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10.1
Introduction

Proton and hydrogen-bonded motifs are amongst the most widely occurring pat-
terns in chemistry and biology. Besides their intrinsic chemical significance, they
also display a fascinating range of dynamical effects including highly quantum
behavior or strong coupling between inter and intramolecular degrees of freedom.
In chemical and biological systems, rates for proton transfer (PT) or hydrogen
transfer (HT) can cover the picosecond to millisecond range, which corresponds
to a few kilocalories per mole up to 20 kcal mol−1. From a computational perspec-
tive, this implies that the energetics along a specific motif has to be extensively
sampled in order to converge the experimental observables. Possible approaches
to treat the energetics include ab initio molecular dynamics (AIMD) simula-
tions, mixed quantum mechanical/molecular mechanics (QM/MM) calculations,
and more or less empirical parameterizations of the intermolecular interactions
based on model potentials or parameterized fits to rigorous quantum chemical
calculations. In this chapter, we discuss QM/MM embedding schemes into an
empirical force field based on fitting high-quality (Moller–Plesset perturbation
theory (MP2) with a large basis set) quantum chemical calculations, which allows
the explicit treatment of the long-time dynamics. The essential feature of this
procedure is its accuracy, flexibility, and suitability for either QM or classical
treatments of the nuclear dynamics. The present chapter discusses the theory,
implementation, and applications of this embedding scheme and discusses it with
regard to other existing ways to treat PT or HT in strongly and weakly coupled
systems.

PT and HT reactions are fundamental in chemistry and biology. Although
the famous Grotthuss shuttling mechanism [1] was introduced more than 200
years ago, notable progress in understanding atomistic details underlying the
process has only been achieved recently with modern spectroscopic techniques and
high-performance computer simulations [2]. From an experimental point of view,
infrared (IR) studies [3–5] were successful in probing the vibrational dynamics of
hydrogen bonds. However, a complete assignment/interpretation of the spectra
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by standard spectroscopic techniques is difficult or even impossible and has to be
greatly assisted by computational methods.

The splitting of spectral features is one of the most direct signatures for PT to
occur [6]. However, such data is only available from high-resolution spectroscopy
of small molecules in the gas phase [7–10]. Recently, high-resolution vibrational
spectra have been recorded for protonated clusters. In 2003, Asmis et al. [3] reported
the vibrational spectrum of the shared proton in the protonated water dimer. John-
son et al. used vibrational predissociation spectroscopy to characterize the spectral
signature of protonated molecular clusters [11, 12]. And in 2010, Duncan et al. [13]
presented photodissociation IR spectra of water clusters H+(H2O)n (n = 2 − 5)
with and without Ar tagging. Time-resolved vibrational spectroscopy [14, 15] and
photoelectron spectroscopy [16] are also used to study PT in bulk water. Anal-
ysis of these experimental spectra is usually accompanied by computations for
various reasons. The vibrational transitions associated with intermolecular PT or
‘‘low-barrier’’ hydrogen bonds are very sensitive to the chemical environment,
and the IR signatures are diffuse [17, 18]. Such highly dynamical systems involv-
ing anharmonic vibrations make computational simulations, especially molecular
dynamics (MD) simulations, valuable for analyzing the spectra of the studied
system [19–22].

During the past few years, a force-field-based method – molecular mechanics
with proton transfer (MMPT) – has been developed and successfully used to
investigate a range of chemical and biological systems and processes [20, 23–27].
Examples include intermolecular PT in protonated water dimer [20], protonated
ammonia dimer [24] and 2-pyridone-2-hydroxypyridine (2PY2HP) dimer [24], out-
lining intramolecular PT in protonated diglyme [20] and malonaldehyde (MA) [26]
and in condensed-phase environments [27]. In this chapter, we outline the method
and its implementation and highlight several applications to questions in chemical
physics and chemical biology.

10.2
Computational Approaches to Proton Transfer

PT reactions can be investigated with computer simulations at various levels of
sophistication. They are summarized in the next few paragraphs, as well as their
strengths and limitations.

Quantum Methods: Computer simulations of chemical reactions require potential
energy functions that are capable of describing bond formation and bond breaking.
The most obvious methods that fulfill this requirement are semiempirical and ab
initio electronic structure calculations. Besides the approximations of any numerical
solution to the many-body electronic Schrödinger equation, such computations
make no assumptions regarding the bonding pattern and are, in principle, ideally
suited to investigate chemical reactions. Standard methods include semiempirical
molecular orbital methods such as AM1 [28], PM3 [29], MNDO [30], self-consistent
charged-density functional tight binding (SCC-DFTB) [31, 32], density functional
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theory (DFT), Hartree–Fock (HF) theory, and MP2 [33]. For the smallest systems,
such as the protonated water or ammonia dimer, explicit MD trajectories have
been run for several picoseconds with DFT [34–36] or MP2 [36] in the past.
However, as the size of the reactive region increases, one needs to resort to
more approximate semiempirical methods, eventually applying a mixed QM/MM
strategy. In QM/MM, the system is divided into a reactive region with fewer
atoms which are described QM, and an environment, containing the rest of the
atoms and treated with an empirical force field (MM) [37–39]. The computationally
demanding QM part defines the maximum timescale accessible to the simulations.
Except for cases where semiempirical methods are used for the QM part, the
nuclear dynamics and conformational sampling are typically not included in such
studies and only local minimization is carried out along particular pathways.

ReaxFF: Based on Pauling’s observation that bond order (BO) and bond length
are empirically related [40], a bond energy bond order (BEBO) potential was
developed by Johnston and Parr [41]. It was found that, in addition to the nearly
linear relationship between BO and bond length [40], a log–log plot of dissociation
energies against BO is also almost linear and yields activation energies within
≈2 kcal mol−1 of experimentally known bond energies. One of the essential
assumptions underlying this approach is that–at least for hydrogen atom transfer
reactions–for the sum of the BOs n1 (the breaking) and n2 (the newly formed bond
n2), n1 + n2 = 1 is fulfilled [41]. This assumption corresponds to the notion that,
at all stages of the reaction, formation of the second bond is at the expense of
breaking the first one.

Generalizations of the concept of BO and its relationship to bond length and
bond energy lead to ReaxFF [42]. In this force field, van der Waals and Coulomb
terms are an integral part and the dissociation and reaction curves are derived
from electronic structure calculations. An essential aspect of ReaxFF is that the BO
can be calculated from the distance between two atoms. From the BO, the bonded
energy term Ebond is calculated. To correct for over-coordination, a penalty Eover is
added, and for under-coordinated atoms additional favorable energy terms Eunder

are introduced. Finally, the conjugation energy Econj is also part of the force field.
With these terms, the total potential energy in ReaxFF can be written as

E = Ebond + Eover + Eunder + Econj + Eval + Epen + Edihe + EVdW + Ecoul

(10.1)

Here, Eval, Edihe, EVdW, and Ecoul are the well-known valence-angle, dihedral, Van
der Waals, and electrostatic terms, whereas Epen reproduces the stability of systems
with two double bonds sharing an atom in a valence angle. Illustrative applications
of ReaxFF range from the study of shock-induced chemistry in high-energy
materials [43] to activation and dissociation of H2 on platinum surfaces [44] and the
oxidation of nanoparticles on aluminum surfaces [45]. Recently, ReaxFF has been
used to investigate PT between the amine and the carboxyl group in glycine [46].

Force-field-based reactive MD: Empirical force fields can also be used to study
chemical reactions. Starting from ‘‘diatomics in molecules’’ (DIM) [47, 48], global
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potential energy surfaces (PESs) for polyatomic reactions were built [49]. In a
next step, the empirical valence bond (EVB) formalism was developed [50] and
extensively used, in particular for HT and PT reactions [51, 52]. EVB was then
further extended to multistate EVB [53]. While EVB still requires an off-diagonal
element which is somewhat difficult to derive in a rigorous manner, adiabatic
reactive molecular dynamics (ARMD) starts from force fields for the reactant and
product states without explicit coupling terms [54–56]. Transitions between the
adiabatic states are induced through mixing the force field terms that differ between
the asymptotic states. A more recent extension to the arsenal of force-field-based
approaches is temporal QM/MM, which combines conventional force fields with
semiempirical and quantum chemical methods [57]. A representative overview of
current reactive MD techniques has been recently published [58].

10.3
Proton Transfer Reactions with MMPT

To reliably describe PT reactions in the gas and condensed phases, the usual
parameterization of a force field in terms of harmonic bonded interactions is
not sufficient. H-bonded systems are quite anharmonic around the bottom of
the well for bond-stretching motions, and angular bending vibrations are equally
affected. Furthermore, the hydrogen motion between the donor and acceptor
atoms is strongly coupled to the donor–acceptor motion. These aspects need to be
taken into account for a reliable model of hydrogen or proton motion between a
donor–acceptor pair.

In MMPT, the interaction within a general D–H · · · A motif is described by
a parameterized three-dimensional PES V(R, r, θ ). R is the distance between the
donor (D) and the acceptor (A), r is the distance between the D and H atom, and
θ is the angle between �R and �r (Figure 10.1). To facilitate the parameterization
of MMPT potentials, the internal coordinate r is replaced by a dimensionless
coordinate

ρ = (r − rmin)/(R − 2rmin) (10.2)

where rmin = 0.8 Å is in principle arbitrary but should be sufficiently small to cover
the shortest possible D–H separations to avoid ρ becoming negative. Such 3D PESs
V(R, ρ, θ ) are employed together with a standard force field, such as the CHARMM
(Chemistry at HARvard Molecular Mechanics) force field [59]. To allow breaking
the D–H bond and forming the H–A bond, bonded and nonbonded interactions
on both the donor and acceptor side are explicitly evaluated, and are switched on
and off depending on the position of the transferring atom (D–H · · · A or D · · ·
H–A) (Figure 10.2).

MMPT PESs have been determined for generic PT or HT motifs including
protonated water dimer H2O–H+ · · · OH2 (symmetric potential with single min-
imum), protonated ammonia dimer H3N–H+ · · · NH3 (symmetric potential with
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Figure 10.1 Force field implementation of MMPT. Generic motifs include (a) OH· · ·O, (b)
NH· · ·N, and (c) NH· · ·O. The relevant internal coordinates R (D-A) and r (D-H) are indi-
cated; H* is the transferring proton/hydrogen.

double minimum), protonated ammonia–water complex H3N–H+ · · · OH2 (asym-
metric potential with single minimum), and MA HO–CH=CH–CH–O (nonlinear
hydrogen bonding pattern), as illustrated in Figure 10.1 and Figure 10.3. PES scans
are performed at the MP2/6-311++G(d,p) level of theory, and the parameterized
MMPT PESs V(R, r, θ ) are fit to different functional forms. The radial dependence is
always that of a double-Morse potential, whereas, for the θ -dependence harmonic
oscillators or Legendre polynomials are available. The detailed expressions and
parameters are given in the literature [24, 60]. It is worth pointing out that MMPT
potentials do not make any approximations concerning the shape of the PT PES in
the barrier region.
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Figure 10.2 (a,b) Geometries involved in a proton/hydrogen transfer motiv. The labels on
the right hand side indicate which terms are (uncrossed) or are not (crossed) included
in the particular pattern. The region highlighted in the top part is described with MMPT
whereas all other terms are conventional force field terms.

These ‘‘generic’’ or zeroth-order PESs can then subsequently be ‘‘morphed’’
into topologically related surfaces in order to adapt their overall shapes. However,
energetically the PESs differ depending on the chemical environment surrounding
the donor and acceptor atoms. In practice, PES morphing is achieved by modifying
the MMPT parameters in a systematic way [61]. This can be a simple scaling [62]
or a more general coordinate transformation depending on whether the purpose of
the study and the experimental data justify such a more elaborate approach. One
example is to derive the MMPT PES for acetylacetone (AcAc) from that of MA [26]
(Figure 10.3). The following transformation was applied for PES morphing:

VAcAc(R, ρ, θ ) = λVMA(R − R0, ρ, θ ) (10.3)

where the morphing parameters λ = �EAcAc/�EMA = 0.796 and R0 = RMA
opt −

RAcAc
opt = 0.03 Å are determined by comparing the PT energy barrier (�E) and the

equilibrium donor–acceptor distance (Ropt) of AcAc and MA computed by elec-
tronic structure calculations at the same level (MP2/aug-cc-PVTZ). The computed
equilibrium structures and IR spectra based on this MMPT PES compare well with
experimental results.

PES morphing can also be performed to reproduce the X-ray structure [22] or
even involve explicit fitting to dynamically averaged data [25, 63] as is discussed in
Section 10.4.4. Constructed along the lines described above, MMPT is effectively a
mixed QM/MM method where the QM part is precalculated and not evaluated on
the fly. It has the additional advantage that no link atoms are required to connect
the quantum and the classical part [64].
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Figure 10.3 Two-dimensional projection of
the PES for proton transfer in MA. r1 and r2
are the two O–H distances, as marked in
the molecule structure in the upper inset.
The PES is generated via fixing r1 and r2 and
optimizing the remaining degrees of freedom
with the MMPT force field. The contour is

plotted in the interval 0.2 kcal mol−1 from 0
to 1 kcal mol−1, and in the interval of 1 kcal
mol−1 from 1 to 10 kcal mol−1. The PT bar-
rier height is 4.34 kcal mol−1, which is close
to the ab initio value of 4.10 kcal mol−1

at the coupled-cluster singles and doubles
(CCSD)(T) level [143].

10.4
Applications of MMPT

10.4.1
Infrared Spectroscopy

Current experimental techniques are successful in obtaining spectroscopic signa-
tures of strongly hydrogen bound systems. This has been made possible through
the advent of tunable, high-luminosity light sources in the mid-IR (free electron
lasers or optical parametric oscillators) which allow the use of direct absorption
spectroscopy. One of the difficulties is, however, to interpret the spectra because
of the multiphoton character of the experiment. Therefore, computations are used
to assist with assigning the spectral patterns. While the interpretation of the high-
frequency modes is often straightforward, the low-frequency framework modes are
anharmonic and strongly coupled to the environment and are typically difficult to
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be reliably determined from conventional harmonic analysis in electronic structure
calculations. On the other hand, many of the systems are already too large, which
makes the computation and fitting of fully dimensional ab initio PESs difficult or
even impossible, and solving the nuclear Schrödinger equation becomes impracti-
cal. Therefore, having an efficient procedure that provides a realistic description of
the intermolecular forces in such systems is very desirable.

MMPT was developed with this situation in mind. On one hand, the most impor-
tant degrees of freedom along the PT motif are parameterized with anharmonic
functions and fitted to high-level ab initio calculations (MP2/6-311++G(d,p)). On
the other hand, the environment is described with a computationally efficient force
field.

Spectroscopic investigations provide fundamental information about the struc-
ture and dynamics of molecular systems. A particularly interesting spectral range
is that related to the intermolecular vibrations. From a theoretical perspective, it is
quite challenging to assign the spectrum in strongly hydrogen bonded systems due
to the substantial coupling between the hydrogen motion and the other degrees of
freedom, such as in protonated water or ammonia dimer [65, 66]. The IR spectro-
scopic signatures can be conveniently determined from MD simulations from the
Fourier transform of the dipole–dipole correlation function C(t), and the dynamics
can be further analyzed from the power spectra of the underlying atomic motions.
Typically, quantum correction factors [67–69] are taken into account to correctly
weight the discrete thermal distribution and to take into account zero-point effects.

With MMPT, the intermolecular vibrations of a number of molecular systems
have been investigated [20, 26]. For the protonated water dimer H5O+

2 , it was
found that classical MD simulations on the MMPT PES reproduce closely the
results from earlier work [70] on a 15-dimensional PES [71], which is, however,
computationally very demanding to be calculated and fitted. Furthermore, using
such a highly parameterized PES in actual simulations is still computationally
demanding. MMPT, in contrast, focuses on the reactive region (DH+ –A) and
treats the remaining degrees of freedom at the level of an empirical force field. This
makes it very efficient to be evaluated, and extensive sampling becomes possible.

This was of particular importance for the IR spectrum of protonated diglyme
(bis(2-methoxyethyl) ether, C6H14O3), which is still too large for direct dynamics
simulations at a higher ab initio level. The PT motif in protonated diglyme is
reminiscent of that in H5O+

2 but the chemical bonding pattern and coupling to the
framework modes differ considerably. Therefore, potential morphing techniques
were applied in order to map the original MMPT PES for H5O+

2 onto that
for protonated diglyme [72]. With a suitably morphed PES, the IR spectrum of
protonated diglyme was investigated. It was found that there is not necessarily
a simple relationship between the spectra of H5O+

2 and protonated diglyme as
was assumed on the basis of harmonic frequencies from electronic structure
calculations [20].

It is also possible to determine frequencies from quantum simulations using a
range of approximations. This is illustrated for MA as an example [73–76]. Fairly
accurate full-dimensional quantum dynamics investigations on truncated PESs
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[73–76] have been performed very recently. The O–H* stretch fundamental has
been studied in Ref. [73] using a reaction surface Hamiltonian (RSH) with an
MP2/6-31G** potential including up to sixth-order couplings of the two reaction
surface coordinates and the remaining 3N − 8 normal coordinates. This gives an
O–H* stretch fundamental frequency at 1672 cm−1 and the authors suggest that
the previous assignment of O–H* stretch fundamental to around 2900 cm−1 is
probably incorrect. Using the morphed MMPT PES and a harmonic bath averaged
(HBA) Hamiltonian (see below), the IR active H* and D* fundamental vibrations
are found at 1573 and 1136 cm−1. This is very similar to recent computational
results using alternative methodologies [73, 75, 77].

10.4.2
Classical and Quantum Proton Transfer in the Gas Phase

The dynamics of a shared proton in symmetrical systems, including protonated
water [3, 20, 78–87] and ammonia dimer [5, 24, 66, 88, 89], formic acid dimer
[90–92], MA [26, 73–76], or protonated diglyme [20] has a long history. Experimen-
tally, systems such as NH+

4 · · · NH3 have been characterized through spectroscopic
techniques [93, 94] or thermodynamic measurements [95]. Even more important,
the protonated water dimer has provided much fundamental insight into the shared
proton [3, 20, 70, 71, 85, 96–98], culminating in a fully dimensional quantum study
of its IR spectrum [65].

Another important experimental observable is the rate of a chemical reaction.
With a validated PES at hand, such rates can be determined in a variety of ways,
ranging from transition state theory (TST) to computationally demanding fully QM
rates based on flux correlation functions [99]. As MMPT is a dissociable force field,
it can be used in all such formalisms. Furthermore, because the environmental
modes are described with a conventional force field and therefore computationally
inexpensive to evaluate, and because only the motion along the PT motif is more
highly parameterized, MMPT is a particularly efficient empirical representation of
the intermolecular interactions.

One advantage of MMPT is its ability to allow direct investigation of PT. With
atomistic MD simulations, the time series of donor–acceptor and donor–proton
distances can be studied in detail [24, 26]. Over-the-barrier rates for PT reactions are
then calculated from the slope of Hazard plots [100]. For example, the intramolec-
ular PT rate at 300 K in MA in vacuum and water is found to be 2.4 and 10 ns−1,
respectively. The fact that the solvent enhances the rate by a factor of 5 implies a
strong coupling between the transferring hydrogen atom and the solvent water [26].
Other detailed information of the PT reaction, for example, the fundamental role
of the N–N vibration as the gating mode for PT in NH+

4 · · · NH3, can also be
captured [24]. It should be noted that, with classical MD simulations, only the
over-the-barrier hopping rate can be determined, which should be considered as
the lower limit for the PT rates. Including quantum tunneling and vibrational
zero-point effects will increase the corresponding rates.
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In situations where tunneling plays a role, PT should rather be analyzed in terms
of a splitting than in terms of a rate constant. To estimate the tunneling splitting, a
suitable Hamiltonian for the quantum dynamics calculation is required. One such
Hamiltonian is the HBA Hamiltonian [26, 101, 102]

HHBA(ps, s) = 1

2

p2
s

1 + �s

+ V0(s) +
3N−7∑
k=1

ωk(s)

2

(
1 + �k(s)

1 + �s

)
(10.4)

where s =
√

mH(r1−r2)
2 is the hydrogen-mass-weighted reaction path coordinate for

PT and ps is the corresponding momentum. It is important to emphasize that,
although only two degrees of freedom are explicitly treated in the dynamics, such
a Hamiltonian takes into account the effect of all degrees of freedom of the
system. Based on this Hamiltonian, the experimentally observed H*-tunneling
splitting of 21.6 cm−1 is found if the mass of the transferring hydrogen atom H*
is chosen appropriately. This, however, determines the mass of the transferring
deuterium atom D* for which the tunneling splitting has also been measured. The
calculated D*-tunneling splitting is 2.8 cm−1, which is in very good agreement
with experiment (2.9 cm−1). The fact that the transferring particle is associated
with a different mass than its physical one reflects the kinetic coupling between
its degrees of freedom and the environment [26]. Previous simulations [73] have
reported a value of 11 cm−1 while other investigations [74–76] have obtained
splittings which agree with the high accurate experimental value of 21.5831383(6)
cm−1 [7, 8]. In particular, Ref. [75] has reported the splitting of 21.6 cm−1 (normal
coordinates representation) and 22.6 cm−1 (Cartesian coordinates representation)
using CCSD(T)-based potential with correlations up to the seventh order. In the
most recent work [76], the transferring proton is treated at the same level as the
electrons, which gives a splitting of 24.5 cm−1 even only with an MP2 potential
expanded up to second order of heavy atom coordinates. However, to increase the
accuracy of the results in Ref. [76], more diabatic PESs have to be included. It should
be noted that all the converged full-dimensional quantum dynamics calculations
mentioned above are extremely computationally expensive.

Another relevant experimental measurement is the kinetic isotope effect (KIE).
The KIE for intramolecular or intermolecular HT is defined as the ratio between the
rate constants for hydrogen and deuterium transfer (KIE = kH/kD). Experimentally,
it is usually determined with NMR spectroscopy [103, 104], while computationally
quantum simulations are required since the major factors that affect it are the
zero-point energy and QM tunneling [105].

Taking again MA as an example, we determine the primary H/D KIE for the
intramolecular PT in MA at various temperatures by combining the MMPT force
field with path-integral Monte Carlo (PIMC) simulations [106]. Employing the
quantum instanton (QI) approximation [107], The KIE is expressed as

KIE = kH

kD
= Cff(0)/Cdd(0)

Cff(1)/Cdd(1)

�H(1)

�H(0)

Qr(1)

Qr(0)

Cdd(0)

Cdd(1)
(10.5)

where Cff and Cdd are the symmetrized flux–flux and delta–delta correlation func-
tions, Qr is the reactant partition function, and �H is a specific type of energy
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variance [108]. The labels 0 and 1 in Eq. (10.5) correspond to hydrogen and deu-
terium transfer, respectively. Cff/Cdd and �H can be computed from unconstrained
and constrained PIMC simulations, while Qr(1)/Qr(0) and Cdd(1)/Cdd(0) can be
computed via thermodynamic integration (TI) with respect to mass, as detailed
in Refs [106, 109, 110].

KIEs have been computed for a range of temperatures between 250 and 1500
K. In the high-temperature (‘‘classical’’) limit (T = 1500 K), the KIE is 1.07 ± 0.08,
which differs only very little from the classical limit of 1. At 300 K, a KIE of 5.2 ± 0.4
is found. This value compares with those of previous computational studies, which
found the KIE at 300 K to range from 2.41 to 4.05 [111] and from 6.49 to 11.44
[112], but with considerably smaller uncertainties. It is worth pointing out that
5 × 109 Monte Carlo moves are carried out for the evaluation of the KIE at each
temperature, and this highlights the importance of having efficient and accurate
means, such as MMPT, to evaluate energies.

10.4.3
Condensed-Phase Proton Transfer

The first atomically resolved direct PT reaction in a biological system was suggested
to be found in ferredoxin I (FdI) of Azotobacter vinelandii [113]. In proteins, PT serves
as a rapid means to transport charge in systems such as bacteriorhodopsin [114, 115]
and cytochrome-c oxidase [116, 117]. PT also participates in numerous enzymatic
reactions [118] including liver alcohol dehydrogenase [119–122] and dihydrofolate
reductase [123–125].

The notable feature in FdI had been thought to be the direct transfer from a
protein residue (Asp15) to a buried [3Fe-4S] cluster without the assistance of a sol-
vent water molecule (Figure 10.4). Much of the analysis was based on preliminary
MD simulations [113], which found rare and quite long acceptor–hydrogen dis-
tances, which, however, make direct transfer of the proton from the protein
to the buried [3Fe-4S] cluster quite unlikely. In detail, the suggested reac-
tion mechanism was Asp15− COOH + [3Fe-4S]0 → Asp15 − COO− + [3Fe-
4S]H+. Subsequent MD simulations suggested that water molecules can have
extended lifetimes (subnanosecond) between the Asp15 residue and the buried
[3Fe-4S]0 cluster [126, 127]. Consequently, the alternative water-assisted process
Asp15 − COOH + H2O + [3Fe-4S]0 → Asp15 − COO− + H2 + [3Fe-4S]0H+

was studied with MMPT [27]. The force field (MMPT) and electronic struc-
ture calculations yield a barrier of 11.7 kcal mol−1 for the forward reaction,
which is in good agreement with the experimental value (13.3 kcal mol−1) [128].
Contrary to that, the originally proposed water-unassisted process is found to
have a barrier of �E ≈ 35 kcal mol−1, which is considerably larger and at vari-
ance with barriers derived from the experimental rates [27]. Furthermore, the
simulations also found that no stable intermediate hydronium ion (H3O+) is
expected.
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Figure 10.4 Overview of the simulation sys-
tem used to study proton transfer in ferre-
doxin I (FdI) (a). Solvent water is treated
with stochastic boundary conditions. A mag-
nified view of the relevant PT motif is shown
in (c). Panel (c) reports the free energy pro-
file to move the proton from the protein side
chain Asp15(–COOH) to the [3Fe-4S] cluster.

λ1 measures progress along the reaction
coordinate, and λ1 = 0.35 corresponds to
the -COOH–water–[3Fe-4S] state, whereas
λ1 = 1.05 is −COO− –water–[3Fe-4S]H+.
The fluctuation bars indicate energy varia-
tions from simulations started at the transi-
tion point (λ ≈ 0.65).

10.4.4
MMPT for NMR Properties

An alternative and interesting application of MMPT is to compute NMR properties,
including T1 and T2 times, residual dipolar and scalar couplings across hydrogen
bonds, or chemical shifts. In particular, scalar couplings across H-bonds are useful
to characterize hydrogen-bonding patterns. However, their direct characterization is
still difficult, both experimentally and computationally. Hydrogen-bond scalar cou-
pling is a recently available NMR observable that measures the coupling between N
and C′ nuclei across N–H· · · O=C′ H-bonds in Proteins [129, 130]. h3JNC′ couplings
have a typical range of about −0.2 to −1 Hz and the measurement errors are usually
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<0.01 Hz [131, 132]. Recently, the pressure and temperature dependence of h3JNC′

coupling in ubiquitin (see Figure 10.5a,b) were measured with very high precision,
which determine the thermodynamics of protein H-bonds and identify H-bonding
contacts that are involved in unfolding, or are of particular relevance for the stability
of the protein. Computationally, these scalar couplings are known to be very difficult
to be reproduced, although a relatively simple heuristic formula that links the cou-
pling strength with the hydrogen bond geometry has been found [133, 134]. Ensem-
ble averaging based on MD simulations is essential for realistic calculations [134,
135], but even with MD simulations as long as 1 μs the deviation between experimen-
tal and calculated scalar couplings are quite large. The root mean square deviations
(RMSDs) are typically larger than 0.15 Hz, much larger than the experimental error,
for a variety of combinations of MM force fields and simulation protocols [136].

Bearing in mind that ‘‘hydrogen bond can be regarded as frozen PT’’ [137],
MMPT can be used as an explicit H-bond potential for proteins and leads to
considerably improved correlations between computationally predicted and experi-
mentally measured h3JNC′ couplings [25, 63]. The rationale behind using MMPT is
that explicit coordinate-dependent potentials provide more control over details in
the intermolecular interactions than a superposition of (isotropic) monopolar elec-
trostatic and van der Waals interactions do as in conventional force field. Directly
applying the zeroth-order MMPT PES for the N–H· · · O motifs, however, leads
to a systematic overestimation of experimentally measured values, as illustrated
in Figure 10.5c. This is not surprising since such a zeroth-order MMPT potential
is developed for the NH+

4 · · · OH2 dimer which apparently contains too strong a
hydrogen bond and has quite a different chemical environment compared to the
situation in a protein. Hence, the following morphed potentials

V(R, ρ, θ ) = V (0)(R + σ , ρ − δ, θ ) (10.6)

are used to describe the N–H· · · O=C motif in proteins.
In Reference [25], a general procedure is derived to improve the MMPT potential

for H-bonds in proteins via the optimization of morphing parameters σ , δ based
on experimental information by considering six proteins with different overall
topologies. Compared with standard MD simulations, RMSDs between calculated
and experimental h3JNC′ couplings have been reduced in all six proteins investigated,
and on average the RMSDs drop from 0.174 to 0.137 Hz. Better agreement
between the calculated and experimental values has been observed for all secondary
structures, while the most significant improvements are found in the loop regions
(see Table 4 in Ref. [25]). Hydrogen-bonding dynamics between standard MD and
MMPT/MD simulations have also been compared. Stronger hydrogen bonding,
shorter hydrogen-bond length, and more pronounced directionality have been
observed in MD simulations with MMPT. Analysis of the protein dynamics shows
that the MMPT potentials make the entire protein more rigid and lead to stronger
correlation between residues coupled by H-bonds.

The optimized morphing parameters differ for each protein. However, a detailed
analysis shows that the PESs are always morphed into minima (R′

NO, r′
OH, θ ′

HNO),
where R′

NO equals the average N–O distance in the X-ray structure, r′
OH = 1.93
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Figure 10.5 NMR scalar couplings across
hydrogen bonds in ubiquitin. (a) Three-
dimensional structure of ubiquitin with H-
bonds highlighted by CPK atoms. (b) Pro-
jection into the 2D scheme where secondary
structures are shown. H-bonds are marked
by arrows pointing from donor to accep-
tor residues, and numbered with light and

dark gray, which corresponds to the partition
into two H-bond groups which yields RMSDs
of 0.07 Hz. (c) Calculated scalar couplings
from 1 ns of MD simulations compared with
experimental data in ubiquitin for different
simulation protocols. The RMSD between
computational and experimental couplings
are also shown. See text for more details.

Å and θ ′
HNO = 0. This agrees with a statistical analysis of 52 high-resolution

protein structures, which yields δHA = 1.93 Å and is identical to the morphing
results [138]. It also suggests that using explicit hydrogen-bond potentials shifts the
conformational ensemble sampled in MD simulation toward the experimentally
measured one [138]. Such an observation allows us to determine a more realistic
MMPT PES for H-bonds in a given protein from its X-ray or NMR structure. This,
combined with structure refinement algorithms [139] that determine H-bonds to
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be treated by MMPT, can be used to predict the protein h3JNC′ couplings in an ab
initio manner.

Results in Ref. [25] are based on an average treatment of H-bonds in proteins,
which means that the same parameterization of the MMPT potential is used for all
hydrogen bonds in a given protein. However, hydrogen bonds in different chemi-
cal environments exhibit different strengths and topological features, such as the
curvature. Thus, describing them with environment-specific parameterizations is
a possibility for further improvement [135]. This has been pursued in Ref. [63],
where H-bonds in proteins are classified into different groups and different param-
eterizations of the MMPT PESs distinguished the groups. A generic procedure
to determine MMPT morphing parameters has been established with the help
of an interface [140] between CHARMM and interactive non-linear least-squares
(I-NoLLS) [141], which allows us to reproduce the experimentally determined h3JNC′

couplings to within 0.02 Hz at best for ubiquitin. This is based on taking account
of the chemically changing environment by grouping the H-bonds into up to seven
classes. However, it was found that grouping H-bonds into two classes already
reduces the RMSD between computed and observed h3JNC′ couplings to 0.07 Hz in
both ubquitin and protein G. The possibility to group H-bonds from structural data
alone was also considered. Two measures, namely secondary structure and solvent
accessible surface area [142], have been tested. However, neither the occurrence of
an H-bond in a secondary structural element nor the solvent exposure of hydrogen
bonds seems to be a universal and robust indicator of how to group H-bonds and it
remains to be seen what the groups correlate with best in terms of structural terms.

10.5
Discussion and Outlook

The present chapter highlights force field methods to investigate the energetics and
dynamics of H-bonds in a variety of chemically and biologically relevant systems
and situations. The emphasis was on realistically sampling the conformational
space and in capturing the particular topology of H- and H+-transferring motifs.
What sets HT and PT apart from other reactive (bond breaking/bond forming)
processes is the fact that the topology of the PES can change over a wide range
and that the dynamics of the transferring atom is strongly coupled to the dynamics
of the donor and acceptor atoms. Thus, it is advantageous to describe the entire
motif in a QM/MM manner, whereby the HT/PT motif is parameterized as a
whole, using data from high-level electronic structure calculations, and to treat the
environment with a force field. The effects of the chemically changing environment
is then encoded in the morphing parameters which map the idealized, zeroth-order
PESs to those describing the HT/PT motif in a given context.

The implementations discussed in the present chapter need to be extended when
electronic coupling between the two limiting states DH–A and D–HA become
important. In such a situation, explicit coupling of the PESs involved becomes
necessary. Such extensions are possible even within the language of force fields,
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and one such model is EVB. Furthermore, up to this point attention has only been
paid to one single PT motif. However, for many applications of current interest,
it would be desirable to dynamically change the H-bonding pattern. This would
allow us to follow H- and H+-migration in a solvent or between the solvent and the
solute. First steps in this direction have been undertaken by formulations such as
multistate empirical valence bond (MS-EVB).

As with all such mapping procedures, the fitting step is the most tedious one.
For MMPT, several possibilities have been explored. They range from fitting the
morphing parameters to ab initio data for the target system (such as in MA) to
using experimental data to guide the search (such as in applications to NMR scalar
couplings). What will be desirable for future applications is an automated and
reliable computational infrastructure that can assist the user in this step.

Finally, although MMPT is much more efficient computationally than related
QM/MM schemes which compute the energies QM on the fly, it still has a con-
siderable computational overhead compared to regular force field MD. First, a
shorter time step is required in order to correctly capture the proton dynamics.
Second, the forces originating from MMPT are computationally more expensive.
Thus, an attractive future prospect is to let MMPT guide the search for improved
but still computationally efficient modifications of existing force field implemen-
tations and parameterizations. As discussed above, MMPT is expected to yield
a realistic description of the nuclear dynamics across DH–A motifs because the
parameterization is based on high-level ab initio calculations for the electronic
structure. This is true for both classical and quantum nuclear dynamics as long as
the Born–Oppenheimer approximation is valid.

Robust force field implementations to follow reactive processes are an excellent
means to allow accurate simulations while allowing for extensive sampling of
configuration space. Although certain compromises as to their accuracy must be
accepted, such procedures provide important insights into the reaction dynam-
ics, which can be refined by using more accurate approaches such as ab initio
calculations. In order to encourage more widespread use of these methods, the
implementation needs to evolve from specific applications to allow broader appli-
cations, which will eventually make such calculations more robust and accepted.
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References 269

Kaposta, C., Neumark, D.M., and
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