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Specificity is at the heart of all physiological processes

Proteins, for example,  interact 
very specifically with 
•  DNA
•  RNA
•  other proteins
•  small molecules
•  Ions
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Calcium-activated Phospholipase

Selective Ca2+ binding to cPLA2 propagates the Inflammation Signaling Pathway

C2α Domain of cPLA2
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Entryway for amphipathic and polar 
solutes, including antibiotics Cell Exterior

Periplasm

Weakly cation-selective bacterial channel

simulation; the RMS fluctuations are in the order of
0.7 Å and the deviations are 0.6 Å for the side
chains. Previously, Karshikoff et al. argued on the
basis of continuum electrostatic calculations that
Arg82 had to be uncharged (see Table 2).27 More
recently, Schirmer & Phale have revised the predic-
tion from the calculations and concluded that the
cluster must be fully charged based on the titration
experiment of the ion selectivity of OmpF.15 The
stability of the cluster in the current simulation
strongly suggests that three fully charged arginines
are completely consistent with the crystallographic
structure.

In Figure 4, the cross-section area near the con-
striction zone of the OmpF pore of the X-ray and
average MD structures are compared. On average
the constriction zone appears to be narrower in
the dynamical trajectory than the fixed X-ray struc-
ture by about 15–25 Å2: the cross-section area
corresponding to the solvent accessible and the
molecular surface are 31 Å2 and 80 Å2 for the X-ray
structure, and 15 Å2 and 55 Å2 for the average
dynamical structure, respectively. During the
simulation, the width of the pore fluctuates to
values up to that of the X-ray structure during a
few instantaneous configurations. The variations
in the width of the constriction zone are directly
related to the localized fluctuations of Pro116 in
the short PEFGG segment (see above). A similar
trend was observed in the MD simulation of
Tieleman & Berendsen,30 with the fluctuations of
the residues of the PEFGG segment causing a
narrowing of the constriction zone. Such a narrow-
ing of the constriction zone, though significant, cor-
responds roughly to the size of a single water
molecule and is not sufficient to prevent the

Figure 4. Cross-section area of the OmpF pore. (a) Two
different ways of calculating the cross-section area are
considered for the X-ray and average MD structures.
The surface in green represents the cross-section area
defined by the “solvent-accessible” region. The
CHARMM PARAM22 Lennard-Jones radii scaled by
221/6 and augmented by a probe radius of 1.4 Å were
used to define the “solvent-accessible” surface. The sur-
face in orange represents the cross-section area defined
by the protein “molecular” surface (van der Waals con-
tact surface plus reentrant surface as probed by a sphere
of 1.4 Å radius).77,78 (b) Solvent accessible cross-section
areas (along the Z-axis) of the 5 ns averaged structure of
each monomer (M1, M2, and M3) and the X-ray struc-
ture. The OmpF channel pore is defined as the part of
the channel bounded by the edges of the b-barrel span-
ning from 216 to !16 Å along the Z-axis. Three main
regions can be distinguished: the wide intracellular vesti-
bule (216 Å , Z , 2 Å), the narrow constriction zone
(2 Å , Z , 6 Å), and the extracellular vestibule
(6 Å , Z , 16 Å). The area of the pore was calculated
with a grid-based search (with spacing of 0.25 Å).

Figure 5. A snapshot of ions around monomer M1
at t " 3.85 ns (the K! are magenta and the Cl2

are green). For clarity, some residues in monomer
M1 were removed from the front view. The infolding
loop L3 is colored by gray. The key residues such as
Arg42, Arg82, Arg132, and Asp113 are shown as
stick models. The Figure was produced with DINO
(http://www.dino3d.org).
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pKa calculation

affect the protein-solvent dielectric boundary. The affects on
intrinsic pKa were thus only a consequence of changes in
relative distances from protons and because all the residues
in this cluster are acids, changes in apparent pKa were a direct
consequence of changes in relative differences between their
intrinsic pKa. To explore possible protonation states, we
adopted a strategy of systematically considering all possible
H-bonding networks, and computing pKa values for each
postulated network.
Along with Ser-272, a residue proximal to this cluster, we

were able to create several H-bond networks with varying
numbers of hydrogen bonds. For our calculations, we chose
only two networks, Network-1 and Network-2 shown,
respectively, in Fig. 4, a and b, that had the maximum
number of hydrogen bonds (minimum local energy).
Performing pKa calculations using these two networks at
a PD constant of 4 yielded two different sets of pKa (refer to
Table 2), the most distinct difference being that one predicted
Asp-312 to be partially charged at neutral pH whereas the
other predicted it to be fully charged at neutral pH. The
possible final configuration of Network-1 can be described
by Fig. 4 a with the exception of the absence of the proton on
Glu-117 and the possible final conformation resulting from
a calculation using Network-2 is described in Fig. 4 c where
residues Glu-117 and Asp-312 have been shown in their
deprotonated states. Calculations with an elevated PD
constant of 10 shifted intrinsic pKa of all residues toward
their respective model pKa and decreased the interaction
energy between titratable sites. This had an effect of
lowering the apparent pKa of Glu-117 and Asp-312 in both
cases, making them highly probable of being fully charged at
neutral pH, and making Fig. 4 c the only possible H-bonding
network for the part of the channel for the higher assumed
PD constant. The apparent pKa of Asp-296 still remained
[14 for both cases. To resolve the issue of two possibilities
(Fig. 4, a and c), we performed a similar set of calculations
on OmpF mutant E117Q (described in a later section).

Arg-82

Arg-82 strongly interacts with several proximal titratable
residues Arg-42, Glu-62, Arg-100, Arg-132, and Glu-71 of
neighboring monomer. We found earlier that the ionization

state of Arg-82 was sensitive to the choice of protonation
sites on residues Glu-62 and Glu-71. To select an appropriate
set of protonation sites for Glu-71 and Glu-62, we used the
following strategy. We first randomly selected protonation
sites on Glu-62 and Glu-71. Keeping the CgOH angle (109.5
from an sp3 hybridization) and the length of the OH bond
(1 A) fixed, a trajectory of the Glu-71 proton was created by
rotating it about the CgO bond axis. A similar trajectory was
created for the alternate protonation site on Glu-71. The PBE
was solved for each position of the proton in the trajectory.
The position corresponding to the minimum energy was then
set as the position of the proton on Glu-71. Given a randomly
selected protonation site on Glu-62, this yielded an optimum
position for adding a proton on Glu-71. A similar set of
trajectory points was then created for the protonation of Glu-
62 and a series of PBE were solved to optimize its position.
These set of calculations were iterated until the sum of
energies for adding the two protons was a minimum. Fig. 5 is
a partial view of the configuration that we finally obtained
and used in our calculation. Arg-132 is truncated and Arg-42
is omitted from the figure. Calculations at a PD constant of 4
predicted the apparent pKa of all arginines Arg-42, Arg-82,
Arg-100, and Arg-132 to be[14 and all glutamates, Glu-62
and Glu-71, to be\4; i.e., all of these residues will be fully
charged at neutral pH. Calculations at elevated PD constants
produced essentially the same result.

Effect of mutations on wild-type OmpF

OmpF mutant E117Q

The x-ray structure of E117Q mutant, as indicated by Phale
et al. (2001), is unaltered from the wild-type crystal structure.
As can be seen from Fig. 4, an absence of Glu-117 can affect
pKa of all the residues shown in the network. We performed
calculations (PD, 4) on both H-bond networks (as part of the
mutant trimer) and found that in either case, a replacement of
Glu-117 with glutamine predicted Asp-312 to have an
apparent pKa lower than 2. If Asp-312 is charged in this
mutant then according to the results of our calculations on
wild-type OmpF, this mutation should either keep the net
charge at the constriction zone equal to that in wild-type
OmpF or increase it by 1 e.u. (absence of Glu-117). An

FIGURE 4 Network-1 is shown in Fig. 4 a whereas

Network-2 is shown in Fig. 4 b. Fig. 4 c shows the H-bond
configuration resulting upon accounting for the most
probable ionization states of all residues belonging to the

loop 3 cluster predicted using Network-2. These figures

were created with RasMol Version 2.6.
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Optimization of local H-bond network

crystallographic structure determined by Perisic, Williams
and co-workers, PDB entry 1RLW (14). The missing
hydrogen atoms (except the titratable protons on residues
Glu and Asp) were added by globally optimizing the
hydrogen-bond networks (27). Such an optimization has been
shown to improve the results of a pKa calculation (28).
The side chain carboxylate of Glu or Asp offers two

protonation sites. The choice of protonation site and subse-
quent choice of the torsion angle COH can have a pro-
nounced effect on the results of a pKa calculation. Further-
more, these effects can be magnified if there are strong
electrostatic interactions with other titratable residues. Thus,
determining the optimum positions of the titratable protons
is critical. To determine the optimum positions of these
protons, we defined the energy of a titratable proton as
follows:

The first term EPE is the electrostatic potential energy of the
proton and the second term describes the effect of electron
pairs of the carbonyl oxygen on the torsion angle of the Od
C-O-H system about the C-O bond. In general, the latter
term is negligible but is included for completeness. Describ-
ing the position of the proton in spherical coordinates relative
to the position of a carboxylic oxygen atom, the above
equation can be rewritten as:

where d ) 1 Å is the distance between a titratable proton
and its corresponding carboxylic oxygen; ! ) 70.5° from
an sp3 hybridization; " is the torsion angle; !proton is the
electrostatic potential at the position of the proton, and qproton
is the charge on the proton. In this equation, the cosine
function used to describe the torsion energy term has been
taken from the work of Alexov & Gunner (29). The
electrostatic contribution to the total energy of the proton
can be determined as a function of the torsion angle by
solving the Poisson-Boltzmann equation for different posi-
tions of the proton. For each proton, the final selected
location in space is that with the lowest relative energy.
A simple strategy of protonating each Asp and Glu residue

independently (parallel protonation) can be applied only to
cases where the addition of a proton to one residue does not
affect the position of the proton on another residue. For cases
where the protonation of one residue affects the position of
the proton of another residue, different choices of protonation
sequences can be expected to generate different protonated
conformers. The Ca2+-binding site of the cPLA2R C2 domain
has three proximal aspartates; thus multiple protonation
sequences must be considered.
The proton energy E provides an estimate of the negative

charge density on and around a specific oxygen atom. The
higher the local negative charge density, the more likely the
oxygen is to be protonated, and the lower the proton energy
E. The protonation methodology must ensure that the oxygen
protonated earlier in the process is the one for which the
proton has the lowest relative energy. To achieve this
objective, we developed a sequential protonation methodol-

ogy. As a first step in this methodology, the torsion angle
dependent energy functions of protons (given by eq 3) are
determined for all Asp and Glu residues in the protein. This
first set of energy function calculations are performed in the
absence of all titratable protons on Asp and Glu residues.
The residue protonated first is the one that has the lowest
total energy in the entire first set of calculations, including
contributions from partial charges, dielectric boundaries, and
solvent effects as well as torsion angle energy contributions.
A second set of torsion angle dependent energy function
calculations is then performed in the presence of the added
proton. The second proton is then added to the residue that
has the lowest energy in the second set of calculations. This
procedure is repeated until the last residue in the protein is
protonated.
This method of protonating Asp and Glu residues ensures

a reasonable ordering of protonation. For the titratable
residues in the binding site, Asp 40, 43, and 93, a further
refinement was implemented. For these residues, all possible
permutations of ordering were considered. The probability
of each permutation of protonation was calculated according
to the following logic. For a particular assumed order of
protonation, each proton is placed in its minimum energy
state in the context of previous protonations, and the free
energy of adding the proton is given by the grand partition
function:

where N is the total number of titratable residues, µ is the
chemical potential of the solution, # is the temperature factor
(kT)-1, and Exk

r denotes the lowest energy of the titratable
proton of residue xk when r residues have been protonated.
The probability of the assumed order being correct is then
given by the product of the probabilities of adding each
successive proton. Using the partition function given by eq
4, the probability of correctness associated with a specific
order (x1f x2f ...f xN) can be easily derived as:

Since these probabilities map the magnitude of correctness
onto the assumed orders of protonation and thereby onto
different protonated conformers, they were subsequently used
to weigh the pKa’s generated from using different protonated
conformers.
The calculation of the electrostatic component of the

proton energy for each given value of the torsion angle
requires a discrete solution of the Poisson-Boltzmann
equation. All these calculations were performed with the
Poisson-Boltzmann equation solver of UHBD (30) using
the following set of parameters: solvent dielectric constant
of 80; protein dielectric constant of 2; PARSE charge-radii
parameter sets (31); finest grid spacing of 0.1 Å probe radius
of 1.4 Å (32); Stern layer of 2.0 Å; and an ionic strength of
100 mM.

E ) EPE + Etorsional (2)

E(rrelative(d,!,!)) )

qproton!(rrelative(d,!,"))proton + (- 1.3
2 )cos(2") (3)

Z1
r ) !
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pKa calculation results

Reliability analysis: Eg. dependence on force field, assumed protein dielectric 
coefficients, etc.

1. Could not ascertain the ionization 
    state of one amino acid, D127

Experimental Verification
Eur Biophys J (2006) 36:13–22 
DOI 10.1007/s00249-006-0084-4
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Abstract A recent molecular dynamics study ques-
tioned the protonation state and physiological role of
aspartate 127 (D127) of E. coli porin OmpF. To
address that question we isolated two OmpF mutants
with D127 either neutralized (D127N) or replaced by a
positively charged lysine (D127K). The charge state of
the residue at position 127 has clear eVects on both
conductance and selectivity. The D127K but not the
D127N mutant expresses resilient conductance and
selectivity Xuctuations. These Xuctuations reXect, we
think, either changes in the ionization state of K127
and/or transitions between unstable subconformations
as induced by the electrostatic repulsion between two
positively charged residues, K127 and the nearby R167.
Our results slightly favor the view that in WT OmpF
residue D127 is deprotonated. As for the role of D127
in OmpF functionality, the gating of both mutants
shows very similar sensitivity toward voltage as WT
OmpF. Moreover, the current Xuctuations of the
D127K mutant were observed also in the absence of an

applied electric Weld. We therefore dismiss D127 as a
key residue in the control mechanism of the voltage-
dependent gating of OmpF.

Keywords Current Xuctuations · OmpF D127 
mutant · Ion selectivity · OmpF Loop L3

Introduction

The outer membrane porin OmpF from E. coli was one
of the Wrst membrane proteins of which the X-ray crys-
tal structure was resolved at high resolution (Cowan
et al. 1992). OmpF forms a !-barrel-based structure
with the 16 anti-parallel strands connected by turns at
the periplasmic side and loops at the extracellular side
(Delcour 2003; Klebba and Newton 1998; Schirmer
1998; Schulz 2002). One of the eight extracellular loops
(L3) folds into the pore lumen. In the constriction
zone, approximately half way down the channel, an
aspartate (D113) and glutamate (E117) at the tip of L3
face an arginine cluster located at the channel wall
(R42, R82 and R132) (Fig. 1). These Wve charged
amino acid residues determine to a large extent the ion
selectivity of the channel (Bredin et al. 2002; Danelon
et al. 2003; Phale et al. 2001; Saint et al. 1996; Saxena
et al. 1999), though residues located outside the eyelet
contribute as well (Philippsen et al. 2002). OmpF also
gates and the opening and closing is sensitive to the
membrane potential (Bainbridge et al. 1998; Van Gel-
der et al. 1997; Phale et al. 1997; Robertson and Tiel-
eman 2002; Schindler and Rosenbusch 1978).

Electrostatic interactions play a key role in ion chan-
nel functionality (Eisenberg 1996a, b). The role of elec-
trostatics in OmpF is evident from the sensitivity of
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amino acid residues determine to a large extent the ion
selectivity of the channel (Bredin et al. 2002; Danelon
et al. 2003; Phale et al. 2001; Saint et al. 1996; Saxena
et al. 1999), though residues located outside the eyelet
contribute as well (Philippsen et al. 2002). OmpF also
gates and the opening and closing is sensitive to the
membrane potential (Bainbridge et al. 1998; Van Gel-
der et al. 1997; Phale et al. 1997; Robertson and Tiel-
eman 2002; Schindler and Rosenbusch 1978).

Electrostatic interactions play a key role in ion chan-
nel functionality (Eisenberg 1996a, b). The role of elec-
trostatics in OmpF is evident from the sensitivity of
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Molecular dynamics ensemble
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Focussed on Ionization states at physiological pH instead of pKas



K+ & Cl- pathways in the pore are 
well separated

Superimposed snapshots taken from 
a 40 nanosecond long molecular 

dynamics trajectory
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Cell Membrane Potassium ChannelWater Channel

Selectively regulate K+ concentration gradients across cell membranes to enable 
numerous physiological tasks, including nerve conduction and muscle contraction

What is the basis for K+/Na+ selectivity?

Potassium Channels

Mackinnon - Nobel Prize in 2003 

Cartoon taken from: http://nobel.se

Na+  ✘Na+

K+

0.99 Å

1.33 Å

Pauling 
radius

K+  ✔



Thermodynamic quantitation of selectivity

X (gas)                                   X (M)

Each ion has a characteristic solvation free energy ∆G (excess chemical potential μex)
∆G 

∆G

M

Na+

K+

More 
Stable

Less 
Stable

∆∆G

Thermodynamics dictates that K+ would be 
selected over Na+ when

M´
Phase

ΔΔΔG = ΔΔG( ′M ) − ΔΔG(M ) > 0

Δ

Experimental estimates



High
coordination

K+ in Bulk Water

Mechanism of selectivity - The conventional model

High
coordination

S1

S2

S3

S4

Selectivity
Filter

K+

Central Ideas

http://nobelprize.org

(1) Fast transport occurs because binding 
sites mimic K+ hydration structures

(2) Selectivity occurs because binding sites 
have a specific cavity size that match the 
size of the K+ ion



 Thermal fluctuations obscure sub-angstrom size differences 
between Na+ and K+ ions

Guidoni et al. Biochem. 1999
Noskov et al., Nature 2004

Problems with the conventional picture



Problems with the conventional picture
New picture of K+ in water

40 ps NVE PW91/PAW trajectory

The probability to find an 8-fold coordination is 
negligible in liquid water

The binding sites in K-channels DO NOT mimic 
the structure of K+ ions in bulk water and, in fact, 

over-coordinate the K+ ion.  

0

1

2

3

2.3 2.8 3.3 3.8 4.3
r (Å)

g 
(K

+  - 
O

)

1 2
3
4 5 6 7

8

4

Experimental estimate n ~ 6
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and water structure in potassium halide 
aqueous solutions, Biophys. Chem. 124 
(2006)



Problems with the conventional picture

S4
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S2

S1

K+ bound in 
High K+ concentration

K+ bound in 
Low K+ concentration

Na+ bound in
 Low K+ concentration
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K-channel filter adopts multiple configurations during ion binding

NaK channels 
share an overall 
architecture with K-
channels but are 
non-selective
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Valinomycin
does not share an 
overall 
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K-channels, but is 
as selective as K-
channels 

X-ray structures: 
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Approach
Molecular Association Reaction
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According to the potential distribution theorem,
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Writing the above equation in terms of 
the equilibrium constants (      ) of 
solute-solvent association reactions 
yields the quasi-chemical formulation:

B

Introducing a conditional probability yields

� 

˜ K n

Beck, T. L.; Paulaitis, M. E.; Pratt, L. R., The Potential Distribution 
Theorem and Models of Molecular Solutions. Cambridge University 
Press: New York, 2006



Role of induced effects in ion binding

Dependence of coordinator dipole moment on coordination number n

One specific multi-body effect cannot, by definition, be modeled in pairwise additive 
force fields:

(MP2/aug-cc-pvDz)

and the general trend is that Dp decreases with increase in
coordination number.

How does this difference in dipole moments translate into
the difference between the stabilities of corresponding Na!

and K! complexes?
To estimate this, we carry out two separate sets of thermo-

dynamic integration (TI) calculations, one in which only the
ion type is transformed (K!/Na!) and the other in which
the ion type as well as the dipole moments of the coordi-
nating molecules are transformed (K!/Na!, Dp). The
differences between the free energies estimated from these
two separate thermodynamic integrations,

DGDp " DG0
K!/Na! ; Dp # DGK!/Na! ; (4)

provide a measure of the role of differential polarization in
the relative stabilities of Na! and K! complexes. Note that,
in the calculation of DG0

K!/Na!; Dp, we also account for the
self-energy associated with the fluctuations in induced
dipoles (38,39),

Uself " n

2a
$Dp%2: (5)

Here, n and a refer to the number of ligands and their
respective static polarizabilities, aH2O " 1:45 Å3,
aH2CO " 2:8 Å3, and aNH2CHO " 4:2 Å3 (2). Because we
are probing the effect of a fixed value of Dp that does not
depend on reaction coordinates, the contribution of Uself to
DG0

K!/Na!; Dp can be computed independently and then
appended to the free energy estimated from thermodynamic
integration. The results of these calculations are illustrated
in Fig. 2 b.

We find that, in general, a Dp of a few tenths of a Debye
unit translates into a few kcal/mol of free energy difference
between corresponding Na! and K! complexes. Specifi-
cally, this differential polarization enhances the stability of
a Na! complex in comparison to the corresponding K!

complex. Because ion selectivity by a given host is driven
by changes in such relative energies, these calculations
reveal that, in addition to stabilizing ion binding, polariza-

tion also contributes significantly to the phenomenon of
ion selectivity. In this case, differential polarization
inherently favors the binding of the smaller Na! over the
larger K!.

The analysis above was carried out for small ion
complexes (n % 4), but how do these results apply to ion
binding and selectivity by biomolecules that utilize n > 4
functional groups for ion coordination?

Fig. 3 presents results from MP2 calculations of dipole
moments of water and formaldehyde molecules in larger
complexes (n > 4). The MP2 calculations for larger ion-
formamide complexes required prohibitively large compu-
tational resources and were, therefore, not pursued. A
specific trend emerges in the effect of multibody interac-
tions on the induced dipole moments of molecules.
Although an initial increase in n decreases the dipole
moments, a further increase in n (> 6) increases the dipole
moments. The initial decrease in dipole moment indicates
repulsion between the dipoles of the coordinating mole-
cules, whereas an eventual increase in dipole moment indi-
cates the presence of intermolecular forces that screen this
repulsion between the coordinating molecules. A visual
inspection of the optimized geometries reveals hydrogen-
bond interactions between adjacent ion-coordinating mole-
cules in large clusters, which are absent in small clusters.

FIGURE 2 (a) Difference between the induced dipole moments of mole-
cules in Na! and K! complexes, Dp. (b) Contribution of this differential
polarization to the free energy differences between corresponding Na!

and K! complexes, DGDp.

FIGURE 3 Absolute total dipole moments (p) of water and formaldehyde
molecules in the presence of Na! and K! plotted as a function of number
(n) of molecules coordinating the ion. Note that the results pertaining to
coordinations n > 6 for Na! and n > 8 for K! are not illustrated. This is
because the MP2 optimization of more than six (eight) molecules around
Na! (K!), such that all the molecules simultaneously coordinated the
ion, failed; a result consistent with previous density functional and Har-
tree-Fock studies (19,20,34,35). Nevertheless, the role of n " {7,8} coordi-
nations on molecular dipole moments in Na!-complexes was tested by
replacing K! with Na! in the K! optimized geometries (20). This test
was important because equivalently charged ions having different electron
densities can induce different dipole moments in equidistantly placed
ligands (36,37). The resulting induced dipole moments in the presence of
Na! were identical to those obtained in the presence of K!, despite the
difference in the electron densities of the two ions. In addition, shrinking
the complex size by simultaneously reducing all Na!-oxygen distances
by 0.2 Å had a negligible effect on p.

Biophysical Journal 99(10) 3394–3401
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by changes in such relative energies, these calculations
reveal that, in addition to stabilizing ion binding, polariza-

tion also contributes significantly to the phenomenon of
ion selectivity. In this case, differential polarization
inherently favors the binding of the smaller Na! over the
larger K!.

The analysis above was carried out for small ion
complexes (n % 4), but how do these results apply to ion
binding and selectivity by biomolecules that utilize n > 4
functional groups for ion coordination?

Fig. 3 presents results from MP2 calculations of dipole
moments of water and formaldehyde molecules in larger
complexes (n > 4). The MP2 calculations for larger ion-
formamide complexes required prohibitively large compu-
tational resources and were, therefore, not pursued. A
specific trend emerges in the effect of multibody interac-
tions on the induced dipole moments of molecules.
Although an initial increase in n decreases the dipole
moments, a further increase in n (> 6) increases the dipole
moments. The initial decrease in dipole moment indicates
repulsion between the dipoles of the coordinating mole-
cules, whereas an eventual increase in dipole moment indi-
cates the presence of intermolecular forces that screen this
repulsion between the coordinating molecules. A visual
inspection of the optimized geometries reveals hydrogen-
bond interactions between adjacent ion-coordinating mole-
cules in large clusters, which are absent in small clusters.
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FIGURE 3 Absolute total dipole moments (p) of water and formaldehyde
molecules in the presence of Na! and K! plotted as a function of number
(n) of molecules coordinating the ion. Note that the results pertaining to
coordinations n > 6 for Na! and n > 8 for K! are not illustrated. This is
because the MP2 optimization of more than six (eight) molecules around
Na! (K!), such that all the molecules simultaneously coordinated the
ion, failed; a result consistent with previous density functional and Har-
tree-Fock studies (19,20,34,35). Nevertheless, the role of n " {7,8} coordi-
nations on molecular dipole moments in Na!-complexes was tested by
replacing K! with Na! in the K! optimized geometries (20). This test
was important because equivalently charged ions having different electron
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ΔGΔp = ΔGK→Na, Δp − ΔGK→Na +

n
2α

Δp( )2

Analyzing K/Na selectivity data from pairwise additive force fields is a bad idea!!!

Varma & Rempe, Biophys J. 2010
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Na+ and K+ in liquid water
(Low coordination)

Strongly selective 
K-channels
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Special local environment of selectivity filter
In a representative K-channel, there 
are no hydrogen bond donor 
groups within 6 Å from the filter

Normalized number densities of H-
bond donors around the ligands in 

the over-coordinated ion binding 
sites of proteins.
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Experimental validation of 
K-channel selectivity mechanism

and occupancy of the ion binding sites (15) (Fig. 1). E71A chan-
nels show reduced affinity to extracellular TEA block and a
pH-dependent increase in inward conductance compared to WT
channels that may be related to the conformational changes in
the “flipped” structure (21, 22). However, reversal potential shifts
in biionic conditions suggest no significant change in selectivity
for K! over Na! between E71A and WT KcsA (15, 23).

In the present study, we address the role of the E71-D80
interaction in ion selectivity. Using a radioactive flux assay, we
show that E71A KcsA exhibits reduced selectivity for K! over
Na! compared to WT, especially in the absence of K!, where
WT channels, but not E71A channels, become nonconductive.
Also, single-channel recordings show enhanced relief of Na!
block of K! conductance at depolarized potentials. The striking
conclusion that disruption of the E71-D80 interaction in E71A
KcsA results in reduced cation selectivity is supported by E71A
KcsA crystal structures in the presence of high Na!, which show
that the E71A mutation not only prevents inactivation, but also
prevents the collapse of the selectivity filter. These findings allow
us to propose a molecular mechanism by which changes in selec-
tivity are brought about by a process akin to C-type inactivation
in eukaryotic K! channels.

Results
E71A KcsA Displays Altered K! Selectivity in 86Rb! Flux Assays. We
examined selective permeation of E71A by assaying liposomal
86Rb! accumulation driven by different cations, as previously
described for WT KcsA (24). At pH 7, K! drives 86Rb! uptake
in both WTand E71A (Fig. 2A). However, althoughWTshows no
detectable Na!-driven 86Rb! uptake, E71A is clearly permeable

to Na!, which drives approximately 20% of the uptake driven
by K! (Fig. 2A). The time course of K!-driven uptake for
E71A is much faster (>10!) than for WT at pH 4, and in order
to rule out the possibility that the apparent increase in Na!
permeation is simply proportional to the higher steady state
open probability of E71A, pH was varied to make the rates of
uptake comparable. At pH 8 for E71A and pH 4 for WT, the
rate of K!-driven uptake is nearly equivalent, but still only
E71A shows measurable Na!-driven 86Rb! uptake (Fig. 2B).
86Rb! flux through WT KcsA is undetectable when Na!, Li!,
and NMG! are used to drive uptake, whereas Cs! and NH4

!

show moderate uptake, consistent with previously published
results (24) (Fig. 2C). By contrast, E71A shows significant
86Rb! uptake driven by Na!, Li!, Cs!, and NH4

! (Fig. 2C), in-
dicating a reduction of K! selectivity in E71A.

E71A KcsA Displays Enhanced 22Na! Flux. To further examine Na!
permeation, we extended the flux experiments to assay 22Na!
accumulation. When K! is the intraliposomal cation, both WT
and E71A show robust 22Na! uptake (Fig. 3 A and B) that is sen-
sitive to block by Ba! (Fig. S1). The 22Na! flux is significantly
slower than 86Rb! uptake under the same conditions for both
channels. However, when Na! is the intraliposomal cation, WT
shows no measurable 22Na! uptake, in stark contrast to E71A,
which remains permeable to 22Na! (Fig. 3 A and B). These data
indicate that WT KcsA becomes nonconductive in the absence
of K!, whereas E71A remains conductive and permeable to
Na!. In addition, E71A shows even more 22Na! uptake driven
by Na! than driven by K! (Fig. 3B), suggesting that Na! permea-
tion through E71A is actually inhibited by K!, consistent with
previous findings that the multiion configuration in the selectivity
filter is an important determinant of selectivity in KcsA (25, 26).

Pronounced Relief of Na! Block at High Voltages in E71A KcsA.
Although Na! shows increased permeability through E71A com-
pared to WT, we were unable to obtain Na! currents in voltage-
clamp recordings. It should be noted that, in the flux assay, a
change in channel activity results in a change in both rate and

Fig. 2. The E71A KcsAmutant is more permeable to Na!, Li!, Cs!, and NH4
!.

(A) Representative time courses of a liposomal 86Rb! flux assay of WT
and E71A at pH 7 driven by intraliposomal K! or Na!. Each time course is
normalized to its own maximum level of uptake. (B) Same as A except assay
performed at pH 4 for WT and pH 8 for E71A (n " 4, mean# SEM). (C) Max-
imum 86Rb! uptake for WT and E71A at pH 7 driven by different intralipo-
somal cations and normalized to uptake driven by K! (n " 5, mean# SEM).

Fig. 3. WT KcsA, but not E71A, becomes nonconductive in the absence of
K! and the presence of Na!. (A) Time courses of WT fluxes at pH 7, showing
K!-driven 86Rb! uptake (black), K!-driven 22Na! uptake (blue), and Na!-
driven 22Na! uptake (orange) (n " 3, mean# SEM). (B) Same as A except
for E71A (n " 3, mean# SEM).
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Structures of the prokaryotic K! channel, KcsA, highlight the role
of the selectivity filter carbonyls from the GYG signature sequence
in determining a highly selective pore, but channels displaying
this sequence vary widely in their cation selectivity. Furthermore,
variable selectivity can be found within the same channel during a
process called C-type inactivation. We investigated the mechanism
for changes in selectivity associated with inactivation in a model
K! channel, KcsA. We found that E71A, a noninactivating KcsA
mutant in which a hydrogen-bond behind the selectivity filter is
disrupted, also displays decreased K! selectivity. In E71A channels,
Na! permeates at higher rates as seen with 86Rb! and 22Na! flux
measurements and analysis of intracellular Na! block. Crystal struc-
tures of E71A reveal that the selectivity filter no longer assumes
the “collapsed,” presumed inactivated, conformation in low K!, but
a “flipped” conformation, that is also observed in high K!, high
Na!, and even Na! only conditions. The data reveal the importance
of the E71-D80 interaction in both favoring inactivation and main-
taining high K! selectivity. We propose a molecular mechanism by
which inactivation and K! selectivity are linked, a mechanism that
may also be at work in other channels containing the canonical
GYG signature sequence.

Potassium (K!) channels exhibit the remarkable feature of
catalyzing rapid ion conduction while maintaining strong

selectivity for K! over Na!. The extensive K! channel superfam-
ily contains many members that have different selectivities,
ranging from nonselective cation channels to highly selective K!

channels, yet containing the same canonical GYG sequence.
These residues form the narrow selectivity filter, in which the
backbone carbonyls are positioned to coordinate dehydrated
potassium ions (1). These carbonyls are constrained by the
surrounding protein structure, which forms an intricate network
of hydrogen bonds and salt bridges. In inward rectifying potas-
sium (Kir) channels, a key structural feature of this network is
a salt bridge that forms a molecular “bowstring” (2) bridging
the top and bottom of the selectivity filter loop (2, 3) (Fig. 1).
Alterations in this salt bridge are known to disrupt selectivity
(2, 4, 5); several mutations have dramatic effects on permeation,
rendering the channel essentially nonselective and highly perme-
able to Na!. It has also been proposed that members of one
subgroup of this family, the HCN channels, are less K! selective
because they lack this network of molecular restraints (6), but the
relevance of this structural network for selectivity in channels
other than inward rectifiers, as well as the mechanism responsible
for variable selectivity, remains to be seen.

Furthermore, alterations in the equivalent salt bridge residues
that affect selectivity in the Kir channel family also lead to the
induction of a phenomenon similar to C-type inactivation in vol-
tage-gated K! channels (7). There is also a correlation between
C-type inactivation and ion selectivity in eukaryotic voltage-gated
K! channels: Shaker channels and other Kv channels such as
Kv2.1 show decreased K! and increased Na! permeability when
progressing to a C-type inactivated state (8, 9). By contrast, Na!
and even the large glucose-like molecule, N-methyl-d-glucamine
(NMG), are permeable through open Kv3 channels or a Kv1.5

mutant (R487V) where C-type inactivation is reduced (10, 11).
The mechanism by which changes in selectivity are brought about
by C-type inactivation are as yet unknown.

High-resolution structures of KcsA (12, 13) reveal that E71
and D80 form a hydrogen-bond interaction (14) at a similar
location to the salt bridge in Kir channels (4) (Fig. 1). The E71A
mutant that disrupts this bridge has been extensively studied to
elucidate the mechanism of inactivation in KcsA, which is attrib-
uted to gating at the selectivity filter and likened to C-type inac-
tivation in Kv channels (15–17). The E71A mutation abolishes
pH-dependent inactivation, and the consequent high steady state
open probability makes E71A a convenient model for electro-
physiological studies (18–20). Given the similarity between the
E71-D80 interaction in KcsA and the salt bridge in Kir channels,
and the noninactivating phenotype of E71A, we questioned
whether this mutation also alters selectivity of the channel.
Molecular simulations show that the mutation changes the con-
formational dynamics and energy landscape of the selectivity
filter (14, 16), and crystal structures of E71A in high concentra-
tions of K! reveal two selectivity filter conformations: one that
resembles the WT “conductive” structure (12) and a “flipped”
structure showing outward movement of the D80 side chain
along with distortion of carbonyls and changes in the location

Fig. 1. The E71-D80 interaction is structurally analogous to the molecular
bowstring in Kir channels and is disrupted in the E71A KcsA mutant. Images
are taken from crystal structures of Kir2.2 (3JYC), KcsA (1K4C), and the
flipped (yellow) and nonflipped (gray) structures of the E71A mutant of KcsA
(1ZWI, 2ATK), showing the selectivity filter region from one subunit and
highlighting the residues involved in a salt-bridge interaction in Kir2.2, and
the hydrogen-bond interactions in KcsA. Black spheres represent potassium
ions and the blue sphere represents water.
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