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1. Introduction

The seminal contribution by Warshel and Levitt from
1976[1] marks the beginning of the QM/MM era. They
introduced the QM/MM concept, presented a method with
many of the features that are now considered essential in the
field, and applied it to an enzymatic reaction. The QM/MM
approach found widespread acceptance only much later, in
the 1990s, beginning with the report by Field, Bash, and
Karplus in 1990,[2] who described in detail the coupling of
semi-empirical QM methods to the CHARMM force field
and carefully evaluated the accuracy and effectiveness of the
QM/MM treatment against ab initio and experimental data.
Over the past decade, numerous Reviews have documented
the development of the QM/MM approach as well as its
application to biomolecular problems.[3–39] Among the more
recent ones are the overview on current methodological
aspects by Lin and Truhlar[36] and a comprehensive book
chapter by ourselves.[38] A number of articles have combined,
with varying accent, expositions of QM/MM and other
computational methods for biomolecular systems with appli-
cation surveys.[22, 27,35, 37, 38] Recent reviews have also addressed
the use of the QM/MM approach in combination with modern
rate theory and techniques accounting for the quantum nature
of atomic motion[25, 40,41] and with free-energy and reaction-
path methods,[39, 42] in both cases with an emphasis on
enzymatic reactions.

The QM/MM approach is by now established as a
valuable tool not only for the modeling of biomolecular
systems, but also for the investigation of inorganic/organo-
metallic[43–60] and solid-state[61–68] systems and for studying
processes in explicit solvent.[4, 56, 57,69–77] Herein we will focus
entirely on the biomolecular area. We begin in Section 2 with
an introduction into basic methodological features of the QM/
MM approach, covering topics such as the QM–MM parti-

tioning, the choice of suitable QM and
MM methods, and the treatment of the
QM–MM interactions and of the QM/
MM boundary region. Section 3 high-
lights issues pertaining to QM/MM
geometry optimization, molecular
dynamics (MD), and free-energy sim-

ulation techniques. Section 4 covers different types of appli-
cations where the QM/MM approach has been particularly
useful, including three case studies to illustrate the insights
that can be gained from QM/MM calculations on enzymatic
reactions. Section 5, provides an extensive tabular survey of
QM/MM studies on biomolecular systems for the period
2006–2007, which updates the survey given in Ref. [38] We
conclude with a summary and outlook in Section 6.

2. The QM/MM Method

2.1. General remarks
2.1.1. QM–MM partitioning

A general sketch of the division of the system into QM
and MM parts is shown in Figure 1. The entire system (S) is
partitioned into the inner region (I) that is treated quantum-
mechanically and the outer region (O) that is described by a
force field. Inner and outer regions are therefore also often
referred to as QM and MM regions, respectively. Owing to the
(strong) QM–MM interactions, the total energy of the entire
system cannot simply be written as the sum of the energies of
the subsystems. Coupling terms have to be considered, and
special precautions need to be taken at the boundary between
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Combined quantum-mechanics/molecular-mechanics (QM/MM)
approaches have become the method of choice for modeling reactions
in biomolecular systems. Quantum-mechanical (QM) methods are
required for describing chemical reactions and other electronic pro-
cesses, such as charge transfer or electronic excitation. However, QM
methods are restricted to systems of up to a few hundred atoms.
However, the size and conformational complexity of biopolymers calls
for methods capable of treating up to several 100 000 atoms and
allowing for simulations over time scales of tens of nanoseconds. This
is achieved by highly efficient, force-field-based molecular mechanics
(MM) methods. Thus to model large biomolecules the logical
approach is to combine the two techniques and to use a QM method
for the chemically active region (e.g., substrates and co-factors in an
enzymatic reaction) and an MM treatment for the surroundings (e.g.,
protein and solvent). The resulting schemes are commonly referred to
as combined or hybrid QM/MM methods. They enable the modeling
of reactive biomolecular systems at a reasonable computational effort
while providing the necessary accuracy.
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the subsystems, especially if it cuts through covalent bonds.
The term boundary region is used rather loosely to designate
the region where the standard QM and MM procedures are
modified or augmented in any way. Depending on the type of
QM/MM scheme, this region may contain additional atoms
(link atoms) that cap the QM subsystem and are not part of
the entire system, or it may consist of atoms with special
features that appear in both the QM and the MM calculation.

We will concern ourselves herein only with fixed QM–
MM partitionings where the boundary between QM and MM
regions in a calculation is defined once-and-for-all at the start.
For QM/MM schemes that allow the boundary to change
during the course of a simulation (adaptive partitioning, “hot
spot” methods), suitable for processes with shifting active
region(s), such as defect propagation in materials or solvated
ions, see Ref. [78] and articles cited therein.

2.1.2. Choice of QM and MM Methods

The QM/MM formalism can accommodate almost any
combination of QM and MM methods. The choice of the QM
method follows the same criteria as in pure QM studies and is
not further elaborated on herein. Essentially, the QM code
must be able to perform the self-consistent-field (SCF)
treatment in the presence of the external point-charge field
that represents the MM charge model in the case of electronic
or polarized embedding (see Section 2.2.2). In practice, many
current biomolecular QM/MM applications use density-func-
tional theory (DFT) as the QM method owing to its favorable
computational-effort/accuracy ratio. Traditionally, semi-
empirical QM methods have been most popular, and they

remain important for QM/MM molecular dynamics. The
semi-empirical, DFT-inspired SCC-DFTB (self-consistent-
charge density-functional tight-binding)[79] method is increas-
ingly being applied in biomolecular QM/MM studies.[80–83] At
the high end in terms of accuracy and effort are post-Hartree–
Fock ab initio electron-correlation methods, such as those
based on Møller–Plesset perturbation theory (e.g., to second
order, MP2) or coupled-cluster theory (e.g., CCSD including
single and double excitations or CCSD(T), which adds a
perturbative treatment of triple excitations). The recent
development[84–91] of linear-scaling local correlation methods
(e.g., LMP2, LCCSD) has significantly extended the size of
systems that can be treated with such methods, up to several
tens of atoms. The superior accuracy of high-level ab initio
methods can now therefore also be exploited for biomolec-
ular QM/MM studies,[92–94] certainly at the level of energy
calculations at fixed geometry (i.e., single points).

Although not an electronic-structure QM method in the
usual sense, we also mention the empirical valence-bond
(EVB) method.[95–98] This approach employs a valence-bond
description of the reactive part of the system. The energies of
the interacting diabatic (resonance) states are represented by
simple empirical potential terms which incorporate the
interaction of the charges with the environment; the EVB
energies are calibrated to reproduce experimental or ab initio
data. The EVB method has been applied with much success,
notably by Warshel and collaborators, to model the influence
of the solvent and protein environment on reactions.

As far as the choice of MM method is concerned, there are
a number of biomolecular force fields available. Popular
examples include AMBER,[99–102] CHARMM,[103–107]

GROMOS,[108,109] and OPLS-AA.[110–112] “Biomolecular” typ-
ically includes proteins[113, 114] and in most cases also nucleic
acids,[115,116] but less frequently carbohydrates[117] or lipids.
Surveys of force fields are available in the literature.[118–120]

2.1.3. The MM Energy Expression

Unless stated otherwise, for the remainder of this Review
the classical potential-energy function (the “force field”) of
the MM region contains bonded terms (typically bond
stretching, angle bending, torsions, and out-of-plane defor-
mations or improper torsions); Lennard–Jones-type van der
Waals terms; and Coulomb interaction terms between rigid
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Figure 1. Partitioning of the entire system (S) into inner (I) and
outer (O) subsystems. The black ring around the inner system
represents the boundary region.
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point charges. A simple, prototypical MM energy expression
of this type is shown in Equation (1).

The symbols d, q, and f designate bond lengths, angles,
and torsions, respectively; d0 and q0 are the corresponding
equilibrium values; n and d are the torsional multiplicity and
phase, respectively. The bonded force constants are kd, kq, and
kf; rAB is the nonbonded distance between atoms A and B,
and eAB and sAB are the Lennard–Jones parameters; qA, qB are
atomic partial charges; and e0 is the vacuum permittivity
(dielectric constant). We refer to the literature[107,118, 119, 121] for
detailed information on more elaborate force fields.

2.2. The QM/MM Energy Expression
2.2.1. Subtractive and Additive QM/MM Schemes

Subtractive QM/MM schemes require 1) an MM calcu-
lation on the entire system; 2) a QM calculation on the inner
subsystem; and 3) an MM calculation on the inner subsystem.
The QM/MM energy of the entire system is then obtained by
summing (1) and (2) and subtracting (3) to avoid double
counting, which gives Equation (2).

Esub
QM=MMðSÞ ¼ EMMðSÞ þEQMðIþLÞ�EMMðIþLÞ ð2Þ

In this case and later, the subscript indicates the type of
calculation while the system on which it is performed is given
in parentheses. As formulated, Equation (2) holds for a
scheme with link atoms (L), in which the calculations are
performed on a capped inner subsystem (I+L).

Conceptually, the subtractive QM/MM scheme can be
seen as an MM approach where a certain region of space has
been cut out and is treated at the QM level. Its main
advantage is simplicity. No explicit QM–MM coupling terms
are needed; the standard QM and MM procedures can be
used without any modifications; and the implementation is
thus straightforward. The subtraction corrects for artifacts
caused by the link atoms, as long as the MM force terms
involving the link atoms reproduce the QM potential
reasonably well. On the downside, a subtractive scheme
requires a complete set of MM parameters for the inner
subsystem, which may be difficult or cumbersome to obtain.
Moreover, and more severely, the coupling between the
subsystems is handled entirely at the MM level. This is
particularly problematic for the electrostatic interaction,
which will then typically be represented by the Coulomb
interaction between fixed atomic charges in the QM and MM
regions.

As an example of a subtractive QM/MM scheme, we
mention the IMOMM (integrated molecular orbital/molec-
ular mechanics) method by Morokuma and co-workers.[45] It
has subsequently been extended to allow for the combination
of two QM methods (IMOMO[122]) and further generalized to
n layers (typically, n = 3), each of which can be treated at an
arbitrary QM or MM level (ONIOM, our n-layered inte-
grated molecular orbital and molecular mechanics[123–125]).
Recent improvements of the ONIOM approach[126–128] enable
the inclusion of MM charges into the QM Hamiltonian
(electrostatic embedding, see Section 2.2.2) and thus take it
beyond a strictly subtractive scheme. Another subtractive
approach with electrostatic embedding has been introduced
by Ryde.[129, 130]

The basic energy expression for an additive QM/MM
scheme is given in Equation (3).

Eadd
QM=MMðSÞ ¼ EMMðOÞ þEQMðIþLÞ þ EQM-MMðI,OÞ ð3Þ

In contrast to Equation (2), the MM calculation is now
performed on the outer subsystem only. In addition, there
appears an explicit coupling term, EQM-MM(I,O), which
collects the interaction terms between the two subsystems.
The capped inner subsystem, I+L, is treated at the QM level
as in the subtractive scheme. The majority of QM/MM
schemes presently in use are of the additive type [Eq. (3)].

The exact form of the QM–MM coupling term EQM-MM

defines a particular QM/MM method. In accordance with the
interactions considered in the force field [Eq. (1)], it includes
bonded, van der Waals, and electrostatic interactions between
QM and MM atoms [Eq. (4)]

EQM-MMðI,OÞ ¼ Eb
QM-MMþ EvdW

QM-MMþ Eel
QM-MM ð4Þ

The following Sections deal in more detail with the
individual contributions to EQM-MM. We begin with the
electrostatic coupling term, which is normally the most
important and also the most technically involved one. The
van der Waals interaction and the bonded terms are discussed
together thereafter. Finally, we present various ways that have
been devised to treat covalent bonds across the QM–MM
boundary.

2.2.2. The Electrostatic QM–MM Interaction

The electrostatic coupling between the QM charge density
and the charge model used in the MM region can be handled
at different levels of sophistication, characterized essentially
by the extent of mutual polarization and classified[131, 132]

accordingly as mechanical embedding (model A), electro-
static embedding (model B), and polarized embedding (mod-
els C and D).

In the case of mechanical embedding, the QM–MM
electrostatic interaction is treated on the same footing as the
MM–MM electrostatics. The charge model of the MM
method (typically rigid atomic point charges, but other
approaches, e.g., bond dipoles, are also conceivable) is
simply applied to the QM region as well. This is conceptually
straightforward and computationally efficient. However,
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there are some major disadvantages and limitations: 1) The
charges in the outer region do not interact with the QM
density, which is thus not directly influenced (polarized) by
the electrostatic environment. 2) When the charge distribu-
tion in the QM region changes, for instance during a reaction,
it would seem chemically sensible to update the charges.
However, this would cause discontinuities in the potential-
energy surface. 3) The derivation of appropriate MM point
charges for the inner region is not trivial and may require
considerable effort. 4) These MM charges do not necessarily
reproduce the true charge distribution in the inner region
faithfully. Individual MM charges need not be physically
meaningful, as long as the force field provides an overall
balanced description.

The major shortcomings of mechanical embedding can be
eliminated or avoided by performing the QM calculation in
presence of the MM charge model. For instance, by incorpo-
rating the MM point charges as one-electron terms in the QM
Hamiltonian, which is thus augmented by an additional term
(using atomic units) [Eq. (5)].

ĤHel
QM-MM ¼ �

XN

i

XL

J2O

qJ

jri�RJ j
þ
XM

a2IþL

XL

J2O

qJ Qa

jRa�RJ j
ð5Þ

The symbols qJ are the MM point charges located at RJ ;
Qa are the nuclear charges of the QM atoms at Ra ; and ri

designate electron positions. The indices i, J, and a run over
the N electrons, L point charges, and M QM nuclei,
respectively.

In such an electrostatic or electronic embedding scheme,
the electronic structure of the inner region can adapt to
changes in the charge distribution of the environment and is
automatically polarized by it. No charge model needs to be
derived for the inner region. The QM–MM electrostatic
interaction is treated at the QM level, which provides a more
advanced and more accurate description than a mechanical-
embedding scheme. Naturally, electrostatic embedding also
increases the computational demands, especially for the
calculation of the Coulomb forces as a result of the QM
density acting on the (many) MM point charges. Special care
is required at the QM–MM boundary, where the MM charges
are placed in immediate proximity to the QM electron density
and can thus cause overpolarization. This problem is espe-
cially pronounced when the boundary runs through a covalent
bond.

There remains the general issue of compatibility between
the MM charge model and the QM electron density. As
mentioned above, the electrostatic MM parameters are not
primarily designed to provide a faithful representation of the
real charge distribution. It is thus in principle not legitimate to
stitch a true charge distribution from a QM calculation into
the carefully parameterized MM charge model. Nevertheless,
this has become common practice, and experience shows that
the results are generally reasonable, at least for the combi-
nation of a QM density with one of the widely used
biomolecular force fields. The obvious appeal of this
approach is that the MM atomic partial charges are readily
available and that their inclusion in the QM Hamiltonian is

efficient. Electrostatic embedding is the most popular embed-
ding scheme in use today, certainly for biomolecular applica-
tions.

As electrostatic embedding accounts for the interaction of
the polarizable QM density with rigid MM charges, the next
logical step is to introduce a flexible MM charge model that is
polarized by the QM charge distribution. These polarized-
embedding schemes can be further divided into approaches
where the polarizable charge model in the MM region is
polarized by the QM electric field but does not itself act back
on the QM density (model C); and fully self-consistent
formulations that include the polarizable MM model into
the QM Hamiltonian and therefore allow for mutual polar-
ization (model D). There are various models for treating
polarization in classical simulations,[118,133–142] but there are as
yet no generally established polarizable biomolecular force
fields. The development of polarizable protein force fields is
in progress.[101,143–154] Although the very first QM/MM
approaches[1, 155] and other early semi-empirical QM/MM
implementations[131, 156–158] already used polarized-embedding
schemes, biomolecular applications have remained scarce; a
notable exception is a QM/MM study of excited states in the
photosynthetic reaction center in which the MM polarization
was included self-consistently.[156] Otherwise, polarized-
embedding QM/MM calculations have essentially been
restricted to explicit solvation (in particular, hydration),
where the solute is treated at the QM level and the solvent
by a polarizable force field.[16, 157–165] In a recent implementa-
tion of polarized QM/MM, the induced dipoles in the MM
region were represented by a charge-on-spring model.[164]

Another scheme treats MM polarization in QM/MM calcu-
lations through induced charges that are determined by a
QM-based distributed multipole analysis.[166] Finally, there is
an interesting approach recently proposed by Zhang
et al.,[167, 168] which should be efficient because in it only the
MM atoms at the boundary are polarized.

An accurate description of the electrostatic forces on the
QM subsystem arising from the environment is essential for a
realistic modeling of biomolecules. Including all the electro-
static interactions explicitly is computationally challenging.
However, simple QM/MM electrostatic cutoffs are problem-
atic because of the long-range nature of the Coulomb
interaction.[169–171] The reliable and efficient treatment of
these long-range electrostatic interactions is well-established
in classical molecular dynamics (MD) simulations, but has
only recently gained increased attention in the context of
QM/MM methods. We mention a linear-scaling particle–mesh
Ewald scheme for QM/MM simulations under periodic
boundary conditions;[171] a charge-scaling procedure using
continuum electrostatics, in which only a limited number of
explicit solvent molecules is considered and the charges are
scaled to mimic the shielding effect of the solvent;[172] the
variational electrostatic projection method,[173, 174] which aims
at reducing the effort of calculating the electrostatic forces
arising from the fixed external environment on the moving
atoms in the inner regions by employing the framework of the
stochastic-boundary approach;[175–178] and the adaptation of
the generalized solvent boundary potential (GSBP)[179] for
QM/MM.[169, 180, 181]
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2.2.3. Other Nonbonded and Bonded QM–MM Interactions

In addition to the electrostatic interactions discussed in
the previous section, there are also van der Waals and bonded
contributions to the QM–MM coupling term [Eq. (4)]. Their
treatment is considerably simpler as they are handled purely
at the MM level, irrespective of the class (subtractive or
additive) of QM/MM scheme.

The van der Waals interaction is typically described by a
Lennard–Jones potential [Eq. (1)] so that suitable parameters
are needed for the QM atoms in the inner region. They can
often be adopted from similar atom types, but it is not
uncommon that certain QM atoms are not covered by any of
the atom types and assignment rules of the force field. Even if
suitable Lennard–Jones parameters exist for a given config-
uration, QM atoms can change their character, for example,
during a reaction. This then raises the question of whether the
parameter set should be switched, say, from a “reactant
description” to a “product description” somewhere along the
reaction path. In practice, however, these complications are
very much alleviated by the short-range nature of the van der
Waals interaction. While every atom of the QM region is
involved in van der Waals interactions with all the atoms of
the MM region, only those closest to the boundary contribute
significantly. Concerns about possible errors due to non-
optimum Lennard–Jones parameters, may be minimized by
moving the QM–MM boundary further away from the
incriminated QM atoms.

Friesner and co-workers[182] have re-optimized the QM
Lennard–Jones parameters against QM data for hydrogen-
bonded pairs of small amino acid models. The Lennard–Jones
radii thus obtained are 5–10% larger than those of the
underlying force field (OPLS-AA); the Lennard–Jones well
depths were left unchanged. The resulting increased repulsion
compensates for the too strong QM–MM electrostatic
attraction which arises from overpolarization at the boundary.
Recently, a set of Lennard–Jones parameters optimized for
B3LYP/AMBER was presented by a another group.[183]

However, Cui and co-workers[184] showed that thermody-
namic quantities in the condensed phase (e.g., free energies),
calculated from QM/MM simulations, are rather insensitive
towards the QM–MM van der Waals parameters, whereas
there is some influence on the detailed structure around the
QM region.

With regard to QM–MM van der Waals coupling,
subtractive and additive schemes are identical. In an additive
scheme, only pairs consisting of one atom from the inner and
one atom from the outer subsystem are considered in EvdW

QM-MM.
This approach yields exactly the same van der Waals terms as
a subtractive scheme, where the QM–QM van der Waals pairs
are subtracted out.

The formal reservations against using standard MM
parameters to describe QM–MM interactions apply of
course also to the bonded (bond stretching, angle bending,
torsional, etc.) interactions. And again, the solution is entirely
pragmatic: usually the standard MM parameter set is retained
and is complemented as necessary with additional bonded
terms not covered by the default assignment rules of the force
field.

2.3. Covalent Bonds that Cross the QM–MM Boundary
2.3.1. Overview of Boundary Schemes

This section is concerned with the various approaches that
have been devised to treat covalent bonds cut by the QM–
MM boundary. To facilitate the discussion, we introduce first
some labeling conventions, illustrated in Figure 2, which

apply to covalent bonds that cross the QM–MM boundary.
The QM and MM atoms directly connected are designated Q1

and M1, respectively, and are sometimes called boundary,
frontier, or junction atoms. The first shell of MM atoms, that
is, those directly bonded to M1, is labeled M2. The next shell,
separated from M1 by two bonds, is labeled M3, and so on,
following the molecular graph outwards from M1. The
corresponding naming convention applies to the QM side:
atoms Q2 are one bond away from Q1; Q3 are two bonds away,
and so on. If a link-atom scheme is applied, the dangling bond
of Q1 is saturated by the link atom L. As a caveat, note that
terms such as link, capping, boundary, junction, or frontier
atom are not uniquely defined in the literature; their usage
varies between authors.

The simplest solution to the problem of cutting covalent
bonds is of course to circumvent it altogether by defining the
subsystems such that the boundary does not pass through a
covalent bond. This is trivially fulfilled for explicit-solvation
studies, where the solute is normally described at the QM
level, surrounded by MM solvent molecules. Such a favorable
situation is sometimes encountered also for biomolecular
systems; for instance, if an enzymatic reaction involves only
partners (substrates, co-factors) that are not covalently bound
to the enzyme. In many cases, however, it is unavoidable that
the QM–MM boundary cuts through a covalent bond. Then
three issues have to be dealt with: 1) The dangling bond of the
QM atom Q1 must be capped; since it would be entirely
unrealistic to simply truncate the QM region (that is, treating
the bond as being homolytically or heterolytically cleaved).
2) For electrostatic or polarized embedding, overpolarization
of the QM density by the MM charges close to the cut has to
be prevented, especially when using link atoms. 3) The
bonded MM terms involving atoms from both subsystems
have to be selected such that double-counting of interactions
is avoided. Overall, the target is to achieve a well-balanced
description of the QM–MM interactions at the border
between the two subsystems. In the literature, there are
essentially three different classes of boundary schemes:

Figure 2. Labeling of atoms at the boundary between inner and outer
regions. The partial charges illustrate a charge-shift scheme: The
original MM charge q of M1 is removed and evenly distributed onto
the M2 atoms. Additional pairs of charges are placed near the M2

atoms to restore the original M1–M2 dipoles (not shown).
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* Link-atom schemes introduce an additional atomic center
L (usually a hydrogen atom) that is not part of the real
system. It is covalently bound to Q1 and saturates its free
valency.

* In boundary-atom schemes, the MM atom M1 is replaced
by a special boundary atom that appears in both the QM
and the MM calculation. On the QM side, it mimics the cut
bond and possibly also the electronic character of the MM
moiety attached to Q1; in the MM calculation, it behaves as
a normal MM atom.

* Localized-orbital schemes place hybrid orbitals at the
boundary and keep some of them frozen. They serve to cap
the QM region, replacing the cut bond.

Generally speaking, possible artifacts can be minimized
by an appropriate choice of the boundary. Clearly the QM–
MM frontier should be as distant from the chemically active
region as is feasible in terms of computational effort (which is
controlled by the size of the QM part). Moreover, QM atoms
participating in bond making or breaking should not be
involved in any bonded coupling term.[128] Since the dihedral
terms extend at most two bonds into the inner region
(depending on the details of the boundary scheme used),
such atoms should be at least three bonds away from the
boundary. The bond being cut should be unpolar and not
involved in conjugative interactions. A good place to cut is
thus an aliphatic, “innocent” C�C bond, whereas, for
example, an amide bond with partial double-bond character
is less suitable. Cutting through an MM charge group is to be
avoided because it creates an artificial net charge in the
immediate vicinity of the QM density. Finally, the total charge
of the MM atoms being replaced by the QM part should be
zero.

2.3.2. Link Atoms

The link-atom method, adopted already in early QM/MM
studies,[2, 155] is conceptually simple: The free valency at Q1

created by the QM–MM division is capped by an additional
atom that is covalently bonded to Q1 (see Figure 2). This link
atom L; is in most cases a hydrogen atom, but any mono-
valent atom or group might be used. QM calculations are then
performed on an electronically saturated system consisting of
the inner subsystem and the link atom(s), I+L. The bond
Q1–M1 is described at the MM level. The introduction of an
additional atomic center, which is not part of the real system,
creates some problems that need to be addressed: 1) Each
link atom generates three artificial structural degrees of
freedom not present in the real system. 2) The link atom, and
with it the QM electron density, is spatially very close to the
MM frontier atom M1 so that the point charge on M1 will tend
to overpolarize the QM density in the case of electrostatic or
polarized embedding. 3) The link atom is generally chemi-
cally and electronically different from the group which it
replaces. Attempts to overcome these problems give rise to
the more elaborate boundary schemes discussed in Sec-
tion 2.3.3.

Despite these problems, link atoms are widely used.
Correspondingly, a large variety of link-atom schemes has

evolved.[2, 45, 50,62, 124, 125, 129,155, 185–191] In some of them,[2,155, 187] the
link atoms are treated as independent atomic centers, thus
introducing three additional structural degrees of freedom
per link atom. These can be eliminated by the use of
constraints.[45] The procedure was subsequently refined to
define the position of the link atom as a function of the
positions of Q1 and M1. The link atom L is placed along Q1–
M1, and the distance Q1–L is related to the distance Q1–M1 by
a scaling factor. [50, 62, 125,129, 186, 188–190] Exactly three degrees of
freedom are thus removed. Most currently used link-atom
schemes follow this general approach.

If the position of the link atom is determined by some rule
and expressed as a function of other atomic positions, its
coordinates can be eliminated from the set of independent
variables. The link atoms will then appear only in the internal
description of the QM/MM coupling scheme, and they are
transparent to geometry-optimization or molecular-dynamics
algorithms, which only handle the set of independent
variables. In the QM calculation, there are forces acting on
the link atoms, which must be relayed onto the atoms that
define the link atom coordinates.[62] The link atoms are then
effectively force-free; their coordinates in the next geometry
or time step are fully determined by the positioning rule,
rather than being propagated according to forces acting on
them.

As noted above, the QM density will tend to be over-
polarized by the rigid point charges of the MM charge model
in the case of electrostatic or polarized embedding. While this
artifact is always present to some extent when a point charge
interacts with a polarizable charge distribution, it becomes
more severe the closer the point charge approaches the QM
density and the more spatially flexible the density is. The
problem is therefore especially critical at the QM–MM
boundary in the presence of link atoms, which are positioned
in immediate proximity of the frontier MM atom, typically at
a distance of about 0.5 �. Overpolarization is less severe
when small, atom-centered basis sets are used in the QM
calculation, for example, in a semi-empirical method with a
minimal basis. Larger basis sets, which include polarization
and possibly diffuse functions, are more flexible and hence
more prone to overpolarization. Especially affected are
methods using plane waves.

Different approaches have been put forward to reduce
overpolarization within link-atom schemes: 1) Deletion of the
one-electron integrals associated with the link
atoms.[2, 131, 132,189, 192, 193] 2) Deletion of MM point charges in
the link region from the Hamiltonian.[129,132, 155, 185,187, 194–198]

3) Shifting/redistribution of the point charges in the link
region (Figure 2).[19, 64,82, 188, 198,199] By preserving the charge and
often also the dipole in the boundary region, while still
removing the overpolarizing partial charge from M1, these
schemes cure[82, 198, 200] the major deficiencies of deleted-charge
schemes. Widely used is the charge-shift scheme introduced
by Sherwood and co-workers.[19, 64,188, 199] 4) “Smearing” the
charges close to the QM region[186, 191,200] by replacing them by
(e.g., Gaussian) charge distributions.
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2.3.3. Boundary Atoms

Boundary-atom schemes replace the MM frontier atom
M1 by a special boundary atom of Janus-like character that
participates as an ordinary MM atom in the MM calculation
but also carries QM features to saturate the free valency of
Q1. They avoid the complications associated with the
introduction of additional atoms and aim at mimicking the
electronic properties of the MM moiety at the link. Most of
the boundary-atom schemes proposed are based on a type of
monovalent pseudopotential (or effective potential) that is
located at the position of M1 and parameterized to reproduce
certain desired properties. A typical choice is, for example, to
mimic a methyl group at a cut C–C single bond. Of the
different schemes proposed, we mention herein the adjusted
connection atoms for semi-empirical QM methods;[201] the
pseudobond approach for ab initio and DFT methods;[202–204]

and the use of tailored pseudopotentials within plane-wave
QM methods.[205] There are several other recent develop-
ments in this area,[206–212] which, however, have not yet been
more widely used.

2.3.4. Frozen Localized Orbitals

The approach of using a frozen hybrid orbital to saturate
the dangling bond at the QM–MM boundary dates back to
Warshel and Levitt.[1] Different schemes have been elabo-
rated that share the idea of placing a set of suitably oriented
localized orbitals on one of the frontier atoms and keeping
some of these orbitals frozen such that they do not participate
in the SCF iterations.
* Local Self-Consistent Field (LSCF):[213–217] The LSCF

method, developed by Rivail and co-workers, starts out
with a QM calculation on a model system that contains the
frontier bond to be described. Applying a localization
scheme, a strictly localized bond orbital (SLBO) for this
bond is constructed, which has contributions from the
frontier atoms only and is assumed to be transferable. In
the QM/MM calculation, it is excluded from the SCF
optimization and does therefore not mix with other
orbitals. It is oriented along the Q1–M1 vector and can be
described as a kind of frozen lone pair on Q1 pointing
towards M1 (Figure 3a). Recent modifications of the LSCF
method include the use of extremely localized molecular
orbitals (ELMOs)[218–220] or frozen core orbitals[221] at the
frontier atom, and the optimized-LSCF method,[222] in
which the SLBOs are allowed to mix with their antibond-
ing counterparts.

* Frozen Orbitals:[182, 223,224] Friesner and co-workers have
presented a variant of the LSCF procedure that differs in
some technical details from the original one. Furthermore,
contrary to most other QM/MM schemes, the QM–MM
interactions at the boundary are heavily parameterized.

* Generalized Hybrid Orbitals (GHO):[225–230] The GHO
method by Gao and co-workers is related to the LSCF and
frozen-orbital approaches in that it constructs localized
hybrid orbitals and freezes some of them. However, it
places the set of localized hybrid orbitals on M1 rather than
Q1 (Figure 3b). M1 thus becomes a boundary atom,
blurring the classification of boundary methods into
boundary-atom and frozen-orbital schemes. The orbital
pointing towards Q1 is active and participates in the SCF
iterations, while the remaining “auxiliary” hybrids are kept
frozen and are not allowed to mix with the other orbitals.
The GHO method was recently extended by Jung et al.[231]

* Effective Fragment Potentials (EFP):[232–235] We also men-
tion the EFP approach at this point, although it differs
conceptually from the other frozen-orbital methods.
Separate calculations on model systems are used to
derive a set of one-electron terms (the EFP) that account
for the electrostatic, inductive, and repulsive interactions
of a moiety. The EFP is then incorporated into the
Hamiltonian of a QM calculation, where it describes the
effects of the environment on the QM part. Originally
designed to model the solvent environment in QM
calculations, the scope of the EFP method was subse-
quently extended to biomolecular systems, using an LSCF-
type procedure to treat covalent bonds across the boun-
dary.[234, 235] Later developments have lifted the limitation
that the fragments be fixed in space.[236–238]

2.3.5. Summary

Several studies have evaluated the different boundary
methods. As link atoms are most widely used, most of these
assessments[82, 132,192, 198, 200,239–241] compare link-atom
approaches, which differ particularly in the way the charges
at the boundary are handled. There are some comparisons
between link-atom and localized-orbital schemes.[192, 239, 240,242]

Approaches based on hybrid orbitals are more fundamental
from the theoretical point of view since they provide a
boundary description essentially at the QM level. However,
they are also technically considerably more complicated, not
least because of the orthogonality constraints required to
prevent the mixing of frozen and active orbitals in the SCF
treatment. In addition, the localized orbitals themselves, and/
or specific parameter sets related to them, must be deter-
mined beforehand by calculations on model compounds.
These parameters are usually not transferable and may need
to be modified upon changing the MM force field, the QM
method, or basis set. Overall the performance of link-atom
schemes is generally on a par with localized-orbital
approaches. They both provide reasonable accuracy when
used with care.

Figure 3. The frozen-orbital boundary methods. a) LSCF method: A set
of localized orbitals is placed on Q1, one of which (shaded) is kept
frozen and points towards M1. b) GHO method: A set of localized
orbitals is placed on M1, one of which (open) is active and points
towards Q1.
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3. Optimization and Simulation Techniques for
QM/MM

3.1. General Comments

The QM/MM method as presented so far is a potential-
energy scheme yielding the energy and the forces for a given
structure. As such it can be combined with any approach that
makes use of this information to update the structure, that is,
with any optimization, molecular-dynamics, or Monte Carlo
technique. QM/MM calculations are often performed for
biomolecules containing thousands of atoms, but compared
with pure MM treatments, the computational demands of a
QM/MM energy and gradient evaluation is much higher. For
the exploration of potential-energy surfaces, methods that can
handle thousands of degrees of freedom are needed and these
methods must still be efficient. Ideally, the algorithms for
manipulating coordinates (e.g., in optimization schemes)
should scale as o(N), where N is the number of degrees of
freedom, and search algorithms should require a minimum
number of steps to achieve convergence. Some of the
techniques outlined below have been designed to scale as
o(N). Others are efficient because they take specific advant-
age of the partitioning of the system into a QM region, in
which evaluating energy and gradients is computationally
demanding, and a MM region, in which these calculations are
almost for free.

Connected with the determination of stationary points
(i.e., minima, saddle points) on potential-energy surfaces of
biomolecular reactions, there is a problem that goes beyond
purely algorithmic issues. The vast size of the available
configuration space, as compared to a “small-molecule”
reaction, drastically reduces the significance of single sta-
tionary points. Contrary to typical QM studies on smaller
molecular systems, knowledge of the optimized reactant,
transition state, and product is not “everything”, even if a
reaction path connecting them has been determined and even
if finite-temperature effects are disregarded. As emphasized
by Warshel and co-workers,[243] in QM/MM optimization
studies at least several “representative” transition states
should be considered along with their corresponding minima.
While this approach provides only a very limited configura-
tional sampling, it will at least partly reflect the influence of
the conformational diversity of the environment on the
reaction. An expedient way to generate a selection of
configurations is, for instance, to take snapshots from a
classical MD trajectory and use them as starting structures in
subsequent QM/MM optimizations, as demonstrated, for
example, in Ref. [244].

3.2. Stationary Points and Reaction Paths

Among the most efficient algorithms to locate stationary
points on the PES are quasi-Newton methods using some
form of internal coordinates (see the Refs. [26,245–249] for
general reviews on optimization algorithms). These methods
require information on the curvature of the surface, that is,
second derivatives, commonly referred to as the Hesse matrix

or Hessean. The Hessean may be approximate and can be
updated while the algorithm is exploring the PES, for
example, according to the Broyden–Fletcher–Goldfarb–
Shanno (BFGS) formula for minima. However, the computa-
tional demand (in terms of memory and central processor unit
(CPU) usage) of quasi-Newton schemes scales as o(N2) or
o(N3), which becomes impractical for large systems. A
popular algorithm that scales linearly, that is, o(N), in both
CPU and memory usage is the limited-memory BFGS (L-
BFGS), which stores only the diagonal of the Hessean and
uses information only from a limited number of previous
steps.

A second scaling-bottleneck is associated with the con-
version between internal and Cartesian coordinates. A
number of methods have been proposed that reduce the
associated scaling to o(N2) or even o(N) by various algo-
rithmic enhancements.[250–259] The scheme by Billeter et al.[260]

divides the system into fragments and performs the computa-
tionally demanding coordinate manipulations only within
these fragments (“divide-and-conquer” approach). It uses
hybrid delocalized coordinates (HDLCs) that supplement the
delocalized internal coordinates with a certain amount of
Cartesian information, which is necessary to describe the
relative position of the fragments.

For the optimization of transition states, the idea of
microiterations[45, 261, 262] has been combined with HDLCs.[260]

A core fragment is defined that contains the atoms immedi-
ately involved in the reaction. For these core degrees of
freedom, the Hessean is calculated, and a traditional second-
order algorithm takes an optimization step towards the saddle
point. With the core kept frozen, the environment fragments
are then fully relaxed using the L-BFGS algorithm in
HDLCs; the next step is taken in the core; and the procedure
is iterated to convergence. This scheme thus searches for a
first-order saddle point controlled by the (low-dimensional)
core Hessean, while minimizing the energy with respect to the
degrees of freedom of the environment. The environment
adiabatically follows the core degrees of freedom.

We now turn to QM/MM-specific optimization techni-
ques. Their principal idea is to exploit, in the optimization, the
division of the system into QM and MM regions in the spirit of
the microiterative scheme.[45,261, 262] The core contains (at least)
the QM atoms, while the (remaining) MM atoms form the
environment. The core optimization is referred to as “macro-
iterations”, the optimization of the environment as “micro-
iterations”. Different coordinates and algorithms can be
applied in the two regions; for instance, plain Cartesians with
a conjugate-gradient or truncated-Newton algorithm for the
environment degrees of freedom (which avoids demanding
coordinate or Hessean manipulations) and an efficient quasi-
Newton algorithm in internal coordinates for the core degrees
of freedom. Mutual convergence of the optimizations can be
achieved in essentially two ways: 1) The adiabatic approach,
in which the environment is fully relaxed in each macro-
step.[45, 129, 182,239, 263, 264] 2) The alternating scheme, in which the
core and environment optimizations are alternately iterated
to convergence,[155,265, 266] with the core atoms being kept fixed
during the microiterations and vice versa. Different options
within the microiterative scheme, concerning the frequency of
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environment minimizations, the size of the core, and approx-
imations to the electrostatic QM–MM interaction, have been
assessed for an enzymatic reaction.[267]

Separating the core (QM) and environment (MM)
optimizations is straightforward for mechanical embedding
and was used early on with the IMOMM scheme.[45] The case
of electrostatic embedding is more difficult: The electrostatic
QM–MM interaction is evaluated at the QM level, and a QM
calculation is thus in principle required in each MM micro-
iteration to let the density adapt to the new MM configuration
and to obtain the forces on the MM atoms arising from the
QM density. To restore the decoupling of QM and MM
calculations, the QM density can be represented during the
MM microiterations by a point-charge model. Schemes based
on atomic charges fitted to the electrostatic potential (ESP
charges) have been proposed,[182, 266,268] the basic assumptions
being that the QM charge distribution is described accurately
enough by the charges and that its relaxation during the MM
optimization can be neglected. The use of a lower-level QM
scheme, rather than a point-charge model, to calculate the
QM–MM electrostatic interaction during the MM optimiza-
tion has also been suggested.[269–271] This approach leads to
smoother convergence behavior, because the QM density can
adapt to changes in the MM environment, and is still
computationally practical.

The application of reaction-path techniques within QM/
MM requires special care regarding the selection of the
relevant coordinates to be included in the path definition and
the smoothness of the path. Among others, the Yang group
has been active in this area:[39,272–274] They extended the
nudged-elastic-band (NEB) method to large systems;[272]

adapted the path-optimization procedure by Ayala and
Schlegel[275] for the use within QM/MM;[273] and combined
the two schemes into a two-step procedure.[274]

3.3. Molecular Dynamics and Simulation Techniques

The QM/MM energy and forces can in principle be used
within any molecular-dynamics (MD) or Monte Carlo (MC)
scheme. In most cases, the objective of such simulations is the
sampling of configuration space to calculate statistical-
thermodynamical ensemble averages. Typical examples
include free-energy differences, such as reaction, activation,
or solvation free energies. As the amount of sampling
necessary to obtain converged averages is considerable, the
computational demands of these simulations are extremely
high. Approximate treatments have therefore been devel-
oped that reduce the computational effort, again by taking
advantage of the QM–MM partitioning; in particular, by
trying to avoid the demanding direct sampling of the QM
contribution. Herein we highlight some of the simulation
techniques that have been applied in QM/MM calculations on
biomolecular systems.

3.3.1. QM/MM Molecular-Dynamics and Monte Carlo
Simulations

Historically, full QM/MM simulations (i.e., with freely
moving QM atoms) were first employed in explicit-solvent
studies to calculate solvation free energies or reaction free
energies in solution.[3, 4,276–282] They used both molecular
dynamics and Monte Carlo methods for sampling, along
with free-energy treatments such as free-energy perturbation,
umbrella sampling, and thermodynamic integration. In most
cases, semi-empirical QM methods were applied, but there
are also examples[279–282] for QM/MM MD with a first-
principles QM method, such as density-functional theory
(DFT) or Hartree–Fock (HF). Simulations at the semi-
empirical level are now routinely practical (see, e.g.,
Ref. [283]), but first-principles QM/MM MD remains com-
putationally demanding even by today�s standards.

In the MD studies mentioned above, the QM energy and
forces come from a converged SCF calculation in each step
(Born–Oppenheimer MD). An alternative is Car–Parrinello
MD (CP-MD),[284, 285] in which the wave functions are treated
as fictitious dynamic variables within a Lagrangean scheme
and follow the motion of the nuclei “on the fly”. QM/MM
approaches based on CP-MD have been developed by several
groups.[49–51, 186, 205,209, 286–291] Notably the groups of R�thlis-
berger and Carloni and their collaborators have been active
in this area of biomolecular simulations.[205, 209, 288–294]

3.3.2. QM/MM Free-Energy Perturbation

A QM/MM free-energy perturbation (FEP) scheme to
calculate free-energy differences along a predefined reaction
path was introduced by Yang and co-workers.[39,266] Rod and
Ryde presented a more general formulation,[130, 295] named
QTCP (quantum-mechanical thermodynamic-cycle perturba-
tion), and Valiev et al.[296, 297] proposed a three-level (coupled-
cluster/DFT/MM) FEP treatment. The basic idea is to sample
only the MM degrees of freedom while the QM atoms are
kept fixed, thus significantly reducing the computational
effort compared to full QM/MM sampling. QM/MM FEP
(sometimes also referred to as QM/MM-FE) is related to
previous techniques[298–301] which also avoid sampling of the
QM degrees of freedom. However, in those QM free-energy
(QM-FE) approaches, the reaction path is determined in the
gas phase and the QM and MM potentials are not coupled.
That approach amounts to assuming that the influence of the
environment on the reaction path as well as polarization
effects are negligible; both approximations are absent in QM/
MM FEP.

The QM/MM FEP schemes use an ESP charge model of
the QM density, in analogy to some of the QM/MM
optimization schemes (see Section 3.2). This avoids the
demanding evaluation of the electrostatic QM–MM interac-
tions at the QM level, but approximates the continuous
density by point charges and implies a frozen density that
cannot adapt to the changing MM environment. We have
recently shown that such an approximate QM/MM FEP
approach yields results comparable to full thermodynamic
integration or umbrella sampling in a fraction of the computa-
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tional time[302] and is thus highly justified for treating
enzymatic reactions. QTCP[130, 295] in its most general formu-
lation calculates also the free-energy differences associated
with changing from a QM density to a point-charge model by
additional FEP steps.

To efficiently calculate reaction and activation free
energies in enzymes, Warshel and co-workers[303–306] devel-
oped a scheme in which the sampling is performed on an
empirical valence bond reference (EVB) potential fitted to
ab initio data. A linear-response approximation is then
applied to evaluate the free energy of transfer from the
EVB to the ab initio surface. Different formulations have also
been proposed to solve the problems that arise when
performing “alchemical” FEP simulations with a QM/MM
potential.[307–311]

3.3.3. Other Free-Energy Techniques

Jarzynski discovered a remarkable equality[312–318] that
connects the equilibrium free-energy difference to the
irreversible work expended for switching between two states
using a constraint or a guiding potential.[316, 319–321] Applica-
tions of free-energy methods based on the Jarzynski equality
in the context of enzymatic QM(DFT)/MM simulations have
been reported.[322, 323]

Transition-path sampling (TPS) uses Monte Carlo impor-
tance sampling in the space of trajectories connecting the
reactant with the product basin, yielding an ensemble of
reactive trajectories.[324–334] It does not involve any precon-
ceived knowledge about the reaction path or the transition
state. All that is required are low-dimensional order param-
eters (e.g., combinations of bond lengths) that are able to
unambiguously separate reactant from product configura-
tions. TPS has been applied to an enzymatic reaction, with
trajectories being generated by semi-empirical QM/MM
MD.[335]

The metadynamics approach[336–345] is capable of exploring
the free-energy surface without prior information about the
location of minima or transition states; it is related to earlier
techniques.[346–351] It describes the dynamics in the space of a
set of collective coordinates that characterize the process of
interest. The metadynamics is coupled to the real dynamics of
the system by a history-dependent bias potential, which drives
the system away from regions of the free-energy surface it has
already visited by “filling them up”. This technique has also
been applied to enzyme reactions.[352, 353]

Phase-space sampling can be enhanced in constant-
temperature MD by coupling selected degrees of freedom
to a separate thermostat and keeping them at a higher
temperature than the remainder of the system. To minimize
the heat flow from the hot degrees of freedom into the cooler
surroundings, the masses of the hot atoms are scaled up, thus
creating an adiabatic separation between the hot, slow and
the cool, fast degrees of freedom. The dynamics of the slow
degrees of freedom is then effectively performed on the free-
energy surface generated by the environment. Such techni-
ques are known as adiabatic free-energy dynamics[354, 355] or
canonical adiabatic free-energy sampling.[356] A biomolecular

application using Car–Parrinello QM/MM MD is described in
Ref. [357].

Lu and Yang[358] extended the concept of the reaction-path
Hamiltonian[359] to large QM/MM systems. Using the ener-
gies, vibrational frequencies, and electronic response proper-
ties of the QM region along a QM/MM reaction path (e.g., the
minimum-energy path), they construct a harmonic reaction-
path potential. It provides an analytical expression for the
QM/MM potential energy along the path, accounting for the
coupled dynamics of QM and MM parts. This potential can
subsequently be used for sampling, for instance, to perform
thermodynamic integration with constrained MD.

Also from the Yang group stems the QM/MM minimum
free-energy path (MFEP) scheme, which evaluates free-
energy gradients to optimize the minimum-energy path on the
free-energy surface.[360] It combines QM/MM FEP with a
chain-of-replicas optimization method (e.g., NEB or the
Ayala–Schlegel MEP).

4. Survey of QM/MM Applications

4.1. QM/MM Implementations

QM/MM applications require efficient programs with
wide-ranging functionality. There are essentially three strat-
egies that have been followed in the development of QM/MM
codes: 1) Adding QM capabilities to an MM package;
2) adding MM functionality to a QM package; or 3) coupling
existing QM and MM programs in a modular manner to a
central QM/MM engine. Approaches (1) and (2) take advant-
age of the inherent strengths of the respective base program.
MM packages are designed to handle large complex systems
and offer the corresponding simulation and analysis tools,
whereas QM programs traditionally provide efficient algo-
rithms to locate stationary points on potential-energy surfa-
ces.

The modular approach (3) offers more flexibility. The
external QM and MM packages are linked by interfaces to a
central core that supplies the QM/MM coupling as well as
routines for standard tasks, such as structure optimization,
and molecular dynamics (Figure 4). The core also provides a
common user interface to the external programs, at least for
their most common options. Extensions and updates are
relatively easy since they only require interfacing to addi-
tional or updated QM or MM programs. The ChemShell[199,361]

is an example for such a modular QM/MM implementation.

4.2. QM/MM Application Areas

For quite some time, biomolecular QM/MM applications
were entirely dominated by, if not synonymous with, the study
of enzymatic reactivity. Indeed, questions of structure and
energetics of enzyme reactions remain a prime area where
QM/MM methods can fully show their potential; the dis-
cussion of optimization and simulation techniques in the
previous Section should be viewed in this context. It is also
reflected in the application survey in Section 5. However, not
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only the forming and breaking of chemical bonds requires a
QM/MM description but also other processes associated with
a reorganization of the electronic structure. Examples include
spectroscopic properties depending on the electronic ground
or excited states, excited-state dynamics, and charge-transfer
processes. Recent years have seen an increasing number of
studies that apply QM/MM methods to questions from these
areas as well; some examples are presented below (Sec-
tion 4.3) before we address QM/MM studies of enzyme
reactivity (Section 4.4).

A particular application of the QM/MM method is its
combination with experimental structural data. QM/MM
structure refinement was pioneered by Ryde and co-work-
ers.[362–364] They introduced an approach that integrates QM
calculations into the refinement of experimental structural
data of biological macromolecules, in particular proteins. The
basic idea is to use a QM/MM, rather than a pure MM, model
that is refined against the experimental data. This approach
largely alleviates the problem that the quality of experimental
structures is less reliable in and around the active site, since
the commonly applied MM models are carefully tuned to
describe the protein but less so for substrates and cofactors
(generally, the non-protein parts of the structure). The
method has been used for the refinement of single-crystal
X-ray diffraction,[362–370] NMR,[371] and EXAFS[372–374] data.
Merz and co-workers have presented a similar approach.[375]

4.3. QM/MM Calculations of Spectroscopic and Excited-States
Properties

Herein we highlight a few selected applications where
QM/MM methods have been used to calculate spectroscopic
properties and to investigate electronically excited states.
* Vertical electronic excitation energies (UV/Vis absorp-

tion, emission, or fluorescence spectra): The general
approach is to perform a QM/MM optimization, for
example, at the DFT/MM level, or to extract snapshots
from a QM/MM MD simulation run, for example, at the

semi-empirical QM/MM level. The excited-states calcula-
tions, which provide the vertical excitation energies, are
then performed on the individual structures using, for
example, time-dependent DFT (TD-DFT), multiconfigu-
ration ab initio methods (e.g., CASSCF or CASPT2), or
multireference ab initio methods (e.g., MRCI). The envi-
ronment normally enters the excited-state calculations by
way of the atomic point charges (electrostatic embedding).
A number of applications of this type can be found in
Section 5, mainly in the group of photoactive proteins; for
instance, the mechanism of color tuning in rhodopsins.[376]

* Magnetic-resonance spectroscopic properties: In a similar
strategy as for optical spectra, magnetic-resonance spec-
troscopic parameters can be obtained. Examples include
NMR chemical shifts of retinal in rhodopsins;[377, 378] 51V
NMR anisotropic shifts in vanadium chloroperoxidase;[379]

and EPR g and hyperfine-coupling tensors of the heme in
cytochrome P450[380] and plastocyanin.[381]

* M�ssbauer spectroscopic parameters: 57Fe M�ssbauer
spectroscopy has been proven to be a very powerful
technique to elucidate the high-oxidation-state intermedi-
ates of iron-dependent enzymes. As these intermediates
are normally highly reactive and correspondingly elusive
and difficult to characterize, the computation of M�ssba-
uer spectroscopic properties can greatly contribute to the
interpretation and analysis of their spectra, for example, in
cytochrome P450[380] and a nonheme-iron/2-oxoglutarate
dependent dioxygenase.[382]

* Excited-state reactivity: A step beyond the calculation of
properties that depend on electronically excited states is
the simulation of the reactivity and the dynamics of the
excited states themselves. Examples are the simulations
performed on the photoactivated trans-to-cis isomeriza-
tion of the p-coumaric acid chromophore in the photo-
active yellow protein[383] or of the dynamics of a photo-
activated C–G base pair in DNA.[384]

4.4. QM/MM Studies of Enzymatic Reactions

Performing a QM/MM study of an enzymatic reaction is a
nontrivial task. It should be emphasized that a considerable
amount of work has to be invested into the setup and
preparation of the system prior to the actual QM/MM
calculations. Errors and wrong choices in this initial phase
cannot normally be recovered at a later stage. The practical
issues that need to be addressed in QM/MM work have been
discussed thoroughly in Ref. [38], which should be consulted
for more detailed information. Further practical guidance can
be found in original papers that deal with such issues, for
example Refs. [385, 386].

A comprehensive overview of QM/MM studies of enzy-
matic reactions is beyond the scope of this article. Early
applications up to 2001 are summarized in Ref. [25]. We have
previously covered the period 2000 to early 2006,[38] and we
extend this tabular survey in Section 5 to the full period 2006–
2007. Herein we first illustrate the use of QM/MM methods
for the investigation of enzyme reactivity by three examples.
For the selected enzymatic reactions, a sizeable body of work

Figure 4. Overview of the modular QM/MM package ChemShell.
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both from others and ourselves is available, and the studies
showcase a broad variety of methodologies and features. The
reactions chosen also involve different chemistry and reaction
types.

4.4.1. para-Hydroxybenzoate Hydroxylase

The enzyme para-hydroxybenzoate hydroxylase[387]

(PHBH) catalyzes the transformation of p-hydroxybenzoate
(pOHB) into 3,4-dihydroxybenzoate (3,4-DOHB). It is
active, for example, in soil bacteria, where it plays a crucial
role in the oxidative degradation of aromatic compounds,
such as lignin; the resulting 3,4-DOHB is the substrate for
subsequent catechol ring-cleavage reactions. PHBH was also
proposed as a biocatalyst for the hydroxylation of fluorinated
and chlorinated pOHB derivatives.[388,389] The enzyme con-
tains flavin-adenine dinucleotide (FAD) as a cofactor. Since
the oxygen of the transferred hydroxy group stems from O2,
PHBH is classified as a monooxygenase; the second oxygen
atom is not utilized for product formation but is ultimately
reduced to H2O.

The catalytic cycle of PHBH may be divided into a
reductive and an oxidative branch, as assessed by the
oxidation state of the cofactor. In the reductive half-reaction,
the flavin cofactor is reduced to FADH2. In the subsequent
oxidative half-reaction, FADH2 reacts with molecular oxygen
to form a flavin hydroperoxide (FADHOOH) that acts as the
active hydroxylation agent. FADHOOH hydroxylates pOHB
in the meta position, yielding FADHO� (FADHOH after
protonation) and a hydroxycyclohexadienone intermediate
that tautomerizes rapidly into the aromatic 3,4-DOHB
(Scheme 1). To close the cycle, FADHOH loses water,

regenerating the oxidized form of FAD, and 3,4-DOHB is
liberated.

PHBH has been the subject of numerous experimental
investigations over the last three decades and has become a
classic example for flavoprotein monooxygenases.[387] The
hydroxylation reaction follows the aromatic electrophilic
substitution (SEAr) mechanism, that is, FADHOOH acts
formally as an “OH+” donor. The substrate reacts in its
dianionic (phenolate) form, the oxido substituent being
strongly activating and ortho directing in SEAr reactions.

The hydroxylation step of the PHBH catalytic cycle has
received considerable attention from the theoretical perspec-
tive and has become one of the prototype systems for
computational studies on enzyme reactions. An early QM
study found a good correlation of experimental turnover rates
of fluoro-substituted pOHB derivatives with the energy of the
highest occupied molecular orbital (HOMO) calculated for
the free substrates in the gas phase at the semi-empirical AM1
level.[390] This observation supported the notion that the
hydroxylation is rate-determining under the conditions of the
measurements. It also provided evidence for the dianionic
state of the active substrate as well as for the SEAr
mechanism. QM/MM calculations were reported in a series
of contributions by Ridder et al.[391–394] Applying AM1 to the
substrate and the isoalloxazine part of FADHOOH
(50 atoms) and the CHARMM force field to the remaining
part of the cofactor as well as for the whole protein including
crystal water (4840 atoms), they computed reaction profiles
along a predefined reaction coordinate describing the attack
of the hydroperoxy “OH+” on the meta position of the
substrate, optimizing at each point along the reaction
coordinate the atoms within a given distance of the active
region. The activation barriers thus obtained correlated well
with the experimental turnover rates of fluoro-substituted
pOHB derivatives and with experimental rate constants for
the hydroxylation step for a series of modified flavins and
substrates, corroborating the SEAr mechanism and the
dianionic state of the substrate. These conclusions were
strengthened by analyzing in detail[392] the structural and
electronic changes as well as the interactions of the substrate
and cofactor with specific residues along the reaction path.
The overall effect of the surrounding protein on the ener-
getics of the reaction was found to be relatively small and the
dominant contributions to stem from the QM part. The role of
the enzyme in this case thus appears to consist mainly in
activating the substrate by deprotonation, preparing the
“OH+” donor FADHOOH and protecting it from reaction
with water, and keeping the two reactants in a position
favorable for reacting. A later contribution[394] improved upon
the computational level, employing HF/6-31G(d) instead of
AM1 for the QM part in the reaction-profile calculations. In
addition, single-point calculations were performed on the
isolated QM part in the gas phase with B3LYP/6-311 + G(d,p)
and LMP2/6-31 + G(d). The results largely confirmed the
conclusions obtained before with regard to the mechanism
and the role of the protein.

The barrier calculated for the hydroxylation of pOHB is
17.6 kcal mol�1 using AM1/CHARMM.[391] HF/CHARMM
provides a considerably higher value (about 30 kcalmol�1),

Scheme 1. Hydroxylation step in PHBH. Op and Od designate, respec-
tively, the proximal and distal peroxide oxygen of the hydroperoxyflavin;
Cm is the meta carbon atom of pOHB.
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and single-point calculations at HF/CHARMM geometries
yield 12.1 and 11.2 kcal mol�1 with B3LYP and LMP2,
respectively.[394] The reaction energy is about �55 kcalmol�1

at this level. The comparison of different methods against gas-
phase calculations up to MP2/6-31 + + G(d,p)//HF/6-31 + +

G(d,p) on model reactions for the PHBH hydroxylation
showed that HF drastically overestimates the barrier height,
whereas B3LYP underestimates it; AM1 also overestimates,
by about the same amount as B3LYP is too low.[395]

Starting with work by Billeter et al. ,[395] our group has
used the OH-transfer in PHBH to investigate a number of
methodological and procedural issues in the context of QM/
MM simulations. In collaboration with Werner and co-
workers, we pushed the limits of static QM/MM calculations
with respect to the QM level employed.[92, 94] Using an
enlarged model with a fully hydrated protein and a shell of
water molecules around it (about 23 000 atoms, including
approximately 50 QM atoms), the GROMOS force field was
combined with QM methods ranging from Hartree–Fock over
DFT (B3LYP) to LMP2 and LCCSD(T0); the largest
coupled-cluster calculations involved 284 electrons and
1294 basis functions. The structures at the stationary points
and the reaction profiles were obtained at the DFT/MM level
and used for the correlated single-point calculations. To
sample the influence of structural changes in the environ-
ment, the optimizations were started from ten snapshots
taken from MD simulations. As shown in Table 1, the high-
level ab initio methods afford near-quantitative activation
enthalpies.

We also applied free-energy techniques based on QM/
MM MD to PHBH. These simulations used the semi-
empirical AM1 method for the QM part. Using point-wise
thermodynamic integration, we obtained the average activa-
tion free-energy starting from ten classical-MD snapshots.[283]

These simulations also provided insights into the dynamic
reorganization of the hydrogen-bonding network in the active
site along the reaction coordinate. In particular, the amide
carbonyl of Pro293 was found to stabilize the transferring OH
in the transition-state region. The thermodynamic-integration
results served as a reference in a subsequent study that
described the implementation and validation of the QM/MM
free-energy perturbation (FEP) technique (see Sec-
tion 3.3.2).[302] A new method for analyzing the data from

umbrella-sampling simulations, dubbed “umbrella integra-
tion”, was tested and validated using PHBH.[302, 396]

4.4.2. Chorismate Mutase

Chorismate mutase catalyses the Claisen rearrangement
of chorismate to prephenate (Scheme 2), a key step of the
shikimate pathway for the synthesis of aromatic amino acids

in plants, fungi, and bacteria. The reaction, a rare example of a
pericyclic reaction in biochemistry, has been the subject of
numerous theoretical studies dealing with the structure of the
enzyme–substrate complex, reaction pathways, and the role of
specific residues in transition-state stabilization. It has also
served as an important case for testing and developing
theories on the origin of enzymatic catalysis.

Lyne, Mulholland, and Richards reported in 1995 the first
QM/MM (AM1/CHARMM) study on chorismate mutase.[397]

They optimized the reactant complex and reaction profile and
identified key residues in the active site. They found that the
structure of enzyme-bound chorismate is distorted compared
to the gas phase, resembling more the transition state, such
that the stabilizing interactions with Arg90 and Glu78 are
maximized. These two residues also contribute the most to the
stabilization of the transition state. Later studies used
improved models, such as a larger number of atoms, higher
QM levels, and more rigorous optimization methods.[398,399]

The conformation of the enzyme-bound reactant was the
focus of several investigations[400–403] that used optimization
and QM/MM MD techniques to compare conformational
preferences in the enzyme, in solution, and in the gas phase.
Guo et al.[402] concluded that the enzyme does not bind the
reactive reactant conformer preferentially, but rather pro-
motes the rapid conversion of nonreactive conformers, which
prevail in solution, into the reactive form once they are
bound.

The importance and validity of the near-attack conforma-
tions (NAC) concept of enzymatic catalysis was extensively
discussed based on the example of chorismate mutase.[403–414]

Whereas Bruice and co-workers[403–407, 414] have advanced NAC
as the dominant catalytic effect in chorismate mutase (and
other enzymes), Warshel and co-workers,[408] Mulholland and
collaborators,[412, 413, 415–417] and others[411] have concluded that
electrostatic transition-state stabilization is the dominant
contribution. Evidence in support of this conclusion was
derived from AM1/MM and HF/MM reaction-path optimi-
zations, corrected by DFT and MP2 single-point calculations,
comparing the reaction in the enzyme and in continuum

Table 1: Activation enthalpy of the OH-transfer in PHBH using succes-
sively higher QM levels.[a]

Method[b] D�H8(300 K) [kcalmol�1][c]

HF 36.7�2.6
B3LYP 8.4�1.4
LMP2 10.7�1.2
LCCSD(T0) 13.3�1.5
Experiment 12.0

[a] Data from Ref. [92]. [b] Structures optimized at B3LYP/GROMOS.
[c] QM/MM barrier plus zero-point and finite-temperature corrections
obtained from QM-only calculations on cluster models. The error interval
indicated is the RMS deviation over ten snapshots.

Scheme 2. Claisen rearrangement of chorismate to prephenate in
chorismate mutase. The allyl vinyl ether unit which rearranges into a
4,5-unsaturated ketone is highlighted in gray.
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solvent,[412,415] and from a comparative study between Claisen
and Cope rearrangements in the enzyme.[411] Moreover, the
free energy required to generate NACs[412] suggests that these
cannot account for catalysis by themselves. Using the differ-
ential transition-state stabilization approach, the contribu-
tions of specific residues to transition-state stabilization was
analyzed.[417, 418] To assess the influence of variations in the
environment on the reaction barrier, the Mulholland group
calculated reaction paths starting from 16 snapshots taken
from QM/MM MD simulations.[413] They explained the over-
all catalytic effect by the almost equal cost of forming a NAC
in the enzyme and transition-state stabilization. It was
proposed that the enzyme binds to NACs because of their
similarity to the transition state; the enzyme is adapted to
bind to the transition state, so it also binds to the NACs
closely resembling it. The NAC effect is thus explained as a
consequence of electrostatic transition-state stabilization.
Still, Bruice and co-workers attributed only about 10 % of
the catalytic effect to transition-state stabilization.[414] The
different views have also been analyzed from the kinetic
perspective.[419]

The role of the Arg 90 residue in stabilizing the reactant
and transition state in the active site was studied in detail by
QM/MM MD[420] and QM/MM Monte Carlo[421] simulations in
combination with different free-energy techniques. Addition-
ally, calculations of kinetic isotope effects based on a semi-
classical model (primary 13C- and 18O-, secondary 3H-kinetic
isotope effects) were reported.[269, 422] Like PHBH, chorismate
mutase has served as a case study in more method-oriented
work on, for example, a replica-path method for optimizing
reaction paths,[423] DFT-corrections to semi-empirical ener-
gies,[269, 424, 425] free-energy simulations based on Jarzynski�s
equality,[323] new QM/MM implementations,[426–428] or a full
ab initio QM description of the enzyme.[429] It was also
included in the high-level ab initio QM/MM study discussed
above for PHBH,[92] and excellent agreement was again found
between the experimental and the best theoretical barrier
computed at the coupled-cluster level.

4.4.3. Cytochrome P450

The cytochrome P450 enzymes constitute a superfamily of
monooxygenases that perform a variety of essential functions,
such as biosynthesis and detoxification, in nearly all life
forms.[430–432] These heme proteins catalyze many types of
oxidation reactions, often with high regio- and stereoselec-
tivity, including hydroxylation, epoxidation, and heteroatom
oxidation. A comprehensive Review[433] covers the extensive
theoretical work on these enzymes until 2004, in particular
DFT model studies and early QM/MM studies. In this Section
we focus on recent QM/MM investigations of cytochro-
me P450cam, the prototypical bacterial enzyme that catalyzes
the stereospecific hydroxylation of the non-activated
C5�Hexo bond in camphor under physiological condi-
tions.[380, 385,386, 434–449]

The key steps of the catalytic cycle of cytochrome P450-
cam are shown in Scheme 3. The cycle[430–432] starts with the
resting state (S1), a hexacoordinate FeIII complex with a water
ligand in the distal coordination site. The entrance of the

camphor substrate displaces the water molecule and leads to a
pentacoordinate FeIII species (S2), which is then reduced to a
FeII complex (S3). The binding of molecular oxygen yields the
FeII dioxygen complex (S4), which is then reduced again to
the FeIII peroxo species (S5). Subsequent protonation gives
the FeIII hydroperoxo complex (S6), called Compound 0, and
uptake of another proton causes heterolytic O�O cleavage to
form Compound I (S7) and water. Owing to its FeIV oxo
moiety, Compound I is very reactive and can thus transfer an
oxygen atom to the camphor substrate, via a rebound
mechanism which first generates a radical pair (S8) by
hydrogen abstraction and then the product complex (S9) by
recombination. The catalytic cycle is closed by dissociation of
the alcohol product and binding of a water molecule.

All the intermediates in the catalytic cycle of cytochro-
me P450cam have now been characterized through DFT/MM
calculations. An important issue is the correct assignment of
the spin states of these intermediates. Their relative energies
are strongly dependent on the admixture of Hartree–Fock
exchange in the chosen density functional; in addition, they
are tuned by the interactions with the protein environment.
The B3LYP hybrid functional in combination with any of the
established protein force fields (CHARMM, OPLS, etc.) is
found to provide realistic spin-state energies that are com-
patible with the available experimental evidence. More
specifically, B3LYP/CHARMM calculations correctly give a
low-spin doublet ground state for S1,[438] a high-spin sextet
ground state for S2 only slightly below the doublet and

Scheme 3. Catalytic cycle for the hydroxylation of an aliphatic hydro-
carbon substrate R�H in cytochrome P450.
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quartet,[440] a high-spin quintet ground state for S3 well
separated from the triplet and singlet,[440] and an open-shell
singlet ground state for S4 with a small energy gap to the other
spin states.[449] These calculations predict a doublet ground
state both for S5[449] and S6,[448] a doublet ground state for S7
that is almost degenerate with the quartet,[380, 434] several close-
lying doublet and quartet states for S8,[436] and a doublet for
S9 with a short Fe�O bond slightly below the quartet and
sextet states with a longer Fe�O bond.[439] The relative
energies for the spin states of S6, S7, and S8 from B3LYP/
CHARMM agree quite well with correlated ab initio QM/
MM results, with the QM region being treated at the
CASSCF/MRCI level.[380, 448]

Apart from the spin-state ordering, the DFT/MM calcu-
lations also yield realistic results for other properties of the
intermediates. In addition, they allow an assessment of the
effects of the protein environment. In the case of the resting
state (S1), the computed geometry and spectroscopic param-
eters of the doublet ground state are in good agreement with
the available experimental data, and comparison with gas-
phase model calculations shows that the protein environment
favors an upright conformation of the axial water ligand as a
result of hydrogen-bond interactions in the binding pocket.[438]

The camphor substrate is held in the active site of cytochro-
me P450cam by a hydrogen bond to Tyr96, whose strength is
estimated to be around 6 kcal mol�1 at the BP86/AMBER
level.[441] In the case of the pentacoordinate FeIII complex
(S3), the inclusion of the protein environment changes the
orbital occupation in the quintet ground state compared to
the gas phase: the dxz orbital is doubly occupied in the enzyme
as confirmed by the good agreement between computed and
observed M�ssbauer parameters.[440] B3LYP/CHARMM cal-
culations for the FeII dioxygen complex (S4) indicate that the
protein environment reduces the open-shell singlet–quintet
energy gap which should facilitate the required spin inver-
sion.[449] The FeIII peroxo complex (S5) only remains intact
upon B3LYP/CHARMM geometry optimization when in the
doublet ground state while the quartet and sextet states
dissociate (uncoupling).[449]

Compound I (S7) is generally considered to be the crucial
reactive intermediate of cytochrome P450cam. It is an
iron(IV) oxo species with three unpaired electrons, two of
which are located in p* orbitals of the FeO moiety while the
third one is delocalized over the ligands. B3LYP/CHARMM
calculations have established that the protein environment
controls and tunes the spin density distribution in the
porphyrin and sulfur ligands through hydrogen bonding to
sulfur, giving rise to a porphyrin radical cation and an
essentially closed-shell situation at sulfur in the enzyme.[434]

This prediction for the experimentally yet unknown P450cam
Compound I was later confirmed by an ENDOR study of
chloroperoxidase Compound I,[450] which yields a spin density
of only about 0.2e at sulfur, in agreement with the computed
value. Correlated ab initio QM/MM calculations predict a
small antiferromagnetic coupling and thus support a doublet
ground state for P450cam Compound I.[380] However, the
doublet–quartet splitting is so small that the zero-field
splitting from spin–orbit coupling is sufficient to generate
three Kramers doublets of mixed multiplicity, which are all

populated at room temperature.[380] B3LYP/CHARMM cal-
culations indicate that there is a rather low-lying sextet/
quartet manifold with a different orbital occupation pattern
(ca. 12 kcalmol�1 above the ground state),[380] whereas
electron configurations with an FeV oxo moiety are much
higher in energy.[445]

Concerning P450cam reactions, DFT/MM studies have
been reported for the protonation steps (S5!S6!
S7)[437,443, 447] and the hydroxylation steps (S7!S8!
S9).[385, 386, 435–437,442, 444, 445] Among the proton sources that have
been considered in P450cam, the Asp 251 channel appears to
be most favorable, which connects the heme by a hydrogen-
bond network (involving Thr 252–water–Asp251–Arg186) to
the bulk solvent. The first proton transfer (S5!S6) is
extremely facile in the wild-type enzyme, with a computed
barrier of about 1 kcalmol�1, so that the reduced oxyheme
complex (S5) can barely be detected at liquid-helium temper-
atures of 4–7 K.[447] In the D251N mutant, where Asp 251 is
replaced by Asn 251, the Asn 251 side chain flips and disrupts
the hydrogen-bond network, which leads to a larger barrier
and hence to a longer lifetime of S5 (as observed exper-
imentally).[447] The transformation of Compound 0 to Com-
pound I (S6!S7) is usually regarded as a heterolytic process,
with the addition of a proton to the hydroperoxo ligand being
followed by dissociation of water. B3LYP/CHARMM calcu-
lations indicate, however, that a mixed homolytic–heterolytic
pathway is more favorable: The initially homolytic O�O
cleavage in Compound 0 is followed by a concomitant proton
and electron transfer to yield Compound I and water in an
overall heterolytic fashion.[443] The alternative traditional
mechanism via protonated Compound 0 seemed viable in a
DFT model study with unconstrained geometry optimiza-
tions,[451] but is energetically disfavored in the enzyme owing
to the structural constraints imposed by the protein environ-
ment.[443]

B3LYP/CHARMM studies on camphor hydroxylation by
Compound I (Scheme 3) support the two-state rebound
mechanism (S7!S8!S9) previously proposed on the basis
of QM model calculations: The initial hydrogen abstraction
encounters similar barriers in both spin states (slightly lower
in the doublet), whereas the subsequent recombination step is
essentially barrierless in the doublet but has to overcome a
non-negligible barrier in the quartet.[436] This latter barrier is
of electronic origin: To generate a quartet state during
rebound, one electron must occupy the iron dz2 orbital, which
is antibonding in axial direction and thus destabilizing.[436]

B3LYP/OPLS studies have led to the suggestion that the
quartet transition state for hydrogen abstraction in P450cam
is stabilized by remote effects, specifically by electrostatic
interactions between the porphyrin A-propionate side chain
and the neighboring Arg299 residue.[435, 437] This unusual
transition-state stabilization mechanism was, however, not
supported by subsequent DFT/MM calculations with a
properly screened A-propionate and a protonated Asp 297
residue (consistent with the available X-ray struc-
tures).[385, 442, 444] In the course of that work, it was discovered
that a single water molecule (e.g., the one liberated during the
formation of Compound I from Compound 0) can cause a
significant lowering of the barrier for hydrogen abstraction,
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by about 4 kcalmol�1 because its hydrogen bond to the oxo
atom becomes stronger in the transition state for simple
electrostatic reasons.[385, 442] Hydrogen abstraction by the low-
lying sextet/quartet excited-state manifold of Compound I[380]

has been considered as an alternative pathway for camphor
hydroxylation: The B3LYP/CHARMM barriers are quite low
in the excited states, but the corresponding pentaradicaloid
transition states still lie somewhat above their usual triradi-
caloid counterparts and should thus normally not be rele-
vant.[445] According to DFT model calculations, the penta-
radicaloid species become further stabilized during the
rebound step (S8!S9), which might give rise to multi-state
reactivity.[452] Active species for camphor hydroxylation other
than Compound I have been discussed repeatedly in the
literature. However, according to recent B3LYP/CHARMM
work, FeV oxo compounds are too high in energy to be of
importance; and one-electron reduced species (Comp-
ound II) show only sluggish reactivity compared with Com-
pound I.[445] The available QM/MM evidence thus confirms
the central role of Compound I in the two-state rebound
mechanism for camphor hydroxylation.

As stated at the outset, we have primarily addressed in
this Section the mechanistic insights that have been gained
from QM/MM studies on the prototypical P450cam enzyme.
Of course, there have also been many QM/MM investigations
on related enzymes. To quote only a few selected examples,
we mention the DFT/MM studies on Compound I in human
isoforms of cytochrome P450,[453, 454] in peroxidases,[455–458] in
nitric oxide synthase,[459] and in a designed mutant of
cytochrome P450 containing selenocystein,[460] as well as
mechanistic DFT/MM studies on horseradish perox-
idase[461,462] and other heme proteins.[463]

5. Recent Biomolecular QM/MM Studies

In Ref. [38], we tabulated biomolecular QM/MM studies
having appeared between 2000 and early 2006. Herein we
provide an update of this survey for the full period 2006–2007
(Table 2). The table is organized in the same way as before:
Entries are grouped by the type of biomolecule investigated;
enzymes are further sorted according to enzyme class (EC
number). Note that the classification is determined by the
enzyme�s main function, which need not be identical to the
process actually investigated in the cited study. To make the
Table more readable, identical entries in the columns
“Biomolecule”, “Process studied”, “QM level”, “MM
level”, and “Calculation type” are not repeated in successive
rows for the same biomolecule; “Comments”, however, apply
to the specific row only.

The same provisos as before[38] apply also to the Table
herein: If a contribution does not contain any of the pertinent
keywords (such as QM/MM, combined quantum mechanics/
molecular mechanics, hybrid quantum mechanics/molecular
mechanics, etc.) in the title or the abstract, it is likely to have
been missed by our literature search. We thus cannot claim to
provide a comprehensive listing and apologize for any
oversights and omissions.

6. Summary and Outlook

QM/MM methods are by now established as the state-of-
the-art computational technique to treat reactive and other
“electronic” processes in biomolecular systems. The rapidly
growing number of publications using QM/MM techniques gives
impressive testimony that they have come of age since the
pioneering beginnings some thirty years ago.[1] In this Review,
we have summarized general methodological aspects of the
QM/MM approach, its use within optimization and simulation
techniques, and its areas of application, always with a focus on
biomolecular systems. We have also discussed some illustrative
case studies and provided a tabular survey of recent applications.

As documented in many of these publications, QM/MM
calculations provide detailed mechanistic insight into enzy-
matic reactions. The QM/MM formalism allows a partitioning
of the total energy, and particularly of the QM–MM
interaction energy, into various components, and thus offers
the opportunity to analyze the effects of the protein environ-
ment (down to individual residues) on the species in the
catalytic cycle. An alternative approach towards this goal
makes use of comparisons between the QM/MM results for
the complete enzyme and QM results for suitably chosen
model systems. Understanding the origin of the catalytic
power of enzymes, with their sometimes spectacular rate
enhancements, requires simulations for the given reaction in
the enzyme and in aqueous solution. QM/MM methods are in
principle well suited for this task, and a number of QM/MM
studies have addressed this question for different enzymes. A
variety of concepts and ideas have been advanced to explain
the origin of enzymatic catalysis, many of which have been
subject to critical and often controversial discussion in the
literature (for Reviews see Refs. [25,40–42,97,98,618–625]).
Without going into any details, we note that transition-state
stabilization, based on electrostatic effects,[621] is mostly
considered to be the dominant factor in the actual chemical
step of enzymatically catalyzed transformations, consistent
with Linus Pauling�s original proposal[626] that enzymes work
by binding the transition state more strongly than the
substrate and thus lowering the activation barrier.

While this Review has focused on biomolecular systems, it is
clear that QM/MM methods are suitable for treating many other
complex systems in all branches of chemistry. They can be
applied whenever it is necessary to model a localized electronic
event in an active site (typically of the order of 100 atoms) that is
influenced by an interacting larger environment. There is an
obvious need to improve the available QM/MM tools further,
particularly by pushing for higher accuracy and better sampling,
but the existing QM/MM methods are already good enough to
allow for realistic modeling of real-world chemical problems. We
anticipate a growing number of such applications in the future.
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Table 2: Survey of biomolecular QM/MM applications for 2006–2007.

Biomolecule Process studied QM level MM level Calculation type[a] Comments Refs

Oxidoreductases (EC 1); O2- and electron-transport proteins

Flavin-dependent oxidoreductases
p-Hydroxybenzoate hydroxy-
lase

OH transfer AM1 GROMOS Opt, QM/MM
FEP, US(MD)

Comparison of
free-energy meth-
ods

[302]

Flavin reductase Flavin fluorescence INDO/S-CIS CHARMM MD [464]
Flavodoxin reductase Flavin fluorescence INDO/S-CIS CHARMM MD [464]
Medium-chain acyl-CoA dehy-
drogenase (MCAD)

FAD redox potential SCC-DFTB CHARMM US(MD) [465]

Cholesterol oxidase FAD redox potential SCC-DFTB CHARMM US(MD) [465]

NAD(P)-dependent oxidoreductases
Liver alcohol dehydrogenase
(LADH)

Electronic excitations of
bound NADH

TD-DFT, TD-
HF, CIS

CHARMM Single points [466]

Aldehyde dehydrogenase Thioacetal formation, H+

transfer
PM3 OPLS-AA Opt, US(MD) [467]

Dihydrofolate reductase H� transfer PM3, HF, DFT AMBER Opt, TI(MD) [468]
AM1 CHARMM US(MD), KIE VTST with tunnel-

ing
[469]

PM3, DFT AMBER TI(MD) 2D-MFEP [470]

TTQ-dependent oxidoreductases
Methylamine dehydrogenase H+ transfer PM3 CHARMM US(MD), KIE VTST with tunnel-

ing
[471]

Aromatic amine dehydrogen-
ase

H+ transfer PM3 CHARMM US(MD), KIE VTST with tunnel-
ing

[472–
474]

Nonheme-iron oxidoreductases
HIF-1a asparaginyl hydroxy-
lase

O2 activation CASSCF EFP
(AMBER)

Opt Electronic structure [475]

Isopenicillin N synthase O2 binding DFT AMBER Opt [476]
Soybean lipoxygenase-1 H abstraction PM3/d, DFT CHARMM Opt PM3/d parameters [477]

Heme-dependent oxidoreductases
Cytochrome C peroxidase Characterization of FeIV oxo

species (Cpd I)
DFT CHARMM Opt [457]

Cytochrome P450 Characterization of FeIV oxo
species (Cpd I)

DFT CHARMM Opt Influence of muta-
tion

[457,460]

Formation of FeIV oxo (Cpd I) CHARMM [443]
H abstraction CHARMM,

OPLS-AA
[442]

CHARMM [385]
Substrate selectiv-
ity

[478]

Spin density on
propionates

[444]

Effect of electronic
configurations

[445]

Structure preparation DFT CHARMM Opt Hydration
schemes, protona-
tion states

[386]

Cytochrome P450 3 A4 Characterization of FeIV oxo
species (Cpd I)

DFT CHARMM Opt [454]

Ascorbate peroxidase Characterization of FeIV oxo
species (Cpd I)

DFT CHARMM Opt [457]

Horseradish peroxidase Characterization of Fe-OH
species (Cpd II)

DFT CHARMM Opt [462]

Formation of FeIV oxo species
(Cpd I)

[461]

Formation of Fe-OOH species
(Cpd 0)

[479]
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Table 2: (Continued)

Biomolecule Process studied QM level MM level Calculation type[a] Comments Refs

NO synthase Formation of FeIV oxo species
(Cpd I)

M�ssbauer param-
eters

[459]

Catalase Active-site structure DFT AMBER Opt Rigid protein [458]
Active-site structure, elec-
tronic configuration

Opt, CP-MD [480]

Catalase-peroxidase (KatG) Characterization of FeIV oxo
(Cpd I) and Fe-OH (Cpd II)
species

DFT AMBER Opt, CP-MD [481]

Other heme proteins
Truncated hemoglobin (PcHb) O2 binding DFT AMBER Opt Effect of protein

conformations
[482]

Various heme proteins O2 binding DFT AMBER Opt [483]
Myoglobin Vibrational analysis with

bound CO
DFT AMBER Opt [484]

Vibrational spectrum of dis-
sociated CO

CHARMM [485]

CO dissociation OPLS-AA Protein structural
changes

[486]

CHARMM [487]
O2 binding AMBER Mutants [488]
Characterization of Fe-OOH
species

CHARMM [489]

Leghemoglobin O2 binding DFT AMBER Opt Mutants [488]
Effect of protein
conformations

[482]

Other Fe-dependent oxidoreductases
Fe-only hydrogenase Active-site structure DFT AMBER Opt, QM/MM-

FEP
IR, EPR parame-
ters,

[490]

H2 formation Opt [491]
Soluble methane
monooxygenase (MMO)

O2 activation DFT OPLS-AA Opt [492]

V-, Cu-dependent oxidoreductases
V haloperoxidases Active-site protonation state,

formation of OOH intermedi-
ate

DFT AMBER CP-MD, metady-
namics

[352]

V chloroperoxidase Active-site protonation state,
51 V NMR

DFT CHARMM Opt [379]

Dopamine b-monooxygenase H abstraction DFT AMBER Opt [493]
Peptidylglycine a-hydroxylating
monooxygenase

O2 binding, activation DFT AMBER Opt [494]

Particulate methane
monooxygenase (pMMO)

CH4!CH3OH conversion DFT AMBER Opt Cu and Cu2 sites
considered

[495]

Cu nitrite reductase Nitrite reduction DFT AMBER Opt Comparison to
model compounds

[496]

Other metalloproteins
Rubredoxin Active-site structure, redox

potentials
DFT AMBER Opt Influence of muta-

tions
[497]

Blue copper proteins (azurin,
plastocyanin, stellacyanin)

Active-site structure, redox
potentials

DFT AMBER Opt [498]

Azurin Electronic excitations DFT, TDDFT AMBER CP-MD [499]

Other oxidoreductases
Glutathione peroxidase H2O2 reduction DFT AMBER Opt [500]
DsbA Cys pKa PM3, DFT AMBER Opt Comparison to thi-

oredoxin
[501]

Quinoprotein methanol dehy-
drogenase

Dehydrogenation SCC-DFTB CHARMM Opt [502]

Luciferase Structure of bound excited
oxyluciferin, fluorescence
energies

SAC/SAC-CI AMBER Opt [503]
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Table 2: (Continued)

Biomolecule Process studied QM level MM level Calculation type[a] Comments Refs

Other redox proteins
Thioredoxin Disulfide reduction HF, DFT, MP2 UFF Opt [504]

Cys pKa PM3, DFT AMBER Opt Comparison to
DsbA

[501]

Transferases (EC 2)
Glutathione-S-transferase Thiolate addition AM1 CHARMM US(MD) Mutants [505]
Catechol O-methyltransferase Methyl transfer AM1 CHARMM Opt, US(MD) Corrections to PMF [506]

DFT AMBER QM/MM FEP Comparison of sol-
vation models

[507]

AM1, DFT OPLS Opt, US(MD) 2D-interpolation to
higher QM

[425]

Histone Lys methyltransferase
SET7/9

Methyl transfer DFT, MP2 AMBER Opt, QM/MM
FEP

[508]

SCC-DFTB CHARMM US(MD) [509]
HF AMBER US(MD) [510]
SCC-DFTB CHARMM Opt [511]

Viral histone Lys methyltrans-
ferase (vSET)

Methyl transfer SCC-DFTB,
MP2

CHARMM Opt [512]

Gly N-methyltransferase Methyl transfer AM1 OPLS Opt, US(MD) [513]
DNA C5 cytosine
Methyltransferase M.HhaI

Methylation SCC-DFTB CHARMM Opt [514]

Rubisco large subunit methyl-
transferase (LSMT)

Methyl transfers SCC-DFTB,
MP2

CHARMM Opt [515]

Pyrimidine nucleoside phos-
phorylase

Active-site structure DFT CHARMM Opt [516]

cAMP-dependent protein
kinase (cAPK)

Serine phosphorylation DFT AMBER Opt Effect of enzyme
phosphorylation

[517]

Opt, NEB, QM/
MM FEP

[518]

Cyclin-dependent kinase 2
(CDK2)

Inhibitor binding AM1 OPLS-AA MD [519]

Phosphoryl transfer DFT AMBER CP-MD [520]
HIV-1 reverse transcriptase Active-site structure AM1, PM3 CHARMM Opt Protonation states [521]
HIV-1 integrase Inhibitor binding AM1 OPLS-AA MD Different inhibitors [522]

AM1, DFT [523]
PM3 CHARMM Opt, MD [524]

DNA polymerase b Phosphoryl transfer HF, DFT, MP2 CHARMM Opt [525]
Polymerase IV (Dpo4) Nucleotidyl transfer DFT AMBER Opt, QM/MM

FEP
[526]

Hypoxanthine guanine phos-
phoribosyl transferase
(HGPRTase)

Phosphoribosyl transfer AM1, HF, DFT OPLS-AA Opt, US(MD) Comparison to
HGXPRTase

[527]

Hypoxanthine guanine xan-
thine phosphoribosyl
transferase (HGXPRTase)

Phosphoribosyl transfer AM1, HF, DFT OPLS-AA Opt, US(MD) Comparison to
HGPRTase

[527]

Farnesyltransferase Active-site structure with
bound product

DFT UFF Single points [528]

Golgi glycosyltransferase (N-
acetylglucosaminyltransferase)

Glycosyl transfer DFT AMBER Opt [529]

Estrogen sulfotransferase Sulfuryl transfer HF, DFT AMBER Opt [530]
Thymidylate synthase Folate-dependent methylation AM1, DFT OPLS-AA Opt, US(MD),

KIE
[531]

Hydrolases (EC 3)

Peptidases and other amidases
Subtilisin Structure of tetrahedral inter-

mediate
PM3 AMBER Single point [532]

Thermolysin Peptide hydrolysis DFT AMBER TI(CP-MD) [533]
Trypsin H+ transfer HF AMBER Opt, QM/MM

FEP, NMR
parameters

[534]
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Table 2: (Continued)

Biomolecule Process studied QM level MM level Calculation type[a] Comments Refs

Kumamolisin-As (sedolisin,
Ser-carboxyl peptidase)

Peptide hydrolysis SCC-DFTB CHARMM US(MD) [535,536]

DFT EFP(AMBER) Opt [537]
Acylation step SCC-DFTB CHARMM US(MD) [538]

Hepatitis C virus protease
NS3

Peptide hydrolysis AM1 CHARMM Opt, MD [539]

Formation of tetrahedral
intermediate

Opt, US(MD) Comparison of
boundary methods

[242]

HIV-1 Asp protease Active-site structure with
bound substrates

DFT AMBER CP-MD H-bonding pat-
terns

[540]

Inhibitor binding DFT:PM3 UFF Single points 3-layer ONIOM;
effect of mutations

[541]

Histone-deacetylase-like pro-
tein

Amide hydrolysis DFT AMBER Opt [542]

Cathepsin K Peptide hydrolysis AM1 CHARMM 2D-US(MD), EA-
VTST

[543]

Cathepsin B Thiolate attack on 3-ring of
inhibitor

DFT CHARMM Opt [544]

Class A b-lactamase Deacylation AM1, DFT CHARMM Opt [545]
Class B2 metallo-b-lactamase Hydrolysis SCC-DFTB,

DFT
CHARMM US(MD) [546]

Metallo-b-lactamase IMP-1 Inhibitor binding SCC-DFTB CHARMM MD [547]
Dizinc L1 b-lactamase Formation of tetrahedral

intermediate
SCC-DFTB,
DFT

CHARMM Opt, US(MD) [548]

Substrate binding SCC-DFTB MD [549]
Gelatinase A (MMP-2) Active-site structure DFT OPLS-AA Opt [550]
Peptide deformylase Deformylation DFT AMBER Opt [551]

Esterases
Acetylcholinesterase 1,3-dipolar cycloaddition DFT AMBER Opt In situ inhibitor

synthesis
[552]

Acylation of inhibitors Opt, QM/MM
FEP

Mutants [553]

Butyrylcholinesterase Cocaine hydrolysis HF AMBER Opt [554]

Glycosylases
Bacillus 1,3–1,4-b-glucanase Structure of bound substrate DFT CHARMM CP-MD [555]

Phosphatases, phosphoesterases
PcrA Helicase ATP hydrolysis DFT AMBER [556]
Phosphotriesterase Phosphotriester hydrolysis AM1(DFT,

MP2)
CHARMM US(MD) Dual-level QM [557]

Cyclic nucleotide phospho-
diesterases PDE4, PDE5

Active-site structure DFT AMBER Opt Identity of metals,
ligands

[558]

Other hydrolases
4-Chlorobenzoyl-CoA dehalo-
genase

SNAr displacement PM3 CHARMM US(MD) [559]

Yeast cytosine deaminase Zn-O(uracil) cleavage PM3:DFT AMBER US(MD) 2-QM-layer
ONIOM + MM-
MD scheme

[560]

Attack of OH� to form TS
analogue

SCC-DFTB CHARMM Opt, US(MD) [561]

Guanine deaminase bGD Deamination PM3:DFT AMBER Opt 2-QM-layer
ONIOM

[562]

Soluble epoxide hydrolase
(sEH)

Phosphoryl transfer DFT AMBER TI(CP-MD) [563]

Lyases (EC 4)
Orotidine-5’-monophosphate
decarboxylase

Direct decarboxylation DFT CHARMM Metadynamics [353]

Carbonic anhydrase II H+ transport SCC-DFTB CHARMM US(MD) [564]
pKa MD Comparison of

GSBP and PBC
[180]
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Table 2: (Continued)

Biomolecule Process studied QM level MM level Calculation type[a] Comments Refs

Diol dehydratase H abstraction, OH migration DFT AMBER Opt Effect of mutations [565]
Citrate synthase H+ transfer/enolization AM1 CHARMM Opt, US(MD) [566]

AM1, HF, MP2 Opt [567]

Isomerases (EC 5)
4-Oxalocrotonate tautomerase H+ transfers HF, DFT AMBER Reaction path

opt, QM/MM
FEP

Different sub-
strates

[568]

AM1, DFT CHARMM Opt Effect of Mutations [569]
DFT [570]

Glu racemase H+ transfers AM1 CHARMM Opt, MD [571]
Ala racemase H+ transfer AM1 CHARMM US(MD) [572]

US(MD), KIE VTST with tunnel-
ing, path integrals

[573]

Triosephosphate isomerase Active-site Pro pucker DFT GROMOS,
OPLS-AA

Opt [574]

Chorismate mutase Claisen rearrangement HF AMBER Opt Comparison to
FMO all-QM

[429]

AM1, DFT OPLS-AA Opt, US(MD) 2D-interpolation to
higher QM

[425]

AM1, HF CHARMM MD DTSS analysis [418]
Methylmalonyl-CoA mutase H transfer AM1 CHARMM US(MD), KIE VTST with tunnel-

ing
[575]

Chalcone isomerase Michael addition AM1, MP2 OPLS-AA Opt, US(MD) [576]
Pre-reaction equi-
librium

[577]

Photoactive proteins
Bacterial reaction center EPR parameters of reduced

ubiquinone
DFT UFF Opt [578]

Bovine rhodopsin Active-site structure DFT AMBER Opt Review [378]
Electronic excitations SCC-DFTB,

CASSCF,
CASPT2

CHARMM MD Different retinal
derivatives

[579]

DFT, CASSCF,
MCQDPT2

EFP(AMBER) Opt [580]

DFT, SAC-CI AMBER Opt [581]
Bacteriorhodopsin H+ transfer SCC-DFTB CHARMM Opt Review [582]

HF AMBER Mechanical
embedding only

[583]

Electronic excitations SCC-DFTB,
MRCI (OM2,
SORCI)

CHARMM Opt, MD [376]

DFT, SAC-CI AMBER Opt [581]
Sensory rhodopsin II Electronic excitations SCC-DFTB,

MRCI (OM2,
SORCI)

CHARMM Opt, MD [376]

DFT, SAC-CI AMBER Opt [581]
Human blue pigment Electronic excitations DFT, SAC-CI AMBER Opt [584]
Human opsins Electronic excitations HF Dreiding Single points Relative spectral

shifts
[585]

Green fluorescent protein Electronic excitations DFT, TDDFT UFF Opt Mutants [586]
Photoactive yellow protein H+ transfer DFT AMBER QM/MM-FEP [587]
Kindling fluorescent protein
asFP595

Electronic excitations HF, (TD)DFT,
CASSCF

EFP(AMBER) Opt [588]

HF, (TD)DFT [589]
Photosystem II Structures of O2-evolving

complex
DFT AMBER Opt [590,591]

a-C-phycocyanin Raman parameters of bound
phycocyanobilin

DFT CHARMM Opt [592]

Other proteins and protein–ligand complexes
Hsc70 ATPase ATP hydrolysis DFT AMBER CP-MD, metady-

namics
[593]
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