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Proton transfer (pT) reactions in biochemical processes are often mediated by chains of
hydrogen-bonded water molecules. We use hybrid density functional calculations to study pT
along quasi one-dimensional water arrays that connect an imidazolium—imidazole proton
donor—acceptor pair. We characterize the structures of intermediates and transition states,

the energetics, and the dynamics of the pT reactions, including vibrational contributions to kinetic
isotope effects. In molecular dynamics simulations of pT transition paths, we find that for short
water chains with four water molecules, the pT reactions are semi-concerted. The formation of a
high-energy hydronium intermediate next to the proton-donating group is avoided by a
simultaneous transfer of a proton from the donor to the first water molecule, and from the first
water molecule into the water chain. Lowering the dielectric constant of the environment and
increasing the water chain length both reduce the barrier for pT. We study the effect of the
driving force on the energetics of the pT reaction by changing the proton affinity of the donor
and acceptor groups through halogen and methyl substitutions. We find that the barrier of the pT
reaction depends linearly on the proton affinity of the donor but is nearly independent of the
proton affinity of the acceptor, corresponding to Brensted slopes of one and zero, respectively.

1. Introduction

Proton transfer (pT) is an elementary chemical reaction central
to enzyme catalysis and membrane transport.'> Anticipating
a molecular picture of pT in water, Grotthuss®’ suggested that
it is a charge defect, rather than the proton itself, that diffuses.
In the charge-defect diffusion model, an excess proton associated
with a water molecule carrying the defect changes its bonding
partner, thus reorienting the polarity of the hydrogen bond
and moving the location of the defect. The basic mechanisms
of pT processes have been studied extensively by molecular
simulations>®'® and experiments."!”'® Water-mediated pT in
solution and in the confined environments of channels and
enzyme active sites is associated with transitions between
different hydration structures of the excess proton, with
hydronium (H;O"), Eigen'” (HyO4"), and Zundel'® ions
(H50,") as extreme forms.®1°

In contrast to electron transfer, where quantum mechanical
tunnelling is a major transfer mechanism,'*2? the relatively
large mass of the proton limits tunnelling contributions under
ambient conditions except for short donor-acceptor distances.?* 2’
In enzymes, where the distance between the initial proton
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donor and the ultimate acceptor can reach ~10-30 A, a proton
conduction pathway must thus be employed. Such pathways
typically involve water molecules. In narrow and weakly polar
protein channels, water tends to form quasi one-dimensional
hydrogen bonded chains that are thought to provide excellent
proton conduction pathways.?* >

Water arrays similar to the ones observed inside enzymes
also form within carbon nanotubes,”>* mimicking the low-
polarity environment of the protein interior. Accordingly,
nanotubes have served as important model systems to explore
the physical principles of biological pT. Studies of water-
mediated pT in nanotubes and similar systems have demonstrated
the importance of electrostatic effects!>!%29323435 i forming
the water chain that connects the proton donor and acceptor,
and in determining the height of the proton dissociation
barrier and the charge mobility.

Here we use quantum chemical density functional theory to
study the pT between a proton donor and an acceptor connected
by a short water chain. The calculations are performed in vacuum,
and in a low-dielectric environment, to capture the essence of
water-mediated pT reactions in the low-polarity protein interior.
The protons are treated as classical particles, thus ignoring
nuclear quantum delocalization effects.>® By halogenation and
methylation of one of the imidazole substituents, we control
the driving force for the pT and correlate it to the height of the
energy barrier. Dynamic effects are studied by constructing
transition paths on the Born—Oppenheimer surface, obtained
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by classical molecular dynamics simulations of the nuclear
positions on the quantum mechanical energy surface.

2. Computational models and methods

Quasi one-dimensional proton wires were built by connecting
a proton donor (D) and acceptor (A) with N = 1-4 intervening
water molecules (Fig. 1, top), so that the average distance
between the heavy atoms in the chain was similar to that
observed in molecular dynamics (MD) simulations of water
molecules in carbon nanotubes.?® The distances between the
terminal Cg-atoms were (2.52N + 10.28) A for chains of
N water molecules. In a symmetric arrangement that mimics
pT between two histidine side chains, 4-methyl-imidazolium
and its conjugate base 4-methyl imidazole were used as proton
donor and acceptor, respectively. To study the effect of an
increase in the driving force of the pT reaction, additional
calculations were performed in which the terminal methyl-Cp-
carbon atoms of the donor group were chlorinated, fluorinated,
and methylated.

To explore the energetics of the pT reaction, and to
determine transition state structures, geometry optimizations
were performed at the B3LYP/def2-SVP level of theory.?”
In the optimizations, the distance between the terminal
Cg-carbon atoms was fixed. In a protein, this constraint would
correspond to freezing the fluctuating backbone. However,
since we find that proton transfer is fast (~200 fs; see below)
on the time scale of backbone motions, we expect the effect on
the pT dynamics to be small.

As an intermediate step following the optimization of
reactant and product state structures, we optimized the structures
of idealized hydronium (H;0 ") and Zundel cations (HsO, ")
at different positions along the pT pathway. The three d(O-H)
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Fig. 1 (Top) Structure of proton wire with N = 4 water molecules.
(Bottom) Difference in potential energy to the reactant state as a
function of d,o, the average distance between donor-hydrogen
pairs in the reactant structure. Energies are shown for idealized
hydronium (red circles) and Zundel species (green squares), and for
unconstrained transition state structures (blue stars), with lines as
guides to the eyes. Also shown is the potential energy along an
MD transition path (dashed purple line). All energies are obtained
by B3LYP/def2-TZVP single-point calculations based on B3LYP/
def2-SVP structures.

distances of the idealized hydronium cation were constrained
to 0.9854 A, and the two central d(O-H) distances of the
Zundel cation were constrained to 1.20 A, with d(0-0) = 2.40 A.
Starting from the optimized structures with idealized Zundel
ions, the constraints on the d(O-H) distances were released
and transition state optimizations were performed.

To identify dynamically important species of the pT
reactions, transition paths were constructed between reactant
and product states using Born—Oppenheimer molecular dynamics
simulations. Trajectory pairs were initiated from the transition
state structures, and the classical equations of motion on the
quantum mechanical energy surface at the B3LYP/def2-SVP
level of theory were integrated until either the reactant state or
the product state was reached, respectively. The leapfrog
algorithm was used in these simulations with an integration
time step of 0.5 fs. Initial particle velocities were assigned from
a Maxwell-Boltzmann distribution at a temperature of 310 K,
with velocity vectors of the same magnitude but inverted signs
used in the trajectory pairs. The two trajectory segments can
thus be thought of as evolving forward and backward in time,
respectively.*® Trajectory pairs that end in opposite states can
be stitched together to form a transition path after inverting
the time order and velocities of the segment ending in the
reactant state.*!

Before the final analysis, single-point calculations were
performed at the B3LYP/def2-TZVP level of theory*? on all
structures to extract energies and electrostatic potential
charges. The accuracy of the B3LYP calculations was assessed
by comparison to spin-component scaled Magller—Plesset
perturbation theory (SCS-MP2) calculations.*® For reference,
Table 1 also lists results for Hartree—Fock (HF) calculations,
MP2 second-order approximate coupled cluster theory (CC2),*
and density functional theory with the following functionals:
Becke—Parr 86 (BP86),*>* Tao—Perdew—Staroverov—Scuseria
(TPSS),*” and dispersion corrected B3LYP (D-B3LYP).*5%
The results in Table 1 suggest that the hybrid density
functional B3LYP accurately describes the barriers for the
pT reaction, with a deviation of less than 0.4 kcal mol™'
relative to ab initio SCS-MP2 theory, whose estimated accuracy
is expected to be comparable to that of coupled cluster theory
with single and double excitations, CCSD.** HF theory
severely overestimates the reaction barrier, whereas the gradient
generalized functional (GGA) BP86 and the meta-GGA TPSS
somewhat underestimate the barrier. Dispersion effects obtained
by the dispersion corrected B3LYP (D-B3LYP) are found to
be small. Accordingly, we consider only pure B3LYP energies
in the remaining study.

Table 1 Assessment of computational methodology on the pT
barrier AE* with one water molecule

Method AE*/kcal mol ™!
B3LYP 13.9
SCS-MP2 14.3
HF 23.3
MP2 13.0
cC2 13.4
BP86 9.9
TPSS 11.4
D-B3LYP 13.4
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During method testing, we observed that the use of
sufficiently large basis sets of triple-{ quality was crucial for
an accurate energetic description of the protonated intermediates.
SVP-quality basis sets (comparable to 6-31G*) led to under-
estimation of protonated intermediates by up to ~5 kcal mol ™.

Dielectric effects were studied using the conductor-like
screening model (COSMO).*® In these calculations, the system
is embedded in a molecule-shaped cavity determined for a
probe radius of 1.3 A within an otherwise homogeneous
medium of dielectric constants ¢ = 4 and 80, respectively.

Vibrational contributions to kinetic isotope effects (KIEs)
were estimated by calculating zero-point energies (ZPEs)
of reactant and transition state species. We evaluated the
molecular Hessian, defined as the second derivative matrix
of the energy with respect to displacements in the coordinates,
at the B3LYP/def2-TZVP level of theory to compute ZPE and
entropic contributions to the activation free energy for the
systems with N = 1-4 water molecules. KIEs were obtained
from the difference of reactant and transition state ZPEs with
hydrogen and deuterium masses,”' >

ku/kp = exp[f(AZPEp* — AZPEy*)], (1)

where AZPEp* and AZPEyx* are the differences in the
ZPEs at transition and reactant states for the deuterated
and hydrogenated systems, respectively, and 1/ = kgT =~
0.6 kcal mol™" at 310 K. Additional tunnelling corrections are
estimated from Wigner’s semi-classical approximation involving
the imaginary frequencies (iw*) at the transition state by
multiplying ky/kp in eqn (1) with>

Kwigner = [1 + 6(hoy*/12ksT)’[1 + 6(hon*/12ksT)]. (2)

However, one should keep in mind the approximate nature of
this KIE estimate, without a fully quantized proton and
without quantum dynamics.

All structure optimizations and single-point energy calcula-
tions were performed using TURBOMOLE 6.0 and 6.2.%°
VMD>” was used for analysis and visualization of molecular
structures. ORCA>® was used for computing ZPEs. To calculate
reaction free energies AG*, we included contributions
from translational, rotational, and vibrational entropies and
enthalpies, evaluated within harmonic approximations.’®

To quantify the progress of the reaction, we defined d,,, as
the average distance d; between the hydrogen atoms involved
in hydrogen bonds in the reactant proton wire and their
acceptor atoms N (i = 0) and O (i = 1 to N),

do= N+ 1) 4 (3)

During the pT process the individual d; increase as the initial
covalent bond transitions into a hydrogen bond. We found
this coordinate to resolve the reaction dynamics well on the
time scales of individual pT events, despite the evident
shortcomings at longer times because of changes in the identity
of the protons involved in hydrogen bonds. In previous studies
of pT, also other reaction coordinates had been used, e.g., the
dipole moment of the water chain'>!# and the centre of excess
charge. 313

In addition to visual inspection, Zundel, hydronium and
water species were identified from the trajectories by computing

the average over the distances r; of oxygen atom i to its three
nearest hydrogen atoms,

; I 3
Tave 252/:1 Fij (4)

with r; = d(O~H;) and r;; < rp <.... The average distance
rive increases from ~1.05 A for hydronium ions to ~1.08 A
for Zundel ions and 1.16 A for water.

3. Results and discussion

3.1 Energetics

Fig. 1 compares the potential energies of idealized hydronium
and Zundel-ions obtained by constrained minimization to the
energies of fully optimized transition state structures. For a
chain with N = 4 water molecules, we considered four possible
hydronium ions and three Zundel ions. Three transition states
were found by saddle-point searches. Energies relative to the
optimized reactant state are plotted as a function of the progress
coordinate d,. Ideal hydronium ions are 3-4 kcal mol ' above
the respective Zundel ions, and thus of limited relevance
under ambient conditions. In contrast, ideal Zundel ions are
energetically close to the optimized transition states.

Fig. 2 shows the structures of the symmetric transition states
for chains with N = 1 to 4 water molecules. For chains with
even numbers of water molecules, N = 2 and 4 (Fig. 2B and E),
this central transition state has a Zundel-like character,
with a proton at the centre of the chain shared by the two
flanking water molecules at a location halfway between the
deprotonated donor and acceptor imidazoles. In contrast, for
odd-numbered chains, N = 1 and 3 (Fig. 2A and C), the
central transition state has a hydronium-like character. Also
shown is the second transition state in the chain with N = 4
water molecules, in which a hydronium-like species is between
water molecules 3 and 4 (or, by symmetry, 1 and 2). The
small deviations from perfectly symmetric bond distances in
Fig. 2A-C and E indicate numerical uncertainties in the
globally optimized transition state structures.

In contrast to pT in long, open-ended water wires, where
protonation of the central water molecule is energetically
favorable,>® pT to the centre of the short water chain terminated
by relatively strong proton acceptors is energetically uphill
(Fig. 1 and 2; Table 1). However, protonation of the central
water molecule becomes 3 kcal mol ' more favourable when
the chain length is increased from two to four water molecules,
reflecting the favourable charge—dipole interaction of the
proton with two oriented water chains on either side (see below).

Moreover, at the transition state the effective charge of the
protonated water cluster increases from +0.38¢ to +0.70¢
upon increasing the chain length from N = 1 to 4 water
molecules (Fig. 2), resulting in a polarizing effect that strengthens
the charge—dipole interactions. The remaining positive charge
is transferred to the D/A groups, which thus exert an electro-
static repulsion on the protonated water cluster. Increased
charge localization on the protonated cluster, a decreased
charge transfer to the D/A groups, and a more favourable
charge—dipole interaction will thus lower the pT barrier with
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Fig. 2 Transition state structures and energies relative to the reactant
state with a protonated imidazole for (A-C,E) N = 1 to 4 water
molecules, and (D) the second transition state for N = 4. Electrostatic
potential charges are indicated for the protonated water clusters
(dashed ovals), and for solvating water molecules. Relevant O-H
and O-O distances are shown in red and blue, respectively.

increasing chain length, consistent with the energetic trends
in Fig. 2.

To study quasi one-dimensional pT reactions, constraints
were imposed on the distances between the terminal donor and
acceptor groups, mimicking the effect of a relatively stiff
protein backbone. Removal of these distance constraints
lowered the pT barriers, but changed the mechanism. For a
system with one water molecule, upon re-optimization without
constraints the imidazole planes tilted by 50°, resulting
in a short hydrogen bond of 1.47 A distance and a low pT
barrier of only ~4 kcal mol~!. However, since such a model

Table 2 Effect of the dielectric constant on the S)T barriers AE* in

units of kecal mol ™!, calculated with the COSMO* model

Nwaler Vacuum c =4 ¢ = 80
1 13.9 16.3 17.5

2 16.3 18.5 19.3

3 15.6 17.1 17.9

4 (TS1) 12.5 14.5 15.7

4 (TS2) 13.3 15.7 16.9

significantly deviates from the quasi-one dimensional geometry of
interest, we will refer only to the constrained systems in the
following.

Embedding the water chains in a dielectric environment
increases the pT barrier heights. For a dielectric constant of
& = 4, a value thought to be typical of the protein interior, the
barriers increased by ~2 kcal mol™' in calculations using
the COSMO®® model (Table 2). A dielectric constant of
80 increased the barriers by an additional ~1 kcal mol™'
above the ¢ = 4 values. As a consequence, low-dielectric
environments favour fast pT reactions along short proton
wires. We found that the dielectric lowers the energy of the
reactant state more than that of the transition state. A possible
explanation for this difference in solvation energies is that in
the reactant state all water dipoles are aligned, in contrast to
the symmetric transition state, where they oppose each other.
Note that in our calculations, we only considered a static
dielectric, with dielectric relaxation dynamics in proteins
covering a broad range of time scales.>*°

The results for the dielectric constant and chain-length
dependence of pT have important implications for biological
systems. Assuming that the homogeneous dielectric model
used here is at least qualitatively relevant, the increased barrier
in a polar environment suggests that the low-dielectric
environments observed in many enzymes not only help organize
the water chains, but also lower the barrier for pT by
effectively increasing the relative affinity of the water chain
for the proton. Examples for such systems include the non-
polar cavity above Glu-242 in cytochrome ¢ oxidase®>!"6
and the pT cavity between Asp-251 and the active site heme in
cytochrome P450.°¢% As mentioned above, short water
chains seem to have different properties compared to the
long open-ended water wires, which may capture elements of
pT reactions in longer biological channels and pores such
as aquaporin,® 7' gramicidin,'*'"* and the D-channel of
cytochrome ¢ oxidase.”””” According to our results, protonation
of long water wires is energetically more favourable than
protonation of short ones. Favourable protonation of a water
cluster in the D-channel of cytochrome ¢ oxidase was recently
suggested.”* However, proton uptake through the long water
wire in this channel is most probably linked to deprotonation
of residues at the top of the channel,®***”® and might thus
affect the stability of a protonated water cluster.

3.2 Thermodynamic properties and Kinetic isotope effects

Vibrational contributions to the free energy barriers of pT can
be estimated from nuclear zero-point energies (ZPEs). This
simplified analysis neither considers the proton as a quantum
particle, nor does it treat the dynamics quantum mechanically.*®
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Table 3 Activation energies (AE¥*), zero-point energies (AZPE*),
translational, rotational, and vibrational contributions to the internal
energy (thermal) and entropy (7AS*) at T = 298 K, and resulting
reaction free energies (AG*) for the pT barrier in systems with
N = 1-4 water molecules studied at the B3LYP/def2-TZVP level of
theory. KIEs are estimated from the shift in AZPE* obtained by
deuteration according to eqn (1) without (KIE) and with (KIEwjgner)
the semi-classical Wigner tunnelling correction in eqn (2). All values
are reported for hydrogen masses and listed in units of kcal mol ™'

Nwater 1 2 3 4

AE* 13.9 16.3 15.6 13.3
AZPE* —4.8 —4.4 24 -3.1
Thermal -1.0 -0.5 0.2 0.3
TAS* 2.7 —-1.6 0.7 1.1
AG* 10.8 13.0 12.7 9.4
KIE 8.3 7.0 2.3 3.7
KIEwigner 9.9 7.6 2.3 3.7

More refined treatments were used to study, e.g., pT in soybean
lipo-oxygenase, a system with a large KIE of ~80.”

Table 3 lists the ZPEs and thermodynamic contributions to
the free energy barrier computed from a harmonic approximation
to the energy surface via the molecular Hessian, i.e., the second
derivative matrix of the potential energy with respect to
nuclear coordinate displacements. The resulting KIEs range
from 2 to 10, which are values typical of systems without
significant proton tunnelling, with a classical limit considered
to be 7.9.5'%% The KIEs are also similar to the values of
1-7 obtained for different steps of allylic hydroxylation of
propane by a model system of cytochrome P450 compound I
at the B3LYP-level of theory.>* Both KIEs and ZPEs decrease
with increasing chain length. The reaction free energies (AG*)
are 2.9-4.3 kcal mol~! lower relative to the electronic energy
barriers, corresponding to rate accelerations by 2-3 orders
of magnitude on the basis of transition state theory. The
computed reaction free energy barriers of 9-13 kcal mol™!
correspond to pT rates of ~1/us to 1/ms for a kinetic
prefactor of 1/ps, a range consistent with experimentally
observed pT rates in carbonic anhydrase and some of its
mutants,®! and in cytochrome ¢ oxidase.?>%!

The difference between the reaction free energies and the
electronic energies is mainly due to the entropic term, TAS*,
shifting the barriers by 1-3 kcal mol~!, and the zero-point
effects, decreasing the barrier by 2.4-4.5 kcal mol~!. The
entropic contributions TAS* lower the barrier for N > 2,
consistent with a softening of the transition state structures
with increasing chain length.

3.3 Dynamics of proton transfer

The energetic analysis identified key structures along the
putative pT pathway. To explore their dynamic relevance,
we constructed transition pathways for the pT reaction
between the donor and acceptor groups that pass exactly
through the central transition state structure. Pairs of
Newtonian trajectories on the Born—-Oppenheimer surface
were initiated from the symmetric transition state structure
for N = 4 water molecules with Maxwell-Boltzmann starting
velocities of opposite sign. The two trajectory segments can
thus be thought of as evolving forward and backward in time,
respectively.®® After inverting the velocities of the backward

segment, the two trajectories were stitched together to form a
transition path.*! Nine of the ten trajectory pairs went to
opposite sides, statistically consistent with a committor value
of % for the symmetric transition state and a transmission
coefficient of nearly 1. On the basis of these tests we conclude
that the initial structure is a dynamically relevant transition
state. However, to construct a properly weighted transition
path ensemble, we would have to include additional pathways
that do not pass exactly through the saddle-point structure,
and to re-weight the pathways according to the time spent at
the surface from which they were started.*’

Fig. 3 shows three transition trajectories passing through
the transition state. The plot of dy versus time indicates some
barrier recrossing events for this coordinate. These recrossings,
and the small loops in the E-versus-d,o plot in Fig. 1, highlight
the stochastic nature of the pT process at finite temperature.
The transition is complete within 200 to 300 fs. The gradual
progression of d,, between 1.2 and 1.6 A is consistent with the
relatively flat barrier top implied by the heights of the three
transition states in Fig. 1. As a consequence, almost the entire
transition path duration is spent with the proton progressing
along the N = 4 water chain, whereas the deprotonation
and protonation events of the donor and acceptor groups,
respectively, are comparably fast.

Fig. 1 compares the potential energies along one of the
transition paths to the energies of the optimized transition
states. The energies of the dissociation trajectory are relative to
the state where the proton reaches the terminal imidazole
residue to correct for the thermally induced increase in potential
energy (resulting in some ambiguity). With this correction, the
dissociation trajectory remains energetically close to the
idealized Zundel structures and transition state intermediates.
As the transition states in the system with N = 4 water
molecules consist of a Zundel- and two hydronium-like
structures (Fig. 2), the potential energy curves suggest that pT
proceeds by alternation between Zundel-like and hydronium-
like species. Snapshots from the MD trajectories and analysis
of the dynamically significant species further support this

-200 -150 -100 -50 0 50 100 150 200
time [fs]

0.9

Fig. 3 pT transition paths along a chain of N = 4 water molecules.
The figure shows three transition path trajectories (red, blue, and
purple lines) passing through the Zundel-like transition state, as a
function of the average progress coordinate, d;.. The value of d, for
the initial transition state is shown as a horizontal dashed black line.
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interpretation (Fig. 4). The Zundel intermediate at the centre
of the water chain dissociates into a hydronium-like ion
localized at the second water molecule, which further protonates
the imidazole via a transient Zundel ion.

The charge dissociation/recombination reaction follows a
semi-concerted reaction mechanism, where formation of a
high-energy hydronium ion at the first water molecule is avoided
by concertedly extending its distal hydrogen bond towards the
second water molecule (Fig. 4). To quantify the degree of
concertedness of the pT reaction, we examined the correlation
between the lengths dy and d; of the N-H and O-H bonds,
respectively, of the donor and the first water molecule in the
hydrogen-bonded chain. As shown in Fig. 5, we performed linear
fits of di(f) as a function of dy(r) at equal times ¢ for the
20 dissociation trajectories in the window of imidazole-water
d(O-H) distances of 1.3 A< dy < 1.7 A, the transition region
between a covalent bond and a hydrogen bond. The line resulting
from this fit has a slope of 0.81 (2 = 0.74). We also
found that two lines fitted separately for the “covalent” region
of 13A < dy < 1.5 A, and the “hydrogen bonding” region of
15A < dy < 1.7 A coincide, consistent with a semi-concerted
nature of the pT process. For a “pure” stepwise process, the two
lines would cross at an angle to each other. We observed that
along the transition paths even the bond lengths dy and &, are
weakly correlated, with a slope of 0.19 (¥ = 0.53; not shown),
further supporting the notion of a semi-concerted pT process.

The semi-concerted reaction mechanism leads to a larger
charge delocalization in the water wire in comparison to a fully

Zy, H, Z, Z, H
A)
1.3 T T T
water 1 m—
water 2 m—
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Fig. 4 Dynamics of pT obtained from transition paths. (A) Average
distance r,y. of water oxygen atoms to the three nearest hydrogen
atoms for one transition path as a function of time. Zundel-like
species have two neighbouring water molecules near r,,. ~ 1.08 A;
hydronium species correspond to a single water molecule with
Fave & 1.05 A; and water has r,. ~ 1.16 A. (B) Representative
structures along the transition path.
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Fig. 5 Concertedness of the pT reaction. (A) Free energy plot %7 In
p(do, dy) of the joint probability density of the N-H distance d, of the
proton donor, and the O-H distance d, of the first water molecule in the
chain with N = 4 water molecules, averaged over 20 MD trajectories of
600 fs each. The blue solid line shows a linear fit from 1.3 < dy < 1.7 A,
and the red and black dashed lines, respectively, show fits in regions
where d, turns from a covalent bond (1.3 < dy < 1.5 A) to a hydrogen
bond (1.5 < dp < 1.7 A). (B) dy and d; as a function of simulation time
during one of the pT transition paths.

stepwise-mechanism. A semi-concerted pT process might
explain the dynamical behaviour observed, e.g., in QM/MM
simulations of pT between Asp-95 and the photoisomerized
Schiff base in bacteriorhodopsin,®? where pre-organization of
a water chain connecting the donor and acceptor pair occurs
prior to pT. A highly ordered water chain with tight hydrogen
bonds is expected to be a prerequisite for a semi-concerted pT
process, as suggested also for pT between an acid and a base in
liquid water.®?

It was observed in recent Car—Parrinello molecular dynamics
simulations of water-mediated proton dissociation from
2,4,6-tricyanophenol that a sequential proton hopping process
changed to a concerted dissociation process through reorgan-
ization of the water solvation shell.®* Concerted/semi-concerted
pT processes have also been suggested by time-resolved
mid-infrared measurements where the distance dependence
of the pT rate was studied in a photoexcited acid—base pair.®’
Semi-empirical tight-binding DFT calculations revealed that
water-mediated pT between two protonation sites in fluorescein
shows a high degree of concertedness, most likely due to a
highly strained transition state, which also contributed to a
high activation energy of ~ 15 kcal mol~'.3¢ These findings are
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consistent with the reaction barriers and transition state
structures found for the quasi-one dimensional proton wires
studied here. Since we observed correlation between the
motions of neighbouring hydrogen bonds, the pT process
shares aspects with the ‘““delocalized soliton transition” of
Stuchebrukhov.®’

A stepwise mechanism can become competitive with a
semi-concerted mechanism by stabilization of the protonated
water molecule next to the proton donor. For example, we
found in calculations for a one-water system that the proton
dissociation barrier is lowered by ~7 kcal mol”' when the
water molecule/hydronium ion is hydrogen bonded to a
carbonyl group of formaldehyde, added to mimic the effect
of a backbone carbonyl. The backbones of Val-247 and
Val-243 in cytochrome P450 and cytochrome ¢ oxidase,®®
respectively, might serve such functions.

By using a multistate-empirical valence bond (MS-EVB)
approach, Cao et al.®® recently observed that pT reactions in
long open-ended water wires inside nanotubes are dominated
by transitions between Zundel-like species that are possibly
connected by a H;O3;" intermediate, in contrast to pT in
solution where transitions between Eigen cations via inter-
mediate Zundel cations dominate.>®® The present simulations
suggest that pT in short water wires proceeds through alternating
hydronium-like and Zundel-like intermediates.

The presence of the donor and acceptor (D/A) groups
affects the energetic ordering of the intermediate species. To
quantify this effect, we performed single-point energy calculations
of previously optimized transition states from which the D/A
groups were removed. In the resulting open water chains, the
hydronium transition state was destabilized (Fig. 2D) relative
to the Zundel intermediate (Fig. 2E) by ~2 kcal mol™', in
accordance with simulations of open-ended pT wires, where
protonation of the central water molecule is thermodynamically
favourable.>*%3* The charge of the protonated species in the
system without the D/A groups increases from 0.7¢ to 0.79,
indicating a more localized charge distribution relative to the
systems with end groups.

3.4 Driving force effects

Chemical modifications of the proton-donating group alter the
barrier height. As shown in Fig. 6A, we found that the
activation energy AE* increases linearly with the energetic
driving force AE upon chemical modification of the donor
group, where AE is defined as the energy difference of the
product and reactant states. The corresponding Brensted
slope® is 1. This linear dependence extends over a range of
~ 10 kcal mol™!, from halogenations that increase the driving
force (negative AE) to methylations that decrease the driving
force (positive AE). In contrast, the barrier height was found
to be insensitive to chemical modifications of the acceptor
group, with a Brensted slope of 0 (Fig. 6B).

The energy diagrams shown in Fig. 7 provide a qualitative
explanation for the observed behaviour. In the underlying
model, we assume that chemical modifications of the donor
(acceptor) do not significantly alter the proton affinity of the
acceptor (donor) and of the intervening water chain. With
this simplifying assumption, the barrier height is determined
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g o o, . “
b - oA
W, . L» o=
<
6 o
[ 8.3 kcal mol”
9 8 7 6 5 4 -3 -2 A 0 1 2 /&
B AE [kcal mol”] L, e e
16
®
14F *
LS €]
% 12
€
S 10
=
u
W s
6
2 - 0 1 2 3 4 5 6 7 8 9
AE [kcal mol]

Fig. 6 Activation energy AE* as a function of the energetic driving
force AE for a system with N = 4 water molecules. (A) AE* as a
function of AFE for proton donors chemically modified by halogena-
tion or methylation. (B) AE* as a function of AE for modified proton
acceptors. (C) Movement of the transition state upon chlorination of
the proton donor (on the right of the chain 0, 2, and 3 Cl atoms top to
bottom).
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— .

D A

Fig. 7 Schematic energy level diagrams for driving force effects. (A)
Destabilization of the proton donor (D) decreases the reaction barrier,
consistent with the behaviour observed in Fig. 6A. (B) Destabilization
of the acceptor (A) leaves the reaction barrier unchanged, consistent
with the behaviour observed in Fig. 6B.

completely by the difference in energy between the protonated
water chain and the donor, consistent with the Bronsted slopes
of 1 and 0 in Fig. 6A and B, respectively.

The Bronsted slopes of 1 and 0 are consistent with the
relatively small changes in the structure of the protonated
water chain in Fig. 6C and the small differences in the energies
of the three transition states in Fig. 1. As a result of the
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halogenations, the character of the central transition state
changes from a Zundel ion to a hydronium-like species, which
can be explained by the increased proton affinity of the water
molecule forming the hydronium ion. This pK,-perturbation is
largely due to electrostatic effects. Halogenation results in a
charge transfer of 0.05¢ from the acceptor to the donor
that electrostatically moves the transition state closer to the
reactant state.

4. Conclusions

We showed that pT reactions in short water wires connecting
proton donating and accepting groups differ qualitatively
from pT reactions in long and open-ended proton wires. For
single-file chains of N = 1 to 4 water molecules between
methyl-imidazole and methyl-imidazolium, high pT reaction
barriers of ~13 kcal mol™' were obtained by using hybrid
density functional theory and a triple- basis set. Entropic
effects and zero-point energies (ZPEs) decrease the reaction
barriers by 3—4 kcal mol™'. An increased water chain length
and a low-dielectric environment also reduced the barrier.
KIEs were found to be in the range from 2—-10, and to decrease
with increased chain length. The quantum chemical cluster
models used in our calculations are expected to capture the
essence of biological pT processes, where the proton donor
and acceptor have moderate pK, values, and the donor—
acceptor groups can be separated by ~ 10 A, and connected
by 1-4 water molecules.

Electrostatic interactions are important factors in determining
the barrier height. In our calculations, the effective charge of
the protonated water clusters in the short chains varied
between +0.4e and +0.7¢ for short and long water chains.
Enhanced charge—dipole interactions in the longer chain help
solvate the increased excess charge, together with weakened
charge—charge repulsion from the end-groups, which accept
the remaining positive charge from the protonated water
cluster.

In our molecular dynamics simulations, the pT reaction in
the N = 4 water chain followed a semi-concerted reaction
mechanism. In dynamic transition paths on the Born—
Oppenheimer surface, the proton motions in the water chain
were found to be correlated with tightly coupled transitions
between hydronium and Zundel-like intermediates. This
concerted motion reflects in part the high energetic cost of
forming ideal hydronium ions, which are avoided in a concerted
transfer.

Changes in the energetic driving force as a result of chemical
modifications affected the barrier height only from the donor
side, but not from the acceptor side. For donor modifications
and a chain of N = 4 water molecules, we observed a linear
decrease in the reaction barrier with increasing driving
force corresponding to a Brensted slope of one. In contrast,
acceptor modifications did not change the reaction barrier,
corresponding to a Brensted slope of zero. This unusual
behaviour implies that the proton affinity of the N = 4 water
chain is not perturbed significantly by chemical modifications
of the donor or acceptor groups. In biological systems, the
rate of enzymatic pT would thus be most sensitive to donor
perturbations.
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