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Transient water wires mediate selective pro-
ton transport in designed channel proteins

Huong T. Kratochvil    1,5  , Laura C. Watkins    2,6, Marco Mravic1,7, 
Jessica L. Thomaston1, John M. Nicoludis    1,8, Noah H. Somberg    3, Lijun Liu    4, 
Mei Hong    3, Gregory A. Voth    2   & William F. DeGrado    1 

Selective proton transport through proteins is essential for forming 
and using proton gradients in cells. Protons are conducted along 
hydrogen-bonded ‘wires’ of water molecules and polar side chains, which, 
somewhat surprisingly, are often interrupted by dry apolar stretches in 
the conduction pathways, inferred from static protein structures. Here we 
hypothesize that protons are conducted through such dry spots by forming 
transient water wires, often highly correlated with the presence of the excess 
protons in the water wire. To test this hypothesis, we performed molecular 
dynamics simulations to design transmembrane channels with stable water 
pockets interspersed by apolar segments capable of forming flickering 
water wires. The minimalist designed channels conduct protons at rates 
similar to viral proton channels, and they are at least 106-fold more selective 
for H+ over Na+. These studies inform the mechanisms of biological proton 
conduction and the principles for engineering proton-conductive materials.

The controlled diffusion of protons through transmembrane (TM) 
proteins is critical for many aspects of physiological function, 
including substrate transport1, control of cellular and organelle pH  
(ref. 2), the creation and use of the pH gradients required for bioen-
ergetics3,4, and cellular signalling5. Proteins conduct protons along 
precisely defined pathways that prevent the wasteful collapse of Na+ 
and K+ gradients. Because the proton concentration in the cellular 
cytoplasm is about 106-fold lower than that of other ions at neutral 
pH, proton channels must have selectivities substantially greater 
than this value. The conduction of protons in water and aqueous 
pores is facilitated by the formation of water wires consisting of 
hydrogen-bonded chains of water molecules. In the classical Grot-
thuss mechanism, protons pass from one water molecule to the 
next to achieve long-range net transport without the need to move 
oxygen atoms (Fig. 1a)6. In this mechanism, the excess proton first 
forms a hydrated structure with a hydronium-like core7, creating a 

net positive charge defect or hole that propagates ‘downstream’ of 
its initial position along the water wire8.

Proteins achieve high proton selectivity by organizing and gating 
such water wires in proton conduction pathways often interspersed 
with ionizable side chains that explicitly participate in Grotthuss shut-
tling9,10. Somewhat surprisingly, however, protons often appear to be 
conducted through dry stretches of hydrophobic residues that feature 
in X-ray and cryoelectron microscopic structures of proteins8,11–13. Clas-
sical molecular dynamics (MD), reactive molecular dynamics (RMD) 
and quantum mechanical calculations suggest that water can occa-
sionally penetrate through such apolar sectors with the help of polar 
residues, forming transient water wires not apparent in time-averaged 
structures (Fig. 1c)8,11. Thus, rare equilibrium fluctuations mediated by 
polar proton loading sites (PLSs) provide one mechanism for transient 
protonated water wire formation. Additionally, in systems that are 
energetically activated by chemical reactions, light or a TM potential, 
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Gln is also flexible so it should be able to stabilize the multiple polariza-
tions of water wires that are created during a conduction cycle.

Our constructs were based on a previously characterized de novo 
homopentameric TM helical bundle with an interior stabilized by 
efficient van der Waals packing of alternating layers of apolar Leu 

the arrival of an excess proton can induce the formation of transient 
water wires through confined hydrophobic spaces (Fig. 1d)8,11,14. One 
would expect very high proton selectivity from such a mechanism 
because a single column of connected water wires in a hydrophobic 
environment is unable to accommodate or stabilize a hydrated Na+ or 
K+ ion15–20. However, experimental evidence for such mechanisms has 
been indirect or lacking, with the exception of the very extensively 
studied protein bacteriorhodopsin in which transient spectroscopy 
and serial crystallography have identified water molecules that form 
during portions of its photocycle13,21–23. However, this system repre-
sents only a single example in which large changes are induced by 
photoisomerization.

We therefore turned to de novo design24–28 to test and expand the 
transient water wire hypothesis. The design of a highly proton-selective 
channel operating by this mechanism not only tests an important 
concept in biophysics, but it also represents an important challenge 
in de novo protein design. While it has been possible to design stably 
packed proteins that bind small molecules and protein interfaces29–31, 
more complex functions that rely on chemical dynamics have been 
difficult to design from scratch. Except for early studies in which tran-
sition states were considered as targets in the design of catalytic pro-
teins32,33, de novo design has generally focused on ground states rather 
than non-equilibrium high-energy states, as are generated during ion 
conduction. Computational design algorithms that also favour tight 
and efficient packing are likely to dampen the essential fluctuations 
required for catalysis and transport34–36. Moreover, de novo protein 
design does not consider explicit water molecules, and instead relies 
on approximations of the effect of solvent. In this study, we not only 
considered water explicitly, but we also accounted for the dynamic for-
mation and breaking of covalent bonds as protons are passed from one 
molecule of water to the next. Finally, despite a few successes27,37–40, the 
design and high-resolution structural characterization of membrane 
proteins remain a difficult endeavour. Two de novo channel-forming 
proteins have been structurally characterized, but they were not highly 
selective, nor were their per-channel conductance rates determined38. 
Other work focused on the conversion of water-soluble nanopores 
into membrane-spanning channels yielded channels with well-defined 
single-channel conductance characteristics, but the structure of the 
ion-conducting form of the channel was not determined37. Finally, 
tetrameric TM bundles were designed to use transition metal ion bind-
ing to drive proton translocation and vice versa, but the antiporting 
efficiency was limited by leakiness to protons39. Thus, the purposeful 
design of highly proton-selective channels that operate by a dynamic 
wetting/dewetting mechanism represents a notable advance.

Results
MD-guided design of proton channels
To test the transient water wire hypothesis, we designed a series of 
channels containing a polar PLS adjacent to a hydrophobic pore (Fig. 2).  
The expected length (lexp) of the longest uninterrupted hydrophobic 
stretch in the pore, and the number and position of protein loading 
sites were varied. We chose a cluster of neutral Gln residues as the PLS to 
help stabilize a proton in the pore without falling into any deep energy 
wells that might occur with an ionizable residue. Gln and Asn feature in 
the proton conduction pathways of the S31N mutant of the influenza A 
matrix protein 2 (M2) and otopetrin proton channels41,42. Furthermore, 
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Fig. 1 | Hypothesis of proton-selective transport along transient water wires. 
a, Protons hop across dynamically rearranging hydrogen-bonded wires of water 
in the Grotthuss mechanism. b,c, In a wholly apolar channel, the pore remains 
devoid of water regardless of membrane polarization (ΔΨ) (b), but a polar PLS 
can mediate the flickering of neutral water in and out of relatively short apolar 
sectors of the channel (c). d, The presence of a hydrated excess proton facilitates 
water wire formation and transport of an excess proton through the hydrophobic 
sector by Grotthuss shuttling.
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and Ile residues (Fig. 2a; Protein Data Bank (PDB): 6MCT)43. A narrow, 
fully hydrophobic pore (~2–3 Å diameter) that is impervious to water 
in classical MD simulations runs the entire length of the bundle43. We 
introduced single and double Leu-to-Gln substitutions into the pore 
(Fig. 2b–d), thereby creating a site that filled with water in MD simula-
tions. The Leu residues were targeted for substitution because they 
project directly towards the interior of the pore without steric clashes. 
The variants are denoted as LLLL, QLLL, QQLL and so on, according 
to the nature of the Leu-to-Gln substitutions (Fig. 2). Seven variants 
with zero, one or two Gln substitutions were synthesized; six formed 
pentamers, based on gel electrophoresis, and were structurally and 
functionally characterized. By design, the expected length of the long-
est apolar path, lexp, was intended to be 33 Å for LLLL and 30 Å for QLLL, 
and approximately 18–20 Å for the remaining four variants (Fig. 2c). 
Constructs with both single and double PLSs were evaluated by varying 
the positions of the introduced Gln residues. A peptide with three Gln 
residues failed to form a pentameric bundle, so it was not possible to 
further decrease the value of lexp.

The hydration of each channel was evaluated in three independ-
ent 200 ns classical MD simulations of the design models in phospho-
lipid bilayers (Fig. 3 and Supplementary Figs. 1–6). The pore of the 
starting LLLL pentamer (Fig. 3a) was devoid of considerable water 
density throughout the trajectories. The length of the longest apolar 
path in its pore (lobs = 33.9 ± 0.3 Å; Fig. 2e and Extended Table 1) was in 
good agreement with the design (lexp = 33 Å). QLLL (Fig. 3b) showed 
high water density close to its Gln side chain near the entrance to the 
pore, but the remainder of the pore was dry (lobs = 32.0 ± 0.6 Å). The 
single-site variant LQLL (Fig. 3c) is strongly hydrated near the Gln 

carboxamide side chain, which communicates with the bulk water at 
the top of the channel via infrequent, flickering water wires. The remain-
ing carboxy-terminal pore region is fully dehydrated over a length of 
~21 Å (lobs = 20.7 ± 0.1 Å). LLQL (Fig. 3d) shows inverse behaviour with 
hydrated Gln residues, fluctuating water wires near the bottom of 
the channel and a 22.4 ± 0.1 Å dehydrated pore at the top. The doubly 
substituted pentamers show greater hydration associated with the 
additional interfacial Gln (Fig. 3e,f). However, by design, they still have 
three consecutive layers of pore-lining Leu and Ile residues, which 
results in dry regions of similar length to the longest stretch seen in the 
single-Gln variants (lobs = 20.9 ± 0.1 and 20.3 ± 0.2 Å for QQLL and QLQL, 
respectively). Thus, by incorporating classical MD simulations into the 
design process, we can assess the potential of design candidates for 
experimental validation.

Structure of the designed proton channels
The structures of the five pentameric Gln-containing pentamers were 
determined by X-ray crystallography. Although they crystallized in dif-
ferent space groups (Extended Data Table 2), their backbone structures 
were nearly identical, with the root mean squared deviation (RMSD) 
to the backbone of the starting LLLL pentamer ranging from 0.25 to 
0.32 Å (Fig. 4a). The Gln side chains converge in layers near the centre 
of the bundle, where they form side chain–side chain and side chain–
backbone hydrogen bonds (Fig. 4b–f and Supplementary Figs. 7–16). 
As expected, they also surround puncta of electron density, which 
were well modelled as water molecules with full occupancy (Extended 
Data Fig. 1). The Gln side chains are not fully symmetric and differ-
ent conformations are seen in the individual monomeric units of the 
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Fig. 2 | De novo channels incorporate PLSs at key positions to modulate 
hydrophobic lengths. a, The parent scaffold, LLLL (PDB: 6MCT), contains layers 
of interdigitating Leu (green) and Ile (blue) residues. b, Five Leu-to-Gln variants 
were designed. Gln residues are highlighted in yellow. c, Models of the designed 
channels illustrate the different expected hydrophobic lengths (lexp) of the 

channels compared with the parent scaffold. d, SDS–PAGE revealed that these 
designs form stable pentamers (denoted by ring of five circles). e, Comparison of 
the longest hydrophobic lengths expected (lexp) and observed (lobs), determined 
by classical MD simulations (see Methods and Extended Data Table 1). The fifth 
helix has been removed from the side views of the models in Fig. 2 for clarity.
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pentamers. They also have higher Debye–Waller factors than the sur-
rounding main-chain and pore-lining side chains. These findings are 
in good agreement with the hydration of the Gln side chains observed 
in the MD simulations.

To confirm the hydration observed in the MD simulations and 
crystal structures, we examined the water-edited solid-state 13C NMR 
spectra of a series of LLLL and LQLL peptides uniformly labelled with 13C 
and 15N at the Ile6 or Ile13 positions. As expected from the MD simula-
tions, magnetization transfer from water was more efficient for Ile13 
in LQLL than in LLLL for all atoms (Fig. 4g and Extended Data Fig. 2). 
Water magnetization transfer was observed for both the LLLL and LQLL 
channels because magnetization was also transferred from water at 
the membrane surface to the 13C-labelled residues via relayed 1H spin 
diffusion, in addition to the chemical exchange and nuclear Overhauser 
mechanisms. Thus, the water magnetization transfer observed for 
the LLLL channels can be attributed to the surface water, while the 
additional magnetization transfer for the LQLL channels indicates the 
presence of water molecules inside the channel pore. Experiments with 
labelled Gln10 also showed notable saturation transfer from water to 
the PLS (Fig. 4g). Thus, the dynamics of water observed for the pentam-
ers in hydrated phospholipid bilayers is in good agreement with the MD 
simulations and crystal structures. However, all three of these methods 
probe equilibrium hydration in the absence of an excess proton in the 
pore. The Grotthuss proton hopping process requires consideration 
of covalent bond making and breaking as the proton moves from water 

molecule to water molecule. To simulate this process, we turned to 
RMD simulations.

Multiscale RMD simulations from structures
As noted earlier, while classical simulations are useful for evaluating 
the hydration of the channel in the absence of an excess proton, they 
do not account for changes in chemical bonding such as occurs in the 
Grotthuss shuttling mechanism caused by protons permeating the 
channel8,10. We therefore turned to multiscale RMD (MS-RMD) simula-
tions, which explicitly simulate the entire dynamic trajectory of proton 
translocation, including the covalent bonding rearrangements and 
transfer of protons as they pass between water molecules45–47. While 
MS-RMD is substantially faster than explicit quantum mechanical (ab 
initio MD) calculations, the calculation of proton transport through an 
entire TM protein by MS-RMD is still computationally very intensive, 
so we confined our focus to a comparison of LLLL and LQLL based on 
their crystal structures. We used two collective variables (CVs) to enable 
enhanced free-energy sampling in the RMD simulations: the position 
of the ‘centre of excess charge’ (CEC), which tracks the translocation 
of a proton charge defect along the pore45–47, and a water wire connec-
tivity parameter, ϕ, which quantifies the number and connectivity of 
hydrogen-bonded waters in the pore and is also associated with the 
excess proton structure8. A value of ϕ = 0 corresponds to a dry pore, 
and ϕ = 1 to a pore with a fully connected water wire spanning the length 
of the pore and containing an excess proton.
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Fig. 3 | Permeation of water into the designed channels correlates with the 
position of the luminal Gln residues. a–f, The hydration of each channel, 
as evaluated by classical MD simulations and analysed using the Channel 
Annotation Package44. Snapshots from the MD simulation (left) and plots of pore 
water density (n, in nm−3) as a function of position along the z-axis to the pore, s, 
over time (right) reveal no water permeation into the hydrophobic pore in LLLL 

(a) or QLLL (b). Pentamers with Gln in the second and third layers of the channel, 
namely LQLL (c), LLQL (d), QQLL (e) and QLQL (f), have high water density around 
the polar Gln site and flickering water molecules in the shorter apolar segment 
leading up to the mutation. However, the longer apolar segment remains 
dehydrated. Dashed lines illustrate location of the TM region of the channel in the 
water density plots. The fifth helix has been removed from all figures for clarity.
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The computed potentials of mean force (PMFs) for LLLL and LQLL 
predict that the saddle in the two-dimensional free-energy ‘landscape’ 
as a function of the two CVs for proton translocation is prohibitively 
high in LLLL, but greatly lowered through the introduction of the single 
Gln in LQLL (Fig. 5a,b and Supplementary Fig. 17). The landscape and 
its saddle region for LQLL (rescaled in Fig. 5c to allow easier viewing of 
its contours) describe the free energy of an excess proton at varying 
positions along the channel axis (x axis; Fig. 5a–c) and varying degrees 
of protonated water wire formation (y axis). The asymmetric location 
of the Gln-containing PLS in LQLL separates the overall channel into a 
‘short apolar path’ near the amino terminus (right side in Fig. 5a,b and 
top in Fig. 5d) and a ‘long apolar path’ near the C terminus (left side in 
Fig. 5a,b and bottom in Fig. 5d). The lowest energy pathway from the 
exterior to the PLS through the short apolar path (points (1) to (3) to 
(4A) to (5) in Fig. 5c,d) features water wires that are fully formed through 
only this region of the channel and then ‘flip’ to translocate the proton 
on through the channel. The lower-free-energy saddle predicts rapid 
proton transport through the short apolar path. The arrival of a pro-
ton in the lower portion of the PLS was also seen to sometimes induce 
cooperative, fully formed water wires running through the entire long 
apolar path (points (1) to (3) to (4B) to (5) in Fig. 5c,d and Supplementary 
Fig. 18). The transmission of protons through this region was thus com-
puted to proceed via two energetically similar pathways (Fig. 5c) that 
differ in whether water wires are present or absent in the shorter path 
as the proton moves through the longer path (that is, a fully connected 
water wire spanning the length of the channel). It is important to note 
that the broad saddle region along the (vertical) y axis (the water wire 
connectivity) relative to the depth and narrowness of the wells for the 
proton entry and exit regions (between points (4A) and (4B) in Fig. 5c) 
indicates a large positive entropy change for the excess proton moving 
into the saddle region. This is a highly favourable entropy of activation 
and so one should not interpret the ‘barrier’ to proton transport as 

simply arising from the one-dimensional trace along either one of the 
white curves in Fig. 5c, or from a particular point on the saddle of the 
two-dimensional free-energy surface in that figure. Instead, the overall 
proton transport rate must be considered as deriving from an average 
over many such paths crossing along that vertical saddle, resulting 
in a quite favourable proton translocation behaviour, as seen in the 
experiments. In summary, RMD simulations of LLLL and LQLL predict 
that the introduction of a Gln-rich PLS one-third of the way through the 
pore should dramatically enhance the transmission of protons via the 
formation of proton-induced water wires.

Function through proton flux measurements
To demonstrate the ability of these designed channels to transport 
protons, we experimentally measured the flux of protons driven by an 
electrical gradient. We employed a vesicle assay (adapted from refs. 
48,49) that uses a chemi-osmotic-induced electrical potential to drive 
the carrier-mediated translocation of protons into phospholipid vesi-
cles. In this assay, vesicles containing K+ buffer are rapidly diluted into 
Na+ buffer, creating a chemical potential across the bilayer. Valinomy-
cin, a K+ carrier that is highly selective for K+ over Na+, is then added to 
allow K+ to diffuse down its chemical potential out of the vesicle, thereby 
creating a TM electrical potential (Fig. 6a and Extended Data Fig. 3). If 
a proton carrier or channel is present in the bilayer, protons will then 
follow the induced electrical potential and diffuse against a growing 
concentration gradient of protons into the vesicle, leading to a drop in 
the interior pH (pHin), which is detected by a pH-sensitive fluorescent 
dye (Fig. 6a). It is noteworthy that this system requires that the vesicles 
be non-leaky and highly impermeable to Na+, otherwise Na+ will diffuse 
into the vesicle dissipating the electrical potential (Extended Data  
Fig. 3). Figure 6c shows proton conduction data for the well- 
characterized proton channel M2, a proton-selective viroporin 
from the influenza A virus50. Induction of an electrical gradient by 
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addition of valinomycin (at time t = 120 s) leads to a change in pHin, 
as expected from the proton selectivity of M2, but no change in pHin 
was observed for empty vesicles containing no protein (Fig. 6b). Fol-
lowing the addition of valinomycin, the protonophore, carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP), was added (Extended Data  
Fig. 3); the observed additional bolus of proton flux assures that electri-
cal and pH gradients have been maintained throughout the experiment, 
even in the order of hours (Extended Data Figs. 4–7 and Supplementary 
Figs. 19–23).

Using this assay, we determined that LLLL (lobs = 33.9 ± 0.3 Å) 
had no significant conductance over the background, and that QLLL 
(lobs = 32.0 ± 0.6 Å) had a very low conduction that was not significantly 

different from that of LLLL (Fig. 6g). In contrast, the remaining pentam-
ers with apolar tracks of approximately 20 Å (LQLL, LLQL, QQLL and 
QLQL) showed significant proton conduction well above background, 
reaching rates on a par with M2 at equivalent symmetrical pHin and 
pHout and peptide/lipid ratios (Fig. 6g). These four functional proton 
channels showed very similar conductance rates (within a factor of 
two), consistent with their similar hydrophobic lengths. This finding 
was confirmed by performing six to nine independent replicates for 
each channel (p < 0.0001; Supplementary Table 3). Given that the 
pH is 7.5 ([H+] = 10−7.5 M) and [Na+]out is 0.16 M at the beginning of the 
experiment, the selectivity of the channels for protons over Na+ must 
be at least 106-fold.
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the channel at the Ile13 α-carbon atoms. b, Addition of the Gln residue at +4 Å 
in LQLL shifts the barrier to the C-terminal side of the channel and decreases 
the barrier height by ~20 kcal mol−1. c, The two lowest mean free-energy paths 

(white solid and dashed lines), derived from string theory (see Methods) through 
the LQLL channel. Note the scale change on the colour bar in b compared 
with c. d, Snapshots along the two pathways for LQLL (shown in c) reveal the 
mechanism of proton-induced water wires mediating proton translocation. The 
most hydronium-like structures are highlighted in yellow. Only two helices are 
represented for clarity.
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Discussion
We have successfully engineered minimalist proton channels that have 
enabled us to explore the roles that transient water wires through apolar 
regions play in proton selectivity and conduction. In keeping with our 

minimalist strategy, a ring of Gln side chains was chosen as the PLS. In 
future work, ionizable residues in the pore would allow for pH and metal 
ion51,52 gating and modulation of the proton conductance. Moreover, 
although the peptide pentamers were randomly distributed in the 
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Fig. 6 | Designed channels selectively move protons across the membrane. 
a, Schematic for proton flux assays using a vesicle-entrapped pH-sensitive 
fluorescent dye, 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS). At t = 0 the pH is 
the same inside and outside of the vesicles. b, Following addition of valinomycin, 
the pHin of empty vesicles does not change, because there is no proton channel 
or carrier included. c, When a proton channel is present, such as the influenza A 
M2 channel shown in this panel, addition of valinomycin enables the transport of 
protons down the electrochemical gradient created by the efflux of potassium. 
This results in a notable decrease in the pHin over time as protons move into the 
vesicle up a concentration gradient. d–f, Snapshots from MD simulations (top) 
and proton flux assays (bottom) for LLLL (d), LQLL (e) and QQLL (f) indicate that 
addition of polar Gln near the middle of the channel enables water permeation 
events into the pore, which facilitates proton-selective transport. The fifth helix 

has been removed from d–f for clarity. g, Change in the H+ concentration of 
representative samples upon addition of valinomycin at t = 0. For the control 
samples, influenza A M2 showed significant (****P < 0.0001) initial rates relative 
to Empty. QLLL initial rates are not significant (ns, P = 0.3947) relative to LLLL. 
The fitting of the initial rates shows that LQLL, LLQL, QQLL and QLQL have 
significant proton transport activity (****P < 0.0001) relative to LLLL. All data 
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independent experiments (black circles). The data were analysed using the 
unpaired t-test for empty versus influenza A M2, and ordinary one-way analysis 
of variance for multiple comparisons (Dunn’s test) of LLLL versus the designed 
channels (see Supplementary Tables 4 and 5 for the complete analysis).
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membrane in our preparations (Extended Data Fig. 8), methods to allow 
unidirectional insertion of the channels would provide information on 
the symmetry of conduction. Previous theoretical work has predicted 
that the arrival of a proton at a loading site can trigger transient water 
wires that span surprisingly long distances11, which we have shown here 
can be as long as ~20 Å. While this was predicted by MS-RMD, our clas-
sical MD simulations, which did not explicitly consider a mobile Grot-
thuss shuttling excess proton, predicted that water wires could only 
span a length of around 10 Å from the exterior bulk water to a position 
within the Gln pentad. Thus, while classical simulations are quite useful 
for identifying pre-existing water wires that occasionally flicker on in 
the neutral state (Fig. 1c), they are intrinsically less suited to identifying 
water wires that are induced as a proton enters the channel (Fig. 1d). The 
M2 proton channel from the influenza A virus53,54 and the voltage-gated 
proton channel Hv1 (refs. 55–57) use electrical or chemical gradients to 
drive vectoral Grothuss proton conduction across apolar constrictions 
within channels. In other cases, such as bacteriorhodopsin13,21–23, light 
absorption leads to the release of protons that induce the formation 
of water wires. Similarly, proton transport to the PLS of cytochrome c 
oxidase traverses an apolar region58–62; classical and MS-RMD simula-
tions revealed that transient water structures facilitate this important 
step of this proton pump63,64. In each case, proton conduction occurs 
along water wires that are impervious to larger ions. By contrast, many 
channels that conduct larger ions have apolar pores that are dry in the 
‘off’ state but become substantially larger and hydrated in response to 
a larger conformational gating transition16–19,65.

During proton conduction, each molecule of water in a water 
wire changes the direction of its dipole as protons transfer from one 
molecule to the next. The orientation of the water molecules must 
be reset to regenerate the initial polarization before a new proton 
can be transported. Water wires in restricted hydrophobic environ-
ments are well suited to stabilizing both polarizations because they 
do not form strong dipolar interactions with the pore that would bias 
their orientation. Also, the Gln side chains are relatively mobile in 
our crystal structures, as indicated by the Debye–Waller factors and 
MD and MS-RMD simulations (Supplementary Fig. 24), which show 
rapid conformational fluctuations. This behaviour contrasts with the 
requirements for water channels such as aquaporins, which feature 
stable water-binding sites with strong polarization that undermine  
the orientations of the hydrogen-bonded networks and dipolar switch-
ing that would otherwise enable proton-selective transport66,67.

In this work it was necessary to move beyond static structures to 
include the dynamic processes required for proton migration, includ-
ing both protein and water dynamics, which de novo design generally 
ignores in favour of structural stability and computational efficiency. 
MS-RMD allowed even deeper consideration of the bond-making and 
-breaking steps required for Grotthuss proton migration through water 
wires. While computational speed is currently too low to incorporate 
RMD into the early stages of protein design, it can clearly provide 
an important filter to assess potential designs. Indeed, Mondal and 
co-workers have used an empirical valence bond approach to screen 
combinatorial libraries of enzyme variants68.

Our work also highlights enabling design principles for the devel-
opment of new proton-conductive materials. We have shown that the 
close positioning of a PLS proximal to a dry pore results in channels that 
are highly selective for protons. Our minimalist designs show that the 
PLS need not be elaborate in design. Indeed, this work was inspired in 
part by experimental and computational studies of hard materials com-
posed of carbon nanotubes69,70. Our design principles also have implica-
tions for the design of soft-material proton-selective membranes. For 
example, Jiang and co-workers have designed proton-selective copoly-
mers consisting of apolar segments interspersed with occasional polar 
ethylene glycol units71, showing similarities to the two-component 
design of our channels. Our current work extends a computational 
approach to mechanistically interrogate and design materials with 

even greater efficiency and selectivity. Indeed, because our designs 
are based on fundamental physical chemical principles and molecu-
lar rather than bioinformatic algorithms, they are not limited to the 
production of natural proteins or synthetic peptides. Instead, they 
should be able to translate to the design of novel non-proteinaceous 
molecular assemblies and polymers for applications ranging from 
water purification to energy storage and use.
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Methods
Synthesis of proton channel peptides
The proton channel peptides (Fig. 2 and Supplementary Table 1) were 
synthesized using 9-fluorenylmethoxycarbonyl-based solid-phase 
peptide synthesis on either a Biotage Initiator Alstra microwave syn-
thesizer or a Syro II parallel peptide synthesizer. All peptides were syn-
thesized with a free amine N terminus and a C-terminal carboxamide 
using Tentagel S-RAM resin (Chem-Impex) with 0.22–0.24 mmol load-
ing per g resin. Following their synthesis, the peptides were cleaved 
from the resin with a solution of trifluoroacetic acid (TFA)–triiso-
propylsilane–water (95:2.5:2.5), precipitated with cold diethyl ether, 
redissolved in 50% 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and water, 
and purified using reversed-phase HPLC on a C4 preparation column 
(Vydac) with a gradient of solvents A (water containing 0.1% TFA) 
and B (isopropanol–acetonitrile–water–TFA, 60:30:9.9:0.1) at a flow 
rate of 10 ml min−1. The peptides were then lyophilized until dry. Fol-
lowing successful purification, the peptides were confirmed to be 
>90% pure by analytical HPLC over a C4 column (Phenomenex) and 
confirmed to have the correct mass by matrix-assisted laser desorp-
tion/ionization–time of flight mass spectrometry (Shimadzu AXIMA 
Performance) using α-cyano-4-hydroxycinnamic acid (Sigma) as the 
matrix (Supplementary Table 1). The peptides were then dissolved in 
ethanol to the appropriate stock concentrations and subsequently 
used in all experiments as described.

Expression of full-length influenza A M2 polypeptide
The influenza A M2 polypeptide from previous work49 was expressed 
and purified from Escherichia coli cells. Briefly, the gene containing 
the A/Udorn/72 Cys-free W15F variant (W15F, C17S, C19S and C50S) 
and a C-terminal 6× His tag was cloned into a pEXP-5-NT plasmid 
and transformed into chemically competent E. coli BL21(DE3) cells 
(Invitrogen) using heat shock methods. The cells were grown in 
terrific broth medium (Invitrogen) with ampicillin at 37 °C. When 
an optical density value of 0.6–0.8 was achieved at a wavelength of 
600 nm, the expression culture was induced with 1 mM isopropyl 
β-d-1-thiogalactopyranoside. The cells were then collected no more 
than 2.5 h after induction and centrifuged at 4 °C for 10 min. The 
pellets were then frozen before purification. For purification, the 
cells were resuspended in lysis buffer (50 mM Tris pH 8, 300 mM 
NaCl, 5% glycerol, 25 mM imidazole, 0.1% decyl maltose neopentyl 
glycol and 8 M urea) and sonicated with a microtip sonicator for 
5 min at 20% amplitude (2 s on/off). The lysed cells were then spun 
for 15 min at 18,000 r.p.m. (~41,000g) and purified using nickel (II) 
nitriloacetate beads using batch purification methods. The wash 
buffer was the same as the lysis buffer. The protein was eluted in 
elution buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5% glycerol, 250 mM 
imidazole, 0.1% decyl maltose neopentyl glycol and 8 M urea) and 
mixed with HFIP before loading onto the C4 column for secondary 
purification by HPLC. The polypeptide was lyophilized until dry and 
reconstituted in ethanol to the appropriate stock concentrations. 
SDS–PAGE and matrix-assisted laser desorption/ionization–time 
of flight mass spectrometry analyses confirmed the expression of 
the polypeptide.

SDS–PAGE gels of proton channels
First, 25–50 µg peptide was lyophilized from the peptide stocks and 
dissolved in a solution of 25 mM Tris pH 7.5 (Thermo Fisher) with 
50 mM octyl-β-glucopyranoside (OG; Carbosynth) for a final concen-
tration of 2.5 µg µl−1. An equal volume of 2× lithium dodecyl sulfate 
loading buffer (Invitrogen) was added to each sample and the samples 
were subsequently boiled for 15 min at 95 °C. Then, 5 µg peptide was 
loaded into each well of a 12% Bis-Tris NuPAGE gel (Thermo Fisher) 
with Precision Plus Protein Dual Xtra pre-stained protein stand-
ards (Bio-Rad). The gel was subsequently allowed to run for 30 min  
at 200 V.

Proton channel liposomal flux assays and analysis
The proton channel liposomal flux assays were adapted from  
refs. 48,49; the exact methodologies for the preparation and perfor-
mance of these assays are described below.

Preparation of proteoliposomes. All proteoliposome samples were 
prepared as stock solutions of 1:500 peptide/lipids with final concen-
trations of 10 µM and 5 mM, respectively. To prepare the proteolipo-
some stock, 10 µl of 100 mM of a ratiometric pH-sensitive dye, the 
HPTS trisodium salt, was added to a total of 2 ml K+ buffer (50 mM K2SO4 
and 30 mM K2HPO4, pH 7.5). The solution was then added to a dried 
film of 3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/ 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (Avanti Lipids) 
to yield a 10 mM lipid solution, which was subsequently vortexed for 
1 min before sonicating with a microtip sonicator for 5 min at 20% 
amplitude for 2 s on/off. The sonicated solution was then divided into 
200 µl aliquots to which 1 M OG was added to a final concentration of 
26 mM OG. After 1 h on the rotisserie at room temperature, the peptide 
in 26 mM OG in K+ buffer (or, in the case of empty, 15 µl of 26 mM OG in 
K+ buffer) was added to the solution of detergent-solubilized lipids for 
a final concentration of 20 µM peptide. The peptide–detergent–lipid 
(PDL) solution was equilibrated for 1 h at room temperature on the 
rotisserie. Following incubation of the PDL solution, 50 µl of an XAD 
biobead solution (Sigma-Aldrich) in K+ buffer was added to the PDL 
mixture every 5–10 min five times for a final volume of around 500 µl 
and final peptide and lipid concentrations as described above. After 
the final addition of biobeads, the solution was left to rotate on the 
rotisserie overnight at 4 °C. The following morning, the samples were 
spun in an ultracentrifuge at 96,000 r.p.m. (~328,000g) for 10 min to 
pellet the liposomes. The liposome pellets were resuspended in the 
same amount of dye-free K+ buffer to afford the stock solution used for 
the liposomal assays. Dynamic light scattering (Malvern Panalytical) of 
the vesicle samples enabled their size to be determined before proton 
flux assays to ensure liposome formation.

Preparation of working solutions for proton flux assays. A work-
ing 3 µM valinomycin solution was prepared by dissolving 1 mg ml−1 
(~900 mM) valinomycin stock in dimethylsulfoxide (Sigma-Aldrich) 
in Na+ buffer (50 mM Na2SO4 and 30 mM Na2HPO4, pH 7.5). Similarly, 
a 3 µM CCCP working solution was generated by dissolving 600 µM 
CCCP stock in dimethylsulfoxide in Na+ buffer.

For the assay, 17.3 µl of the proteoliposome stock solution was 
diluted into 632.7 µl of Na+ buffer mixed with 10 mM p-xylene-bis- 
pyridinium bromide (Invitrogen) for a total 650 µl of sample at 
working concentrations. The presence of membrane-impermeable 
p-xylene-bis-pyridinium bromid quenches any extraliposomal HPTS 
fluorescence. Therefore, the fluorescence measured in this experi-
ment comes only from intraliposomal HPTS. The sample was allowed 
to equilibrate for 20 min before 190 µl was aliquoted into three wells 
on a black, U-shaped-bottom 96-well plate (Greiner) for fluorescence 
measurements (collected every 55 s).

Instrumentation. All data reported in Fig. 6, Extended Data Figs. 5–7 
and Supplementary Figs. 19–23 were collected using a Biotek Synergy 
2 microplate reader equipped with 405 nm/20 nm and 460 nm/40 nm 
bandwidth excitation filters and a 528 nm/20 nm bandwidth emission 
filter (Biotek). Valinomycin and CCCP solutions (10 µl each) were added 
to the wells using an injector system at 120 and 1,350 s into the assay, 
respectively, with 3 s of vigorous shaking following each addition. 
The fluorescence was measured at the two excitation wavelengths 
every 12 s.

For the long-time kinetics experiments (Extended Data Fig. 4), the 
data were collected on a Biotek Synergy H1 microplate reader using 
monochromators. The excitation wavelengths were set at 417 and 
460 nm, and the emission wavelength was set to 515 nm.
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Calibration and analysis of flux data. For all the data reported in  
Fig. 6, Extended Data Figs. 5–7 and Supplementary Figs. 19–23, the fluo-
rescence signals were calibrated using the ratio of the fluorescence sig-
nals of the deprotonated dye, F − (λexcitation = 460 nm, λemission = 528 nm), 
and the isosbestic point, Fiso (λexcitation = 405 nm, λemission = 528 nm), as 
a function of pH from pH 8 to pH 4 (Extended Data Fig. 3). Similarly, 
for the long-time kinetics experiments, a calibration curve was pre-
pared from the ratio of the fluorescence signals of F− (λexcitation = 460 nm, 
λemission = 515 nm) and Fiso (λexcitation = 417 nm, λemission = 515 nm) as a func-
tion of pH (Extended Data Fig. 1). Fluorescence measurements were 
performed in triplicate for each reported sample and then converted 
into pHin values using the defined calibration curves.

For the data reported in Fig. 6, Extended Data Figs. 5–7 and Sup-
plementary Figs. 19–23, the initial rates of proton conduction were 
determined for each sample using the data collected in the first 60 s 
after the addition of valinomycin. Similarly, for the long-time kinetics 
experiments (Extended Data Fig. 4), the initial rates were determined 
by fitting the data collected in the first 220 s after the addition of valino-
mycin. All data were fitted using linear regression methods and the 
initial rates were extracted from the fitted slope.

Determination of peptide orientation in vesicles
Liposomes containing 108 µM peptide (peptide/lipid ratio of 1:50) 
were used for the following experiment. Calibration curves were 
prepared as follows: 75 µl of liposome solution was mixed with 37.5 µl 
of 1 M OG and 37.5 µl of water (for non-reacted samples) or 37.5 µl 
of 20 mM methyltetrazine-sulfo-N-hydroxysuccinimide ester (Click 
Chemistry Tools) in water (for reacted samples) for 30 min. The 
samples were then quenched with 16.67 µl of 1 M Tris pH 8 for 5 min. 
The non-reacted and reacted samples were mixed in differing ratios 
and diluted in 50% HFIP–water before running on reversed-phase 
HPLC on an analytical C4 column with a gradient of solvents A (water 
containing 0.1% TFA) and B (isopropanol–acetonitrile–water–TFA, 
60:30:9.9:0.1) at a flow rate of 1 ml min−1. The areas under the curves 
of the non-reacted and reacted peaks were calculated for each sam-
ple to generate the calibration curve (Extended Data Fig. 8). The 
traces in the figures are background-subtracted and offset for ease 
of viewing.

To determine the orientation of samples, 50 µl of each lipo-
some sample was mixed with 50 µl of 10 mM methyltetrazine 
sulfo-N-hydroxysuccinimide ester in water for 30 min and subsequently 
quenched with 5.56 µl of 1 M Tris pH 8 for 5 min. The samples were then 
diluted with 50:50 1 M OG and HFIP before running on HPLC. The areas 
under the curves of the non-reacted and reacted peaks were calculated 
and compared with the calibration curves to estimate the orientation 
of the peptide (Extended Data Fig. 8d,e). All samples were measured 
in duplicate.

Lipidic cubic phase crystallography of proton channels
The methods used for lipidic cubic phase (LCP) crystallization were 
originally described in detail by Caffrey and Cherezov and have been 
slightly modified as follows72,73. The peptide from the ethanol stock 
solution was mixed with 60 mg monoolein (Sigma-Aldrich) until a clear 
solution was obtained. The solution containing peptide and monoolein 
was then dried under a gentle stream of N2 and lyophilized overnight. 
To prepare the LCP, the monoolein–peptide mixture was heated at 
42 °C until it became liquid, and subsequently extruded ~200 times 
with two-thirds times the volume of 50 mM OG in coupled gas-tight 
Hamilton syringes at room temperature. Successful LCP formation was 
confirmed as the solution became clear and was not birefringent in the 
cross-polarizer. The final concentration of peptide for each sample is 
listed in Supplementary Table 2.

For crystallization, 50 nl of the LCP mixture was dispensed onto 
96-well Laminex plastic sandwich plates (Molecular Dimensions) with 
0.5–1 µl of precipitant solution using the TTP Labtech LCP Mosquito 

robot at room temperature. The plates were sealed with plastic cov-
erslips (Molecular Dimensions) and monitored using a Formulatrix 
RockImager at 20 °C. Crystals of each construct were harvested under 
the conditions noted in Supplementary Table 2, cryoprotected with 
30% (v/v) polyethylene glycol 400 if necessary, and flash-frozen in 
liquid nitrogen.

X-ray diffraction data collection and analysis
Crystals were mounted under a cryostream at 100 K and data were 
collected at both the 8.3.1 beamline at the Advanced Light Source at 
Lawrence Berkeley National Laboratory at a wavelength of 1.115832 Å 
or at the 23-ID-B and 23-ID-D beamlines at Argonne National Labora-
tory at a wavelength of 1.03318 Å. The data were processed using the 
XDS package74 and reduced with AIMLESS within the CCP4 suite75. The 
structures were determined by molecular replacement with Phaser76 
using a previously designed de novo protein (PDB: 6MCT) as a model. 
The models were rebuilt in Coot77 and the structures were then refined 
using PHENIX78. The data processing and structural refinement statis-
tics are reported in Extended Data Table 2.

Solid-state NMR experiments
The LQLL and LLLL peptides with the appropriate site-specific 13C 
and 15N labels at the Ile6, Ile13 or Gln10 position were prepared by 
solid-phase peptide synthesis methods as described previously. The 
purified peptides were reconstituted into d54-DMPC lipids at a protein/
lipid molar ratio of 1:12 with a final peptide mass of ~5 mg. The samples 
were concentrated to a hydration level of ~40% (wt/wt) and pelleted 
into 3.2 mm rotors for NMR experiments.

Magic-angle-spinning (MAS) solid-state NMR spectra were meas-
ured on a Bruker Avance III HD 600 MHz (14.1 T) spectrometer with a 
Bruker 3.2 mm HXY MAS probe operating in double-resonance 1H/13C 
mode. All 13C NMR spectra were externally referenced to the adaman-
tane CH2 resonance at 38.48 ppm on the trimethylsilane scale. All 
spectra were recorded under 10.5 kHz MAS at a sample temperature 
of 277 K. The sample temperature was estimated from the 1H chemical 
shift of bulk water at 4.97 ppm using the equation T 
(K) = 96.9 × (7.83 – δH2O) (ref. 79). Typical radiofrequency field strengths 
were 50–80 kHz for 1H and 50–60 kHz for 13C. All spectra were recorded 
with a recycle delay of 3 s.

Water-edited 13C cross-polarization (CP) experiments were per-
formed to probe the water accessibility and hydration of the chan-
nels80–84. These experiments involved a 1H excitation pulse at 71.4 kHz, 
followed by a 52 rotor period (5.0 ms) Hahn echo with a selective 
Gaussian 180° pulse of 4.8 ms placed on resonance with water. This 
water-selective echo period was followed by a 1H spin diffusion period, 
whose duration, tSD, was varied from 1 to 225 ms. The 1H spin diffusion 
period was followed by 500 μs 1H–13C CP for 13C detection, during which 
1H two-phase modulation decoupling was applied at 71.4 kHz.

Water-edited 13C spectral intensities were analysed as integrated 
intensities from 0–75 ppm for all samples and as peak heights for the 
resolved signals of Ile13 in the LQLL and LLLL samples. These intensities 
were corrected for water 1H spin lattice T1 relaxation by dividing each 
value by exp(−tSD/T1). The T1-corrected intensities were then normal-
ized to the value at 225 ms. The water 1H T1 values were measured in an 
inversion recovery experiment and ranged from 1.0–1.5 s.

Classical MD simulations
The model for the engineered pentameric membrane protein LLLL was 
based on its crystal structure (PDB: 6MCT). Molecular models of the 
Leu-to-Gln (LQ) variant proteins were built and side chains repacked 
to the global energetic minima using SCRWL4 (ref. 85), with the crystal 
structure of LLLL as the input template. The simulations were per-
formed before the LCP X-ray structures were solved, and thus they were 
modelled a priori. The initial TM orientation of LLLL in a lipid bilayer was 
predicted using the Orientations of Proteins in Membranes database 
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and Positioning of Proteins in Membranes server86, and the LQ variant 
proteins were modelled with an identical geometry to LLLL relative to 
the membrane by structural superposition.

The MD system was built through an automatic script merging 
protein and membrane components using Visual Molecular Dynamics 
(VMD)87 and the GROMACS engine88. First, a pre-assembled 7.5 × 7.5 nm 
POPC bilayer was modelled using VMD’s membrane builder application 
and aligned with the implicit bilayer used to predict the membrane 
proteins’ insertion geometry. The oriented membrane protein was 
merged with the lipid bilayer and lipid molecules that clashed with 
protein atoms (<1.2 Å overlap) were removed. The system was treated as 
a periodic box, 7.0 nm in the Z direction, and hydrated with TIP3P water 
(water regions of ~20 Å above and below the bilayer). KCl was added to 
the system to neutralize protein charge and to yield a final 0.15 M ion 
concentration. The system used CHARMM36 parameters89, and the 
GROMACS 2018 engine was used for minimization and dynamics simu-
lations. The recommended CHARMM36 cut-offs (rCoulomb, rvdW = 1.2 nm), 
switching (1.0 nm) and particle mesh Ewald distances were used. A 2 fs 
time step was used for Langevin dynamics.

The system was minimized with the steepest descent algorithm 
(5,000 steps maximum, tolerance of <1,000.0 kJ mol−1 nm−1) with-
out atomic position restraints. A 50 ps NVT dynamics simulation 
was initiated from the minimized model using harmonic position 
restraints on all non-hydrogen protein atoms (1 kcal mol−1 Å−2) using 
the velocity-rescale thermostat fixed at 298.15 K with a 0.1 ps coupling 
constant. Next, a 15 ns restraint NPT equilibration simulation was run 
using a semi-isotropic Berendsen barostat (P = 1 bar, pressure coupling 
time constant = 5 ps, compressibility = 4.5 × 10−5 bar−1) and a Berendsen 
thermostat (T = 298.15 K and 1.0 ps time constant) while maintaining 
1 kcal mol−1 Å−2 harmonic restraints on protein α-carbon atoms relative 
to the input structure. Unrestrained production dynamics simulations 
were then run for 200 ns with a Nosé–Hoover thermostat at 298.15 K 
with a 1.0 ps time constant and a semi-isotropic Parrinello–Rahman 
barostat fixed at 1 bar with a pressure coupling constant of 5 ps. Coor-
dinate frames were extracted at 20 ps intervals in these production 
simulation trajectories. Three independent simulation trajectories 
were launched for each unique protein sequence with different initial 
atomic velocities.

The backbone atoms from every frame in the trajectory had an 
atomic RMSD in the range of 0.6–1.2 Å relative to the initial frame for 
all variants and each triplicate trajectory. Likewise, for all variants, the 
average RMSD between any two frames throughout the MD trajectory 
was <1 Å. From these backbone RMSD metrics, we determined that 
the protein fold and tertiary structure are very stable for all variants, 
and deviations from the LLLL model are of the same order as thermal 
fluctuations. The backbone RMSDs of the medoid frame of each trip-
licate trajectory relative to the LCP X-ray structures of the LQ variants 
were all <1.2 Å.

Analysis of classical MD simulations
The channels and their water content were analysed using the Chan-
nel Annotation Package (CHAP; https://www.channotation.org) 
available from the Sansom lab44. The trajectories from the production 
runs were centred on the protein using the GROMACS software and 
sampled every 200 ps to create a compressed xtc trajectory file for 
CHAP analysis. Water density plots (Figs. 3 and 6 and Supplementary 
Figs. 1–6) were generated for each of the three independent 200 ns 
trajectories performed for each of the pentameric bundle designs. 
Similarly, the time-averaged water density profiles (Supplementary 
Figs. 1c–6c) were generated by calculating the average water den-
sity at every given position along the z-axis to the pore, s, over the 
course of the 200 ns simulations. These time-averaged water den-
sity profiles were then used to calculate the observed hydrophobic 
lengths, lobs, reported in Fig. 2c and Extended Data Table 1 using a 
second-derivative method.

MS-RMD simulations
The X-ray crystal structures for LQLL (PDB: 7UDZ) and LLLL (PDB: 
6MCT) were used as the starting structures for simulations. Classical 
simulations were first performed to equilibrate the protein structures 
and the simulation systems. Each protein was embedded in a POPC 
bilayer and solvated with water using CHARMM-GUI (refs. 90–93), and 
the membrane and water were equilibrated using a standard equilibra-
tion protocol. Classical equilibration with no restraints was performed 
for 500 ns. The CHARMM36 forcefield94 was used to model all interac-
tions, and simulations were run at 298 K in the NPT ensemble using 
GROMACS95.

MS-RMD45–47,96 was subsequently used to model the water and 
excess proton in all simulations performed in our analyses. The 
MS-RMD method captures proton delocalization in water by allow-
ing H–O bonds to break and form. This is achieved by taking a linear 
combination of possible bonding topology states at every time step. 
See our previous work for the theory and a detailed description7,9,11. 
The Multi-State Empirical Valence Bond Version 3.2 parameters were 
used to describe the hydrated excess proton97. The excess proton CEC 
(rCEC) is defined as98:

rCEC = ∑
N
i c

2
i r

i
COC (1)

where riCOC is the coordinate of the CEC of the ith diabatic state, c2i  is the 
squared amplitude of that state, and N is the total number of diabatic 
states. The CEC defines the position of the delocalized excess proton. 
The CHARMM36 forcefield was used to model the remaining interac-
tions. Simulations were run at 298 K in the NVT ensemble using 
LAMMPS99 with the MS-RMD package.

Umbrella sampling simulations were performed in two dimensions 
to model the proton transport process. The first CV used was the CEC 
position along the channel axis, Z′CEC. The channel axis for each system is 
defined as the average principal component of the protein from a 750 ps 
MS-RMD simulation after equilibration. The position along this axis is 
calculated in reference to the centre of mass of the Ile13 α-carbon atoms, 
such that Z′CEC = 0 Å at that point. The second CV used, ϕ, is a recently 
developed CV that measures the water connectivity within a channel 
using graph theory8. This CV is a notable improvement over water den-
sity, which does not directly bias the formation of a continuous water wire 
and can result in unphysical water ‘clumps’ as the bias increases. Instead, 
the new water connectivity CV measures the length of transient water 
wire formations on a scale from 0 to 1, where 0 is no water and 1 is water 
fully connected throughout the channel, agnostic to the number of water 
molecules. We refer the reader to ref. 8 for further theoretical details.

The open-source, community-developed PLUMED library100,101 
was used to define the umbrella bias potentials. Umbrella sampling 
windows were set every 0.5 Å in the range of −22 to 22 Å for Z′CEC and 
every 0.035 in the range 0.140–0.980 and 0.245–0.980 for ϕ for LLLL 
and LQLL, respectively, for a total of ~2,000 windows for each system. 
The initial windows were generated by using steered MD to pull water 
into the channel, and the excess proton was placed at each point along 
the channel. Subsequent windows were pulled from nearby windows. 
Windows were equilibrated for 100 ps and then run for 0.5–3.5 ns. A few 
additional windows were added to ensure sampling overlap.

The two-dimensional PMFs were calculated using WHAM-2D  
(ref. 102). Error bars were calculated using the block method with 
four blocks. The minimum free-energy path was calculated using the 
string method.

The two-dimensional plots and graphs in Figure 5 and Supplemen-
tary Figs. 17, 18 and 24 were generated with Matplotlib103. The simulation 
snapshots in Figure 5 were generated using VMD87.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
Coordinates and data files have been deposited with the PDB with 
accession codes 7UDY (QLLL), 7UDZ (LQLL), 7UDV (LLQL), 7UDW 
(QQLL) and 7UDX (QLQL). Source data are provided with this paper. 
All other data and materials are available from the corresponding 
authors on request.
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Extended Data Fig. 1 | Composite omit maps (2mFo-DFc) of designed proton 
channels. Composite omit maps of the asymmetric unit for a, LQLL, b, LLQL, 
and one pentamer from the asymmetric unit for c, QQLL, and d, QLQL (shown 

only for the waters for clarity). All contours at σ = 1.0. Omit maps with simulated 
cartesian annealing were generated using Phenix, using methodology described 
in Hodel, et al.104.

http://www.nature.com/naturechemistry
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Extended Data Fig. 2 | Pulse diagram and water-edited 13 C spectra, water 
buildup curves of membrane-bound LQLL and LLLL peptides. a, Pulse 
diagram of water-edited 13 C CP experiment. b, Representative water-edited 
13 C spectra of I13 in LQLL and LLLL, measured with 225 ms and 49 ms 1H mixing. 
The relative intensities of the 49 ms spectrum to the 225 ms spectrum are higher 

for LQLL Ile13 than LLLL Ile13, especially for the sidechain Cγ2 and Cδ carbons. 
c, Site-resolved water buildup curves for Ile13 in LQLL and LLLL. For all 13C sites, 
LQLL shows a faster water buildup than LLLL, consistent with water molecules in 
the pore lumen due to the Gln10 PLS.

http://www.nature.com/naturechemistry
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Extended Data Fig. 3 | See next page for caption.

http://www.nature.com/naturechemistry
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Extended Data Fig. 3 | Overview of proton flux measurements. a, Full 
schematic for proton flux measurement including CCCP step, which is included 
to check vesicle leakiness and confirm proton selectivity. b, Chemical structures 
of key components of vesicle assay. c, Calibration curves for HPTS at ~5 µM in 12 
solutions of 50 mM K2SO4, 30 mM K2HPO4 at different pH values for two plate 

readers used in data collection process. Unless stated, all data collected with 
instrument that generated the blue calibration curve. Fits used for downstream 
data processing shown for each of the two instruments with adjusted R-squared 
values of 0.9866 and 0.9998 for the left and right curves, respectively. Data for 
n = 3 independent samples shown as mean values +/− SD.

http://www.nature.com/naturechemistry
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Extended Data Fig. 4 | All proton flux assay data for long kinetics runs. Long 
kinetics runs of about 5 hours total for a, empty, b, LLLL, and c, LQLL vesicles. 
Dotted lines denote times in experiment when valinomycin and CCCP were 
added to the samples. Three samples of the different conditions were measured 
in triplicate. These long-time measurements reveal that the vesicles are not leaky 
to Na+, K+, or H+ and maintain their cargo and assembly over the entire course of 
the measurement. d, From the linear regression fits of the first 220 s following 

addition of valinomycin, all slopes (which give the initial rates (in M/s)) were 
used to calculate the mean and standard error. The one-way ANOVA analysis 
(with Dunn’s test) reveals that LLLL rates are not significantly different (p > 0.05, 
adjusted p = 0.4021) when compared to the control empty vesicles. LQLL rates, 
however, are statistically significant (p < 0.0001, p = 3.23E-5) when compared to 
the control empty vesicles using one-way ANOVA analysis with Dunn’s test. All 
data from n = 3 independent samples are shown as mean values +/− SD.

http://www.nature.com/naturechemistry
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Extended Data Fig. 5 | All proton flux assay data for QLLL vesicle samples. 
Nine samples (each run in triplicate with shaded error bars shown) containing 
1:500 peptide:lipid ratio; samples were run independently in the assay. a, pHin as  
a function of time throughout the measurement for each independent sample.  
b, Mean and standard deviation for data collection. c, Data prior to CCCP 

addition shows little change in pHin after addition of valinomycin. d, Fits for the 
initial 50 seconds following addition of valinomycin. From the linear regression 
fits, all slopes (which give the initial rates (in M/s)) were used to calculate mean 
and standard error presented in Fig. 6g and Supplementary Table 3.

http://www.nature.com/naturechemistry
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Extended Data Fig. 6 | All proton flux assay data for LLQL vesicle samples. 
Eight samples (each run in triplicate with shaded error bars shown) containing 
1:500 peptide:lipid ratio; samples were run independently in the assay. a, pHin as  
a function of time throughout the measurement for each independent sample.  
b, Mean and standard deviation for data collection. c, Data prior to CCCP 

addition shows notable change in pHin after addition of valinomycin. d, Fits 
for the initial 50 seconds following addition of valinomycin. From the linear 
regression fits, all slopes (which give the initial rates (in M/s)) were used to 
calculate mean and standard error presented in Fig. 6g and Supplementary  
Table 3.

http://www.nature.com/naturechemistry
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Extended Data Fig. 7 | All proton flux assay data for QLQL vesicle samples. 
Seven samples (each run in triplicate with shaded error bars shown) containing 
1:500 peptide:lipid ratio; samples were run independently in the assay. a, pHin as  
a function of time throughout the measurement for each independent sample.  
b, Mean and standard deviation for data collection. c, Data prior to CCCP 

addition shows notable change in pHin after addition of valinomycin. d, Fits 
for the initial 50 seconds following addition of valinomycin. From the linear 
regression fits, all slopes (which give the initial rates (in M/s)) were used to 
calculate mean and standard error presented in Fig. 6g and Supplementary Table 3.

http://www.nature.com/naturechemistry
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Extended Data Fig. 8 | Determining orientation of pentamers in vesicles. a, 
HPLC trace of unreacted and reacted peptides following reaction with the highly 
polar, amine-reactive methyltetrazine 3-sulfo-N-hydroxysuccinimide ester 
(methyltetrazine sulfo-NHS, see Methods). The only amine-reactive groups are 
the N-terminus or the N-terminal lysine sidechain. Thus, only peptides in which 
N-terminus is exposed on the outside of the vesicle should react to the dye. b, 
HPLC traces of mixtures of different ratios of non-reacted and reacted peptides. 

c, Calibration curves for area under the curve for nonreacted and reacted peaks 
in the HPLC traces corresponding to the different mixtures in b. Data shown are 
for n = 2 independent experiments and shown as mean values +/− SD. d, Traces of 
three independent samples of LQLL pentamers from vesicles after reaction with 
methyltetrazine sulfo-NHS. e, Using the calibration curves in c, the area under 
the curve was determined for each sample. The data indicate that half the amines 
react, as expected from a random orientation of pentamers in the lipid vesicle.

http://www.nature.com/naturechemistry
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Extended Data Table 1 | Length (lobs) of longer and shorter (lobs,sh) hydrophobic stretches in designed channels

The longest hydrophobic length for all peptides and shorter hydrophobic length (lobs,sh) for each peptide LQLL, LLQL, QQLL, and QLQL were calculated from the classical MD simulations (see 
Methods).

http://www.nature.com/naturechemistry
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Extended Data Table 2 | Data collection and refinement statistics for all structures

All structures were determined from single protein crystals. Data in parentheses denote statistics for outermost shell. All listed data represent isotropic statistics unless denoted by *, which is 
anisotropic.

http://www.nature.com/naturechemistry
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Materials and Methods 

Synthesis of Proton Channel Peptides 

Proton channel peptides, shown in Fig. 2 and Supplementary Table 1, were synthesized 

using Fmoc-based solid-phase peptide synthesis on either a Biotage Initiator Alstra microwave 

synthesizer or a Syro II parallel peptide synthesizer. All peptides were synthesized with a free 

amine N-terminus and a C-terminal carboxamide using Tentagel S-RAM resin (Chem-Impex Int’l 

Inc) with 0.22-0.24 mmol/g. Following synthesis, the peptides were cleaved from the resin with a 

trifluoroacetic acid: triisopropylsilane: water (TFA:TIPS:H2O, 95:2.5:2.5) solution, precipitated out 

with cold diethyl ether, redissolved in 50% 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and water, 

and purified using reverse phase HPLC on a C4 prep column (Vydac) with a gradient of solvents 

A (water, 0.1% TFA) and B (isopropanol:acetonitrile:water:TFA, 60:30:9.9:0.1) at a flow rate of 10 

mL/min. Peptides were then lyophilized until dry. Following successful purification, peptides were 

confirmed to be >90% pure with analytical HPLC over a C4 column (Phenomenex) and confirmed 

to have the correct mass with MALDI mass spectrometry (Shimadzu AXIMA Performance) using 

α-cyano-4-hydroxycinnamic acid (Sigma) as the matrix (Supplementary Table 1). Peptides were 

then dissolved in ethanol to the appropriate stock concentrations and subsequently used for all 

experiments as described.  

 

Expression of Full-Length Influenza A M2 Polypeptide 

 

The Influenza A M2 polypeptide from previous work 49 was expressed and purified from 

E. coli cells. Briefly, the gene containing the A/Udorn/72 Cys-free W15F variant (W15F, C17S, 

C19S, C50S) and a C-terminal 6x His tag was cloned into a pEXP-5-NT plasmid and transformed 

into chemically competent E. coli BL21(DE3) cells (Invitrogen) using heat shock methods. The 

cells were grown in TB media (Invitrogen) with ampicillin at 37°C. When an OD600 of 0.6-0.8 was 

achieved, the expression culture was induced with 1 mM isopropyl ß-D-1-thiogalactopyranoside 

(IPTG). The cells were then harvested no more than 2.5 hours after induction and centrifuged 

down at 4°C for 10 minutes. Pellets were then frozen prior to purification. For purification, the cells 

were resuspended in lysis buffer (50 mM Tris pH 8, 300 mM NaCl, 5% glycerol, 25 mM imidazole, 

0.1% decyl maltose neopentyl glycol (DMNG), 8 M urea) and sonicated with a microtip sonicator 

for 5 minutes at 20% amplitude (2 s on/off). Lysed cells were then spun down for 15 minutes at 

18000 rpm (~41000 x g) and purified using Ni-NTA beads using batch purification methods. Wash 

buffer was the same as the lysis buffer. The protein was eluted in elution buffer (50 mM Tris pH 

7.5, 150 mM NaCl, 5% glycerol, 250 mM imidazole, 0.1% DMNG, 8 M urea) and mixed with HFIP 
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prior to loading onto the C4 column for secondary purification by HPLC. Polypeptide was 

lyophilized until dry and reconstituted in ethanol to appropriate stock concentrations. SDS-PAGE 

and MALDI-MS were used to confirm the expression of the polypeptide. 

 

SDS-PAGE Gels of Proton Channels 

25-50 µg of peptide were lyophilized from the peptide stocks and dissolved in 25 mM Tris 

pH 7.5 (Fisher Scientific) with 50 mM octyl-β-glucopyranoside (OG, Carbosynth Limited) for a final 

concentration of 2.5 µg/µL. An equal volume of 2x LDS (Invitrogen) was added to each sample 

and the sample was subsequently boiled for 15 minutes at 95ºC. 5 µg of peptide was loaded in 

each well of a 12% Bis-Tris NuPAGE gel (Thermo Fisher Scientific) with Precision Plus Protein 

Dual Xtra prestained protein standards (Bio-Rad Laboratories); the gel was subsequently run for 

30 minutes at 200 V.  

 

Proton Channel Liposomal Flux Assays and Analysis 

 

 The proton channel liposomal flux assays were adapted from references 48,49, and the 

exact methodologies for preparation and running of these assays are described below. 

 

Preparation of Proteoliposomes 

All proteoliposome samples were made as a stock solution of 1:500 peptide:lipids with final 

concentrations of 10 µM and 5 mM, respectively. To prepare the proteoliposome stock, 10 uL of  

100 mM of a ratiometric pH-sensitive dye, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt 

(HPTS) was added to total of 2 mL of K+ buffer (50 mM K2SO4, 30 mM K2HPO4, pH 7.5). The 

solution was then added to a dried film of 3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine:1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPC:POPG, Avanti Lipids) to make a 10 mM 

lipid solution, which was subsequently vortexed for 1 minute before sonicating with microtip for 5 

min at 20% amplitude for 2 s on/off. The sonicated solution was then divided into 200 uL aliquots 

where 1M OG was added to a final concentration of 26 mM OG. After one hour on the rotisserie 

at RT, peptide in 26 mM OG in K+ buffer (or, in the case of empty, 15 µL of 26 mM OG in K+ buffer) 

was added to the solution of detergent-solubilized lipids for a final concentration of 20 µM peptide. 

The peptide-detergent-lipid (PDL) solution was equilibrated for 1 hour at RT on the rotisserie. 

Following the incubation of the PDL solution, 50 µL of XAD biobeads solution (Sigma-Aldrich) in 

K+ buffer was added to the PDL mixture every 5-10 minutes five times for a final volume of around 

500 µL and final peptide and lipid concentrations as described above. After the final addition of 
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biobeads, the solution was left to rotate in the 4°C rotisserie overnight. In the following morning, 

the sample was spun down in an ultracentrifuge at 96k rpm (~328000 x g) for 10 minutes to pellet 

the liposomes. The liposome pellet was resuspended in the same amount of dye-free K+ buffer to 

afford the stock solution used for the liposomal assays. Dynamic light scattering (Malvern 

Panalytical) of the vesicle samples enabled size determination prior to proton flux assays to 

ensure liposome formation.  

 

Preparation of Working Solutions for Proton Flux Assays 

A working 3 µM valinomycin solution was made by dissolving 1 mg/mL (~900 mM) 

valinomycin stock in DMSO (purchased from Sigma-Aldrich) into Na+ buffer (50 mM Na2SO4, 30 

mM Na2HPO4, pH 7.5). Similarly, a 3 µM CCCP working solution was generated by dissolving 

600 µM CCCP stock in DMSO into Na+ buffer.  

For the assay, 17.3 µL of the stock proteoliposome solution was diluted into 632.7 µL of 

Na+ buffer mixed with 10 mM p-xylene-bis-pyridinium bromide (DPX, Invitrogen) for a total of 650 

uL of sample at the working concentrations. The presence of membrane-impermeable DPX 

quenches any extraliposomal HPTS fluorescence. Therefore, the fluorescence measured in this 

experiment comes only from intraliposomal HPTS.  The sample was allowed to equilibrate for 20 

minutes before 190 µL was aliquoted into three wells on a black, u-shaped bottom 96-well plate 

(Greiner) for fluorescence measurements (collected every 55 s). 

 

Instrumentation 

 All data reported in Fig. 6, Extended Figs. 5-7, Supplementary Figs. S19-S23 were 

collected using the Biotek Synergy 2 equipped with a 405 nm/20 nm bandwidth and 460 nm/40 

nm bandwidth excitation filters and a 528 nm/20 nm bandwidth emission filter (Biotek). The 

valinomycin and CCCP solutions (10 uL each) were added to the wells using an injector system 

at 120 s and 1350 s into the assay, respectively, with 3 s of vigorous shaking following addition. 

The fluorescence was measured at the two excitation wavelengths every 12 s.  

 For the long-time kinetics run (Extended Data Fig. 4), the data was collected on a Biotek 

Synergy H1 using monochromators. The excitation wavelengths were set at 417 nm and 460 nm, 

and the emission wavelength was set to 515 nm.  

 

Calibration and Analysis of Flux Data 

 For all data reported in Figs. 6, Extended Data Figs. 5-7, and Supplemental Figs. S19-

S23, the fluorescence signals were calibrated using the ratio of the fluorescence signals of the 
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deprotonated dye, F- (λexcitation = 460 nm, λemission = 528 nm) and the isosbestic point, Fiso (λexcitation 

= 405 nm, λemission = 528 nm) as a function of pH from pH 8 to pH 4 (Extended Data Fig. 3). 

Similarly, for the long-time kinetics runs, a calibration curve of the ratio of the fluorescence signals 

of F- (λexcitation = 460 nm, λemission = 515 nm) and Fiso (λexcitation = 417 nm, λemission = 515 nm) was 

derived as a function of pH (Extended Data Fig. 1). All fluorescence measurements for each 

reported sample was taken in triplicate and were then converted into values of pHin using the 

defined calibration curves.  

 For data reported in Fig. 6, Extended Data Fig. 5-7, and Supplemental Figs. S19-S23, 

initial rates of proton conduction were determined for each sample using data collected within the 

first sixty seconds following the addition of valinomycin. Similarly, for the long-time kinetics runs 

(Extended Data Fig. 4), initial rates were determined by fitting the first 220 seconds of data 

following the addition of valinomycin. All data were fit using linear regression and the initial rates 

were extracted from the fitted slope. 

 

Orientation Determination of Peptides in Vesicles 

 

Liposomes containing 108 uM of peptide (P:L ratio of 1:50) were used for the following 

experiment. Calibration curves were prepared as follows: 75 uL of liposome solution was added 

to 37.5 uL of 1 M OG and 37.5 uL of water (for non-reacted or NR samples) or 37.5 uL of 20 mM 

methyltetrazine-sulfo NHS ester (Click Chemistry Tools) in water (for reacted or R samples) for 

30 minutes. Samples were then quenched with 16.67 uL of 1 M Tris pH 8 for 5 minutes. Non-

reacted and reacted samples were mixed in differing ratios and diluted in 50% HFIP in water 

before running on reverse phase HPLC on an analytical C4 column with a gradient of solvents A 

(water, 0.1% TFA) and B (isopropanol:acetonitrile:water:TFA, 60:30:9.9:0.1) at a flow rate of 1 

mL/min. The area under the curves for the non-reacted and reacted peaks were calculated for 

each sample to generate the calibration curve (Extended Data Fig. 8). Traces in figures are 

background-subtracted and offset for ease of viewing. 

To determine orientation of the samples, 50 uL of the liposome sample was mixed with 50 

uL of 10 mM methyltetrazine sulfo-NHS ester in water for 30 minutes and subsequently quenched 

with 5.56 uL of 1 M Tris pH 8 for 5 minutes. The samples were then diluted with 50:50 1 M OG 

and HFIP before running on HPLC. The area under the curve was calculated for the non-reacted 

and reacted peaks and used with the calibration curves to estimate the orientation of the peptide 

(Extended Data Fig. 8d,e). All samples were measured in duplicates.  
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Lipidic Cubic Phase (LCP) Crystallography of Proton Channels 

 The methods described for LCP crystallization are originally described in detail in 

Caffrey and Cherezov and have been slightly modified as follows 72,73. Peptide from the ethanol 

stock was mixed with 60 mg of monoolein (Sigma-Aldrich) until clear. The solution containing 

peptide and monoolein was then dried under a gentle stream of N2 and lyophilized overnight. To 

prepare the LCP, the monoolein-peptide mixture was heated to 42ºC until it became liquid, and 

subsequently extruded ~200 times with 2/3 times the volume of 50 mM OG in coupled gastight 

Hamilton syringes at room temperature. Successful LCP formation was confirmed as the solution 

became clear and was not birefringent in the cross-polarizer. The final concentration of peptide 

for each sample is listed in Supplementary Table 2. 

 For crystallization, 50 nL of the LCP mixture was dispensed onto 96-well Laminex plastic 

sandwich plates (Molecular Dimensions) with 0.5 to 1 uL of precipitant solution using the TTP 

Labtech LCP Mosquito robot at room temperature. Plates were sealed using plastic coverslips 

(Molecular Dimensions) and monitored using a Formulatrix RockImager at 20ºC. Crystals of each 

construct were harvested from conditions noted in Supplementary Table 2 with and cryoprotected 

with 30% v/v PEG 400, if necessary, and flash-frozen with liquid nitrogen.  

 

X-Ray Diffraction Data Collection and Analysis 

 Crystals were mounted under a cryostream at 100K and data was collected at both the 

8.3.1 beamline at the Advanced Light Source at Lawrence Berkeley National Lab at a wavelength 

of 1.115832 Å or at 23-ID-B/D at Argonne National Laboratory at a wavelength of 1.03318 Å. The 

data was processed with the XDS package74 and reduced with AIMLESS within the CCP4 suite 

75.  The structures were determined by molecular replacement with Phaser 76 using a previously 

designed de novo protein (pdb code: 6mct) as a model. The models were rebuilt in Coot 77 and 

the structures were then refined with PHENIX 78. The data processing and structural refinement 

statistics are described in Extended Data Table 2. 

 

Solid-state NMR (ssNMR) Experiments 

 

LQLL and LLLL peptides with the appropriate site-specific 13C, 15N labels at the Ile6, Ile13 or 

Gln10 positions were made using SPPS methods as described previously. The purified peptides 

were reconstituted into d54-DMPC lipids at a protein/lipid molar ratio of 1:12 with a final peptide 

weight of ~5 mg. The samples are concentrated to a hydration level of ~40% (w/w) and pelleted 

into 3.2 mm rotors for NMR experiments.  
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Magic-angle-spinning (MAS) solid-state nuclear magnetic resonance (NMR) spectra were 

measured on a Bruker Avance III HD 600 MHz (14.1 T) spectrometer with a Bruker 3.2 mm HXY 

MAS probe operating in double-resonance 1H/13C mode. All 13C spectra were externally 

referenced to to the adamantane CH2 resonance at 38.48 ppm on the trimethylsilane scale. All 

spectra were recorded under 10.5 kHz MAS at a sample temperature of 277 K. The sample 

temperature was estimated based on the 1H chemical shift of bulk water at 4.97 ppm, according 

to the equation T (K) = 96.9 × (7.83 ppm – δH2O) 79. Typical radiofrequency field strengths were 

50-80 kHz for 1H and 50-60 kHz for 13C. All spectra used a recycle delay of 3 s. 

 Water-edited 13C cross-polarization (CP) experiments were used to probe the water 

accessibility and hydration of the channel80-84. These consisted of a 1H excitation pulse at 71.4 

kHz, followed by a 52 rotor period (5.0 ms) Hahn echo with a selective Gaussian 180˚ pulse of 

4.8 ms placed on resonance with water. This water-selective echo period is followed by a 1H spin 

diffusion period, whose duration (tSD) was varied from 1 to 225 ms. The 1H spin diffusion period 

was followed by a 500 μs 1H-13C cross-polarization (CP) for 13C detection, during which 1H two-

phase modulation (TPPM) decoupling was applied at 71.4 kHz.  

 Water-edited 13C spectral intensities were analyzed as integrated intensities from 0-75 

ppm for all samples and as peak heights for the resolved Ile13 signals in LQLL and LLLL samples. 

These intensities are corrected for water 1H T1 relaxation by dividing each value by exp(-tSD/T1). 

The T1 corrected intensities are then normalized to the value at 225 ms. The water 1H T1 values 

were measured using the inversion-recovery experiment and ranged from 1.0–1.5 s.  

 

Classical Molecular Dynamics Simulations 

The model for the engineered pentameric membrane protein LLLL was taken from its crystal 

structure (pdb: 6mct).  Molecular models of the Leu-to-Gln (LQ) variant proteins were built and 

sidechains repacked to the global energetic minima using Scrwl4 85, with the LLLL crystal structure 

as the input template. The simulations were performed prior to LCP X-ray structures being solved, 

and thus modeled a priori. The initial transmembrane orientation of LLLL in a lipid bilayer was 

predicted by the OPM PPM 2.0 server 86, and the LQ variant proteins were modeled with identical 

geometry as LLLL relative to the membrane by structural superposition.   

The MD system was built through an automatic script merging protein and membrane 

components using VMD 87 and the GROMACS engine 88.  First, a pre-assembled 7.5 x 7.5 nm 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer was modeled using VMD’s 

membrane builder application and aligned with the implicit bilayer used to predict the membrane 
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proteins’ insertion geometry.  The oriented membrane protein was merged with the lipid bilayer 

and lipid molecules which clashed with protein atoms (<1.2 Å overlap) were removed.  The system 

was treated as a periodic box, 7.0 nm in the Z direction, and hydrated with TIP3P water (ca. 20 Å 

of water regions above and below the bilayer).  KCl was added to the system to neutralize protein 

charge and to yield a final 0.15 M ion concentration.  The system used CHARMM36 parameters 

89 and the GROMACS 2018 engine was used for minimization and dynamics simulations.  The 

recommended CHARMM36 cut-offs (rcoulomb, rvdw = 1.2 nm), switching (1.0 nm), and Particle-

Mesh Ewald distances were used.  A 2 fs time step was used for Langevin dynamics.  

 The system was minimized with the steepest decent algorithm (5000 steps max, tolerance 

of < 1000.0 kJ/mol/nm) without atomic position restraints.  Harmonic positional restraints of 1 kcal 

mol-1 Å-2 on all non-hydrogen protein atoms.  A 50 ps NVT dynamics simulation was initiated from 

the minimized model using harmonic position restraints on all non-hydrogen protein atoms (1 kcal 

mol-1 Å-2) using the Velocity-rescale thermostat fixed at 298.15° K with a 0.1 ps coupling constant.  

Next, a 15 ns restraint NPT equilibration simulation was run using a semiisotropic Berendsen 

barostat (P = 1 bar, pressure coupling time constant = 5 ps, compressibility = 4.5E-5 bar-1) and 

a Berendsen thermostat (T = 298.15° K,  1.0 ps time constant) while maintaining 1 kcal mol-1 Å-

2 harmonic restraints on protein Cα atoms relative to the input structure. Unrestrained production 

dynamics simulations were then run for 200 ns with a Nose-Hoover thermostat at 298.15° K with 

a 1.0 ps time constant and a semiisotropic Parrinello-Rahman barostat fixed at 1 bar with a 

pressure coupling constant of 5 ps.  Coordinate frames were extracted at 20 ps intervals in these 

production simulation trajectories.  Three independent simulation trajectories were launched for 

each unique protein sequence, using different initial atomic velocities.  

 The backbone atoms from every frame in the trajectory versus the initial frame had an 

atomic RMSD in the range of 0.6-1.2 Å for all variant studies, and each triplicate trajectory.  

Likewise, across all variants, the average RMSD between any two frames throughout the MD 

trajectory was <1 Å.  By these backbone RMSD metrics we can determine the protein fold and 

tertiary structure is very stable for all variants and deviates from the LLLL model on the same 

order as thermal fluctuations.  The backbone RMSD of the medoid frame of each triplicate 

trajectory versus the LCP X-ray structures for the LQ variants were all <1.2 Å. 

 

Analysis of Classical MD Simulations  

 Analysis of the channels and their water content was done using the Channel Annotation 

Package (CHAP, https://www.channotation.org) available from the Sansom Lab 44. The 

trajectories from the production runs were centered to the protein using GROMACS software and 

https://www.channotation.org/
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sampled every 200 ps to create a compressed xtc trajectory file for CHAP analysis. Water density 

plots (like those seen in Figs. 3 and 6 and Supplementary Figs. S1-S6) were generated for each 

3 x 200 ns trajectory for each of the pentameric bundle designs. Similarly, the time-averaged 

water density profiles (i.e. panel c of Supplemental Figs. S1-S6) were generated by calculating 

the average water density for a given s over the course of the 200 ns simulation. These time-

averaged water density profiles were then used to calculate the observed hydrophobic lengths 

(lobs) reported in Fig. 2c and Extended Data Table 1 using a second derivative method.  

 

Multiscale Reactive MD Simulations 

 

The X-ray crystal structures for LQLL (pdb 7udz) and LLLL (pdb 6mct) were used as the 

starting structures for simulation. Classical simulations were first performed to equilibrate the 

protein structures and the simulation systems. Each protein was embedded in a 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer and solvated with water using the CHARMM 

GUI 90-93, and the membrane and water were equilibrated using a standard equilibration protocol. 

Classical equilibration with no restraints was performed for 500ns. The CHARMM36 forcefield 94 

was used to model all interactions, and simulations were run at 298K in the NPT ensemble using 

GROMACS 95. 

MS-RMD 45-47, 96 was subsequently used to model the water and excess proton in all 

simulations used in our analyses. The MS-RMD method captures proton delocalization in water 

by allowing hydrogen-oxygen bonds to break and form. This is done by taking a linear combination 

of possible bonding topology states at every timestep. See our previous work for a detailed 

description and theory. The MS-EVB 3.2 parameters were used to describe the hydrated excess 

proton 97. The excess proton center of excess charge (CEC) is defined as 98: 

𝑟𝐶𝐸𝐶 =  ∑ 𝑐𝑖
2 𝑟𝐶𝑂𝐶

𝑖  

𝑁

𝑖

, (1) 

Where 𝑟𝐶𝑂𝐶
𝑖  is the coordinate of the center of excess charge of the ith diabatic state and 𝑐𝑖

2 

is the amplitude of that state. The CEC defines the position of the delocalized excess proton. The 

CEC defines the position of the delocalized excess proton. The CHARMM36 forcefield was used 

to model the remaining interactions. Simulations were run at 298K in the NVT ensemble using 

LAMMPS 99 with the MS-RMD package. 

Umbrella sampling simulations were performed in two dimensions to model the PT process. 

The first collective variable (CV) used is the CEC position along the channel axis, Z’CEC. The 

channel axis for each system was defined as the average principal component of the protein from 
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a 750ps MS-RMD simulation after equilibration. The position along this axis is calculated in 

reference to the center of mass of the Ile13 alpha-carbons, such that Z’CEC = 0Å at that point. 

The second CV used, φ, is a recently developed CV that measures the water connectivity within 

a channel using graph theory 8. This CV is a significant improvement over water density, which 

does not directly bias the formation of a continuous water wire and can result in unphysical water 

“clumps” as the bias increases. Instead, the new water connectivity CV measures the length of 

transient water wire formations on a scale from 0 to 1, where 0 is no water and 1 is water fully 

connected throughout the channel, agnostic to the number of water molecules. We refer the 

reader to reference 35 for further theoretical details. 

The open-source, community developed PLUMED library 100,101 was used to define the 

umbrella bias potentials. Umbrella sampling windows were set up every 0.5Å in the range [-22, 

22] Å for Z’CEC and every 0.035 in the range [0.140,0.980] and [0.245,0.980] for φ for LLLL and 

LQLL, respectively, for a total of ~2000 windows for each system. Initial windows were generated 

by using steered MD to pull water into the channel, and the excess proton was placed at each 

point along the channel. Subsequent windows were pulled from nearby windows. Windows were 

equilibrated for 100ps, and then run for 0.5-3.5ns. A few additional windows were added to ensure 

sampling overlap. 

The 2D PMFs were calculated using WHAM-2D 102. Error bars were calculated using the 

block method with four blocks. The minimum free energy path (MFEP) was calculated using the 

string method. 

 

Figs. 5, Supplemental Figs. S17, S18, and S24 were generated with Matplotlib 103. 

Fig. 5 was generated using Visual Molecular Dynamics (VMD) 87. 
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Supplementary Fig. 1. Analysis of classical MD simulations of LLLL. a, Snapshot taken from 

production run #1 of 3 of LLLL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm) devoid of water over 

the course of the simulation. c, Time-averaged water density as a function of s corresponding to 

the three independent simulations (blue, red, and yellow are productions #1, #2, and #3, 

respectively). From the second derivative of the trace, the lobs of the channel was calculated to be 

33.9 ± 0.3 Å. The leftmost water density plot is shown in Figs. 3a and 6a of the main text. 
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Supplementary Fig. 2. Analysis of classical MD simulations of QLLL. a, Snapshot taken from 

production run #1 of 3 of QLLL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm), like LLLL, devoid of 

water over the course of the simulation. Notably, there is an increase in water density near the 

Gln site, at s = +2 nm. c, Time-averaged water density as a function of s corresponding to the 

three independent simulations (blue, red, and yellow are productions #1, #2, and #3, respectively). 

From the second derivative of the trace, the lobs of the channel was calculated to be 32.0 ± 0.6 Å. 

The leftmost water density plot is shown in Fig. 3b. 
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Supplementary Fig. 3. Analysis of classical MD simulations of LQLL. a, Snapshot taken from 

production run #2 of 3 of LQLL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm) with increased water 

densities within the pore near the Gln site, s = +0.5 nm. Moreover, there seems to be events in 

which multiple waters span the shorter segment. c, Time-averaged water density as a function of 

s corresponding to the three independent simulations (blue, red, and yellow are productions #1, 

#2, and #3, respectively). From the second derivative of the trace, the lobs of the channel was 

calculated to be 20.7 ± 0.1 Å. The shorter hydrophobic path at the N-terminal end of the channel 

was calculated to be 11.6 ± 0.4 Å. The middle water density plot is shown in Figs. 3c and 6e.  
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Supplementary Fig. 4. Analysis of classical MD simulations of LLQL. a, Snapshot taken from 

production run #1 of 3 of LLQL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm) with increased water 

densities within the pore near the Gln site, s = -0.5 nm. Moreover, there seems to be events in 

which multiple waters span the shorter segment. c, Time-averaged water density as a function of 

s corresponding to the three independent simulations (blue, red, and yellow are productions #1, 

#2, and #3, respectively). From the second derivative of the trace, the lobs of the channel was 

calculated to be 22.4 ± 0.1 Å. The shorter hydrophobic path at the C-terminal end of the channel 

was calculated to be 9.3 ± 0.5 Å. The rightmost water density plot is shown in Fig. 3d. 

  



15 
 

 

Supplementary Fig. 5. Analysis of classical MD simulations of QQLL. a, Snapshot taken from 

production run #1 of 3 of QQLL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm) with increased water 

densities within the pore near the Gln sites, at s = +2 and +0.5 nm. Moreover, there seems to be 

events in which multiple waters span the shorter segment. c, Time-averaged water density as a 

function of s corresponding to the three independent simulations (blue, red, and yellow are 

productions #1, #2, and #3, respectively). From the second derivative of the trace, the lobs of the 

channel was calculated to be 20.9 ± 0.1 Å. The shorter hydrophobic path at the C-terminal end of 

the channel was calculated to be 8.2 ± 0.2 Å. The leftmost water density plot is shown in Figs. 3e 

and 6f.  
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Supplementary Fig. 6. Analysis of classical MD simulations of QLQL. a, Snapshot taken from 

production run #1 of 3 of QLQL simulations. Fifth helix removed for clarity. b, Water density traces 

for all 3 x 200 ns trajectories show the channel (which spans s = -2 to 2 nm) with increased water 

densities within the pore near the Gln sites, at s = +2 and -0.5 nm. Moreover, there seems to be 

events in which multiple waters span the shorter segment. c, Time-averaged water density as a 

function of s corresponding to the three independent simulations (blue, red, and yellow are 

productions #1, #2, and #3, respectively). From the second derivative of the trace, the lobs of the 

channel was calculated to be 20.3 ± 0.2 Å. The shorter hydrophobic path at the C-terminal end of 

the channel was calculated to be 9.2 ± 0.2 Å. The rightmost water density plot is shown in Fig. 3f. 
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Supplementary Fig. 7. Crystal lattice of QLLL. a, Asymmetric unit (orange) in crystal lattice 

reveals three pentameric QLLL assemblies. b, Asymmetric unit is composed of three QLLL 

pentamers (2 up and 1 down). The three pentamers are structurally similar with rmsd values from 

0.252 to 0.336 Å. 
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Supplementary Fig. 8. Structure of QLLL with electron density. a, Close-up of sideview with 

electron density (σ = 1.0) of one of the QLLL assemblies. b, Top view of Gln layer. Hydrogen 

bonds of < 3.2 Å shown in yellow dashes. 
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Supplementary Fig. 9. Crystal lattice of LQLL. a, Asymmetric unit (blue) in crystal lattice 

reveals two pentameric LQLL assemblies. b, Asymmetric unit is composed of two LQLL 

pentamers (one up and one down). The two structures in the asymmetric unit have an rmsd of 

0.189 Å. 
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Supplementary Fig. 10. Structure of LQLL with electron density. a, Close-up of sideview with 

electron density (σ = 1.0) of one of the LQLL assemblies. b, Top view of Gln layer. Hydrogen 

bonds of < 3.2 Å shown in yellow dashes. c, Electron density (σ = 1.0) around waters in crystal 

structure. 
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Supplementary Fig. 11. Crystal lattice of LLQL. a, Asymmetric unit (green) in crystal lattice 

reveals two pentameric LLQL assemblies. b, Asymmetric unit is composed of two LLQL 

pentamers (one up and one down). The structures of the two pentamers are within 0.337 Å rmsd 

of each other. 
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Supplementary Fig. 12. Structure of LLQL with electron density. a, Close-up of sideview with 

electron density (σ = 1.0) of one of the LLQL assemblies. b, Top view of Gln layer. Hydrogen 

bonds of < 3.2 Å shown in yellow dashes. c, Electron density (σ = 1.0) around waters in crystal 

structure. 
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Supplementary Fig. 13. Crystal lattice of QQLL. a, Asymmetric unit (purple) in crystal lattice 

reveals four pentameric QQLL assemblies. b, Asymmetric unit is composed of four QQLL 

pentamers (2 up and 2 down). The backbone rmsd of the four bundles in the asymmetric unit vary 

from 0.275 to 1.62 Å. 
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Supplementary Fig. 14. Structure of QQLL with electron density. a, Close-up of sideview with 

electron density of one of the QQLL assemblies. b,. Top view of Gln layer 1 (left) and Gln layer 2 

(right). c, Electron density at σ = 1.0 for water.  
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Supplementary Fig. 15. Crystal lattice of QLQL. a, Asymmetric unit (pink) in crystal lattice 

reveals three pentameric QLQL assemblies. b, Asymmetric unit is composed of three QLQL 

pentamers (2 up and 1 down). The three pentamers in the asymmetric unit have an rmsd between 

0.376-0.427 Å.  
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Supplementary Fig. 16. Structure of QLQL with electron density. a, Close-up of sideview with 

electron density (σ = 1.0) of one of the QLQL assemblies. b, Top view of Gln layer 1 (left) and Gln 

layer 2 (right). Hydrogen bonds of < 3.2 Å shown in yellow dashes. c, Electron density (σ = 1.0) 

around waters in crystal structure. 
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Supplementary Fig. 17. Generating MFEP from 2D PMFs. 2D PMFs for a, LLLL and b, LQLL, 

respectively. Note the different color scheme used for each for better contrast. Contours shown 

and labeled in each. In b,, the white line is the MFEP calculated using string theory. 3D depictions 

of the same PMFs for c, LLLL and d, LQLL, respectively, using the same scaling. The black 

dashed line in d, represents the MFEP.   
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Supplementary Fig. 18. Average water volume as a function of Z’CEC and ϕ. a, Average 

volume of water in the channel shown for 5 different points along the LQLL MFEP, as indicated 

by white X’s. b, The excess proton is out of the channel and the few waters in the channel are not 

connected to bulk. c, The proton is just below Gln and water connects to the top. d, The water 

structure transitions from the top to the bottom while the proton remains below Gln. e, The water 

is full connected in the bottom. f, The proton moves through the bottom-connected water wire. 

The dashed lines in C-F are the curves shown in all previous panels, b-e.  
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Supplementary Fig. 19. All proton flux assay data for “Empty” vesicles. Seven samples 

(each run in triplicate with shaded error bars shown) for empty (non-proteinaceous) vesicles that 

were run independently in assay. a, pHin as a function of time throughout the measurement for 

each independent sample. Purple box shows time points used in analysis of initial rates in c. b, 

Mean and standard deviation for data collection. Data prior to CCCP step shown in Fig. 6. c, Fits 

for the initial 50 seconds following addition of valinomycin. From the linear regression fits, all 

slopes (which give the initial rates (in M/s)) were used to calculate mean and standard error 

presented in Fig. 6g and Supplementary Table 3. 
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Supplementary Fig. 20. All proton flux assay data for Influenza A M2 channel vesicle 

samples. Six samples (each run in triplicate with shaded error bars shown) containing 1:500 

polypeptide:lipid ratio; samples were run independently in the assay. a, pHin as a function of time 

throughout the measurement for each independent sample. b, Mean and standard deviation for 

data collection. Data prior to CCCP step shown in Fig. 6. c, Fits for the initial 50 seconds following 

addition of valinomycin. From the linear regression fits, all slopes (which give the initial rates (in 

M/s)) were used to calculate mean and standard error presented in Fig. 6g and Supplementary 

Table 3.  
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Supplementary Fig. 21. All proton flux assay data for LLLL vesicle samples. Nine samples 

(each run in triplicate with shaded error bars shown) containing 1:500 peptide:lipid ratio; samples 

were run independently in the assay. a, pHin as a function of time throughout the measurement 

for each independent sample. b, Mean and standard deviation for data collection. Data prior to 

CCCP step shown in Fig. 6. c, Fits for the initial 50 seconds following addition of valinomycin. 

From the linear regression fits, all slopes (which give the initial rates (in M/s)) were used to 

calculate mean and standard error presented in Fig. 6g and Supplementary Table 3. 
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Supplementary Fig. 22. All proton flux assay data for LQLL vesicle samples. Seven samples 

(each run in triplicate with shaded error bars shown) containing 1:500 peptide:lipid ratio; samples 

were run independently in the assay. a, pHin as a function of time throughout the measurement 

for each independent sample. b, Mean and standard deviation for data collection. Data prior to 

CCCP addition shown in Fig. 4e. d, Fits for the initial 50 seconds following addition of valinomycin. 

From the linear regression fits, all slopes (which give the initial rates (in M/s)) were used to 

calculate mean and standard error presented in Fig. 6g and Supplementary Table 3.  
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Supplementary Fig. 23. All proton flux assay data for QQLL vesicle samples. Eight samples 

(each run in triplicate with shaded error bars shown) containing 1:500 peptide:lipid ratio; samples 

were run independently in the assay. a, pHin as a function of time throughout the measurement 

for each independent sample. b, Mean and standard deviation for data collection. Data prior to 

CCCP addition shown in Fig. 6. d, Fits for the initial 50 seconds following addition of valinomycin. 

From the linear regression fits, all slopes (which give the initial rates (in M/s)) were used to 

calculate mean and standard error presented in Fig. 6g and Supplementary Table 3. 
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Supplementary Fig. 24. Analysis of Gln sidechain dihedrals reveals asymmetry in Gln 

conformations. a, The absolute value of the Gln sidechain dihedral for each Gln, as a function 

of the system position along the path. The average over all 5 residues is shown in black. b, The 

distance between the Gln carbonyl oxygen and the Ile13 center of mass, shown for each Gln. The 

average over all 5 residues is shown in black 
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Supplementary Fig. 25. Structure and 1D 13C NMR spectra of membrane-bound LQLL and 

LLLL peptides. (a) Crystal structure of pentameric LQLL (pdb: 7udz), highlighting Ile6, Gln10, 

Ile13, which are isotopically labeled in this study. Fifth helix removed for clarity. (b) Crystal 

structure of pentameric LLLL (PDB: 6MCT). Ile6 and Ile13 are isotopically labeled in this study. 

One chain is removed for clarity. (c) 1D 13C CP-MAS spectra of five DMPC membrane-bound 

LQLL and LLLL peptides, each containing a single labeled residue. All Ile and Gln Cα and Cβ 

chemical shifts indicate α-helical conformation. Minor signals of the DMPC natural abundance 

headgroup and glycerol backbone carbons are also observed in the Gln10 spectra. Ile6 in LLLL 

shows narrower linewidths than the other Ile residues in the other peptides, indicating higher 

conformational homogeneity. Gln10 exhibits broader linewidths, indicating conformational 

heterogeneity. 
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Supplementary Table 1. Designed peptide sequences and observed masses. 

Peptides used for the experiments were synthesized and purified using protocols described in 

Materials and Methods. Samples were calibrated to bovine insulin (Sigma Aldrich) [M+H]+ and 

[M+2H]2+peaks. 

 

Design Sequence Expected 

Mass (Da) 

Observed 

Mass (Da) 

LLLL DS 3LKWIVFL 10LFLIVLL 17LLAIVFL LRG 3028.1 3030.4 

QLLL DS 3QKWIVFL 10LFLIVLL 17LLAIVFL LRG 3043.1 3045.0 

LQLL DS 3LKWIVFL 10QFLIVLL 17LLAIVFL LRG 3043.1 3045.2 

LLQL DS 3LKWIVFL 10LFLIVLL 17QLAIVFL LRG 3043.1 3044.4 

QQLL DS 3QKWIVFL 10QFLIVLL 17LLAIVFL LRG 3058.0 3059.2 

QLQL DS 3QKWIVFL 10LFLIVLL 17QLAIVFL LRG 3058.0 3059.3 
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Supplementary Table 2. Protein crystallization conditions 

Solutions and conditions for crystallization of all designed proton channels. All crystals prepped 

using LCP methods described in Materials and Methods at 30 mg/mL in MAG 9.9 with 50 mM 

OG.  

 

Design Crystallization Condition 

QLLL 0.22 M sodium citrate, 0.1 M Tris pH 8.0, 35% v/v PEG 400 

LQLL 0.1 M calcium chloride, 0.1 M MES, 29% v/v PEG 400 

LLQL 0.2 M magnesium chloride, 0.1 M potassium chloride, 0.03 M sodium citrate pH 

4, 33% v/v PEG 400 

QQLL 0.22 M sodium citrate, 0.1 M Tris pH 8.0 

QLQL 0.2 M ammonium sulfate, 0.1 M sodium chloride, 0.1 M sodium citrate pH 6.0, 

20% w/v PEG 2000 
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Supplementary Table 3. Descriptive statistics for all vesicle samples in proton flux assays. 

Mean and standard deviation/error of initial rates for all vesicle samples run for data presented in 

Fig. 6, Extended Data Figs. 4-7, Supplementary Figs. S19-S23.  
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Supplementary Table 4. Unpaired t-test for control samples: empty vesicle initial rates vs. 

Influenza A M2 proton channel. Comparison of initial rates for the control samples reveals that 

rates measured for vesicles containing the natural proton channel (influenza A M2 channel) are 

statistically significant from empty vesicles. Two-tailed p value reported as p = 4.78E-12. 
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Supplementary Table 5. Summary of ordinary one-way ANOVA for multiple comparisons 

(Dunn’s test) of LLLL vs. designed channels. Comparison of initial rates from Figure 6g shows 

that initial rates of LLLL and QLLL are not statistically significant. However, initial rates of 

conduction for LQLL, LLQL, QQLL and QLQL are statistically significant when compared to LLLL.  
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Supplementary Table 6. Summary of ordinary one-way ANOVA for multiple comparisons 

(Dunn’s test) of QLLL vs. designed channels. Comparing the initial rates of proton flux of all 

channels to QLLL. Similarly, this analysis reveals that there is a statistically significant difference 

between initial rates of the non-conductive QLLL/LLLL with the other four proton-conductive 

designed channels.  
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Supplementary Movie 1. Snapshots from MS-RMD simulations along MFEP (as shown in Fig. 

5) depict the proton (represented as a yellow hydronium in the movie) inducing the formation of 

water wires in hydrophobic regions of the channel lumen. The proton moves along these 

transiently forming water wires to make its way down to a region just below the PLS formed by 

the green Gln residues. Once near this site, the presence of the proton enables the formation of 

a secondary water wire through the longer hydrophobic region. This allows the proton to traverse 

the rest of the way across the channel.  
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