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SUMMARY

The selectivity filter of K* channels contains four ion
binding sites (S1-S4) and serves dual functions of
discriminating K* from Na* and acting as a gate dur-
ing C-type inactivation. C-type inactivation is modu-
lated by ion binding to the selectivity filter sites, but
the underlying mechanism is not known. Here we
evaluate how the ion binding sites in the selectivity
filter of the KcsA channel participate in C-type inacti-
vation and in recovery from inactivation. We use un-
natural amide-to-ester substitutions in the protein
backbone to manipulate the S1-S3 sites and a
side-chain substitution to perturb the S4 site. We
develop an improved semisynthetic approach for
generating these amide-to-ester substitutions in the
selectivity filter. Our combined electrophysiological
and X-ray crystallographic analysis of the selectivity
filter mutants show that the ion binding sites play
specific roles during inactivation and provide in-
sights into the structural changes at the selectivity
filter during C-type inactivation.

INTRODUCTION

K* channels play important roles in essential cellular processes
such as the maintenance of the resting membrane potential,
the excitation of nerve and muscle cells, the secretion of
hormones, and sensory transduction (Hille, 2001). Important
for the physiological function of K* channels is their ability to
selectively conduct K* (Hille, 2001). The ion conduction
pathway in a K* channel is contained within the pore domain
whose topology is conserved in the K" channel family (Fig-
ure 1A) (MacKinnon et al., 1998). Selection for K* takes place
in the narrow region of the ion pathway referred to as the selec-
tivity filter (MiacKinnon, 2004). The selectivity filter consists of a
row of four K* binding sites that are built using the main chain
carbonyl oxygen atoms and the threonine side chain from the
protein sequence T-V-G-Y-G (Figure 1B) (Doyle et al., 1998;
Zhou et al., 2001). This sequence is highly conserved in K*
channels, and known structures of K* channels show a similar
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structure for the selectivity filter (Jiang et al., 2003; Long et al.,
2007; Tao et al., 2009).

In addition to determining K* selectivity, the selectivity filter
acts as a gate to regulate the flow of ions (Hoshi and Armstrong,
2013; Kurata and Fedida, 2006; McCoy and Nimigean, 2012).
This process of gating at the selectivity filter has been extensively
investigated in voltage-gated K* (K,) channels and is referred to
as C-type (or slow) inactivation (Hoshi et al., 1991). During C-type
inactivation, conformational changes at the selectivity filter
convert it from a conductive to a non-conductive state. While
there is a large body of experimental work implicating the selec-
tivity filter in C-type inactivation, the molecular details of the
conformational changes that take place at the selectivity filter
to restrict the movement of ions are not known (Hoshi and Arm-
strong, 2013; Kurata and Fedida, 2006). The movement of ions
through the pore domain is additionally controlled by the activa-
tion gate, which is formed by the bundle crossing of the trans-
membrane helices at the cytoplasmic side of the pore (Figure 1A)
(Jiang et al., 2002; Liu et al., 1997; Perozo et al., 1999). In the
closed state, the bundle crossing obstructs the movement of
K* through the pore (Figure 1C). Channel activation causes a
widening of the helix bundle to permit the flow of K* through
the pore. The process of activation and C-type inactivation are
coupled (Cuello et al., 2010a; Panyi and Deutsch, 2006). The
opening of the activation gate triggers C-type inactivation at
the selectivity filter while the closure of the activation gate is
required for the selectivity filter to recover from the inactivated
state to the conductive state. This balance of the rates of inacti-
vation and recovery determines the number of K* channels avail-
able for subsequent activation and, therefore, determines the
excitability of the cell (Hoshi and Armstrong, 2013).

Gating of ion conduction at the selectivity filter is also
observed in channels that do not belong to the K, family such
as the bacterial K* channel, KcsA. KcsA is a pH-gated channel,
activated by a decrease in intracellular pH that opens the gate at
the bundle crossing (Cuello et al., 1998). Activation of the KcsA
channel results in a rapid increase in current and is followed by
inactivation, during which the current spontaneously decays to
a low steady value (Figure 1D) (Chakrapani et al., 2007; Cor-
dero-Morales et al., 2006a; Gao et al., 2005). Recovery of the
channel from inactivation requires closure of the activation
gate, which takes place for the KcsA channel with a change in
the intracellular pH from acidic to neutral values (Figure 1D)
(Chakrapani et al., 2007). This process of inactivation in the
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KcsA channel is functionally similar to C-type inactivation in K,
channels (Cordero-Morales et al., 2006b, 2007, 2011; Cuello
et al., 2010b). This similarity, combined with the easy amenability
of KcsA to structural and spectroscopic studies, has made it an
important experimental system for the investigation of the pro-
cess of C-type inactivation (Ader et al.,, 2009; Bhate and
McDermott, 2012; Cuello et al., 2010b; Imai et al., 2010).

It has been established that ion binding to the selectivity filter
modulates C-type inactivation, but the underlying mechanism is
not known (Kurata and Fedida, 2006). In this work, we address
how the ion binding sites in the selectivity filter of the KcsA chan-
nel participate in inactivation and recovery from inactivation. Our
approach is to perturb ion binding at specific sites in the filter and
determine the role of each site in inactivation and recovery. The
S1-S3 sites (see Figure 1B for nomenclature) in the selectivity fil-
ter are made up entirely by the carbonyl oxygens of the protein
backbone, and to manipulate these sites we use amide-to-ester
substitutions in the protein backbone (Figure 1E). An ester bond
is isosteric to an amide bond but shows lower electronegativity
at the carbonyl oxygen, by roughly one-half (Powers et al.,
2005). The lower electronegativity at the liganding oxygens leads
to lower ion binding at the site. As the protein backbone is not
accessible to traditional site-directed mutagenesis, we use pro-
tein semisynthesis to introduce the ester substitutions into the

selectivity filter. Semisynthesis is a very powerful approach for
protein engineering as it allows protein modification using chem-
ical synthesis (Muir, 2003). Semisynthesis consists of assembly
of the polypeptide from recombinant and synthetic fragments
using native chemical ligation (NCL), followed by in vitro folding
to the native state. NCL is a coupling reaction between a C-ter-
minal thioester peptide and an N-terminal Cys peptide that re-
sults in linking the peptides with a native peptide bond (Dawson
et al., 1994). Recently, we applied this backbone mutagenesis
approach to alter ion occupancy at the S1 and S2 sites to inves-
tigate their roles in inactivation (Matulef et al., 2013). We found
that decreasing ion occupancy at the S1 site with the G79ester
substitution did not affect the rate of inactivation, while
decreasing occupancy at the S2 site with the Y78ester substitu-
tion nearly eliminated inactivation. We also found that the
G77ester mutation nearly eliminated inactivation. At that time,
technical limitations of the semisynthetic approach prevented
us from generating sufficient yields of the G77ester channel for
structural studies or from generating sufficient yields of the
V76ester for functional or structural studies.

Here, we develop an improved semisynthetic approach for
generating amide-to-ester substitutions in the selectivity filter.
We use this modified semisynthetic approach along with tradi-
tional mutagenesis to alter ion occupancy at all the ion binding
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Figure 2. Modular Semisynthesis of the KcsA V76ester Channel

(A) Strategy for the semisynthesis of the KcsA V76ester channel. The KcsA polypeptide is synthesized from two recombinant peptides (gray; N-peptide thioester,
residues 1-69 and C-peptide, 82-160) and a synthetic pore peptide thioester (red; residues 70-81) by two sequential native chemical ligation reactions. The
V76ester linkage in the pore peptide is indicated by an asterisk. The first ligation reaction between the C-peptide and the pore peptide thioester yields an in-
termediate peptide. The Thz protecting group (green sphere) on the N-terminal cysteine of the intermediate peptide is removed, and the intermediate peptide is
then ligated to the N-peptide thioester to yield the KcsA polypeptide. The KcsA polypeptide is folded in vitro to the native state. The ligation sites, residues 70
and 82, are represented by yellow boxes or spheres.

(B) SDS-PAGE gel (15%) of the first ligation reaction between the C-peptide (C) and the V76ester pore peptide (residues 70-81, with the peptide bond between
residues 75 and 76 replaced with an ester linkage) to form the intermediate peptide (I) at 0 min (lane 1) and 2 hr (lane 2).

(C) SDS-PAGE gel (15%) of the second ligation reaction between the N-peptide thioester (N) and the intermediate peptide to form the KcsA polypeptide (F) at
0 min (lane 1) and 24 hr (lane 2).

(D) SDS-PAGE gel (12%) showing the folding of semisynthetic KcsA by lipids. The unfolded monomeric (M, which corresponds to the KcsA polypeptide) and the
folded tetrameric KcsA (T) are indicated.

(E) Size-exclusion chromatography of the purified V76ester KcsA channel. Inset: SDS-PAGE gel (12%) showing molecular weight markers (lane 1) and the purified

V76ester channel (lane 2).

sites in the selectivity filter. By using a combination of structural
and functional approaches, we determine the roles of the selec-
tivity filter sites in inactivation and in recovery from inactivation.
The distinct roles of the ion binding sites provide insights into
the structural changes at the selectivity filter that underlie
C-type inactivation.

RESULTS

An Optimized Semisynthetic Approach for Introducing
Ester Substitutions in the Selectivity Filter

To alter ion occupancy at the S3 site, we sought to generate the
KcsA V76ester channel in which the 4’ amide bond in the selec-
tivity filter is replaced with an ester linkage. This was a syntheti-
cally challenging endeavor, as the 4 amide bond links two
B-branched amino acids, Thr75 and Val76 (Figure 1B). Forming
an ester linkage between residues with a B-branched side chain
is difficult due to steric hindrance (Kent, 1988). We initially
attempted semisynthesis of the V76ester channel using the pre-
viously reported two-part approach (Matulef et al., 2013; Valiya-
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veetil et al., 2004). For introducing the ester substitution using
semisynthesis, the ester linkage is initially incorporated into a
synthetic peptide, which is then used for the assembly of the
KcsA channel. The two-part semisynthesis calls for the incorpo-
ration of the V76ester linkage into a 55-amino-acid-long peptide.
This approach was not successful as we were not able to synthe-
size the V76ester peptide required in sufficient yields. Next, we
explored using the three-part “modular” semisynthesis (Ko-
marov et al., 2009). In the modular approach, the KcsA channel
is assembled from three peptides: a synthetic peptide thioester
(pore peptide), which encompasses the selectivity filter, and
two recombinant peptides corresponding to the rest of the chan-
nel (Figure 2A). The peptides are coupled together by two
sequential NCL reactions followed by in vitro folding to the native
state. The key advantage of the modular approach is that the
peptide into which the ester linkage has to be incorporated is
relatively short, i.e., 12 amino acids compared with 55 amino
acids for the two-part approach. The shorter length is advanta-
geous in both the synthesis and purification of the ester-contain-
ing peptide.



Figure 3. Functional and Structural Effects
of the V76ester Substitution

(A) Macroscopic currents for the KcsA V76ester
channel were elicited at +80 mV by a rapid change
in pH.

(B) Recovery from inactivation in the V76ester (red
triangles) and the control channel (black circles).
The control channel contains the amino acid
substitutions (S69A, V70C, and Y82C) that are
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For the synthesis of the V76ester pore peptide, we initially at-
tempted to generate the ester linkage between Thr75 and Val76
using the previously published conditions, but obtained
poor yields (Matulef et al., 2013; Valiyaveetil et al., 2006b). To
improve the yields, we tested alternative coupling reagents
and identified COMU (1-[(1-(cyano-2-ethoxy-2-oxoethylid-
eneaminooxy)-dimethylaminomorpholinomethylene)]-methana-
minium-hexafluorophosphate) as the optimal coupling reagent
for introducing the ester linkage (Twibanire and Grindley,
2011). This modification enabled synthesis of the V76ester
pore peptide with good yields. We used the V76ester pore pep-
tide to assemble the KcsA polypeptide by NCL reactions and
folded it to the native tetrameric state using the lipid-based
in vitro folding procedure to obtain the KcsA V76ester channels
(Figures 2B-2D). The KcsA V76ester mutant channels were puri-
fied from the lipid vesicles for functional and structural studies
(Figure 2E). Using our optimized modular approach, we were
able to routinely generate ~0.5 mg of the purified KcsA V76ester
channel. In addition to the V76ester mutant, we used this
modular approach for the assembly of the G79ester and the
G77ester channels in good yields.

Functional and Structural Effects of the V76ester
Substitution in the Selectivity Filter

We incorporated the purified KcsA V76ester channels into
lipid vesicles and used liposome patch clamping to measure
channel activity. Macroscopic currents for the V76ester
channel were elicited by a pH jump from 8.0 to 3.0 on the
cytoplasmic side and showed rapid activation followed by
inactivation (Figure 3A). The rate of inactivation of the V76ester
mutant was slightly slower (~2-fold) compared with the control
channel (Table 1). We used a paired pH pulse protocol to
measure the recovery from inactivation and observed that re-
covery from inactivation was dramatically slower (~30-fold)

b

Recovery Time (s)

present in the semisynthetic channels. Data points
represent the mean + SD from 3-10 patches. The
solid lines are single exponential fits.

(C) Structure of the selectivity filter of the V76ester
channel. The 2F,-F; electron density map con-
toured at 2.8¢ for diagonally opposite subunits is
shown with residues 71-80 represented as sticks
and the K* ions in the filter represented as
spheres.

(D) Superposition of selectivity filter of the wild-
type (blue) and the V76ester channel (red).

40 80 120

in the V76ester mutant than in the con-
trol (Figure 3B and Table 1).
To investigate the effect of the
V76ester substitution on the structure
and ion occupancy in the selectivity filter, we determined the
crystal structure of the V76ester channel. For structure determi-
nation, the V76ester channel was crystallized as a complex with
Fab (Zhou et al., 2001). These attempts yielded crystals that
diffracted to 2.9-A resolution. The structure was determined by
molecular replacement, and the electron density map corre-
sponding to the selectivity filter of the V76ester mutant is shown
(Figure 3C and Table 2). Superposition of the selectivity filters of
the V76ester and the wild-type KcsA channel reveals no appre-
ciable differences in the protein structures (Figure 3D). Unlike the
wild-type KcsA channel, which shows roughly equal ion
occupancy at the four ion binding sites (Figure 1B; Zhou and
MacKinnon, 2003), the V76ester shows no detectable electron
density at the S3 site (Figure 3C), indicating that the V76ester
substitution specifically decreases ion binding to the S3 site.

lon Occupancy at the S3 Site Is Required for Recovery
from Inactivation
To verify that our conclusions on the effect of the V76ester substi-
tution on the structure and ion occupancy were not skewed by the
moderate resolution of the data, we pursued crystals that dif-
fracted to a higher resolution. To this end, we introduced an addi-
tional G77—D-Alanine (dA) substitution, as the KcsA-G77dA
channel readily crystallizes and affords crystals that diffract to a
higher resolution (Valiyaveetil et al., 2006a). Furthermore, the
G77dA substitution does not alter the structure or ion occupancy
of the selectivity filter and, importantly, does not alter that rate of
C-type inactivation or recovery from inactivation (Figures 4A, 4B,
and 4D; Table 1) (Devaranenietal., 2013; Valiyaveetil et al., 2006a).
We synthesized a pore peptide with the V76ester + G77dA
substitutions and used the modular approach for assembly of
the KcsA V76ester + G77dA channel. Functional measurements
on the KcsA V76ester + G77dA channels showed a rate of inac-
tivation that was similar to the wild-type control (or the G77dA
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channel elicited at +80 mV by a rapid change
in pH.

(B) The ion binding sites in the selectivity filter of
the KcsA G77dA channel (PDB: 2IH3). Two
opposite subunits are shown as sticks. Side
chains of V76 and Y78 are omitted for clarity. The
Fo-F¢ electron density (KcsA residues 75-79, K*
ions and lipid omitted) along the central axis of the
selectivity filter contoured at 3.0c is shown. The
one-dimensional plot of the electron density is
shown on the right.

(C) Macroscopic currents for the KcsA V76ester +
G77dA channel elicited at +80 mV by a rapid
change in pH.

(D) Recovery from inactivation in the G77dA (black
triangles) and the V76ester + G77dA channels (red
squares). Data points represent the mean + SD
from 3-6 patches. The solid lines are single
exponential fits.
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channel) while the recovery from inactivation was ~15-fold
slower than the control (Figures 4C and 4D; Table 1). The inacti-
vation properties of the KcsA V76ester + G77dA channel are
therefore qualitatively similar to the V76ester channel.

As anticipated, we were able to obtain structural data to a
higher resolution (2.5 ,5\) with the V76ester + G77dA channel
(Table 2). The electron density of the selectivity filter region is
shown in Figure 4E. A superposition of the selectivity filter of
the V76ester + G77dA channel with the G77dA and the wild-
type KcsA channels is shown in Figure 4F. The structure of the
V76ester + G77dA mutant channel is basically identical to the

754 Structure 24, 750-761, May 3, 2016

0 1.9 tution into the KcsA V76ester Channel
T | T

(A) Macroscopic currents for the KcsA G77dA
40

| (E) Structure of the selectivity filter of the V76ester +
120 G77dA channel. The 2F,-F, electron density map
contoured at 2.8c is shown with residues 71-80 of
the channel represented as sticks and K* ions in
the filter represented as spheres.

(F) Superposition of residues 71-80 of the
V76ester + G77dA channel (red) with the G77dA
(blue, PDB: 2IH3) and the wild-type channels
(gray, PDB: 1K4C).

(G) The ion binding sites in the selectivity filter of
the V76ester + G77dA KcsA channel. The Fo-F.
electron density (KcsA residues 75-79, K* ions
and lipid omitted) contoured at 3.0c is shown
along the central axis of the selectivity filter. The
one-dimensional plot of the electron density is
shown on the right.

80

G77dA channel. Comparison with the
wild-type channel structure shows a slight
rotation of the Y78 side chain, which is
also observed in the G77dA structure.
The electron density corresponding to
K* ions in the selectivity filter shows a
decrease in the electron density at the
S3 site, indicating substantially reduced
ion binding specifically at the S3 site in
the mutant channel (Figure 4G). We
observe a very slight shift (~0.1 ,&) of the
S2 and S4 ions toward the S3 site.

The major effect of the V76ester substitution is to reduce ion
occupancy at the S3 site, and the functional effect is to impair re-
covery from inactivation. Our results therefore suggest that re-
covery from inactivation requires ion occupancy at the S3 site.
Furthermore, we observe a similar effect on inactivation due
to the V76ester substitution in the wild-type or the G77dA
background. The G77dA substitution blocks the selectivity filter
from attaining the constricted or the collapsed state that is
observed for the KcsA channel at low K* concentrations or
with the activation gate in the open state (Cuello et al,
2010b; Devaraneni et al., 2013; Valiyaveetil et al., 2006a; Zhou
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et al,, 2001). These measurements therefore also indicate
that the impaired recovery observed with the V76ester substitu-
tion does not arise from the filter transitioning to the constricted
state.

lon Occupancy at the S2 Site Is Required for Inactivation

The S3 binding site is formed by the carbonyl oxygens of the 3’ and
the 4’ amide bond (Figure 1B). We have previously demonstrated
that the 3’ amide-to-ester substitution (G77ester) impairs the abil-
ity of the channel to undergo C-type inactivation (Matulef et al.,
2013). The 3’ carbonyl oxygen contributes to both the S2 and S3
sites. To determine the effect of the 3’ ester substitution on the
ion occupancies at these sites, we solved the structure of the
KcsA G77ester channel. We were able to assemble the KcsA
G77ester channel using either the modular approach or two-part
semisynthesis. Functional measurements on the KcsA G77ester
channel showed a lack of inactivation (Figure 5A), as previously re-
ported (Matulef et al., 2013). We determined the crystal structure
of the KcsA G77ester and refined it to 2.3-A resolution. The elec-
tron density corresponding to the selectivity filter is shown in Fig-
ure 5B. A superposition of the G77ester and the wild-type channel

A B C

0.0

Fraction Recovery
o
[$)]

Figure 5. Effects of the G77ester Substitu-
tion on Inactivation and lon Distribution in
the Selectivity Filter
(A) Macroscopic currents elicited at +80 mV for the
KcsA G77ester channels by a rapid change in pH.
(B) Structure of the selectivity filter of the KcsA
G77ester channel. The 2F,-F. electron density
map contoured at 2.8¢ is shown with residues 71—
80 of the channel represented as sticks and K*
ions in the filter represented as spheres.
(C) Superposition of residues 71-80 of the KcsA
G77ester (red) and the wild-type channel (blue).
(D) The ion binding sites in the selectivity filter of
p the G77ester channel. The F,-F, electron density

0 1.4 (KcsA residues 75-79, K* ions and lipid omitted)
along the central axis of the selectivity filter con-
S1 toured at 2.5¢ is shown. The one-dimensional plot
of the electron density is shown on the right.
S2
S3
(Figure 5C) shows that the ester substitu-
S4  tion is well tolerated, with no noticeable

structural changes in the ion binding sites

or in the amino acid side chains surround-

ing the selectivity filter. The G77ester
mutant shows altered ion occupancy in the selectivity filter, with
the ester substitution nearly eliminating all ion occupancy at the
S2 site while having no effect on the ion occupancies at the other
sites (Figure 5D). We observe a slight shift in the positions of the S1
and S3ions (~0.3 A) toward the S2 site. The Y78ester substitution
that has a similar phenotype of reduced C-type inactivation also
shows reduced ion occupancy at the S2 site (Figure S1) (Matulef
et al., 2013). The results observed with the Y78ester and the
G77ester channels therefore indicate that lower ion occupancy
at the S2 site impairs inactivation.

lon Occupancy at the S1 Site Is Not Important for
Inactivation or Recovery

Next, we investigated the role of ion binding at the S1 site in
C-type inactivation. The S1 site has been proposed as the locus
for the conformational changes that result in C-type inactivation
(Armstrong and Hoshi, 2014; Hoshi and Armstrong, 2013). The
G79ester substitution in the selectivity filter reduces ion occu-
pancy at the S1 site; therefore, we used the KcsA G79ester
channel to evaluate the role of the S1 site (Figure 6A) (Valiyaveetil
et al., 2006b). We assembled the full-length G79ester channel

Figure 6. Inactivation and Recovery in the

— KcsA G79ester Channel

o (A) The ion binding sites in the selectivity filter of
the KcsA G79ester channel. Two opposite sub-
units are shown in stick representation (PDB:
2H8P). F,-F electron density (KcsA residues 75—
79, K* ions and lipid omitted) along the central axis
of the selectivity filter contoured at 3.0c is shown.

1T 1T 1
0 5 10 15 20
Recovery Time (s)

(B) Macroscopic currents for the KcsA G79ester
channel elicited at +80 mV by a rapid change in pH.
(C) Recovery from inactivation of G79ester (red
squares) and control channels (black circles). Data
points represent the mean + SD from 3-5 patches,
and the solid line represents an exponential fit to
the data for the G79ester channel.
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Figure 7. Effects of the T75G Substitution
on Inactivation and lon Distribution in the
Selectivity Filter

(A) Macroscopic currents for the KcsA T75G
channels elicited at +80 mV by arapid changein pH.
(B) Recovery from inactivation in the KcsA T75G
(blue open circles), V76ester (red triangles), and
wild-type channels (black closed circles). Data
points represent the mean + SD from 3-7 patches
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using the modular approach. We observed that the rate of
inactivation in the KcsA G79ester channel was very similar
to that of the wild-type channel (Figure 6A and Table 1), as
previously reported (Matulef et al., 2013). Measurements of re-
covery from inactivation indicated that the recovery also took
place with a time course that was very similar to that of the
wild-type control (Figure 6C and Table 1). These results show
that the ion occupancy at the S1 site in the selectivity filter
does not play a critical role in inactivation or in recovery in the
KcsA channel.

lon Occupancy at the S4 Site Enhances Recovery from
Inactivation

The hydroxyl group of Thr75 contributes to the S4 site (Fig-
ure 1B). To elucidate the role of this site, we used side-chain
substitutions that remove the hydroxyl group. We initially tested
the T75C substitution, as loss of ion binding at the S4 site in this
mutant has been crystallographically demonstrated (Zhou and
MacKinnon, 2004). We were unable to detect macroscopic cur-
rents for the T75C mutant and therefore, we investigated other
amino acid substitutions that also remove the hydroxyl group.
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b

and the solid lines are single exponential fits. Data
for the V76ester and the wild-type channel are
from Figures 3B and 1D, respectively.

(C) Structure of the selectivity filter of the KcsA
T75G channel. The 2F,-F, electron density map
contoured at 2.5¢ is shown with residues 71-80 of
the channel represented as sticks and K* ions in
the filter represented as spheres.

(D) Superposition of residues 71-80 of the KcsA
T75G (red) and the wild-type channel (blue).

(E) The ion binding sites in the selectivity filter of
the T75G channel. The F,-F. electron density
(KcsA residues 75-79, K* ions, and lipid omitted)
along the central axis of the selectivity filter con-
toured at 3.0c is shown. The one-dimensional plot
of the electron density for the T75G (red) and the
wild-type (black) channel is shown on the right.

40 80 120

Of the substitutions tested, we were
able to measure robust macroscopic
currents for the T75G mutant. We found
that the T75G KcsA channel inactivates
with a rate that was slightly (~2-fold)
slower than that of the wild-type chan-
nel, while recovery was significantly
impaired (~10-fold slower than the
wild-type; Figures 7A and 7B; Table 1).
We determined the structure of the
T75G mutant to confirm that the Gly sub-
stitution does indeed affect the S4 site
(Table 2). The electron density corresponding to the selectivity
filter is shown in Figure 7C and shows the loss of the S4 site.
A superposition of the selectivity filter of the T75G and the
wild-type channel indicates that there are no structural changes
in the selectivity filter other than the missing S4 site (Figure 7D).
We observe some electron density at a lower site that we refer
to as the S4’ site, and the 1D plot also shows a slight reduction
in the ion occupancy at the S2 site, similarly to the KcsA T75C
mutant (Figure 7E) (Zhou and MacKinnon, 2004). The major ef-
fects of the T75G substitution, i.e., loss of the S4 site and the
reduction in the rate of recovery from inactivation, indicate
that ion occupancy at the S4 site is important for recovery
from inactivation.

Surprisingly, some crystals of the T75G mutant were found to
have the selectivity filter in a non-conductive conformation that
was similar to the constricted state (Figure S2). Our results
with the G77dA substitution clearly demonstrate that the con-
stricted state does not correspond to the C-type inactivated
state (Devaraneni et al., 2013; Figures 4C and 4D), and therefore
the physiological significance of this non-conductive conforma-
tion of the T75G mutant is presently not obvious.



Table 1. Inactivation Parameters

Effect on lon Occupancy Tinactivation (MS) I/l Trecovery (S)
Wild-type recombinant 1,820 + 641 (16) 0.06 + 0.04 (16) 3.8+0.8
Control® recombinant 2,803 + 729 (9) 0.17 £ 0.10 (9) 25+04
G79ester semisynthetic S1| 3,636 + 1,786 (9) 0.19 £ 0.07 (9) 3.0+ 0.8
Y78ester” recombinant S2 | NA 0.64 + 0.09 (4) NA
G77ester semisynthetic S2 | NA 0.80 + 0.15 (6) NA
V76ester semisynthetic S3 | 5,821 + 1,971 (12) 0.26 £ 0.12 (12) 81.3+ 14.8
T75G recombinant S4 | 6,512 + 2,663 (11) 0.29 + 0.14 (11) 30.3+4.0
G77dA semisynthetic - 2,850 + 1,760 (6) 0.23 + 0.10 (6) 32+07
V76ester + G77dA semisynthetic S3 | 2,414 + 526 (12) 0.19 £ 0.05 (12) 36.7+1.9

Numbers represent mean + SD. Iy/l, is fraction of the current remaining at the end of the inactivation pulse divided by the peak current. The number of
experiments are shown in parentheses. Standard deviations reported for Tecovery Were determined from the fits as described in Experimental Proce-

dures.

@Control KcsA channel contains the S69A, V70C, and Y82C substitutions that were required for semisynthesis and are present in the semisynthetic

channels.

PRecombinantly expressed using the nonsense suppression method (Matulef et al., 2013).

DISCUSSION

In this study we evaluate how the ion binding sites in the K*
selectivity filter participate in C-type inactivation and in recov-
ery from inactivation. We use amide-to-ester substitutions in
the protein backbone of the selectivity filter to alter ion
occupancy at the S1-S3 sites and use a T75G substitution to
alter ion occupancy at the S4 site. We find that ion occupancy
at the lower sites, S3 and S4, is required for recovery from inac-
tivation, while ion occupancy at the S2 site is required for entry
into the inactivated state (Figure 8A). Additionally we find that
ion occupancy at the S1 site does not influence either inactiva-
tion or recovery. Our studies therefore reveal surprisingly
distinct roles for the ion binding sites in the inactivation
process.

The amide bonds in the selectivity filter form H bonds with the
surrounding residues, and the amide-to-ester substitution re-
sults in the deletion of this H bond (Zhou et al., 2001). The func-
tional effects of the ester substitutions on inactivation could
potentially also arise due to the disruption of the H bond. How-
ever, the crystal structures for the 1/, 3, and 4’ ester substitu-
tions, which affect ion occupancies at the S1, S2, and S3 sites,
respectively, show that these ester substitutions do not cause
any appreciable changes in the structure of the selectivity filter
or the surrounding residues. Furthermore, the 2’ and 3’ ester
substitutions have similar effects on ion occupancy and inactiva-
tion, even though they disrupt different H bonds (Figure S1).
Based on these observations, we can rule out disruption of the
H bond as the major cause of the functional effects of the ester
substitutions on the inactivation process. The ester bond also
shows a lower rotational barrier compared with an amide
bond. However, the ester linkage has a strong preference for
the trans conformation, and the energy barrier for rotation of
the ester bond is 10-15 kcal/mol (compared with 18-21 kcal/mol
for an amide bond) (Choudhary and Raines, 2011). The barrier for
rotation is sufficiently high that the ester substitution is not ex-
pected to cause an increase in dynamics of the peptide back-
bone. In support, we observe in the crystal structures that the
ester linkages are ordered similarly to the neighboring amide

bonds. We can therefore conclude that the functional effects of
the ester substitutions on inactivation are predominantly due to
the changes in ion occupancy at the selectivity filter sites.

The 2/, 3/, and 4’ carbonyl oxygens, which are affected by the
Y78ester, G77ester, and V76ester substitutions, respectively,
are involved in coordinating ions at two sites (Figure 1B). How-
ever, our structural studies show that these ester substitutions
specifically decrease ion occupancy at only one site. The
Y78ester and G77ester decrease ion occupancy at the S2
site, whereas the V76ester decreases ion occupancy specifically
at the S3 site. We do not know the chemical reason for this
specificity of the ester substitutions, but this fortuitous effect
allowed us to investigate the role of the individual ion binding
sites.

Our findings that ion occupancy at the S3 and the S4 sites is
important for recovery from inactivation are consistent with the
studies on the Shaker K* channel reported by Ray and Deutsch
(2006), which concluded that recovery from inactivation is

A B
s1[ @ | «— No effect

i ivati O @
zi : <—Entryto m:ctwatlon —

ecovery from
s4| @ >inactivation ® .
Conductive _Cype
inactivated

Figure 8. A Working Model for C-type Inactivation

(A) Summary of the effects of ion occupancy at the selectivity filter sites on
inactivation and recovery.

(B) Schematic diagram of the selectivity filter in the conductive and inactivated
states. The conformational change at the selectivity filter leading to C-type
inactivation is proposed to be a rotation of the 4’ carbonyl oxygen that results
in a disruption of the S3 and S4 sites. The inactivated state contains an ion
bound at the S2 site. Recovery from inactivation involves a rotation of the
4’ carbonyl oxygen back into the conduction pathway to regenerate the S3
and the S4 sites. K* ions are represented as purple spheres. The 4’ carbonyl
oxygen is indicated by an asterisk and the direction of movement by blue
arrows.
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Table 2. Crystallographic Data Collection and Model Refinement

Statistics
V76ester +
V76ester G77dA G77ester
PDB ID 5ECH 5EC2 5EBW
Space group 14 14 14
Cell dimensions
a, b, c @A) 155.6, 154.8, 156.91,
155.6, 75.64  154.87,75.703  156.91, 75.837
o, B, v (°) 90, 90, 90 90, 90, 90 90, 90, 90
Detector ALS RDI_8M  ALS RDI_8M ALS RDI_8M
CMOS CMOS CMOS
Resolution (8) 2.9 2.5 2.3
CCi2 0.998 (0.746)  0.999 (0.841) 0.998 (0.785)
/ol 15.5 (2.0) 15.6 (2.4) 13.1 (2.2)
Completeness  100.0 (100.0)  99.9 (100.0) 100 (100)
Multiplicity 14.7 (13.9) 7.4 (7.4) 7.5 (7.4)
No. of total 293,467 231,082 306,427
reflections
No. of unique 20,012 31,160 41,049
reflections
Ruwork/Rires” 24.4/26.8 23.0/25.9 22.2/24.9
Rmsd of pond 0.004 0.003 0.004
lengths (A)
Rmsd of bond  0.67 0.69 0.81
angles (°)
Ramachandran plot® (%)
Favored 96 97 97
Allowed 4 3 3
Outlier 0 0
T75G Conductive T75G Constricted
PDB ID 5EBL 5EBM
Space group 14 14
Cell dimensions
a, b, c &) 155.41, 155.72,
155.41, 76.27 155.72, 75.556
o, B, v () 90, 90, 90 90, 90, 90
Detector ALS RDI_8M ALS RDI_8M
CMOS CMOS
Resolution (A) 2.4 2.6
CCi2 0.998 (0.708) 0.999 (0.781)
/ol 14.6 (2.0) 17.4 (2.1)
Completeness 100.0 (100.0) 100.0 (100.0)
Multiplicity 7.2(7.1) 7.1(7.2)
No. of total reflections 256,726 199,097
No. of unique 35,730 27,981
reflections
Ruwork/Rires” 20.5/24.2 21.6/25.1
Rmsd of pond 0.003 0.005
lengths (A)
Rmsd of bond 0.80 0.73
angles (°)
Ramachandran plot® (%)
Favored 97 97
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Table 2. Continued

T75G Conductive T75G Constricted
Allowed 3 3
Outlier 0 0
Numbers in parentheses are statistics for the last resolution shell. Rmsd,
root-mean-square deviation.
#R = 3"|Fo — F.|/3_Fo. 10% of the reflections that were excluded from the
refinement were used in the Ry, calculation.
PPerformed in MolProbity.

dependent on ion binding to a selectivity filter site toward the
intracellular side. Our findings are not in accord with the con-
stricted- or the dilated-state models that have been put forth
to describe the C-type inactivated state. The constricted model
for the inactivated state was based on crystal structures of the
KcsA channel trapped with the cytoplasmic gate open or in the
presence of low concentrations of K* (Berneche and Roux,
2005; Cuello et al., 2010b; Yellen, 2001; Zhou et al., 2001). We
confirmed our previous findings that the G77dA substitution,
which blocks the constricted state, does not alter the rate and
extent of inactivation or the rate of recovery (Devaraneni et al.,
2013). This result demonstrates that the constricted state of
the selectivity filter does not correspond to the physiologically
relevant inactivated state. Furthermore, the constricted-state
model predicts that inactivation proceeds through the loss of
ion occupancy at the S2 site, while we observe that loss of ion
occupancy at the S2 site (which we find with either the 2" or
the 3’ ester substitutions) actually impairs inactivation (Berneche
and Roux, 2005; Cuello et al., 2010b). The dilation model, which
is based on studies of eukaryotic K, channels, proposes that
C-type inactivation involves a widening of the S1 site, thereby
rendering the channel non-conductive (Hoshi and Armstrong,
2013). We observe that a reduction in ion occupancy at the S1
site does not influence either inactivation or recovery from the in-
activated state. Therefore, our results also do not support the
dilated model for the C-type inactivated state. Our conclusions
are based on studies of the KcsA channel, and it is possible
that differences exist in the mechanism of inactivation in KcsA
and other K* channels.

Our results provide clues about the ion binding sites that are
distorted on inactivation, and suggest a working model for the
structural changes that take place during inactivation (Figure 8B).
For the S1 site, the lack of an effect on inactivation from a
decrease in ion occupancy suggests that inactivation does not
involve any changes at this site. The requirement of ion occu-
pancy at the S2 site for channels to inactivate suggests that
the inactivated state must contain an intact S2 site. For the S3
and S4 sites, we observe that ion occupancy is required for re-
covery from inactivation, which suggests that the inactivated
state involves a distortion of S3 and S4 sites. This distortion
could be a simple structural change such as a rotation of the
4’ amide bond that moves the carbonyl oxygen away from the
ion conduction pathway. Such a rotation of the 4’ carbonyl oxy-
gen will render the S3 and S4 sites unable to coordinate a K* ion
and will create a barrier to the movement of ions through the fil-
ter. Recovery from inactivation would then involve the rotation of
the 4’ carbonyl oxygen back into the ion conduction pathway to



reform the S3 and S4 sites, a process that is stabilized by ion
binding to these sites.

Our model is based on the changes to the inactivation process
that are caused by altering the ion occupancy in the conductive
state of the selectivity filter. In our crystal structures, the cyto-
plasmic activation gate is closed while inactivation requires an
open activation gate. This difference in the state of the activation
gate does not affect our conclusions, as the ion occupancy of the
selectivity filter (in the conductive state) is not expected to
change on opening of the activation gate. This expectation is
based on structural studies of the K,AP and K,1.2 channels
(Jiang et al., 2003; Long et al., 2007), which were crystallized in
the open-conductive state and show ion occupancies in the
selectivity filter that are similar to the KcsA channel in the
closed-conductive state.

C-typeinactivationis a complex process that involves structural
changes beyond the ion binding sites. There is a large body of ev-
idence indicating that the structural changes on C-type inactiva-
tioninvolve amino acid side chains surrounding the selectivity filter
and the extracellular vestibule (Cordero-Morales et al., 2006b,
2007, 2011; Larsson and Elinder, 2000; Liu et al., 1996; Loots
and Isacoff, 1998; Pless et al., 2013; Raghuraman et al., 2014).
Our results shed light on the role of selectivity filter sites during
the inactivation process. Further studies will be necessary to
determine how the changes in the selectivity filter sites during
inactivation are propagated through the amino acid side chains
surrounding the selectivity filter to the extracellular vestibule.
Also presently unknown is the mechanism by which C-type inac-
tivation is triggered by the opening of the activation gate.

This study highlights the utility of unnatural mutagenesis ap-
proaches for probing ion channel mechanisms. Conformational
changes at the ion binding sites in the selectivity filter have
been proposed to be important in the function of the BK channel,
2-pore K* channels, and also for channels outside the K* channel
family such as TRP and CNG channels (Contreras et al., 2008;
Flynn and Zagotta, 2001; Piechotta et al., 2011; Piskorowski
and Aldrich, 2006; Thompson and Begenisich, 2012; Toth and
Csanady, 2012). We anticipate that the amide-to-ester backbone
mutagenesis strategy used in this study will be useful to elucidate
the functional roles of the ion binding sites in these channels.

EXPERIMENTAL PROCEDURES

The G79ester, G77ester, V76ester, and V76ester + G77dA ester mutants of the
KcsA channel were generated using the modular semisynthetic approach
(Komarov et al., 2009). In the modular approach, the KcsA polypeptide is
assembled from the three component peptides, a synthetic pore peptide cor-
responding to the selectivity filter and two recombinant fragments corre-
sponding to the rest of the KcsA channel subunit. The peptides were linked
together by two sequential NCL reactions followed by in vitro folding to the
native state. To generate the ester mutants of the KcsA channel, we introduced
the desired ester linkage during the synthesis of the pore peptide. The modular
semisynthetic approach yields the full-length protein. Various steps of the
modular semisynthesis were optimized as described in the Supplemental
Experimental Procedures to improve the yields of the ester mutants. The
KcsA G77ester channel used for structure determination was assembled using
the two-part semisynthesis as previously described (Matulef et al., 2013). The
wild-type and the T75G KcsA channels were expressed as previously
described (Doyle et al., 1998). The semisynthetic and the recombinant KcsA
channels were purified by immobilized metal-affinity chromatography followed
by size-exclusion chromatography.

For functional studies, the purified KcsA channel mutants were reconsti-
tuted into lipid vesicles and channel activity was assayed by liposome patch
clamping. Macroscopic currents for inactivation measurements were elicited
by a pH jump from 8.0 to 3.0 on the cytoplasmic side. The time constants
for inactivation were determined by single exponential fits. Recovery from
inactivation was determined using a two-pulse protocol, with two activating
steps to pH 3.0 separated by a variable recovery time at pH 8.0. The fractional
recovery was determined by the ratio of the peak current in the second pulse to
that of the first pulse. The recovery time constant (t,ecovery) Was determined by

Y (R S—
Trecovery

a fit to the equation F=1 —e
t is the time interval at pH 8.0.

For crystallization of the KcsA channel mutants, the purification tags present
and the C-terminal 35 amino acids (if present) were removed by proteolysis.
The truncated KcsA channels were crystallized as a complex with an antibody
Fab fragment from KcsA-IgG (Zhou et al., 2001). Structures were solved by
molecular replacement using the wild-type KcsA channel structure (PDB:
1K4C) with the selectivity filter residues 75-79 omitted as the search model.
The structures were modeled in Coot (Emsley and Cowtan, 2004) and refined
using PHENIX (Adams et al., 2010). Model geometry was assessed using
MolProbity (Chen et al., 2010). F,-F, maps shown were calculated with
KcsA residues 75-79, K* ions and lipid omitted, and are depicted along the
central axis of the selectivity filter. One-dimensional plots of electron density
were calculated as previously described (Morais-Cabral et al., 2001; Zhou
and MacKinnon, 2003).

Detailed methods are provided in Supplemental Experimental Procedures.

, where F is the fractional recovery and
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