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Homology model and targeted mutagenesis
identify critical residues for arachidonic acid
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Polyunsaturated fatty acids such as arachidonic acid (AA) exhibit inhibitory modulation of Kv4 potassium channels.
Molecular docking approaches using a Kv4.2 homology model predicted a membrane-embedded binding pocket for
AA comprised of the S4-S5 linker on one subunit and several hydrophobic residues within S3, S5 and S6 from an adjacent
subunit. The pocket is conserved among Kv4 channels. We tested the hypothesis that modulatory effects of AA on Kv4.2/
KChIP channels require access to this site. Targeted mutation of a polar residue (K318) and a nonpolar residue (G314)
within the S4-S5 linker as well as a nonpolar residue in S3 (V261) significantly impaired the effects of AA on K* currents
in Xenopus oocytes. These residues may be important in stabilizing (K318) or regulating access to (V261, G314) the
negatively charged carboxylate moiety on the fatty acid. Structural specificity was supported by the lack of disruption of
AA effects observed with mutations at residues located near, but not within the predicted binding pocket. Furthermore,
we found that the crystal structure of the related Kv1.2/2.1 chimera lacks the structural features present in the proposed
AA docking site of Kv4.2 and the Kv1.2/2.1 K* currents were unaffected by AA. We simulated the mutagenic substitutions
in our Kv4.2 model to demonstrate how specific mutations may disrupt the putative AA binding pocket. We conclude
that AA inhibits Kv4 channel currents and facilitates current decay by binding within a hydrophobic pocket in the channel

in which K318 within the S4-S5 linker is a critical residue for AA interaction.

Introduction

Polyunsaturated fatty acids (PUFAs) contain two or more double
bonds in cis positions and are major constituents of plasma mem-
brane phospholipids in nervous tissue' and cardiac muscle.?

Free PUFAs such as arachidonic acid (AA; 20:4) and doco-
sahexaenoic acid (DHA; C22:6) are enzymatically released dur-
ing certain cell signaling events. Among other possible targets,
PUFAs are known to modulate the fast-inactivating Kv4/KChIP
channels®* in post-synaptic somatodendritic membranes.” These
channels regulate neuronal firing frequency,® modify the thresh-
old for dendritic spike initiation,” and regulate the induction
of hippocampal long-term potentiation.®’ Activation of post-
synaptic glutamate receptors evokes AA release!® and inhibition
of AA release prevents long-term potentiation,' while the direct
application of PUFAs to hippocampal slices enhances synaptic
plasticity.'>'® In addition to their role in synaptic plasticity, Kv4/
KChIP channels are important in regulating pain sensitivity'"
and cardiac rhythmicity.” Thus, several important physiological
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processes are likely to be influenced by PUFA modulation of
Kv4/KChIP channel function.

Previously, we characterized the PUFA-mediated inhibition of
the peak outward Kv4.2/KChIP1b K* current and the facilita-
tion of macroscopic inactivation kinetics.'®
externally applied AA are prevented by injection of albumin into
whole oocytes, we suggested that AA interacts with an internally
accessible site.'® Others have found that Kv4 channel activity is
inhibited by AA applied to the internal side of the membrane in
excised patches.” The more rapid effects of lower doses of AA
when applied internally support the possibility of an internally
accessible mechanism of action. We also previously found that
AA facilitates inactivation from both open and closed gating

Because the effects of

states,'® but a structural basis for the PUFA effects remains elu-
sive. A better understanding of the structural determinants of AA
inhibition of Kv4 channels may aid in the identification of new
targets for the regulation of synaptic strength and will enhance
our general understanding of how ion channel function is modi-
fied by membrane lipid-derived signaling molecules.
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Lipid signaling molecules have been hypothesized to alter the
function of ion channels in several ways. The lipid may inter-
act directly with the channel protein and alter its function, per-
haps through conformational changes in the protein or through
changes in how the channel interacts with other structural compo-
nents in or near the membrane. The best evidence for this comes
from the variety of ion channels that are regulated by phospha-
tidyl inositol-4,5-bisphosphate.’® Another hypothesis states that
the lipid alters properties of the cellular membrane, such as mem-

brane fluidity, curvature or tension,"*

and thus changes how
the channel works through mechanical mechanisms. The best
evidence for this comes from the field of mechanosensitive chan-
nels,! but there are other examples of this mechanism, which
include voltage-gated ion channels.?? Although these hypotheses
are not mutually exclusive, our goal was to test the first hypoth-
esis, that Kv4.2 channel proteins have a specific binding site,
which regulates the inhibitory modulation by AA. To test this,
we created a Kv4.2 homology model and used molecular docking
to identify possible AA binding sites. We located a hydrophobic
pocket for AA on the cytosolic side of Kv4.2. The putative bind-
ing site is conserved in Kv4 channels and mimics some of the
features of AA binding sites in serum albumin, but the structural
features are not conserved in the Kv1.2/2.1 chimera, which is also
unaffected by AA. Targeted site-directed mutagenesis and elec-
trophysiology further implicate this hydrophobic pocket within
the Kv4.2 channel structure in the inhibitory modulation by AA.

Results

Homology model and docking predictions. Our Kv4.2 model
consists of four identical subunits that assemble together to form
a homotetramer with the K* permeation pathway in the center
(Fig. 1A). Autodock Vina was used to test for the possibility
of a docking site for AA within the Kv4.2 channel structure.
Regardless of the location of the search grid, the molecular
docking results clustered most of the ligand (AA) conforma-
tions within a hydrophobic pocket located on the cytosolic half
of the transmembrane protein and visible from a lateral view of
the channel surface (Fig. 1B). Within each hydrophobic pocket,
AutoDock Vina found several docking solutions that differed in
the orientation of AA’s 20-carbon chain (Fig. 1C), suggesting
that there is not one distinct binding orientation for AA. The
pocket is represented four times within the channel structure and
is comprised of residues with the S4-S5 linker of one subunit
and parts of the S3, S5 and S6 regions of an adjacent subunit
(Fig. 1D).

Within the proposed binding pocket, the nature of the cav-
ity is hydrophobic which provides a favorable, nonpolar environ-
ment for the aliphatic chain of AA. In addition, all of the AA
conformations were oriented with the carboxylate moiety fac-
ing two positively charged residues lining the cavity, R311 and
K318 (Fig. 1C). A docking experiment with AA and a model of
the docking sites within Kv4.1 and Kv4.3 channels showed that
this candidate site is completely conserved among Kv4 channels
(Fig. S1). A positively charged residue (K320 in Kv4.1 and K315
in Kv4.3) orients toward the negatively charged head group of
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AA, just as K318 does in Kv4.2. Previously, we showed that all
of the Kv4 channel subtypes are inhibited in a similar fashion by
AA.? Thus, our analysis is consistent with the hypothesis that an
AA binding pocket exists in all Kv4 channels. The hydrophobic-
ity of the proposed AA binding pocket within the Kv4 channels
and the orientation of the ligand for favorable electrostatic inter-
actions are also similar to the features of AA binding sites identi-
fied in the crystal structures of human serum albumin®¢ (see
Fig. S1) and other fatty acid binding proteins*”?® (see Discussion).

Physiological tests of the docking predictions. Based on the
docking results, we prepared point mutations to test the impor-
tance of specific residues within the proposed AA binding pocket
of Kv4.2. We selected residues that might interact electrostati-
cally with the carboxylate head of AA or that might impair access
of AA to the positively charged residues or to hydrophobic inter-
actions. Wild-type (WT) or mutant Kv4.2 RNA was always
co-injected into Xenopus oocytes with an equimolar concentra-
tion of KChIP1b and K* currents were studied by two-electrode
voltage clamp. Channel expression and gating in the absence of
AA were comparable for WT and most mutant channels (but
see K318E and K318D below), suggesting that these mutations
did not grossly alter structure or unregulated function of the
channel. Figure 2A compares the magnitude of the inhibition
of the peak K* current following a 10 min exposure to 10 pM
AA. WT channels were inhibited by 30%, whereas the mutant
channels V261F, G314F and K318Q were inhibited by only 18,
22 and 12%, respectively. A V261F/K318Q double mutant did
not show an additive effect of two mutations. The charge-con-
serving mutation, K318R, preserved the strong inhibition by AA
(Fig. 2A). Surprisingly, changing the charge on K318 from posi-
tive to negative (K318E) did not impair the inhibition of current
by AA (Fig. 2A; see Discussion) but these current amplitudes were
50% of those measured for WT channels. K318D mutant chan-
nels did not express measurable currents in oocytes (see Materials
and Methods). And, despite the appearance of a close proximity
of R311 to the carboxylate head group of AA in the docking site
(Fig. 1C), R311Q, unlike K318Q, did not significantly disrupt the
inhibitory effects of AA (Fig. 2A). To further examine the speci-
ficity of the K318 residue, we also tested two positively charged
residues located near but outside the docking site. Neither R256Q
nor R259Q) disrupted the fatty acid inhibition of Kv4.2 current
(Fig. 2). Thus, among the positively charged residues near the
identified hydrophobic pocket, K318 has a particularly important
role. Overall, the results suggest that V261, G314 and K318 are
key residues regulating the modulatory effects of AA on Kv4.2
channels. Residues G314 and K318 are within the S4-S5 linker,
while V261 is within the innermost portion of transmembrane
domain S3 (Fig. 2B).

The activation properties of three of the mutants that impacted
the AA modulation of Kv4 channels (V261F, K318Q, V261F/
K318Q) were compared with WT channels (Fig. 3). Small
changes in the parameters of the fitted Boltzmann functions
were not significantly different between WT and mutant chan-
nels. In the absence of AA, we measured a -6 to +4 mV shift in
the fitted midpoint (V| ) of the conductance-voltage relationship
for three mutant channels, when compared with WT channels.
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Figure 1. Molecular docking of AA to Kv4.2 homology model. The model was built based on Kv4.2 homology with Kv1.2 and KcSA (see Materials and
Methods). In this and other figures, all images of the protein surface are color-coded by amino acid side chain property; gray = polar; green = hydro-
phobic, blue = basic, red = acidic. (A) An intracellular view of the homotetramer. (B) A lateral view of the channel with seven overlapping but unique
docking outputs for AA located near the internal surface of the channel. (C) A zoomed-in view of the predicted hydrophobic AA binding pocket. The
same seven AA conformations as in (B) are shown for closer inspection. Note that for each docking result, the nonpolar region of AA is embedded in
the hydrophobic cavity (green) and the polar part of AA is oriented toward two positively charged residues (blue) lining the pocket. (D) Identification
of the residues predicted to comprise the AA binding pocket. Note that four pockets are predicted, each made of residues from two adjacent subunits.

In the presence of AA, all of the channels showed a rightward
shift in the fitted Boltzmann function [+7 mV for WT (Fig. 3A)
and an average shift of +5.7 mV for the three mutant constructs
(Figs. 3B-D)]. A fourth construct, K318E, retained AA inhibi-
tion and also showed the largest change in V| , compared with
WT with a -10 mV shift. K318E retained the +5 mV shiftin V|
in the presence of AA, which inhibited the current (Fig. 3C).

K* current inhibition by AA of WT Kv4.2 and three muta-
tions that disrupted the inhibition by AA were further examined
by measuring the saturating effects for each concentration of
AA. Visual inspection of the voltage-activated currents elicited
in the presence of increasing concentrations of AA (Fig. 4A)
demonstrates this lowered sensitivity to AA of the mutant chan-
nels when compared with WT channels. The data were fit to
a Hill equation with the Hill slope (n,) = 1.0 (Fig. 4B). The

concentration-response curve for each mutant was right-shifted
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when compared with WT. The fitted K, value for AA inhibition
of WT channels was 21.1 .M, whereas the K values for each of
the mutants ranged from 37.7 to 57.4 M (Fig. 4B).

The fitted K, values for each of the three mutant channels
were statistically different from WT, but not from each other.
Therefore, to examine the free energy change induced by the
mutations, we calculated the fitted K, value for cells express-
ing one of these three mutant channels and then grouped them
together for comparison to the fitted K, values from the WT
channels. The mean K value for the group of mutant chan-
nels (46.0 wM) was statistically different from the mean K,
value for the WT channels (21.1 pM). The corresponding free
energy of AA binding at room temperature was calculated by
AG = n RTInK, where n, = 1.0, K is the fitted binding constant,
R is the gas constant, and T is the absolute temperature. The
differences in free energy of binding for mutant and wild-type
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Relative current after 10uM AA (%)

* current traces at +40 mV before and after expo-
sure to AA and demonstrates the increased
rate of current decay for WT channels, but a
smaller effect of AA on the rate of current decay
observed in the mutant channels. Insets show
the same traces, each normalized to its peak cur-
rent amplitude, in order to better visualize the
impact of AA on the rate of current decay. K318E
is included for comparison because it allows cur-
rent inhibition by AA but its impact on kinetic
modulation is less striking. In WT channels, AA
inhibition includes modulation of decay kinetics

(Fig. 5, top row). The speeding up of the time
course of decay was reduced for K318Q, V261F,
and the double mutant V261F/K318Q (Fig. 5,
rows 2—4, respectively). We quantified the impact

of AA on the rate of current decay by measuring
the time at which the current was 50% of the max-
imum and calculated the t,, for each concentra-
tion of AA as a fraction of the control value in the
absence of AA (Fig. 6). Concentration-response
curves (Fig. 6B) for each mutant were right
shifted when compared with WT; the fitted K
value for AA modulation of current decay kinetics
for WT channels was 23.7 wM, whereas the K
value for V261F was 64.0 wM and for K318Q was
60.7 pM. The concentration-response data for the
double-mutant V261F/K318Q was fitted with a
K, of 43.5 uM. The fitted K values for these three
mutant channels were each statistically different
from WT, but not from each other.

Therefore, to examine the free energy change
induced by any of these mutations, we calculated

AA binding pocket.

Figure 2. Residues V261, G314 and K318 are important to the inhibitory effects of AA on
Kv4.2. (A) Peak current inhibition by 10 uM AA of wild-type and mutant Kv4.2 channels.
K* currents were recorded with voltage steps to +40 mV from a holding potential of
-90 mV. The bar graphs show the mean current intensity after 10 min of exposure to

10 M AA, relative to the intensity before application of AA. Numbers represent the
number of cells tested for each mutant; * indicates p < 0.01. Dotted line designates

the mean wild-type effect. N.E. = no expression. (B) Mutated residues located on or in
close proximity of the S4-S5 linker and their relative importance in AA binding based
on results in (A). The radii of the filled circles are proportional to the relative K* current
amplitude after treatment with AA. The inset shows the six transmembrane a-helices of
a single Kv4.2 subunit. Residues 256 and 259 are predicted to be outside the proposed

the fitted K value for the group of cells express-
ing one of these three mutant channels and then
grouped them altogether for comparison to the
K, values from the WT channels. The mean K,
value for the mutant channels (56.1 wM) was sta-
tistically different from the mean K, value for the
wild-type channels. Using the same approach as
described for the concentration-dependent inhibi-
tion of current, we used these K| values to calculate
the corresponding free energy of binding for WT

channels were then determined by AAG = AG,, ., - AG -
Relative to wild-type Kv4.2 channels, the AAG for the AA inhibi-
tion of mutant channel currents was 2.75 kcal/mol. These results
suggest that the mutations that inhibited the AA effect made the
AA-channel interactions thermodynamically less stable than the
interactions of AA with WT channels.

Mutant channels impair AA modulation of macroscopic
current decay. Figure 5 shows a family of currents elicited in
the absence and presence of AA for WT channels and the three
mutants that decreased the inhibition by AA of peak outward
K* current. The last column in each row shows overlapped
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and mutant channels and the binding free energy

change (AAG). Like the inhibition of current, the
modulation of current decay kinetics is energetically disrupted
by mutations at V261F and/or K318Q. Relative to WT channels,
the AAG for the kinetic effects of AA on mutant channels was
3.04 kcal/mol.

Interpretation of electrophysiology results using the Kv4.2
homology model. To provide a mechanistic interpretation of our
results, we introduced the mutations that affected AA inhibi-
tion into our Kv4.2 model and evaluated docking of AA to the
mutated channel. Two of the residues lining the hydrophobic
pocket in the wild type protein are basic, R311 and K318. In the
docking configurations, the carboxylate head of AA is oriented
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Figure 3. Conductance-voltage plots for wild-type and three mutant channels. Peak conductances were calculated from G = I/(V _-V,) with

V, =-100 mV and were normalized to the maximal conductance (G ) for each cell and plotted vs. the step membrane potential (Vm). The
conductance-voltage relationships are plotted in the absence (open symbols) and presence (closed symbols) of 10 wM AA for (A) wild-type (WT)
Kv4.2 (n = 14), (B) V261F (n = 8), (C) K318Q (n = 8), K318E (n = 3-6), and (D) V261F/K318Q (n = 6). Solid lines are the best fits of the data to a first order
Boltzmann function. In each panel, the black curve is without AA and the gray curve is with AA. The fitted parameters for the slope factor (k) and V.
values for the curve without AA and the curve with AA were, respectively: (A) 9.5, -20.3 mV; 12.1, -13.4 mV, (B) 9.2, -20.8 mV; 10.9, -17.1 mV, (C) K318Q:
10.3, -15.6 mV; 11.3, -8.6 mV, K318E: 7.9, -30.7, 7.1, -25.2, (D) 7.3, -26.4 mV; 8.4, -19.1 mV. All fitted curves had a coefficient of determination (R?) > 0.998.
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toward these positive charges and might have a stabilizing effect
or might even form a salt bridge with AA (Fig. 7A). In our model
(Fig. 7B), both R311 and K318 are within hydrogen-bonding
distance to the oxygen atom in AA as they are predicted to be
less than the 3.4 A maximum length of a hydrogen bond.” The
hydrophobic tail of the fatty acid is embedded in the cavity and
is most likely involved in nonpolar interactions with one or more
of the hydrophobic residues lining the pocket.

The mutant V261F impaired the AA effect whereas V261T
did not (Fig. 2A). In the proposed binding site, V261 orients
close to the carboxylate head group of AA, but is not one of
the residues that surround the aliphatic tail of the fatty acid.
This suggests that V261 may be important for the access of AA
to its proposed interaction site. Steric hindrance by the bulky
phenylalanine residue (Fig. 7C), but not the smaller threonine,
may disrupt the stability of AA binding. The larger side chain of
phenylalanine may partially impede the interaction between the
hydrogen bond acceptor (oxygen on AA) and donor (nitrogen
on K318). This structural interpretation is consistent with the
reduction of the effect of AA on the inhibition of peak V261F
K* current and the reduction in the modulation of current decay
kinetics. In a similar fashion, the G314F mutant introduces
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a bulky side chain that impaired the inhibitory effects of AA
(Fig. 2A); docking of AA to the virtual mutant (Fig. 7E) sug-
gests that G314F impairs access of the carboxylate head group
of AA to K318.

The K318Q mutant results in a lower AA sensitivity that may
be attributed to loss of the positive charge with a concomitant
loss of strong electrostatic interaction with the carboxylate of the
AA head group and also a shortening of the side chain which may
present a less than optimal interaction between the mutant polar
side chain and the carboxylate group of AA (Fig. 7D).

While we also expected K318E to be disruptive to the AA
modulatory effects due to charge repulsion, it was not. Our
model is not sufficient to explain this result, but a hypothesis is
offered in the Discussion. In our model of the WT channel, R311
is also close enough to form a hydrogen bond with AA in the
binding pocket, but R311Q does not impair the AA inhibition.
Therefore, we conclude that R311 does not form the primary
interaction with the AA head group. Overall, the results suggest
that V261, G314 and K318 are key residues regulating the inter-
action of AA with the Kv4.2 channel.

Are the structural features of the Kv4.2 hydrophobic pocket
specific enough to account for the modulatory effects of AA? We
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Figure 4. Concentration-dependence of the current inhibition by AA.
(A) Representative current traces elicited by voltage steps from -90 mV
to +40 mV before and following the application of 1 to 300 wuM AA
until saturation for wild-type (WT) channels and one mutant construct.
Arrows designate peak current amplitude for each test concentration.
Horizontal and vertical scale bars represent 25 ms and 1 pA, respec-
tively. (B) Concentration-response curves for AA inhibition of peak Kv4
currents for WT and mutant channels (8-19 cells/point). Data were fitted
to a Hill equation with the Hill slope (n,) = 1. All fitted curves had a coef-
ficient of determination (R?) > 0.991. Fitted K, values were: WT, 21.1 uM;
V261F, 37.7 nM; K318Q, 57.4 .M; V261F/K318Q, 45.7 n.M.

tested this using another channel whose structure has been deter-
mined by X-ray crystallography. Standard docking approaches
identified a cavity containing AA within the structure of the
Kv1.2/Kv2.1 chimeric channel (Fig. 7F), but we found that the
Kv1.2/2.1 K* currents are not modulated by AA. The chimeric
K* channels showed a 1.1 + 2.1% increase in current in the pres-
ence of 10 WM AA (n = 8) compared with a 30.7 + 1.8% decrease
in Kv4.2 currents (n = 3), tested in the same batch of oocytes
(Fig. 7F). The cavity identified near S4-S5 within Kv1.2/Kv2.1
(Fig. 7F, inset) may not be viable for AA interaction as it lacks
nearby positive charges to stabilize the AA head group, a feature
important to the Kv4.2 docking experiments and to the known
AA binding sites in albumin®?® and other fatty acid binding

proteins.?”*®

Discussion

Using a new homology model for Kv4.2, we identified a hydro-
phobic pocket where AA may bind to the Kv4 family of voltage-
gated potassium channels. The pocket is comprised of Kv4.2
residues 308-318 in the S4-S5 linker on one subunit and, on
an adjacent subunit, residues 261262 in S3, 330-335 in S5, and
390-394 in S6. The targeted mutations V261F, G314F and

www.landesbioscience.com

K318Q impaired the effects of AA on Kv4.2. The lack of sig-
nificant effects of these mutants on voltage-dependence of Kv4.2
activation in the presence or absence of AA suggests that AA
affects a voltage-independent or only weakly voltage-dependent
gating process. Thus, the physiological and docking results are
generally consistent with the role of the $4-S5 linker in coupling
voltage sensing to the opening of an internal activation gate.’*3
AA also facilitates inactivation,*® a process that has been shown
in other channels to be affected by certain mutations of the
S4-S5 linker.?*3¢ Furthermore, the S4-S5 linker is involved in
both anesthetic and alkanol sensitivity of Kv3 channels.’” These
drugs share a common binding site comprised of the S4-S5 linker
and the cytoplasmic end of $6.%® Together with these results, our
study suggests a common mechanism by which amphiphilic
ligands modulate the function of certain Kv channels by inter-
acting with a discrete hydrophobic binding pocket near the chan-
nel’s internal activation gate.

Based on mutagenesis and docking results, we propose that
K318 within the S4-S5 linker of Kv4.2 plays a key role in form-
ing a hydrogen bond with the carboxyl group of a bound AA
molecule. Likewise, our results suggest that V261 in the S3
region may regulate AA access to K318. The formation of a
hydrogen bond between AA and K318 is supported by the dif-
ferences of free energy of binding between mutant channels plus
AA and WT channels plus AA as calculated from concentration
response curves for two effects of AA, the inhibition of current
and the speeding up of current decay kinetics. The perturba-
tion of the AA effects on mutant Kv4.2 channels was 2.75 to
3.04 kcal/mol less stable than the WT ligand-protein interac-
tion. This energy difference could account for the loss of the
hydrogen bond between the amine of K318 and the fatty acid
carboxyl head group. The bond energy of a hydrogen bond where
nitrogen is the donor and oxygen is the acceptor has been esti-
mated to be 2 to 4 kcal/mol.*! Thus, the energetic disruptions
of AA inhibition and facilitation of inactivation by K318Q and/
or V261F are consistent with the mutagenic disruption of at least
one hydrogen bond.

Since neutralization of the positive charge of residue K318
made the channel significantly less sensitive to modulation by
AA (Fig. 2A), we expected a K318E mutant to also impair the
AA effects. However, this was not the result we observed. To
explain this result, we speculate that the presence of AA in the
WT channel cavity triggers a conformational change that allows
the native R311 to form a salt bridge with the substituted gluta-
mate at residue 318 (K318E). In this scenario, inhibitory modu-
lation of K318E by AA is not significantly different from WT
channels, but has the salt bridge between the side chain of R311
and the carboxyl group of the glutamate as its structural basis.
In addition, R311 must also provide specificity for AA binding
through an interaction with the AA head group, which retains
the AA modulation we observed in experiments. One hypothesis
is that R311 may neutralize the K318E charge and contribute to
coordinating the AA head group. A similar phenomenon where
mutation of one of two positively charged residues in a ligand-
binding site resulted in altered protein conformation or ligand
selection was proposed for the active sites of malate and lactate
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Figure 5. Effects of AA on WT and mutant Kv4 current inactivation. The
first two columns show representative Kv4 currents evoked by voltage
steps from -90 mV to -40, -20, 0, +20, +40 and +60 mV for wild-type
(WT) and selected mutant channels in the absence (first column) and af-
ter inhibition by 10 M AA (second column). The third column displays
the current with 10 wM AA (red) superimposed on the current recorded
in the absence of AA (black) at +40 mV; inset boxes show the peak of
the AA-inhibited current scaled to its control to clarify the effects on
the time course of current decay. Horizontal and vertical scale bars
represent 25 ms and 0.5 pA, respectively. The scale bars do not apply to
the insets.

Figure 6. Concentration-dependence of the kinetic modulation by AA.
(A) Representative current traces elicited by voltage steps from -90 mV
to +40 mV before (black trace) and following the application of 10 uM
AA (red trace) for wild-type (WT) channels and one mutant construct.
The peak current in the presence of AA was normalized to the pre-AA
current in order to measure the effects on current decay. Dashed lines
show how t,, was measured (time of half-inactivation, measured at

+40 mV and normalized to the value measured in the absence of AA).
(B) Concentration-response curves for AA-dependent modulation,
measured as the fractional reduction in t, , Data for 6-12 cells each were
fitted to a Hill equation with the Hill slope (n)=T1;all fitted curves had a
coefficient of determination (R?) > 0.986. Fitted K, values were:

WT, 23.7 uM; V261F, 64.0 pM; K318Q, 60.7 wM; V261F/K318Q, 43.5 M.

dehydrogenase.>* Future studies will test this hypothesis of dual
function at R311 in response to mutations at K318.

The confirmed docking site within Kv4.2 is hydrophobic
and likely stabilizes the aliphatic tail of AA through hydropho-
bic interactions. Although there is no specific fatty acid bind-
ing motif within known fatty acid binding proteins, the features
of the docking site for AA within Kv4.2 mimic the structural
features identified in other proteins. Eight AA binding sites on
serum albumin have been determined by co-crystallization of the

ligand and protein,?¢ and all of the sites have a hydrophobic
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lining with at least one basic or polar amino acid in close proxim-
ity of the carboxyl group of the bound AA. Basic or polar amino
acids located within AA binding sites in serum albumin, includ-
ing R410, K525 and Y411, form electrostatic interactions with
the carboxyl group of bound AA.?* We propose a similar role for
the interaction of K318 in the Kv4.2 channel with AA. Residue
G314, lining the center of the proposed binding pocket in Kv4.2,
is one of the amino acids that may interact with AA’s aliphatic
tail via hydrophobic interactions. In support of this hypothesis,
replacement of glycine with a bulky residue (G314F) hinders the
access of AA to the cavity (Fig. 7E). Molecular docking with the
virtual mutant suggests that the substituted phenylalanine hides
K318 from AA and may perturb the spatial nature of the hydro-
phobic residues lining the pocket (Fig. 7E). Other hydrophobic
amino acids lining the pocket are L310, L313, G314, L317, L331,
M333, A334, 1335, L392, G394 and V395. While G314F dis-
played a decreased inhibitory modulation by AA, mutant L313F
retained its sensitivity to AA (Fig. 2A). This observation suggests
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Figure 7. AA docking specificity. (A) Kv4.2 wild-type (WT) channel model with AA docked;
residues of interest are noted. (B) Zoomed-in view of WT channel model predicting the
molecular distances of hydrogen bonds with AA. (C-E) Virtual mutants and docked AA. (F)
Representative time course of peak outward K* current amplitudes before and during applica-
tion of AA (10 wM) for WT Kv4.2 (blue; +40 mV test potential) and Kv1.2/2.1 (red; +110 mV test
potential. Inset: Docking result showing the lack of a plausible AA binding site on the Kv1.2/
Kv2.1 chimera (PDB: 2R9R®). The same docking and search parameters were used in attempts
to dock AA to WT or mutant Kv4.2 channels and the Kv1.2/Kv2.1 chimera.

mapped. Future mutational analysis of the
hydrophobic residues in the docking site or a
crystal structure might better define the spec-
ificity of the nonpolar interactions with AA.

Our docking results showed multiple pos-
sible locations for hydrophobic interactions
between AA and binding pocket residues in
WT Kv4.2 (Fig. 1C). Although the pocket is
only large enough to accommodate one AA
molecule at a time (Fig. 7A), our results sug-
gest that the attributes of the non-polar envi-
ronment are perhaps more important than
the specific structure of the hydrophobic side
chains of residues lining the pocket. In addi-
tion, the flexible position of AA within the
channel’s hydrophobic pocket is consistent
with the principle that long carbon chains
and multiple carbon-carbon double bonds
enhance the flexibility of fatty acids.**

Ethanol, another amphiphilic molecule,
has been co-crystalized with a Drosophila
odorant binding protein®® and with the
inwardly rectifying Kir3.2 channel.” In both
proteins, the ethanol-binding site is a hydro-
phobic cavity with polar residues that make
one or more hydrogen bonds with the amphi-
philic ligand. Mutations within the alcohol-
binding pocket of Kir3.2 have confirmed the
importance of specific polar residues in the
pocket.” Our results support the conclusion
that the general features identified as impor-
tant to AA binding to serum albumin and
ethanol binding to two structurally distinct
proteins are also found in the AA binding
pocket we have implicated for inhibitory
modulation of Kv4.2.

Other studies have investigated the
modulatory effects of PUFAs on related
voltage-gated K* channels. AA induces rapid
inactivation of delayed rectifier K* chan-
nels such as Kvl.1, Kv3.1 and Kv3.2.% For
these channels, AA was equally effective in
facilitating inactivation when applied to the
external or internal side of the membrane
and the onset of effects was slow and inde-
pendent of channel opening.*® Furthermore,
lack of competition between AA and external
or internal TEA supports a mechanism that
differs from open channel block.®® A more
recent study supports an alternative mecha-

that either not all hydrophobic amino acids in the pocket par- nism of open channel block by AA to explain the inhibition and
ticipate in the interaction with AA, or the individual van der fast inactivation induced in Kv1.1 channels.”” RNA editing of a
Waals contacts are weak, but have a summative effect in stabiliz-  critical residue in the Kvl pore region appears to regulate this
ing the fatty acid tail. The docking region forms a large hydro- mechanism since 1400 in Kvl.1 is AA-sensitive whereas V400 is
phobic patch that may accommodate multiple conformations of  not. Indeed, the residue at position 400 in Kv1.1 is implicated in
the hydrophobic tail, but specific interactions have not yet been  a direct hydrophobic interaction with the inactivation gate; an Ile
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at this position strengthens the interaction with the N-terminus
of the channel during fast, N-type inactivation, whereas a Val at
this position weakens it.*

However, there may be some differences in the structural
basis and functional mechanism of AA inhibition and facili-
tation of inactivation in Kvl and Kv4 channels. For example,
whereas Kvl channels are not inhibited by anandamide (AEA)
applied externally,”® we find that external AEA mimics the effects
of AA on current inhibition and kinetic modulation of Kv4.2
(data not shown). Furthermore, in a test of the open channel
block mechanism, internal TEA was found to compete with AA
for inhibition of Kv1.1 in one study® but not another.” Likewise,
Kv4 channels are unique among the voltage-gated K* channels

5153 and we

in possessing a closed-state inactivation mechanism,
previously found that AA facilitates both open-state inactivation
and closed-state inactivation of Kv4 channels.”® The location of
the proposed binding site for AA is within the regions previously
identified as important for closed state inactivation and channel
closing.>>* Our project focused on the importance of a proposed
hydrophobic binding pocket for the inhibitory modulation by AA,
but the data do not resolve whether AA enhances inactivation or
stabilizes channels in a closed state with subsequent accumulation
of inactivation.

In conclusion, our results support the hypothesis that Kv4.2
channels have a specific binding site that regulates the inhibitory
modulation by AA. Two features of the Kv4.2 binding pocket pro-
posed here seem to be essential in the interaction with AA: (1)
overall hydrophobicity, which may stabilize the aliphatic lipid
tail, and (2) a basic residue in close proximity to the hydrophobic
pocket, providing stabilization of the negatively charged carboxyl-
ate moiety of the fatty acid. This interpretation is suggested by
both steric measurements and changes in binding energy calcu-
lated from physiological measurements of current inhibition and
the kinetics of inactivation. Our results suggest that K318 within
the S4-S5 linker is directly involved in the binding of AA. Access
of AA to this critical lysine residue may be regulated by the size
and position of V261 and G314 within the non-polar region of
the pocket.

Materials and Methods

Model construction and evaluation. A model of Kv4.2 was cre-
ated based on its homology to Kv1.2 and KcSA using Modeler
9v5.>% Briefly, ClustalW/2>* was used to align the human Kv4.2
sequence (residues 175-417) with the rat Kvl.2 sequence (resi-
dues 153—421), human Kv4.2 (residues 324—409) and S. /ivi-
dans KcSA (residues 29-114). These alignments encompassed
the six predicted transmembrane regions of Kv4.2 and the
pore region. Using PDB files for Kv1.2 (2A79°° and 2R9R>’)
and KcSA, (2QTO%®) the alignments were modified to reflect
sequences corresponding to the available structural data. Five
models were generated by the Modeler software with an aver-
age RMSD between chains of 0.451 A. The models were evalu-
ated by MolProbity version 3.15.° Model 3, which contained the
fewest violations in bond angles, bond lengths, atom overlaps,
and phi/psi angles, was used to construct the tetrameric form of
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Kv4.2, employing the symmetry reported for the Kv1.2 struc-
ture. The tetrameric model was subjected to geometry regular-
ization®® and re-evaluated by Molprobity (Ramachandran plot,
98.3% allowed). A PDB file for our Kv4.2 model is provided in
the Supplemental Material.

Molecular docking. AutoDock 4 and AutoDock Tools® were
used to protonate the molecular structure of the channel, set the
location and the three-dimensional size of the search grid box,
and generate docking files for both the ligand and the protein.
AutoDock Vina® was used to predict docking sites and dock-
ing conformations of AA on the Kv4.2 protein. The search space
characteristics and the other input parameters were varied exten-
sively in order to generate a large pool of possible ligand-protein
complexes. The individual docked configurations contained in
the output files were separated using VinaSplit. Complexes that
involved unfavorable steric or electrostatic interactions were dis-
carded. The docking results also predicted an AA site within the
Kv4.2 pore region, but we focused this project on a docking site
comprised of hydrophobic residues that could support a favor-
able energetic environment for the fatty acyl tails of AA. Using
PyMOLs sculpting feature, some ligand-protein interactions
were examined for the possibility of hydrogen bonding between
AA’s carboxylic head and basic residues in Kv4.2. The residues
that were determined by electrophysiology to play a significant
role in AA inhibition of Kv4.2 were virtually mutated into the
molecular model of the channel. New docking studies were then
performed in order to assess the disruption of the binding of AA
to the mutant Kv4.2 channel. All model images were generated
using the PyMOL Molecular Graphics System of W. DeLano
(PyMol, v1.0).

Mutagenesis and expression of channels in oocytes. rKv4.2
channel mutants were constructed using QuikChange (Agilent
Technologies, 200523) and confirmed by DNA sequencing.
RNA preparation, Xenopus laevis oocyte isolation, and oocyte
injection were done using published methods.'® Most studies
were done with Kv4.2 WT or mutant channels prepared in the
pBluescript vector; 5-10 ng of RNA were injected per oocyte.
Mutant K318D did not express to high enough levels to test
even when we prepared the mutation in a high expression vector
(pGEMHE) and injected up to 40 ng RNA/oocyte.

Animal protocols were approved by the University of Richmond
Institutional Animal Care and Use Committee and conform to
the requirements in the Guide for the Care and Use of Laboratory
Animals from the National Academy of Sciences. Several batches
of collagenased oocytes were purchased from EcoCyte Bioscience
and yielded the same results. Oocytes were maintained at 17-19°C
for 1-5 d post-injection in a solution of (in mM): 96 NaCl,
1 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES, 5 sucrose and 2 Na pyru-
vate, pH 7.4, with 50 U/ml penicillin G, 50 pg/ml streptomycin
and sometimes 50 pg/ml tetracycline.

Electrophysiology. Potassium currents were recorded from
oocytes using standard methods of two-electrode voltage
clamp'® with a Geneclamp 500B amplifier (Molecular Devices).
Experiments were done at room temperature and the chamber
was perfused continuously during recordings with a solution
containing (in mM): 96 Na methane sulfonate, 2 K methane

Volume 7 Issue 2



sulfonate, 2 CaCl,, 1 MgCl,, 10 HEPES, pH 7.4-7.5. Data were
recorded and analyzed on Pentium computers equipped with
Digidata 1320A A/D hardware and Clampex and Clampfit soft-
ware. Leak subtraction used P/-4 or P/-6 pulses from the hold-
ing potential. Data were also transferred to Microsoft Excel and
Microcal Origin for additional analysis and the production of
figures. Results are expressed as mean + SE with n = number
of cells tested. In cases with multiple comparisons to a single
set of control values, a single factor ANOVA with a post-hoc
Dunnett’s test was used with p < 0.01 considered to be sig-
nificant. Statistical evaluation of the grouped data for multiple
mutants (determined by ANOVA to be not different from each
other but different from wild-type) vs. wild-type channels used
a paired Student’s two-tailed t-test with p < 0.01 considered to
be significant.

Reagents. Arachidonic acid from Sigma-Aldrich (A9673) or
Nu-Chek Prep (U-72-A), was dissolved in ethanol or DMSO
at 1,000-3,000x, stored at -20°C, diluted into recording solu-
tion immediately before use and replenished every three hours or
less. Vehicle controls were tested for the highest concentrations
of diluent and had no measureable effects on the currents. Fatty

acid-free bovine serum albumin (Sigma-Aldrich, A7030) was dis-
solved into the recording solution at 0.5-1.0 mg/ml.
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