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Abstract

The fast inactivation and clustering functions of voltage-dependent potassium channels play fundamental
roles in electrical signaling. Recent evidence suggests that both these distinct channel functions rely on
intrinsically disordered N- and C-terminal cytoplasmic segments that function as entropic clocks to time
channel inactivation or scaffold protein-mediated clustering, both relying on what can be described as a “ball
and chain” binding mechanism. Although the mechanisms employed in each case are seemingly analogous,
both were put forward based on bulky chain deletions and further exhibit differences in reaction order. These
considerations raised the question of whether the molecular mechanisms underlying Kv channel fast
inactivation and clustering are indeed analogous. By taking a “chain”-level chimeric channel approach
involving long and short spliced inactivation or clustering “chain” variants of the Shaker Kv channel, we
demonstrate the ability of native inactivation and clustering “chains” to substitute for each other in a length-
dependent manner, as predicted by the “ball and chain” mechanism. Our results thus provide direct evidence
arguing that the two completely unrelated Shaker Kv channel processes of fast inactivation and clustering indeed
occur according to a similar molecular mechanism.

© 2018 Elsevier Ltd. All rights reserved.
Voltage-activated potassium channels (Kv) are
membrane proteins that play a fundamental role in
action potential generation, propagation, and trans-
mission [1]. These processes rely on channel activa-
tion and inactivation gating transitions [1,2], as well as
on the clustering of many ion channel molecules at
unique membrane sites [3,4], including nodes of
Ranvier along the neuron axon or at the post-
synaptic density (PSD) [5]. While channel gating
transitions determine the kinetics of potassium current
flow across the membrane, the clustering process
determines channel density. Changes in either ionic
current shape or density, reflecting changes in the
temporal and spatial dimensions, respectively, affect
action potential shape and frequency [6–9] and may
lead a neuron to switch to a different firing mode [10].
Defining the molecular mechanisms underlying the
channel gating and clustering processes is thus
important for cellular-level understanding of electrical
signaling and its physiological significance.
r Ltd. All rights reserved.
While themechanismsunderlyingactivationand fast
inactivation gating of the prototypical Shaker Kv
channel are solid and long-known [11–17], the
molecular mechanism underlying Kv channel cluster-
ing is only now becoming clear [18–20]. We recently
suggested that Shaker Kv channel clustering involves
a “ball and chain” mechanism, analogous to the
mechanism describing the fast (N-type) channel
inactivation process (Fig. 1a) [20]. According to this
model, the Kv channel C-terminal tail encodes a
random “chain” bearing a conserved 6-amino-acid
PDZ-binding motif (the “ball”) at its tip that recruits its
PSD-95 scaffold protein partner (the 95 kD post-
synaptic density protein). The long unstructured chain
of the Kv channel serves to lead the “ball” motif to its
receptor binding site found in the PDZ domains of the
PSD-95 protein (Fig. 1a, upper panel), with such
interaction leading to channel clustering [4,5,20]. This
description is reminiscent of the classical “ball and
chain” mechanism put forward by Aldrich and
Journal of Molecular Biology (2019) 431, 542–556



543Kv Channel Fast Inactivation and Clustering
colleagues in the 1990s to account for Kv channel fast
inactivation (Fig. 1a, lower panel) [14,15]. Here, the
random walk motion of the N-terminal inactivation
“chain” allows the terminal inactivation “ball” to reach
through the open activation gate of the channel and
bind to its receptor site along the pore ion conduction
pathway [16,17], thereby blocking the flow of potassi-
um current through the channel.
At the heart of the proposed analogy between both

Kv channel “ball and chain” mechanisms lies the
observation that the rate constant for a “ball”–receptor
association is “chain” length dependent. Theoretic
considerations, based on a random flight model of the
“ball” to its receptor site, predict power law behavior for
such dependence, with a characteristic power law
Fig. 1. “Chain”-level chimeric channel strategy used for anal
clustering mechanisms. (a) Schematic representations of the ana
inactivation and clustering (lower and upper panels, respectively).
current study share an identical core T1 (rectangular shape) a
domains) but different N- and C-terminal ends. The variants repr
either long (L) or short (S) inactivation (I) and clustering (C) “chain
presents a long inactivation “chain” at the N-terminus and a short
Similarly, the ShB, ShD, and ShD2 wild-type channels are term
inactivation and clustering “ball and chain”modules are colored g
and ShD2) variants carry a different inactivation “ball” than do the I
(c) The six “chain”-level chimeric channels used in the current
inactivation “ball and chain” mechanisms. Chimeric channels we
“chain” with the short or long native “chain” from the other end of
remained intact, thus ensuring that inactivation and clustering
inactivation “ball” was used in all measurements (that of ShA and
effects alone. Chimeric channel nomenclature is read in the N- to
“chain,” whether for a clustering (C) or inactivation (I) “chain” (see
value of 3/2 [21]. In the case of channel clustering,
systematic deletions in the Kv channel C-terminal
“chain” indeed affected the kinetics of association with
PSD-95 in a length-dependent manner, as predicted
[20]. These results mirror earlier evidence showing that
systematic deletions within the N-terminal “chain”
affected the rate constant of channel entry into the
inactivated state [14,15], an observation later demon-
strated to adhere to the power law dependence, as
expected [21]. In terms of the functional classification of
intrinsically disordered proteins proposed by Dunker
and colleagues [22,23], both the N- and C-terminal
channel tails thus encode entropic clocks that respec-
tively time the fast inactivation and clustering functions
of the Shaker Kv channel [24,25]. According to this
yzing the analogy between Kv channel fast inactivation and
logous “ball and chain”mechanisms that describe Kv channel
(b) The four wild-type Kv channel spliced variants used in the
nd membrane-spanning regions (voltage-sensing and pore
esent the four possible combinations of channels containing
s” at the respective N- and C-terminal tails. The ShA variant
clustering “chain” at the C-terminus and is thus termed ILCS.
ed ILCL, ISCL, and ISCS, respectively. For clarity, the native
ray and black, respectively. Note that the ISCL and ISCS (ShD
LCS and ILCL variants (indicated by the white-lined gray “ball”).
study to address analogy between the clustering and fast
re generated by replacing either the inactivation or clustering
the channel. In all chimeric channels, the original “ball” motif
occurred at the appropriate N- or C-terminal end. A similar
ShB proteins) thus allowing the assessment of “chain” length
C-terminal direction and is based on the identity of the original
text).
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metaphor, N- or C-“chain” length, as possibly deter-
mined by alternative splicing, for example, provides the
time dimension, or the hands of the clock.
The similar “chain” length-dependent binding of

either “ball” to its receptor site suggests that the
unrelated inactivation and clustering functions of the
Shaker channel both rely on a similar “ball and chain”
mechanism [21,24]. Still, two noteworthy criticisms
can be raised when considering this proposed
analogy. The first is that these binding metaphors
were proposed based on a series of non-natural bulk
deletions in either the N- or C-terminal tails. The
second concern is that while the “ball”–receptor
inactivation binding reaction is intra-molecular, the
binding of the channel to PSD-95 is inter-molecular
and diffusion limited. This difference affects the
effective local concentration of the “ball” near its
receptor site, as reflected in the magnitude and type
of forward binding rate constants [21]. These
reservations thus call for a more detailed analysis
of the proposed analogy using direct means.
To determine whether the N- and C-terminal

cytoplasmic tails of the Shaker Kv channel indeed
both rely on a “ball and chain” mechanism to regulate
channel inactivation and clustering, we exploited the
fact that alternative splicing of the Shaker Kv channel
gene only occurs at either the N- or C-terminal “chains”
to produce natural variants presenting different “chain”
lengths [26,27]. These N- or C-terminal variants exhibit
length-dependent effects on channel inactivation
[14,15,21] and channel binding to PSD-95 [20],
respectively, thus highlighting the physiological rele-
vance of the proposed “ball and chain”mechanisms for
eachevent [24]. In the present study,we reliedon these
naturally occurring long and short N- or C-terminal
Shaker channel “chains” as the basis for a chimeric
channel approach to address whether the fast inacti-
vation and clustering mechanisms are truly analogous.
We argue that if “chain”-level chimeric Kv channels in
which either the wild-type N-terminal inactivation or
C-terminal clustering chain sequences was replaced
with natural “chain” sequences originating from the
other end of the molecule can support channel
inactivation or clustering (as appropriate) in a length-
dependent manner, this would be clearly indicative of
the unrelated inactivation and clustering Kv channel
functions occurring according to a similar “ball and
chain” binding mechanism.

Results and Discussion

A native “chain”-level chimeric channel approach

In the current study, we focused on four natural
channel variants known as ShA, ShB, ShD, and
ShD2, representing all four possible combinations of
two long and two short natural N- or C-terminal tails
[26,27]. The ShA and ShB channel variants share an
identical long N-terminal inactivation “ball and chain”
sequence, yet present short and long C-terminal
clustering “chains,” respectively, both terminating with
an identical clustering “ball.” The ShD and ShD2
variants, on the other hand, carry the short N-terminal
inactivation “chain” variant and bear the same
C-terminal clustering chains as in the ShB and ShA
variants, respectively. A schematic representation of all
four variants is presented inFig. 1b,with the sequences
of the long and short inactivation or clustering
chain variants provided in SI Fig. 1a. We
subsequently renamed these four wild-type-derived
channels based on the identity of their terminal
inactivation (I) or clustering (C) “chains” (from the N-
to the C-terminal) as ILCS (ShA), ILCL (ShB), ISCL
(ShD), and ISCS (ShD2), with the subscripts S and L
designating the short and long native “chain” versions,
respectively.
In addition to these four channel variants, six more

chimeric channels were generated by replacing either
the N- or C-terminal inactivation or clustering “chain”
with the short and long native “chain” versions from the
other end of the channel, while leaving the appropriate
inactivation or clustering “ball” intact (Fig. 1c). The
CSCS and CLCL “chain” chimeras correspond to
inactivation chimeras and were generated by introduc-
ing one of the two native wild-type clustering “chains”
found at the C-terminal end (i.e., CS or CL) at the N-
terminal end, thus replacing the original N-terminal
inactivation “chain.” Similarly, the ILIS and ILIL channels
correspond to clustering chimeras in which either the
short or long native N-terminal inactivation “chain”
replaced the original C-terminal clustering “chain.” We
further generated a ILCL

R channel variant in which the
longC-terminal chain presents the reversedamino acid
order (CL

R). Finally, a CL
RCL inactivation chimera was

generated in which the CL
R “chain” was introduced at

the N-terminal end adjacent to the original inactivation
“ball.” These last two channel variants served as
internal controls to address the impact of “chain” length
on clustering or inactivation, respectively. Here, protein
chains presenting identical lengths and amino acid
composition (e.g., the CL

R and CL “chains”) yet different
residue order were employed. The sequences of both
theN- andC-terminal ends of each chimeric variant are
given in SI Fig. 1b.

Native inactivation “chains”bindPSD-95 via a “ball
and chain” mechanism

We initially examined whether the short and long
native inactivation “chains” can support channel
binding to PSD-95 and, if so, by what mechanism.
Ideally, such measurements should be performed in a
membrane context, involving the full-length ILIS and ILIL
C-terminal chimeric channels and the cytoplasmic
PSD-95 protein. In the absence of such a quantitative
experimental setup, we took a reductionist approach
and instead studied the abilities of the isolated IS and IL
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inactivation “chains” fused to the PDZ-binding motif
clustering “ball” to bind the PDZ domains of PSD-95 in
a membrane-mimicking context. First, however,
we verified that the IS and IL inactivation "chain",
previously deduced to be random chains solely on the
basis of elegant functional inactivation measurements
[14,15], are indeed intrinsically disordered [28], as
further predicted by the FoldIndex sequence-based
prediction algorithm (SI Fig. 2a) [29]. To verify these
predictions, we employed a variety of hydrodynamic
and spectroscopic approaches. Size exclusion chro-
matography revealed that both proteins migrate
unusually fast for their actual molecular weights (SI
Fig. 2b). Based on a calibration curve generated using
protein standards of known molecular weight, much
greater Stokes radii were calculated for both the IS and
IL protein “chains” thanwhatwasexpected according to
their actual sizes (SI Fig. 2c; compare the gray and red
data points). This anomaly is not a result of IS or IL
Fig. 2. The long and short native inactivation “chains” o
the Shaker Kv channel support PSD-95 binding in a
length-dependent manner. (a) A batch mode pull-down
experimental setup for analyzing the binding of isolated
long and short native clustering and inactivation “chains” to
PSD-95 PDZ1,2 domains. The native inactivation and
clustering “chains,” all harboring the terminal PDZ-binding
clustering “ball” (black circle) were bound to Ni2+-NTA
beads and challenged with identical concentrations of the
PDZ1,2 protein (see Methods). The isolated “chains” were
designated based on their origin, namely clustering (C) o
inactivation (I) “chains,” with the subscript denoting the
short (S) or long (L) “chain” versions. The CL

R “chain” is
similar to the CL “chain” in both length and composition
yet presents a reversed amino acid order. Numbers nex
to each channel notation indicate C-terminal “chain
length. (b) SDS-PAGE analysis of eluted fractions
used to evaluate the amount of PDZ1,2 protein captured
in each case. (c) Densitometric analysis of the PDZ1,2
elution bands plotted as a function of the length of the Kv
channel native clustering or inactivation “chain.” Mean
differences in the amount of PDZ1,2 captured by each
“chain” (n = 3–5), relative to wild-type CL chain, were
judged for statistical validity, based on a two-tailed
Student's t test corrected for multiple comparisons
(Bonferroni's correction) and assuming a p value smalle
than 0.01 to reject the null hypothesis. Note that the IL and
CS chains bearing relatively similar “chain” lengths (82 and
100, respectively) captured similar amounts of PDZ
domains (p = 0.5). Error bars represent SEM values.
oligomerization, as analytical ultra-centrifugation anal-
ysis revealed a mono-dispersed population for both
proteins,with theappropriate expectedmolecularmass
in each case (SI Fig. 2d). We thus conclude that the IS
and IL protein chains each assume an extended, non-
globular shape. Accordingly, the far-UV CD spectrum
for each protein lacked the typical signature of α-helix
and β-sheet secondary structure elements and exhib-
ited a negative peak at 200 nm, indicative of a strong
contribution from disordered elements, characteristic of
a protein in a random coil conformation (SI Fig. 2e).
NMR analysis further provided evidence that both
proteins lack tertiary structure. The 1H NMR spectra of
both the IS and IL inactivation chains (SI Fig. 2f) are
typical of intrinsically disordered proteins, lacking the
chemical shift dispersion seen with folded proteins.
Taken together, our results confirm that the short and
long inactivation “chain” variants of the Shaker Kv
channel are indeed intrinsically disordered random
chains, as previously shown for their long and short
clustering “chain” counterparts [19,20].
The isolated IS and IL “chains” can, nonetheless,

bind the PDZ domains of PSD-95. As seen in Fig. 2,
depicting results obtained using a pull-down exper-
imental setup that mimics the native membrane
context of the clustering “chains” (Fig. 2a) [20], we
found that bead-linked IS and IL inactivation “chains”
were able to capture the PDZ1,2 module of the PSD-
95 protein, comprising the first two PSD-95 PDZ
f
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domains (Fig. 2b). Furthermore, comparison of such
binding to that seen with the native CS and CL
clustering "chains" and the CL

R “chain” revealed a
monotonic dependence on chain length (Fig. 2b–c),
such that the shorter the native chain, the higher was
the amount of PDZ1,2 captured. Differences among
the “chain”-length variants, relative to the wild-type
CL “chain,” were judged for statistical validity using
Student's t test corrected for multiple comparisons and
assuming a p value smaller than 0.01 to reject the null
hypothesis. The results imply that “chain” length is a
major factor controlling binding affinity. In particular, it
should be noted that the CL and CL

R natural and
reversed-order “chains” captured almost identical
amounts of PDZ1,2, pointing to the seeming unim-
portance of “chains” orientation with respect to the
clustering “ball.” To conclude, when attached to the C-
terminal clustering “ball,” the native inactivation “chains”
support PSD-95 binding in a “chain length”-dependent
manner, implying that these chains function according
to a “ball and chain” mechanism.
As discussed above, a “ball and chain” binding

mechanism requires the “chain” to function as an
entropic clock that times the binding event [20,24].
Such a mechanism bears unique thermodynamic
signatures [24]. First, the affinity between the binding
partners should depend on “chain” length in a linear
manner. Second, “chain” length should only affect the
association kinetics of the “ball” to its receptor site,
revealing a power law dependence of the association
rate and “chain” length [21]. Furthermore, no effect of
“chain” length on the kinetics of complex dissociation is
expected. This ismanifested by the invariance profile of
the association and dissociation rate constants. Deter-
mining whether native inactivation “chain”–PDZ inter-
actions indeed adhere to such “ball and chain”
signatures thus requires knowledge of the rate and
equilibrium constants (ka, kd, andKD) of “chain” binding
to PSD-95 PDZ domains. We thus performed surface
plasmon resonance (SPR) analytical binding analysis.
Typical SPR sensograms describing interactions of
the second PSD-95 PDZ domain (PDZ2) with the
Table 1. Rate and equilibrium constants for the native inactiva

Spliced “chain” variantb “Chain” length ka (M−1 s−1) × 10

IS 29 23.00 ± 0.17
IL 82 16.60 ± 0.04
CS 100 12.55 ± 0.09
CL 138 2.89 ± 0.01
CL
R 138 2.67 ± 0.01

a Values reported in this table were derived from SRP binding stud
averages of 3–5 independent experiments. Error bars represent error p
the individual measurements.

b All native “chains” carried the same 6-amino-acid-long PDZ-bindin
c Values for the dissociation equilibrium constant were calculated b
d Values for ΔG were calculated according to ΔG = −RTlnKA, wher

appropriate “chain” and the PDZ1,2 PSD-95 protein fragment.
isolated natural inactivation and clustering chains,
all carrying the 6-amino-acid-long PDZ-binding motif
clustering “ball”, are shown in SI Fig. 3. For all
interactions examined, clear association and dissocia-
tion phases are apparent. Sensograms of each
channel “chain” (at all concentrations tested; see SI
Fig. 3 legend) were globally fitted to a modified
Langmuir isotherm describing a protein–protein asso-
ciation model involving encounter complex formation
followed by an induced fit rearrangement step, as
previously reported [20,30]. Estimates for ka, kd, andKD
describing the interactions between PDZ2 and the
different native “chain” variants are listed in Table 1. As
can be seen in Fig. 3a, both the IS and IL
chains adhered to the expected linear correlation
between the affinity of the two proteins [manifested by
association binding energy (ΔG = −RTlnKA)] and
“chain” length. In particular, the short inactivation
“chain” variant exhibited higher affinity for PDZ2 than
did the longer variant, whereas both revealed higher
affinity, as compared to the longer clustering “chain”
variants. Furthermore, in accordance with the results of
the pull-down analysis, an almost identical affinity to the
PDZ domain was obtained for the CL and CL

R chains.
Again, these chains are identical in length and
composition but oppositely oriented. The results clearly
indicate that the inactivation chain-PDZ binding reaction
is entropy controlled, thus fulfilling the first signature
characteristic of a “ball and chain”mechanism.
We next compared the kinetics of association and

dissociation of the different native channel tails to PDZ2
(Fig. 3b–d). The normalized SPR response of all four
natural Shaker chains as a function of time at identical
chain concentrations (12.5 nM) is shown in Fig. 3b.
Clearly, major differences between the chains were
seen during association, with the shorter the “chain,”
the faster being the association kinetics. Only minor
changes in the dissociation kinetics of the different
“chain”–PDZ2 complexes were observed over time
(Fig. 3b and Table 1). In fact, the association kinetics of
the CL and CL

R chain clustering variants to PDZ2 are
almost identical. The kinetic behavior observed in
tion and clustering “chain” binding to PSD-95a

5 kd (s−1) × 10−2 KD (× 10−8)c ΔGd

(kcal/mol)

2.46 ± 0.02 0.41 ± 1.51 −11.28 ± 0.26
2.67 ± 0.16 1.55 ± 2.28 −10.50 ± 0.29
3.67 ± 0.02 2.97 ± 4.14 −10.12 ± 0.07
1.33 ± 0.03 5.52 ± 6.50 −9.76 ± 0.24
1.25 ± 0.01 6.64 ± 6.60 −9.65 ± 0.34

ies conducted at room temperature (25 °C). Values represent the
ropagation values derived from the multiple experimental errors of

g motif.
y averaging the kd/ka ratio from 3–5 experiments.
e KA is the equilibrium association binding constant between the
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Fig. 3b is independent of chain concentration (not
shown) and is further manifested in the logkd versus
logka plot (Fig. 3c), demonstrating the invariance
between the two quantities. Whereas ka values for
Fig. 3. Native inactivation “chains” support Kv channel
inding toPSD-95according to a “ball and chain”mechanism.
) Plot of the association binding energy (−RTlnKA) between
atural clustering or inactivation Shaker Kv channel “chains”
nd the PDZ2 PSD-95 protein fragment, as a function of
hain” length. The solid curve corresponds to a linear
gression (R2 = 0.96). Experiments were carried out using
PR binding analysis (SI Fig. 3; see Methods) and were
peated 3–5 times at 25 °C. Estimates for KD, ka, and kd for
ach native chain–PDZ2 interaction were obtained upon
lobal fitting of the SPR sensograms to a Langmuir isotherm
escribing protein–protein association kinetics (seeMethods)
0] and are reported in Table 1. (b) Comparison of the
ormalized association and dissociation kinetics of the natural
hort and long inactivation or clustering “chain” variants to and
om PDZ2, respectively. For each trace, identical concentra-
ons of PDZ2 and native channel “chains” (2 μM) were used
nd the curve was normalized relative to the maximal
esponse noted at the end of the association phase.
) Association–dissociation rate constant correlation plot of
e native “chain”–PDZ2 interaction. Numbers on the upper
orizontal axis indicate native “chain” length. (d) Dependence
f the scaled native “chain”–PDZ2 association rate constant
a/kareference (ShB)) on “chain” length difference (ΔN). Gray
ata points represent artificial “chain” deletions, whereas
lack points refer to native “chain” replacements. The solid
ne represents the best fit of the data to Eq. (2) (see text)
escribing a random flight “ball and chain” mechanism for
hannel binding to PDZ2. In all panels, error bars represent
tandard errors, a result of error propagation of the values
btained from 3–4 experiments.
the longer and shorter channel “chains” varied by an
order of magnitude, protein dissociation (once the
complex had formed) was independent of “chain”
length, as revealed by the similar kd values obtained
for all chains. Finally, plotting the normalized associa-
tion rate constants of native inactivation and clustering
variants together with those of C-terminal artificial
deletion “chain” variants as a function of “chain” length
difference (ΔN) revealed a power law dependence
(Fig. 3d) [20]. Fitting the data to a theoretical “random
walk”-based equation, derived assuming a pure “ball
and chain” mechanism [21] (Eq. (2); see Methods),
revealed a power law value of 1.46 (±0.01), almost
identical to the 3/2 value expected by theory (black
curve; R2 =0.88).
Taken together, the results clearly reveal that the

native inactivation “chains” fused to the clustering “ball”
function as entropic clocks to time PDZ binding, as do
the native clustering “chains”. The native inactivation
“chain”-PSD-95 binding reactions thus fulfill the ther-
modynamic signature of a “ball and chain”mechanism
involving entropic random chains [20,21].

Native inactivation “chains” support
PSD-95-mediated channel clustering

We next addressed whether native inactivation
“chains” support cellular PSD-95-mediated mem-
b
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brane surface channel expression and clustering
in vivo, using a protocol previously employed for
studying clustering [20]. Confocal microscopy was
used to image embryonicDrosophila Schneider cells
transfected to express mCherry-tagged wild-type
ILCS and ILCL channels or their ILIL and ILIS C-
terminal chimeric inactivation counterparts, either
alone or together with a PSD-95-GFP fusion protein
(see Methods). Typical images for each case are
presented in Fig. 4. Control experiments involving cells
transfected to express either the wild-type or individual
chimeric channels showed no or very minor channel
localization at the plasma membrane (Fig. 4a; some
plasma membrane localization is observed for the ILIS
construct). Instead, the different channel proteins were
detected throughout the cytoplasm. However, co-
expression of the Shaker channel chimeric variants
together with PSD-95-GFP resulted in channel
membrane surface expression and clustering, as
well as PSD-95-membrane association, as respec-
tively reflected by the Shaker channel-associated red
fluorescence (Fig. 4b, left images) and the PSD-95-
GFP-based green fluorescence patterns (Fig. 4b,
middle images). The yellow coloring of the merged
images (Fig. 4b, right images) reveals the overlap of
the clusteredwild-type or chimeric channels andPSD-
95, reflecting the protein co-localization underlying
channel surface expression and clustering. In all
cases, channel clustering was reflected by a speckled
co-localization pattern. This array of co-localization
sites probably reflects mega-clustering sites with
areas in the sub-μm2 range [20], the result of fusion
of many smaller clustering sites. Thus, chimeric
channels presenting entropic inactivation “chains” at
the C-terminus can support PSD-95-mediated cell
surface channel expression and clustering.

Kv channel C-terminal “chain” length affects
PSD-95-mediated channel clustering

Do wild-type or variant channels carrying C-terminal
“chains” of different lengths exhibit differences in PSD-
95-mediated clustering patterns? Such differences can
be qualitatively seen upon inspection of Fig. 4b. For
example, the ILCL channel protein bearing the longest
C-terminal “chain” of all channel variants presents a
speckled pattern of small-sized clusters, as compared
with the ILIS variant bearing the shortest C-terminal
Fig. 4. Native inactivation “chains” support PSD
95-mediated Kv channel membrane surface expres
sion and clustering. (a) Confocal microscopy analysis
of Drosophila S2 Schneider cells expressing eithe
the PSD-95-GFP fusion protein or native or “chain”
level chimeric mCherry-tagged Shaker Kv channels
alone (see Methods). (b) Typical confocal microscopy
analysis of Drosophila S2 Schneider cells co-ex
pressing PSD-95-GFP and either a native channe
(ILCS or ILCL) or a chimeric channel variant (ILCL

R, ILIL
or ILIS). For each cell, three images are shown, with
the red channel-associated and green PSD-95
associated fluorescence signals presented in the lef
and middle columns, respectively. The merged image
of each cell is shown in the right column. Scale bars in
panels a and b correspond to 2 μm. Numbers aside
each channel notation indicate C-terminal amino acid
“chain” length.
-
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“chain.” To answer the question above, we used the
clustering metrics methodology we previously de-
scribed [20], and examined whether the different wild-
type or chimeric channel proteins revealed differences
in mega-cluster area size. Briefly, the yellow speckled
co-localization signal along the plasma membrane of
cells expressing each channel variant along with PSD-
95 (n = 10–12) was sampled and used to automatically
select all mega clustering sites with accurately defined
borders (see Methods). The areas of all membranous
clusters were then calculated and recorded. Overall,
~100–250 clusterswere analyzed for each variant. The
results, comparing the distributions of cluster area
sizes, mean number of clusters per cell, and mean
cluster area sizes of all variants, are presented in Fig. 5
andSI Fig. 4. The distributions of themega-cluster area
sizes of all “chain”-length variants presented different
shapes (SI Fig. 4). For example, the cluster area size
distribution of the ILIS channel bearing the shortest C
terminal “chain” (29) is skewed to the right along the
area size axis, as compared to the long “chain” bearing
ILCL distribution (138 amino acids; Fig. 5a). On the
other hand, the cluster area size distributions of the ILCL
and ILCL

R channels presenting an identical “chain”
length (138 aa) seem similar (SI Fig. 4). Statistical
significance of these differences was examined using
the Kolmogorov–Smirnov non-parametric test
and sequential Bonferroni correction (see Methods).
p Values for all distribution pairwise comparisons
were found to be smaller than 0.001, but not for the
ILCL and ILCL

R channel pair (p = 0.52). Quantitative
analysis of cluster area size distributions of all
variants revealed interesting observations. First, no
difference was observed in the mean number of
(mega-) clusters per cell among the different channel
variants (Fig. 5b; n = 10–12; p values greater than
0.1 were obtained for all pairwise comparisons using
an ANOVA test). Second, the different C-terminal
“chain”-length variants exhibited differences in mean
cluster area size as can be further judged by theWald
chi2 statistical test (Fig. 5c; see Methods). Third, no
differences in the mean cluster area size were
observed for channel pairs of identical “chain” lengths
(ILCL and ILCL

R) or for the ILIL and ILCS channel pair,
which presents relatively similar C-terminal “chain”
lengths (82 and 100 amino acids, respectively;
Fig. 5c). Last, and most interesting, an inverse linear
correlation was observed between the mean cluster
area size of the different channel variants and
C-terminal “chain” length, with the shorter the terminal
“chain,” the bigger was the mean mega-cluster area
size (Fig. 5d). Taken together, our results reveal that
short “chain” high-affinity channel variants support
clusters of larger areas than do long “chain,” low-
affinity variants, thus establishing a direct link between
channel C-terminal “chain” length and (mega-) cluster
area size. This principal observation thus hints at the
cellular correlate of the “ball and chain” molecular
mechanism. Further investigation, however, is needed
to rationalize the observed linear correlation between
the two quantities.

Native clustering “chains” support channel
inactivation via a “ball and chain” mechanism

In the coming paragraphs, we describe complimen-
tary experiments aimed at determining whether native
clustering “chains” can be used instead of the original
inactivation “chains” to support channel fast (Ns
before,-type) inactivation in a length-dependent man-
ner, as would be expected in a “ball and chain”
mechanism. Specifically, these experiments examined
the kinetics of channel fast inactivation of the CSCS,
CLCL and CL

RCL inactivation chimeras (Fig. 1c) and
compared the values obtained to those presented by
the wild-type ILCS, ILCL and ISCL channels (Fig. 1b).
The six wild-type or variant channels considered here
comprise a protein series with increasing N-terminal
“chain” lengths, ranging from 29 (ISCL) to 41 (ILCS and
ILCL) to 100 (CSCS) and up to 138 amino acids (CLCL
and CL

RCL), all ending with the same inactivation “ball”
(that ofShakerA and B). As before, this channel series
contains two channel pairs with identical N-terminal
chain lengths, thus allowing for an internal control. DNA
encoding the wild-type or chimeric channels listed
above was transcribed in vitro and the resulting
mRNAs were injected into Xenopus laevis oocytes.
For all wild-type and variant channels, fast inactivation
kinetics was conventionally monitored using two-
electrode voltage clamp electrophysiology recordings
(SI Fig. 5 and Fig. 6). For all channel variants, fast
inactivation kinetics was measured at various depolar-
izing voltages by applying a square pulse voltage
command protocol (SI Fig. 5a) and monitoring of the
resulting potassium currents flowing through the
channel (SI Fig. 5b). The inactivation data were fitted
to a double exponential function, as commonly done
[16,31,32], to yield estimates for the time constants of
the fast and slow components of the inactivation
process for each channel protein. Following others,
we only considered the fast component that is typically
responsible for more than 85% of current amplitude
(see Methods; SI Fig. 5b) [16]. The dependence of the
fast component of each channel protein on voltage is
presented in SI Fig 5c.
To examine whether the inactivation process is

“chain”-length dependent, inactivation traces of the
wild-type or chimeric channels should be compared at
an identical voltage. We chose a test value
of +40 mV for such comparison as at this voltage, the
probability of Shaker channels to be open is near 0.9
[12,13] and because this value resides within the
voltage range at which leveling off is observed for the
voltage-dependenceof channel inactivation (SI Fig. 5c).
Normalized inactivation currents at +40 mV, measured
relative to the maximal peak currents in each case, are
shown in Fig. 6a, with the corresponding inactivation
time constant (τ) of each channel protein compared in



Fig. 5. Kv channel C terminal “chain” length affects PSD-95-mediated channel clustering. (a) Mega cluster area size
distributions of the ILCL and ILIS channel variants, as supported by PSD-95. Distributions in steps of 0.1 μm2 are presented.
(b) Comparison of the mean number of plasma membrane-associated channel clusters per cell (n = ~10–12 cells; p N 0.1
for all pairwise comparisons in an ANOVA test). (c) Comparison of mean area size of channel variant clusters. Differences
were judged for statistical validity based on a Wald χ2 test (see Methods) and assuming a p value smaller than 0.01 to
reject the null hypothesis (n = 100–250). (d) Dependence of the mean cluster area size of the different channel variants on
C terminal “chain” length. Error bars in the appropriate figure panels represent SEM values. The solid curve corresponds to
a linear regression with R2 value of 0.96.
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Fig. 6b. Several points are worth noting. First, all
N-terminally inserted clustering chains supported fast
channel inactivation (Fig. 6a, gray traces). Second, the
inactivation time constants measured for the wild-type
Shaker A and B channel variants (ILCS and ILCL,
respectively) were similar to those previously reported
(Fig. 6b) [31,32]. Third, channels presenting N-terminal
“chains” of different lengths revealed differences in
inactivation time constants, as validated based on a
Student's t test corrected for multiple comparisons
(Fig. 6b). Furthermore, both of the wild-type and
chimeric channel pairs presenting identical N-terminal
“chain” lengths (i.e., the ILCS and ILCL and the CLCL
and CL

RCL pairs) exhibited similar inactivation time
constants, as further judged by the p values of their
comparisons being greater than 0.3 (Fig. 6b). Last,
clear length dependence was observed for the kinetics
of channel inactivation. In other words, the longer the
N-terminal “chain,” the slower were the fast inactivation
kinetics (Fig. 6b).
Does the fast inactivation gating transition of the

wild-type and chimeric channel variants indeed
adhere to the “ball and chain” mechanism? To
answer this question, one needs information on the
values of the elementary rate constants for entry into
(kon) and recovery from (koff) inactivation. For this
purpose, we assumed a single inactivation gating
transition, to a first approximation (see Methods),
and used both τ (=1/(kon + koff) and the normalized
steady-state amplitude factor (= Iss/Ipeak = (koff/(kon +
koff)) to derive approximations for kon and koff for the
different wild-type or chimeric channels. The values
for kon and koff are reported in Table 2 and further
analyzed in Fig. 6c–d. Several points are noted.
First, changes in the kon values of the different
channel chains are almost 2 orders of magnitude in



Fig. 6. Native clustering “chains” support Kv channel fast inactivation according to a “ball and chain”mechanism. (a) K+

currents recorded from X. laevis oocytes expressing wild-type (black) or chimeric (gray) Kv channels (all bearing the same
inactivation “ball”) in response to a square pulse from a holding potential of −110 mV to +40 and back. Potassium currents
through each channel protein were normalized relative to the appropriate peak current. (b) Bar graph depicting the
inactivation time constant (τ) of the measured wild-type and chimeric channel proteins obtained by fitting the data
presented in a to a double-exponential function (see Methods). Differences in time constants between “chains” of different
lengths were judged for statistical validity based on an unpaired Student's t test and a Bonferroni correction for multiple
comparisons and assuming a p value smaller than 0.001 to reject the null hypothesis. Error bars for the different channel
constructs represent standard error of the mean using n samples ranging from 12 to 20. (c) correlation plot relating the
backward (koff) and forward (kon) inactivation rate constants of the different wild-type or inactivation chimera channel proteins
(Table 2). Numbers on the upper horizontal axis indicate “chain” length. (d) Dependence of the scaled forward inactivation
rate constant (kon/kon reference (ShA)) of native wild-type channels, inactivation chimeric channels (both in black symbols) and
“chain” deletion or insertionmutants (gray symbols) on the “chain” length difference (ΔN). The solid line represents the best fit
of the data to Eq. (2) (see Methods and text), describing a random flight “ball and chain” mechanism for channel fast
inactivation.

551Kv Channel Fast Inactivation and Clustering
size (Table 2). Compared to this change, differences
in koff of the different channels are relatively minor.
Second, the kon values of the different channel proteins
exhibit “chain length” dependence, with the shorter the
“chain,” the fasterwas theonset of inactivation kinetics.
No such dependence was observed for the koff
inactivation rate constant (Table 2). These latter two
points are further manifested in the logkoff versus
logkon plot (Fig. 6c), demonstrating the invariance
between the two quantities. Third, plotting the forward
rates of channel entry into inactivation for the different
N-terminal channel “chains” (normalized relative to the
wild-type (ILCS channel), as a function of chain length
difference (ΔN), as previously performed when dele-
tions in chain length were considered [21] (shown as
gray symbols and measured using a similar voltage
step), again revealed a monotonic power law depen-
dence of the kon ratio onΔN (Fig. 6d). The chimeric and
deletion channel kon datawere together fitted toEq. (2).
As can be seen, the data set is reasonably fitted to Eq.
(2) (R2 = 0.80), yielding an estimate for power law
dependence (n) of 1.82 (±0.23). The estimated n value
is very close to the 3/2 power law value expected for a
“ball and chain” mechanism [21]. Combined, our
results demonstrate that the native clustering “chains”
can replace the original inactivation “chains” to support



Table 2. Forward and backward inactivation rate constants for wild-type and inactivation chimera channel proteinsa

Channel variantb “Chain” lengthc τ (ms)d Amplitude = ( Iss/Ipeak) kon (ms−1)e koff (ms−1)e

ISCL 29 1.91 ± 0.22 0.067 ± 0.012 0.488 ± 0.051 0.035 ± 0.020
ILCS 41 6.47 ± 0.54 0.069 ± 0.014 0.143 ± 0.002 0.010± 0.006
ILCL 41 7.09 ± 0.85 0.469 ± 0.058 0.074 ± 0.007 0.066 ± 0.040
CSCS 100 11.03 ± 0.10 0.108 ± 0.014 0.081 ± 0.001 0.009 ± 0.004
CLCL 138 28.14 ± 2.85 0.809 ± 0.023 0.006 ± 0.0004 0.028 ± 0.013
CLCL

R 138 23.90 ± 2.77 0.067 ± 0.012 0.027 ± 0.0004 0.014 ± 0.009

a Measured 16 °C and under a 40 mV depolarizing voltage, as described in the main text and Methods.
b The long and/or short “chains” of the wild-type or inactivation chimera proteins all carried the same 20-amino-acid-long inactivation

“ball” sequence motif.
c “Chain” length was determined in line with reference [14] and excluding the first 20-amino-acid-long “ball” sequence.
d Values for inactivation time constants represent the fast component of the inactivation kinetics (see Methods).
e Approximations of the values for kon and koff were derived as described in Methods and represent the averages of 8–10 independent

experiments. Error bars represent standard errors derived by propagating the SEM values of the time and amplitude constants.
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channel fast inactivation in a length-dependent man-
ner, as predicted by a “ball and chain” mechanism
involving entropic chains.
Concluding Remarks

The results reported here provide direct evidence for
the analogy between the Shaker Kv channel fast
inactivation and clustering “ball and chain” mecha-
nisms. Both native spliced variant fast inactivation and
clustering “chains” can replace their counterpart
“chains,” when attached to the appropriate “ball.”
Specifically, the affinity of the clustering “ball”-bearing
inactivation chains to PSD-95 presents the expected
linear dependence on “chain” length (Fig. 3a), as
brought about by changes in the association rate
constant alone (Fig. 3b–c) [24]. Furthermore, the
inactivation “chains” adhere to the expected power
law dependence of the rate constants for channel-
PSD-95 binding on chain length, implying that the
inactivation chains, like their clustering counterparts,
also time complex formation (Fig. 3d). In the context of
the full-length channel, the inactivation “chains” also
support PSD-95-mediated Shaker channel clustering
(Fig. 4) in a length-dependent manner (Fig. 5). At the
same time, the clustering “chains” support fast N-type
channel inactivation in a length-dependent manner
when attached to an inactivation “ball,” again as
predicted by the “ball and chain” mechanism. Specif-
ically, the scaled entry into inactivation rate constant
(kon) of the clustering “chains” adheres to the power
law dependence on “chain” length difference (Fig. 6d)
with a value close to 3/2 obtained using all inactivation
and clustering “chains.”
Taken together, our clustering and inactivation

measurements using native inactivation or clustering
“chains,” respectively, are in line with those obtained
using artificially deleted “chains,” with both sets of
measurements revealing “random walk”-based,
length-dependent binding kinetics. Both mechanisms
involve entropic “chains” that do not fold upon binding
and only provide the necessary degrees of freedom
needed to reach the “ball” receptor site. Furthermore,
for both the inactivation and PSD-95 binding process-
es, whether measured using native or artificial
“chains,” invariance between the corresponding for-
ward and backwards rate constants is observed (Figs.
3c and 6c herein and Fig. 2d of Ref. [20], respectively),
thus exhibiting the expected thermodynamic signature
of a “ball and chain” binding mechanism [24]. The
analogy between the N- and C-terminal-based “ball
and chain” mechanisms is further strengthened if one
considers that PSD-95 is a priori membrane-
associated due to its palmitoylation [33], as well as
the observation that the onset of Kv channel fast (N-
type) inactivation occurs in a similar manner when the
“ball and chain” sequence is carried on the auxiliary β
subunit of the channel with which it interacts, and not
on the channel itself [34]. Considering this latter
variation on the fast inactivation theme argues that
both the scaffold protein-binding and the inactivation
channel processes are indeed timed by entropic
chains that operate according to a similar “ball and
chain” mechanism.
Methods

Molecular biology and protein expression and
purification

The PSD-95 protein used in the current study is the
Drosophila S97 variant. Cloning of sequences encod-
ing the short and long native N-terminal inactivation
“chain” variants fused to the 6-amino-acid-long termi-
nal PDZ-binding motif clustering “ball” (IS and IL) or the
CL

R chain into the His-tag-encoding pHis parallel
vector was performed as described previously [20].
The long inactivation “chain” also included the
unstructured linker up to the T1 domain. This allows
for an appropriate “chain” length span for the in vitro
binding analysis (SI Fig. 1). Chimeric channel
construction was performed by restriction-free clon-
ing using the Phusion polymerase (NEB). For
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protein clustering analysis, DNA encoding the full-
length wild-type or chimeric Shaker Kv channel
variants was cloned into the Drosophila pUAST
vector carrying the reading frame of the mCherry
fluorescent protein marker. For channel fast inacti-
vation measurements, DNA encoding the full-length
wild-type or chimeric Shaker Kv channel variants
was cloned into the pRAT vector. All constructs were
verified by sequencing. mRNA for wild-type or
chimeric channel was synthesized using T7 RNA
polymerase, as previously described [20]. Expres-
sion and purification of IS and IL, CL

R, PDZ1,2, and
PDZ2 were performed as previously described [20],
as were that of the CL and CS native clustering
chains.

Disorder prediction

The intrinsic disorder tendencies of the IS and IL
fusion “chains” were calculated using the Foldindex
disorder predictor (http://bip.weizmann.ac.il/fldbin/
findex) [29] based on the mean net charge and
hydrophobic properties of the sequence [35]. Predic-
tions were further verified using other servers.

Size exclusion chromatography

For Stokes radius determination, gel filtration of IS or
IL and standardmolecular weight marker proteins was
performed on an analytic size exclusion column
(Superdex 200, 10/300), as previously described [20].

Analytical ultracentrifugation

Equilibrium ultracentrifugation experiments were
performed using a Beckman XL-A ultracentrifuge with
an An60 Ti rotor at 20 °C, as previously described [20].
A concentrated sample of either IS, IL, or CL

R was
preparedanddiluted 1:2 and1:3with appropriate buffer
to generate final protein solutions of approximately 15,
31, and 63 μM, which were loaded into a six-sector cell
and spun at rotor speeds of 19,000 and 21,000 rpm.
Data were collected at each speed for each protein
concentration (c) at 230, 260, 280, and 320 nm and
analyzed using the following equation: M = [2RT/(1 −
ϋ)ρω2][(∂ ln(c))/∂ r2], with ϋ set at 0.73 cm3 g−1 and ρ at
1.012 g cm−1, as calculated using Ultrascan software
(http://www.ultrascan.uthscsa.edu) [20].

Circular dichroism spectroscopy

Circular dichroism (CD) wavelength scan measure-
ments were recorded on a Jasco J-815 model CD
spectrometer. All CD spectra were recorded in 10 mM
NaCl and 5 mM Tris–HCl (pH 8) with a bandwidth of
2 nm and an averaging time of 1 s. Far-UV spectra
were recorded at room temperature using a 1-mm
cuvette and IS and IL protein concentrations of
0.25 mg/ml. Each spectrum presented is derived
from 10 independent spectra, averaged and baseline-
corrected for the contribution of the sample buffer.

1H-NMR spectroscopy

NMR spectra of the IS and IL proteins were recorded
in a 95% H2O/5% D2O solvent mixture. Data were
acquired on a Bruker 500 MHz spectrometer and
analyzed with Bruker XWINNMR software. 1D-1H-
NMR spectra were collected at room temperature, and
water suppression was achieved using the
WATERGATE sequence. Resolution enhancement
was achieved by application of a sine-square window
function to the free induction decay.

Pull-down analysis

A batch mode pull-down experimental setup was
used to analyze isolated channel “chain” binding to
PSD-95 PDZ12 domains. Briefly, Ni2+ bead-attached
long and short native inactivation or clustering “chains”
(i.e., IS, IL, CS CL, or CL

R), each harboring the terminal
PDZ-binding motif (SIETDV), were challenged with a
PDZ12-containing PSD-95 protein fragment. The
amount of PDZ12 captured in eachcasewas evaluated
by SDS-PAGE. Densitometry analysis of the PDZ12
elution bands was performed as previously described
[20]. The experiment was repeated for 3–5 times. The
differences in the amounts of PDZ12 captured by each
native chain (relative to what was captured by a
reference wild-type chain) were averaged and the
SEM values are reported. Statistical significance of
these differences was judged using the Student's t test
with Bonferroni correction for multiple comparisons
[36] and assuming a p value smaller than 0.01 to reject
the null hypothesis.
SPR analysis

SPR was performed using a ProteOn XPR36
instrument (BioRad), as previously described.
Briefly, a PDZ2 PSD-95 protein fragment was bound
to a mass-sensitive GLC chip by passing a solution of
50 μM PDZ2 protein (1 μg in total) in PBST buffer
(pH 7.4) over the chip at a flow rate of 100 μl/min.
Following binding and washing, different concentra-
tions (0–50nM) of the native inactivation and clustering
“chain” proteins in the same buffer were allowed to
flow over the chip. PDZ2-tail binding experiments
were repeated 3–5 times at 25 °C.

Cell culture and transformation of Drosophila
Schneider cells

Schneider cells (S2R+) were cultured in Drosophila
Schneider cell medium (Biolabs Industries, Israel)
containing 10% fetal bovine serum (Biolabs Industries)
and the antibiotics penicillin (0.1 mg/ml), streptomycin
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(10 mg/ml), and 0.025 mg/ml amphotericin B solution
(1:100; Biolabs Industries). Cells were maintained at
25 °C under a normal atmosphere. For transient
transfections, 1 × 106–4 × 106 cells were cultured in
12-well culture plates for 24 h and transfectedwith 4 μg
of either plasmid pUAST-mCherry-Channel or plasmid
pUAST-PSD95-GFP or with 4 μg of both in co-
transfection experiments, using the TransIT transfec-
tion reagent (Mirus). Expression of all pUAST
constructs was driven by co-transfection with an
actin-Gal4-encoding plasmid. Transfected cells were
cultured for 24 h in Drosophilamedium and fixed 24–
48 h later using a fixation reagent.

Confocal microscopy surface expression and
clustering analyses

Assessment of membrane surface expression and
clustering of wild-type or chimeric Kv channel variants
was performed essentially as previously described
[20]. Briefly, the ILCS and ILCL, wild-type channels
and the ILIL, ILIS and ILCL

R chimeric channel variants
were expressed by transfectingDrosophilaSchneider
cells with pUAST-mCherry-wt or chimeric channel
fusion plasmids either alone or with the pUAST-GFP-
PSD-95 fusion plasmid, as previously described [20].
For examining channel clustering, the cells were fixed
with 4% formaldehyde (Sigma) in PBS for 15 min
and then washed and mounted in 50% glycerol.
Detection of fusion channel and PSD-95 proteins was
performed bymeasuring the respective red and green
fluorescence signals. Images were taken at
the equatorial focus plane, such that the nucleus
exhibited its longest dimension, using a LSM510
Zeiss confocal microscope. Images of mCherry-
labeled native ILCS and ILCL channels or their ILIL
and ILIS C-terminal chimeric inactivation counterparts,
either alone or together with a PSD-95-GFP fusion
protein are presented in Fig. 4.

Channel clustering metrics

Channel clustering metrics at the whole-channel
level were evaluated by monitoring the co-localization
pattern of the channel and PSD-95 proteins at the
plasma membrane of Schneider cells using the latest
version of the Photoshop software (Adobe CS6
extended version) that includes an image processing
measurements module. Briefly, the co-localization
yellow signal of the merged images of ~12 different
cells was evaluated in the plasma membrane by
sampling the yellow-marked membrane clusters signal
followed by use of the “Grow” and “Similar” select
commands until all membrane clusters were selected
and their boundaries exactly defined.Measurements of
the area and perimeter of all marked clusters were then
automatically recorded. The analysis above was
repeated, in a blind manner, yielding similar results to
those reported here.
To test whether cluster area size (a dependent
variable) differed between the different channel vari-
ants (an independent variable), a generalized linear
model analysis was performed with Gamma distribu-
tion assumed for the cluster area size variable and log
link function between the linear predictor and themean
of the distribution function, given how the variant
cluster area size distributions appear non-normal. The
Wald χ2 testwas used to examined the null hypothesis
that the mean cluster area sizes of the different
channel variants are the same. Rejection of the null
hypothesis was made based on p values smaller than
0.001. To examine whether the shape of the different
channel cluster area size distributions differed, the
Kolmogorov–Smirnov non-parametric test was
employed with sequential Bonferroni correction ap-
plied [36].

Electrophysiology

K+ currents were recorded from the wild-type or
chimeric channels under conditions of two-electrode
voltage clamp (OC725B, Warner Instruments)
1–3 days after injecting either wild-type or chimeric
channel variant mRNA (50 ng), respectively, as
described previously [20]. Fast inactivation gating
measurements were performed in a bath solution
containing (in mM): 93 NaCl, 2.5 KCl, 1 MgCl2, 0.3
CaCl2, and 5 Hepes (pH) 7.4. For assessing the
contribution of slow (C-type) inactivation, an external
potassium concentration of 160 mM was used.
Oocytes were held at a resting membrane voltage of
−110 mV, and K+ currents were elicited upon various
depolarizing steps ranging from −20 to +50 mV,
followed by step repolarization to the holding
membrane voltage. All experiments were conducted
at 16 °C.

Data analysis

SPR sensograms were globally fitted to a two-step
protein–protein association model involving encoun-
ter complex formation, followed by a rearrangement
step at the binding interface (induced fit) [30]. This
model was found to adequately describe the
association kinetics of PSD-95 PDZ domain binding
to its peptide ligands [20]. For each channel tail-PDZ
pair, adequacy of the global fit was judged based on
a χ2/Rmax value smaller than 10%, as commonly
accepted. In all cases, the equilibrium constant for the
rearrangement step was found to be invariant of chain
length, as expected when such isomerization reflects a
binding site rearrangement transition. Inactivation
kinetics were analyzed using a double-exponential
function to yield the amplitude (A) and time constant (τ)
for both the fast and slow components of the
inactivation reaction [31,32]. As in other studies, only
the fast component of the inactivation process
was considered, as it is the major component
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typically responsible for more than 85% of the current
amplitude.
Values for the forward and backward inactivation

rate constants (kon and koff, respectively), corre-
sponding to the major component of the fast
inactivation gating transition, were calculated using
the inactivation time constant (τ = 1/(kon+koff)) and
the normalized steady-state amplitude factor (Ass =
Iss/Ipeak = koff/(kon + koff), where Iss and Ipeak are the
respective steady-state andpeak current levels. These
values are reasonable approximations for the true
constants, as the contribution of the second phase in
minute. The dependence of the time constant for fast
channel inactivation (fast component) on membrane
voltage was analyzed according to Eq. (1):

τ ¼ 1= k0 exp zFV=RTð Þð Þ ð1Þ
where k0 corresponds to the rate constant for the
inactivation gating transition at 0 mV and z corre-
sponds to the apparent gating charge during the open
to inactivation transition. F, R, and T have their usual
thermodynamic meanings.
The dependence of the normalized forward rate

constant for channel inactivation (kon) or binding to
PSD-95 (ka) on “chain” length difference (ΔN) was
analyzed using a random flight model characteristic of
a “ball and chain” mechanism [20,21] as parameter-
ized by Eq. (2):

k variantð Þ=k wtð Þ ¼ 1þ ΔN=Nð Þ−n ð2Þ
where k(variant) and k(wt) correspond to the respective
rate constants for chimeric or deletion channel variant
and the appropriate wild-type ILCL (ShB) or the ILCS
(ShA) proteins, and N corresponds to “chain” length
and small n to the power law value. In the case of a
pure “ball and chain” mechanism a value of 3/2 is
expected for n.
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