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Background: In voltage-gated K™ channels, sensor and pore are two structural modules, but their functional coupling

remains elusive.

Results: Premature pore closing is bypassed by association of the filter gate with novel open conformation stabilizers.
Conclusion: Prolonged occupancy of cargo at the gate underlies stabilization.
Significance: A gate covered by a lid provides new ways of thinking about gating mechanisms.

Voltage-gated K* (Kv) channels are molecular switches that
sense membrane potential and in response open to allow K*
ions to diffuse out of the cell. In these proteins, sensor and pore
belong to two distinct structural modules. We previously
showed that the pore module alone is a robust yet dynamic
structural unit in lipid membranes and that it senses potential
and gates open to conduct K* with unchanged fidelity. The
implication is that the voltage sensitivity of K* channels is not
solely encoded in the sensor. Given that the coupling between
sensor and pore remains elusive, we asked whether it is then
possible to convert a pore module characterized by brief open-
ings into a conductor with a prolonged lifetime in the open state.
The strategy involves selected probes targeted to the filter gate
of the channel aiming to modulate the probability of the channel
being open assayed by single channel recordings from the sen-
sorless pore module reconstituted in lipid bilayers. Here we
show that the premature closing of the pore is bypassed by asso-
ciation of the filter gate with two novel open conformation sta-
bilizers: an antidepressant and a peptide toxin known to act
selectively on Kv channels. Such stabilization of the conductive
conformation of the channel is faithfully mimicked by the cova-
lent attachment of fluorescein at a cysteine residue selectively
introduced near the filter gate. This modulation prolongs the
occupancy of permeant ions at the gate. It is this longer embrace
between ion and gate that we conjecture underlies the observed
stabilization of the conductive conformation. This study pro-
vides a new way of thinking about gating.

Voltage-gated K* (Kv)? channel subunits assemble into
tetramers (1). At the center of the square array, shared by all
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subunits, is a pore that selects for K ions (2—5). Four voltage
sensors, each contributed by a subunit, reside on the periphery
of the pore. The role of the voltage sensors is to promote the
structural transition between the nonconductive and conduc-
tive conformations of the pore at permissive membrane poten-
tials (6, 7). But how does the sensor achieve this?

Pores of Kv channels have two gates: an “activation gate”
facing the cytoplasm (8) and a filter gate facing the extracellular
milieu (9-11). For the onset of K™ current, both gates must be
in a conductive conformation (12). Functional and structural
evidence has shown that opening of the activation gate in Kv
channels is strongly coupled to sensor movement: in response
to a change in potential, each of the sensors pries open the
activation gate in the pore subunit to which it is covalently
attached (6, 13, 14). In comparison, the mechanism by which
the sensor controls the conformation of the filter gate remains
less clear (15-17). An evolutionarily conserved interaction
between an activated sensor in one subunit and the filter gate
component in an adjacent subunit has been shown to stabilize
the filter gate of Shaker, an archetype Kv channel, in a conduc-
tive conformation (18). But despite the tugging and massaging
by the sensor, the pores of many Kv channels still manage to
close while the membrane potential is commanding the chan-
nels to be open.

So, if the switch is on, why isn’t the machine working? Clearly
one or both of the gates of the channel have closed. Decades of
investigation into the cause of this decay to a nonconductive
conformation has shown that two mechanisms are at hand: a
fast “N-type inactivation” resulting from a block of the channel
from the cytoplasmic end (19, 20) and a slower “C-type inacti-
vation” arising from a closing of the filter gate (9, 11, 19, 21-24).
Based on this evidence, the filter gate was dubbed the “inacti-
vation gate.” One salient early clue that the conductive confor-
mation of the filter gate was unstable was the observation that
some Kv channels resisted closing when the concentration of a
permeant ion at the filter was increased (25—30) or when the
filter was blocked (10, 31, 32). A currently held view on the
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pS, picosiemens.
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universal nature of Kv channel C-type inactivation is that the
propensity to inactivate is related to the stability of the inacti-
vation gate and that this property is dependent on 1) a strong
connectivity network underpinning the filter gate that serves to
hold the K* binding sites stable even when K™ is scarce and 2)
prolonged permeant ion residence in the filter. Accordingly,
gate and permeant ion assume a symbiotic relation that deter-
mines the stability of the conductive conformation of the pore
(33).

Using KvLm (34, 35), a bacterial Kv channel, as a test case,
here we show three novel means by which the premature clo-
sure of the inactivation gate can be practically overridden. The
three open gate stabilizers identified compensate the low open
probability observed in the full-length Kv channel as well as in
the KvLm pore only (5, 36). The implication is that in KvLm low
open probability is mostly a result of an unstable filter gate.
Collectively, we demonstrate that a “rudimentary” sensor con-
taining only three of eight conserved charges previously impli-
cated in the maintenance of voltage sensor fold and voltage-
dependent gating is sufficient to produce channel open
probabilities higher than its fully endowed Kv channel relatives.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—KvLm pore module
(PM), WT, and mutants as well as KvLm full length (FL) were
expressed in Escherichia coli XL1-Blue with a C-terminal His
tag and purified by Ni*" affinity chromatography as described
previously (36) except that all constructs were further purified
by size exclusion chromatography on a Superdex 200 10/300
GL (GE Healthcare) column equilibrated with 200 mm KCI, 50
mM HEPES, pH 7.5, 1 mm n-dodecyl B-p-maltopyranoside. Sin-
gle channel mutations were introduced using the QuikChange
site-directed mutagenesis kit (Agilent) according to the manu-
facturer’s instructions.

Fluorescein 5-Maleimide Cysteine Labeling—To covalently
attach fluorescein 5-maleimide to the E40C PM mutant, a
10-fold molar excess of fluorescein 5-maleimide (AnaSpec) was
added to the protein immediately after elution from the Ni**
affinity column and incubated for 2 h at 4 °C in the dark. The
coupling reaction was stopped by the addition of a 100-fold
molar excess of L-cysteine. The labeled protein was then passed
twice through a PD-10 desalting column (GE Healthcare) to
remove any uncoupled fluorescein 5-maleimide from the reac-
tion. The fluorescein-labeled mutant was reconstituted imme-
diately thereafter. Analysis by size exclusion chromatography
of the PM E40C-fluorescein maleimide complex showed that
the labeled PM eluted from size exclusion chromatography at
the same elution volume (*0.1 ml) as the unlabeled protein,
suggesting that the labeling did not change the oligomeric state
of the protein. In addition, the labeled protein migrates on an
SDS-PAGE gel as a tetramer as does the WT (36). Calculation of
the protein (A,g, € = 16,960 M~ ' cm ') and fluorescein dye
(Asop € = 68,000 M~ ' cm™ ') concentrations suggests that on
average only one subunit in the tetrameric channel was labeled.

Liposome Preparation and Protein Reconstitution—Lipo-
somes were composed of 90% (mol %) 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) and 10% negatively
charged lipid 1,2-dioleoyl-sn-glycero-3-phosphatidic acid
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(DOPA) (Avanti Polar Lipids, Alabaster, AL). Liposomes were
prepared as described previously (37). For reconstitution, the
protein was diluted ~100-300-fold into preformed liposomes
to give a final protein concentration of 2-5 ug/ml. The proteo-
liposomes 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 (5, 37). Briefly, a 10 X 10 X 4-mm
plexiglass chamber was filled with hexadecane (Sigma-Aldrich)
containing 1% DPhPC. A 0.2-mm-diameter Ag/AgCl wire elec-
trode (30 —40 mm in length) was attached to each of two micro-
manipulators (NMN-21, Narishige, London, UK). 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 headstage. The second
electrode in a droplet containing liposomes in the same buffer
was connected to the working end of the headstage (trans side).
The chamber, electrodes, and amplifier headstage were
enclosed in a Faraday cage. The droplets were incubated in
hexadecane containing 1% DPhPC until a monolayer of lipid
had formed around them (~5 min). A bilayer spontaneously
formed when the two droplets were brought into contact. All
the electrical measurements were performed at 22 = 2 °Cin 0.5
M KCI, 10 mm HEPES, pH 7.4 at +150 mV unless otherwise
indicated.

Blockers and Modulators—Tetrabutylammonium (TBA) ion
(5 mMm) and imipramine (100 uMm) stocks were made in droplet
solution (0.5 M KCI, 10 mm HEPES, pH 7.4) and injected accord-
ing to the requirement of experiments to final concentrations of
50 and 5 uM, respectively, using a Nano injector (VWR Inter-
national). Charybdotoxin stock (50 um) was made in 50 mm
KCI, 10 mm HEPES, pH 7.4 and injected to a final concentration
of 1 um. Alternatively, charybdotoxin (CTX) and imipramine
were preincubated with proteoliposomes (~15 min) to final
concentrations of 1 and 5 uM, respectively, extruded nine times
through a 0.1-mm filter (Mini Extruder) prior to droplet forma-
tion to ensure homogenous mixing and accessibility of CTX
and imipramine to the reconstituted protein. Both methods of
introducing CTX and imipramine produced the same results.
Iminodibenzyl (in chloroform) was mixed with 10% DOPA,
90% DPhPC (in chloroform). The mixture was dried under a
stream of nitrogen and rehydrated in 0.5 M KCI, 10 mm HEPES,
pH 7.4. Liposomes containing iminodibenzyl (5 um) were
extruded prior to protein reconstitution.

Single Channel Acquisition and Analyses—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
preprocessing and analysis of the single channel records was
performed with QuB software. Records of PM and FL in the
presence of imipramine or CTX were further filtered to 200 -
500 Hz. Event detection was performed by time course fitting
with the segmental k-means algorithm (38). To avoid the detec-
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tion of erroneous events, the receiver dead time (£,) was set at
300 ps for all records except for PM and FL in the presence of
imipramine or CTX; in the indicated cases, ¢, was set to 1000 —
2000 ps. Therefore, transitions shorter than ¢, were ignored;
transitions longer than £, were accepted as “events.” Single
channel conductance was calculated from Gaussian fits to cur-
rent histograms. Statistical values represent means = S.E. 7 and
N denote the number of experiments and number of events,
respectively.

Imipramine and Iminodibenzyl Docking—Docking of the
ligands imipramine and iminodibenzyl onto the receptor KvLm
PM (Protein Data Bank codes 4H33 and 4H37) was performed
by AutoDock 4.2 (39) using the default docking parameters
supplied with AutoDock in the “examples” subdirectory, and
point charges were assigned according to the AMBERO3 force
field (40) in YASARA (Yasara Biosciences GmbH, Austria).
Receptor flexibility is considered by creating a receptor ensem-
ble with five receptor conformations with alternative high scor-
ing solutions of the side-chain rotamer network. Conservation
of 4-fold (Protein Data Bank code 4H33) or 2-fold (Protein Data
Bank code 4H37) symmetry was not imposed for the ensemble
receptor structures. Ligand is allowed full flexibility. Each dock-
ing experiment consisted of 500 ligand to receptor docking runs
(100 runs per receptor conformation). Docking results usually
cluster around certain hot spot conformations, and the com-
plex with the lowest free energy of binding (strongest interac-
tion) in each cluster is saved. The more negative the free energy
of binding, the stronger the interaction between ligand and
receptor. Importantly, these energies are potential force field
energies, and therefore the results cannot be quantitatively
compared with experimentally measured free energies of bind-
ing. Therefore, these potential force energy values can only be
used for comparative evaluation of binding energies calculated
under the same force field. Two complexes belong to different
clusters if the ligand heavy atom root mean square deviation is
larger than 5 A. All docking experiments were performed at 298
K. Scoring of each receptor-ligand ensemble was performed by
AutoDock. The docking surface on the receptor was limited to
the extracellularly facing side of the PM. To test the depen-
dence of the docking interaction on the occupancy of the filter
gate by K™, replica docking was tested with three K* ions at ion
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-100 mV

FIGURE 1. Probing the orientation of KvLm PM in a lipid bilayer using the open channel blocker TBA. KvLm PM currents recorded in 90% DPhPC, 10%
DOPA symmetric bilayers at +100 mV (top) and at —100 mV (bottom) without TBA (A), with 50 um TBA bathing the filter gate (B) and with 50 um TBA bathing
both gates (C) are shown. A schematic representation of the PM (orange) in a lipid bilayer (blue contour) showing the orientation of the channel and the TBA
injection site for each panel is shown. DPhPC s depicted in cyan, and DOPA is depicted in red. The representative recordings shown are selected from a single
experiment before and after addition of TBA. ¢, closed; o, open.

binding positions S2, S3, and S4 in the filter as seen in Protein
Data Bank code 4H33, four K™ ions at positions S1, S2, S3, and
S4 as seen in Protein Data Bank code 4H37, and five K™ ions at
positions S0, S1, S2, S3, and S4 in the selectivity filter. To gen-
erate the five-K ™" structure, the structure of KcsA (Protein Data
Bank code 1K4C (41)) was aligned with that of KvLm PM with
four K™ ions at the filter, and the ion at SO in Protein Data Bank
code 1K4C was transferred to the KvLm structure. The results
of all docking experiments are summarized in Table 3.

CTX Docking—Docking of CTX onto the extracellular sur-
face of KvLm PM (Protein Data Bank code 4H33), stripped of all
K" ions, was achieved by generating a start complex of CTX
and KvLm PM and feeding this complex to the RosettaDock
server for local protein-protein docking (ROSIE). The starting
complex was generated by aligning the KvLm PM structure
with that of a KcsA mutant in a complex with CTX (Protein
Data Bank code 2A9H (42)) and transferring the CTX protein
to the KvLm PM. The RosettaDock server performs a local
docking search starting with the initial complex in which both
ligand and receptor are allowed some flexibility. In detail, the
local perturbation of RosettaDock includes ~+3 A in the direc-
tion between the two proteins, ~8 A in the directions sliding
the proteins relative to each other along their surfaces, ~8° of
tilt of the proteins, and a complete 360° spin around the axis
between the centers of the two proteins. The server performs
1000 independent simulations from this range of random posi-
tions and returns the 10 best scoring complex structures
ordered by energy. The two complex structural models shown
(see Fig. 3, D and E) correspond to the highest scoring (Fig. 3D)
and the fifth highest scoring (Fig. 3E) complex models. Notice-
ably in nine of 10 top scoring models, Glu-40 came within 4 A of
alysine residue in CTX. These nine models fall into two distinct
groups: one in which the lysine of CTX inserts into the filter
(similar to Fig. 3E) and another where the lysine hovering over
the filter bends to contact the Glu-40 side chain (similar to Fig.
3D). As a control experiment, the docking experiment was
repeated using the KvLm PM mutant E40A. In none of the 10
models did Lys-27 in CTX come close to Ala-40, but in three of
these 10 models, Lys-27 in the CTX inserted into the filter in a
conformation similar to that shown in Fig. 3E.
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FIGURE 2. Gating by a charged tricyclic molecule is mediated by a single
residue on the PM extracellular surface. Single channel steady-state cur-
rent records (left) and their corresponding normalized all-point histograms
(right) of WT KvLm PM (A and B) and of the KvLm PM E40A mutant (D and E) in
symmetric 10% molar DOPA bilayers with 5 um imipramine in the cis droplet
(B and E) and without (A and D) are shown. The structure of imipramine, a
tricyclic antidepressant, is shown in blue above the current recordings in B
and E. G, single channel currents recorded (left) and the corresponding all-
point current histograms (right) from PM reconstituted in symmetric DOPA
bilayers in the presence of 5 um iminodibenzyl on the cis droplet (filter side).
The structure of iminodibenzyl, a structural homologue of imipramine lack-
ing the charged amine group, is shown in black. Views from top (F) and side
(G) of the highest scoring model for interaction of imipramine with the filter
gate of KvLm PM obtained from docking experiments (see “Experimental
Procedures”) are shown. The channel PM is depicted in orange ribbons (Pro-
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Model of Fluorescein Maleimide Coupled to E40C—To gen-
erate the model of fluorescein maleimide coupled to E40C (see
Fig.5, D and E), fluorescein maleimide was first docked onto the
extracellular surface of the WT PM using the same methodol-
ogy used to dock imipramine in YASARA. We took the highest
scoring docking model that positioned fluorescein over the fil-
ter with the maleimide facing Glu-40, made the E40C mutation
in silico in all subunits, and moved the fluorescein maleimide
only slightly so that the coupling site of the maleimide was
within 2.0 A of the sulfur atom in cysteine and formed a bond.
The complex was then energy-minimized to remove any atom
clashes and inserted into a dioleoylphosphatidylcholine mem-
brane for a 1-ns molecular dynamics simulation. The average
conformation of the complex during the simulation is shown.

RESULTS

Preferential Orientation of a Kv Channel Pore Module in
Lipid Bilayers with the Selectivity Filter Accessible from the
Extracellular Compartment—To investigate the impact of an
interaction between the pore of a Kv channel and the selected
probes, the sensorless PM of KvLm was reconstituted in droplet
interface bilayers (43) in which both cytoplasmic and extracel-
lular leaflets were of equal composition (symmetric bilayers):
90% molar zwitterionic DPhPC and 10% molar negatively
charged DOPA. Channel function was assayed by monitoring
the single channel steady-state activity at +100 mV (fop) and at
—100 mV (bottom) while bathing both sides of the membrane
in 0.5 M KCl (Fig. 1A4). The PM was observed to open frequently
with a single channel conductance (7y) of 107 = 6 pS and was
further characterized by short ( ~1-ms) sojourns in the open
state: PM opening was typically immediately followed by chan-
nel closing, thereby defining a low open probability (P, =
0.020 = 0.002) (Figs. 1A and 2A). Sided block by the open chan-
nel blocker TBA (8, 44, 45), which is known to access the chan-
nel from the intracellular entryway, demonstrated that the PM
inserts into the bilayer in predominantly one orientation: the
selectivity filter faces the cis side (Fig. 1B, no TBA block), and
the bundle crossing (activation gate) faces the trans side (Fig.
1C, TBA block).

Stabilization of the Open Conformation of the Channel by a
Positively Charged Tricyclic Antidepressant—Given the impact
of excess permeant ions on the gating properties of Kv channels
(25-30), we looked for positively charged amphipathic mole-
cules that partition into the membrane and change the proper-
ties of the lipid bilayer. Imipramine is a tricyclic antidepressant
(Fig. 2B) that fits the description: it is positively charged, and its
insertion into the membrane has been reported to alter the
surface charge and the dynamics of the membrane (46). Here
we inspected the effect of imipramine on the filter of the PM
reconstituted in DOPA bilayers. Addition of 5 um imipramine
to the extracellular milieu was sufficient to depress y from

tein Data Bank code 4H33). The solvent-accessible surfaces of the interacting
residues in the PM (Glu-40, Asp-62, and Gly-61) are shown and are color-
coded according to charge (red for Glu-40 and Asp-62 and gray for Gly-61).
Yellow arrows show interaction sites (<4 A). Residues are labeled with subunit
in parentheses. The solvent-accessible surface of imipramine is shown and
colored light blue. K* ions at positions S2, S3, and S4 in the filter are shown as
solid yellow spheres with their accessible surface depicted. ¢, closed; o, open.
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TABLE 1
Single channel properties of KvLm PM and FL
PM FL
Experimental conditions ¥ P, Topen N;n Y P, Topen N;n
»S ms »S ms
KvLm 107 = 6 0.020 = 0.002 1.2*+0.2 32,796; 10 70 =3 0.07 £0.01 25 %02 27,900; 10
KvLm + 5 uM imipramine 10 =2 0.67 = 0.08 180 = 60 12,598; 5 16 =2 0.74 = 0.08 100 = 20 19,203; 5
KvLm + 1 uMm CTX 15*2 0.7 +0.1 200 = 50 15,642; 5 14 +£3 0.7 £0.1 190 * 40 9,142; 5
TABLE 2 A B
Single channel properties of KvLm PM WT and Glu-40 mutants
Experimental conditions Y P, Topen N;n
pS ms
PM 107 £6 0.020 =0.002 1.2 *=0.2 32,796; 10
PM + iminodibenzyl 65*5 0.010*0.003 1.6=*0.3 6,187;5
PM E40A 78 =8 0.07 = 0.04 1.8 £0.4 31,160;7
PM E40C 80 =7 0.06 = 0.03 1.1 £0.3 14,295;5
PM E40A + imipramine 76 *7 0.11 £ 0.05 23+ 0.5 60,856;5
PM E40A + CTX 75*8 0.11 = 0.04 3.1*0.6 19,597;5
PM E40C-fluorescein 7*1 0.74 = 0.05 120 £ 30 5,400; 4

107 + 6 to 10 = 2 pS at the expense of a ~33-fold increase in P,
from 0.020 = 0.002 to 0.67 = 0.08 (Fig. 2, A and B). The increase
in P, was observed to arise primarily from an increase in the
mean open time (7,,.,) within a burst of activity, an ~150-fold
increase (Table 1). To resolve the cause of the imipramine
effect, we first aimed to separate a direct action on the bilayer
from an interaction between imipramine and the PM. We rea-
soned that if the observed phenotype is a consequence of the
high affinity of imipramine for PM then an electrostatic inter-
action between the positive charge on imipramine and a nega-
tive charge on the extracellular surface of the PM may be deter-
minant. In searching for this charge, we discovered that
truncation of the charged side chain of Glu-40 in the E40A
mutant produced a PM with 80% of the conductance of the WT
(78 = 8 pS in E40A) and WT-like P, (0.07 £ 0.04 for E40A
versus 0.020 £ 0.002 for WT) and that was largely insensitive to
5 um imipramine (Fig. 2, D and E, and Table 2). From this result,
we conclude first that the mutation is responsible only in small
part for the decrease in y and change in P, and second that the
imipramine modulation is a consequence of an interaction
between PM and imipramine. Lastly we propose that this inter-
action occurs between the charged side chain of Glu-40 at the
periphery of the extracellular surface of the PM and the charged
amine in imipramine. In agreement with this hypothesis, we
demonstrate that iminodibenzyl, a compound that retains
the tricyclic structure of imipramine but lacks the charged
amine group, at up to 50 uM failed to have a significant effect on
the conductance and P, of the PM (y = 65 £ 5and P, = 0.010 =
0.003), thereby directly implicating the charge on imipramine
as a determinant (Fig. 2C and Table 2). There are two plausible
interpretations to the observed dependence of the imipramine
effect on Glu-40: either Glu-40 interacts directly with the pos-
itive charge on the drug, or alternatively Glu-40 mediates the
interaction through an indirect mechanism. To test the direct
interaction hypothesis further, we performed in silico unbiased
docking experiments of imipramine onto the surface of the 3.1-
A-resolution crystal structure of the PM determined in a lipid
bilayer (Protein Data Bank code 4H33) (5). In this structure,
three K" ions are located at ion binding positions S2, $3, and S4
in the filter. Analysis of the docking results predicts that imip-
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FIGURE 3. Docking experiments suggest that the experimentally
observed strong affinity of the PM for imipramine arises from an inter-
action between Glu-40 in the PM and the charged amine group in imip-
ramine. A, extracellular view of the solvent-accessible surface of the PM
tetramer (colored orange; Protein Data Bank code 4H33) with three K* ions
bound at the filter (52-S4) showing all imipramine (cyan surface) docking
clusters. B, side view of a single PM subunit with imipramine bound in the
docking model with the predicted strongest interaction between ligand and
receptor. S0-54 denote the K* binding sites. C, extracellular solvent-accessi-
ble surface of the PM tetramer (colored orange; Protein Data Bank code 4H37)
with five K* ions bound at the filter (S0-54) showing all imipramine docking
clusters. D, extracellular solvent-accessible surface of the PM tetramer (col-
ored orange; Protein Data Bank code 4H33) with three K* ions bound at the
filter (52-S4) showing all iminodibenzyl (gray surface) docking clusters. The
results of all docking experiments are summarized in Table 3.

ramine docks predominantly through the hypothesized inter-
action of Glu-40 with the drug charge (Figs. 2, Fand G, and 3, A
and B, and Table 3) and surprisingly provides an exciting
rationale to be structurally verified for the effect of imipramine
on the PM: the anchoring of the charged acyl chain in imip-
ramine at Glu-40 positions an aromatic ring structure at the ion
binding site SO above the ion binding sites in the filter (S1-S4)
(47), effectively placing a lid on the extracellular end of the filter
gate. In agreement, when the docking experiment was repeated
with iminodibenzyl (Fig. 3D) or with the SO site occupied by a
K™ ion (see “Experimental Procedures”), the ligand fails to dock
to the filter with high affinity (Fig. 3C and Table 3). As predicted
by the model, attempts to dock imipramine onto the extracel-
lular surface of the E40A mutant showed a decreased affinity of
the mutant PM for imipramine. Based on this analysis, we pro-
pose that by opposing the exit of the last ion or water molecule
from the filter gate (48 -50) at depolarizing potentials the lid
stabilizes a conductive conformation of the PM, an effect that
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TABLE 3

Imipramine and iminodibenzyl docking onto the extracellular surface of KvLm PM WT and E40A mutant

NA, not applicable.

Protein Data KvLm K* ions in 2Binding free energies Average binding free Lowest binding free energy
Bank code PM Ligand filter (SO—-S4) of filter clusters energy of filter clusters of all filter clusters
kcal/mol kcal/mol kcal/mol

4H33 WT Imipramine 3 (S2-54) —86.26 —6.6 = 0.5 —7.21

4H37 wWT Imipramine 3(S2-54) —83.59 —6.4 * 04 —6.92

4H37 WwWT Imipramine 4 (S1-S4) —70.56 —6.4*0.3 —6.79

4H37 WT Imipramine 5 (S0-S4) NA NA NA

4H37 wWT Iminodibenzyl 3(S2-54) —10.94 —5.48 = 0.02 —5.50

4H37 WwWT Iminodibenzyl 3(S2-S4) —10.84 —5.43 = 0.01 —5.44

4H33 E40A Imipramine 3(S2-54) —77.31 —55*04 —591

4H37 E40A Imipramine 3(S2-54) —83.85 —6.0*+0.3 —6.33

the observed increase in 7., suggests is a result of prolonged
residence of K™ in the filter. To validate this proposal, we
showed that the reduced conductance and increased residence
in the open state are not due to a markedly constricted activa-
tion gate by demonstrating that the PM is blocked by TBA
when interacting with imipramine. The implication is that sta-
bilization of the conductive conformation is mediated by
appending an amphipathic lid on the extracellular end of the
filter gate, thereby prolonging the cargo residence time at the
gate.

Charybdotoxin Stabilizes the Conductive Conformation of the
Channel through an Interaction with the Filter—CTX is a small
protein that blocks the conduction pathway of Shaker with high
affinity by inserting a lysine residue (Lys-27) at the S1 ion bind-
ing position in the filter, thereby using the charge on its side
chain as a surrogate immobile K™ (51, 52). The identification of
residues in Shaker critical for a high affinity interaction with
CTX by Miller, MacKinnon, and colleagues (53—-57) and others
(55) made possible the conversion of a CTX-insensitive KcsA to
a mutated, CTX-sensitive KcsA (KcsA-Shaker) (42). An align-
ment of the protein sequences linking TM5 to TM6 in the PMs
of Shaker and KcsA-Shaker with that found in KvLm (Fig. 44)
indicates that these critical residues are mostly conserved and
suggests that the KvLm PM may be sensitive to CTX. Accord-
ingly, we asked whether CTX modulates the conductive con-
formation of the filter in KvLm reconstituted in DOPA bilayers.
Addition of 1 uM CTX to the extracellular solution efficiently
promoted the conversion of a PM with high conductance and
low open probability to a low conductance (y = 15 = 2 pS), long
Topen (200 £ 50 ms), and high open probability PM (P, = 0.7 =
0.1) (Fig. 4, B and C), an effect equal within error to that
observed for the addition of 5 um imipramine. Because of the
striking similarity between the effects of imipramine and CTX
and the documented electrostatic interaction between a potas-
sium-selective channel and CTX that serves to insert the Lys-27
residue in CTX into the filter (58 —60), we asked whether the
same residue (Glu-40) that mediated the effect of imipramine
was also responsible for the docking of the CTX on the surface
of the PM. This is indeed the case as the E40A mutant was
largely insensitive to CTX at 1 um: v is equal within error with
or without CTX (75 £ 8 versus 78 = 8 pS), and the P_ increased
only modestly from 0.07 £ 0.04 without CTX to 0.11 * 0.04
with CTX (Fig. 4D and Table 2).

Docking of CTX onto the extracellular surface of KvLm using
a Rosetta docking protocol (61) that permits receptor and
ligand flexibility provides clues to how CTX may stabilize the
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conductive conformation. The docking results can be grouped
into two different KvLm-CTX binding models: one in which
Glu-40 in the PM anchors the toxin by sequestering Lys-27 in
CTX hovering over the filter (Fig. 4E) and a second in which the
same lysine inserts its charge into S1 (Fig. 4F). In the first model,
the toxin is anchored onto the PM extracellular surface through
anetwork of hydrogen bonds (H-O distance, <2.2 A) involving
residues Arg-25, Lys-27, Ans-30, and Tyr-36 in CTX and resi-
dues Glu-40, Asp-46, and Asp-62 distributed among three sub-
units (B, C, and D) in the PM. In addition, the side chain of
Glu-40 (O€2) in subunit B of the PM, and Lys-27 (N¢) in CTX
form a salt bridge. In contrast, in the second model, there are no
salt bridges formed between CTX and pore, and the toxin
remains anchored through hydrogen bonds only to a single PM
subunit. In comparison with the first model, two new hydrogen
bonds are identified: one between the carbonyl oxygen of
Tyr-60 and the side chain of Lys-27 (N¢) in CTX and one
between the side chain of Glu-40 (Oel) and the backbone
amide of Lys-31 (N) in CTX (H-O distance, 2.05 and 2.15 A,
respectively). This model is similar to that proposed for the
interaction of CTX with Shaker and presumably represents a
CTX-blocked permeation path. In Shaker, the position of
Glu-40is occupied by Phe-425 (Fig. 44); the absence of a charge
at this position may account for CTX block of Shaker.

Comparison of the first model for CTX binding (Fig. 4E) with
the model proposed for imipramine binding reveals two com-
monalities: a dependence on Glu-40 and the positioning of a lid
over the exit of the permeation path. We propose, therefore,
that both gating modulators induce a stabilization of the con-
ductive conformation through the same “lid mechanism,”
namely the channel filter gate covered by a lid.

Covalent Attachment of Fluorescein at a Cysteine Residue
Selectively Introduced near the Filter Gate Stabilizes the Con-
ductive Conformation of the Channel—To assess the validity of
the postulated lid mechanism, we exploited the key role of
Glu-40 as an anchoring site and replaced it by cysteine (E40C).
We conjectured that the accessible Cys would allow reaction
with fluorescein maleimide leading to the covalent attachment
of the probe at a site that would promote its hovering over the
filter gate and accordingly imitate the “lid” effect observed with
imipramine and CTX (Fig. 5, D and E). As shown in Fig. 5C, this
was indeed the case: for E40C, y = 80 = 7 pS with a P, 0f 0.06 =
0.03 (Fig. 5B and Table 2); by contrast, for E40C-fluorescein,
y=7=*1pSwithaP_ of0.74 = 0.05 (Fig. 5Cand Table 2) in fair
agreement with the features resulting from the interaction with
imipramine and CTX (Table 2). Therefore, we conclude that
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FIGURE 4. The neurotoxin CTX gates the KvLm PM. A, alignment of the
TM5-TM6 extracellular linker sequences present in KvLm, in a KcsA mutant
sensitive to CTX (KcsA-Shaker), and in Shaker (gi 92090610), a CTX-sensitive
eukaryotic Kv channel pore. Conserved residues are shaded black. Glu-40 in
KvLm is shown in red. Residues predicted by a structural model to contact (<4
A) CTX in KvLm and in KcsA-Shaker (Protein Data Bank code 2A9H (42)) are
shaded dark green. Residues that when mutated in Shaker alter the binding
affinity by >50-fold are shaded light green (53). Single channel steady-state
current records (left) of WT PM (B and C) and of the E40A mutant KvLm PM (D)
and their corresponding normalized all-point histograms (right) in symmetric
DOPA bilayers with 1 um CTX in the cis droplet (C and D) are shown. E and F,
side views of two fundamentally different models for the interaction between
the KvLm PM filter gate and CTX (green ribbon) generated by docking exper-
iments. The highest scoring model (E) shows the side chain of Glu-40 forming
an electrostatic interaction with Lys-27 in CTX, and the fifth highest scoring
model (F) depicts Lys-27 interacting with Gly-61 in the selectivity filter. CTX is
colored green with lysine residues shown in surface-accessible representation
colored blue. The surfaces of the PM residues Glu-40 (in red) and Gly-61 (in
gray) interacting with CTX are shown. Subunits are indicated in parentheses. c,
closed; o, open.

the stabilization of these three distinct modulators plausibly
proceeds by the postulated lid mechanism that prolongs the
residence time of cargo at the filter gate.
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FIGURE 5. Covalently attached fluorescein at Glu-40 gates the KvLm PM.
Single channel steady-state current records (left) and their corresponding
normalized all-point histograms (right) of WT KvLm PM (A) and of the KvLm
PM E40C mutant (B and C) reconstituted in symmetric DOPA bilayers before
(B) and after (C) coupling with fluorescein 5-maleimide are shown. The struc-
ture of fluorescein 5-maleimide is shown above the current recording in C.
D, extracellular view of a model for interaction of the coupled fluorescein
5-maleimide with the filter gate of KvLm PM (see “Experimental Procedures”).
The channel PM is depicted in orange ribbons (Protein Data Bank code 4H33).
E, side view of two opposing subunits. The solvent-accessible surfaces of the
interacting residues in the PM are shown and are color-coded according to
charge (red for Glu-40 and Asp-62 and gray for Gly-61). Yellow dashed lines
show hydrogen bond sites. Residues are labeled with subunit in parentheses.
The solvent-accessible surface of fluorescein is depicted in light blue. K* ions
at positions S2, S3, and S4 in the filter are depicted as solid yellow spheres
displaying their accessible surface. ¢, closed; o, open.

Do Imipramine and CTX Have an Effect on the PM When All
Four Voltage Sensors Are Present?—We have demonstrated
previously that the pore in KvLm is a structural domain and a
functional module (5, 36). To further test this notion, we asked
whether the pore structural domain is a functional module in
the context of the FL protein. If so, the effect of imipramine and
CTX observed on the PM alone should be mostly reproduced in
the FL when the PM is interacting with the voltage sensor mod-
ules. As shown in Fig. 6, the PM is indeed a functional module:
for the FL KvLm, 5 um imipramine (Fig. 6B) and 1 um CTX (Fig.
6C) increased the open probability by an average of >10-fold
from 0.07 = 0.01 to 0.74 = 0.08 (Table 1) while significantly
decreasing y from 70 * 3 to 16 = 2 pS when 5 uMm imipramine
bathed the selectivity filter and to 14 = 3 pS when 1 um CTX
was latched onto the extracellular surface of the PM. From
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FIGURE 6. Imipramine and CTX gate the PM in the presence of all sensors
(FL). Steady-state single channel current records (left) of KvLm FL reconsti-
tuted in a DOPA lipid bilayer (A), in presence of 5 um imipramine (B), and in the
presence of 1 um CTX (C) at the filter gate (cis droplet). The corresponding
normalized all-point histograms are shown in the right-hand column. c,
closed; o, open.

these results, we conclude that 1) the PM alone is a faithful
structural target for the development of drugs that bind to PM
in the full-length channel, 2) the low open probability observed
for the PM and FL at activating potentials is a property of the
pore and not of the sensor, and 3) the likely source for the low
open probability in both cases is an unstable filter gate.

DISCUSSION

Here we demonstrate that the premature closing of KvLm
responsible for its short residence in the open state at saturating
activating potentials may be overcome by an association of the
inactivation gate of the pore located at the selectivity filter with
imipramine or CTX and that this modulation is faithfully mim-
icked by the covalent attachment of fluorescein at an anchor
site near the filter gate. We show that all three gating stabilizers
achieve this effect at the expense of a reduction in outward
conductance. The results highlight two fundamental properties
of the selectivity filter gate in a Kv channel. 1) The structural
plasticity of the filter (33) makes it sensitive to its environment,
and 2) the stability of the open conductive conformation is dic-
tated by the residence time of a permeant ion (or water) at the
filter.

We propose that imipramine, CTX, and attached fluorescein
act as alid covering the permeation exit. Given that the covalent
attachment of alid to the cysteine mutant of Glu-40 reproduced
the effect of the other two modulators, we surmise that a direct
interaction underlies the observed effect. This does not exclude
a contribution of an indirect interaction between partners to
the observable effect. In both interaction modes, the reduction
in outward flux, presumably resulting from a steric hindrance at
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the exit from the filter, is shown to stabilize the conductive
conformation of the channel: by delaying the exit of K or water
from the filter, these modulators increase their residence time
within the filter. It is this longer embrace between “cargo” and
gate that we surmise accounts for the stabilization of the con-
ductive conformation. This novel lid mechanism is similar to
that proposed for the interaction of the filter gate of Kv chan-
nels with Rb™: reduction in conductance, prolongation of the
open time, and ablation of inactivation resulting from an
increased residence time of the permeating ion at the gate (25,
26, 36, 47, 62— 64) collectively support the “foot-in-the-door”
mechanism elegantly put forth by Armstrong and colleague
(25). There is nonetheless a salient difference between the
newly proposed lid mechanism and that advanced by Arm-
strong and colleague (25): in the lid mechanism, the “foot in the
door” has moved away from the door and been replaced by a lid
(body) right outside the door. There is little contact between
gating modifier and gate. However, from a distance, CTX and
imipramine produce the same end effect postulated by the foot-
in-the-door mechanism: prolonged occupancy of the ion bind-
ing sites at the filter gate. In addition, the proposed lid mecha-
nism is complementary to the “ion depletion of the pore”
hypothesis previously postulated to give rise to flickering and
instability of the conductive conformation of the filter gate of
other K™ channels (24, 41, 65, 66). As presented, the model
implies that the filter gate transits between conductive and
nonconductive conformations and that the conformation of
the gate depends stringently on the occupancy of the filter by
either water or a permeant ion (24).

The ability to convert a pore that opens only briefly, alone, or
in the context of the full-length protein to a pore that remains
open more than 50% of the time at activating potentials indi-
cates first that the transition from nonconductive to conductive
conformation in the KvLm PM requires little energy once the
sensors have moved to their activated position. This is in good
agreement with the results from two previous studies on KvLm
that established that 1) the PM can gate open long enough in the
absence of any potential to allow TBA to enter and block the
channel (5) and 2) the frequency with which the PM opens is
not significantly different from the frequency with which the
full-length channel opens (37). Collectively, the body of work
on KvLm thus far posits that the primary role of the sensor is to
mechanically lock closed the channel at nonactivating poten-
tials, thereby insulating the gating machinery from spurious
activators present in the extracellular medium or in the mem-
brane (67, 68). Second, the sensitivity of both PM and FL to the
identified gating stabilizers suggests that the activation process
of Kv channels is vulnerable to the demands of their surround-
ings at the kinetic step when the sensor has lost control of its
covalently attached PM: the step preceding onset of conduction
when the sensor has moved but the pore is not yet conducting
(14, 69-73). It is in this brief instant that the closed and open
conformations of the pore become most energetically similar
and therefore easily forced in one direction or the other that the
modulators override the control of the sensor on the filter gate
of the pore. Therefore, we predict that the mechanism here
proposed may be applicable to the interaction of other Kv chan-
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nels with gating modulators that promote a long lasting relation
between filter gate and cargo.
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