Communications

768

Molecular Channels

DOI: 10.1002/anie.201002564

Design of a Gated Molecular Proton Channel**
Wei Gu, Bo Zhou, Tihamér Geyer, Michael Hutter, Haiping Fang,* and Volkhard Helms*

The generation of an electrochemical pH gradient across
biological membranes using energy from photosynthesis and
respiration provides the universal driving force in cells for the
production of adenosine triphosphate (ATP), the energy unit
of life.!! Creating such an electrochemical potential requires
the transportation of protons against a thermodynamic
gradient. In biological proton pumps, chemical energy is
used to induce protein conformational changes during each
catalytic cycle where one or a few protons are pumped against
a proton concentration gradient across the membrane. On the
other hand, membrane channels also exist that mediate
continuous particle exchange and may be switched between
open and closed states.”” Being able to design nanochannels
with similar functions would be of great importance for
creating novel molecular devices with a wide range of
applications such as molecular motors,* ! fuel cells,"?
rechargeable nanobatteries that provide energy to other
nanomachines,” and the generation of locally and tempo-
rally controlled pH jumps on microfluidic chips.

Despite its importance, the design of controllable mass
transportation is still a great challenge.l'*'"! Osmosis-driven
transport found in many systems provides the easiest solution
to the passive transport of substrates.”l However, establishing
an electrochemical potential requires gating segments to
prevent backflow because a nongated channel cannot main-
tain a chemical potential. In many bionanomachines that
conduct efficient and selective mass transportation, such as
cytochrome ¢ oxidase and Na®/H"' antiporter, the gating
properties are controlled by conformational changes of the
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channel upon substrate binding and release®” (for a detailed
explanation see the Supporting Information).

Inspired by these observations, we present here the design
of a gated molecular proton channel that can efficiently
transport protons under electric fields with or against a
concentration gradient. More importantly, the transportation
is switchable and backflow can be prevented kinetically even
when the external energy source is switched off. Inspired by
analogous biological systems,? this design uses a rotatable
chemical group attached to the inner wall of a nanopore as a
gate and the external electric field as the energy source. The
binding and release of a proton leads to the opening/closing of
the gate (rotation of the functional group) under the external
electric field and therefore controls the conduction of protons.
In contrast to ligand-gated channels in biology, the ligand that
induces the opening of the channel and the transported
substrate are identical.

As model systems, we used uncapped armchair single-
walled carbon nanotubes. Although proton transfer through
nanochannels like carbon nanotubes can be very efficient,'s! a
bare nanochannel without a switchable gate transfers protons
in either direction making it hard to control the flow. To
create a molecular switch that can be controlled externally, an
acetic acid molecule is chemically attached to the inner wall of
the nanochannel. Recent experimental advances make the
decoration of the inner wall of carbon nanotubes possible."!
Acetic acid is an analogue of aspartic acid, which acts as a
molecular switch in many biological channels.”>>*?) Recent
work has revealed the protonation properties of aspartic acid
and its role in transporting biological substrates.>??? Often,
the protonation state of aspartic acid changes as a result of
substrate binding. This leads to a conformational change of
the channel that opens the channel to transport the corre-
sponding substrates. After the substrates are released, the
protonation state of the aspartic acid and the conformation of
the channel recover to that of the unbound state to be ready
for the next transport cycle and, very importantly, to close the
channel to prevent reverse transport.

In our design, a graphite sheet is placed at one end of the
nanochannel to separate the simulation system into two parts
and prevent any exchanges between the upper and lower
parts, except those through the nanochannel. Furthermore, an
electric field is applied along the tube axis at different
strengths (direction: top to bottom). Initially, a hydronium ion
is randomly placed in the upper part of the system. Because of
periodic boundary conditions, molecules leaving the box at
one side will enter simultaneously on the opposite side.
Details of the system setup are shown in Figure 1a,b.

We performed a first series of molecular dynamics (MD)
simulations for nanotubes with two different diameters with
an acetic acid moiety as the rotating group and under
different electric fields. Unlike ion transport, which can be
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Figure 1. a) Side view of the simulated system. The graphite sheet and
carbon nanotube are represented using stick models. Acetic acid is
shown in “ball-and-stick” form (green: carbon atoms and bonds, red:
oxygen atoms). Water molecules are shown as space-filling models
with the oxygen atoms as red spheres and the hydrogen atoms as
white spheres. The white arrow denotes the z axis and the direction of
the electric field. 0 indicates the position of z=0. b) Top view of the
system (water not shown). c) Proton conducting rate v in different
simulations for two pore diameters D at four different electric fields E.
d) Intrinsic proton conducting rate in simulations of NTys under
different electric fields. In (c) and (d), circles and triangles represent
the data points, and solid curves show the fitted linear (in c) and
sigmoid (in d) functions.

studied by classical MD simulation,? 2! we used here the Q-
HOP™ method to address proton transfer in the simulations.
Figure 1c shows the proton conducting rates (defined as the
number of protons transported through the nanochannel per
nanosecond). The rates range from a few protons per
nanosecond to nearly 100 protons per nanosecond for differ-
ent setups, showing that protons are conducted very rapidly
under reasonable electric fields. There is a clear trend that the
wider nanochannel (D=9.5 A, later referred to as NT,s)
conducts protons faster. The conducting rate of NTs is about
one order of magnitude greater than that of the narrower
nanochannel (D =8.1 A, later referred to as NTg,). Stronger
electric fields also result in higher conducting rates. When the
electric field was increased from 5 Vnm™ to 20 Vnm™, the
conducting rate increased nearly linearly in both NT,s and
NTy, systems.

We note that the absolute values of the conducting rates
partly depend on the time the proton takes to diffuse to the
entrance and enter the tube. This time varies according to the
system dimensions. We characterized the “pure” conducting
capabilities of the designed channels as follows. An intrinsic
conducting rate was defined as the reciprocal of the average
“passing time” 7 (passing time: time from when a proton
enters the channel at the top until it leaves the channel at the
bottom). t was derived by fitting the number of transfer
events with different passing times to an exponential function
(see the Supporting Information). Figure 1d shows the
intrinsic conducting rate of NT,s under different electric
fields. If one also considers that the rate should be zero when
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no field is applied, the data points can be nicely fitted to a
sigmoid function. The rate increases slowly when the electric
field is less than 5Vnm™!, then boosts rapidly between
5Vnm™ and 10 Vnm™!, and saturates at fields stronger than
10 Vnm™'. This shows a clear “switching” behavior of the
channel under different electric fields. For NTg,, the intrinsic
conducting rate could only be reliably fitted for the simulation
with the strongest electric field of 20 Vnm™'. The rate
(86.2 ns™!) is about one-third of that in NT,s under the same
field. In the other simulations for NTg; with weaker fields, the
numbers of transfer events were too small for this type of
analysis.

To provide an atomistic understanding of the designed
nanochannels, Figure 2 shows a detailed mechanism of proton
conduction based on snapshots of one complete conduction
process. In Step 0, the proton diffuses to the top of the
channel via several water molecules and enters the nano-
channel (not shown in Figure 2). In Step 1, the proton is
transferred to the acetic acid. In Step 2, the protonation,
which introduces an asymmetric charge distribution, triggers

tg+0.1 ps

tohd 2-pS

Figure 2. Mechanism of gated proton conduction in the designed
proton channels from snapshots of a complete conduction process
(space-filling model; oxygen atoms: red, carbon atoms: green, hydro-
gen atoms: white). The proton that is being transferred in each step is
colored yellow. a) Step 1: the proton is being transferred to the acetic
acid. b) Step 2: the protonated acetic acid is rotating around the C—C
bond under the electric field. c) Step 3: the proton is being transferred
to a water molecule on the other side of the acetic acid. d) Step 4:
after releasing the proton, the acetic acid returns to the resting
position (as in Step 1).

acetic acid to rotate around the C—C bond under a sufficiently
strong electric field by about 90 to 180°. In Step 3, the proton
reaches a favorable transfer geometry to another water
molecule on the other side of the acetic acid and is then
transferred to that water molecule. In Step 4, after releasing
the proton, the deprotonated acetic acid with symmetric
charge distribution returns to its resting position either by
rotating backwards or forwards depending on the rotation
angles in Step 2, regardless of the electric field.
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We also calculated the average “entering time” 7’ (see the
Supporting Information). The entering time is defined as the
time interval between the point when a proton leaves the
nanochannel at the bottom and the time when it enters the
nanochannel from the top again. 7’ reflects the average time
of Step 0 and 7 reflects the average time of Steps 1-3. For
wider channels under stronger electric fields, that is, NTys with
fields of 10, 15, and 20 Vonm™, 7' (7.5, 5.8, and 4.0 ps,
respectively) was larger than 7 (3.8, 3.6, and 3.9 ps, respec-
tively). In contrast, when the channels were narrower
channels or the applied field weaker, that is, NTg, with a
field of 20 Vnm ™' and NTys with a field of 5 Vam ™', 7' (2.7 and
4.8 ps, respectively) was shorter than 7 (11.6 and 58.4 ps,
respectively). These results indicate that, as expected, Step 0
is the rate-limiting step for wider channels under stronger
electric fields, whereas in the other cases, Steps 1-3 are rate-
limiting (especially Steps 2 and 3). In Step 2, the acetic acid
group has to overcome the steric interaction with the inner
wall. In Step 3, the release of the proton also requires
surmounting the larger pK, of acetic acid. Density distribu-
tions of the protons along the tube axis show that Steps 2 and
3 are more difficult (i.e. take longer) for weaker fields or/and
narrower tubes (see the Supporting Information).

In a thermodynamic sense, the pH gradient generated by
an electrochemical potential across a separation layer is
determined by the Nernst equation. In the present case, the
electrical potential also affects the mobility of the rotating
group, the gate. The strength of the electric field that is
required to open the gate (i.e. to overcome the barriers of
Steps 2 and 3) also reflects the capability of the gated channel
to kinetically block unwanted backflow. In other words, it
reflects the maximum pH gradient a certain channel can
maintain. We have tested channels with different gate setups:
1) with a longer rotatable group and/or with a wider channel
to reduce the rotation barrier; 2) with a rotatable group that
has a smaller pK, (details given in the Supporting Informa-
tion). In all cases, proton passage is possible at lower electric
fields than before. Thus, as shown in Figure 3, changing the
gate setup makes it possible to tune the required electric field
for proton conductance. This, therefore, allows the tailored
generation of specific pH gradients through the selection of a
gate setup that can kinetically maintain a certain maximum
pH gradient.
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Figure 3. Strength of the electric field E° required to observe proton
passage within a simulation time of 1 ns for different gate setups;
D =diameter of the channel. oA = COO~, o = CH,COO",

e = CF,CO0".
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In summary, we have shown that the designed nano-
channels can conduct protons in a very efficient way when a
suitable electric field is applied. Analyzing the intrinsic
conducting rate proves that these devices are also switchable.
The opening of the gate requires both a strong electric field
and the binding of a proton. When the electric field is small or
turned off, the conduction of protons is turned off as a result
of the steric clash between the acetic acid and the tube inner
wall and because of its higher pK,. Since the designed channel
is “switched on” under stronger fields and “switched off”
under weaker (or no) fields, it is possible to control the
direction of the conduction, and therefore establish and
kinetically maintain a chemical potential across the two sides
of the devices. The magnitude of the potential is controllable
by adjusting the chemical properties of the rotating group and
the diameter of the channel.

Computational Methods

The designed channels were solvated in boxes of SPC/E water
molecules® with dimension 4.5 nm, 4.5 nm, and 3.8 nm along the x, y,
and z axes. The tube axis was parallel to the z axis. Q-HOP MD
simulations® were performed for each system at different longitu-
dinal electric field in the direction z_ to z,. In total 25 simulations
were performed up to a length of 1.0 to 1.5 ns; the total length was
26.8 ns. All simulations were performed in the NVT ensemble using a
modified version of the NWChem 4.7 package®?” employing the
AMBERY9 force field.™ All water molecules as well as the acetic
acid residues were considered as possible donor/acceptors. All
protons of the water molecules were transferable. We constrained
the positions of the graphite layer and carbon atoms at the inlet and
the outlet of the tube. Scanning for possible proton-transfer events
was performed every 10 steps and snapshots were also recorded every
10 steps to track all hopping events.
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