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ergy minimum for the folded state in Fig. 3A is
significantly broader than that in Fig. 3B: The
width of this well supplies direct evidence that the
nominally folded state for this hairpin actually
consists of an ensemble of states with up to ~4 bp
unzipped. A similar situation is seen in Fig. 3D,
although the slightly steeper well suggests that the
fully folded state plays a more dominant role in this
mixed ensemble than it does in Fig. 3A. The en-
ergy barriers in Figs. 3A and D are clearly dif-
ferent: The barrier in Fig. 3D is wider than in Fig.
3A, indicating a TS that is less well-defined and
therefore more susceptible to experimental pertur-
bation, e.g., by mutagenesis or solvent condition
changes.

To explore the validity of these measure-
ments, we compared the experimental land-
scapes with predictions of the model (Fig. 3).
We found excellent agreement across the en-
tire landscape for all hairpins studied (within
<1 kgT), with two exceptions. At the lowest
extensions, corresponding to regions decon-
volved from physical compressions of the
double helix (which can arise from thermal fluc-
tuations), as well as elongations, the experimen-
tal potential is systematically less stiff than the
model. This discrepancy may be attributable to
an inaccurate description of the confining poten-
tial, somewhat arbitrarily taken to be a Morse
potential (22). In addition, the barrier for exiting
the unfolded state in Fig. 3B rises to the TS more
slowly than predicted, lagging by up to 3 kg7 at
the point of greatest discrepancy. We speculate
that this deviation may result from the large
number of base pairs that must be formed to
reach the TS from the unfolded state, which al-
lows more opportunities for abortive refolding
attempts involving misfolded base pairs. In prin-
ciple, the sequence for this particular hairpin
allows for a number of misfolded states con-
taining short, 2- to 3-bp helices. Any such mis-
folding, neglected in the model, would tend to
increase the probability of extensions near the
unfolded state, exactly as observed.

The deconvolution approach described here
has known limitations. To obtain adequate sta-
tistics, folding must occur sufficiently frequently
that large numbers of transitions can be recorded.
In the present case, this places a practical limit on
the folding rate of ~0.1 s ', which is faster than
some slow folding transitions found in proteins
or ribozymes. The numerical stability of any
deconvolution process depends on the quality of
the input data (both for the record being analyzed
and the PSF used). In practice, only a limited
range of frequency information can be recovered
by deconvolution, which restricts the resolution
of'the reconstructed landscape, particularly at the
shortest length scales (23). Moreover, experi-
mental noise may become amplified by deconvo-
lution, which produces artifactual features that
further complicate determinations of short-scale
behavior (27) The challenges posed by deconvo-
lution, however, may be mitigated by increasing
the stiffness of the experimental system, which

reduces the smoothing of trajectories (24). Im-
provements may be achieved by increasing the
stiffness of the handles (e.g., by making them
shorter or from materials other than dsDNA).
Application of the approach described here to
peptides or more complex nucleic acid sequences
may supply further insights into how energy
landscapes guide the folding process.
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lon Selectivity in a Semisynthetic
K* Channel Locked in the
Conductive Conformation

Francis I. Valiyaveetil,* Manuel Leonetti, Tom W. Muir,t Roderick MacKinnont

Potassium channels are K*-selective protein pores in cell membrane. The selectivity filter is the
functional unit that allows K* channels to distinguish potassium (K*) and sodium (Na*) ions. The
filter's structure depends on whether K* or Na* ions are bound inside it. We synthesized a K*
channel containing the p-enantiomer of alanine in place of a conserved glycine and found by x-ray
crystallography that its filter maintains the K* (conductive) structure in the presence of Na* and
very low concentrations of K*. This channel conducts Na* in the absence of K* but not in the
presence of K*. These findings demonstrate that the ability of the channel to adapt its structure
differently to K* and Na* is a fundamental aspect of ion selectivity, as is the ability of multiple K*
ions to compete effectively with Na* for the conductive filter.

tive for K over Na*, even though Na"

(Pauling ionic radius 0.95 A) is smaller
than K" (Pauling ionic radius 1.33 A) (/). The
selection of K and rejection of Na" occurs in a
segment of the ion conduction pathway called the
K" selectivity filter (2). The filter binds two fully
dehydrated K" ions by providing protein oxygen

Potassium channels are exquisitely selec-

atoms that offset the energy cost of ion dehydra-
tion (3, 4). Conduction occurs when a third K ion
enters and a resident K" ion exits in a concerted
manner. The Na* ion is virtually excluded from
conducting through the selectivity filter (5, 6).
The K" selectivity filter adopts a fundamen-
tally different atomic structure depending on
whether K or Na' is present in the solution in
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which the channel is crystallized (3, 4). In solu-
tions containing K" (>20 mM), the KcsA K"
channel selectivity filter exhibits four K" binding
sites designated sites 1 through 4 (Fig. 1A),
whereas in solutions containing Na" (3 mM K",
150 mM Na") the filter adopts a “collapsed” con-
formation that no longer contains native binding
sites at sites 2 and 3 (Fig. 1B). The K structure is
referred to as “conductive” because the queue of
K" ions within the filter connects the intracellular
and extracellular solutions. The Na" structure is
referred to as “nonconductive” because the filter is
pinched shut in the middle. The conformational
changes that occur in going from the noncon-
ductive to the conductive structure involve protein
atoms that directly coordinate K jons as well as
atoms buried within the protein core up to a
distance of 15 A away from the ion pathway (Fig.
1, C and D) (4).

The binding of K ions to the filter drives the
conformational change from nonconductive to
conductive: In crystal structures, the transition
occurs between 3 mM and 20 mM K' (while
maintaining ionic strength constant with Na®)
(3). This means that Na* (or the absence of K)
favors the nonconductive conformation and K"
stabilizes the conductive conformation. At an
intuitive level, this is clearly a beneficial prop-
erty of a molecular device whose function is to
conduct K" and prevent Na* conduction. At a
more detailed analytic level, the differential re-
sponse of the filter’s structure to K™ and Na*
implies two important features of K selectivity.
First, ion selectivity is a property of the protein
structure not just locally (at the ion-binding sites)
but also globally, because the conformational
changes associated with the binding of K" ions
extend far from the binding sites. Second, ion se-
lectivity may be inextricably linked to the multi-
ion nature of the K" selectivity filter, because the
filter must contain two K" ions to achieve its
conductive conformation.

One way to investigate the importance of the
K'-induced conformational change is to inter-
fere with it and see how selectivity is affected.
The conformational change from conductive to
nonconductive involves a rotation of the main
chain at Gly”” that brings about occlusion of ion
site 2 by the a-CH, of the glycine (Fig. 1, A and
B). The role of Gly’’ as a surrogate p-amino
acid has been demonstrated through synthesis of
a functional KesA K channel with a p-alanine
at position 77 (KesA>*77) (7). We have now
determined the crystal structure of this channel
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Fig. 1. Dependence of the conformation of the selectivity filter of K* channels on K concentration. (A)
Close-up view of the selectivity filter of wild-type KcsA channel in the presence of high K* concentrations
[K*]. Two of the diagonally opposite subunits are shown in stick representation. K* ions are depicted as
green spheres and water molecules as red spheres. The K* binding sites in the selectivity filter are
labeled. (B) The structure of the selectivity filter in low [K*], represented as in (A). (C and D)
Superposition of the selectivity filter of wild-type KcsA in the presence of high [K*] (blue) and low [K]
(red). (C) shows a side view; (D) depicts a top view extending ~15 A out from the center of the filter.
Aromatic residues that undergo conformation changes are indicated.

ET1

Fig. 2. Structure of the selectivity filter of KcsA® 277 in the presence of high [K*]. (A) Stereo view
of the electron density of the selectivity filter of KcsAP™ 277, The 2Fp, — Fealc €lectron density map
contoured at 2.0c for the diagonally opposite subunits is shown. (B) Structure of the selectivity
filter of KcsAPA277 in high [K*] represented as in Fig. 1. (C) Superposition of the selectivity filter of
KcsAPA277 (blue) and the wild-type KcsA channel (red) in the presence of high [K*].
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with data to 1.7 A Bragg spacings in a solution
containing 150 mM K (Fig. 2A). Aside from
the additional methyl group from p-alanine, the
structure of KesAPA1477 s essentially identical
to the wild-type conductive structure (Fig. 2, B
and C), with a root-mean-square deviation of
0.16 A for all non-hydrogen atoms from po-
sitions Glu”! to Asp®’.

The important aspect of KesAP177 for the
present study is depicted in Fig. 3, A and B.
Shown is the predicted structure of KcsAPA%77
if it were to adopt the nonconductive conforma-
tion similar to the wild-type KcsA channel (Fig.
3B). The four methyl groups of the p-alanine
(one from each subunit) should prevent this
conformation because they clash with each
other. Thus, in principle, KesAP"7 should
be forced to remain in the conductive confor-
mation through destabilization of the non-
conductive conformation. To test whether this
is indeed the case, we determined the structure
of KesAP*77 in the presence of 149 mM Na' +
1 mM K" with data to 2.4 A Bragg spacings. At
this low K" ion concentration, the wild-type
channel adopts the nonconductive conformation
but KesAP177 clearly adopts the conductive
conformation (Fig. 3, C and D). Electron density
for ions in the filter suggests reduced occupancy.
If we assume that the ions are K, then the sum
of occupancies for all four sites is ~1.1 compared
to 1.8 for KesAP*17 in 150 mM K+ and 2.1 for
wild-type KcsA in 150 mM K' (3). An alter-
native explanation for the reduced electron
density in KcsAP*77 at 149 mM Na' +
1 mM K is that Na" may begin to replace K.
The most important point, however, is that the
protein structure of KesAP177 i essentially
the same in 1 mM and 150 mM K" (Fig. 3E),
and both of these structures are similar to the
conductive structure of the wild-type channel
(Fig. 2C). Therefore, the KesAPA%77 channel
appears to be captured in the conductive
conformation at low concentrations of K.

To test the effect of this phenomenon on ion
selectivity, we reconstituted the KcsAPA177
channel into planar lipid membranes and studied
its properties in various mixtures of K" and Na*
(Fig. 4). With 150 mM K" in the internal
solution and 20 mM K" + 130 mM Na' in the
external solution, the current reverses very near
the calculated Nernst potential for the K* gra-
dient (—52 mV), which means that the channel
selects K™ under these conditions (Fig. 4A).
With 150 mM Na" in the internal solution and
150 mM K" in the external solution, inward
current is observed at all voltages (Fig. 4B).
Alternatively, when the K* solution is placed on
the inner side of the membrane and Na* on the
external side, only outward current (or zero
current) is observed at all voltages (Fig. 4C).
These results indicate that the KcsAD-A177
channel conducts only K" in mixtures of Na"
and K.

Wild-type-like selectivity in the presence of
high K concentrations is not surprising because

the structure of the KesAP*77 channel is essen-
tially identical to that of the wild-type channel at
high K" concentrations. Structural differences
between these channels only occur in solutions
with low K" concentrations, in which the wild-
type channel adopts the nonconductive confor-
mation and the KesAP77 channel remains in
the conductive conformation. In the absence of
K" and presence of 150 mM Na" on both sides of
the membrane, the KecsAP*%77 channel con-
ducts Na“ (Fig. 4D). The Na' current is def-
initely mediated by the K" channel because it is
completely blocked by the specific K™ channel
inhibitor agitoxin2 (AgTx,) (8). The wild-type
KcsA K channel does not conduct Na* in the
absence of K (Fig. 4E). In this experiment the
presence of channels in the membrane is first
documented by having K on one side of the

-

# ‘9’
D

membrane, and then K is replaced with Na* with
the use of a perfusion apparatus.

To summarize the data, the wild-type KcsA
K" channel prevents Na' from conducting
through its filter, whether or not K is present
in solution. The KesAP#77 channel prevents
Na" conduction as long as K" is present but
conducts Na* if K is absent. These channels
differ in that KcsAP2%77 fails to enter the non-
conductive conformation when the K* concen-
tration is lowered. This result implies that a
conductive filter structure in the absence of K*
will allow Na* to conduct. From this we infer
that K" channels normally prevent Na' conduc-
tion in solutions with very low K" not because
Na' is unable to diffuse across the conductive
filter, but because Na' (or the absence of K*)
favors the nonconductive conformation.

Fig. 3. Structure of the selectivity filter of KcsAP™®77 in the presence of low [K*]. (A) Top view of
the structure of the selectivity filter of KcsA®™277 in high [K*]. The methyl side chain of the p-Ala
residue in each of the four subunits is shown in van der Waals (VDW) sphere representation. (B) A
hypothetical structure of KcsAP2977 in the low [K*] collapsed state. The methyl side chain of the
p-Ala residue is again shown in VDW sphere representation. (C) Stereo view of the electron density

of the selectivity filter of KcsAP™77

in the presence of low [K*]. The 2F s — Feaic electron density

map contoured at 2.0c for the diagonally opposite subunits is shown. (D) The structure of the

selectivity filter of KcsAPA4@77

in low [K*] represented as in Fig. 1. (E) Superposition of the

selectivity filter of the KcsAP™277 in high [K*] (blue) and low [K*] (red).
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The adaptive nature of the filter conforma-
tion is not the sole basis of ion selectivity. An
additional layer of ion selectivity is revealed by
the KesAP%77 channel, which selectively con-
ducts K" in the presence of Na* even though its
selectivity filter is locked in the conductive con-
formation. Selectivity in this case can be un-
derstood if K" successfully competes for the
binding sites in the conductive form of the filter.

In other words, the two K ions residing in the
conductive filter block Na" conduction. Because
the presence of two K ions is a prerequisite for
the formation of the conductive conformation in
the wild-type channel, Na" ions will be unable to
permeate. This explanation is not inconsistent
with the conduction of Na" through the conduc-
tive filter in the absence of K (which is only
observable in the KesAPA%77 channel). When
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Fig. 4. Electrophysiological characterization of KcsAP™277, (A) Determination of ionic selectivity.
Macroscopic currents were recorded using 10 mM succinate and 150 mM KCl (pH 4.0) as the
internal solution, and 10 mM Hepes, 20 mM KCl, and 130 mM NaCl (pH 7.0) as the external
solution. Current values between the time points indicated by arrows were averaged and plotted
against the voltage applied for determining the reversal potential (Nernst potential = —52.3 mV).
(B) Currents for KcsAP™277 were recorded using 10 mM succinate and 150 mM NaCl (pH 4.0) as
the internal solution, and 10 mM Hepes and 150 mM KCL (pH 7.0) as the external solution. (C)
Currents for KcsAP 77 were recorded using 10 mM succinate and 150 mM KCl (pH 4.0) as the
internal solution, and 10 mM Hepes and 150 mM NaCl (pH 7.0) as the external solution. For (A) to
(Q), leak currents were determined by blocking channel currents using 5 uM AgTx, and were
subtracted. (D) Currents for KcsAP77 were recorded using 10 mM succinate and 150 mM NacCl
(pH 4.0) as the internal solution, and 10 mM Hepes and 150 mM NaCl (pH 7.0) as the external
solution. The amount of leak current was determined by the addition of 5 uM AgTx, (red trace).
Inset is a magnified view of the current traces showing KcsA®77 channel activity in the presence
of Na*. (E) Currents for wild-type KcsA were recorded using 10 mM succinate and 150 mM Nacl
(pH 4.0) as the internal solution, and 10 mM Hepes and 150 mM KCl (pH 7.0) as the external
solution (black trace). Also shown is the current after replacement of the external solution with 10 mM
Hepes and 150 mM NacCl (pH 7.0) by perfusion (blue trace). The amount of leak current was determined
by the addition of 5 uM AgTx; (broken red trace).
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Na' enters the filter in the absence of competing
K" ions, we do not know whether Na"* is par-
tially hydrated or how it interacts with the bind-
ing sites.

The above discussion underscores two es-
sential ideas: first, that the ability of the selec-
tivity filter to adapt structurally in an ion-specific
manner to K and Na" is a fundamental aspect
of ion selectivity, and second, that the pre-
vention of Na® conduction in solutions con-
taining both K and Na" is connected directly
to the selective nature of the binding sites in
the conductive filter, which binds multiple K*
preferentially over Na' when these two ions
compete for the binding sites.

Selective conduction of K™ over Na' ul-
timately stems from the filter’s ability to adopt
different structures in response to K and Na*
as well as from the selective nature of multiple
binding sites in the conductive filter, which
enable K" to compete against Na'. The ability
to adopt a conductive conformation in re-
sponse to K", in which the binding sites are
size-matched to K, is a property of the pro-
tein structure. We predict that attempts to
synthesize novel K" selectivity filters will be
successful only if the structures can capture the
correct responsiveness to K versus Na' (9).
Attempts to understand K selectivity through
computation must take into account the entire
selectivity filter occupied by two K' ions,
because the experiments here show that an
“empty” filter conducts Na".
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