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The problem: Fast and selective?3

K channels: Model channel 

https://pdb101.rcsb.org/motm/38

• High selectivity:  1000x K+/Na+
• Rapid transport: diffusion limit

Resting/action potential homeostasis signaling



Selectivity: Architectural constraints4

• Perspectives on Ion Selectivity  JGP (2011) 137

Ionic radius 
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102     72

138    100

152    118

167    135

Permeant
Non-permeant
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K permeates naked, 
but not Na.



Experiments: 4 binding sites essential5

Y. Jiang & co, PNAS January 11, 2011 108 (2) 598-602

Selective
High conductance

Nonselective
Low conductance



Interpretation: Transport by Soft Knock-On6

• 2/2   I-W-I-W + W-I-W-I

Experiments
Zhou et al. Nature 414, 43–48 (2001)
Morais-Cabral et al. Nature 414, 37–42 (2001)

Fixed Charge Molecular Simulation (FC-MD)
Bernèche et al. Nature 414, 73–77 (2001)
Jensen et al. PNAS 2010, 107 (13) 5833-5838



More Experiments: Occupancy ≥ 37

• Cooperative binding & full occupancy

Hill coefficient from tetramer 
protection titration (±10%)

𝜃 =
𝐿 !

𝐾".$ ! + 𝐿 !

Cation n
K+ 3.2

Rb+ 2.9
Cs+ 3.3
Ba2+ 0.9

Anomalous dispersion (SAD) X-rays of K+

Krishnan et al. J. Gen. Physiol. 126, 271–283 (2005) 
Langan et al. Nature Commun. 9, 4540 (2018) 



More FC-MD: Transport by Hard Knock-On
8

Kopec et al. Nature Chemistry 10, 813–820 (2018)
Kopfer, Zachariae, de Groot et al. Science 346, 352-355 (2014)

• 2-3 ion contacts dominate



Question: Occupancy During Transport?9

• How to reconcile crystal structure with mechanisms?

Crystal structure Soft knock-on Hard knock-on

Oster et al. Science Advances 5, 7, eaaw6756 (2019)
Zhou et al. Nature 414, 43–48 (2001)



Validate Force Fields10

• Cluster experiments, QM/DFT, Polarizable MD agree

n

2 4 6
n

DFT-harmonic

DFT
Pol-MD

K+(H2O)n free energy

Gas-phase 
binding energy

Jing et al. Chem Sci (2021)
Tissandier et al. J. Phys. Chem. A 1998, 102, 40, 7787–7794



Polarization Effect11

• Environment is polarized

• Weakens ion-ion repulsion

Pol-MD

FC-MD

Electro.

Environ.

K

Jing et al. Chem Sci (2021)
Tomachev et al J. Chem. Theory Comput. 2020, 16, 1, 677–687



Ion Occupancy – Full is Stable (Pol-MD)12

Pol-MD

FC-MD



Binding Free Energies Consistent w/ Experiments13

K+ Na+→K+

Protein Conformation Pol-MD ITC Pol-MD ITC
KcsA-WT collapsed -4.9 ± 0.7 -4.7 -1.6 ± 0.3 -2.1

KcsA-WT conductive -6.8 ± 0.6 
-1.3 ± 0.6

-5.7 -2.0 ± 0.2 -2.9

KcsA-G77A conductive -6.0 ± 0.5 -3.3 ± 0.4

Liu et al. PNAS 112(49):15096-15100 (2015).
Jing et al. Chem Sci (2018)

1 K (S1/S4) à2(S1 + S4) 2 Na (S1+S4) à Na + K (S1+S4)

2 K à 3 K 
(3K à4K)

4K à 3K + 1Na (S1/S4)



Barriers Support 4 Occupancy 
+ Single Vacancy

14

• Lower barriers for single-vacancy 
vs soft knock-on

• 4 occupancy + single vacancy

• 2/2 K-W-K-W + W-K-W-K
Jing, et al Chem Sci (2018)



SUMMARY15

• Polarization is important to ion occupancy

• Ion transport likely operates at near 
ion-saturated states, consistent with crystal structure

4 occupancy + single vacancy


