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ABSTRACT. The hydrophobic cell membrane interior presents a large energy barrier for ions to permeate.
Potassium channels reduce this barrier by creating a water-filled cavity at the middle of their ion conduction
pore to allow ion hydration and by directing the C-terminal “end charge” of tohelices toward the
water-filled cavity. Here we have studied the interaction of monovalent cations with the cavity of the
KcsA Kt channel using X-ray crystallography. In these studies\ilds used as an analogue for Knd

the total ion-stabilization energy for Tlin the cavity was estimated by measuring its binding affinity.
Binding affinity for the Na ion was also measured, revealing a weak selectivity-fold) favoring T

over Na. The structures of the cavity containing Ne&K*, TI*, Rb*, and C$ are compared. These
results are consistent with a fairly large (more negative th&@0 mV) electrostatic potential inside the
cavity, and they also imply the presence of a weak nonelectrostatic component to a cation’s interaction
with the cavity.

To move into and out of cells, inorganic ions must
overcome a large energy barrier known as the dielectric
barrier imposed by the hydrophobic cell membrane interior
(). lons surmount this barrier by diffusing through ion
channels, which are cell membrane-spanning proteins specif-
ically designed to lower the dielectric barrier. A prototype
of selective ion channels was provided by the structure of
the KcsA K channel 2, 3). This channel contains halfway
across its ion conduction pore, approximately at the level of
the membrane center, a large water-filled cavity containing
a K" ion (Figure 1). It also has four-helices, referred to as
pore helices, which point their carboxyl termini toward the
ion suspended in the center of the water-filled cavity. The
ion looks as if to be stabilized by the partial negative charges
of the pore helices’ C-terminal end.

On the basis of these observations, it has been I3r()':)os’(':‘{ubunits of the tetrameric channel are shown in cylinder and coll

that K_+ channels overcome the dielectric barrier by sur- yepresentation. The pore helices point their partial negative charge
rounding a K ion with water molecules at the center of the  (red represents the C-termini and blue represents the N-termini)
membrane, and by stabilizing the ion through electrostatic toward the center of the cavity where an ion (green sphere) is
interactions with oriented pore helice8).( A subsequent 't?lcated- The gray “2”93 '”éj'cate the bo””dgry 'Ok]: thebme.mbra”e
theoretical analysis lent support to the idea that the cavity ah?ijeegs't:é?gB?S)l.’ 3, and 4 were prepared with Bobscfi} (

and the pore helices are sufficient to overcome the dielectric

barrier @). The analysis also suggested that in the cavity 4t the same time it raised many specific questions regarding
monovalent cations are energetically favored over divalent the magnitude of different energy terms. For example, with
cations due to a balance between attractive (between the i0Rynat affinity does a K ion “bind” in the cavity, and are the

and the pore helices) and repulsive (between the ion and thenteractions between this ion and the channel exclusively
membrane) electrostatic forces that are optimized for mono- ejectrostatic? In the present study, we begin to address these

valent cations4). _ _ ~questions through an analysis of crystal structures of KcsA
The discovery of the cavity provided a general explanation determined in various ionic conditions.

for how a Kt channel overcomes the dielectric barrier, while

IGURE 1. The structure of the KcsA potassium channel. Three
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relative occupancy of Kas a function of K concentration

Table 1: Crystallographic Data and Refinement Statistics : ) - :
in solution bathing the crystals. To do this, we must

salt concentration riftg\tesrgcegt determine structures in different *Keoncentrations and
TINO. NaNG, resolution completeness Red o qgantlfy t.he change in eIectren density at the cavity center:
mM)  (mM) A) Rt %) 'E%)b‘” _thls density should be preportlenal to the fract_lqn of channels
in the crystal that contain a®Kion at this position. At the
22 gig %‘lg 82222 gg:g %‘;gféé% resolution of data in this study, we are not able to separate
65 175 23 0.083 100 292/27.1  occupancy from the DebyéWNaller (temperature) factor and
80 160 2.9 0.103 96.6 30.6/26.1  therefore cannot determine the absolute occupancy of the
100 140 2.4 0.093 99.8 24.9/21.8  jon in the cavity at any given Kconcentration. To estimate
%28 88 %jg 8_'(1)8? ggé gé:i’gg:f ion occupancy, we make two assumptions: first, that when
170 0 26 0.099 985 345291  We change ion concentration we affect the ion’s occupancy
100 0 2.6 0.102 97.7 32.0/27.9 and not its Debye Waller factor, and second, that a leveling-
50 0 3.0 0.109 100 31.8/26.9  off of electron density as ion concentration is raised indicates
aRym = Y|l — VS I;, where MiJis the average intensity of  that we are approaching an occupancy of unity.
symmetry-equivalent reflection8R = 3 |Fo — Fcl/3. Fo, 5 or 10% of To improve the signal-to-noise ratio of our measurements,

the date that were excluded in refinement were used inRhe we have used Tlinstead of K. TI* is a very good analogue
caleulation. of K* because its radius (1.40 A) and dehydration energy
L N i . (77.6 kcal/mol) are close to that of *K(radius 1.33 A,
deswe_d ionic condltlons. For growing crystals in"Tthe dehydration energy 76.4 kcal/mol). Like'KTI* conducts
dialysis buffers contained 50 mM Hepes (pH 7.5), 5 MM through K channels, it binds at positions in the selectivity
decyl-maltoside (DM},and different concentrations of either  fjjier identical to K+, and it does not alter the channel
TINO; or mixtures of TINQ and NaN@ (Table 1). For  strycture to a discernible extent (RMSD between theakd
growing crystals in Rb and Cs, the dialysis buffers T+ complexes is 0.43 A)). For these reasons, we assume
contained 50 mM Tris (pH 7.5), 5 mM DM, and 150 MM that TI+ interacts with the cavity in a manner very similar
RbCl or CsCl, as describe@)( All the crystals used inthis 5 K+ The crystallographic advantage to using T$ an
study diffract X-rays to Bragg spacings ranging from 3.0 0 gp_glectron signal compared to 18 electrons for. Rhe
1.9 A at the Cornell High Energy Synchrotron Source Al stronger diffraction signal allows a more accurate measure-
station and the National Synchrotron Light Source X-25 ment of the ion’s presence.
(Table 1). Data were processed with Denzo and Scalepeck In our first experiments, we varied the TIN@oncentra-
(6). Phases were obtained by molecular replacement usingion (which we refer to as T) in the crystallization solutions
the published KcsA-Fab complex structure (PDB entry e allowing ionic strength to vary. Useful crystals grew
1KA4C). Structure refinement was carried out using CRS (- only at TI* concentrations of 50 mM and higher; structures
with cycles of model rebuilding using 08X The Fab  \yere determined for 50, 100, 170, and 240 mM.TiFor
fragment improves the crystal quality, but it does not change g5cp, concentration, an isomorphous difference FouFigr (
the structure of KcsA:_i). The RMSD between the structures  _ £y map was calculated using a model refined against the
obtained with and without the Fab fragment (PDB entries gata without a cavity ion (an omit map). An example of such
1K4C and 1BL_8) is 1.7 A. For simplicity, the structure of a map is shown in Figure 2a. To simplify data presentation
the complex will be referred to only as the KcsA structure 5nq electron density integration, we sampled each of the
in the following discussions. One-dimensional electron i ee.dimensional maps along the central axis of the channel
density maps were calculated in the cavity as described;g shown (Figure 2a, dashed line) and plotted one-
previously for ions in the selectivity filtei( 9). Briefly, all dimensional electron density maps for each concentration
the structural models (without ions, waters and lipids) were (Figure 2b). In a one-dimensional map, the peak area should
refined against their correspondin_g data set (Table 1). All jo approximately proportional to the number of electrons
data sets were scaled to 3.0 A using the 160 MM @ata  congributing to the electron density, assuming a constant
set as the reference set. Difference Fourier maps werewemperature factos. We integrated the peaks and divided
calculated using the CCP4 suit(), and one-dimension  ogch area by that measured at 240 mM the highest
electron density profiles were obtained by sampling the concentration).
difference maps along the central axis ef the cha_nnel using p graph of the relative areas shows that the electron
MAPMAN (11). The area of the peaks in the profiles were ygngity in the cavity is nearly constant at concentrations
integrated and normalized. Our estimates of cavity ion above 100 mM T, which we interpret to mean that full
occupancy in this study are approximate, not absolute. Se€yccypancy is being approached (Figure 2c). In fact, only the
results for a description of underlying assumptions. 50 mM\ data point deviates much below unity. By fitting the
The PDB entries for+the 'fCSA structures solved in Nigh g4 0 a Langmuir isotherm, we estimate the dissociation
concentration of K, TI*, Rb", and Cs are 1KA4C, 1R3J,  cgnstant Kq) to be approximately 16 mM. This is a very
1R3I, and 1R3L, respectively. The PDB entries for the o,qh estimate because of the absence of data below 50 mM
structures solved in high concentrations of ‘Nm the TI*+ (concentrations at which crystals failed to grow). Because
presence of low Kor TI" are 1K4D and 1R3K, respectively.  the three highest concentration points are very close to

RESULTS saturation we conclude that the affinity is quite high; if

Estimating lon _Affinity in the Czaty We first Wi_Sh to 1 Abbreviations: DMN-decyl-p-maltoside; CNS, crystallography
estimate the affinity of K for the cavity by measuring the  and NMR system.
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Ficure 2: The affinity of the KcsA cavity for Tt ion. (a) The
blue mesh represents a contoured)(3omorphous difference
Fourier F, — F¢) map calculated using a model refined against
the data without a cavity ion. The yellow trace represents the C
trace of two subunits of KcsA. The dashed line shows the central
axis of the channel. (b) Absolute value of electron density (
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Ficure 3: The affinity of the KcsA cavity for Na ion. The
normalized area of peaks in the electron density profiles is plotted
as a function of Tt mole fraction. The total concentration of Tl
and Na were kept at 240 mM. The dashed line shows the expected
outcome if T and N& have the same affinity in the cavity. The
solid curve corresponds to eqs 3 and 4 wWithy, = 110 mM.

membrane compared to bulk water, aBdis attractive
(negative) due to charges within the proteinAlfin eq 1
were zero then the estimati&d of 16 mM would correspond

to approximately—100 mV. Because of the membrane-
embedded location of the cavifyis certainly not zero, but

is expected to have some positive value (repulsive). Con-
sequently, the fixed potential in the cavity would have to be
more negative than-100 mV. Continuum electrostatic
calculations suggest that this fixed potential is due largely
to the pore helices4].

Na' Affinity: Evidence for a Non-Electrostatic Energy
Term.We next asked whether Nainds in the cavity with
the same affinity as Tl Sodium, because of its smaller
radius (0.95 A), does not easily enter the selectivity filter of
a K™ channel but it can enter the cavity. We are interested
in Na© because it allows us to ask whether the entire
interaction of an ion with the cavity is electrostatic, or is
there a nonelectrostatic component? Sodium helps us for the
following reason. In the continuum electrostatic theory, to a
first approximation the only difference between™and TI
is the ionic radius. This theory tells us that the energy for

sampled along the central axis of the channel in an electron densitytransfer of an ion of charg® and radiug; from an infinite

map calculated using the FFT function of CCR4)(as described
in methods. Colors correspond to different concentrations of Tl
cyan: 50 mM, black: 100 mM, red: 170 mM and blue: 240 mM.
Zero on thex-axis corresponds to the level of thg @f residue 79.
(c) The normalized area of peaks in (b) as a function of TI
concentration.

anything, 16 mM (corresponding to a standard state Gibbs

Free Energy of-2.5 kcal/mol) is likely to be an over estimate
of theKqy (i.e., the true binding affinity is probably greater).
Estimation of Electrostatic Potential in the @dg&/. The
electrostatic free energy difference betweeniflbulk water

versus TT inside the cavity takes the form:

AG(Q) = 0.5AQ° + BQ+ C~ 0.5AQ* + BQ (1)

with Q being the ion chargeA is a polarization constant
related to the ion’s interaction with its dielectric environment,
B is the electrostatic potential due to fixed charges in the
ion’s environment, andC is a negligibly small (and thus
excluded) term4). In eq 1,A andB account for the electrical
field interactions (with induced and fixed charges, respec-
tively) of the ion upon transfer from bulk water to the
cavity: A is repulsive (positive) due to the low dielectric

surrounding of dielectric constast into a spherical cavity

of radiusr. (rc > r) filled with a medium of dielectric

constante; and surrounded by, is given by eq 2:
AG = (0.5k) (e, — el(e162)Q 2)

Equation 2 corresponds to thé ‘term” of eq 1 for the
simple system of a spherical “water-filled” cavity: in the
absence of fixed charg&= 0. The interesting point is that
the ion transfer energy is independent of ion size. The same
should be true for the more complex geometry of the K
channel cavity. Thus, any difference in the affinity of Na
or K™ is not explained by a simple continuum electrostatic
theory.

We grew crystals of the KcsAFab complex in various
mixtures of T and N&, maintaining the ionic strength at
240 mM, and analyzed electron density peaks as described
above. The normalized areas for the electron density peaks
are graphed as a function of the*Tihole fraction (Figure
3). Since Tt and Na compete for the same binding site,
and since 240 mM should be well above tkgfor either
ion, we expect there to be either a"Tdr a Na ion in the
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cavity at any given time. If these two ions have identical
affinities, then the total electron density inside the cavity
should be directly proportional to (i.e., a linear function of)
the TI mole fraction, with a nonzerg-intercept to account
for 10 electrons in Na (Figure 3, dashed line). In fact, the
data points clearly deviate from a straight line, indicating
that the affinities of Na and TI" are not identical.

Before further analysis, we must consider the following
issue: at very low concentrations offTthe selectivity filter,
which is adjacent to the cavity (on the extracellular side of
the pore), undergoes a change in its conformat&)nThe
very same change also occurs in low concentrations®of K
(3). However, we think that this change has little influence
on ion binding in the cavity for the following reasons: first,
the orientation of the pore helices and structure of the cavity
remains the same in both conformations of the selectivity
filter (3), and second, the data points in Figure 3a corre-
sponding to channels with low-TI(first three points) and
high-TI* (remainder of points) selectivity filter conformations
follow the same trend.

To quantify the relative affinities of Tl and Na& we
consider the following competitive reaction scheme:

KcsA + T1" < KesA«TI'
+

Na*

!

KcsAeNa®

The fraction of channels containingTin the cavity @)
is

1
Kai KdTI[Na+]
[T Kand TI7]

Oy = )

An analogous equation can be written for the fraction of
channels containing Nian the cavity @ng). The normalized
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FiIGURE 4: Electron densities of different monovalent cations and
their hydration shells inside the cavity of the KcsA channel. The
C, trace of KcsA is represented as a gray ribbon. The amino acids
forming the lining of the cavity are shown as ball-and-stick. The
Fo — F. omit maps (blue) are countered at.3ons in the cavity

are represented as colored spheres. (PDB entries: 1K4C, 1R3J,
1R3I, 1K4D, and 1R3L).

ion—water complex inside the cavity for monovalent cations
of various sizes (Figure 4).

DISCUSSION

area of the electron density peaks should thus be related to

611, Ona, and the number of electrons inT{80e) and Na&
(10e) according to
area= (6,80 + 0,-10)/80 4)

If we apply the result of our first experiment in this study,
Kg 11 = 16 mM, to the above equations, the only unknown
value isKqy na The best fit of eqs 3 and 4 to the data yields
Kg na = 110 mM. Thus, the cavity has about a 7-fold
preference for Tl over Na, corresponding to approximately
1.2 kcal/mol energy difference favoring TIThe accuracy
of this result depends on the accuracykafr: the lower
Kg 11 is, the lowerKy na Will be. Regardless of the precise
value of the dissociation constant, it is clear that the cavity
binds TI" with somewhat higher affinity than NaOn the

=

From these experiments, we reach three conclusions. First,
TI* binds in the cavity with fairly high affinity Kq 1 ~ 16
mM). Since K is very similar to Tt in radius, dehydration
energy, and binding to the selectivity filter, we expect that
it should bind in the cavity with an affinity similar to TI If
this is the case, then under physiological ion concentrations
the cavity will be occupied by a Kion nearly all the time.
Effectively, the local concentration of Kin the cavity, that
is, at the intracellular entryway to the selectivity filter, is
about 2 M. Second, much of the interaction between the
cavity ion and the channel is probably electrostatic because
the ion is not in van der Waals contact with any protein
atoms. Third, some fraction of the interaction is apparently
not electrostatic in origin because we detect an affinity
difference between Tland Na, monovalent cations of

basis of the argument given above, this difference cannotdifferent radius.

be accounted for by the continuum electrostatic theory. The

An analysis of N& inhibition of KcsA Kt channels using

general form of eq 1 requires another energy term to accountelectrophysiological methods allowed Miller and Nimigean

for the affinity difference between Tland Na. We do not
know the mechanistic origin of this term. As a point of
discussion, it is worthwhile to inspect the “structure” of the

to determine the selectivity ratio of'Kand Na for an ion
binding site located on the intracellular side of the selectivity
filter (12). They assumed this site to be in the cavity and
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found a 5-7-fold preference for K over Na, the same as
the selectivity ratio observed in the structural data presented
here. In a much earlier study carried out long before the
structure of a K channel was known, Neyton and Miller
analyzed the effect of internally applied ions on the rate of
B&" ion dissociation from BK K channels 13). They
described an ion binding site on the internal side of the
channel, which they called the “internal lock-in site”, that
binds K" with a roughly 7 mMKq4 and has a 5-fold preference
for K* over Na. Through structural studies Bais now
known to block K" channels at position 4 in the selectivity
filter, immediately adjacent to the cavityl4), suggesting
that the “internal lock-in site” in BK channels is the cavity.
Therefore, in two different K channels, KcsA and BK,
electrophysiological studies define a functional site that
corresponds extremely well in terms of affinity and selectivity
to the cavity ion studied here. The good correspondence
between the structural and functional data implies an
important property of ion binding in the cavity. The BK and
KcsA K* channels were open in the electrophysiological
studies while KcsA is in a closed conformation in the
structural studies. The consistency of results implies therefore
that equilibrium ion binding properties of the cavity do not
change very much when a‘kchannel undergoes a confor-
mational change from closed to open. A crystal structure of
an open K channel called MthK has been determined and
the cavity at the level where an ion resides is very similar to
that in the closed KcsA Kchannel 15, 16).

In the absence of additional information, we cannot
separate thé andB energy terms in eq 1. The situation is
even more complicated because we have also to account fo
a third, nonelectrostatic term. For purposes of a thought

experiment, however, suppose the nonelectrostatic term is

1.2 kcal/mol for Na and O for Ti": that is to say, there is
something about the cavity that destabilizes Nelative to
TI*, which itself interacts with the cavity according to eq 1.
Next, we can make use of the observation that divalent
cations do not appear to enter into the cavity of KcsA (or
other Kt channels that are not of the inward-rectifier class)
by applying the inequalitAG(Q = 1) < AG(Q = 2). If the
affinity of divalent cations is less than that of monovalent
cations for electrostatic reasons then the inequality applied
to eq 1 requireA > 2B/3, or a negative potential in the
cavity of 156 mV or greater. Of course, these calculations
are highly speculative because there are too many unknowns
but they make the point that the electrostatic potential inside
the cavity is likely to be negative and of large magnitude.
Probably the most interesting result in this study, and of
previous electrophysiological studies2( 13) is the aspect
we do not understand: selectivity of the cavity for Kver
Na'. The selectivity is very weak~5-fold) compared to
what is observed inside the selectivity filter 10°—10*-fold),
but it is interesting because its origin is not at all obvious.
Figure 4 shows the electron density inside the cavity of
structures solved in the presence of high"N&*, TI*, Rbt,
and C<. These monovalent cations range in radius from 0.95
A (Na") to 1.69 A (Cg). Only Cs' is obviously anomalous
in that it tends to reside at two locations (but not both at
once) rather than at a single “energy minimum”. Sodium
does not have a complete visible hydration shell, but that
may be due to a symmetry mismatch between a preferred
hydration shell and the channel structure: we have no idea

Zhou and MacKinnon

whether this has energetic consequences. We show these
structures and raise this issue because it is interesting. We
have a very limited understanding of water and ion interac-
tions with hydrophobic surfaces, especially when the surfaces
are concave.
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