Mechanism of activation gating in the
full-length KcsA Kþ channel
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Using a constitutively active channel mutant, we solved the structure of full-length KcsA in the open conformation at 3.9 Å. The
structure reveals that the activation gate expands about 20 Å, exerting a strain on the bulge helices in the C-terminal domain and
generating side windows large enough to accommodate hydrated
Kþ ions. Functional and spectroscopic analysis of the gating transition provides direct insight into the allosteric coupling between the
activation gate and the selectivity filter. We show that the movement of the inner gate helix is transmitted to the C-terminus as a
straightforward expansion, leading to an upward movement and
the insertion of the top third of the bulge helix into the membrane.
We suggest that by limiting the extent to which the inner gate can
open, the cytoplasmic domain also modulates the level of inactivation occurring at the selectivity filter.
EPR spectroscopy ∣ K+ channel ∣ X-ray crystallography

M

ost ion channels have structured cytoplasmic domains
that influence their functional behavior [in regards to both
gating (1–3) and permeation (4)], contribute to their structural
stability (5, 6) or allow them to directly interact with enzymes
and other regulators (7). In the prokaryotic K þ channel KcsA,
the 40-residue C-terminus forms a four-helix bundle that projects
toward the cytoplasm (5). Removal of the C-terminus affects
KcsA thermal stability, destabilizes the closed conformation (5, 6)
and enhances entry into the C-type inactivated state (8). Using
chaperone-assisted crystallography, we recently determined the
crystal structure of full-length (FL) KcsA in its closed conformation (1). The FL KcsA structure revealed that the C-terminal
domain forms a mixed twofold/fourfold symmetric, four-helix
bundle that projects approximately 70 Å toward the cytoplasm
and applies a steric bias on the gate, tightening the inner bundle
gate and stabilizing the closed conformation (1).
In KcsA, proton dependent gating is accompanied by large
movements in the helical transmembrane segment TM2. These
rearrangements have been fully characterized by spectroscopic
methods [EPR (9), fluorescence (10), NMR (11)], mass tagging
(12), surface plasmon resonance(13) and X-ray/neutron scattering (14), and are fully consistent with available open K þ channel
crystallographic structures (15, 16). However, the extent of the
inner bundle gate opening, the basic set of C-terminus activation
gating conformational changes and the physiological ion pathway
during permeation are still not well understood in the full-length
channel.

closed forms could be made in the same unit cell using Fourier
difference maps. This allows for accurate assignments of conformational changes, even at 3.9 Å resolution (Fig. S1A). Fig. 1A
shows the ribbon diagram of open FL KcsA in complex with
two Fab molecules. The open structure preserves the symmetry
discontinuities that characterized closed FL KcsA (1), with a
fourfold transmembrane region, a twofold “bulge” helix (Fig. 1A,
Right Inset) and again, a fourfold symmetric canonical helical
bundle at the end.
As in its truncated counterpart (15), the structure of full-length
KcsA in the open state is defined by a large hinge-bending motion
away from the fourfold symmetry axis with the hinge toward
the middle of TM2, at residue G104. Opening of the TM2 gate
in FL KcsA leads to the creation of four side windows right below
the gate, at the start of the bulge helix region (Fig. 1A, Left Inset).
Because of the twofold symmetry, these windows are approximately 7 × 15 Å on two of the sides of the tetramer and about
5 × 10 Å in the other two. The conformational gating transition
is best illustrated by overlapping FL-KcsA in its closed and open
states together with the radius profile changes along the permeation pathway (Fig. 1B). The opening transition generates a persubunit displacement of approximately 4 Å at the V115, the
narrowest region of the permeation path in the closed state (1).
This means that the hinge-bending movement of TM2 leads to an
overall opening of approximately 21 Å at residue T112 (diagonal
Cα–Cα), a value that is considerably narrower than that of the
fully open truncated KcsA (approximately 32 Å) (15). In spite
of the present limited resolution, a comparison of the TM2 helix
reorientation between closed and open conformation suggest an
approximately 15 degree rotation along the length of the helix
(Fig. S1B), in agreement with the truncated channel gating rearrangements (9, 15).
Coupling Between Inner Gate and Selectivity Filter. As expected (1),
if the C-terminal domain remains as a four-helix bundle throughout KcsA gating cycle, it would probably exert a strain on the
inner gate as it opens. It is not controversial then to suggest that
the much larger gate opening observed in truncated KcsA might
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The Structure of Full-Length Open KcsA. To determine the structure

of FL KcsA in its open conformation we took advantage first, of a
constitutively open mutant (17) used to generate a series of open
and partially open structures of truncated KcsA (15), and second,
of the availability of antibody fragments directed toward the
C-terminal bundle (1). Crystals of FL KcsA-Fab2 were obtained
in the orthorhombic space group I222 with two Fabs bound per
tetramer and diffracted to 3.9 Å. Importantly, these crystals were
highly isomorphous with the FL KcsA-Fab2 closed form (3EFF)
reported earlier. Thus, a direct comparison between the open and
www.pnas.org/cgi/doi/10.1073/pnas.1105112108
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Fig. 1. Crystal structure of FL KcsA in the open conformation. (A) Final model of the open conformation of FL KcsA with the two Fab molecules bound
with a twofold noncrystallographic symmetry to the canonical four-helix
bundle portion of the cytoplasmic domain. The left inset highlights a surface
representation of the open conformation showing the opening of the lower
gate and the creation of associated side windows for ion flow. (Right Inset)
Illustrates the expansion of the Bulge helix, comprised of residues 118–135.
(B) Superposition of the closed and the open conformations of FL KcsA in
cartoon representation (gray), with the Bulge helix region colored orange
and blue, respectively. (Left) The permeation pathway radius profile calculated with the program HOLE (18) showing the radius profile along the z axis
for the closed (orange) and open (blue) conformations of FL KcsA.

be due to the absence of this steric hindrance. It has been shown
that the degree of gate opening is strictly coupled to the rate and
extent of C-type inactivation at the selectivity filter (8, 15). Therefore, varying the stabilization energy of the C-terminal bundle
would lead to various strain levels on the inner bundle gate, which
in turn should have a differential impact on the kinetics of C-type
inactivation.
We tested this hypothesis by carrying out patch clamp experiments on reconstituted KcsA, biasing the stability of the C-terminal bundle away from WT FL KcsA by truncation (putatively
no C-terminal strain on the gate), or through binding with the
antibody fragment Fab4 (with additional strain imposed by the
bound Fab). Fig. 2 shows that in the absence of the C-terminal
domain KcsA inactivates rapidly and fully, but that the presence
of the C-terminus slows down inactivation and increases three- to
fourfold its steady state value. This was also seen at the singlechannel level (Fig. S2). The additional strain generated by the
binding of the Fab leads to an even slower inactivation rate with
steady state currents that are close to 40% of the peak value. The
fact that the steady state inactivation of FL KcsA displays an
intermediate value between the truncated and Fab-bound forms
(both with known crystal structures) has important consequences
to the actual conformation of the open gate in KcsA under
physiological conditions. Indeed, the inner bundle gate in WT
KcsA is likely to open at an intermediate level between 21 and
32 Å, therefore generating larger side windows that easily accommodate hydrated ions and small blockers like 4-Aminopyridine
and a variety of quaternary ammonium ions.
www.pnas.org/cgi/doi/10.1073/pnas.1105112108
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Fig. 2. Influence of the C-terminal domain on the degree of opening of
the inner bundle gate. Representative macroscopic current traces elicited
in response to jumps of pH from 7.0 to pH 3.0. Currents were recorded under
symmetrical 200 mM Kþ at a holding membrane potential of þ100 mV under
conditions that putatively increase the degree of conformational flexibility
at the inner bundle gate. In decreasing order: C-terminal truncated KcsA,
full-length (WT) KcsA, and full-length KcsA in complex with a C-terminal
bound Fab.
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Mechanism of Opening. The steric limits imposed on the C-terminal

bundle conformational changes by the bound Fabs led us to study
these conformational transitions using site-directed spin labeling
and EPR spectroscopy (see ref. 5). Overall, the extent of spectral broadening due to dipolar coupling decreases throughout
the C-terminal domain but does not disappear (Fig. S3). This
confirms that the bundle expands partially but remains as a unit
during opening. Fig. 3A shows a comparison of the local spin
label dynamics (ΔHo −1 ) and accessibility to the aqueous milieu
(NiEdda collision frequency, ΠNiEdda) under conditions that
favor the closed conformation (pH 7.0) or the open conformation (pH 3.5). When mapped onto the open FL KcsA structure
(Fig. 3B) three key results emerge. First, there is no significant
rotation in either the bulge helix or the lower bundle associated
with the opening conformation. This suggests that the movement
of the inner gate helix is transmitted to the C-terminus as a
straightforward expansion. Second, the dynamics of the C-terminus increases, on average, relative to the closed state, with the
largest dynamics increase at the bulge helix (black rectangle).
Third, the transition region between the inner gate and the
bulge helix displays a sharp decrease in NiEdda accessibility.
We have interpreted this reduction as evidence of a contraction
in the length of the C-terminal domain, leading to an upward
movement and the insertion of the top third of the bulge helix
into the membrane (Fig. 3C). This movement would be in agreement with a larger opening transition as that depicted in the FL
KcsA/Fab structure.
Experimental Procedures
Antibody Expression and Purification. The antibody fragment, Fab2,
used in the present work is identical to that utilized to promote
the crystallization of the closed conformation full-length KcsA.
Its expression, purification, and handling has been described previously (1).
Crystallization and structure determination. Full-length KcsA in
the open conformation was stabilized through mutations at the
pH sensor (OM-FL-KcsA), as described elsewhere (15, 17). The
OM-FL-KcsA/Fab2 complex was prepared by mixing an excess
Fab2 and Dodecyl-maltoside-solubilized OM-FL-KcsA and purified by gel filtration chromatography. Initial crystallization was
carried using commercial screens that produced small crystals at
20 °C. Optimization of the initial condition yielded rod shape
Uysal et al.

Normalized ∆ Ho-1

A

B

1.4

pH 7
pH 3.5

C
Accessibility
Changes

Mobility
Changes

∆ Mobility

1.2
1.0
0.8
0.6

Normalized ∏ Nieeda

120 125 130 135 140 145 150 155 160
2.5
2.0

pH7
pH 3.5

∆ ∏NiEdda

1.5
1.0
0.5
0.0
120

130

140

150

_

160

0

+

Fig. 3. Spectroscopic analysis of the C-terminal domain conformational rearrangements. Structural rearrangements underlying channel opening.
(A) Residue-specific environmental parameter profiles obtained in the open (red) and closed (gray) conformations for the C-terminal end of FL-KcsA:
mobility parameter ΔHo −1 (Upper), NiEdda accessibility parameter ΠNiEdda (Lower). (B) The normalized difference for each environmental parameter
was mapped onto the FL-open channel structure, where increases in local dynamics or water accessibility are depicted in shades of red, whereas decreasing changes as shades of blue according to the color spectrum below. On the left, the frame highlights the large changes in local dynamics at the
inner face of the bulge helix. On the right, the bar and arrow suggest that the region immediately below the activation gate might embed into the
membrane upon opening. (C) A cartoon model depicting the conformational transitions of the gate and C-terminal domain in full-length KcsA upon
gating. Two diagonally-related subunits are shown. Blue model, closed state; red model, open state. The gray bars represent the approximate limits of
the plasma membrane.

crystals using hanging drop vapor diffusion method over a well
solution containing 0.2 M Na/K phosphate, 0.1 M Bis-Tris propane pH 7.5 and 10% PEG3350. The crystals were cryoprotected
by passing through a series of modified well solutions with increasing amounts of glycerol. Crystals were directly flash frozen
in liquid nitrogen.
Data were collected at beamline 23ID of Argonne National
laboratory and processed by HKL2000. The structure determination was carried out with molecular replacement using both the
Table 1. Data collection and refinement statistics (molecular
replacement)
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Full-length KcsA*
Data collection
Space group
Cell dimensions
a, b, c (Å)
α, β, γ (°)
Resolution (Å)
Rsym or Rmerge
I∕σI
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork ∕Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles (°)

I222
118.2, 176.7, 340.4
90, 90, 90
40 (3.83)
0.064 (0.814)
17 (1.6)
91.9 (93.9)
4.3 (4.3)
40-3.8
29,324
0.28∕0.33

*Values in parentheses are for highest-resolution shell.
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1,424
—
—
124
—
—
0.014
2.29

Fab2 molecule and the closed conformation of full-length KcsA
as search models. There were two Fabs and one full-length KcsA
in the asymmetric unit as expected. The packing arrangement of
the molecules in the lattice was identical to that of closed fulllength KcsA structure. After rigid body adjustments of the Fabs
and full-length KcsA, several sigmaA-weighted 2Fo-Fc omit maps
were calculated to trace the helix from residue 99–160 that significantly decreased the model bias and enabled us to build the
helices in their open conformation. The model is refined using
CNS and the final refinement statistics are in Table 1. The final
structure displayed 79.4% of its residues in the most favored regions of the Ramachandran plot, with 20.6% of residues in additional allowed regions and no residues in the disallowed regions.
KcsA Reconstitution and Liposome Patch Clamp. After purification
KcsA-Fab4 was reconstituted in asolectin liposomes as described
(19). For macroscopic measurements and single-channel recording, KcsA was reconstituted in a protein:lipid ratio of 1∶100 and
1∶1000 (mass to mass), respectively. The lipids were resuspended
in 200 mM KCl and 5 mM MOPS [3-(N-morpholino)propanesulfonic acid) buffer (pH 7) (5). Single-channel and macroscopic
recordings were carried out as previously reported (20).
EPR Spectroscopy and Analysis. Continuous-wave (CW) EPR spectroscopic measurements were performed at room temperature
on a Bruker EMX X-band spectrometer equipped with a dielectric resonator and a gas permeable TPX plastic capillary as
described (21), with an incident microwave power of 2.0 mW,
modulation frequency of 100 kHz and modulation amplitude
of 1.0 G.
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