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Human voltage-gated proton (hHv1) channels are crucial for regulating essential bio-
logical processes such as immune cell respiratory burst, sperm capacitation, and cancer 
cell migration. Despite the significant concentration difference between protons and 
other ions in physiological conditions, hHv1 demonstrates remarkable proton selectivity. 
Our calculations of single-proton, cation, and anion permeation free energy profiles 
quantitatively demonstrate that the proton selectivity of the wild-type channel originates 
from its strong proton affinity via the titration of the key residues D112 and D174, 
although the channel imposes similar kinetic blocking effects for protons compared to 
other ions. A two-proton knock-on model is proposed to mathematically explain the 
electrophysiological measurements of the pH-dependent proton conductance in the 
conductive state. Moreover, it is shown that the anion selectivity of the D112N mutant 
channel is tied to impaired proton transport and substantial anion leakage.

proton channel | ion selectivity | proton transport | molecular dynamics

 Human voltage-gated proton channels (hHv1) are widely acknowledged for their immense 
clinical significance, as they play pivotal roles in a diverse array of fundamental biological 
processes ( 1   – 3 ). These processes encompass the intricate regulation of respiratory bursts 
in immune cells ( 4   – 6 ), which are essential for effective immune response against pathogens 
and tissue damage. Additionally, hHv1 channels contribute to the sperm capacitation 
process ( 6 ,  7 ), facilitating the acquisition of fertilization competence by spermatozoa. The 
hHv1 channels are also involved in cancer cell migration ( 8   – 10 ), a crucial step in tumor 
progression and metastasis. The multifaceted involvement of hHv1 channels in such critical 
biological processes highlights their significance and underscores the need for a compre-
hensive understanding of their functional properties and underlying mechanisms.

 The essential role of hHv1 in the processes mentioned above is to rapidly extrude 
protons to regulate pH and to minimize changes in membrane potential due to other 
electrogenic transporters. One of the most fascinating properties of this ion channel is its 
remarkable proton selectivity ( 11 ) when compared to other cations under a depolarized 
membrane potential. The proton selectivity has been demonstrated by experimental meas-
urement of the reversal potential ( Vrev , the membrane potential at zero current), which 
aligns with the Nernst potential of protons. Considering that protons are a million times 
less concentrated than other ions under physiological conditions, the remarkable proton 
selectivity observed necessitates a permeability ratio between protons over other ions 
ranging from 106  to 108  ( 12 ). To further understand the underlying mechanism of such 
proton selectivity, numerous experimental and computational attempts have been made 
to identify key residues and potential proton conduction pathways.

 Musset et al. ( 13 ) identified D112 as a crucial residue for proton selectivity via electro-
physiological measurements. The D112N mutation was found to shift the channel toward 
anion selectivity, while the D112E mutant maintains proton selectivity. These findings 
highlight the potential role of titratability and electrostatic effects of D112 in the channel 
proton selectivity. A follow-up quantum mechanical study ( 14 ) on a gas-phase model 
suggested that the D112-R211 salt bridge acts as a gatekeeper, blocking the passage of 
other cations while allowing protons to permeate by undergoing protonation and depro-
tonation at D112. Additionally, both hybrid quantum mechanics/molecular mechanics 
(QM/MM) ( 15 ) and empirical valence bond ( 16 ) (EVB) molecular dynamics (MD) 
simulations provided evidence that explicit proton passage occurs via the titration of D112. 
However, the high computational cost of QM/MM prevented a converged free energy 
profile for the proton permeation to be obtained, and thus, a clear conclusion on the 
proton permeation mechanism could not be obtained. The EVB model by Lee et al. ( 16 ) 
did not fully include the Grotthuss proton hopping transport inside the channel and 
instead only modeled a shared proton between D112 and its first solvation shell water. 
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The D112 titration hypothesis implies that the selectivity filter 
(SF) consists of D112 and its close-by residues, R211 and D185, 
while imposing greater restrictions on ions other than protons. 
Thus, this particular hypothesis resembles a more conventional 
selectivity mechanism in other ion channels.

 On the other hand, an alternative “water-wire” viewpoint argues 
that the SF region provides sufficient space and hydration, allow-
ing excess protons to pass through. Ramsey et al. found ( 17 ) that 
neutralizing each of the conserved titratable residues (D174A, 
E153A, K157A, D185A, D112A, and D112N) was insufficient 
to abolish the conductance, and thus, they concluded that the 
only possible proton permeation mechanism should be Grotthuss 
transport via a robust continuous water wire. Evidence from clas-
sical MD simulations ( 17     – 20 ) has in fact revealed the presence of 
a persistent water wire within the selective filter region, suggesting 
an involvement in the proton conduction pathway. In contrast  
to these four studies, other MD simulations of open-state models 
have identified “dry” regions within the pore. These studies reported  
statistically rare ( 21 ) and highly transient water wires, lasting only 
around 6 picoseconds ( 22 ), which is too brief to facilitate effective 
proton transport. Due to the limited and ambiguous structural 
information available, especially for the open state, the outcome 
of MD simulations depends on the chosen model, which can vary. 
Furthermore, explicit proton transport with a dynamic hydration 
environment is generally required in order to fully understand 
proton transport in confined spaces since a continuous water wire 
observed in standard MD without an explicit proton can exhibit 
distinctive properties from one (the physically correct one) having 
the presence of an explicit excess proton ( 23       – 27 ).

 The determination of the proton permeation and selectivity 
mechanism of hHv1 has been hindered by the significant challenge 
to resolve a conductive structure due to the pronounced confor-
mational changes in response to membrane potential and pH 
gradients ( 28   – 30 ). However, advances in computers ( 31 ) have 
now opened new avenues for studying the physiologically relevant 
conductive structure of these channels ( 32 ). Previously, this chal-
lenge was addressed by performing atomistic MD simulations of 
hHv1 in an explicit membrane environment and under an applied 
membrane potential on the 10- μs timescale to generate structural 
models consistent with both the closed and open states of the 
channel according to the available experimental evidence ( 32 ). 
Subsequent progress has been made in hHv1 inhibitor discovery 
from classical MD simulations based on this open-state structural 
model ( 33   – 35 ). However, there is still a clear need for explicit 
proton permeation simulations to uncover the precise molecular 
determinants that govern the selectivity of protons over other ions 
in hHv1 channels.

 Recently, notable progress has been made with the development 
of the multiscale reactive MD (MS-RMD) method ( 36 ), an MD 
approach that can in principle enable efficient, accurate, and trans-
ferable simulations of explicit proton transport (PT) involving 
amino acids and water chains (“wires”) in complex biomolecular 
environments ( 37   – 39 ). Building upon these advances and the 
open-state model structure ( 32 ), we have performed extensive free 
energy sampling with MS-RMD for the PT process in the hHv1 
channel as mediated by pore water molecules and the pore-lining 
Asp and Glu residues, without any prior bias toward a specific PT 
mechanism. Moreover, our investigations extend beyond PT and 
include a determination of the free energy profiles of cation and 
anion permeation through the channel. In turn, our calculations 
of proton and other ion permeabilities show good agreement with 
experimental measurements of ion selectivity and proton conduct-
ance, providing a quantitative picture of the proton selectivity 
mechanism. This work therefore provides a significant step toward 

unraveling the fundamental functional mechanism of voltage-gated 
proton channels. 

Results and Discussion

Proton Permeation Mechanism in Wild-Type Hv1. We explored 
the unitary PT mechanism by mapping the explicit proton 
transport onto a two-dimensional (2D) free energy profile (the so-
called potential of mean force or PMF) via 2D umbrella sampling 
(US). The reaction coordinates (RCs) used for the US (Fig. 1) 
include, first of all, the z coordinate of the charge defect associated 
with an excess proton (the so-called “center of excess charge” (40), 
abbreviated as CEC) relative to the protein center, denoted as 
ΔzH , (the cell membrane defines the xy-plane). This coordinate 
represents the overall PT process through the channel from the 
cytoplasm to the intra- and extracellular bulk compartments. The 
CEC definition is necessary because there is not just a single excess 
“proton” or hydronium cation when Grotthuss proton shuttling 
through water molecules and amino acids occurs, but instead, a 
dynamically changing net positive charge defect associated with 
there being one too many protons (an excess proton). However, 
many different protons on the water molecules and amino acids 
can contribute to shuttling that defect around. The second RC 
(Fig. 1) is the distance between the transporting protonic charge 
CEC and its closest pore-lining Asp/Glu residue, denoted as rmin . 
The second RC is crucial to differentiate whether the proton 
locally permeates the channel via titrating a protonatable amino 
acid residue (Fig.  1) or is mainly shuttling through the water 
molecules (“water wires”).

 The  Fig. 2 A  and B   shows the PMF, also referred to as the free 
energy profile above, of the CEC as it traverses the inner pore of 
the hHv1 channel. (Note that hereafter this CEC may be referred 
to as “the proton.”) The 2D PMF exhibits multiple deep wells  
situated around  rmin ≈ 0  Å, (cf.  Fig. 2A  , and more clearly high-
lighted in  Fig. 2B  ). These wells correspond to the proton staying on 
the titratable residues (Asp/Glu) lining the pore. This observation 

Fig. 1.   Structural model of the WT conductive Hv1 channel. The charged 
pore-lining key residues to proton permeation are marked with residue ID 
(red: acidic; blue: basic). The direction of the proton permeation is from 
cytoplasmic to extracellular bulk water (marked by the arrow on the left). 
The reaction coordinate to describe the proton transport progress is defined 
as Δz

H
= z

CEC
− z

prot
 (blue arrow), where z

prot
 is the z coordinate center of 

alpha carbons of the transmembrane Hv1 helices S1, S2, and S3, and z
CEC

 is 
the z coordinate of the center of excess charge. The reaction coordinate to 
distinguish the proton distance to the nearest acidic residues is defined as r

min
 

(black arrow), which is a smoothed version of the minimum distance between 
the center of excess charge and all carboxyl oxygens of pore-lining Asp/Glu 
residues (dotted black arrows).D
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aligns with the results from a previous QM/MM metadynamics 
study ( 15 ) that observed spontaneous protonation events on 
pore-lining Asp/Glu residues. The free energy wells in the range of 
﻿rmin    from 2 Å to 4 Å correspond to instances where the proton 
resides in the first solvation shell of these titratable residues. Notably, 
these minimum wells are 3 to 4 kcal/mol less energetically favorable 
than the protonated wells of the corresponding residues, meaning 
that the purely water wire pathway is two orders of magnitude less 
likely to be observed than the pathway involving amino acid proton 
titrations, i.e., the proton transfer mechanism is most likely domi-
nated by sequential proton hopping between the titratable Asp and 
Glu residues mediated by intervening water wires.        

 The selectivity filter region spanning from below residue D112 
to above residue D185 corresponds to a relative vertical position 
along the channel,  ΔzH , ranging from −5 Å to +10 Å. Notably, 
the global free energy minimum is associated with the excess pro-
ton residing on D112 ( Fig. 2C  ), whereas the free energy minimum 
for the proton and D112 forming a contact ion pair (CIP,  Fig. 2D  ) 
exhibits a higher free energy of ~3 kcal/mol. The 1D free energy 
profile ( Fig. 3A  ), obtained by integrating the 2D PMF over the 
second reaction coordinate,  rmin , shows the rate-limiting step of 

the full proton permeation process to be the dissociation of the 
proton from D112 to the extracellular bulk water, with the 
rate-limiting free energy barrier corresponding to the difference 
between an excess proton residing in bulk water and a proton in 
the D112 horizontal plane. In the wild-type (WT) channel, this 
free energy barrier is 12 kcal/mol, which is in reasonable agree-
ment with the experimentally determined activation energy ( 41 ) 
(12.5 to 18.7 kcal/mol). Note that the activation energy does not 
reflect any entropic contribution, but the barrier free energy does. 
As such, the experimentally estimated activation barrier would be 
lower when considering the proton has higher entropic freedom 
at the barrier top due to a wider radius at the channel month 
compared to the narrow radius around D112 at the free energy 
minimum. It has been argued that the rate-limiting step of proton 
transport in hHv1 is the permeation through the channel based 
on 1) the weak pH dependence of the channel conductance ( 42 ) 
and 2) the high activation energy barrier reflected by the temper-
ature sensitivity of the conductance ( 41 ). Our computations thus 
support this concept by directly revealing the high activation bar-
rier corresponding to the proton dissociation from D112. The 
detailed proton selectivity mechanism associated with this proton 

A

C D

B

Fig. 2.   Free energy profile of the proton permeation process in the wild-type hHv1 channel and representative molecular configurations. Panel A: The full free 
energy profile as a function of proton transport progress ( z

H
 ) and the proton distance to the closest protonatable residue ( r

min
 ). Panel B: A zoom-in of the free 

energy profile focusing on the states where proton resides on the pore-lining Asp/Glu residues. Panel C: A molecular configuration of the selective filter in D112 
protonated state corresponding to the position of the “star” symbol in panel A. Panel D: A molecular configuration of the selective filter with solvated hydronium 
forming a contact ion pair with the deprotonated D112, corresponding to the “plus” symbol in panel A. The transported proton has been circled for clarity.
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permeation mechanism will be discussed in the next section along 
with the free energy profiles for other cation permeation.         

Proton Permeation Mechanism in the D112N hHv1 Mutant. 
Electrophysiological experiments have revealed that the D112N 
mutation abolishes proton selectivity and exhibits anion 
permeation (13), but an explanation for how a single site mutation 
can shift a proton channel into an anion-selective channel is still 
elusive. As a first step in understanding the anion versus proton 
selectivity, we examined the PT mechanism in the D112N mutant 
channel by calculating the 2D PMF adopting the same reaction 
coordinates as were used in the WT free energy sampling. As shown 
in SI Appendix, Fig. S1 of Supplemental Material, the most likely 
PT pathway remains the proton hopping between protonatable 
residues mediated by water wires, while D112, being mutated to 
asparagine, loses its reactive capability to bind a proton, and thus 
the proton can only permeate through the SF via water wires. 
In addition, the mutation switches the total charge of selectivity 
filter residues (D112 to N112, D185, and R221) from negative 
to neutral, and as a result, a large free energy barrier is now seen 
in the proton 1D PMF (Fig. 3A), even before the proton reaches 
the selectivity filter region ( ΔzH = 0Å ). Notably, the global free 
energy minimum is shifted to the position of D174. This implies 
that in the case of a low cytoplasmic pH, a two-proton knock-on 
permeation mechanism may occur in WT hHv1 if we regard the 

D112N channel as mimicking the D112 protonated state of the 
WT channel.

pH-Dependent Proton Conductance of hHv1. Cherny et al. (43) 
measured the unitary proton conductance (the conductance of 
a single channel when it is open; thus not reflecting the pH-
dependent gating but instead the proton permeation itself ) under 
various pH conditions (summarized in Fig. 3B). To understand 
the origin of the pH dependence, we first fit the experimental data 
with a two-proton conduction model as follows:

where c = 10−pH  is the proton concentration, g2(c)  is the 
conductance value as the function of proton concentration, and K1  
and K2  are the binding constants of a single proton and a second 
proton to the protein, respectively. The terms gmax

1
  and gmax

2
  are the 

saturated maximum conductance for a one-proton and for a two-
proton mechanism accordingly. In Eqs. 1 and 2, we assume that 
the pH dependence of conductance arises from the pH-dependent 
probabilities of the channel being in a single-proton-bound or a 
two-proton-bound state, and the total conductance is thus the 
weighted average of the two conduction mechanisms. The fitted 
curve is shown in Fig. 3B and the fitted parameters are listed in 
Table  1. When the two-proton mechanism is disregarded, the 
model simplifies to a single-proton conductance model, given by

﻿﻿  

   which coincides with Levitt’s derivation ( 44 ) using the Nernst–
Planck equation, assuming a channel only allows one single ion 
to permeate at the same time. Such a single-proton model, how-
ever, does not describe the data over the entire pH range tested 
(blue solid curve in  Fig. 3B  ). As such, the two-proton model rep-
resents the minimal model that fits the measured conductance at 
various pH levels. The need for such a two-proton model is in line 
with our analysis of the PT PMF of the mutant channel. As  
discussed earlier, the deep free energy well observed at the position 
of D174 in the D112N mutant—a state that mimics the proto-
nated D112 state of the WT channel—suggests a second proton 
binds to D174 in WT following the titration of D112. This obser-
vation, along with the need for a two-proton model to better fit 
the experimental data, points to a two-proton knock-on mecha-
nism involving D174 and D112 as the two key protonation sites 
under acidic pH conditions.

 The proton permeation PMFs allow us to directly comp ute  
the one-proton binding constant  K1    and, combined with the 
Nernst–Planck equation, also the one-proton maximum conduct-
ance  gmax

1
    (SI Appendix, Supplementary Material ). The second 

[1]g2(c) =
cK1g

max
1

1◦ + cK1 + c2K1K2

+
c2K1K2g

max
2

1◦ + cK1 + c2K1K2

,

[2]g1(c) =
cK1g

max
1

1◦ + cK1

,

A

B

Fig. 3.   Proton permeation free energy pathway in wild-type (WT) and mutant 
Hv1, with comparison to experimental conductance data. Panel A: One-
dimensional free energy profile (PMF) for proton permeation in WT (black) 
and D112N mutant (blue) Hv1. Panel B: Comparison of calculated data and 
measured single channel conductance (43) under different pH conditions. 
The experimental data were fit with a one-proton model (blue solid) and a 
two-proton model (orange solid) as described in the text. The computationally 
predicted conductance curve with gmax

2
 obtained from the experimental fit is 

plotted with a dotted line.

Table 1.   Conductance model parameters*

g
max

1
(fS) pK

d1
g
max

2
(fS) pK

d2

 Comp. 21.7 ± 8.6 6.4 ± 0.2 – 5.3 ± 0.2

 Exp. Fit 131 6.1 485 4.6

*The symbolsgmax

1

  andgmax

2

  stand for the maximum conductance of one-proton and 
two-proton mechanisms, respectively. K

d1
  and K

d2
  stand for the proton disassociation 

constant from the protein. The fitted experimental parameters of the one-proton and 
two-proton conducting model were obtained by fitting Eqs. 1 and 2 against the experi-
mental conductance measurements. The computational parameters were obtained from 
proton permeation PMFs and diffusion constants. Details can be found in Methods and 
SI Appendix, Supplementary Material.
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proton binding constant  K2    represents the binding affinity of 
hHv1 to a second proton given that a proton already resides in 
the channel. Since D112 is the global minimum in the WT PMF, 
it is the most probable protonation site for the first incoming 
proton. As noted earlier, assuming the D112N mutant mimics 
the one-proton-bound state of WT,  K2    can be estimated as the 
single proton affinity for the D112N channel.  Table 1  presents 
the agreement between our calculated  K1 ,  K2 , and  gmax

1
    and the 

experimentally fitted data, thus providing a degree of validation 
for our proton transport free energy calculations. The agreement 
is well within an order of magnitude, which is a degree of accuracy 
very difficult to obtain from molecular-level simulation of a sys-
tem this complicated.

 The second-proton maximum conductance  gmax
2

    corresponding 
to the knock-on mechanism cannot be directly obtained from our 
present calculations, but it can be approximated by considering 
the deprotonation timescale of D112 to the bulk when D174 
remains protonated. Considering that D174, located beneath 
D112, is charge neutral when it is protonated, it is expected that 
the deprotonated barrier for a proton to leave D112 would be 
lower compared to the case in WT with a negatively charged 
D174. Consequently, the transport rate of such a knock-on mech-
anism is anticipated to be faster than that of a single proton mech-
anism. This expectation is consistent with the observation that the 
fitted  gmax

2
    is larger than the fitted  gmax

1
 . Given our computed  K1 , 

﻿K2 , and  gmax
1

 , together with the experimentally fitted  gmax
2

 , we 
plotted the pH-dependent conductance in  Fig. 3B   (green dotted 
curve), which shows reasonable agreement with the experimentally 
determined one.  

Proton Selectivity to TMA+ Cation in WT Hv1. The central quantity 
governing selectivity is the ion permeability through the channel. 
The selectivity can be reflected from a comparison between ions’ 
Nernst potential and the experimentally measured Vrev  based on 
the Goldman–Hodgkin–Katz (GHK) voltage equation (45, 46),

[3]Vrev =
RT

zF
log

PCH3SO
−
3

[

CH3SO
−
3

]

i
+ POH−[OH−]i+PH+

[

H+
]

o
+ PTMA+

[

TMA+
]

o

PCH3SO
−
3

[

CH3SO
−
3

]

o
+ POH−[OH−]o + PH+

[

H+
]

i
+ PTMA+

[

TMA+
]

i

,

where R is the ideal gas constant, T  is the temperature in Kelvin, 
F  is Faraday’s constant, z is the charge of the ions (here, z = 1 
for monovalent ions), and P is the permeabilities of certain ions. 
The GHK equation establishes a framework for the competition 
among potentially permeant ions to determine Vrev . Each ion 
shifts Vrev toward its respective Nernst potential, and the observed 
Vrev = VH for WT hHv1 can be attributed to the dominant 
contribution from protons, expressed as the product of its 
permeability and bulk concentration largely surpassing the ones 
of other ions.

 Several studies ( 13 ,  42 ,  47   – 49 ) have conducted electrophysio-
logical measurements to investigate the selectivity of protons over 
the tetramethylammonium cation (TMA+ ). The proton-to-TMA+  
permeability ratio determined from the measured  Vrev    using the GHK  
equation consistently yields  PH+∕PTMA+ >> 1.0 × 107 . Like the 
proton permeation PMF calculations, we ran umbrella sampling 
using the z-coordinate of the nitrogen atom of TMA+  relative to 
the protein center,  ΔzTMA , as the permeation coordinate to quan-
tify the cation permeation free energy profile. In contrast to the 
excess proton, TMA+  cations are unable to bind to D112 and their 
larger radius makes it unfavorable for them to reside within the 
narrow region of the selectivity filter. Consequently, TMA+  cations 
tend to be more stable below the selective filter region rather than 

inside it, as indicated by the presence of a free energy well below 
﻿ΔzTMA = 0Å    ( Fig. 4A  ).       

 The ion permeability can be calculated as ( 50   – 52 )
﻿﻿  

  where  W (Δz)    is the 1D PMF for ion permeation, and  W
(

Δz0
)

    
is its value when reaching a plateau in the bulk region. The integral 
was performed over the transmembrane protein region.  k1    is the 
rate constant of a single ion permeating through the channel, and 
﻿K1    is its first-order binding constant of the given ion to the protein 
(Methods  for detailed expressions for  k1    and  K1 ). The calculated 
permeability ratio between a proton and a TMA cation is  1.4×107 , 
in good agreement with the experimentally estimated lower bound 
( 1 × 107 ). We note that due to the imperfect control of pH in 
some experimental measurements, this number is a conservative 
estimate while the true number may be larger. Since our calculated 
proton conductance and proton binding affinity are in good agree-
ment with experimental data ( Table 1 ), and the proton permea-
bility is unambiguously determined by these two numbers, we 
suggest that our calculated TMA permeability is an overestimate. 
Such a deviation may be attributed to the lack of electronic polar-
izability of the ion solvation environment described by classical 
force fields, partially supported by the subtle dependence on the 
water model in the TMA free energy profile (SI Appendix, Fig. S3 ). 
The MS-RMD approach, conversely, explicitly polarizes the pro-
ton solvation waters up to the third solvation shell.

 By expressing permeability as the product of the rate constant 
and the binding constant, we can interpret this quantity as the 
combination of an ion's probability of being inside the channel 
(binding constant, determined by the depth of the free energy well) 
and the rate at which the ion can pass through the channel (trans-
port rate constant, influenced by the free energy barrier and its 
diffusion constant). Notably, in this perspective the origin of proton 
selectivity, i.e., the large permeability ratio between the proton and 

[4]Pion = k1∫ProteindΔze
−�(W (Δz)−W (Δz0)) ∝ k1K1,

TMA comes from the tighter binding of protons ( K1

(

H
+
)

=   
﻿106.4±0.2≫K1

(

TMA
+
)

=10
−0.4±0.3  ), instead of the transport  

rate constant ( k1
(

H
+
)

=3.5±0.7×10
3
s
−1≈ k1

(

TMA
+
)

=  
﻿1.2±0.6×10

3
s
−1  ). This finding contradicts a typical expectation 

regarding a selectivity filter to restrict the movement of ions other than 
the selected ion, resulting in a noticeable distinction in the transport 
rate and/or the rate-limiting free energy barrier. For example, the 
tighter binding of K+  over Na+  to the voltage-gated potassium channel 
from Streptomyces lividans  ( 53 ) (KcsA) lowers the transport free energy 
barrier by 4 to 5 kcal/mol ( 54   – 56 ), resulting in several orders of dif-
ference in the transport rate constant. Another example is the Outer 
Membrane Protein F from Escherichia coli  ( 57 ) (OmpF) whose wide 
inner pore favors conduction of a broad range of cations over anions. 
A comparison of free energy and diffusion constant profiles of K+  and 
Cl−  permeation ( 57 ) has revealed large contributions from transport 
rate differences to the cation selectivity. The key difference from the 
hHv1 channel lies in the shape of the permeation free energy profile. 
In these channels mentioned above, the PMF of ion permeation 
reaches a peak inside the channel and thus, tighter binding reduces 
the barrier and increases the transport rate. In hHv1, however, the 
proton PMF reaches a global minimum inside the channel, meaning 
that tighter binding results in larger free energy cost when leaving the 
channel and thus reduces the transport rate. Apparently, the hHv1 D
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channel sacrifices its proton transport capability for a strong proton 
binding affinity. This strategy enables the channel to accumulate pro-
tons that are scarce in solution at the physiological pH, and when 
interpreting the binding constant  K1 = 106.4  as the accumulating 
factor, the channel increases the local concentration of protons by six 
orders of magnitude from the bulk concentration. The distinct behav-
ior of hHv1 can be explained by the unique properties of proton 
permeation involving the titration events of pore-lining residues. The 
association and dissociation of protons require a much larger free 
energy change compared to ion association; as a result, the free energy 
profile for proton permeation has a much deeper free energy well 
compared to that for ion transport. This deep free energy well is rem-
iniscent of the observed well at the titratable residues ( 58 ,  59 ) H37 in 
the influenza A M2 channel, suggesting a similar proton selectivity 
mechanism in M2, but further calculations of the transport free energy 
of other ions in M2 are needed to confirm this hypothesis. In contrast, 
a de novo designed proton channel ( 60 ) may exhibit a more “conven-
tional” selectivity mechanism, where the difference in permeation rate 
plays a dominant role in determining selectivity, due to the absence 
of proton binding residues ( Table 2 ). 

 The significant influence of binding affinity on proton perme-
ability also emphasizes the unique nature of D112 among other 
pore-lining reactive residues. The protonated D112 serves as the 
global minimum in the free energy landscape ( Fig. 2A  ), contrib-
uting the most to the binding affinity of the excess proton. This 
distinctive function of D112 draws support from the experimental 
observations that neutralizing single-site mutations of residue 
D185 and D174 still maintain proton selectivity ( 13 ,  61 ), as they 
exhibit weaker proton-binding properties compared to D112 in 
hHv1.  

Anion Selectivity in D112N Hv1 Mutant. As discussed earlier, 
electrophysiological experiments (13) revealed the D112N mutant 
as an anion channel, transporting both CH3SO3

− and Cl-. This was 
seen by the positive shift in the Vrev value when all types of ions 
(except H+ and OH-) were diluted with sucrose in the extracellular 
solution. A negative shift in the Vrev value, however, was observed 
when the extracellular pH (pHo) was adjusted from 5.5 to 7.0, 
suggesting considerable permeation of either protons, hydroxide, 
or both, at a comparable level to anions. The sucrose effect being 
greater at pHo 5.5 than 7.0 indicates OH- instead of H+ to be a 
dominant permeating ion in the D112N mutant, but this does not 
eliminate the possibility of proton as one of the current carriers.

 To address these uncertainties, we also conducted umbrella sam-
pling to examine the permeation free energies of TMA+  and 
CH3 SO3﻿

−  in the D112N mutant.  Fig. 4  indicates that the anion 
could be stabilized below the selective filter (D185 and R211),  
evidenced by the free energy well around  ΔzCH3SO

−
3
= − 3Å    

( Fig. 4B  ), whereas the cation could not. Compared to the permeation 
free energies in the WT channel, the barrier for TMA+  transport was 
increased by the mutation, and the barrier for CH3 SO3﻿

−  was greatly 
reduced. This discrepancy can be attributed to the electrostatic effect 
in the D112N mutant, where the arginine residue is positioned closer 
to the base of the selective filter.

 Permeability calculations revealed that the permeability ratio of 
protons to CH3 SO3﻿

−  is  PH+ ∕PCH3SO3
− = 7.1 × 103  , and the ratio 

of TMA+  to CH3 SO3﻿
−  is  PTMA+ ∕PCH3SO3

− = 3. 7 × 10−4  . The 
significant drop in  PTMA+ ∕PCH3SO3

−  ratio compared to the WT 
counterpart reveals the loss of proton selectivity over anions and 
suggests OH−  permeation contributing to the  Vrev  shift when 
changing the external pH. Although the D112N mutant loses its 
proton selectivity over anions, it is interesting to note that the 
channel continues to exhibit proton selectivity over the TMA+  cat-
ion, as indicated by a permeability ratio of ﻿PH+∕PTMA+ = 2.0 × 107  . 
To further confirm the OH-  preference, we fit the permeability of 
OH-  using the GHK equation (Eq.  3  ) to the experimentally meas-
ured −12.5 mV  Vrev  shift ( 13 ) when pHo  changes from 5.5 to 7.0 
while keeping the internal pH (pHi ) fixed at 5.5 (note the only 
species with unknown permeability value in Eq.  3   is the OH−  ion). 
We obtained  POH−∕PH+ = 52  , indeed showing the preference of 
OH- . We validated the obtained permeability ratios, including the 
ones from PMFs using Eq.  4  , along with the fitted ratio  POH−∕PH+    
by computing the  Vrev    shifts due to sucrose dilution at different 
pHo  conditions. The computed shifts due to external ion concen-
tration reduction by 10 times are 32 mV and 20 mV at pHo  = 5.5 
and pHo  = 7, in reasonable agreement with the experimentally 
measured values (~40 mV and ~20 mV according to figure 3E of 
ref.  13 ). Given these permeability ratios and considering the phys-
iological pH ( 10−7    M) and anion concentration (0.15 M),  
the contribution of ﻿PCH3SO3

−

[

CH3SO3
−
]

 and  POH−[OH−] to  
the GHK equation are comparable, so the broad-spectrum 

Table  2.   The proton permeability ratio compared to 
TMA+ and CH3SO3

−

WT D112N mutant

  P
H

+∕P
TMA

+   1.4 × 107 1.9 × 107

  P
H

+ ∕P
CH

3
SO

3

−   3 × 1010
7.1 × 103

A

B

Fig. 4.   The ion permeation PMFs. Panel A: Permeation PMFs of TMA+ cation 
in wild-type (WT, black) and D112N mutant (blue). Panel B: Permeation PMFs 
of CH3SO3

−.
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anion-selective nature of the mutant channel under these condi-
tions is thus confirmed.

 Although the permeability ratios of OH-  over H+  cation and 
﻿
[

CH3SO3
−
]

 over H+  undoubtedly show an anion preference, none 
of these numbers are infinite, meaning that the D112N mutant 
channel may exhibit proton selectivity under certain conditions. 
According to the GHK equation, we predict the D112N channel 
restores the proton selectivity at around pH = 4 and low ion 
concentration (~10 mM). This may be validated by measuring 
﻿Vrev    shift when changing from pHi  = 3/pHo  = 3 to pHi  = 3/pHo  
= 4.5 in a bath of 10 mM of 

[

CH3SO3
−
]

 , and comparing to the 
proton Nernst potential (−87 mV).   

Conclusions

 This study has employed extensive reactive MD simulations and 
free energy sampling to elucidate the origins of selectivity and 
permeability for protons and other ions through the hHv1 
channel.

 The analysis provides the free energy profile for proton perme-
ation, thus highlighting the role of key acidic residues while calling 
into question the plausibility of a purely water-wire conduction 
mechanism. Using a two-proton conduction model, the proton 
conductance was quantitatively analyzed for the wild-type channel 
under different pH conditions. Additionally, ion selectivity among 
protons, TMA, and methanesulfonate was examined in the wild 
type as well as in the D112N mutant, the latter being known to 
exhibit anion permeation.

 It was found that the extraordinary proton selectivity of the 
wild-type channel is primarily due to its strong proton affinity, 
rather than to a lower proton transport free energy barrier. This 
contrasts with several other selective ion channels where kinetic 
blocking effects are significantly more pronounced for species 
other than the selectively transported ion. It was further shown 
that the D112N substitution induces electrostatic alterations that 
disrupt proton conductance, allowing for substantial anion leakage 
and a possible preference for OH-  to be transported over H+ .  

Methods

Classical Molecular Dynamics Equilibration (Classical MD). Starting from the 
conductive wild-type Hv1 structure (32), we performed classical MD equilibration 
for 2 microseconds with protonation states of the protein assigned as in neutral pH 
condition according to pKa predictions by PROPKA (62) on the starting structure. 
The protein was embedded in a pre-equilibrated and hydrated 1-Palmitoyl-2-oleo
yl-sn-glycero-3-phosphocholine (POPC) lipid bilayer with approximately 150 mM 
of NaCl under a constant external electric field of 0.0156 V/nm on the z axis to 
simulate the conductive Hv1 channel under a +150 mV depolarized membrane 
potential. All interactions were described by the CHARMM36 force field (63) with 
CMAP correction and the TIP3P water model. Models were built and equilibrated 
using a standard protocol in CHARMM-GUI (64) and simulations were performed 
in GROMACS (65, 66) version 2020.4 with the Velocity Verlet integrator using a 
time step of 2 fs in the isothermal–isobaric [constant particle Number, Pressure, 
Temperature (NPT)] ensemble using a semi-isotropic Parrinello–Rahman barostat 
(67) at 1 atm and a velocity rescaling thermostat (68) (300 K). The same equili-
bration procedure was carried out in parallel for the D112N mutant. Electrostatic 
interactions were calculated using the particle mesh Ewald method with a cutoff of 
12.0 Å and a precision of 10-5 was used to treat the electrostatic interactions. The 
Lennard-Jones (LJ) interaction was set to cutoff to 0 at a 12.0 Å radius and used a 
switching function starting at 10.0 Å to smooth the truncation. All bonds involving 
hydrogens were constrained using the LINCS algorithm (69).

Multiscale Reactive Molecular Dynamics (MS-RMD) Simulations. Starting 
from the equilibrated conductive Hv1 structure of both wild-type and D112N 
mutant in classical MD, the MS-RMD simulations were performed to simulate the 

explicit proton permeation process with all pore-lining Glu/Asp residues modeled 
as potential protonation sites while one additional excess proton was added to 
a pore-water replacing a Na+ in the bulk. All interactions were described by the 
CHARMM36 force field with CMAP correction with the previously developed Asp 
and Glu MS-RMD models (37, 38). Simulations were performed by LAMMPS MD 
package (70) coupled with RAPTOR (36) for proton reactions. The MD was inte-
grated with a time step set to 1  fs in the canonical [constant particle Number, 
Volume, Temperature (NVT)] ensemble using a Nose–Hoover chain thermostat at 
300 K and with an orthogonal box of previously equilibrated dimension (77.493 Å, 
77.483 Å, 99.581 Å) for WT Hv1 and (77.471 Å, 77.471 Å, 99.587 Å) for the D112N 
mutant. Electrostatic interactions were calculated using the particle–mesh Ewald 
method with the relative RMS error in per-atom forces calculated by the long-
range solver, with the reference force of the two unit point charges (e.g., ref. 2 mon-
ovalent ions) exerted on each other at a distance of 1 Å, to be less than 10−4. The 
Lennard-Jones (LJ) and Coulombic interactions was set to cutoff to 0 at 10.0 Å 
radius and used a switching function starting at 8.0 Å to smooth the truncation.

2-Dimensional umbrella sampling with MS-RMD simulations. To enhance the 
sampling of the free energy landscape of proton permeation through the channel, 
two-dimensional umbrella sampling of the two coordinates describing the “reaction” 
(the collective variables, CVs) was performed by the PLUMED2 package (71) incor-
porated with LAMMPS/RAPTOR. The principal reaction coordinate CV was defined as

where CEC is the center of excess charge described earlier, i.e., a virtual “particle” 
mathematically defined to track the position of the net positive charge defect 
associated with the transporting excess protons as they shuttle through water 
molecules and protonatable amino acids. The subscript Prot in Eq. 5 stands for 
the geometric center of alpha carbons of the transmembrane Hv1 helices S1, S2, 
and S3, defined as residues 103 to 122, 138 to 160, and 172 to 188. The second 
reaction coordinate CV was defined as a smooth and differentiable version of the 
minimum distance,

where the � parameter is set to be 90 Å, and si is the distance between the i-th 
carboxyl oxygen of all pore-lining Asp/Glu residues and the transported excess 
proton CEC.

To restrain the lateral diffusion of the hydrated proton when completely dis-
sociated from the protein, a flat-bottom cylinder potential (72) was introduced 
to the reaction coordinate 

√

r⊥  defined as the radial distance of the transported 
proton to the center of protein.

The force constant of the wall was set to 5  kcal/mol/Å2, and the restrain-
ing potential was switched on once r⊥ ≥ 7Å in umbrella windows where 
|

|

ΔzH
|

|

≥ 26Å.
A total of over 1,500 umbrella windows were established for 2D umbrella 

sampling in the WT and D112N Hv1 systems, with a spacing of 0.5 Å in both the 
ΔzH and rmin dimensions. Each umbrella window was run for ~1 ns and the total 
simulation time exceeded 1 μs. The weighted histogram analysis method (73) 
(WHAM) was employed to combine the 2D umbrella sampling data and calculate 
the 2D PMF. The 1D PMF as a function of ΔzH was obtained from integration of 
the 2D PMF over the rmin dimension. The PMF error bars were obtained by parti-
tioning the trajectories of all umbrella windows into six equally sized blocks and 
calculating the SD using the last five blocks.

Replica Exchange Umbrella Sampling with Classical Simulations. To 
enhance the sampling of free energy landscape of TMA+ and CH3SO3

− ion per-
meation through the channel, replica exchange umbrella sampling on the reac-
tion coordinate zion  was performed with the PLUMED2 package (71) incorporated 
with GROMACS (65, 66). The reaction coordinate was defined as

[5]ΔzH = zCEC − zProt,

[6]rmin =
�

log
�

∑

i
exp

�

�

si

�� ,

[7]r⊥ =

√

(

xCEC−xProt
)2

+
(

yCEC−yProt
)2
.

[8]Δzion = zIon − zProt,
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where Ion represents the center nitrogen atom of the TMA+ cation or the center 
sulfur atom of the CH3SO3

− anion. Prot adopted the same definition of protein 
center when defining ΔzH in the 2D proton umbrella sampling. To restrain the 
lateral diffusion of the transported ion when completely dissociated from pro-
tein, we employed a similar cylindrical restraint on r⊥ with a force constant of 
10 kcal/mol/Å2. The timestep for each classical simulation was set to 2 fs and 
adjacent umbrella windows attempted to exchange every 10 ps. Umbrella win-
dows were set for a spacing of 0.5 Å and the force constant of each umbrella 
potential was set to 5 kcal/mol/Å2. More than 125 umbrella windows were set, 
and each umbrella window was run for ~10  ns with a total simulation time 
exceeding 1 μs for both WT Hv1 and D112N mutant systems. We utilized the 
SPC/E water model (74) to enable a more direct comparison with the MS-RMD 
simulations, which uses the SPC/Fw as the water model (75). SI Appendix, Fig. S3 
shows how results are dependent on the water model. WHAM was employed 
to combine the umbrella sampling data and calculate the 1D PMF. The PMF 
error bars were obtained by partitioning the trajectories of all replica-exchanged 
umbrella windows into six equally sized blocks and calculating the SD using 
the last five blocks.

Permeability calculation. The ion dissociation constant can be calculated from 
the expression (76) below.

Here, c0 = 1/1660 Å–3  is the standard state concentration (1 M) expressed in 
number density, W (Δz) is the 1D PMF of ion permeation, and W

(

Δz0
)

 is its 
value when reaching a plateau in the bulk region. The term Ubias

(

r⊥,Δz0
)

 is the 
cylindrical restraint potential used in the umbrella windows, note here that the 

cylinder potential is a flat-bottom-shaped potential that is only turned on when 
the transported ion is outside the cylinder region. The integral was performed 
over the transmembrane protein region defined as −22Å ≤ Δz ≤ + 22Å. The 
binding constant is related to the dissociation constant via Kb = 10pKd . The per-
meabilities were obtained separately from the PMFs of each block and calculating 
the SE using the last five blocks out of six blocks.

The transport rate constant can be calculated from the Nernst–Planck equation 
(44) in terms of a 1D PMF, as

where D(Δz) is the position-dependent diffusion constant. A comparison to an 
alternative, the Markov state model (MSM) approach to compute the transport 
rate, can be found in SI Appendix, Supplementary Computational Details.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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