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Background: Lipid bilayer composition and asymmetry modulate K� channel function by unknown mechanisms.
Results: Lipid headgroups with exposed hydroxyls on the extracellular facing monolayer stabilize the channel open conforma-
tion irrespective of charge.
Conclusion: Stabilization is mediated through a change of interfacial water structure.
Significance: Lipid bilayer asymmetry and its individual monolayers emerge as crucial determinants of K� channel gating.

The crystal structure of the sensorless pore module of a volt-
age-gated K� (Kv) channel showed that lipids occupy a crevice
between subunits. We asked if individual lipid monolayers of the
bilayer embody independent modules linked to channel gating
modulation. Functional studies using single channel current
recordings of the sensorless pore module reconstituted in sym-
metric and asymmetric lipid bilayers allowed us to establish the
deterministic role of lipid headgroup on gating. We discovered
that individual monolayers with headgroups that coat the bilay-
er-aqueous interface with hydroxyls stabilize the channel open
conformation. The hydroxyl need not be at a terminal position
and the effect is not dependent on the presence of phosphate or
net charge on the lipid headgroup. Asymmetric lipid bilayers
allowed us to determine that phosphoglycerides with glycerol or
inositol on the extracellular facing monolayer stabilize the open
conformation of the channel. This indirect effect is attributed to
a change in water structure at the membrane interface. By con-
trast, inclusion of the positively charged lysyl-dioleoyl-phos-
phatidylglycerol exclusively on the cytoplasmic facing mono-
layer of the bilayer increases drastically the probability of
finding the channel open. Such modulation is mediated by a
�-cation interaction between Phe-19 of the pore module and
the lysyl moiety anchored to the phosphatidylglycerol head-
group. The new findings imply that the specific chemistry of the
lipid headgroup and its selective location in either monolayer of
the bilayer dictate the stability of the open conformation of a Kv
pore module in the absence of voltage-sensing modules.

Voltage-gated channels responsible for cellular excitability
are assemblies of modular membrane protein subunits consist-
ing of two distinct, tandemly arranged, functional modules. An
N-terminal voltage-sensor module encompassing four transmem-
brane segments S1–S4 and a C-terminal pore module (PM)3 con-

sisting of transmembrane segments S5 and S6 (1–4). These mod-
ules embody independently folded units of structure (4–7) and
function (8–10). The discovery of the voltage-gated K� (Kv) chan-
nel from Listeria monocytogenes (KvLm) (11), which embodies an
incipient sensor (12), allowed us to dissect the pore module from
the intact subunit, to demonstrate that it recapitulates the full
complement of functional features after reconstitution in
lipid bilayers (8), and to determine its crystal structure in a
membrane (5). These advances afford an opportunity to
focus on this pore-only entity, extending from the N-termi-
nal end of the S4 –S5 linker to the C terminus of the protein,
to investigate the role of the individual lipid monolayer com-
ponents of the bilayer in modulating the channel properties.

It is widely recognized that the lipid bilayer components
modulate the function of K� channels (13–32). A role for lipids
on the inactivation of Kv channels, namely the ability of the
channel to close and remain closed for prolonged periods while
voltage-clamped at an activating potential, has been previously
demonstrated (24, 33). In recent years this modulatory effect
has been attributed solely to an interaction of the lipid bilayer
with the voltage-sensor module. The mechanical properties of
the membrane are dictated by its lipid composition and the
interaction of the basic charges on the sensor with lipid head-
group phosphates as a means to facilitate sensor movement and
therefore pore opening (22, 25).

The crystal structure of the sensorless PM of a Kv channel
showed four immobilized lipids filling and surrounding a crev-
ice between subunits at the extracellular surface of the channel,
suggesting an affinity for lipids in that region (5). Therefore, we
asked if different lipids could act as selective modulators of ion
channel function by acting as co-factors in the ion translocation
process. Functional studies using single channel current re-
cordings of a sensorless PM reconstituted in symmetric and
asymmetric lipid bilayers allowed us to establish the determin-
istic role of the lipid headgroup on gating the two channel gates
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located at the selectivity filter (34 –36), facing the extracellular
medium, and at the bundle crossing (37), in direct contact with
the cytoplasmic facing leaflet of the membrane.

Taking advantage of the uniqueness of asymmetric bilayers
(38 – 42) allowed us to uncover two mechanisms for the stabi-
lization of the open channel conformation. First, we discovered
that the inclusion of lipids with headgroups that coat the extra-
cellular membrane-solution interface with hydroxyl groups
such as those found in glycerol, phosphoglycerol, phospho-
inositol, and lysyl-phosphoglycerol increased drastically the
probability of finding the channel open. This effect was
observed to be independent of headgroup charge, number of
acyl chains, and whether the chains were methyl branched or
not. We propose that the stabilizing effect of these surface-
coating hydroxyls is indirectly mediated by an interaction with
water at the membrane-solution interface. We further validate
this proposal by demonstrating that the addition of 1% (0.17 M)
ethylene glycol or 0.2 M mannitol to the extracellular bathing
solution of lipid bilayers lacking exposed hydroxyls emulates
the gain in open conformation stability observed when lipids
with exposed hydroxyls are present at the extracellular mem-
brane interface. Second, we unveiled a �-cation interaction (43)
between a lysine containing lipid headgroup and a conserved
aromatic residue in Kv channels at the protein cytoplasmic sur-
face as an additional stabilizer to generate an open, rarely inter-
rupted, K� permeation path.

The new findings provide evidence that the PM of Kv chan-
nels may be transformed into an open conductor through inter-
actions with lipid modulators that target either the filter gate,
through a destabilization of water structure, or the bundle gate,
via a direct interaction, and thereby stabilize the conducting
conformation of the channel. The implication is that lipids are
crucial not only for proper protein folding (44) but also to mod-
ulate, in a deterministic manner, the properties of the channel.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—KvLm PM, WT, and
mutants were expressed in Escherichia coli XL1-Blue with a
C-terminal His tag and purified by Ni2�-affinity and size exclu-
sion chromatography as previously described (45). Single
channel mutations were introduced using the QuikChange
site-directed mutagenesis kit (Agilent) according to the
manufacturer’s instructions.

Liposome Preparation and Protein Reconstitution—Liposomes
were composed of 100 mol % of 1,2-diphytanoyl-sn-glycero-3
phosphocholine (DPhPC), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-diphytanoyl-sn-glycero-3-phosphoethano-
lamine (DPhPE), or 90 mol % of DPhPC and 10 mol % of the
indicated test lipids: DOPC, DPhPE, 1,2-dioleoyl-sn-glycero-3-
phosphatidic acid (DOPA), 1,2-dioleoyl-sn-glycero-3-phos-
pho-(1�-rac-glycerol) (DOPG), 1,2-diphytanoyl-sn-glycero-3-
phospho-(1�-rac-glycerol) (DPhPG), 1-oleoyl-2-hydroxy-
sn-glycero-3-phospho-(1�-rac-glycerol) (lyso-PG), 1,2-di-
oleoyl-sn-glycero-3-phospho-(1�-myo-inositol) (DOPI), 1,2-
dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))]
(lysyl-DOPG), 1-oleoyl-rac-glycerol (monoolein) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine N-(methoxy-
(polyethylene glycol))-350 (DOPE-PEG350) (Avanti Polar

Lipids, Alabaster, AL) (Fig. 1). Liposomes were prepared as
previously described (45). When indicated, ethylene glycol
(0.17 M) or mannitol (0.2 M) were supplemented to the rehy-
drated liposome suspension prior to extrusion. For reconsti-
tution, the protein was diluted �100 –300-fold into pre-
formed liposomes to give final protein concentrations 2–5
�g/ml. The proteoliposomes were incubated on ice for 15
min prior to bilayer recording experiments. Fresh aliquots of
liposomes and protein were used for every experiment.

Single Channel Recordings Using Droplet Interface Lipid
Bilayers—Single channel currents were recorded from droplet
interface bilayers as described (10, 46). Briefly, a 10 � 10 �
4-mm Plexiglas chamber was filled with hexadecane (Sigma)
containing 1 mol % of DPhPC. A 0.2-mm diameter Ag/AgCl
wire electrode (40 mm in length) was attached to each of two
micromanipulators (NMN-21, Narishige, Japan). Droplets
(�200 nl) were placed with a pipette on each of the electrodes,
which had been coated with 3% (w/v) low-melt agarose (65 °C).
The electrode carrying the droplet with the proteoliposomes in
0.5 M KCl, 10 mM HEPES, pH 7.4, was connected to the
grounded end (cis side) of the amplifier head-stage. The second
electrode, in a droplet containing exclusively liposomes in the
same buffer, was connected to the working end of the head-
stage (trans side). The chamber, electrodes, and the amplifier
head-stage were enclosed in a Faraday cage. The droplets were
incubated in hexadecane containing 1 mol % of DPhPC until a
monolayer of lipid had formed around them (�5 min). A
bilayer spontaneously formed when the two droplets were
brought into contact.

Regardless of bilayer composition, and symmetric or asym-
metric configuration, the proteoliposome droplet was always
placed on the cis compartment to ensure that the filter gate of
the channel protein remained on the cis side and was exposed to
only one class of lipids. To confirm the orientation of the pro-
tein in the reconstituted bilayers with the consequent outward
flow of current (from bundle to filter), the open channel blocker
tetrabutyl ammonium was used (45). Tetrabutyl ammonium
stocks (5 mM) were made in droplet solution (0.5 M KCl, 10 mM

HEPES, pH 7.4) and injected into the bundle-facing droplet
(trans side) at the end of each experiment to a final concentra-
tion of 50 �M using a Nano injector (VWR instrument). In all
configurations, channel orientation was verified by sided tetra-
butyl ammonium block. The test lipids were always supple-
mented at 10 mol % in 90 mol % of DPhPC. To increase the
signal-to-noise ratio all electrical measurements were per-
formed in 0.5 M KCl, 10 mM HEPES, pH 7.4, at 100 mV and 22 �
2 °C, unless otherwise indicated.

Single Channel Acquisition and Analysis—Single channel
currents were sampled at 20 kHz using an Axon 200B patch
clamp amplifier, filtered by using a low pass Bessel filter (80
dB/decade) with a corner frequency of 2 kHz, and then digitized
with a DigiData 1320 A/D converter (Axon Instruments). All
pre-processing and analysis of the single channel recordings
was performed with QuB software. Currents in symmetric
lysyl-DOPG were further filtered to 400 –700 Hz, whereas addi-
tional off-line filtering of 2 kHz was used for all other record-
ings. Event detection was performed by time course fitting with
the segmental k-means algorithm (SKM) (47). Stretches of the
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recordings in which the channel was closed were included in
the analysis; hence, the calculated Po is proportional to the ratio
of open time/total time of the recording. Segments of continu-
ous recordings in the range of 30 s � t � 400 s were used for
analysis. To avoid the detection of erroneous events, the
receiver dead time (td) was set at 300 �s for all recordings
except for PM in symmetric lysyl-DOPG for which the td was
set to 700 –1000 �s. Accordingly, transitions shorter than the td

were ignored; transitions longer than the td were accepted as
“events.” To calculate the median burst length, bursts were
defined as a group of three or more opening transitions with
intraburst closures shorter than �-critical (�crit) and terminated
by an interburst closure longer than �crit. The value of �crit was
calculated from the closed dwell time histograms in QuB for
each record (3 ms � �crit � 20 ms). All the results reported were
done at least in triplicate; the calculated values are reported as
mean � S.E. N and n denote the number of events and number
of experiments, respectively. Statistical significance was
assessed using the unpaired, two-tailed Student’s t test. Wher-
ever the statement “equal within error” appears, the p value was
�0.05, indicating that the two groups in question are equal and
there is no significant statistical difference. By contrast, wher-
ever the open probability (or any other parameter) is stated to
be “x-fold higher,” the p value was �0.05 indicating that the
differences are statistically significant.

Identification of KvLm PM Residues Exposed to Lipid Head-
groups at the Membrane Interface—To determine which resi-
dues in the PM are within 5 Å of a lipid phosphate or choline
headgroup we used YASARA (Yasara Bioscience) to run a 10 ns
molecular dynamics simulation (48) of KvLm PM (5) in DOPC
bilayers. At the end of the simulation, residues within 5 Å of a
phosphate oxygen or a choline nitrogen were identified, given
that the Debye screening at 0.5 M salt is 4 Å. The simulation was
performed at 25 °C and pH 7.4 with the salt concentration fixed
at 0.5 M KCl. The AMBER03 force-field was employed (49).

RESULTS

The Glycerol Moiety on the Phosphoglyceride Headgroup, and
Not the Charge, Dictates the Channel Open Probability—To
investigate the functional consequence of an interaction
between the PM of a Kv channel and the surrounding lipids, PM
function was screened in lipid bilayers with varying headgroup
chemistry and acyl chains (Fig. 1). The sensorless PM of KvLm
was reconstituted in droplet interface bilayers in which both cyto-
plasmic and extracellular leaflets were of equal composition (sym-
metric bilayers, Fig. 1J); channel function was assayed by monitor-
ing the single channel steady-state activity at a depolarizing
potential of 100 mV while bathing both sides of the membrane in
0.5 M KCl. Channel function was first assayed in 100 mol % of
DPhPC, DOPC, or DPhPE. In these bilayers of zwitterionic
phospholipid composition, no channel activity was observed
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(n � 20, 10, and 15, respectively). Next, we assayed the PM
activity in symmetric bilayers composed of 90 mol % of DPhPC
supplemented with 10 mol % of test lipids (Fig. 1). Remarkably,
when DPhPC bilayers were supplemented with the negatively
charged DOPA, the PM was observed to open frequently with a
single channel conductance (�) 	 105 � 4 pS (Fig. 2A). Activity

in DOPA-supplemented bilayers was further characterized by a
brief mean open time (�open) followed by immediate closures
(�open 	 1.1 � 0.2 ms, burst length 	 4 � 1 ms), thereby defin-
ing a very low open probability (Po) of 0.06 � 0.01 (Table 1).
Comparison of the structures of the lipid headgroups (Fig. 1)
suggests that the choline or ethanolamine moieties in DPhPC
or DPhPE hinder PM activity. To test this hypothesis, we
replaced the terminal choline with a glycerol moiety and
measured channel activity in bilayers supplemented with the
negatively charged lipids DOPG (Fig. 2B) or DPhPG (Fig.
2C). It is worth noting that the glycerol moiety in the head-
group of DOPG and DPhPG (plane “c,” Fig. 1) is different
from the glycerol backbone to which the acyl chains are
attached (plane “a,” Fig. 1). In DOPG-supplemented bilayers,
the Po was 0.29 � 0.04, a �5-fold increase relative to the Po
measured in DOPA containing bilayers. In close agreement,
the Po in DPhPG-supplemented bilayers also increased by
�6-fold to 0.35 � 0.06. In both phosphatidylglycerol (PG)
containing bilayers, the PM opened to a lower � (42 � 2 and
42 � 3 pS) but remained open for significantly longer times
in both DOPG (�open 	 2.6 � 0.1 ms and burst length 	 20 �
4 ms) and in DPhPG-supplemented bilayers (�open 	 5.8 �
0.9 ms and burst length 	 16 � 2 ms) (Table 1). This result
suggests that the terminal glycerol moiety (plane c, Fig. 1)
accounts for stabilization of the conductive conformation of
the PM. Next, we queried whether the terminal glycerol was
sufficient to produce the observables by assaying PM func-
tion in a lipid bilayer doped with negatively charged lyso-PG,
a lipid that retains the same headgroup but contains only one
acyl chain (Fig. 2D). In lyso-PG containing bilayers, the PM
exhibits a � 	 40 � 2 pS and Po 	 0.36 � 0.03, values equal
within error to those observed in DOPG and DPhPG as are
the values of �open 	 3.7 � 0.4 ms and burst length 	 18 � 2
ms (Table 1). These results indicate that stabilization of the
PM open conformation relies on the presence of a glycerol
moiety in the headgroup of the doping lipid (plane c, Fig. 1)
but not on the headgroup charge (plane “b,” Fig. 1), number
of acyl chains (plane a, Fig. 1), or methyl branching of acyl
chains (Fig. 1).

To discern if this effect was specific to glycerol, we tested the
activity in bilayers supplemented with negatively charged DOPI
(Fig. 2E), a lipid that replaces the two free hydroxyl groups of
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FIGURE 2. The PM exhibits characteristic lipid-dependent gating in sym-
metric bilayers. Single channel steady-state current recordings (left) and
their corresponding normalized all point histograms (right) of the PM in sym-
metric DPhPC bilayers supplemented with the following lipids: A, DOPA; B,
DOPG; C, DPhPG; D, lyso-PG; E, DOPI; F, lysyl-DOPG; and G, monoolein. All the
recordings were acquired at V 	 100 mV, except for bilayers supplemented
with lysyl-DOPG, which were acquired at V 	 150 mV.

TABLE 1
Single channel properties of the PM in symmetric DPhPC lipid bilayers
supplemented with the indicated lipids

Experimental
conditions � Po �open

Burst
length N

pS ms ms n
DOPA 105 � 4 0.06 � 0.01 1.1 � 0.2 4 � 1 20,200

5
DOPG 42 � 2 0.29 � 0.04 2.6 � 0.1 20 � 4 9,663

3
DPhPG 42 � 3 0.35 � 0.06 5.8 � 0.9 16 � 2 9,887

3
Lyso-PG 40 � 2 0.36 � 0.03 3.7 � 0.4 18 � 2 15,859

4
DOPI 49 � 4 0.61 � 0.08 2.8 � 0.4 15 � 3 18,541

4
Lysyl-DOPG 10 � 2 0.59 � 0.08 16 � 2 40 � 5 10,620

4
Monoolein 60 � 7 0.32 � 0.03 2.7 � 0.6 12 � 3 8,689

4
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glycerol with a sugar thereby increasing the number of terminal
hydroxyls presumably exposed to the bulk solution to five.
When reconstituted in DOPI containing bilayers the PM opens
to a � equal within error to that observed in the PG containing
bilayers (49 � 4 pS), yet resides in the open state for twice as
long (Po 	 0.61 � 0.08) as compared with that in the PG-sup-
plemented bilayers (Table 1). This represents a 10-fold increase
in finding the PM open relative to the DOPA-containing bilay-
ers. These results establish that a layer of hydroxyl groups at the
membrane-aqueous solution interface (plane c, Fig. 1) favors
the open conformation of the PM.

Next, we asked if it was necessary for the hydroxyls to be at
the most exposed terminal position by testing PM activity in
bilayers supplemented with the positively charged lysyl-DOPG
or with the neutral monoolein (Fig. 2, F and G). In bilayers
containing lysyl-DOPG, a lipid to which a lysine group has been
added to the terminal glycerol of DOPG (Fig. 1), the PM opened
to a high Po (0.59 � 0.08), arising from the longest uninter-
rupted openings (�open 	 16 � 2 ms and burst length 	 40 � 5
ms) of lowest amplitude (� 	 10 � 2 pS) (Fig. 2F and Table 1). In
monoolein containing bilayers, a single acyl chain glyceride
lacking a phosphoglycerol moiety but still carrying a terminal
hydroxyl group (plane a, Fig. 1), the PM exhibited an interme-
diate � of 60 � 7 pS and a Po (0.32 � 0.03) (Fig. 2G and Table 1)
equal within error to that observed in other PG containing
bilayers (Fig. 2, B–D).

Together, these results demonstrate that: 1) the hydroxyl
need not be at a terminal position (plane c, Fig. 1) to stabilize the
channel open conformation; 2) the effect is not dependent on
the presence of phosphate (plane b, Fig. 1); 3) charge on the lipid
headgroup is not a determinant (planes b and c, Fig. 1); and 4)
there is an additional stabilization of the open conformation of
the PM when a positively charged terminal lysyl moiety is added
to the PG headgroup (plane c, Fig. 1).

The Lysyl Moiety on the Cytoplasmic Facing Monolayer
Headgroup Stabilizes the Open Conformation—To determine
the contribution of the cytoplasmic facing monolayer to the
pore function, channel activity was assayed in three types of
asymmetric bilayers (Fig. 1, K and L): with 10 mol % of DOPA
on the extracellular facing monolayer in which the PM filter
gate is located, and 10 mol % of DPhPG, DOPI, or lysyl-
DOPG on the intracellular facing monolayer, assigned to the
PM bundle gate location by tetrabutyl ammonium block (45)
(Fig. 3, A–C). When reconstituted into a bilayer supple-
mented with DOPA on the extracellular facing monolayer,
and with DPhPG in the cytoplasm facing monolayer
(DOPA�DPhPG), the probability of finding the channel open
was 0.07 � 0.01 (Fig. 3A and Table 2), a value equal within error
to that observed when the PM was reconstituted in symmetric
DOPA containing membranes (0.06 � 0.01). When DOPI
replaced DPhPG as the doping lipid at the cytoplasmic mono-
layer (DOPA�DOPI), the Po was 0.05 � 0.02 (Fig. 3B). In con-
trast, when lysyl-DOPG was introduced into the cytoplasmic
monolayer (DOPA�lysyl-DOPG) the Po was 0.55 � 0.09 (Fig.
3C, Table 2), a value equal within error to that observed in
symmetric lysyl-DOPG containing bilayers. These results indi-
cate that the high open probability observed in symmetric lysyl-
DOPG containing bilayers can be attributed solely to the con-
finement of this lipid on the cytoplasmic lipid monolayer. The
results also indicate that it is the lysyl moiety (plane c, Fig. 1) in
lysyl-DOPG and not the glycerol and inositol moieties (plane c,
Fig. 1) of lipids facing the cytoplasm that promotes this state of
high Po. The observed �6-fold increase in �open and �8-fold
increase in burst duration, when lysyl is present as the terminal
moiety in the lipid headgroup, indicate that the 10-fold increase
in Po observed in DOPA�lysyl-DOPG containing bilayers versus
DOPA�DOPA-supplemented bilayers is due to a stabilization
of the open conformation of the PM (Tables 1 and 2).
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FIGURE 3. Lipid bilayer asymmetry strongly dictates the PM channel characteristics. Steady-state single channel current recordings (left) and their
corresponding currents normalized all point histograms (right) of the PM reconstituted in asymmetric DPhPC bilayers in which the DOPA-containing mono-
layer colocalizes with the filter gate and DPhPG (A), DOPI (B), lysyl-DOPG-containing monolayers (C) are assigned a location corresponding to that of the bundle
facing compartment. The orientation of the corresponding lipid monolayers was reversed in D–F such that the DOPA-containing monolayer colocalizes with
the bundle gate and the test lipid with the filter gate.
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The Lysyl Moiety in Lysyl-DOPG Stabilizes the Open Confor-
mation through a Direct Interaction with a Phenylalanine Res-
idue in the PM—Because we could ascribe the lipid effect at the
cytoplasmic leaflet to the positive charge of the lysyl headgroup,
we searched for negatively charged residues in the PM
sequence that could be exposed at the intracellular monolayer-
solution interface. This search failed to find such a residue;
therefore, we asked if there were any other residues that were
lipid exposed and that could have an affinity for the lysyl charge
at the membrane surface. To identify candidate PM residues
interacting with lipid headgroups, the 3.1-Å resolution PM
structure obtained in a lipid membrane (Protein Data Bank
code 4H33) (5) was energy minimized in a DOPC bilayer bathed
in 0.5 M KCl at pH 7.4 and subjected to a 10-ns molecular
dynamic simulation. At the end of the simulation, residues at
the interface between the hydrophobic core of the bilayer and
the hydrophilic exterior located within 5 Å from phosphate
oxygen or from the choline nitrogen in DOPC were identified.
This analysis discerned only one residue: Arg-18 located at the
cytoplasmic end of the outer helix (S5 in KvLm full-length). To
test the contribution of Arg-18 to the stabilizing effect, we
assayed the function of the R18D mutant in symmetric DOPA
and lysyl-DOPG containing bilayers (Fig. 4, A and B). In DOPA,
R18D opened with a Po of 0.06 � 0.02, whereas in lysyl-DOPG it
opened to a Po of 0.5 � 0.1. In both types of bilayers the Po of
R18D was equal within error to that of WT (Table 1), we con-
clude that Arg-18 did not account for the observed high Po in
the WT.

Because we have not yet crystallized the open conformation
of the PM, and expecting the position of residues surrounding
the bundle crossing to change from that observed in the struc-
ture of the closed conformation, we asked if there was a residue
at a position adjacent to that of Arg-18 that could form a strong
interaction with the lysyl group. We surmised that the phenyl-
alanine at position 19 might do the job by forming a �-cation
(43) interaction with lysyl in the open conformation. To test
this hypothesis, we expressed a PM mutant (F19L) that best
retains the side chain volume and hydrophobicity of phenylala-
nine, but cannot form the predicted �-cation interaction. F19L
opened to a higher Po in DOPA containing bilayers (0.17 �
0.03) (Fig. 4C) and to a lower Po (0.21 � 0.02) in lysyl-DOPG-
supplemented bilayers (Fig. 4D) than WT, indicating that
Phe-19 stabilizes the closed conformation in DOPA containing
bilayers, as well as the open conformation in lysyl-DOPG con-

TABLE 2
Single channel properties of the PM in asymmetric DPhPC lipid bilayers supplemented with the indicated lipids at either the filter or the bundle
facing compartments

Experimental conditions (Filter�bundle) � Po �open Burst length N

pS ms ms n
DOPA�DPhPG 74 � 4 0.07 � 0.01 1.8 � 0.4 3 � 1 8,674

5
DOPA�DOPI 94 � 3 0.05 � 0.02 1.9 � 0.2 4 � 1 4,614

4
DOPA�lysyl-DOPG 92 � 7 0.55 � 0.09 5.5 � 0.9 30 � 5 19,403

5
DPhPG�DOPA 50 � 5 0.33 � 0.04 2.9 � 0.6 10 � 1 11,674

3
DOPI�DOPA 70 � 4 0.5 � 0.1 6.2 � 0.9 11 � 2 10,147

4
Lysyl-DOPG�DOPA 46 � 2 0.35 � 0.04 2.5 � 0.4 9 � 2 14,491

6

0

10

10

F19L in DOPA

0.1 s

10
 p

A

C
ur

re
nt

 (p
A

)

Count / Total

c

o

0.1 0

0c

o

F19L in Lysyl-DOPG

10
 p

A

0.1 s
C

ur
re

nt
 (p

A
)

0

00.1
Count / Total

c

o

c

o

A

B

C

0.1 s

R18D in DOPA

10
 p

A
3 

pA

C
ur

re
nt

 (p
A

)

0

3

Count / Total
0.08

2 s

R18D in Lysyl-DOPG

c

o

c

o

c

o

C
ur

re
nt

 (p
A

)

0

7

0.2 0
Count / Total

c

o

D

E

FIGURE 4. The R18D PM mutant is sensitive to lysyl-DOPG but the F19L PM
mutant is not. Steady-state current recordings of R18D (A and B) and F19L (C
and D) mutant PMs reconstituted in symmetric DOPA containing bilayers (A
and C) and lysyl-DOPG supplemented bilayers (B and D). The R18D channel
parameters are � 	 65 � 7 pS, Po 	 0.06 � 0.01 in DOPA containing
bilayers, and � 	 20 � 5 pS, Po 	 0.5 � 0.1 in lysyl-DOPG-supplemented
bilayers. The F19L channel parameters are � 	 101 � 2 pS, Po 	 0.17 � 0.03
in DOPA containing bilayers, and � 	 91 � 2 pS, Po 	 0.21 � 0.02 in
lysyl-DOPG-supplemented bilayers. All recordings were acquired at V 	
100 mV, except for those shown in B, which were recorded at V 	 100 mV.
E, Phe-19 participates in an intrasubunit �-� interaction with Phe-80 (left
panel) or an intersubunit �-� interaction with Phe-95 and Phe-96 (right
panel) to stabilize the closed conformation of the channel. Only two adja-
cent subunits (orange and green) are depicted, focusing on the bundle
gate facing the cytoplasmic compartment (PDB code4H33) (5). Yellow
sphere depicts a K� ion at the selectivity filter S4 binding site. Phe residues
involved in �-� interactions (red) are represented by sticks and numbered
according to the KvLm sequence (5).
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taining bilayers, in agreement with our prediction. The stabili-
zation of the closed state by Phe-19 in the WT can be reasoned
by noting that, in the closed conformation of the PM observed
at the end of the molecular dynamic simulation, this residue can
make one of two �-� interactions (50): an intrasubunit interac-
tion with Phe-80 or an intersubunit interaction with Phe-95
and Phe-96, all in the inner helix (S6 in the full-length) (Fig. 4E).
These results suggest that a �-cation interaction between
Phe-19 in the PM and the lysyl moiety in lysyl-DOPG accounts
for the observed stabilization of the open conformation of the
PM in bilayers having lysyl-DOPG in the lipid monolayer facing
the cytoplasm.

Glycerol or Inositol on the Extracellular Facing Monolayer
Headgroup Stabilizes the Open Conformation—To dissect the
contribution of the extracellular facing monolayer to the pore
function, channel activity was assayed in three types of asym-
metric bilayers (Fig. 1, K and L): bilayers supplemented with
DPhPG, DOPI, or lysyl-DOPG on the extracellular facing
monolayer and with DOPA on the intracellular facing mono-
layer (Fig. 3, D–F). When DPhPG was present on the extracel-
lular facing leaflet (DPhPG�DOPA), the Po was 0.33 � 0.04 (Fig.
3D and Table 2), a value that is equal within error to that mea-
sured when DPhPG was introduced in both leaflets (0.35 �
0.06), and 6-fold larger than reported in symmetric DOPA-
supplemented bilayers. When DOPI replaced DPhPG
(DOPI�DOPA) (Fig. 3E and Table 2), the Po increased to 0.5 �
0.1, a value equal within error to that observed in DOPI con-
taining symmetric bilayers (0.61 � 0.08) and 10-fold higher
than reported in DOPA�DOPA-supplemented bilayers. In con-
trast, when lysyl-DOPG was added to the extracellular facing
monolayer (lysyl-DOPG�DOPA) (Fig. 3F and Table 2) the Po
was 0.35 � 0.04, a value equal within error to that observed in
DPhPG�DOPA-supplemented bilayers, but lower than the Po in
symmetric lysyl-DOPG-supplemented bilayers (0.59 � 0.08).
These results demonstrate that the high Po determined in sym-
metric DPhPG and DOPI containing bilayers, but not in lysyl-
DOPG-supplemented bilayers, can be fully reproduced by
inclusion of these lipids exclusively in the extracellular facing
leaflet. Together, these results point to the propitious role of
the glycerol and inositol moieties on the lipid headgroup
(plane c, Fig. 1) facing the extracellular leaflet in inducing an
increase in Po that is well correlated with an increase in �open
and burst length (Table 2). Thus, the presence of these lipids
at the extracellular surface stabilizes the open conformation
of the pore.

Glycerol or Inositol on the Extracellular Facing Monolayer
Stabilizes the Open Conformation through an Indirect Interac-
tion with the PM Filter Gate, a Water Structure-mediated
Effect?—Having posited that the crucial lipid structural element
for stabilization of the PM open conformation on the extracel-
lular facing monolayer is a layer of hydroxyl groups exposed at
the bilayer-aqueous solution interface (plane a for monoolein,
plane c for DOPI and all PG lipids, Fig. 1), we asked what phys-
ical property of the interface was being modulated. The real-
ization that glycerol and sugars are commonly used as cryo-
protectants suggests that hydroxyls at the membrane
interface may alter the structure of water (51–53). To test
this hypothesis, we utilized a negatively charged phospho-

glyceride with an ethanolamine moiety (PE) anchored to a
polyethylene glycol (PEG)350 chain (DOPE-PEG350), a cryo-
protectant and precipitant of protein crystals. Upon recon-
stitution into a DOPE-PEG350�DOPA-supplemented asym-
metric bilayer (Fig. 5A) the probability of finding the PM
open was 0.61 � 0.03, a value equal within error to that
observed in DOPI�DOPA containing bilayers. To dissect the
contribution of PE from that of PEG350 in the DOPE-PEG350

headgroup, the PM was reconstituted in DPhPE�DOPA-sup-
plemented asymmetric bilayers (Fig. 5B). Under these condi-
tions the Po was drastically reduced to 0.04 � 0.01 (a 15-fold
decrement), indicating that PE has a marginal effect on channel
activity. This finding is remarkable in two ways. First, PEGyla-
tion of PE, a doping lipid in which practically no channel activ-
ity was detected, retrieves a gain-of-function PM that is rarely
closed. Second, given that PEG-350, with an estimated
extended length of 1,400 Å and known ability to exclude water
from the membrane-bulk solution interface (54), it follows that
it is the shared ability of glycerol (51), inositol, and PEG to alter
the water structure at the extracellular interface that is crucial
to stabilize the open conformation of the PM.
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FIGURE 5. A cryoprotectant at the extracellular monolayer stabilizes the
PM open state. Single channel steady-state current recordings (left) and their
corresponding normalized all point histograms (right) of the PM in asymmet-
ric lipid bilayers (A and B) with a lipid anchored cryoprotectant (A) DOPE-
PEG350 or (B) DPhPE-containing monolayers colocalized with the filter gate
and the DOPA-containing monolayer with the bundle gate. The distinct chan-
nel parameters are: � 	 55 � 5 pS, Po 	 0.61 � 0.03, �open 	 4.1 � 0.4 ms and
burst length 	 16 � 2 ms for A and � 	 62 � 3 pS, Po 	 0.04 � 0.01, �open 	
1.2 � 0.2 ms and burst length 	 5 � 1 ms for B. Single channel steady-state
current recordings (left) and their corresponding normalized all point histo-
grams (right) of the PM in DOPA-containing symmetric lipid bilayers bathed in
0.5 M KCl on the PM bundle side and in 0.5 M KCl, 1% ethylene glycol (C) or 0.5
M KCl, 0.2 M mannitol (D) on the filter gate.
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To validate this novel proposal we asked if the reported
water-mediated lipid effect on the stability of the open confor-
mation of the PM could be mimicked in a symmetric DOPA
containing bilayer by supplementing the extracellular bathing
solution (0.5 M KCl) with a cryoprotectant. In the presence of
1% (v/v) (0.17 M) ethylene glycol (Fig. 5C) or 0.2 M mannitol (Fig.
5D), the Po and �open of the PM increased to 0.5 � 0.1 and 14 �
4 ms in ethylene glycol and 0.5 � 0.1 and 8 � 2 ms in mannitol,
representing a gain of 25-fold in Po and 8 –14-fold in �open rel-
ative to the values observed in symmetric lipids bilayers bathed
exclusively in 0.5 M KCl. Concomitant with this gain, there was
a reduction in � from 105 � 4 to 45 � 7 pS in ethylene glycol and
65 � 5 pS in mannitol. From these results we conclude that the
evoked destabilization of the water structure at the extracellu-
lar membrane-solution interface mediated by lipids with
exposed hydroxyls is faithfully reproduced by supplementing
the extracellular bulk solution with cryoprotectants. This is
indicative of a role of water structure at the extracellular inter-
face in modulating the stability of the open conducting confor-
mation of the PM.

On the Modulation of KvLm PM Open Stability by Lipid
Monolayers at Physiological Ionic Strength—The single channel
currents presented thus far were recorded in 0.5 M KCl solu-
tions. This experimental condition was set for two reasons: to
focus on interactions shorter than the Debye length (4 Å) and to
increase the signal-to-noise ratio and therefore resolve detailed
features of the channel in different bilayer compositions and
modalities. To explore if the reported gain in open conforma-
tion stability at high ionic strength (0.5 M), occurs at a physio-
logical ionic strength, we acquired single channel currents in
0.15 M KCl, 10 mM HEPES, pH 7.4, in symmetric DOPA and
DPhPG containing bilayers (Fig. 6, A and B), as well as in asym-
metric bilayers containing DOPA on the extracellular facing

leaflet and lysyl-DOPG in the intracellular facing monolayer
(DOPA�lysyl-DOPG, Fig. 6C). In symmetric DOPA containing
bilayers the PM opened to the characteristic low Po (0.02 �
0.01), arising from short openings (�open 	 0.9 � 0.2 ms and
burst length 	 3 � 1 ms) with � 	 35 � 5 pS (Fig. 6A and Table
3). In contrast, in both DPhPG-doped symmetric bilayers and
in DOPA�lysyl-DOPG asymmetric bilayers, the PM opened to a
high Po and reduced �: 0.35 � 0.05 and 12 � 5 pS in DPhPG-
doped symmetric bilayers and 0.5 � 0.1 and 30 � 5 pS in
DOPA�lysyl-DOPG bilayers (Fig. 6, B and C, Table 3). Lower
values of � are consistent with a decreased concentration of
current carrying species. In both types of bilayers, the �17-
and 25-fold increase in Po came at the expense of an increase
in �open and burst length: 10 � 3 and 15 � 5 ms in DPhPG-
doped symmetric bilayers and 20 � 3 and 40 � 10 ms in
DOPA�lysyl-DOPG bilayers (Table 3). Since the Po, �open,
and characteristic burst length are observed to be equal
within error (see Tables 1–3) at 0.15 and 0.5 M KCl in these
three kinds of bilayers, we conclude that the lipid-mediated
stabilization of the open conformation through a proposed
change in water structure at the extracellular face of the PM
happens at physiological ionic strength.

On the Modulation of KvLm PM Single Channel Conductance
by Lipid Monolayers—The measured PM � in symmetric bilay-
ers can be pooled into three groups: low � (10 � 2 pS), interme-
diate � (50 � 10 pS), and high � (105 � 4 pS) (Table 1). At the
extremes are the � values measured in bilayers containing a
terminal positively charged group (lysyl-DOPG, 10 � 2 pS), and
a terminal negatively charged moiety (DOPA, 105 � 4 pS). In
the negatively charged lyso-PG, DPhPG, DOPG, and DOPI
containing bilayers, as well as in neutral monoolein mem-
branes, � was equal within error and averaged to 50 � 10 pS.

In asymmetric membranes, the � values can again be
grouped according to average magnitude: intermediate � (55 �
10 pS) and high � (90 � 10 pS) (Table 2). High � was measured
in bilayers in which DOPA was present in the extracellular leaf-
let: 74 � 4 pS in DOPA�DPhPG, 94 � 3 pS in DOPA�DOPI, and
92 � 7 pS in DOPA�lysyl-DOPG. In contrast, an intermediate �
was measured in bilayers where DOPA was located on the
intracellular leaflet: 50 � 5 pS in DPhPG�DOPA, 70 � 4 pS in
DOPI�DOPA, 46 � 2 pS in Lysyl-DOPG�DOPA, and 55 � 5 pS
in PEG350�DOPA. From these results we conclude that in asym-
metric bilayers, the presence of DOPA at the extracellular leaf-
let is the primary determinant of a high outward �, which is
largely independent of the charge and chemical composition of
the doping lipid headgroup in the intracellular leaflet. The
extent of the contribution of the lipid identity to the single
channel conductance (high at the extracellular, low at the intra-
cellular) is consistent with the fact that the extracellular PM
gate located at the selectivity filter is exposed to the lipid com-
position (PDB code 4H33) (5), whereas the PM gate located at
the bundle crossing is mostly insulated from the lipid bilayer by
the outer helix and S4 –S5 linker (5). In addition, the minor
effect of the lipid monolayer surface-charge reported is argued
to be a result of charge screening by the high ionic strength of
the solution bathing the bilayers (14, 15, 19).
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FIGURE 6. The lipid-modulated stabilization of the PM open state occurs
at physiological ionic strength. Single channel steady-state current record-
ings (left) and their corresponding normalized all point histograms (right) of
the PM in symmetric DPhPC bilayers supplemented with (A) DOPA and (B)
DPhPG, and (C) in asymmetric bilayers doped with DOPA on the extracellular
leaflet and lysyl-DOPG in the intracellular facing monolayer. All the recordings
were acquired in 0.15 M KCl, 10 mM HEPES, pH 7.4, at V 	 50 mV. Currents were
further filtered to 300 Hz for analysis and presentation.
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DISCUSSION

The results here documented outline a deterministic role of
the lipid monolayer headgroup on the stability of the open con-
formation of a Kv pore module in the absence of the voltage-
sensing modules. This finding is novel. It posits that the impact
of the lipid bilayer in modulating Kv channel function is not
solely centered on an interaction with the voltage sensor, as
previously suggested (22, 24, 25). Importantly, it identifies the
composition of the monolayer surrounding the filter gate as
the primary determinant of the lipid-induced stabilization of
the open PM conformation. It also provides further support
for the notion that the function of Kv channels can only be
compared if the functional assay is performed on lipid bilayers
of the same composition (33). The implication is that the lipid
bilayer and, as determined here, the lipid monolayer is effec-
tively a regulatory module that contributes to the functional
diversity observed in Kv channels. It implies that the same Kv
channel may operate significantly differently when expressed in
different cellular contexts, compartments, or species (13, 20, 24,
33, 55). But how does the lipid monolayer achieve this modu-
lating role?

The Proposed Functional Coupling between Lysyl on the Cyto-
plasmic Facing Monolayer and Phe-19 Is Not Specific to KvLM—
In KvLm, the first hydrophobic residue in the string of hydro-
phobic residues that constitutes the outer helix (S5) of the PM is
a phenylalanine (Phe-19). The data lead us to propose that the
observed increase in the stability of the open conformation of
the PM in lysyl-DOPG containing bilayers arises from a �-cat-
ion interaction between Phe-19 in the PM and the lysyl moiety
on the cytoplasm facing lipid monolayer, presumably estab-
lished in the open conformation of the channel. Analysis of an
alignment of 85 Kv channel sequences of bacterial origin shows
that phenylalanine occupies the same position (5th amino acid
in S5) in 36 sequences (42%) (8). This direct coupling effect is,
therefore, presumably not specific to KvLm and of importance
for the design of novel channels in the context of their lipid
bilayer environment, which together may be tuned to generate
a la carte biological transistors. In addition, from a protein
design perspective, the sequence motif of an Arg-Phe at the
start of the hydrophobic stretch in the outer helix appears ame-
nable to act as a “molecular micro-switch” (56, 57) in the gating
process. When facing a positive charge, a simple 90° rotation
allows for an attractive or repulsive interaction.

Hypothesis on How a Change in Water Structure at the Mem-
brane-Solution Interface Modulates Gating of the PM—The
results indicate that a layer of hydroxyl groups exposed on the
extracellular monolayer of the bilayer as generated by anchor-
ing the cryoprotectants glycerol, inositol, or PEG, stabilizes the

open conformation of the PM. This is significant in that it iden-
tifies the composition of the extracellular membrane-solution
interface, a region predicted to be no deeper than �4 Å, the
Debye length at 0.5 M monovalent salt, as a determinant in the
stabilization of the open conformation. The underlying basis
for this effect is proposed to be an alteration of water structure
at the membrane interface, a property that is shared by all cryo-
protectants. If our line of reasoning were correct, which bilayer
properties change and how are such changes transmitted to the
pore? Admittedly, this is currently unknown. However, a lack of
miscibility with water has been theoretically correlated with the
exclusion of water from glycerol-rich domains (51). Because PG
headgroups position their glycerol terminal moieties in plane
with the membrane interface at the same depth as the lipid
phosphate group (plane b, Fig. 1) (58), a layer of glycerol would
be predicted to alter the water structure at such an interface (52,
53). We conjecture that this interfacial layer represents the
effective aqueous-hydrophobic boundary (59). Accordingly,
water exclusion from such an interface could stabilize the PM
open state in at least two ways: through a depletion of water at
the exit from the permeation path or at the protein surface. The
first path would attenuate the dissociation rate of K� from the
outermost binding site (S0) of the selectivity filter, given that
the water required to replace the carbonyls and solvate the ion
would be presumably scarce. A delayed exit from the filter
would generate longer openings of reduced conductance, in
analogy to what is observed when K� is replaced by Rb� as the
charge carrier (8, 60). This proposal may be more relevant for
KvLm than for other Kv channels, given that the extracellular
loop connecting the outer and pore helices in KvLm is short (5),
and therefore does not create a major barrier between ionic
concentration at the membrane surface and at the channel sur-
face, near the S0 ion binding site in the filter gate (61). A direct
effect of water on the structure of the channel protein through
a modulation of hydrogen bonds, as recently outlined for KcsA,
a K� channel that inactivates quickly (62), cannot be excluded.
These proposals remain to be validated.

Recently, we demonstrated a comparable stabilization of the
open conformation of the PM by positioning a steric lid (imip-
ramine, charybdotoxin, or fluorescein-maleimide) over the exit
of the permeation path located at the filter gate; an effect that
we attributed to an increase in the contact time between filter
gate and permeant ion (45). This reasoning also explains the
results of this study. We conjecture that a depletion of available
water at the exit of the permeation path acts as a liquid lid by
making rehydration of an ion exiting the filter gate less favor-
able, thereby lengthening the association time between per-
meant ion and filter gate. Together, the results indicate that in a

TABLE 3
Single channel properties of the PM in symmetric and asymmetric DPhPC lipid bilayers supplemented with the indicated lipids recorded in 0.15
M KCl at V � 50 mV

Experimental conditions (Filter�bundle) � Po �open Burst length N

pS ms ms n
DOPA�DOPA 35 � 5 0.02 � 0.01 0.9 � 0.2 3 � 1 3,230

3
DPhPG�DPhPG 12 � 5 0.35 � 0.05 10 � 3 15 � 5 5,847

3
DOPA�lysyl-DOPG 30 � 5 0.5 � 0.1 20 � 5 40 � 10 6,599

3
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PM that can transit between open and closed at 0 mV (5), the
stabilization of the open conformation of the channel depends
stringently on the prolonged residency of permeant ions at the
filter gate.

In conclusion, we have demonstrated that the lipid mono-
layer per se is a functional module that is coupled to the pore
module in a PM specific manner. The realization that both sin-
gle channel conductance and probability of finding the channel
open (the two values determining the overall outward current)
are largely determined by monolayer composition shows
another means by which nature has fitted the function of chan-
nels to their environment. The demonstration that the conver-
sion of a PM that rarely opens to a conductor that rarely closes
occurs in an atypical asymmetric membrane (40, 63), contain-
ing lysyl-DOPG at the bundle (DOPA�Lysyl-DOPG) or DOPI at
the filter (DOPI�DOPA) provides another plausible reason why
nature settled on specific lipid monolayer composition and
bilayer asymmetry.
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