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The biological functions of many proteins are crucially
coupled to protonation equilibria, for instance, in the
enzymatic reactions of serine proteases!'™ and carbonic
anhydrase,™ and in integral membrane proton pumps such
as bacteriorhodopsin,”! cytochrome ¢ oxidase (COX),!*” and
FoF,-ATP synthase.®™ Proton-transfer (PT) reactions are also
crucial in many other areas of chemistry, such as membrane
permeation in hydrogen fuel cells and in polymers.”! Despite
their tremendous importance, many aspects of PT reactions in
biomolecules remain poorly understood. As the direct
observation of PT reactions by experimental techniques
faces fundamental and/or technical difficulties, it is highly
desirable to use computational methods as a complement.

In the past decades, various efficient computational
methods have been developed to calculate the pK, values of
amino acid side chains as well as to perform simulations of
proteins at constant pH,'"'” using, for example, fractional
charges!'”! and implicit solvent models."*!”) However, these
methods do not model explicit proton-exchange reactions
between the titratable sites and the surrounding aqueous
solution or the exchange between different titratable sites;
this makes it difficult to identify PT pathways and to
characterize the mechanisms of PT reactions.

This is the area where dynamic simulations of explicit
proton-transfer reactions come into play. Tuckerman et al.
studied the shared proton in hydrogen bonds!® and a
hydrated excess proton in water!”! using the Car—Parrinello
molecular dynamics (CPMD) method.’?!! Lobaugh and
Voth investigated proton transport in water by simulating
an excess proton in a box of water molecules® within the
centroid molecular dynamics™ framework and by using a
multistate empirical valence bond (MS-EVB) model for
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proton transfer.?*?! A recent study also presented the
dynamic simulation of pK, values for amino acid side-chain
analogues®! using the MS-EVB model and the umbrella
sampling technique.”*?! The deviation between their com-
puted value and the experimental pK, value was 1-2 pK,
units. CPMD combined with metadynamics and transition-
path sampling was employed to compute free-energy profiles
for the deprotonation of acetic acid in water.’” Several
further applications showed the importance and success of
studying PT in protein systems by theoretical approaches, for
instance, PT in bacteriorhodopsin,® PT in gramicidin A >3]
PT along a water chain in the D pathway of COX,*¥ and
proton translocation in carbonic anhydrase.”!

A simulation model of intermediate accuracy, the Q-HOP
MD method, was introduced by our research group in 2001 to
study dynamic proton transport between general titratable
sites in biomolecular systems.*** In the Q-HOP scheme, the
PT probabilities for each proton-donor and -acceptor pair are
calculated using a semiempirical approach during the MD
simulation (see the Supporting Information for details).
Depending on whether PT occurs (by comparing the PT
probability to a random number), the topology of the system
is modified or kept unchanged before the next step of MD
simulation. The transfer probabilities depend on the momen-
tary donor-acceptor distance (Rp,) and the energy difference
between the minima at the donor and acceptor (E},). This
method has been applied successfully to study the proton
shuttle in green-fluorescent protein!*! and to understand the
mechanism of proton blockage in aquaporin.*!

Herein we present the application of Q-HOP-MD to
study the explicit protonation equilibrium of solvated acetic
acid on a time scale of 50 nanoseconds and at a reasonable pH
(pH 1). The pK, of acetic acid is calculated based on the
relative populations of protonated and deprotonated states
observed during a 50-ns-long Q-HOP MD simulation. By
analyzing the unbiased MD simulation, we can also identify
the proton-hopping mechanism and the driving force of the
activated processes of proton transfer. This study thus serves
as a proof of principle of the method, and it provides detailed
mechanistic insight into atomistic protonation equilibria on
two separate time scales, femtoseconds and nanoseconds.

During the Q-HOP MD simulation, two types of proto-
nation equilibria were observed. Figure 1a,b shows the
position of the “free” proton and the distance between the
hydronium ion and the deprotonated acetic acid (when the
proton stays on hydronium ion) during the first 10 ns. (The
results for the full length of the simulation are presented in
Figure 5 of the Supporting Information.) Two different
situations can be distinguished. The first type of protonation
equilibrium, “proton swapping”, involves only the acetic acid
and a nearby H,O/H;0" molecule, which forms a hydrogen
bond with acetic acid. The other type of protonation
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Figure 1. a) Time evolution of the distance (R) between the O, atom of
acetic acid and the O atom of H;0". b) Time evolution of the
protonation states (PS) of the system: 1 denotes the state in which

the proton is located on the acetic acid, 2 denotes the state in which
the proton is bound to H;0™. ) Snapshots of a “fast-swapping” phase
(the simulation box is shown at the top and the donor-acceptor pair is
enlarged). d) Snapshots of a typical traveling phase lasting 31 ps and
involving 16 different water molecules. Only the first four and the last
three transfer steps and the molecules involved are shown; oxygen
atoms are red, and protons that are transferred are green.

equilibrium, “traveling proton”, involves an excess proton
and all water molecules of the simulation box (see Figur-
e lc,d).

The first scenario accounts for more than 90 % of the total
PT events (Figure 1b). Although the proton is energetically
more favorable on acetic acid, it may frequently “visit” the
bound water molecule driven by environmental fluctuations
(see below). In most cases, it will almost immediately hop
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back to acetic acid. During this fast proton swapping, the
population of protonated acetic acid is much higher (97 %)
than the population of hydronium ions. This is in keeping with
the fact that protonated acetic acid is energetically more
favorable than the hydronium ion. These observations are in
excellent agreement with those of Park et al.*"!

In some cases of fast proton swapping, the proton does not
hop back to acetic acid but escapes to another water molecule
hydrogen-bonded to the hydronium ion. This process may
continue, and the proton starts “traveling” in the water box
(see the peaks in Figure 1a). Such traveling periods last from
a few picoseconds to hundreds of picoseconds before the
proton eventually hops back to the acetic acid. They were
observed several times every nanosecond. The total time
spent with traveling amounts to slightly less than 7% of the
total simulation time. Although we did not test this so far, for
larger boxes it seems very plausible that the duration of the
traveling events depends on the size of the simulation box in a
proportional manner. Figure 1c,d illustrate characteristic
snapshots of both scenarios.

Figure 2 shows the radial distribution of hydronium ions
around the two carboxyl oxygen atoms of the acetic acid. The
first dominant peak at 2.4-2.6 A is due to the fast proton
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Figure 2. Radial distribution (normalized) of hydronium ions around
the two carboxyl oxygen atoms of the acetic acid. (Complete plot is
shown in the Supporting Information.)

swapping between the acetic acid and bound water molecules
mentioned above. A small second peak appears at 4-5 A,
which belongs to the first solvation shell of the AcA™-H;0"
pair. The distribution function then becomes flat between 5 A
and 12 A, and drops slowly to 0 for even longer distances. The
flat distribution indicates that the hydronium ion is uniformly
distributed when the proton is traveling in the simulation box,
and allows us to estimate the traveling time of the proton for
box sizes much larger than 5 A (where the second peak ends).
The drop of the distribution function beyond 12 A results
from the corner effects of the cubic box with 24-A dimensions.
The dashed and solid lines show the radial distributions
separately computed for both carboxylic oxygen atoms of
acetic acid. The difference between the two lines gives an
indication of the statistical error of the simulation.

Figure 3a shows a typical scenario for proton transfer
between acetic acid and H;O*/H,O. To understand the
mechanism of the proton hopping, we examined the hydro-
gen-bonding network of a subsystem consisting of the donor—
acceptor pair and three water molecules that form hydrogen
bonds with either the donor or the acceptor atom. Here, Watl
and Wat2 denote the two closest water molecules that form
hydrogen bonds (as acceptors) with the hydronium ion, and
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Figure 3. a) A snapshot of a typical transfer scenario observed during
the simulation. The donor (H;0") and the acceptor (AcOH) as well as
the three closest water molecules are shown using the “atom and
bond” representation. O red, H white. The green dashed lines
represent possible hydrogen bonds. b) Evolution of the distances Ry,
and d1-d3. Roa: O5~OW (H,0%), d1: OW(H,0%)-OW1, d2: OW-
(H,0%)-OW2, d3: O;—~OW3.

Wat3 denotes the closest water molecule that forms a
hydrogen bond (as donor) with the Oy atom of acetic acid.
Figure 3b displays the average distances between the hydro-
gen-bonding atoms in different protonation states as well as
conformations right before the proton hopping. The three
distances between OW atoms of water molecules Wat1-Wat3
and their hydrogen-bonding partners are labeled d1-d3,
respectively. Rp, denotes the distance between the donor
and acceptor atoms.

We start the discussion from the left side in an arrange-
ment in which the proton resides on the hydronium ion, and
the three water molecules Wat1-Wat3 are located very close
to their hydrogen-bonding partners [d1: (2.54 +0.09) A; d2:
(2.67+£0.14) A; d3: (2.83+0.22) A]. Also the donor and
acceptor atoms are very close to each other [Rp,: 2.50 =
0.09) A]. These close contacts stabilize the charge-separated
state of the system. At the time intervals 10 fs before and at
the time of proton transfer to the acetic acid, all three water
molecules are displaced from the donor-acceptor pair [d1:
(2.624£0.12) A (10 fs before transfer), (2.5940.11) A (at
transfer step); d2: (2.80+£0.17), (278 +0.17) A; d3: (3.02+
0.24), (3.00+0.25) A]. At this stage, the donor and the
acceptor atoms are also slightly more separated [Rp,: (2.53 +
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0.13), (2.55+0.08) A]. This concerted movement destabilizes
the actual protonation state, and the proton hopping is
facilitated. After the proton is transferred to the acetic acid,
the environment quickly adapts to the new protonation state
[d1: (2.73+£0.12) A; d2: (2.89+£0.16) A; d3: (3.04+0.24) A].
One pronounced change is the significantly extended distance
between donor and acceptor: Rp, increases from (2.55 + 0.08)
to (2.75+0.14) A. Considering the back transfer from acetic
acid to water, the main driving force seems again a strong
decrease of Ry, accompanied by small decreases of the
distances between water molecules. These results are very
similar to those of Park et al.,?” who observed the formation
of contact ion pairs after rearrangement of the solvent
molecules.

As mentioned before, acetic acid was protonated during
about 90 % of the total simulation. For the current simulation
setup, the concentration of the free proton (H;O") is
0.1 molL~" when the proton stays on the hydronium ion and
0 when it stays on the acetic acid. Following the classical
definition of pK, [Eq.(1)], the pK, value of acetic acid

H][A]
HA] 1)

pK, = log

estimated from the observed populations in our simulation is
about 3.0. By dividing the entire trajectory into 25 windows
(2-ns each), we derive an average relative population of
AcOH of 0.90 +0.09 (see the Supporting Information). This
corresponds to pK, values from 2.4 to 4.5. For comparison, the
experimental pK, of acetic acid is 4.7. Since we didn’t tune
any simulation parameters to reproduce the experimental pK,
value, we consider the computed pK, a very acceptable value.

Certainly, other computational techniques allow comput-
ing the average pK, much more precisely at a much lower
computational cost.'*!*!7l However, besides the pK, value,
the Q-HOP concept also provides insights into time-depen-
dent processes and identifies the driving forces of the
activated processes of proton transfer. Moreover, one can
obtain an idea of possible mechanistic PT pathways. If
desired, individual cases along the discovered pathways can
then be studied at much higher accuracy using electronic
structure theory coupled to rate theories such as variational
transition state theory (VTST).[*)

Another possible comparison between our simulation and
experimental observation is the diffusion coefficient of the
excess proton. Our calculated result [(9.29+41.43)x
10" A?ps™'] nicely agrees with the experimental value of
9.3x10" A’ps~". Slightly different results between 9.0 x 10!
and 9.5x 107" A?ps™! are obtained for windows of different
sizes (see the Supporting Information), which shows that the
value is essentially independent of the size of the windows.
This good agreement indicates that the Q-HOP MD simu-
lation correctly characterizes the diffusive dynamics of the
excess proton.

The main objective of this study was to show that current
simulation methodology allows the simulation of the dynamic
protonation equilibrium between an amino acid side-chain
analogue and the surrounding bulk water. In contrast to
previous studies,”*% it was not necessary to impose a certain

www.angewandte.org

Chemie

2941


http://www.angewandte.org

Communications

2942

PT pathway in our simulation. Instead, the pathway and the
driving forces are revealed by the simulations. Therefore, one
can easily extend the current simulation methodology to
protein or polymer systems, where the proton travels over
large distances and the PT pathway is not known beforehand.

The changes of d1-d3 in different protonation states of the
system (Figure 3b) as well as the dynamic evolution of d1-d3
in the two types of protonation equilibria (see Figure 7a in the
Supporting Information) indicate that the fluctuations of the
hydrogen-bonding network involving the donor—acceptor pair
are important driving forces for the activation of the PT
process. Another important criterion for hopping is the
distance between donor and acceptor, Rp,. The hopping
events happen only when Rp, and d1-d3 fulfil certain
requirements. In vacuum, protonated acetic acid is energeti-
cally more favorable than the hydronium ion at large Rpa
values. At decreasing Rp, values, the protonated acetic acid
becomes less favorable. In an aqueous solution environment,
the well-established hydrogen-bonding network with neigh-
boring water molecules provides further stabilization of the
hydronium ion and PT may occur. Fluctuations of this
hydrogen-bonding network, however, weaken this effect
and facilitate the back transfer of the proton to acetic acid.

In previous theoretical studies on the hydrated excess
proton in water!*! the mechanism of proton hopping
between closest water molecules was proposed as the
fluctuation-induced breakage of a hydrogen bond between
the first and second solvation shell of the hydronium ion."!
The fluctuation of the hydrogen-bonding network in some
stages destabilizes the donor (H;O+) and stabilizes the
protonated acceptor, which results in the PT events.*] The
transfer statistics observed in our simulation agree well with
this mechanism. Moreover, the changes of R, in our
simulation may also be coupled to the fluctuations of the
hydrogen-bonding network.

In conclusion, the dynamic protonation equilibrium
between an amino acid side-chain analogue and bulk water
was successfully observed for the first time through unbiased
computer simulations. Two different types of proton transfer
were identified during a 50-ns Q-HOP MD simulation.
During the fast-swapping equilibrium that occupied most of
the simulation time, the proton mostly stayed on the acetic
acid. Several times per nanosecond the proton left the acetic
acid, was then exchanged between different water molecules,
and finally came back to the acetic acid. The fluctuations of
the hydrogen-bonding network as well as the donor—acceptor
distance were found to be the driving forces of the activated
processes. The pK, of acetic acid calculated based on the
relative population of protonated and deprotonated states
and the diffusion coefficient of the excess proton agree well
with the experimental measurements. Since the computa-
tional cost of the Q-HOP method is comparable to that of
classical MD simulations, simulations on this time scale are
feasible for many applications on organic and biomolecular
systems as well as in polymer science.
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Experimental Section

The segments of protonated and deprotonated acetic acid were
constructed based on the segments of protonated and deprotonated
aspartic acid in the AMBER force field.* The C,~C; bond was
deleted, and the C, atom was replaced by an H atom. All bonded and
non-bonded parameters of the newly added Hy atom were set to the
same values as those of the other two Hj; atoms. The remaining partial
atomic charge was added to the C; atom to make the net charge of the
segment integer (0 for protonated acetic acid and —1 for deproton-
ated acetic acid). The AMBER and the Q-HOP parameterization of
acetic acid used in this study is listed in detail in the Supporting
Information.™”!

The Q-HOP MD simulations as well as the single-point calcu-
lations for charge fitting were performed using a modified version of
the NWChem 4.7 package employing the AMBERO99 force field.* In
this implementation, the Particle Mesh Ewald (PME) method™*! is
used for calculating long-range electrostatic interactions during
molecular dynamics. For evaluating the environmental correction of
EYY (see the Supporting Information), all coulombic interactions
were computed between the donor-acceptor pairs and the other
atoms of the simulation box. Periodic images were translated so that
the donor—acceptor atoms are always in the center of the box. In the
Q-HOP MD simulations, the AcOH/H,O pair and the AcO/H;0"
pair (same as in the MD simulation for generating favorable hopping
geometries) were each solvated in cubic boxes of 24-A side length,
using SPC/E water molecules.*” All coordinate sets were first
subjected to 500 steps of steepest-descent energy minimization (Q-
HOP switched off). The solvent and modeled residues were then
relaxed during a 100-ps MD simulation at 300 K prior to the Q-HOP
MD simulation. Then two 10-ns Q-HOP MD simulations were
performed on each system. When the two simulations gave very
similar results, one simulation with AcO /H;O" as the starting pair
was extended to 50 ns. All analyses shown here are based on this 50-ns
simulation. During the simulation, temperature (300 K) and pressure
(1 atm) were maintained by weak coupling to an external bath.* The
SHAKE procedure!®! was applied to constrain all bonds that contain
hydrogen atoms. Non-bonded interactions were treated using a cutoff
of 10 A, and long-range electrostatic interactions were computed
using the PME method as mentioned before. The time step of the
simulations was 1 fs throughout. Scanning for possible PT events was
performed every 10 steps, and snapshots were also recorded every 10
steps to track all hopping events. All water molecules as well as the
acetic acid were treated as possible donor/acceptors. All protons of
the water molecules were transferable.

The trajectory containing the traveling hydronium ion (excluding
period of fast swapping) was divided into 11 parts (large windows)
that are each 200-ps long. Then a sliding window of 10 ps was used to
calculate the displacement of the excess proton for each large
window. The diffusion constant was then computed using the Einstein
relation [Eq. (2)], where the averaging was performed within a large

(D= M) 2)

window.
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