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K* channels are membrane proteins that selectively conduct K* ions
across lipid bilayers. Many voltage-gated K* (Ky) channels contain
two gates, one at the bundle crossing on the intracellular side of the
membrane and another in the selectivity filter. The gate at the bun-
dle crossing is responsible for channel opening in response to a
voltage stimulus, whereas the gate at the selectivity filter is respon-
sible for C-type inactivation. Together, these regions determine
when the channel conducts ions. The K* channel from Streptomyces
lividians (KcsA) undergoes an inactivation process that is function-
ally similar to Ky channels, which has led to its use as a practical
system to study inactivation. Crystal structures of KcsA channels
with an open intracellular gate revealed a selectivity filter in a con-
stricted conformation similar to the structure observed in closed
KcsA containing only Na* or low [K*]. However, recent work using
a semisynthetic channel that is unable to adopt a constricted filter
but inactivates like WT channels challenges this idea. In this study,
we measured the equilibrium ion-binding properties of channels
with conductive, inactivated, and constricted filters using isothermal
titration calorimetry (ITC). EPR spectroscopy was used to determine
the state of the intracellular gate of the channel, which we found
can depend on the presence or absence of a lipid bilayer. Overall,
we discovered that K* ion binding to channels with an inactivated
or conductive selectivity filter is different from K* ion binding to
channels with a constricted filter, suggesting that the structures of
these channels are different.

K* channel | ion binding | inactivation | isothermal titration calorimetry |
electron paramagnetic resonance spectroscopy

K+ channels are found in all three domains of life, where they
selectively conduct K* ions across cell membranes. Specific
stimuli trigger the activation of K* channels, which results in a
hinged movement of the inner helix bundle (1-7). This opening
on the intracellular side of the membrane initiates ion conduc-
tion across the membrane by allowing ions to enter into the
channel. After a period, many channels spontaneously inactivate
to attenuate the response (8-17). The inactivation process is a
timer that terminates the flow of ions in the presence of an ac-
tivator to help shape the response of the system. Two dominant
types of inactivation have been characterized in voltage-dependent
channels: N-type and C-type (18). N-type inactivation is fast and
involves an N-terminal positively charged “ball” physically plugging
the pore of the channel when the membrane is depolarized. C-type
inactivation, on the other hand, is a slower process involving a
conformational change in the selectivity filter that is initiated by
a functional link between the intracellular gate and the selectivity
filter (10, 19).

Several experimental observations indicate a role for the selec-
tivity filter in C-type inactivation. First, mutations in and around
the selectivity filter can alter the kinetics of inactivation (20-23).
Second, increasing concentrations of extracellular K* jons decrease
the rate of inactivation, as if the ions are stabilizing the conductive
conformation of the channel to prevent a conformational change in
the selectivity filter (14, 16, 17, 22). Finally, a loss of selectivity of
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K* over Na™* has been observed during the inactivation process in
Shaker channels, suggesting a role for the selectivity filter (24, 25).
Together, these data indicate that channels in their inactivated and
conductive conformations interact with K* ions differently, and
suggest that C-type inactivation involves a conformational change
in the selectivity filter. Although several structures of K* channels
in their conductive state have been solved using X-ray crystallog-
raphy, there is at present no universally accepted model for the
C-type inactivated channel (1, 3-5, 9, 19, 26-28) (Fig. 1B).

Inactivation in the K channel from Streptomyces lividians
(KcsA) has many of the same functional properties of C-type
inactivation, which has made it a model to understand its
structural features (20). KcsA channels transition from their
closed to open gate upon changing the intracellular pH from
high to low (Fig. 14). The rapid flux of ions through the channel
is then attenuated by channel inactivation, where most open WT
channels are not conducting, suggesting that crystal structures of
open KcsA channels would reveal the inactivated channel. In
some crystal structures of truncated WT KcsA solved with an
open gate, the selectivity filter appears in the constricted confor-
mation, similar to the conformation observed in structures of the
KcsA channel determined in the presence of only Na™ ions or low
concentrations of K* ions (3, 10, 29, 30) (Fig. 1B). Solid-state and
solution NMR also indicate that the selectivity filter of the KcsA
channel is in the constricted conformation when the cytoplasmic
gate is open (31-33).

However, a recently published study shows that even when the
constricted conformation of KcsA’s selectivity filter is prevented by
a nonnatural amino acid substitution, the channel inactivates like
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Fig. 1. Macroscopic recordings and structural models of KcsA K* channel.

(A) Macroscopic currents of WT KcsA obtained by a pH jump from pH 8 to
pH 4 reveal channel inactivation. Two models representing the conforma-
tion of the channel are shown below. (B) Conductive [Left, Protein Data
Bank (PDB) ID code 1K4C] and constricted (Right, PDB ID code 1K4D) con-
formations of the selectivity filter are shown as sticks, and the ion-binding
sites are indicated with green spheres. The thermodynamic properties of the
conductive, constricted, and inactivated (Middle) conformations are the
subject of this study.

WT channels, suggesting the constricted filter does not correspond
to the functionally observed inactivation in KcsA (28). In this study,
we use isothermal titration calorimetry (ITC) to quantify the ion-
binding properties of WT and mutant KcsA K* channels with their
selectivity filters in different conformations and EPR spectroscopy
to determine the conformation of the channels’ intracellular gates.
A comparison of these ion-binding properties leads us to conclude
that the conductive and inactivated filters are energetically more
similar to each other than the constricted and inactivated filters.

Results

lon Binding to Open KcsA Channels. Electrophysiology experiments
demonstrate that KcsA is closed at pH 8 and that shifting the in-
tracellular pH to pH 4 opens the intracellular gate of the channel
(34, 35). These open channels then inactivate, reaching a current
level that is <10% of the maximum, suggesting that most channels
with an open intracellular gate are inactivated at equilibrium (20)
(Fig. 14). To measure the ion-binding properties of open channels,
we initially examined two C-terminally truncated KcsA chan-
nels containing mutations, H25R-E118A-E120A (OM1-AC) and
H25Q-E118" (OM2-AC), that are open at pH 8 in the lipid bilayer
(36, 37). The ITC experiment consisted of titrating a solution
containing K* ions into an ITC chamber, with appropriate KcsA
channels solubilized in #-decyl-p-p-maltopyranoside (DM) micelles
and 100 mM NaCl at pH 8 (Fig. 24, Fig. S1, and Table S1). The
integrated heat change from each injection was fit to a binding
isotherm to reveal apparent K, values of 0.16 mM and 0.13 mM for
OMI1-AC and OM2-AC, respectively, which is similar to the ap-
parent K4 value for WT-AC of 0.15 mM (38). Because these ap-
parent Ky values reflect the competition between Na* and K* in
the chamber, we varied the concentration of Na' ions in the
chamber to obtain the K* ion affinity in the absence of Na™ ions
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(29, 38, 39). The apparent Ky values were then fit to a competition
equation to obtain K4(K*) (Fig. 2B), which is similar for the three
channels (Table S2). This similarity was unexpected because the
cytoplasmic gate in the OM1-AC and OM2-AC channels is
presumably open at pH 8, which puts their selectivity filters in the
inactivated conformation, whereas the cytoplasmic gate in the
WT-AC channels is presumably closed, with their selectivity filters
in the conductive conformation. The similar K4(K*) values for these
channels suggests that I'TC is insensitive to changes in the inacti-
vated and conductive filter conformations or that the intracellular
gates are in different conformations in the electrophysiological
studies (in lipid bilayers) and ITC measurements (in detergent).

Different Conformation of KcsA's Intracellular Gate in Detergent and
Lipid Bilayers. We used EPR spectroscopy to determine the state of
the intracellular gate of WT and mutant KcsA channels under the
conditions of the ITC experiment. The KcsA channels were la-
beled with a spin probe near the bottom of the second trans-
membrane helix (using a Cys substitution at G116) that has been
previously used to determine the state of the intracellular gate (20,
40, 41) (Fig. 34). The resulting spectra show that full-length WT
KcsA (WT-FL) is closed in liposomes at pH 7.5 and open at pH
3.5, consistent with previously published experiments (6) (Fig. 34).
Similar to full-length KcsA, WT-AC in liposomes is also closed at
pH 7.5 and open at pH 3.5 (Fig. 3B). Unexpectedly, we found that
WT-AC in DM detergent at pH 7.5 showed an EPR spectrum
closer to an open rather than a closed intracellular gate (Fig. 3C);
replacing the lipid membrane around WT-AC channels with DM
detergent appears to shift the equilibrium of the intracellular gate
to favor the open conformation. Not surprisingly, the EPR spectra
of the OM1-AC and OM2-AC channels both show that the in-
tracellular gate is open in DM detergent at pH 7.5 (Fig. 3C). The
similar conformation of the intracellular gate of the WT-AC,
OMI1-AC, and OM2-AC channels can explain the similar behavior
of these channels in ion-binding experiments. Electrophysiological
recordings of KcsA show that WT channels with an open in-
tracellular gate primarily have an inactivated selectivity filter (20)
(Fig. 14). Therefore, we conclude that the ion-binding properties
for WT-AC at pH 8 are from channels with an open-gate, inac-
tivated filter and not a closed gate, conductive filter as we had
proposed previously (9, 28, 29, 38).
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Fig. 2. lon binding to WT and mutant KcsA channels measured at pH 8.
(A, Top) Thermogram of OM1-AC titrated with KCl in the presence of 100 mM
NaCl. (A, Bottom) Integrated heat from each injection is fit to a single ion-
binding function to obtain the apparent Ky. (B) Apparent K* Ky values (Table
S3) are plotted as a function of Na* concentration in the ITC chamber, and are
fit to a competition function to obtain Ky4(K*). The mean and SD of three or
more experiments are shown.
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Fig. 3. Continuous wave-EPR spectra of KcsA channels. Spin-labeled spectra of
WT-FL (A), WT-AC, OM1-AC, and OM2-AC obtained in lipids (B) and DM de-
tergent (C) at pH 7.5 and pH 3.5. All spectra are compared with WT-FL in lipids
at pH 3.5. Spin labels were attached to the gating-sensitive G116 position of the
channels as shown in A.

lon Binding to KcsA Channels with Conductive or Partially Conductive
Selectivity Filters. We used two different approaches to measure
ion binding to KcsA channels with selectivity filters in the con-
ductive or partially conductive conformation. First, as was shown
previously, both E71C-FL and R64A-FL channels have reduced
inactivation in electrophysiology experiments (Fig. 44, Fig. S2C,
and Table S3); therefore, their selectivity filters are in a mixture
of conductive and inactivated conformations when the intracel-
lular gate is open (8, 20). Because C-terminally truncated KcsA
channels are open in detergent at pH 8 (Fig. 3), we expect ITC
measurements of AC channels to have a mixture of conductive
and inactivated selectivity filters. K* ion binding to the E71C-AC
mutant channel in 100 mM NaCl has an apparent K4 of 0.10 mM
(Fig. S34). The K4(K*) was determined by measuring the ap-
parent K* affinity at different Na* concentrations in the ITC
chamber, to yield a Ky of 83 uM (Fig. 4B). The K4(K") was
similar for R64A-AC, with a value of 54 uM (Fig. S2B).

The second approach that was used to obtain channels in their
conductive conformation is predicated on the EPR result (Fig.
3A) that full-length KcsA in lipid membranes and detergent is
closed at pH 8. Because crystal structures of closed KcsA have a
conductive filter in K* solutions, the selectivity filter of the full-
length KcsA in detergent should also be in its conductive con-
formation (1, 3, 6). K* ion binding to full-length KcsA at various
concentrations of Na* ions in solution yielded a Ky of 67 pM
(Fig. 4C), close to the E71C-AC and R64A-AC mutant channels’
K* affinities. Using these two approaches, we find that KcsA
channels with conductive or partially conductive filters have
K4(K*) values that are very similar to one another (Table S2).

lon Binding to Mutant Channels with Constricted Filters. We next
compared the K* ion-binding properties of the constricted filter,
which was previously proposed to be the structure of an inacti-
vated filter. Two approaches were used to trap and quantify the
K* K4 of a constricted filter. First, we determined the K4(K") of
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the M96V-AC mutant channel, which was shown to remain in
the constricted conformation even at high [K*] in the crystal (29)
(Fig. 54). The apparent K, for ion binding to the M96V-AC
channel is much higher than in other channels under the same
conditions, so the concentration of competing NaCl was lowered
to capture ion binding reliably. The apparent Ky values were fit
to a competition equation to reveal a 350 pM affinity, which is
significantly lower than the inactivated WT channel (Fig. 5B and
Fig. S4A4).

Second, the K* affinity was measured in WT-AC channels at
pH 4, where channels are in their constricted conformation (9, 32, 33).
A fit to the integrated heat from the thermogram reveals an ap-
parent K4 of 3.1 mM in 100 mM NaCl, which is significantly lower
than the apparent K* affinity of WT-AC at pH 8 (Kyq = 0.15 mM)
(Fig. 5C and Fig. S4B). However, the low affinity of this reaction
reduced the reliability of the apparent Ky values determined at
higher Na* concentrations, which were used to determine the
K4(K"). Therefore, we took an alternative approach to obtain
K4(Na*), which could then be used to calculate the K4(K*) from
the apparent K4(K*). Rb" ions are similar to K* ions in size, charge
density, occupancy in KcsA’s selectivity filter, and permeability
through KcsA K* channels (30, 42). We found that Rb* binds to
KecsA at pH 4 with a higher affinity (K4 = 0.42 mM) than K* ions
(Fig. S4C), allowing us to obtain K4(Rb*) and K4(Na*) by mea-
suring the apparent affinity over a range of concentration of Na™
ions (Fig. 5C). Because the binding reactions of both K* and Rb*
begin from the same Na*-bound protein, the value of Ky(Na*) was
used to calculate Kg(K*) = 350 + 100 pM from the apparent K* Ky
of 3.1 mM measured in 100 mM NaCl.

The significant difference in the K* ion-binding properties of the
constricted filter determined using two different approaches and
the filter of inactivated WT-AC channels suggest that the confor-
mations of the selectivity filters of these channels are distinct from
one another. By comparison, the K* affinities [K4(K")] for chan-
nels in the inactivated and conductive conformations are similar to
one another (Fig. 6 and Table S2).
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Fig. 4. lon binding to KcsA channels in their conductive conformation.

(A) Macroscopic currents of WT-FL and E71C-AC mutant KcsA obtained by a
pH jump from pH 8 to pH 4 reveal different degrees of inactivation. The
current traces were normalized to the peak current. (B and C) Apparent Ky
values (Table S3) determined from isotherms (Fig. S3) are plotted as a function
of Na* concentration. The apparent K* Ky values of E71C-AC and WT-FL are fit
to the competition function to obtain K4(K*). The mean and SD of three or
more experiments are shown.
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Fig. 5.

lon binding to KcsA channels with a constricted filter. (A) Selectivity filter of the M96V-AC mutant KcsA channel in a constricted conformation (PDB ID

code 2NLJ). (B and C) Apparent ion Ky values determined from isotherms (Fig. S4) are plotted as a function of Na* concentration. (B) Apparent K* K4 values (Table
S3) for M96V-AC at pH 8 are fit to the competition function to obtain K4(K*). (C) Apparent Rb* K4 values (Table S3) for WT-AC at pH 4 are fit to the competition
function to obtain Ky4(Na*). K4(Na™) is used to calculate K4(K*) from the apparent K* K4 values in 100 mM NaCl. The mean and SD of three or more experiments

are shown.

Discussion

C-type inactivation in voltage-dependent K* channels and de-
sensitization in ligand-dependent channels are important physi-
ological processes that arrest the flow of ions while the channel
gate is open. The KcsA K* channel inactivates with many of the
characteristics of C-type inactivation in voltage-gated K* (Ky)
channels, and so it has become a model system to study this
process (20). Although many different approaches have been used
to trap and characterize the structure of the selectivity filter of an
inactivated channel, there is still considerable debate on whether
the constricted filter first observed in low [K*] is the structure of an
inactivated filter characterized by electrophysiology (3, 10, 19, 28,
31-33). Here, we measured the ion-binding properties of open
KcsA channels with their selectivity filters in the conductive, con-
stricted, or inactivated state to ask which conformations, from a
thermodynamic point of view, are most similar to one another
(Figs. 1B and 6).

Although several structures of conductive and constricted filters
are known, the conformation of an inactivated filter is still un-
known. The equilibrium K* binding constants reported here can be
classified into two groups (Fig. 6). The first group has high Ky
values and is likely in a constricted conformation based on crystal
structures. Channels in the second group have a conductive filter
(WT-FL), an inactivated filter (WT-AC), or a combination of both
(E71A-AC and R64A-AC). A structural interpretation of the dif-
ferent binding constants is challenging because of both the classic
issue with interpreting mechanisms from thermodynamic data and
the binding isotherms fitting well to a single-ion process when the
selectivity filter is a known multiple ion-queue. This discrepancy
suggests that either one ion-binding event in the selectivity filter has
a very low Ky, such that we are primarily observing this signal in our
measurements, or that multiple ion-binding sites have similar af-
finities across the filter that are not discrete events at the resolution
of our experiments. The similar K* binding constant between the
inactivated and conductive filters suggests that there is either no
structural or energetic change in the highest affinity K* binding site
or that the change is significantly small, such that the average
binding constants across the filter are similar. By contrast, the dif-
ferent K* K values from the two groups suggest that one or more
K" ion-binding sites in the constricted and inactivated filters are
significantly different, from which we conclude that the constricted
and inactivated filters are structurally not the same.

Previously published structural and functional data support our
conclusion that the constricted conformation of the selectivity
filter in KcsA is not the inactivated conformation. First, the se-
lectivity filter in structures of open K* channels (KyAP, MthK,
Ky1.2, and Kychimera) are all found in their conductive confor-
mation but should be in an inactivated conformation, given the
state of their intracellular gate (2, 5, 26, 43). Second, if the con-
stricted conformation in KcsA is the inactivated state, then
structures of other K* channels in Na™ should adopt a constricted
conformation. The high-resolution structure of MthK in Na®
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alone is in a conductive conformation, which superimposes well
onto the K*-bound structure (44). Finally, the D-Ala mutation at
G77 in KcsA prevents the channel from adopting a constricted
conformation, but this channel has the same inactivation proper-
ties as WT channels (28).

However, the constricted conformation is observed in crystal
structures of open KcsA channels obtained through deep trun-
cations. The crystallography and spectroscopy measurements
suggest a correlation between the magnitude of channel opening
and the conformation of the selectivity filter (9, 31). The largest
opening corresponds to a constricted conformation, whereas a less
open channel (but one open enough to pass ions) corresponds to
the conductive conformation. KcsA in detergent is able to open
more than KcsA in lipid bilayers, suggesting that the gating-
induced constricted filter may lie outside of the spectrum of con-
formations adopted during typical electrophysiology experiments
including channel inactivation (31).

If the constricted conformation is not the inactivated struc-
ture, as our data suggest, then the structure of an inactivated
channel is still not known. Elucidating the structural changes in
the selectivity filter during inactivation may be challenging. In-
activation could involve an asymmetrical conformational change
in the selectivity filter, whose signal might be averaged out in
crystallographic and spectroscopic studies. Additionally, small
changes in the selectivity filter may be sufficient to erect a barrier
for ions rapidly crossing the membrane. These changes may be
difficult to discern even in high-resolution crystal structures.

During the course of this study, we discovered that WT-AC is
open at pH 8 in detergent but closed in lipid vesicles. The expec-
tation from crystal structures and electrophysiology experiments
was that the channel would be closed, leading us to conclude that

500
400
300

200

Ky(K") (uM)

100

WT M98V WT R64A E71CWT-FL
pH 4 pH 8

Fig. 6. Comparison of K4(K*) obtained from KcsA channels in detergent
micelles. The channels are grouped by the likely conformation of their se-
lectivity filter based on a combination of crystal structures of the channel,
the functional state of the channel in electrophysiology experiments, and
EPR measurements of the intracellular gate. Black bars are channels with a
constricted filter, and gray bars are channels with either a conductive or
inactivated filter. Channels are C-terminally truncated, except WT-FL.
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crystallization conditions or the presence of the lipid bilayer can
shift the equilibrium of the intracellular gate. The influence of the
lipid bilayer is not unexpected, because lipids are known to be
critical in the purification, crystallization, and function of some
membrane proteins, presumably by stabilizing specific conforma-
tions of the protein (2, 45-50). However, crystal structures of KcsA
were all solved in detergent, so why were the channels not in an
open conformation? One possible explanation is that the crystal
contacts inhibited their ability to open (36). The crystal structure of
the deep truncations eliminated direct contacts with neighboring
molecules, resulting in some open channels (10). This study further
highlights the need to compare the functional and structural
properties of membrane proteins in detergent and lipid mem-
branes to understand how a protein’s local environment influences
its function.
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Materials and Methods

KcsA channels were expressed and purified from Escherichia coli as previously
described (28, 38). ITC was used to measure ion binding to KcsA channels in
DM detergent at different concentrations of NaCl (38). EPR was performed
with KcsA embedded into either soybean polar lipid vesicles or DM detergent
after labeling the channel with a spin probe on position G116C (40). KcsA
channels were reconstituted into soybean polar lipids, and electrophysiology
measurements of channel inactivation were measured using a giant liposome
patch clamp (28). A more detailed description of the materials and methods
can be found in S/ Materials and Methods.
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