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Clean Water: A Global Crisis  

“Water	
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  to	
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Ø  fast (barrier-less) water (or ion) transport 
Ø  select ion exclusion (mineral water) 

•  Half of world’s population lacks clean water: 

Ø  public health crises 
Ø Water / energy link 
Ø RO membranes: expensive & overly sterile H2O 
Ø R. Electrodialysis: high resistance to ion permeation 

•  Membrane needs new design for efficiency: 



www.nobelprize.org 

Biological Channels Inspire: 
Catalyze fast, selective permeation 

Salt & Water 
  Balance 

Electrical  
Signaling 

Fast K+ 
Na+,K+,Cl- Na+, Cl- 

Fast H2O 

Agre, Nobel Prize (2003) 
Tamir Gohen 

MacKinnon, Nobel Prize (2003) 
 

•  Structurally Similar  / Diverse Functions: 
•  General: narrow + thin + uniform/robust 
•  Specific: polar 

4 x 0.3 nm 



Natural protein channels: Not just simple holes! 

Larger K+   
permeate fast 

Smaller Na+  
rejected 

   4 nm x 
 2.8 A radius 

Ions in water 
•  Ions ‘happy’ in liquid water 
 
How do channels work? 
•  K+ equa-energy? 
•  Na+ barrier? 
•  same structure – varied function? 

K-channel 
www.nobelprize.org 

Biophys Chem 2006 



Natural protein channels: Not just simple holes! 

Larger K+   
permeate fast 

Smaller Na+  
rejected 

   4 nm x 
 2.8 A radius 

Ions in water 
•  Ions ‘happy’ in liquid water 
 
How do channels work? 
•  K+ equa-energy? 
•  Na+ barrier? 
•  same structure – varied function? 

K-channel 
www.nobelprize.org 

(Varma & Rempe, 2007) 

Nimigean & Allen JGP 2011 



•  transport H2O fast 

Solution: Harness molecular biomechanisms.  
                Gain 100x in water flux + minerals. 

Efficient Membranes: Biomimetic 
Understand, design, engineer nano-channels for desalination 

Water channels 

Ion channels 

•  Inorganic membrane 
synthesis 

 

•  Bio-inspired design 

•  Theory to reveal 
mechanism 

•  select minerals fast 

Evaporation-
induced self-

assembly !
& !

Atomic-layer 
deposition (ALD)!

Brinker Lab 
      J Membr Sci (2007) 
      JACS (2007) 
      



Models to study ion discrimination 

•  Link pore structure –- solvation -- & water/ion mobility  

1.5 nm 

ß
                           40 A                       à

 

Whole Channels 

Biological pore 

ALD coating 

              Synthetic    Biological 

(D) 

Whole Channels 

Binding Sites 

10 nm 

(      G) Δ

TiO2 

SiO2 



Modeling to study ion discrimination 

•  Link pore structure –- solvation -- & water/ion mobility  
(D) 

Static structures Dynamic structures 
 

F = ma F = 0 

(      G) Δ



•  Classical atomic interactions: 
–  inexpensive; parameterized  

Forces? 
capture discriminating interactions 

•  Example 1 

Classical ions bind more ligands?? 

•  Quantum (ab initio) interactions:  
–  expensive; describe multi-body interactions 

K+ (aq) 

 classical  
quantum 

Whitfield, Varma, Rempe, Roux et al. JCTC (2007) 
Leung & Rempe, PCCP (2006) Ab initio rigid water 
Klein & co, JCP (2013) Dispersion over-structures  
  



•  Classical atomic interactions: 
–  inexpensive; parameterized  

•  Example 1 •  Example 2 

Classical ions bind more ligands?? 

•  Quantum (ab initio) interactions:  
–  expensive; describe multi-body interactions 

Whitfield, Varma, Rempe, Roux et al. JCTC (2007) 
Leung & Rempe, PCCP (2006) Ab initio rigid water 
Klein & co, JCP (2013) Dispersion over-structures 
  

K+ (aq) 

classical   
quantum 

Hummer & co PNAS (2003) 

Na+ : -210 kJ/mol  

Leung, Marsman  JCP (2007) 

Classical nanotubes 
Exclude ions?? 

Quantum tubes 
Admit ions!! 

“When in doubt,  
 solve the Schroedinger equation” 
          - courtesy P. Jeff Hay, LANL 
 … locally! 

Forces? 
capture discriminating interactions 



Apply QM locally via Quasi-Chemical Theory:  
 

•       Theory well-tested for ion hydration:  

QCT (Pratt & co): 
Pratt & Rempe ‘Red Book’ (1999),  

Chem Phys Lett (2010), Ann Rev Comp Chem (2012)  
 

•       Adaptable to ion solvation in 

                binding sites?? 

State-of-the-art all-QM for Na+(aq) agrees with QCT: 
Leung, Rempe, von Lilienfeld JCP (2009)  

Ion + 
neighbors  
(Quantum)  

Environment 
(Classical)  JACS (2004) 

 

that is, quantum mechanically, and are usually coupled with a
dielectric continuum model for the remaining medium (for
example, ref 11). In ref 11, it was argued that the inclusion of
a second solvation shell is necessary for divalent and trivalent
cations. Closer scrutiny of that work8 emphasized that a lack
of a statistical mechanical foundation limited those approaches,
but that effort has now led to important progress.
Indeed, the recently developed molecular quasi-chemical

theory of solutions has achieved a level of sophistication that
makes it well-suited for such calculations.8-10,12-24 This ap-
proach was designed8,13,20 to subsume the intuitive cluster
approaches indicated above, but was founded on well-established
principles of statistical mechanics. Approximations necessary
for practical calculations are then readily identified for scrutiny
and improvement.
In the report below, we present the bare essentials of the

theoretical methods we use (see, for example, refs 14, 20, 23).
We then apply it to the hydration of Mg2+, Ca2+, the divalent
transition metal ions from Mn to Cu, and to Zn2+. For
completeness, we also present (Figure 1) comparable results
from studies on the monovalent ions H+, Li+, Na+, and K+

and the divalent ion Be2+.9 The Supporting Information collects
information on hydration numbers and solution structure that
affects the present thermodynamic calculations. For Li+, Na+,
K+, and Be2+, we have the density distribution of water around
the ion from ab initio molecular dynamics simulations. For Li+
and Be2+, the solvation shell is sharply defined physically, and,
therefore, the coordination number, which is a fundamental
quantity in the quasi-chemical theory, is unambiguously estab-
lished. For Na+ and K+, the density distributions are progres-
sively less sharply defined physically. Yet, as will be seen, a
satisfactory coordination number can be defined, and it leads
to a reasonable estimate of the hydration free energy. The
agreement with experimentally offered hydration free energies
for both mono- and divalent cations is fair. More primitively,
the trends in relative hydration free energies are correctly
described.
For the transition metals, a principal focus of this work, the

hydration free energies do not show a simple, monotonic trend
across the period. This is also seen experimentally (for example,
refs 25, 26). This lack of monotonicity is a consequence of the
subtle interplay of electron distribution in orbitals and changes
in the physical size of the cation. It is the latter quantity that is
readily modeled in classical simulations. The former, for
transition metals, involves the consequences of the splitting of
d-orbitals in the field due to the surrounding ligands. The
particular distribution of the electrons in these split d-orbitals
has an energetic stabilizing effect, the ligand field stabilization
energy (LFSE). Subtracting the LFSE readily gives the expected
monotonic decrease in the hydration free energy across the
period. These ligand field effects affect the differential binding
of transition metal cations and Zn2+ to zinc-finger proteins. Our
ability to describe these effects theoretically, in bulk solution,
gives us a basis for pursuing studies on metal-protein systems.

II. Methods: Quasi-Chemical Approximation (QCA)
In the quasi-chemical theory,13,14,20 the region around the

solute of interest is partitioned into inner- and outer-shell
domains. In the present study, the inner shell, where chemical
effects are important, is treated quantum mechanically. The
outer-shell contributions have been assessed using a dielectric
continuum model. In principle, a variational check of this
partition is available.17,23 It has been argued that when the
variational check of the partitioning is satisfied, the inevitable
approximations are well-balanced.
The inner-shell reactions are

The free energy change for these reactions was calculated using
the Gaussian suite of programs.27 The clusters were geometry
optimized in the gas phase using the B3LYP hybrid density
functional28 and the 6-31+G(d,p) basis set. Frequency calcula-
tions confirmed a true minimum, and the zero point energies
were computed at the same level of theory. Single point energies
were calculated with the 6-311+G(2d,p) basis set. For the open-
shell transition metals, the unrestricted formalism was used.
(Using the unrestricted formalism for the closed-shell systems

(11) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodleman, L. Inorg. Chem.
1996, 35, 4694.
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Chem. B 2001, 105, 11662.
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Figure 1. 1. Hydration free energy of monovalent cations calculated within
the quasi-chemical framework. The most probable coordination numbers
are as in Table 1. For the dielectric calculations, a cavity of radius 1.9, 2.3,
and 2.7 Å was centered on Li+, Na+, and K+, respectively. For H+, a cavity
of radius 1.172 Å was used. Small changes in these values do not change
the computed result substantially. This is an example of the variationally
constrained character of the theory. The experimental results are from ref
34.

Mq+ + nH2OhM[H2O]n
q+

A R T I C L E S Asthagiri et al.

1286 J. AM. CHEM. SOC. 9 VOL. 126, NO. 4, 2004

H+ 

Li+ 

Na+ 

K+ µex



Ions in water 

Same theory for ion solvation in channels:  

 

Ions in channels 

coarser 
models QM 

QM 
coarser 
models 

JPCB (2011) 
Ann Rep Comp Chem (2012) 
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Ion Selectivity = free energy differences  

 

•  Ion solvation:  local + environment 

chemistry + ligand density 

environment 

-110 
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-50 1 2 

Water Channel 

K+ 

Na+ µex

(n = 8) 

(n = 8) 

(kcal/mol) 

•  Selectivity:  subtle balance between hydration vs solvation by channel 

absolute value 



Ab initio structures tested against experiment 
 

•       Peaks & wells match scattering experiments:  

Ann Rep Comput Chem (2012)  
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•      Additional info obtained by AIMD: 

•  individual water distributions 

•  n (r) 

Na+(aq) 
(1-4) 



1.  K+ equa-energy?     Mimic K+ ion hydration structures  

2.  Na+ rejection?     Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity?   X 

High
coordination

S1

S2

S3

S4

Selectivity
Filter

∆GK+ ~ 0 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
                                                        Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
Prominent Views   

K+ 

∆GNa+ > 0 

Directly coordinating waters highlighted 

 n = 8, r  =  2.8 A 



1.  K+ equa-energy?     Mimic K+ ion hydration structures  

2.  Na+ rejection?     Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity?   X 
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Selectivity
Filter

∆GK+ ~ 0 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
                                                        Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
1.  Ion hydration not mimicked! 

∆GNa+ > 0 

Water density around K+ 
     n = 4 at rmax = 2.8 A 
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C=O density around K+ 
     n = 8 at r  =  2.8 A 

Ann Rep Comp Chem (2012) 
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•  Solvation (chem + density) 
•  n = 8  

How can K+ be stable  
with n = 8 in channels? 

Does high ligand availability + poor ligand solvation environment  
account for high n in proteins? 

•  Solvation (aq) 
•  n = 4  
•  ligand  desolvation penalty   

nwater  

•  K+ hydration free energy vs coordinating waters 

µH2O
(ex )

kc
al

/m
ol

  



JACS 2008 

Highly Selective K Channels: 
High ligand availability + poor ligand solvation environ  à n = 8 

•  To solvate K+ without barrier or well,  
        binding site + surrounds must ‘mimic’  

  
à not necessary to mimic K+(aq) local structure  

K+ binding site Highly selective K channels: 
        -- high CO density 
        -- few CO solvators  

decreased to 2.86 ( 0.05 Å, and when the temperature was
further lowered to 100 K, the average K+-O distance decreased
to 2.82 ( 0.03 Å. This strongly suggests that the average
ion-ligand distances collected at low temperatures are likely
to be only slightly smaller than their values at physiological
temperature, and it is indeed legitimate to compare our findings
at physiological temperatures to those obtained under conditions
of very low temperature.

Together, the classical MD analysis reaffirms the finding from
quasi-chemical analysis that ion coordination preferences can
be altered via changes in the penalty associated with extracting
ligands from their solvation environments. This penalty can be
altered not only via specific modifications in the local environ-
ments of the coordinating ligands, but also via modifications in
the conformational flexibility (or rigidity) of the coordinating
ligands.

3.3. Environmental Analysis of Overcoordinated Binding
Sites in Biomolecules. It is straightforward to see that the local
structural and chemical factors that lead to a substantial
reduction in the desolvation penalties of ligands (or lead to the
formation of local quasi-liquid pockets around the ligands) and
enable formation of overcoordinated structures without energetic
barriers will be unique to each biological ion-binding setting.
In this section, we undertake a structural and chemical analysis
of the environments of all the overcoordinated binding sites
listed in Table 1.

We first identify indications of the presence of a local quasi-
liquid environment around the binding sites of potassium
channel selectivity filters, where K+ ions are seen to coordinate
directly with 8 ligands in the X-ray structure.20-23 First, the
concentration of ligands in the apo binding site is ∼23 M, which
is comparable to the concentration of water ligands in aqueous
phase. This was estimated by dividing the total number of
carbonyl ligands available in the selectivity filter of the apo state
of potassium channels69 by the volume of the selectivity filter.
Second, there are no relevant side-chain hydrogen bond donors
within the local environments of the ligands in any of the four
known structures20-23 of potassium channels (KcsA, MthK,
KvAP, and KirBac1.1), as can be seen in an illustration of
KirBac1.1 in Figure 9. Third, all the proximal backbone
hydrogen bond donors are hydrogen bonded to other functional

groups in the protein and involved in maintaining the integrity
of the protein’s three-dimensional fold. Fourth, there are some
hydrogen bond acceptor groups present in the vicinity of the
filter in the form of Asp and Glu residues. The negative charges
on these residues will serve to prevent the carbonyl ligands from
turning away from the ion-binding sites. And finally, the packing
of residues and the hydrogen bond network behind the selectivity
filter also provide a certain degree of structural rigidity to the
ligands themselves, as supported by the finding that deformation
of the filter structure requires an appreciable energetic cost.92

These observations indicate how potassium channels can sustain
K+ ions bound in states of high coordination.

Table 5 presents a survey of the environments of the
coordinating ligands in the remaining ion-binding sites of Table
1. Columns 2 and 3 list the number densities ηH-donor of side-
chain hydrogen bond donors in the distant (rd ∈ (6,12]) and
local (rd ∈ [0,6]) environments of the coordinating ligands,
where rd is the distance in Å from the ligand and not from the
ion. Barring the case of pyruvate kinase, the local environments
carry far fewer hydrogen bond donors than found in the distant
environment. Irrespective, the densities of hydrogen bond donors
in the local environments are almost 2 orders of magnitude
smaller than the density of hydrogen bond donors offered by
liquid water. On the basis of the analysis above, this will reduce
the penalties associated with extracting these ligands for ion
coordination, and increase the stability of ions in these proteins.
Now, if only those hydrogen bond donors are considered that
are not engaged in other favorable interactions, such as salt-
bridges and hydrogen bonds with other groups in the proteins,
then we find that the number densities ηfree-H-donor drop to
negligible values. In other words, hardly any freely available
side-chain hydrogen bond donors are present in the local
neighborhoods of the coordinating ligands that can engage in
favorable interactions with them and disrupt the formation of
higher-order ion-ligand complexes.

In the local neighborhood of the ligands, the nonzero values
of ηH-donor are, in fact, expected to play a special role during
ion binding. In the absence of bound ions, the coordinating
ligands in the binding site will experience large electrostatic
repulsions from each other. On the one hand, in a scenario where

(92) Miloshevsky, G. V.; Jordan, P. C. Biophys. J. 2008, In press.

Figure 9. Distribution of hydrogen bond donor and acceptor side chains
in a representative structure of potassium channels, KirBac1.1 (PDB ID:
1P7B). The orientation of the channel is as viewed from its extra-cellular
end. The selectivity filter, which provides the backbone carbonyl oxygens
to form 8-fold K+ binding sites, is colored green. The side chains of amino
acids H, R, K, N, Q, T, Y, W, S, and C that contain hydrogen bond donors
and do not belong to the selectivity filter are illustrated as sticks and colored
blue. The side chains of amino acids D and E that contain hydrogen bond
acceptors are colored red. In the crystallographic configuration, all relevant
side-chain hydrogen bond donor groups are at a distance of at least 6.8 Å
from the coordinating carbonyl oxygens of the selectivity filter.

Table 5. Normalized Number Densities of Hydrogen Bond Donors
around the Ligands in the Ion-Binding Sites of Proteins listed in
Table 1a

biomolecule ηH-donor/ηw × 100
(rd ∈ (6,12])

ηH-donor/ηw × 100
(rd ∈ [0,6])

ηfree-H-donor/ηw × 100
(rd ∈ [0,6])

pyruvate kinase (1A49) 6.90 6.17 0.00
chaperone (1HPM) 6.58 1.30 0.47
lysozyme (1V7T) 8.07 1.63 0.00
neurotransmitter

transporter (2A65)
4.84 2.22 0.26

dialkylglycine
decarboxylase (2DKB)

2.65 0.52 0.26

thrombokinase (2BOK) 2.95 0.98 0.33

a The normalization factor ηw is the number density of bulk water.
For a given binding site, individual number densities were first
estimated for all of its ligands, and then averaged. These average
number densities were computed for two different spherical subvolumes
around the ligand, one limited to a region within 6 Å from the ligand,
while the other extends from 6 to 12 Å from the ligand. In the
estimation of ηH-donor, hydrogen bond donors from all side-chain residues
were considered, including Arg, Lys, His, Cys, Tyr, Thr, Trp, Ser, Gln,
and Asn, while in the estimation of ηfree-H-donor, only those hydrogen
bond donors were considered that were not engaged in other favorable
interactions, including salt-bridges and hydrogen bonds.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 46, 2008 15417

Structural Transitions in Ion Coordination A R T I C L E S
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1.  K+ equa-energy?   Mimic K+ ion hydration structures  

2.  Na+ rejection?    Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity? X 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
   5Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
2a.  C=O does not preferentially solvate K+ !   

High
coordination

S1

S2

S3

S4

Selectivity
Filter

∆GK+ ~ 0 

∆GNa+ > 0 

 Varma et al. 481

When reconciling information from approaches based 
on simplified models or whole channels, it is important 
to keep in mind that the optimal binding sites of K+ and 
Na+ could be different. For example, in the K+ and NaK 
channels (Fig. 1), the K+ ion finds a position to organize 
eight ligands in the selectivity filters, whereas a Na+ ion 
optimally uses fewer ligands. Being distinct from each 
other, the optimal binding configuration for K+ can be 
a barrier configuration for Na+. The K+-binding regions—
barriers for Na+—can be part of the larger explanation 
for the low permeability of Na+ (Bezanilla and Armstrong, 
1972). Overlooking this important point can lead to dis-
crepancies (Bucher and Rothlisberger, 2010) in corre-
lating coordination structure and selectivity.

Here, we will analyze the design principles that have 
emerged to explain K+/Na+ selectivity. We start with a 
host–guest steric model (also known as “snug fit”), pro-
posed decades before a K+ channel was crystallized, that 
has been used to explain the selectivity of both K+-selective 
ionophores and K+ channels.

A host–guest steric model
The first x-ray structure of a strongly selective K+ chan-
nel, KcsA (Doyle et al., 1998), produced a tangible picture 
of the molecular bases of K+ channel activity. Initial inspec-
tion of the structure supported an earlier hypothesis 

particularly interesting. These coordinate K+/Na+ with car-
bonyl oxygen atoms and provide Na+ selectivity. Also pro-
viding Na+ selectivity are the liquids that coordinate these 
ions with hydroxyl oxygen atoms, including methanol, 
ethanol, and propanol.

These simple observations alone tell us something im-
portant about K+ channels and valinomycin, which bind 
K+ selectively. Despite coordinating the cation (K+ or 
Na+) with carbonyl oxygen atoms (Fig. 1), the binding 
sites in these biological molecules, and the nonselective 
CNG channels, do not behave like liquid formamide or 
NMA. If they did, they would be Na+ selective. A model 
of K+/Na+ selectivity must, therefore, explain the design 
differences between the K+-selective sites of these mole-
cules and the liquid states of their chemical analogues.

In contrast to liquid solutions, an ion-binding site in a 
channel is specified relative to the surrounding protein 
matrix and defined by the experimental crystal struc-
ture. Of course, the ion and the protein matrix, or iono-
phore matrix, jointly establish the binding configuration. 
Thermal motion, apparent in molecular dynamics sim-
ulation, blurs ideal geometrical consideration of a bind-
ing site. The inherent structure concept (Stillinger and 
Weber, 1982) eliminates that thermal blurring by cata-
loging basins of optimized configurations that are visited 
by the thermal motion. Inherent structure analysis has 
been widely implemented over recent decades (Rao 
and Karplus, 2010). Quasi-chemical theory, which is rel-
evant to the ion selectivities discussed here (Asthagiri  
et al., 2010), follows directly from inherent structure 
concepts (Hummer et al., 1997). If the system presents 
more than one binding mode, perhaps including multi-
ion binding, these additional complications can be treated 
by calculating a set of structurally constrained free ener-
gies (Rogers and Rempe, 2011).

Free energy differences, determined experimentally, 
are not as clear for binding sites as in liquids. For exam-
ple, some experimental methods (Neyton and Miller, 
1988; Lockless et al., 2007) probe the equilibrium ther-
modynamics of ion binding in K+ channels. Nonequilib-
rium electrophysiological techniques (Latorre and Miller, 
1983; LeMasurier et al., 2001) might also be used to infer 
effective K+- and Na+-binding constants in K+ channel  
filters. These inferences rely on mechanistic assump-
tions about K+/Na+ binding in the filter—assumptions 
about the conformation of the filter, the number of 
binding sites and their characteristics, and about what 
other components such as water and additional ions 
might be doing. The determination of driving forces 
for selective ion binding, G, is simplest in theoreti-
cal and computational settings where it is clear exactly 
which binding site, conformation, and ion/water occu-
pancy is being considered. In these cases, simple the-
oretical models and hypotheses pertaining to the 
design of K+-selective complexes may be unambiguously 
evaluated in terms of G.

Figure 2. Experimental estimates of selectivity free energy, 
G G GK Na K Na

bulk ,  for different organic solvents with 
respect to bulk liquid water (Cox and Parker, 1973; Marcus, 
1983; Schmid et al., 2000; Yu et al., 2010a). For these estimates, 
G G n T PX X( / ) ,  is the partial molar Gibbs free energy for ion 
X in the specified medium relative to an ideal standard state, so 
that G vanishes when ion–medium interactions vanish.
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1.  K+ equa-energy?   Mimic K+ ion hydration structures  

2.  Na+ rejection?    Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity? X 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
   5Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
Prevailing Views   

High
coordination

S1

S2

S3

S4

Selectivity
Filter

∆GK+ ~ 0 

∆GNa+ > 0 

Ion-water distances (A)  
    (rmax in AIMD) 

 n = 8, r  =  2.7 – 3.1 A 

•  K+  2.8 

•  Rb+  3.0 

•  Ba2+  2.8 
•  Sr2+  2.7 
 

•  Na+  2.4 



1.  K+ equa-energy?   Mimic K+ ion hydration structures  

2.  Na+ rejection?    Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity? X 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
   5Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
More complexity than just cavity size   

High
coordination

S1

S2

S3

S4

Selectivity
Filter

∆GK+ ~ 0 

∆GNa+ > 0 

Ion-water distances (A)   
    (rmax in AIMD) 

 n = 8, r  =  2.7 – 3.1 A 

•  K+  2.8  permeates 

•  Rb+  3.0  permeates 

•  Ba2+  2.8  blocks*  
Sr2+  2.7  excluded 

 

•  Na+  2.4  excluded 

B-factors:  rmsf  = +/-  0.8 A  
Static vs dynamic disorder? 

*PNAS, 2013 
 



1.  K+ equa-energy?   Mimic K+ ion hydration structures  

2.  Na+ rejection?    Specific cavity size fits K+ 1,2  vs  Liquid flexibility & specific chemistry3,4  
3.  Same filter structure vs varied selectivity? X 

1Bezanilla & Armstrong JGP (1972), 2Zhou et al. Nature (2001), 3Eisenman & Horn JMB (1983) 4Noskov et al Nature (2004) 
   5Perspectives on Ion Selectivity JGP (2011) 

K+/Na+ Ion Discrimination Problem: 
2b.  Specific cavity size works – but not required!   

•  Valinomycin (n = 6):   
Selective by specific cavity size 

Biophys J (2007) J Molec Bio (2008) 
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6-fold coordination around K+, but a lower 4-fold
coordination around Na+. These simulations, how-
ever, were carried out in the absence of polarization,
which has been argued to be important for describ-
ing ion binding in valinomycin8 (see also partial
charges estimated from ab initio calculations in Table
S1 of Supplementary Data).
Finally, a characteristic dependence of K+/Na+

selectivity on solvent polarity will emerge. In low-
polarity solvents, where all hydrogen bonds are
maintained and the Na+ and K+ structures remain
approximately isosteric, the K+/Na+ selectivity will
attain a constant high value of selectivity similar to
its core selectivity. This idea was conceptualized49 in
the late 1960s and eventually proved41 by carrying
out salt extraction equilibrium experiments in low
(εb9) polarity solvents. In higher polarity solvents,
where the proclivity to maintain all six hydrogen
bonds is lower, valinomycin will be able to adopt a
relatively more stable configuration around the Na+.
In such a scenario, selectivity can be expected to
decrease, but further investigation is required.
Nonetheless, valinomycin selectivity will not vanish
even in very high-polarity solvents due to the
intrinsic contribution of −3 kcal/mol from its other
structural restraints that are not affected by solvent
polarity.

Together, we find that valinomycin is able to use
only six carbonyl ligands to achieve K+/Na+
selectivity because it can physically prevent all of
its six ligands from collapsing simultaneously onto
the smaller Na+ ion. In other words, it creates a
specific cavity size for ion binding that matches the
size of K+, but not that of the smaller Na+ ion.
Valinomycin enforces such constraints through a
combination of intramolecular hydrogen bonds and
other structural features, including its specific ring
size and the spacing between its connected ligands.
This host–guest steric mechanism of valinomycin

is, however, entirely different from K channels,
which use a different variety of topological con-
straint. In the absence of cavity size constraints, K
channels utilize constraints on over-coordination by
more than six carbonyl ligands. In addition to any
rigidity supplied by the binding site structure, K
channels require a special local solvation phase
around their binding sites that is devoid of compet-
ing hydrogen bond donors to sustain such over-
coordination.20 One of the key advantages of the K
channel mechanism is that it allows the degree of
selectivity to be easily tuned via mutations in the
protein solvation environment surrounding the
binding sites. In fact, nature appears to have capi-
talized on this feature to create strong, intermediate

Figure 4. Structural and energetic effects of turning off the six intramolecular hydrogen bonds in valinomycin. The
hydrogen bonds, represented by broken lines, were turned off using chemical substitutions involving replacement of
proton acceptor atoms =O with =CH2 groups. A representative substitution is highlighted inside blue circles. QC
optimization following these substitutions resulted in a K+-complexed structure K+.mVal with a backbone atom RMSD of
0.65 Å, and a K+–O distance of 2.88 Å. In the case of the Na+ complex Na+.mVal, these substitutions resulted in four of the
six carbonyl oxygen atoms coordinating sodium ions at shorter distances of 2.33 Å, as compared to 2.64 Å in the native
Na+.Val structure. The remaining two carbonyl oxygen atoms are at a distance of 5.12 Å from the sodium ion. The absence
of hydrogen bonds also resulted in increasing the free energy difference between the Na+ and K+ complexes from
12.3 kcal/mol to 17.8 kcal/mol.
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Deformable mutant 

Selectivity lost 

selectivity. The thermodynamic condition essential for rapid
K1 ion transport is therefore met with both sixfold and
eightfold coordinated states; however, ion selectivity is
lacking in the sixfold trimeric coordination scheme. Fur-
thermore, K1 ions slightly prefer coordination by three
rather than four bidentate ligands, demonstrating that K1

ions do not readily partition into K-channels to match pre-
ferred numbers of coordinating ligands.

Due to the long-range nature of electrostatic interactions,
an exact estimation of the solvation energy of a K1 ion inside
an entire K-channel requires further incorporation of its
interactions with the remaining portion of the channel-
membrane system. Nevertheless, in such a calculation we
expect the solvation energy of a K1 ion to be more exother-
mic than the value reported here. Thermodynamic stabiliza-
tion resulting from a higher dielectric constant of the protein
(e . 1) is expected to be larger than destabilization resulting
from multi-ion repulsion in the selectivity filter, eventually
resulting in a more exothermic reaction free energy value.

To understand ion selectivity in eightfold tetrameric
binding sites, we calculate the interaction of a Na1 ion
with four bidentate ligands, the same number and variety of
ligands that allow K1 ions to partition from aqueous phase.
Attempts to optimize four bidentate ligands around a Na1

ion using quantum chemical methods (DFT/B3LYP), such
that all of the eight carbonyl oxygens directly coordinate the
ion, fail. Instead an overall fivefold coordinated structure
results, with three oxygens pushed outside the ion’s inner
coordination shell (see Supplementary Material). This struc-
ture can also be described as a distorted K-channel binding
site structure having an RMSD of 1.8 Å with respect to the
x-ray coordinates (2) of the S2 binding site of KcsA. A
similar distortion of the S1 binding site of KcsA, which
resulted in an overall sixfold coordinated geometry, has also
been reported in a separate quantum chemical optimization
study (26). Reaction free energies computed using these
distorted structures present an interesting scenario. In the
event that the selectivity filter were flexible enough to allow
such local distortions in the number of coordinating ligands,
not only would Na1 ions partition into the binding sites from
aqueous phase, but also the filter would exhibit a reversed
Na1/K1 selectivity. The fivefold distorted structure results
in a potent reversed selectivity (DDDG) of ;15 kcal/mol,
whereas an alternate distortion corresponding to a sixfold
coordination (reported elsewhere (26)) leads to a milder, yet
still reversed Na1/K1 selectivity of ;3 kcal/mol.

Next, we investigate selectivity for the possibility that the
eightfold coordinated geometry formed from four glycine

FIGURE 3 (a) Phase diagram illustrating the structural and thermochemical effects

of transferring Na1 and K1 ions from one combination of chemistry, architecture, and

phase into another. The absolute free energies of solvating ions in these combinations

can be inferred from the scale on the y axes of the plot, and the coordination numbers
corresponding to these free energies are indicated in brackets. The hydration free

energies of Na1 and K1 ions (n ¼ 4) are also indicated as dashed lines, colored red

and green, respectively. The open symbol enclosed in a dashed box denotes the only
case where ligands are held rigid. This particular case represents the minimum of the

cavity size-dependent K1/Na1 selectivity (;10 kcal/mol) conferred by the chemistry

of eight carbonyl ligands from four glycine dipeptide molecules arranged in a skewed

cubic architecture, as estimated using the data in plot (b). From plot b, we see that
irrespective of cavity size, measured as the distance between furthest oxygen atoms,

the K1/Na1 ion selectivity conferred by this eightfold coordination is maintained.

Since these values correspond to the lowest energy positions of the Na1 ions in the

cavities, a choice of any other position for the ion will also result in K1/Na1

selectivity.

Ion Coordination in K-Channels Filters 1097

Biophysical Journal 93(4) 1093–1099

•  K channel (n = 8):   
Selective with varied cavity size 
            (+/- 1 A!) 
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Bio mechanisms 
 
Engineered Mimicry 

4 nm x 1.5 nm


• 2New ALD + 
molecular imprinting 

Biophys J (2007);      Bostick & Brooks PNAS (2007) 
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•  K+ selective  
(flexible or rigid cavity) 

•  Not K+ selective  
(unless cavity size fits K+) 

J Mol Bio (2008); JACS (2008);  
Ann Rep Comput Chem (2012)  Jiang & co Nature (2011) 

K+/Na+ Ion Discrimination Problem: 

1.  K+ equa-energy?   Over-coordinate K+ with CO to match  

2.  Na+ rejection?    Environment maintains specific, high n  or specific cavity size 
3.  Same filter structure vs varied selectivity?   Environment lets n (or cavity size) adjust  

µex (aq)

New hypothesis consistent with experiments: 

1-3.  Environment à maintain crowded (> 6) ligands à  K+/Na+ discrimination 



Translate design to synthetic membranes? 
 

2.8 Å 
6 

SiO2 

TiO2 

•  Rigid ion-selective aperture? 
 

4 x  
1.5 nm 

Inorganic Channels 

K+ 

•  Crowded ion-selective binding 
site? 
 

8 

ε

ε



  

Aq water channel 
(crystal structure) 

(www.nobelprize.org) 

Model inorganic pore 
(simulation results) 

 

•  thin, straight, narrow passage 
•  repulsive hydrophobic walls  
•  staircase of stabilizing dipoles  

 (C=O, N-H) 
•  no symmetric dipole clusters 

Water Discrimination:  
Fast water transport & ion rejection? 

Leung, Rempe, Lorenz Phys Rev Lett 2006 
Cygan, .. Leung, Rempe Mat Res Bull (2008) 
Leung & Rempe J Comp Theor Nanosci (2009) 
 



Over 1 nm polar pores:  
•  waters stabilized à high flux, little salt rejection 
•  predict alternating chemistry  à full salt rejection 

 with –OH 
(reversed with NH3

+) 

Leung, Rempe, Lorenz PRL (2006)  

Water channels with wide polar pores 
Fast water transport, poor ion rejection 

•  Atomic layer deposition modifies pore size & chemistry 

µex

(k
ca

l/m
ol

) 
Evaporation-
induced self-

assembly !
& !

Atomic-layer 
deposition (ALD)!

(15 bar) 



Over 1 nm hydrophobic pores:  
•   ions rejected 
•   waters destabilized & immobilized 

Water Channels with non-polar pores 
Slow water transport, great ion rejection 

mobility 

water occupancy 

-CH3 

(1
5 

ba
r)

 

-Si-(CH3)3 



•  C=O, N-H dipoles stabilize water 

•  hydrophobic rings prevent sticking 

•  no symmetric dipole clusters for ions 

•  narrow passageway excludes hydrated ions 

Molecular-layer deposition of polymer: 
Translate key water channel designs? 

  
10 nm  

2.6 nm  

Nanoporous silica 

ALD coating 

10 nm 
TiO2 

SiO2 

Molecular layer deposition near surface 
via plasma à fundamentally 
different membrane architecture: 
 

•  TMOS (tri-methoxy silane) 
•  APS (amino-propyl silane) 

 
Brinker Lab 
      J Membr Sci (2007) 
      JACS (2007) 



ALD Biomimetic Membranes = behave differently 
than (TFC) membranes 

•  0.1 M NaCl, osmotic Π = 2.1 bar, 1/κ = 1.2-nm 

•  ALD: Rejection high  
even at low P 
 
à Different mechanism? 



What structural elements can be improved? 

  
4 nm  

•  thin 
•  uniform 
•  robust  

•  Coordination 
chemistry? 

Ø   room 
for improvement 

TEM image of thin membrane coating 
Simulated polymer ALD membrane 



Summary: Membranes Designed to Mimic 
Protein Channels 

•  K+/Na+ discrimination & tunability (QM locally with new theory): 
•  surroundings à maintain crowded (>6) binding site fit to K+ 

•  surroundings à maintain rigid pore size fit to K+ 

 
•  Specific water selectivity & reject ions (fabricated ALD): 

•  narrow 
•  polar/non-polar mix 
•  no ion binding sites 

•  General biomimetic features (fabricated EISA/PA-ALD): 
•  thin & straight 
•  uniformly active 
•  robust structure 
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Prior Simulation Studies of Fast Separations 

Biological pore 

•    J of General Physiology:   
Perspectives on Ion Selectivity (2011) 
 
Noskov, Roux, Allen, Asthagiri, Pratt, Rempe, … 
 
Corry, Bostick, Brooks, Weaver, Green 
Sansom, Domene, Carloni, Aqvist, … 
 

•    Aquaporins 
•  De Groot, Grubmuller 
•  Tajkhorshid, Schulten 
•  Warshel 

•    Other Pores 
•  Hummer, Patel, Leung, Aluru 
•  Corry, Roux 
•  Lynden-Bell 

Hummer & co PNAS (2003) 

Rogers & Rempe, J Stat Phys (2011) 



JPCB (2011);  Ann Rep of Comp Chem (2012)    

Quasi-chemical theory (QCT) advantages: 
 à study binding sites with QM,  
 à study environment (‘architectural constraints’) 

Treat Ion Binding & Solvation via QM 
Efficiently  

  



•  Ions differ: 
•  Structure, DG 

•   Common structural theme: 
•  n = 4 directly coordinating 
•  Non ‘split-shell’ convenient 

 

Ann Rep Comp Chem (2012)   

Lessons:  
Ions (aq) 
(full QM) 

How do channels discriminate 
between ions? 

•   n = 4 within 2.8 A (water) 
•   n = 8 within 2.8 A (channel) 

•  Higher n in proteins? 

<n>min= 4 

<n>min= 5 

<n>min= 6 

Varma & Rempe Biophys Chem (2006) 

Agreement with exp 
*Neilson 
*Soper 

<n>min= 6 

Li+ 

K+ 

Na+ 



Environment maintains a 
specific binding site coordination that fits K+  

 

K+ 

Bio mechanisms 
 
Engineered Mimicry 

4 nm x 1.5 nm


• 2New ALD + 
molecular imprinting 

Biophys J (2007);  2Bostick & Brooks PNAS (2007) 

Inorganic Channels K+  Channels 

2.8 Å Na+ 

Environment à maintain crowded (> 6) ligands à  K+/Na+ discrimination: 
 *Same chemistry à environment tunes binding site composition à varied function 
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(5-6) 
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(4) 
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•  K+ selective  
(flexible or rigid cavity) 

•  Not K+ selective  
(unless cavity size fits K+) 

J Mol Bio (2008); JACS (2008); Ann Rep Comput Chem (2012)  

Jiang & co Nature (2011) Environment of multiple binding sites  



Nanoscale  design parameters to target1: 
   “The caress of the surroundings”2 to maintain crowded ligands in fluctuating cavity 
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K+ 

Bio mechanisms 
 
Engineered Mimicry 

4 nm x 1.5 nm


• 3 Plasma-limited ALD + 
molecular imprinting? 

Inorganic Channels Natural  Channels1 

2.8 Å Na+ 

1Biophys J (2007);  2Jordan Biophys J (2007); 3Jiang, Brinker, et al. JACS (2006,2007) 

Translate design for mineral water 



Translate design for mineral water 
 

•  Specific cavity fits K+, not Na+ 

•  H-bonds & ring maintain cavity size 
•  Environment may disrupt H-bonds, selectivity 
      
 

2.8 Å 
6 

Natural K-selective Molecule 

•  Two ways to discriminate K+ over Na+: 
•  Environment à overcoordinate to fit K+ à pore size can fluctuate 
•  Environment à fixed cavity fits K+ à any number of ligands that solvate K+ 

SiO2 

TiO2 

•  Rigid Ion-selective aperture? 
 

4 x  
1.5 nm 

Inorganic Channels 

Valinomycin, JMB (2008) 



ALD Biomimetic membrane:  
5-fold less resistance than Commercial  

Biomimetic Commercial 
Salt rejection 

Gold standard: 
FilmTec   
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