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Side-Chain lonization States in a Potassium Channel
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ABSTRACT KcsA is a bacterial K™ channel that is gated by pH. Continuum dielectric calculations on the crystal structure
of the channel protein embedded in a low dielectric slab suggest that side chains E71 and D80 of each subunit, which lie
adjacent to the selectivity filter region of the channel, form a proton-sharing pair in which E71 is neutral (protonated) and D80
is negatively charged at pH 7. When K™ ions are introduced into the system at their crystallographic positions the pattern of
proton sharing is altered. The largest perturbation is for a K* ion at site S3, i.e., interacting with the carbonyls of T75 and V76.
The presence of multiple K* ions in the filter increases the probability of E71 being ionized and of D80 remaining neutral (i.e.,
protonated). The ionization states of the protein side chains influence the potential energy profile experienced by a K* ion as
it is translated along the pore axis. In particular, the ionization state of the E71-D80 proton-sharing pair modulates the shape
of the potential profile in the vicinity of the selectivity filter. Such reciprocal effects of ion occupancy on side-chain ionization
states, and of side-chain ionization states on ion potential energy profiles will complicate molecular dynamics simulations and
related studies designed to calculate ion permeation energetics.

INTRODUCTION

lon channels are a major class of integral transmembran@eginbotham et al., 1999), although the existence of mul-
proteins classically involved in the control of cell excitabil- tiple conductance levels has also been suggested (Meuser et
ity. They provide gated, aqueous pores through which seal., 1999). It is gated by pH such that channel opening is
lected ions diffuse passively down their electrochemicaffavored at pH< 4 (Cuello et al., 1998). EPR studies show
gradient (Hille, 1992). Mutations in channels may result inthat the opening of the spin-labeled channel involves struc-
disease (Ashcroft, 2000). It is therefore of some interest taural changes that increase the pore radius at the intracellu-
relate the molecular structure of ion channels to their phystar mouth of the channel (Perozo et al., 1999). Although its
iological function. X-ray crystallographic studies have re-physiological function is as yet unknown, its strong se-
vealed the structures of a bacterial khannel KcsA (Doyle quence homology to other’Kchannels, particularly within
et al, 1998) and of a mechanosensitive channel (Chang @e filter region, suggest that all'Kchannels share a similar
al., 1998). At the same time, spectroscopic studies havetrycture (Yellen, 1999), although it seems likely that in Kv
revealed aspects of channel gating (Perozo et al., 1999; Chhannels one of the two pore-lining transmembrane helices
etal., 1999; Glauner et al., 1999; Patlak, 1999). Howevermay pe kinked (Kerr et al., 1996; Shrivastava et al., 2000;
the microscopic basis of their ability to effectively select camino et al., 2000: Sansom and Weinstein, 2000). Thus,
ions and allow them to permeate at diffusion-like rateskcsa provides a useful structural model with which to
remains an intriguing question (Meuser et al., 1999). investigate the molecular basis of ion channel function.
Potassium channels are selective for Kns over other The crystal structure of KcsA reveals a membrane-span-
ions and act physiologically to dampen cell excitation and tGing tetramer with a narrow selectivity filter at the extra-
maintain the membrane potential at its resting value (Hille .o 1ar side and a large, hydrophobic, water-filled cavity
1992). Site-directed mutagenesis studies combined Witho,, the center of the membrane (FigAlL Continuum
eIectro.physioIogy identified residues that confer _Sele_CtiVityeIectrostatic studies suggest that dipole moments of the
(MacKinnon and Yellen, 1990). The recent elucidation of gy, 4 e (p) helices, which surround the filter, are able to
the structure of KcsA (Doyle et al., 1998) provided the flrstfocus an ion within this aqueous cavity (Roux and Mac-

view of a potassium channel at the molecular level. SeVem‘kinnon, 1999). Difference electron density maps, calculated

'ons werefhown to be present in the cha.n'nel, supporting thﬁom crystals soaked in Rbcontaining solutions, reveal the
view of K" channels as single-file, multi-ion pores (Hille,

: . o " existence of multiple ion binding sites. These were included
1992). Electrophysiological characterization has shown it tqn the crystal structure (Doyle et al., 1998) as three ions within
be a K'-selective channel with a conductance of 83 pS Y Y ”

the selectivity filter and one ion in the cavity (Fig.B).
Computational simulations enable one to explore the
functional implications of molecular structures of ion chan-

Ejgewed for‘publlcanon 5 Jane ;002 gn(ljamsfmal forlef) Decemb?rMZOIOOnelS (Sansom etal., 2000)_ For example, molecular dynam-
ress reprint requests to Dr. Mark S. P. Sansom, Laboratory of Molec- . .
ular Biophysics, The Rex Richards Building, Department of Biochemistry,ICS (MD) simulations have been used to calculate free

University of Oxford, South Parks Road, Oxford, OX1 3QU, UK. Tel.. €nergy profiles along the pore of grami_Cidin (Roux ar_]d
44-1865-275371; Fax: 44-1865-275182; E-mail: mark@biop.ox.ac.uk. Karplus, 1991) and more recently to estimate the relative

© 2001 by the Biophysical Society free energies of possible configurations of ions in the filter
0006-3495/01/03/1210/10  $2.00 of KesA (Agvist and Luzhkov, 2000; Allen et al., 2000).
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MATERIALS AND METHODS
KcsA model

The molecular model used in this study is the x-ray crystal structure of
KcsA (Protein Data Bank (PDB) file 1bI8) with the missing side chains
(R27, 160, R64, E71, R117) modeled as stereochemically preferred con-
formers. The model omits 22 residues from the N-terminus and an addi-
tional 42 residues from the C-terminus. Each subunit of the truncated
tetramer consists of two transmembrane helices (M1 and M2) connected by
a ~30-amino-acid pore region consisting of a turret, a pore (P) helix, and
a selectivity filter. The filter contains the highly conserved Khannel
signature sequence TVGYG (Fig. 1).

Electrostatics calculations

The procedure for calculating pKvalues for ionizable groups in situ uses
established methods (Bashford and Karplus, 1990; Yang et al., 1993), and
its application to ion channel models has already been described in some
detail (Adcock et al., 1998; Ranatunga et al., 1999). Similar methods have
proved useful in explaining the difference in selectivity between two

S1 bacterial porins (Karshikoff et al., 1994) and yield good agreement with
S2 experimental data for bacteriorhodopsin (Bashford and Gerwert, 1992).
In brief, the calculation is based upon evaluating the change in electro-
S3 static free energy associated with moving an isolated amino acid from an
S4 aqueous environment (in which it is characterized by an experimental

model pK,) to a protein/bilayer environment. Free energies are estimated
by numerical solution of the linearized Poisson-Boltzmann equation. The
% — R— v C energy difference in going from bulk solvent to protein/bilayer is made up
of three electrostatic contributions: 1) the interaction of a side chain with

. . ) the surrounding dielectric environment (i.e., the Born energy), 2) the
FIGURE 1 ) Two subunits of the KcsA channel, viewed perpendicular interaction of a side chain with the background of nontitrating charges (i.e.,

tc_) the pore aX|_s V\_"th the ex_tracellular mouth (_Df the porg _at the top of t_hethe back energy), and 3) the interactions between the various ionizable side
diagram. Key ionizable residues are shown in space-filling format, with

I ) ) . . ) hains. Factors 1 and 2 bine t turb the behavior of a side chai
acidic residues in dark gray and basic residues in pale gy The enains. Faclors - an combine to pertulrd the benavior ot a side chain

T . : . . away from the model pK value to give an intrinsic pK. The interaction
selec_t|V|ty filter region, showmg two (_:oples qf the TVGYG motif and t\_NO between each pair of ionizable residues when combined with the intrinsic
P helices. The crystallographic locations of kons (at S1, S3, S4, and in

; . K, values enables the protonation state of each individual ionizable
the cavity, C) and a water molecule (at S2) are shown. Thus, S1 is at thg_ % P

; esidue to be calculated from the thermodynamic average over all possible
center of the carbonyl oxygens of G77 and Y78, S2 is at the center of th Y g P

. rotonation states of the protein, usin
carbonyl oxygens of V76 and G77, S3 is at the center of the carbony?) P 9

oxygens of T75 and V76, and S4 is formed by the carbonyl oxygens and

side-chain (@) oxygens of T75. p(x) = expl —In10 > Yi(PKa intrinsic,i — PH)

i
Unrestrained MD simulations of KcsA in a lipid bilayer -B2> EAGi,k )
have revealed concerted single-file motion of ions and water Pk

m0|e\CU|es in the filter (Shrivastava a_-nd Sansom, 2000ynerep(x) is the probability of a residue existing in its ionized state and
Bernehe and Roux, 2000). MD simulations have also beens an N-element state vector whose elements are 0 or 1 depending on
used to explore aspects of KcsA electrostatics (Guidoni evhether the residue is un-ionized or ionized, respectively, where—1

al. 1999). However. as has been shown by studies of porirfg a basic residuey = +1 for an acidic residued = 1/RT and where
’ ! G, is the screened Coulombic interaction energy between pairs of

(KarSh'kOff etal, 1994) and of Slmp|.e rr_10d_e|s of ion Ch"m'ionizable residuesandk (Bashford and Karplus, 1991; Lim et al., 1991).
nels (Adcock et al., 1998, 2000), the ionization states of sideis procedure is carried out using a Monte-Carlo routine to minimize the
chains in an ion channel may differ from their default statescomputational time taken by reducing the sampling space (Smith, unpub-

Such differences can have a significant effect on the enefished work; Adcock et al., 2000). _
. . . The system is represented as a mixed model of continuum solvent and
getics of ion permeation.

) . . L microscopic protein. The lipid bilayer in which KcsA is embedded was
In this paper we present calculations of the likely ioniza-represented by a slab of overlapping methane-sized spheres. The slab was
tion states of side chains of Kcs, and of how these ionizatiomf thickness 30 A and centered on the channel protein. The interiors of the
states may be modulated by the presence biidas in the protein apd the slab were assi'gr!eq a dielectric of 4 The sqlvent region,
filter. The protonation state of an E71-D80 pair near theboth outside the channel and Wlthm its pore, was assigned a dielectric of 78
o . . . and a Debye length corresponding to an ionic strength of 100 mM. The
selectivity filter modulates the strength of interaction of aprotein atomic partial charges and radii were from the CHARMm22 set

K™ ion with the selectivity filter. (Momany and Rone, 1992). A solvent-accessible surface of 1.4 A and a
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Stern radius b2 A were employed. Where ions were explicitly present, no performed using the finite-difference method with a two-step focusing
ionic strength was included. protocol in UHBD5.1 (Davis et al., 1991). MD simulations used
CHARMM24 (Brooks et al., 1983). Structure diagrams were drawn using
Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).
Molecular dynamics

lon/protein interaction energies were evaluated via MD simulations on an
ion/protein/water system using methods described in detail elsewherh SULTS
(Smith and Sansom, 1997; Ranatunga et al., 1998). The system consiste

of KcsA plus 2296 water molecules, the latter present within the pore anchA values of ionizable side chains
as caps at either end of the channel. This system was relaxed by a 100-ps

MD simulation before analysis of ion/pore interactions. The ion was placedAbsolute pK, values were calculated for all 60 ionizable

at successive 1-A positions along the pore, and the nearest water molecutgsidues in the crystal structure of KcsA. Most of the

to the ion was removed. Harmonic restraints (force constant of 10 kca}.esidues remained in their default ionization states at neutral

mol~* A~?) were applied to thez-position of the ion and the system . .

minimized (3000 steps ABNR), heated (to 300 K for 6 ps), and equilibratede althoth th?'r PIK values were shifted somewhat from

(9 ps). Shift functions acting between 13 and 14 A were employed toth€ corresponding model values (Table 1). However, some

truncate long-range interactions. Harmonic restraints were applied to theesidues are perturbed into nonstandard ionization states,

Ca atoms (see below) and an MMFP cylindrical restraint was applied toincluding R64 and E71.

_the water _molecu!es in the caps. The potential energieg of ion/protein and The R64 residues have unusua”y IowpKaIues (4.4t

lon/water interactions were averaged over the 9-ps period. 0.3) such that they would remain neutral at pH 7. Their side
chains are directed out from the top of the pore helix toward

Restraints the N-termini of the neighboring M2 helices, thus forming

In the reduced system, which includes only protein and water and omits th!er‘,ter'Sl“lbl'lr]It interactions. Their proximity to the I,OW dIEI?C'

bilayer, restraints are required to preserve the structural integrity of thdfiC Of the membrane as well as unfavorable interactions

protein. However, using a constant arbitrary restraint for all protein atomswith both the N-terminus of the helix dipole of M2 and the

may result in errors in estimation of protein/ion interactions (Allen et al., nearby R89 residues combine to lower their \pKalues

1999, 2000). To mimic the motions of a channel protein in unrestrained(-l—ab|e 1) relative to the model value of 12.0 (Nozaki and
simulations, restraints were designed to reproduce the magnitude of ﬂuci'anford 1967) ’

tuations observed in a 1-ns simulation of KcsA embedded in a POPC lipid . . . .
bilayer (Shrivastava and Sansom, 2000). It should be noted, however, that 1he intracellular mouth E118 residues form a ring in
the use of such restraints may preclude certain rare conformations that awhich the side chains point into the pore. They are neutral
insufficiently sampled in the original simulation. at pH 7 (Table 1) due to their close proximity to each other
Restraints were applied only tooCatoms of the protein, treated as r$1~4 A), combined with unfavorable interactions with the

independent harmonic oscillators. The mean square value of the maximu N rrounding protein (for example. thev are at the C-terminus
amplitude, A, of a harmonic oscillator can be expressed in terms of the gp pie, y

spring constantks; of the M2 helix dipole). Of course, cytoplasmic regions of
A2 NAA A2 A2k TIA - KcsA not' presept ip the crystal structure may influence
(A?) = JoAP(A) _ JoAexH —ksAT2ksT] _ ki these residues in vivo, although we note that the channel
Jop(A)dA Joexd —kAY2ETIdA ks’ still retains its functional properties in the absence of the

wherekg is Boltzmann'’s constanfT is the temperature, ang(A) is the C-terminal cy.toplasmlc freQIor;]’ and both regions are S.’UQ-f
probability distribution function ofA. This was equated with the mean gested to project away from the transmembrane domain o

square fluctuation (MSF) from the average position of the @oms as  the protein (Perozo et al., 2000).
calculated from a full bilayer MD trajectory of KcsA (Shrivastava and
Sansom, 2000) to yield a unique value for the spring constant for each C
atom. These values were incorporated as harmonic restraints using
CHARMMZ24, and the restrained (i.e., reduced) system was simulated foTABLE 1 Results of pKA calculations
100 ps. ) o
The resulting restraints yield dCMSF values closer to those from the S'd.e Model ~ Born ener?y Back enerlgy Intrinsic Absolute
full bilayer trajectory than did a simulation run in the absence of restraintsChaIn PKa  (kcalmol™) (kcal mor™) PKa PKa

(results not presented). To improve the quality of the restraints the springi25 6.3 34+01 -04%+0.1 41+0.1 1.9+0.2
constants were scaled by the ratio of the target MSFs (i.e., those from thr27 12.0 0.5+ 0.0 0.7+0.0 11.1+0.0 11.1+0.0
full bilayer simulation) to the observed MSFs (i.e., those observed in thee51 44 —-6.9+0.1 12.3+ 1.0 0.5+ 0.7 <0.0
reduced simulation), and the restrained simulation was repeated. Thir52 12.0 3.1+01 -14+0.3 10.8+0.2 14.5*0.0
procedure was iterated until a reasonable convergence was observed g4 12.0 2.2+0.1 55+ 0.3 6.4+0.2 4.4+0.3
tween the target and observed MSFs. This occurred after two consecutive71 44 —-6.6+0.1 6.7+ 1.1 4.4+ 0.8 >14.5
scalings. These spring constants were used for all MD simulations prepgo 40 -4.1+0.0 1.6+ 1.0 5.8+08 3.7+x22
sented in this paper. R89 120 5.8 0.1 1.8+06 6.5x04 14.5

R117 12.0 1600 -06*+0.0 11.7x0.0 12.0=0.0
E118 44 —-18*x00 -1.7x04 6.9+ 0.3 10.8x2.8

General ) ) ,
The pK, calculations were performed in the absence of ikns. Values

All calculations were performed on either Silicon Graphics v@rksta- given are averagestSD) for the four copies of each residue in the
tions or a Silicon Graphics Origin2000. All electrostatic calculations were channel.
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E71 and D80 lie near the selectivity filter and have beeneach E71-D80 pair (Fig. B) yields sigmoidal titration
suggested to interact to form a proton-sharing pair withincurves, suggesting that each pair shares one proton rather
each subunit (Berrme and Roux, 2000). This is supported than acting as two independent sites.
by more recent crystallographic data (Mackinnon, 2000).
The side chains of E71 point upward from the bottom of the, .
P helix near the selectivity filter (Fig. A). The conforma- Effects of K™ ions
tions of these side chains have been modeled. Their abseng€e™ channels have long been thought to be multi-ion pores
from the 3.2-A-resolution crystal structure coordinates(Hille, 1992). For KcsA this is supported by x-ray crystal-
might be indicative of significant conformational flexibility. lographic results (Doyle et al., 1998) and by simulation
The D80 residues lie at the extracellular end of the selecstudies (Shrivastava and Sansom, 2000; Allen et al., 2000;
tivity filter and their side chains are directed away from the Aqvist and Luzhkov, 2000; Befebe and Roux, 2000). To
pore and toward the E71 side chains (Fig.AL Both investigate how the presence of ions may influence the
residues are in a predominantly low dielectric environmentjonization state of KcsA, the absolute pkvalues were
favoring their neutral (i.e., protonated) state. However, thaecalculated in the presence of different configurations of
background charges compensate for this almost perfectl)K * ions within the channel. As might be anticipated, adding
Strong interactions between E71 and D80 residues in th&™ jons to the channel increases the probability of ioniza-
same subunit (8.0 kcal mot) and of E71 with Y78 (5.0 tion of acidic residues while suppressing the ionization of
kcal mol™*) dominate and elevate the pkof the E71 side basic residues, and such effects are more pronounced if
chains such that they are likely to be neutral at pH 7. Themultiple ions are present and/or an ion is close to an ioniz-
pK, values of the D80 side chains are reduced somewhahble side chain. The maximum pkshifts observed were of
and so these residues are ionized at pH 7. The titratiothe order of two pH units.
curves of both groups of residues (E71 and D80; Fig) 2 The E71-D80 proton-sharing site showed very strong ion
are complex and markedly nonsigmoidal. In particular, asiependence (Fig. 3). Both single and multiplé ions in
the pH is increased, the increased ionization of the D80 sidehe filter had significant effects on ionization of this region
chains appears to suppress ionization of the E71 side chainsf the channel protein. To discuss these effects we will use
However, summation of the probability of ionization of

>
>

< 110-1
110-0
101-1
101-0

010-0
100-0
001-0
000-1
000-0

Probability of ionization

" Probability of ionization

oY)

w

000-0

000-1
001-0
100-0
010-0

1.0

E

0.8 1

0.6 1
101-0
101-1
110-0
110-1

0.4 1

Probability of ionization

Probability of ionization

1 0 2. 4 6 8 10 12 14
2.0 —r—mmmm— pH
0 2 4 6 8 10 12 14
pH FIGURE 3 Calculated titration curves for a single EA) &nd D80 B)
residue (from the same subunit) in the presence of different combinations
FIGURE 2 () Calculated titration curves (shown as probability of ion- of ions in the pore. The configuration of ions is indicated as follows. For
ization versus pH) for E71splid lineg and D80 broken line§for the x-ray sites S1, S3, S4, and the cavity C the presence/absence of an ion is
conformation of KcsA. B) Probability of ionization of each of the four indicated by a 1/0. Thus, 110-1 indicates a ién at S1, a K ion at S3,
(E71, D80) pairs as a function of pH. and a K" ion in the cavity.
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a nomenclature similar to that of Aquist and Luzhkov
(2000) to describe ion occupancy of the channel (see cap-
tion to Fig. 3 for details). For example, 101-1 indicates a
configuration with K ions at sites S1 and S4 and in the
cavity (see Fig. B for nomenclature of the Kion binding
sites). For a single K ion present, the biggest effect on the
E71-D80 pairs is obtained for configuration 010-0 (i.e.,
with the K* ion at site S3 in the middle of the filter). In
contrast, if the single ion is in the cavity (configuration
000-1) the E71-D80 titration curves are not significantly
different from those obtained in the absence of K.e.,
000-0). Multiple ions in the filter all have similar effects,
regardless of the exact configuration. In more detall, al-
though in the absence of ions the predominant state is E71H,
D80, in the presence of multiple ions, this switches to
E71, D80OH. If a single ion is present in the filter (e.g.,
configuration 010-0), then the proton is shared equally
between the two side chains. Furthermore, in the presence
of multiple ions, pH has little or no effect on the ionization
state of E71, D80. This suggests that the ionization state of
the E71, D80 pair is unlikely to form the basis of pH gating
of the channel.

Sensitivity to changes in conformation

In the context of the limited resolution of the crystallo-
graphic structure of KcsA, for which exact fourfold rota-
tional symmetry is imposed, it is of interest to investigate
the sensitivity of our pl calculations to small perturba-
tions in structure. Thus, pKcalculations were repeated for FIGURE 4 Chanaes in conformation of an E71. D8O oair during a
snapshot_s from MD slmUIatlons of KesA In a POPC bllayferbilayer MD simula?ion (Shrivastava and Sansom, ,2000). 271, D809pair
(as described in Shrivastava and Sansom, 2000). A NOtiC&gfore o) and after B) 0.5 ns of simulation. Note the change in the closest
able effect of the MD simulations on this system is the l0SSapproach of the two side chains.
of exact fourfold symmetry and changes in some of the
networks of interactions between ionizable residues existingo the conformation in MD simulations of KcsA embedded
in the crystal structure to form new networks (Fig. 4). Notein an octane slab (Guidoni et al., 1999)). Meanwhile, E71
that these MD simulations were run under the assumptiointeracts with the NH backbone atoms of D80 (FigA¢
that all residues were all in their default ionization states. These MD simulations also generated changes in the
Thus, rearrangements of side chains have been driven 118 ring, the side chains of which no longer pointed in
certain side chains moving to accommodate their fixectoward the pore. Instead the E118 side chains pointed away
default charges. from the pore interacting with the positive ionizable groups

Absolute pK, values were calculated for snapshots ofaround the intracellular mouth. This allows all the E118
KcsA in a POPC bilayer simulated with no ions at 500 andresidues to be ionized, but their exact pKalues vary
1000 ps (simulation MDKO of Shrivastava and Sansom.according to which segment the residue is in; i.e., a degree of
2000) and 320 ps into a simulation with three" Kons  asymmetry is seen. Furthermore, for each E118 residue, its
(simulation MDK3). The pK values for the structures after exact pK, varies with time. Thus, although this is perhaps a
MD simulation (data not shown) differ from those calcu- somewhat extreme example, it can be seen that the magnitude
lated from the x-ray structure in that all of the pKalues  of conformational changes observed in-&00-ps MD simu-
became consistent with the default ionization states used ilation may lead to changes in pivalues.
the MD simulations. In effect, the unrestrained MD simu-
lations allow residues to move to accommodate their as: L .

. . Effect of ionization state on electrostatic

sumed charge states. For example, the E71-D80 interaction . -
(see above) is disrupted. The D80 side chain, instead cRotentlal profiles
interacting with E71, forms intra-subunit interactions with Having established that ionizable side chains of KcsA ex-
R64 and inter-subunit interactions with R89. This is similarhibit complex titration properties, it is useful to examine

Biophysical Journal 80(3) 1210-1219
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possible functional consequences of changes in side-chakcal mol %. The profile does not show any strong cation-
ionization states. A first approximation to this may be attractive features in this region.
obtained via calculation of the electrostatic potential profile
along the pore axis, using the same Poisson-Boltzman
approximation as was used in calculation of ppialues.
This was performed on KcsA with the ionizable residues 1)
in their default ionization states, 2) in their neutral statesAlthough a continuum calculation provides an estimate of
(i.e., acidic residues protonated and basic residues deprotthe effect of side-chain ionization on the strength of inter-
nated), and 3) in their calculated ionization states at pH 7 (asctions of a K ion with the channel, it cannot take into
specified in Table 1). account, e.g., small changes in channel conformation in
In all three cases the profiles (Fig. 5) show clear potentialesponse to the presence of the ion or allow estimation of
wells in agreement with the cation selectivity of the channelthe relative strengths of ion/protein and ion/water interac-
The electrostatic potential profiles show some differenceions. To explore such aspects in a little more detail,"a K
between ionization states particularly in the vicinity of theion was placed at 1-A steps along the pore axis and the
intracellular mouth. A deep intracellular wel-(-45 kcal  potential energy of interaction was averaged during a short
mol ™) is a feature of the profile when default ionization MD simulation. It should be noted that this provides an
states are assumed but is absent from the other two statesstimate of the effect of different ionization states on po-
This is due to the E118 ring, which helps to constrict thetential energies of interaction. However, the simulation
intracellular mouth of the pore. times are too short to enable estimation of free energy
The overall shapes of the profiles are similar to each otheprofiles (Aqvist and Luzhkov, 2000).
in the aqueous cavity and filter regions but show significant First, let us examine the overall shape of the interaction
quantitative differences. However, the potential well generprofile, calculated as the interaction energy of thé ign
ated by the filter is lower for the default than that for the with the pore plus water (Fig. 8). A large barrier is seen
other two ionization states. The shape of the profiles in thisat the intracellular mouth due to the narrowness of the
region shows that the backbone carbonyls do indeed providehannel here (reflected in the ion-water interaction), sug-
a cation-attractive environment within the pore, but theseyesting that the channel is in a closed conformation. This
continuum calculations do not allow resolution of discrete
ion binding sites. The extent of ionization of the E71 ring,

Effect of ionization state on potential energy of
interaction with a K* ion

which we have shown to proton share with the D80 ring, - Ic C F EC
strongly influences the depth of the well in the selectivity A 160 7% e o
filter region. In the extracellular mouth the profiles are very 120 ]
similar for the different ionization sates as they approach 0 5 80 :
E
T 40 g <—— neutral
o 0 T PH7
-40 default
= 30 20 10 0 10 20
g Position along z (A)
© IC Cc F EC
< B ' T mR< default
u? ~ 200 - o
1 : E ; S 100 P
-80 1 : : <— default £ neutral
: : P 5 O
v v v v v v . v v v &)
30 20 10 O 10 20 =< -100 neutral
iy w i pH 7
Position along z (A) -200{" K+_protéin :
-300 i <— default

-30 -20 10 O 10 20
Position along z (A)

FIGURE 5 Electrostatic potential energy profiles (calculated via numer-

ical solution of the Poisson-Boltzmann equation) along the pore axis for
three different ionization states of the protein: default indicates the fully

ionized state; pH 7 indicates the ionization state at pH 7 based on calcu-
lated pK, values (Table 1); and neutral indicates that all ionizable sideFIGURE 6 Interaction potential energy profiles for & Kon as a func-
chains are in their uncharged state. The gray arrows above the grapion of position along the pore axisA) The ion-(protein+ water) inter-
indicate the approximate locations of the intracellular (IC), cavity (C), filter action energies;R) The ion-water (pper halj and ion-proteinlpwer halj

(F), and extracellular (EC) regions. interaction energy profiles.
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barrier is independent of the ionization state of the protein K-S4 K-S3 W-S2 K-S1
side chains. The shape of the profile in the region of cavity
and filter differs markedly between different ionization 607 I

states. If one assumes all side chains to be ionized (the ‘ I"I
default assumption) then there is a broad potential well, of 3 < neutral
depth~—40 kcal mol'* in the center of the filter. If one

assumes all side chains to be in their neutral state, this well
is transformed to a barrier of height+50 kcal mol . If

one takes the ionization states predicted at pH 7 using the
pK, values in Table 1, then the potential profile is much
flattgr, yvith a small well close to the cavity and a small 0 2 4 6 8 10 12 14
barrier in the middle of the filter.

These profiles can be analyzed in more detail by breaking
them qOW” into ion/water and _|on/prote|n profl_les_ (Fig. 6 FIGURE 7 Expanded view of the k(protein+ water) potential energy
B). This clearly reveals that the intracellular barrier is due toprofiles for the selectivity filter region. Profiles are shown for the same
an unfavorable ion/water term; i.e., the ion is desolvated agree ionization states as in Fig. 6. The vertical gray arrows show the
it is moved through the intracellular mouth of the (C|05ed)appr0ximate locations of the three"Kons and the water molecule seen in
channel, and even in the fully ionized system (with a ring oft filter in the x-ray structure.
anionic E118 side chains), the ion/protein interactions are

insufficient to compensate for this desolvation. The size an%ites S1, S3, and S4, although the latter two sites cannot be
shape of this intracellular barrier vary little with ionization occupieé sir‘r’1ultaneo:Jst) and with the results of simulation
state except at the furthest extreme of the chann8R(A). studies (Shrivastava and Sansom, 2000; Aqvist and Luzh-

This is roughly the position of the E118 ring and its posi- - . )
tively charged neighbors (H25, R27, and R117). The Iorin_kov, 2000) that indicate that ions prefer to occupy sites S2

) . 7 : . and S4. The default profile is perhaps a little more consis-
cipal barrler_ (a2~ —20 A) is due to the hydrophobic A111 tent with the ion occupancy in the crystal (as it has a well
and V115 rings.

Within the filter it can be seen that the ion-protein inter- close to S1) whereas the pH 7 profile is perhaps closer to the

. . . . simulation results. However, it should be remembered that
actions are highly favorable whereas the ion-water interac;

. . . 1) these profiles correspond to single ion occupancy and 2)
'_tll_cr)]ns darihun:at\k/‘orgble (rethnve tto i.flf”y qulv::;ted h%n). i simulation studies indicate that transitions between S1/S3

€ depth of the lon-protein potential well 1S dependent on, 4 g5/54 occupancy are facile. The latter is consistent with
the ionization state;-2.5 times for the fully ionized model

t0 ~—100 kcal mol for the neutral model. The latter the relatively flat profiles observed, especially for the pH 7

figure is dominated by the interactions of thé Kon with model.
the carbonyl oxygens that line the filter. Even in the pH 7
model, this potential well is deepened to—200 kcal DISCUSSION
mol~*. Thus, the state of ionization of the side chains has fb L L

. . . . iological implications
strong influence on the ion-protein interaction energy pro-
file. In particular, D80 contributes-—150 kcal mol* to  The main result from this study is to demonstrate quantita-
the depth of the ion-protein well. The E71 ring, which formstively that the most likely ionization state for several side
a proton-sharing site with D80, is ionized only in the defaultchains in KcsA is not the default (i.e., bulk solution) ion-
state contributing-—120 kcal mol * to the well depth. D80 ization state for the corresponding amino acid. Although
does not have a significant contribution in the pH 7 and allperhaps it is unsurprising in itself that gKvalues are
neutral states. Thus, even though the backbone carbonyls pérturbed, the degree of shifts and final pattern of protona-
the selectivity filter residues stabilize ions, the ionizabletion, due to the opposing electrostatic interactions that un-
residues in the vicinity have a considerable effect on thelerlie them, can be approached only by explicit calculation.
energetics of an ion within the filter. In particular, the E71-D80 pairs and the E118 ring have

Of course, the final effect of these changes is seen in theonsiderably perturbed pKvalues. It has previously been

ion-(protein+ water) profiles. An expanded view of these suggested, by visual examination of the structure, that the
within the selectivity filter is given in Fig. 7, highlighting E71-D80 pair might share a single proton (Batfne and
the influence of the ionizable residues nearby (i.e., E71 an&Roux, 2000), and this suggestion is supported by the current
D80). The profile for the model with all neutral side chains studies. To the best of our knowledge, protonation of the
presents a barrier of height+50 kcal mol 't in the filter, ~ E118 ring has not been suggested. These changes in ioniza-
whereas both the fully ionized and pH 7 model profiles havetion states of side chains from the default states are consis-
shallow potential wells. It is informative to compare thesetent with our earlier studies of models of ion channels
wells with the locations of K ions in the x-ray structure (at (Adcock et al., 1998; Ranatunga et al., 1998; Adcock et al.,

-, I

< defauit

E (kcal mol")

Position along z (A)
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2000) and add details to our picture of the molecular struc- We have also demonstrated that, in an unrestrained MD
ture of KcsA that cannot be arrived at by x-ray diffraction. simulation, the side-chain conformations of KcsA seem to
Similar shifts in pK, values have been seen in homology adjust themselves to accommodate the initial ionization
models of Kv and Kir channels (based on the KcsA struc-states assumed. This is to be expected, but does introduce a
ture) (Capener et al., 2000; Ranatunga et al., 2001). It thusomplication into attempts to rigorously simulate ion per-
seems reasonable to conclude that such effects may hlmeeation while taking into account possible changes in ion-
widespread in ion channels and need to be taken into adzation state. Our results suggest that, even if one were to
count in simulations and theoretical studies. repeatedly update pKcalculations and ionization states

However, there is clearly a complication in that pK during a simulation, the ionization state trajectory would be
values, if sensitive to the local protein environment, are alssomewhat sensitive to the initial ionization state of the
likely to be sensitive to changes in that local environmentsystem. This would seem to be a topic that merits further
For those side chains in the vicinity of the central poreinvestigation.
running through an ion channel, a significant perturbation is
likely to be the presence/absence of ions within the pore
We have explicitly shown that, in the case of KcsA, the
pattern of protonation of the E71-D80 pair is sensitive to thewhat are the limitations of the current study? It is evident
presence/absence of'Kons within the selectivity filter. If  that the pK, results are sensitive to side-chain conforma-
no ions are present, then the degree of protonation showtns, and so one must be cautious in over-interpreting these
some pH dependence. At pH 7 each pair shares one protaasults. They derive from a snapshot of the channel as seen
that is more likely to be on E71. If multiple Kions are in the crystal. For example, the high temperature factors of
present within the filter, then the degree of protonation isE71 and D80 in the crystallographic model might suggest
more or less independent of pH, and the proton is morehat the presence/absence of proton sharing may fluctuate
likely to be on D80. Thus, for future simulations of KcsA in with respect to time and/or between different subunits of the
the presence of ions, it is reasonable to assume that E7thannel tetramer.
D80 share a proton and that this proton is predominantly on Furthermore, it is known that pKestimates are subject to
D80. errors (Antosiewicz et al., 1996; Wlodek et al., 1997; You

It is important to establish the possible effects of suchand Bashford, 1995) associated with assuming fixed side-
changes in ionization states on the function of KcsA. Prechain conformations during such calculations. The use of
vious studies of an early model of a‘*Kchannel pore the linearized Poisson-Boltzmann equation embodies the
(Ranatunga et al., 1998) suggested that changes in ionizassumption that the electrostatic energy is much less than
tion state could alter potential energy profiles for an ionthe thermal energy of the system and has been shown to lead
translated along the pore axis. Furthermore, it has beeto errors (Jordan et al., 1989), although Weetman et al.
shown that use of predicted ionization states results ir{1997) suggest that the form of the results is unaffected by
smaller drift, during an MD simulation, of a Kir channel the exact method of calculation. Arguably, this assumption
model than was observed if default ionization states werdas already been made in approximating the potential en-
assumed (Capener et al., 2000). In the current study we hawrgy of mean force with a purely electrostatic term that
demonstrated, by two different approaches, that changes ignores ion-ion interactions (Daune, 1999). The Poisson-
ionization state may have a significant effect oh oten-  Boltzmann equation is an equilibrium treatment and has
tial energy profiles. Although open to criticism on theoret- been applied to these systems in the absence of a trans-
ical grounds (Moy et al., 2000), Poisson-Boltzmann calcu-bilayer electrochemical gradient. Clearly, in vivo, the situ-
lations provide a first approximation to the electrostatication is far more complex and away from equilibrium (Chen
potential energy profile. Even from such approximate cal-et al., 1997). However, the very fact that ions are observed
culations, it is evident that changes in ionization state havén the x-ray study would suggest that they have preferred
an effect. These effects have been characterized in momonfigurations, and so an equilibrium theory may be accept-
detail by estimation of the potential energy profile for a able as a first approximation. Whether these configurations
single K" ion. Although absolute energy values representedtan be considered as a starting point from which to consider
must be treated with caution, it is evident that the majorthe non-equilibrium case remains an open question and
changes are in the shape of the profile in the selectivityneeds to be addressed in the future.
filter. It will be important to estimate the effects of changes An additional possible source of error lies in the channel
in ionization state on the relative free energies of differentstructure used in the calculations. It is likely that the crystal
configurations of multiple ions within the filter (Aqvist and structure is closer to that of the channel in its closed state
Luzhkov, 2000). However, even on the basis of the currenthan in its open state. EPR studies (Perozo et al., 1998,
calculations, it is evident that ionizable side chains that ddl999) suggest that the channel widens at its cytoplasmic end
not actually line the pore can have an effect on the energetn opening but that little structural rearrangement occurs
ics of ion permeation and hence on channel conductancewithin the filter region of the channel. This would be

Limitations
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expected to change the preferred ionization state of th€amino, D. D., M. Holmgren, Y. Liu, and G. Yellen. 2000. Blocker

E118 ring but not of the E71-D80 pairs However. it should protection in the pore of a voltage-gated Khannel and its structural
b bered that th t that t,h truct implications.Nature.403:321-325.

e remgm ere. a ere are sugges |on§ a . e struc LE pener, C. E., I. H. Shrivastava, K. M. Ranatunga, L. R. Forrest, G. R.
of the filter region in the open channel might differ from  Smith, and M. S. P. Sansom. 2000. Homology modeling and molecular

that in the x-ray structure (Meuser et al., 1999). Other dynamics simulation studies of an inward rectifier potassium channel.
factors to consider are that the channel structure is trun- BioPhYs. J78:2029-2942.

. . . .+ Cha, A., G. E. Snyder, P. R. Selvin, and F. Bezanilla. 1999. Atomic scale
cated, in that the N- and C-terminal tails of the polypeptlde movement of the voltage-sensing region in a potassium channel mea-

are absent from the x-ray structure, and that lipid head- sured via spectroscopiature.402:809—813.
groups have been omitted from our pi€alculations. Chang, G., R. H. Spencer, A. T. Lee, M. T. Barclay, and D. C. Rees. 1998.
Overall, these considerations indicate that further studies Structure of the MscL homolog frorMycobacterium tuberculosisa

. - L . ated mechanosensitive ion chanr@&ience282:2220-2226.
should be undertaken to refine our picture of the ionization g

f h I Usi . Chen, D., J. Lear, and B. Eisenberg. 1997. Permeation through an open
states of KcsA. However, the overall conclusion remains channel: Poisson-Nernst-Planck theory of a synthetic ionic channel.

that the true ionization state is likely to differ from the Biophys. J.72:97-116.
default and that this will have an effect on calculations ofCuello, L. G., J. G. Romero, D. M. Cortes, and E. Perozo. 1998. pH-
the energetics of ion transport. Although it might seem Dependent gating in thBtreptomyces lividans™ channel Biochemis-

bvi that th /ab fi d the ionizati try. 37:3229-3236.
obvious that the presence/absence ot ions an e loniza Icflpaune, M. 1999. Molecular Biophysics: Structures in Motion. Oxford

state of the channel protein will be coupled, one can only university Press, Oxford.
really approach an understanding of such effects via expavis, M. E., J. D. Madura, B. A. Luty, and J. A. McCammon. 1991.
plicit, albeit approximate, calculations. Electrostatics and diffusion of molecules in solution: simulations with
the University of Houston Brownian dynamics progra@emput. Phys.
Commun62:187-197.
Doyle, D. A., J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.
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