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Cells, Species With H+ Channels
Neuron Helix aspersa

Lynmaea stagnalis
Oocyte Ambystoma

Rana esculenta
Epithelium

alveolar rat
lung A549 human
airway JME/CF15, Calu-3  human
cervical HeLa human
prostate PC-3 human
kidney HEK-293 human
renal proximal tubule   Rana pipiens
ovary CHO hamster

Connective tissue
fibroblast 3T3 mouse

Skeletal muscle
myocyte human

Lymphocyte
T lymphocyte human
B lymphocyte human
Jurkat E6-1 human

Granulocyte
neutrophil human
eosinophil human
basophil human
mast cell mouse
HL-60 human
PLB-985 human
K-562 human

Microglia
microglia mouse
microglia human
microglia rat
microglia BV-2 mouse
microglia GM1-R1 rat
microglia MLS-9 rat

Macrophage
peritoneal mouse
alveolar rat
osteoclast rabbit 
osteoclast mouse
osteoclast chicken
THP-1 monocyte human

Cells without H+ channels: COS-7



Proton Currents in Snails and Mice: 
Similar, but Kinetics Differ

Eder & DeCoursey, 2001. Progr. Neurobiol. 64:277-305.



High Proton Selectivity

Cherny et al, 1995. J. Gen. Physiol. 105:861-896.



Reversal Potentials are Near the Nernst Potential, EH

•H+ channels are 
perfectly selective 
for H+ and D+

•No detectable 
permeation by any 
other ions

•Deviations from 
Nernst are due to 
imperfect control 
of pH

Cherny et al, 1995. J. Gen. 
Physiol. 105:861-896.EH



Selectivity of Ion Channels

Pacetate /PCl 0.5
SCN > NO3 > I > Br > Cl > 

formate > acetate > F > phosphateCl- (glycine-activated)

PNa/PK 0.25H > NH4 > Cs > Rb > K > NaGramicidin

PNa/PK 0.9
Guanidine > Cs > Rb > K > Na 

Mg > Ca > Ba > SrAchR 

PNa/PH 0H > DProton (V-gated)

PK /PNa 0.1Na > Li > Tl > KV-gated Na+

PNa/PK <0.001Tl > K > Rb > Cs > NaMaxi K+ (Ca-activated)

PNa/PCa 0.0008Ba > Sr > CaV-gated Ca2+

PNa/PK 0.006Tl > K > Rb > Cs > NaKcsA

PNa/PK <0.01Tl > K > Rb > Cs > NaK+ delayed rectifier

SELECTIVITYPERMEANT  IONSCHANNEL



What is the Rate Limiting Step?



Direct Proton Transfer from Buffer 
is Not Rate Limiting



Strong Deuterium Isotope Effect: 
Permeation is Not Like Conduction in 

Gramicidin (a Water-filled Pore)

DeCoursey & Cherny. 1997. J. 
Gen. Physiol. 109:415-434.

Isotope effect:  H+/D+ Current

Proton Channel         1.7-1.9

Gramicidin                1.2-1.35



Deuterium Isotope Effect on Conductance

M2 viral H+ channel                      ~2 Mould et al, 2000

DeCoursey & Cherny
1997.  J. Gen. Physiol

109:415-434.



Strong Temperature Dependence of H+

Conductance: Permeation is Not Like 
Conduction in Water (2.6 kcal/mol)

DeCoursey & Cherny. 1998. J. Gen. Physiol. 112:503-522.

Ea 12-19 kcal/mol



Strong Temperature Dependence of Gating: 
Channel Opening Requires a Major 

Conformational Change 
(Proton Channels are Proteins)

DeCoursey & Cherny. 1998. J. Gen. Physiol. 112:503-522.

Ea 32-38 kcal/mol



Stronger Temperature Dependence than Other Channels

DeCoursey & Cherny. 1998. J. Gen. Physiol. 112:503-522.



Large Ea Indicates Complex Conduction Mechanism

DeCoursey & Cherny. 1998. J. Gen. Physiol. 112:503-522.



What is the Rate Limiting Step?



Unusual Properties of Voltage-gated Proton 
Channels (vs. Other Ion Channels)

• Perfect selectivity
• Large isotope effect (conductance)
• Strong temperature dependence

Explanations 
• Not a real ion channel?
• Unique conduction mechanism? 

• Not a water-filled pore!



Hydrogen Bonded Chain (HBC) 
Conduction

Nagle & Morowitz. 1978. Proc. Natl. Acad. Sci. USA. 75:298-302.



Hydrogen-Bonded Chains
Proposed Proton Pathways through Various Molecules

• Generic ion channel H2O — (H2O)n — H2O

• K+ channel voltage sensor (H2O)n — His371 — (H2O)n

• M2 H2O — (H2O)n — His37 — H2O

• Fo (residues that form channel) H2O — Asn — Ser — Glu — His — Asp — Asn — Asn — Gln — Arg — Asp61

• Fo (possible proton pathway) (H2O)n — Asp61 — (H2O)n

• MotA-MotB (H2O)n — Asp32 — (H2O)n

• bR minimal pathway (H2O)n — Asp — (H2O)n — Retinal Schiff base  — Asp — (H2O)n

• bR cytoplasmic pathway Asp — (H2O)n — Retinal Schiff base

• bR extracellular pathway Retinal  — Asp — (H2O)2 — Arg — H2O — Glu — H2O — Glu

• BRC - 1 H2O — His — (H2O)n — Asp — H2O — Asp — Ser — QB

• BRC - 2 H2O — His — (H2O)n — Asp — H2O — Asp — (H2O)2 — Glu — H2O — QB

• Cytochrome c oxidase (D) Asp132 — H2O — (H2O)n — H2O — Glu — (H2O)n — binuclear center/exit path

• Cytochrome c oxidase (K) Glu101 — Ser — H2O — Lys362 — Thr — H2O — Tyr — binuclear center

• CA II BH  — His64 — H2O — (H2O)n — H2O — E-Zn-OH-

• CA III BH  — H2O — H2O — (H2O)n — H2O — E-Zn-OH-

• UCP1 Asp — FA-COO- — (FA-COO-)n — Asp — His — His — H2O



Nothing Blocks Proton Channels
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Nothing blocks H+

channels!

Zn2+ inhibits H+

currents.

Low pHo attenuates 
Zn2+ effects.

HypothesisHypothesis: Zn: Zn2+2+ and and 
HH++ compete for an compete for an 
external receptor.external receptor.

Cherny & DeCoursey, 1999. 
J. Gen. Physiol. 114:819-838





Various Models of Competition
Cherny & DeCoursey, 1999. J. Gen. Physiol. 114:819-838



The Zinc Receptor May Comprise Three His
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Paddock et al, 2001. 
Biochem. 40:6893



Proton Channel Gating Depends 
on Voltage and ∆pH

Cherny et al, 1995.    J. Gen. Physiol. 105:861-896.



H+ Channels Open Only When the Electrochemical 
Gradient is Outward (HH++ Channels Extrude AcidChannels Extrude Acid)

D
eC

oursey. 2003.  Physiol. Rev.83:475-579.



Model of pH- and Voltage-
Dependent Gating

C
he

rn
y 

et
 a

l. 
19

95
.  

 J
. G

en
. P

hy
si

ol
.1

05
:8

61
-8

96
.



Model Reproduces 
Main Features of 
pH and Voltage 

Dependent Gating
DATA 

MODEL



External Zinc and Protons 
Have Similar Effects
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Single H+ Channel Currents Are Really Small
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DeCoursey et al, 1984 Nature. 307:465-468



H+

K+

Same gain



HH++ Current Variance Is WellCurrent Variance Is Well--BehavedBehaved
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H+ Current Variance Is 
Well-Behaved
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Conductance of Ion Channels

PNa/PK 0.2510012Gramicidin

PNa/PK 0.916025AchR 

PNa/PH 00.000060.015Proton (V-gated)

PK /PNa 0.116015V-gated Na+

PNa/PK <0.001140250Maxi K+ (Ca-activated)

PNa/PCa 0.000811010V-gated Ca2+

PNa/PK 0.00620080KcsA

PNa/PK <0.0114012K+ delayed rectifier

SELECTIVITY[ion] (mM)γ (pS)CHANNEL



imax = 2π FroDcH



imax = 2π FroDcH

Christianson & Fierke, 1996. 
Acc.Chem.Res. 29:331-339.
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