 
In wild-type, we observed tension-independent single-channel 
openings in 36% of patches (n = 40) that produced large mech-
ano-activated currents. We saw spontaneous activities in 65% of 
patches from the Δ76–125 mutant (n = 130), generally produc-
ing smaller integral currents on saturating pressure steps. In both 
preparations, the fraction of patches with spontaneous activity 
was essentially independent on the recording configuration, cell-
attached or excised. Besides higher presence of spontaneous open-
ings in the deletion mutant, we also observed higher frequency of 
large-conductance “spiky” openings with the amplitude ~3 times 

Figure 2. Dose-response curves obtained with patch imaging. TREK-1 activates in cytoskeleton-depleted blebs at considerably lower tensions than in 
regular cell-attached patches (HEK-293T cells). Imaging of patches was done in DIC with large-diameter (BN7) bent pipettes. Currents were recorded 
+40 mV in the pipette. The pressure protocols are depicted below the current traces. Fitting of the activation curves was done with the equation: 
kT∙ln(Po/Pc) = -ΔE + γΔA, where Po and Pc are the probabilities of the channel finding in the open or closed states, ΔE is the free energy difference 
between the states, γ is tension, and ΔA is the area change associated with the transition. Color versions of our figures can be seen at http://www.
landesbioscience.com/journals/channels/article/13906/
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besides the regular time-dependent run-down (Fig. 6A). This 
experiment suggested that cysteines 159 and 219, which are ~15Å 
apart in our models, do not form functionally-important disul-
fides. We have replaced these cysteines with either serines of ala-
nines and assayed the mutants for functionality. C159S and C159A 
were irresponsive to pressure gradients, but we found discernable 
TREK-1 activities in several patches exposed to arachidonic acid 
(Fig. 6B). C219A remained active, displaying spontaneous activi-
ties and a robust tension sensitivity. Activation of this mutant by 
stretch was also augmented by AA (data not shown). Therefore, 
only C159 appears to be essential for TREK-1 activation by stretch. 
If the activity of C159A/S mutant was absent at any circumstances, 
we might infer that this cysteine in the vicinity of the selectivity 
filer is somehow involved in protein folding in the endoplasmic 
reticulum or sorting in the Golgi, or that the mutations alter the 
structure of the selectivity filter to make it impermeant to ions. But 
the fact that arachidonic acid still invokes some activity is puzzling. 
If the C159A/S substitutions make the channel too “stiff” to be 
opened by tension, then arachidonic acid should be considered a 
stronger stimulus than membrane stretch.

Discussion

The absence of reliable structural information poses difficul-
ties in interpreting rich functional phenomenology of TREK 
and precludes further mechanistic insight. In the accompany-
ing paper (Milac, et al. pp. 23–33),29 we presented models of the 
TREK-1 channel in the closed, low-conducting and open states 
built by homology to KcsA. The models provide a number of 
testable predictions, but here we presented only the “first layer” 
of phenomenology that supports the sufficiency of the domains 
included in our model for the processes of TREK-1 activation by 
stretch and arachidonic acid. Our major findings were that dele-
tion of segments 76–125 and 334–411 not included in the model 
did not eliminate basic gating and selectivity properties of the 
TREK-1 channel. Thermodynamic analysis of the energetic and 
spatial scales of the transition predicts lateral expansion of the 
protein consistent with the model.

The gating process was modeled as a radial motion and tilting 
of TM2a and TM2b helices constrained by two-fold symmetry. 
The outward displacement and extension of the TM2 helices 
with the amphipathic linker domain was predicted to produce 
an approximately 5 nm2 area expansion on the cytoplasmic side. 
The experimental analysis of activation curves generally supports 
this scale of conformational transition. The data obtained in 
cytoskeleton-depleted patches taken from blebs appear to provide 
more reliable thermodynamic parameters of gating transition 
ΔA = 3.7 nm2 and ΔE = 3.9 kT. We should be cautious about 
the exact values, however, since heterogeneity of channels in the 
population tends to decrease the estimates.33 Both the energy and 
in-plane expansion are much smaller in TREK-1 than in bacte-
rial channels MscS or MscL.33,39 Disruption of the cytoskeleton 
permits more channels to activate under a given pressure gradi-
ent suggesting that the channel senses tension in the membrane, 
while the cytoskeleton simply restrains membrane distension 
and does not participate in the conveying forces to the gate.36,40 

introduced was the absence of voltage-dependency of channel 
gating in response to a ±100 mV ramp of pressure. As previously, 
the response to the voltage ramp (Fig. 5C) was recorded under 
zero tension and the spontaneous activities were essentially volt-
age-independent, consistent with previous results.37 This mutant 
remained fully sensitive to AA (Fig. 5D).

Cysteine 159 is essential. The functional state of the above 
truncation mutants makes it hopeful that the domain composition 
of the protein included in the model adequately represents func-
tional channel. While the deletion of the extracellular loop removes 
one of the endogenous cysteines (C93), the Δ76–125/Δ334–411 
TREK-1 still contains two of the endogenous cysteines (C159, 
C219), which may interfere with the future cross-linking assays. 
In our models C159 is located in the more extracellular portion 
of TM2a, where it interacts with the P segments of the selectivity 
filter, and C219 is near the central region of TM1b. In the first test 
we subjected WT TREK-1 channels to 10 mM β-mercaptoethanol 
from the pipette side and saw essentially no decrease in activity 

Figure 3. In more than 90% of the experiments desensitization was 
lost immediately after patch excision. The series of traces obtained in 
the same patch with the same pressure stimulus. Buffers: KCl (pipette)/
NaCl (bath) Command voltage 40 mV. Pipette BN 5. (A) Cell-attached 
configuration (B) membrane vesicle blocks the tip (C) inside-out patch, 
immediately upon air exposure (D) inside-out patch, 5 minutes upon 
excision. The gradual current increase in (C) is likely due to flow of the 
membrane patch into the pipette, so more area and more channels 
were available. (D) Shows stabilization of the new patch position.
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channel protein is functional and displays higher conductance.22,38 
Deletion of the extracellular loop connecting the TM1 helix of the 
first repeat with its pore helix in our experiments reduced func-
tional expression, but 10% of channel activity remained (Table 
1). Further deletion of the C-terminal domain did not produce 
a strong deleterious effect, but rather further de-regulated the 
channel by removing the voltage dependency37 and increasing 
the spontaneous activity observed without applied pressure to the 
patch. We should be mindful, however, about residual tension in 
the patch due to gigaseal formation, which may serve as a weak 
but constantly present mechanical stimulus.35

The presented analysis put us one step closer to mechanis-
tic understanding of mechanosensitivity of TREK-1 channel. 
It makes it hopeful that the model largely represents parts and 
domains that compose a functional but partially de-regulated 
TREK-1 channel. The Δ76–125/Δ334–411 TREK-1 still con-
tains two of the endogenous cysteines (C159, C219), which 
may interfere with the cross-linking assays. Both C159S and 
C159A mutants were non-functional, however, C219A remained 
active. This additional mutation prepares the protein for future 
cross-linking trials. Fortunately C159 is near the extracellular 
surface where it would not be expected to interact with cysteines 
introduced into the inner gate region and cytoplasmic domain to 
test details of the proposed gating mechanisms.

Alternatively, some soluble cytoplasmic factors may affect the 
character of gating by interacting with the cytoplasmic N- and/or 
C-terminal domains. It remains to be determined whether tension 
in the lipid bilayer directly drives the transition, a task that would 
require purification and functional reconstitution of TREK-1. 
Patch excision in most of the cases led to the loss of desensitization 
suggesting the role of cytoplasmic factors in this process.

The models do not include several domains absent in the 
templates, and the purpose of the experiments presented in 
Figures 4 and 5 was to test whether or not the missing domains are 
critical for the assembly and gating or merely serve as regulators/
modulators that optimize the function. The N-terminal cytoplas-
mic domain is clearly dispensable since the alternatively initiated 

Figure 4. Deletion of the extracellular domain (loop) by re-closing S75 to H126 (Δ76–125) produces functional channels. (A) Activation by stretch in 
outside-out patch configuration (+40 mV pipette). (B) I–V curve recorded in cell-attached configuration with 155 mM KCl in the pipette and 150 NaCl, 
5 KCl in the bath; the current reverses at V = -15 mV. (C) Spontaneous activity of Δ76–125 TREK-1 at zero pressure (excised patch). The single-channel 
traces show higher presence of larger conductance channels. Color versions of our figures can be seen at http://www.landesbioscience.com/journals/
channels/article/13906/

Table 1. Peak currents obtained with WT and Δ76-125 TREK-1 in two 
recording configurations

Cell-attached patches Excised inside-out patches

WT 600 ± 370 pA, (n = 8) 520 ± 300 pA, (n = 9)

Δ76–125 55 ± 30 pA, (n = 10) 65 ± 40 pA (n = 6)

t-test p < 0.002 p < 0.004

The currents were recorded under -40 mV command voltage in 
response to pressure pulses that patches could sustain with standard 
pipettes pulled to BN5.
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TREK1 Δ76–125 (deletion of the extracellular loop), TREK-1 
Δ76–125/Δ334–411 (deletions of the extracellular loop and 
C-terminus) TREK-1 Δ76–125/Δ334–411/C219A, TREK-1 
Δ76–125/Δ334–411/C159A, TREK-1 Δ76–125/Δ334–411/
C159S, TREK-1 Δ76–125/Δ334–411/C219A/C159A and 
TREK-1 Δ76–125/Δ334–411/C219A/C159S were sequentially 
generated using the Quick Change Kit (Stratagene).

WT TREK-1 and the mutants were expressed in HEK-293T 
cells by transfecting 0.1–0.3 μg DNA per 36 mm Petri dish using 
Lipofectamine 2000 (Invitrogen). Typically, about 50–60% 
of cells received the plasmid as judged by appearance of the 
separately expressed EGFP marker.

Pipettes were pulled out from borosilicate glass to bubble number 
(BN) of 5–7.43 With sufficiently large pipettes, it was possible to 
visualize patches under differential interference contrast (DIC) 
optics with a 60x oil-immersion lens on an inverted Nikon Eclipse 
TE2000-S microscope. Images of patches captured with a camera 
were presented as spherical caps and their curvature was determined 
through fitting with NIS-Elements software (Nikon Instruments).

Recordings were done in either cell-attached or inside-out 
patches with the standard technique using Axopatch 200B, 

Methods

Modeling. The modeling of TREK-1 was described in the 
accompanying paper (Milac et al., pp 23–33).29 The models of 
the closed, low-conducting, and open states were subjected to 
two cycles of 15-ns unrestrained equilibration in lipids followed 
by 1-ns symmetry annealing utilizing the recently developed 
structure refinement protocol.41 The effective cross-section areas 
of the protein along the membrane normal (z axis) were analyzed 
using a Tcl script custom-written for VMD.42 Solvent-accessible 
surface was probed with a sphere of 1.4 Å radius. At every z level 
scanned with 0.5 Å steps, the cross-section area of the surface was 
estimated and the radius of a circle with equal area was consid-
ered to be an effective in-plane radius at that level. The expansion 
area defining the mechanosensitivity of TREK-1 was taken on 
the intracellular (“gate”) half of the channel at the level of -17 to 
-15 Å where the maximum of the lateral tension/pressure profile 
is expected in POPC bilayer.32

Experimental procedures. The pIRES2-EGFP expression 
vector harboring mouse TREK-1 was kindly provided by Dr. 
Frederick Sachs (SUNY Buffalo). The following mutations 

Figure 5. The responses of TREK-1 Δ76–125/Δ334–411 deletion mutant lacking both the extracellular loop and last 77 residues from the C-terminus. 
(A) Activation by pressure gradient. (B) Spontaneous activity at +40 mV. (C) Spontaneous activity in response to a ±100 mV voltage ramp. Deletion 
of the C‑terminus removes voltage dependency. (D) Time-dependent effect of arachidonic acid (AA, 20 μm) added in the pipette, the upper trace 
was recorded immediately after seal formation and the bottom trace was recorded 20 min after. Without AA, the pressure stimulus invoked only a 
small current. Color versions of our figures can be seen at http://www.landesbioscience.com/journals/channels/article/13906/
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P
o
/P

c
 = exp[-(ΔE - γΔA)/kT]

where P
o
 and P

c
 are the open and closed probabilities, γ is 

membrane tension calculated from pressure gradient and patch 
curvature, k is Boltzmann constant and T is absolute temperature.
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Digidata 1440 and PClamp 10 suite (Axon Instruments), signals 
were sampled at 20 kHz and filtered at 5 kHz. Typical buffer 
configuration was 155 mM KCl (pipette)/150 mM NaCl + 5 mM 
KCl (bath), 5 mM HEPES, pH 7.4. In some experiments beta-
mercaptoethanol (5–10 mM in bath solution) was delivered to 
the chamber with a laboratory-built perfusion system.

Pre-programmed pressure pulses, ramps or trapezoid stimuli were 
delivered from an HSPC-1 pressure clamp machine (ALA Scientific 
Instruments). Transient peaks or steady population current in 
non-inactivating patches (I) were normalized to the amplitude at 
saturating pressure to obtain open probability. The energy (ΔE) 
and in-plane expansion (ΔA) parameters were extracted from dose-
response curves fitted to a Boltzmann-type equation:

Figure 6. Elucidating the role of cysteines in TREK-1. (A) Mercaptoethanol (β-ME) present in the pipette shows no significant effect on activation of WT 
TREK-1 by pressure. (B) The C159S mutation introduced on the WT or Δ76–125/Δ334–411 background makes channel inactive under standard pressure 
protocol, but the mutants show small residual activity when the patch is pre-treated with AA. (C) C219A/Δ76–125/Δ334–411 mutant showed substan-
tial spontaneous activity and was activated essentially as WT under standard pressure protocol. Color versions of our figures can be seen at http://
www.landesbioscience.com/journals/channels/article/13906/
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