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Abstract
The replacement of standard molecular mechanics force fields by inexpensive molecular
orbital (QM’) methods in multi-scale models has many advantages, e.g., a more
straightforward description of mutual polarization and charge transfer between layers. The
ONIOM(QM:QM’) scheme with mechanical embedding can combine any two methods
without prior parameterization or significant coding effort. In this scheme the environmental
effect is evaluated fully at the QM’ level and the accuracy therefore depends on how well the
low-level QM’ method describes the changes in electron density of the reacting region. To
examine the applicability of the QM:QM’ approach we perform case studies with densityfunctional

tight-binding

(DFTB)

as

the

low-level

QM’

method

in

two-layer

ONIOM(B3LYP/6-31G(d):DFTB) models. The investigated systems include simple amino
acid models, one non-heme iron enzyme mimic, and the enzymatic reactions of Zn-βlactamase and trypsin. For the last example, we also illustrate the use of a three-layer
ONIOM(B3LYP/6-31G(d):DFTB:Amber96) model. The ONIOM extension, compared to the
QM calculation for the small model system, improves the relative energies but high accuracy
(deviations below 1 kcal/mol) is not achieved even with relatively large QM models.
Polarization effects are fairly well described using DFTB, but in some cases QM and QM’
methods converge to different electronic states. We discuss when the QM:QM’ approach is
appropriate and the possibilities of estimating the quality of the ONIOM extension without
having to make explicit benchmarks of the entire system.
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I. Introduction
Over the three decades following the first implementation,1 the QM/MM (quantum
mechanics/molecular mechanics) methods have seen a great success in a wide spectrum of
applications, including biological reactions and materials science.2-5 The success of QM/MM
methods is rooted in their multi-scale nature, in which the system is partitioned into different
regions treated at appropriate levels of theory. Only the core region, i.e., the QM region, is
treated with a computationally expensive QM method that can describe chemical reactions,
e.g., ab initio wavefunction methods, density functional or semiempirical methods, while the
rest of the system, i.e., the MM region, is treated with MM methods that are often thousands
times faster than QM methods. This compromise between accuracy and computational
efficiency makes it possible to study systems that are computationally prohibitive to the pure
QM methods.
The success of QM/MM has stimulated our development of the multi-scale ONIOM
method.6-12 In two-layer ONIOM the high-level method (QM) is applied only to a selected
model system, i.e., the QM region with link atoms.10,13 The low-level method is applied to
both the model and the real system. The latter is equivalent to the entire system and includes
both the QM and the MM region of generic QM/MM models. The energy of the target
real,high calculation is then approximated by an extrapolation scheme. An advantage of the
ONIOM scheme is that all calculations are made on complete systems, which makes it
possible to combine any methods, including molecular orbital methods, without prior
parameterization or significant coding efforts. The method can also easily be extended to an
arbitrary number of layers, although the present implementation is limited to three layers.9,1416

The ONIOM method has been successfully utilized in a wide range of applications,

including transition metal catalysis, carbon nanotube chemistry, and enzymatic catalysis.17,18
Although the ONIOM method is different in design and implementation compared to
generic QM/MM methods, there are also many similarities. When comparing these methods,
we use the general terms QM region and MM region to represent different partitions of the
system. One common concern is the boundary between QM and MM regions, and how to
treat the interactions between the two. Some issues arising from the use of two fundamentally
different physical descriptions of the system can be listed as follows: 1. the exchange
interaction between the QM region and the MM region, which is partially included in the
parameterized van der Waals interaction between the two regions; 2. the charge transfer
between the QM and the MM region; 3. the polarization of the QM electron density induced
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by the MM atoms; 4. the polarization of the MM atoms by QM and other MM atoms. Among
these four issues, the last one is often considered most severe and important.19-25
To properly address the polarization of MM atoms, the most straightforward approach
(but by no means trivial) is to develop a polarizable force field.19,20,26 In recent years, several
approaches have been adopted to develop such force fields, e.g. fluctuation charge model19,20
and explicit polarization potential.27 These models can partially alleviate the issues connected
with the neglect of polarization effects, but they are not without problems.19,20 For example,
dissociated diatomic molecules bear finite charges on both atoms. This has been explicitly
addressed by the Martinez group by using the QTPIE model, a generalization of the flucq
model.21,23,24 Although there is much progress, the performance of currently proposed
polarizable force field models remains to be seen.
Development of accurate force fields for biological systems is further complicated by
the large number of parameters.22,28 QM/MM calculations have also been extended to include
charge transfer between QM and MM regions using the principle of chemical potential
equilibration.29 A drawback of these methods is that they require multiple QM iterations to
reach consistency between QM and MM charges, which leads to significant increases in
computational cost.
An alternative approach is to describe the entire system by quantum mechanics. Large
systems can be treated entirely by high-level QM methods by dividing them into
fragments,30-32 but these methods invariably spend the largest amount of time calculating the
non-reacting part of the system. Savings in computational time can be achieved by a
QM/QM’ approach, where a less expensive molecular orbital method, QM’, is used to
describe the environment. In early work Cortona proposed to combine different density
functionals based on superposition of atomic densities.33 Other groups have used the
QM/QM’ approach to embed an expensive correlated wave-function calculation in the
environment of a relatively fast DFT method.34-36 To be able to treat very large systems,
Gogonea et al. constructed a hybrid DFT/semi-empirical Hamiltonian based on the idea of
equilibration of chemical potentials combined with the divide and conquer method.30,37 The
approach allows for mutual polarization and charge transfer, but requires an iterative
approach to equilibrate the chemical potential. Cui et al. have also coupled DFT with semiempirical methods, both in an iterative fashion and in the ONIOM formalism.38
The properties of the ONIOM method makes it very straightforward to design
QM:QM’ models.7,10,11,39As no parameterization is required to combine different methods,
the selection of quantum mechanical methods can be made to fit each specific chemical
4

process.14,16,40,41 We are interested in reactions in complex systems, e.g., transition metal
enzymes. For these systems the compromise is often to use the best possible method to
calculate the reaction energy, and use relatively cheap method to describe the environmental
effects. In the present study, QM is a density functional method while QM’ is the density
functional tight binding method (DFTB). In the ONIOM(QM:QM’) scheme with mechanical
embedding (ME), the model,QM calculations are independent of the QM’ electron density
and there is no need for multiple iterations of the QM region. This makes the QM:QM’-ME
approach cost efficient for systems that require expensive QM schemes, as it minimizes the
number of QM iterations.
A limitation in the mechanical embedding scheme is that the environmental effects
are evaluated only at the QM’ (low) level, as the difference between real,QM’ and
model,QM’ electron densities. The QM’ method must therefore be able to describe the
changes in electron density of the reacting region, e.g., if an electron transfer reaction occurs
in the QM,model system, the same process should occur also in the layers described by QM’.
The applicability of the QM:QM’ scheme thus depends heavily on the QM’ description of the
environmental effect on a specific reaction, and it is difficult to perform comprehensive
benchmark tests. The purpose of this investigation is therefore to demonstrate the advantages
and limitations of the QM:QM’ method by applying it to a few illustrative examples. The
resultant understanding of the principles of the ONIOM scheme should help design more
reliable QM:QM’ methods for a wide range of systems than before.
Another important aspect of the QM:QM’ scheme is QM’ calculation is performed for
the entire real system, which means that parameterized methods used as QM’ must have
parameters applicable also for the reactive region. In the present paper, for reactions
including transition metals we propose to use a density functional method as the high-level
QM method and the density-functional tight-binding (DFTB) method42-44 as the low-level
QM’ method. The DFTB method is a second order approximation of DFT,45 this combination
can be expected to give similar performance as pure DFT methods.46,47 Since DFTB is 1001000 times faster than DFT, the ONIOM combination can be applied to a much larger system
than a pure DFT method can be applied to. We have developed DFTB parameters for many
of the first-row transition metal elements,48 and have also implemented a DFTB code in the
Gaussian program, which enables us to use the full functionalities of this program for DFTB
calculations.47
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We have previously illustrated the applicability of the DFT:DFTB approach for
transition metal systems by applying it to a non-heme enzyme (isopenicillin N synthase).48
DFTB has also been used as a low layer in B3LYP:DFTB and MP2:DFTB combinations for
copper and titanium containing systems, with errors typically less than 2 kcal/mol.49 The
choice of DFTB as the QM’ method for proteins is supported by the good performance for
geometries and relative energies in biological systems.50-52
The QM:QM’-ME approach is efficient only when the cost of the QM calculation for
the model system is higher than the cost of the QM’ calculation for the real system. For very
large systems it is therefore useful to make a three-layer partition of the system i.e.,
QM:QM’:MM.9 As a computationally cheap QM’ method can be utilized economically with
thousands of atoms in many applications, this method pushes the boundary between QM and
MM away from the reaction center, which is expected to largely reduce the issues caused by
the QM:MM boundary mentioned above. The performance of three-layer ONIOM has been
tested by our group before.14-16 Other three-layer approaches have been used to describe e.g.,
spectral tuning in protein environments.53,54
In this study, we test both two-layer ONIOM(B3LYP:DFTB) and three-layer
ONIOM(B3LYP:DFTB:MM) models. In section II we discuss how to evaluate ONIOM in
terms of its performance compared to the high-level calculation of the real system. In the
following section, several carefully chosen examples are presented, which range from proton
affinity calculations of titratable amino acids to an active site model of Zn-β-lactamase, a
non-heme iron catalase mimic, and finally to the acylation process in trypsin. A discussion of
the advantages and limitations of the ONIOM(QM:QM’) scheme is presented in section IV
before the conclusions in section V.
II. Computational details
A. ONIOM calculation evaluation
ONIOM uses an extrapolation scheme to approximate the costly target calculation, a
high (QM)-level treatment of the entire real system:

ΔE ONIOM = ΔE model,high + ΔE real,low − ΔE model,low

(1),

where ΔE refer to the energy of reaction, E(product)-E(reactant), or the activation energy,
E(transition state)-E(reactant).
The error ΔD in ΔE in the ONIOM approximation, relative to the real,high target
calculation, can be written as:
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ΔD = ΔE real ,high - ΔE ONIOM

(2)

A convenient measure for evaluating ONIOM calculations is the ΔS value that describes the
environmental effect at each computational level:11

ΔS high = ΔE real,high − ΔE model,high

(3)

ΔS low = ΔE real,low − ΔE model,low

(4)

ΔShigh is “the substituent effect” on the energetics when the real system is approximated by
the model system at the given high-level method, i.e. a measure of environmental effect;

ΔSlow is the corresponding value for the low-level method. Using equations 1-4 the error in
the ONIOM approximation can be conveniently expressed in the form of ΔS values:
ΔD = ΔE real,high − ΔE ONIOM
= ΔE real,high − (ΔE model,high + ΔE real,low − ΔE model,low )

(5)

= ΔS high − ΔS low

If the low-level method describes the environmental effect in the same way as the
high-level method ( ΔS low = ΔS high ), the ONIOM energy is exact, i.e., becomes the same as
the target calculation, ΔE real,high , with ΔD = 0 . The error can also be small if the total effect of
the environment is very small (ΔS ≈ 0) at each level; in this case, a high-level calculation of
the model system is enough, and there is no need for an ONIOM extension. To distinguish
€
the situation where the error is small due to small environmental effects from the situation
where the ONIOM extrapolation scheme is accurate, we introduce the ONIOM error score
(OES):

OES = ΔD / ΔS high

(6)

A small absolute value of the error score means that the ONIOM setup is appropriate.
If the absolute value of the error score is < 1, the ONIOM calculation improves the result
compared to the model calculation. If the absolute value is > 1 the addition of the real system
makes the relative energies even worse. It is possible that the model,high calculation gives the
right result by neglecting two different environmental effects with opposite sign at the two
different levels. In these cases an ONIOM model could show a larger error, but still give a
qualitatively more correct description of the system. The ONIOM error score is therefore
mainly of use when evaluating isolated or incremental effects.
B. Computational details
Calculations have been performed using a development version of the Gaussian03
package55 in which the DFTB method has been implemented.47 Tests of the accuracy of the
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ONIOM model is made against the target real,high calculation for all systems, and to
simplify the analysis, all comparisons between methods are made at the same geometry. A
previous QM:DFTB test by Iordanov showed that geometry errors were in general smaller
than energetic errors.49
In most calculations the high-level method is B3LYP/6-31G(d), mainly because
DFTB is parameterized against DFT with a double zeta basis set. The contribution from the
DFTB layer only reflects the environmental effect, and assuming the selected high-level
method gives a good description of that effect, the ONIOM error should not be very sensitive
to the choice of high-level methods. In cases where the environmental effects are basis-set
dependent, e.g., in the calculation of proton affinities, calculations have also been made with
larger basis sets.

III. Results
The selected systems represent a wide range of applications, from simple amino acid
models to medium-sized models of transition metal systems and a full protein. The purpose
of calculating proton affinities for amino acids is to illustrate the general principles of the
QM:QM’ approach for reactions with clear environmental effects. Tests of medium-sized
models include transition metal systems, one enzymatic reaction, Zn-β-lactamase, and an iron
catalase mimic. The latter example shows how the presence of multiple electronic states
affect the applicability of the QM:QM’ scheme. Finally, we apply the three-layer
QM:QM’:MM model to trypsin to illustrate that the method can be used for full enzymatic
systems.
A. Proton affinities of amino acids and peptides – effect of improved treatment of side
chains
In active-site QM models of enzymatic reactions, amino acid residues are often
represented by truncated models of their side chains, e.g., acetate is used as a model for the
negative residues Asp.56 Here we evaluate the benefit of an additional QM’ layer to represent
the left-out part of the side chain when calculating the gas phase proton affinity of six
titratable side chains; arginine, lysine, histidine, aspartate, glutamate, and cysteine. Proton
affinities are very sensitive to environmental effects and good candidates for evaluating
different methods.57
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Amino acid monomers. In the first set of calculations, the real systems are the side
chains, with truncated backbone bonds capped by hydrogen atoms. Several model systems
are designed by making different cuts in each side chain, see Figure 1. Proton affinities with
pure DFTB have been calculated using an energy of H+ of 141.9 kcal/mol.58 ONIOM results
are not affected by this value as it cancels in the (E real,low − E model,low ) contribution. Results do
not include corrections for basis set superposition error (BSSE). The ΔShigh values are not
likely to be much affected by BSSE as the substituents are made in sites away from the
€
proton. Geometries are optimized using ONIOM separately for each size of the model
system, and using B3LYP/6-31G(d) for the reference calculation. The energies from the
respective real,high calculations for each ONIOM model can therefore be used to assess the
quality of the ONIOM geometry optimization.

Figure 1. ONIOM(QM:QM’) partitions in amino acid side chains. Lines labeled M-1 to M-4
illustrate model cuts, with the part to the right being part of the model system.
Results are summarized in Table 1. The ONIOM results are significant improvements
compared to the model,high calculations (using the real,high calculations as reference). As an
example, the error for an acetate model (M-2) of glutamate is 10.8 kcal/mol at the
model,B3LYP level, and decreases to 2.2 kcal/mol with the additional DFTB layer (ONIOM
error score of 0.21). For residues where the base is negative, i.e., Asp, Glu, and Cys, the
ONIOM errors do not consistently decrease as the size of the model system increases. The
remaining ONIOM error for the largest model systems comes from an underestimation of the
effect of the backbone of 2-4 kcal/mol in DFTB compared to DFT. In the smallest model
system, this error is partly cancelled by a difference between DFTB and DFT in describing
the effect of adding the first methyl group. This error cancellation gives a smaller apparent
ONIOM error for the smallest model systems compared to the larger model systems.
9

In contrast, residues whose base is neutral, i.e., His, Lys, and Arg, show lower errors
when the size of the model system increases, and errors for cuts three or more bonds away
from the proton are ~1 kcal/mol or less. ONIOM optimization also gives overall good
performance for geometries with typical deviations in real,high energy between different
geometries of < 1 kcal/mol. However, the artificially truncated backbone is not restricted and
can adapt different conformations, which may lead to jumps in the calculated proton affinity.
This explains the differences in the calculated proton affinity of the real,B3LYP system
between Lys model M-2 and the full model, as well as differences between Arg model M-4
and the full model, see Table 1.
Table 1. Proton affinities (kcal/mol) of selected amino acids calculated using ONIOM
B3LYP/6-31G(d):DFTB. Separate values for B3LYP/6-31G(d) and DFTB applied to real
and model systems are also listed. For each model, all energy calculations are performed at
the ONIOM optimized geometry. The real,B3LYP and real,DFTB results therefore also vary
with the ONIOM partition. For descriptions of the different computational models, see Figure
1. ΔShigh, ΔD and OES (ONIOM error score) are defined in section II.A. One-letter aminoacid codes are used for the tripepeptides.
Real
system

Model
system

B3LYP
(real)

ONIOM

B3LYP
(model)

DFTB
(real)

DFTB
(model)

Glu

M-1

355.6

355.2

362.5

358.4

365.7

M-2

355.6

357.9

366.5

358.0

M-3

355.3

357.5

364.8

358.4

Full

354.7

M-1

352.3

352.8

362.5

M-2

352.1

355.5

366.3

Full

352.0

M-1

353.2

350.4

363.0

M-2

353.4

357.1

369.1

Full

352.9

M-1

247.2

252.6

218.3

M-2

246.2

244.4

M-3

246.4

245.2

Full

246.5

M-1

233.5

Asp

Cys

His

Lys

ΔShigh

ΔD

OES

-6.9

0.4

-0.05

366.6

-10.8

-2.2

0.21

365.7

-9.5

-2.2

0.23

356.0

365.7

-10.2

-0.5

0.05

355.8

366.6

-14.1

-3.3

0.24

343.9

356.5

-9.7

2.9

-0.29

344.1

356.1

-15.7

-3.7

0.23

239.5

205.2

28.9

-5.5

-0.19

236.6

239.5

231.7

9.6

1.9

0.19

240.6

239.5

234.9

5.8

1.2

0.20

198.5

16.3

1.8

0.11

358.0

355.7

344.3

239.2
231.7

217.2

213.0
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Arg

M-2

233.8

233.1

226.8

Full

230.5

M-1

258.0

259.3

239.8

M-2

256.8

255.1

M-3

254.1

M-4

257.0

Full

253.9

212.3

206.0

7.0

0.7

0.10

251.4

231.8

18.2

-1.4

-0.08

249.2

248.9

243.0

7.6

1.7

0.22

253.7

253.9

246.9

247.1

0.2

0.5

2.38

256.9

255.5

250.2

248.7

1.5

0.0

0.03

212.5

250.5

Tripeptides
GEG

GHG

M-1

338.9

336.3

363.3

339.5

366.5

-24.4

2.6

-0.11

M-2

338.7

339.4

366.8

339.2

366.7

-28.2

-0.7

0.03

M-3

338.8

339.6

367.0

339.5

366.9

-28.2

-0.8

0.03

Full

338.2

M-2

246.5

231.4

10.6

-1.3

-0.12

Full

248.5

340.2
247.8

235.9

243.3
242.1

Tripeptides. To better include the effect of the peptide backbone, two tests were
made for tripeptides. Histidine was chosen as representative of the “neutral base” group and
glutamate was chosen as a representative of the “negative base” group. For the Gly-Glu-Gly
(GEG) tripepeptide the error when using acetate as a model (M-2) is 28.2 kcal/mol at the
B3LYP level, and adding the DFTB layer reduces the error to 0.7 kcal/mol. Results are
similar also for other cut positions, see Table 1. For the Gly-His-Gly (GHG) tripeptide the
error of an imidazole model (M-2) is 10.6 kcal/mol, and the error is reduced to 1.3 kcal/mol
in ONIOM. These results indicate that DFTB fairly well describes the effects of a DFT
calculation with a double zeta basis.
Extending the basis set from 6-31G(d) to 6-31+G(d), which includes diffuse
functions, has large effects on the ΔS value (environmental effect) for the negative Gly-GluGly system (from -25.3 to -18.4 kcal/mol), see Table 2. The DFTB ΔS value is closer to the
B3LYP value without diffuse functions, and consequently the ONIOM error increases by 7
kcal/mol when going from the smallest to the largest basis set. Further increasing the basis to
triple-zeta quality (6-311++(2df,2pd)) has a very limited effect.
The effect of diffuse functions is particularly large in the present case because the
negatively charged model system is not well described with the small 6-31G(d) basis set, e.g.,
an acetate model system has occupied orbitals with positive eigenvalues. Adding diffuse
functions thus stabilizes the acetate group relative to its base, leading to a significant basis set
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effect on the proton affinity. For better balanced systems, the effect of the environment is less
basis-set dependent, as seen by the results for the Gly-His-Gly (GHG) tripeptide in Table 2.
Table 2. Proton affinities (kcal/mol) for two tripeptides using ONIOM(B3LYP:DFTB) with
different size of the basis set in the B3LYP calculation. The separate values for B3LYP and
DFTB applied to real and model systems are also listed. Calculations are performed as single
point on B3LYP/6-31G(d) optimized geometries. ΔShigh, ΔD and OES (ONIOM error score)
are defined in section II.A. One-letter amino-acid codes are used for the tripepeptides, and
ONIOM cuts are shown in Figure 2.
Real

QM (high)

Model

B3LYP

system

basis

system

(real)

GEG

ONIOM

B3LYP

DFTB

DFTB

(model)

(real)

(model)

ΔShigh

ΔD

OES

6-31G(d)

M-1

338.2

337.7

363.6

340.2

366.1

-25.3

0.6

-0.02

6-31+G(d)

M-1

326.8

319.2

345.1

340.2

366.1

-18.4

7.5

-0.41

6-311++G

M-1

331.8

324.2

350.1

340.2

366.1

-18.4

7.6

-0.41

6-31G(d)

M-2

248.5

246.3

234.9

242.1

230.8

13.6

2.2

0.16

6-31+G(d)

M-2

242.6

241.1

229.8

242.1

230.8

12.9

1.6

0.12

6-311++G

M-2

245.8

242.9

231.5

242.1

230.8

14.3

3.0

0.21

(2df, 2pd)
GHG

(2df, 2pd)

Most QM calculations of enzyme active sites use truncated amino acid models, and
considering the large effects of the backbone on the calculated proton affinities (-18.4
kcal/mol for Gly-Glu-Gly (GEG) with the largest basis, see Table 2) raises the question
whether there is a significant error in the relative energies of proton transfer processes in
active-site models. Comparing only the relative proton affinities of the model,high, systems
to the real,high systems for the tripeptides Gly-Glu-Gly and Gly-His-Gly (GHG) would give
a difference in proton transfer energy of more than 30 kcal/mol. However, in the combined
system, see Figure 2, the deviation between the model,high and the real,high calculation is
only 1.8 kcal/mol, because that reaction does not include changes in the charge of the system.
For this system, the use of ONIOM does not improve the result (deviation of -1.7 kcal/mol
compared to the model,high value).
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Figure 2. Proton transfer between two tripeptides, Gly-Glu-Gly and Gly-His-Gly. Lines M-1
and M-2 illustrate the used model cuts (labels match the cuts made for the single amino acid
systems in Figure 1). Atoms in ball-and-stick are included in the model system while atoms
in stick representation are part of the real system.
B. Zn-β-lactamase – various active site models
Enzyme catalysis is an attractive area for multi-scale models and the B3LYP/631G(d):DFTB combination is therefore evaluated for an enzymatic reaction, the hydrolysis of
N-methylazetidinone in a mononuclear Zn-β-lactamase. Production of β-lactamase is
considered the primary route in which bacteria acquire resistance to the common β-lactam
antibiotics such as penicillins and cephalosporins. DFTB calculations of Zn active sites give
relatively good agreement with B3LYP for distances and most reaction energies.59 Modeling
of substrate binding in a dinuclear Zn-β-lactamase show relatively similar Zn-ligand
distances for DFTB/MM simulations compared to B3LYP calculations (usually within 0.1 Å
for reactants and intermediates).60,61
The reaction pathway and the initial coordinates were obtained from an active-site
study by Diaz et al.62 In their HF/6-31G(d) calculations, the reaction goes through five
stationary points. As seen in Scheme 1, from 1(Reactant), a hydroxyl group bound to Zn
performs a nucleophilic attack on the carbonyl of the four-membered β-lactam ring 2(TS).
The ring is still intact in the tetrahedral intermediate 3(INT), and cleavage of the β-lactam C–
N bond 4(TS) is initiated by proton transfer from His210 to the substrate nitrogen. The
reaction also leads to a proton transfer from the Zn-coordinated hydroxo group to Asp90
leading to the final state 5(Product). At the B3LYP/6-31G(d) level, the reaction goes directly
from 2(TS) to 5(Product) without any intermediates.62
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Scheme 1. Reaction mechanism for a mononuclear Zn-β-lactamase adapted from reference 62.
To design a stringent test, a minimum-size model system (model Z-1) was used, as
shown in Figure 3. All ONIOM cuts have to be made through formal single bonds, and
Asp90 is modeled as formic acid and the histidine residues as methylamine. This leaves 38
atoms in the model system (including link hydrogens). Calculations were initially performed
at the HF optimized geometries because they cover a larger part of the reaction coordinate,
see Figure 4 and Table S1 in Supporting Information.

Figure 3. ONIOM models (Z-1 to Z-3) of the active site in a mononuclear Zn-β-lactamase.
Atoms in the model system are shown in ball-and-stick representation, while atoms in the
real system are shown in stick representation. Atoms with coordinates frozen during
optimizations are marked with X.
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Figure 4. DFTB, ONIOM(B3LYP/6-31G(d):DFTB) and B3LYP/6-31G(d) energies for
hydrolysis of N-methylazetidinone in mononuclear Zn-β-lactamase in Scheme 1. Illustrations
of ONIOM models Z-1 to Z-3 are given in Figure 3.
The ONIOM energies for model Z-1 are improvements over the DFTB results (mean
average deviation (MAD) for the 4 states in Figure 4 decreases to 4.3 kcal/mol from 10.6
kcal/mol), but only slightly better than the model,B3LYP calculations (MAD of 5.5 kcal/mol).
The relatively large errors probably comes from an inappropriate model partition, especially
the use of methylamines as histidines in the model system. The 5-membered imidazole ring is
conjugated while the model methylamine is not. Cuts in conjugated systems can be done in
ONIOM, but they are in general more challenging. Similar partitions gave significant errors
in the calculation of proton affinities, see Table 2. Errors can be systematically decreased by
increasing the size of the model system. If the histidines that coordinate Zn are fully included
in the model system (Z-2) the ONIOM error is reduced to 3.4 kcal/mol. Moving the protondonating His210 into the model system (Z-3) further decreases the ONIOM deviation to 1.4
kcal/mol.
ONIOM deviations do not correlate with errors in the DFTB method itself. For
3(INT) the DFTB result is within 3 kcal/mol of the B3LYP value, but the ONIOM deviation
in the small Z-1 model is 5.2 kcal/mol. For 5(Product) the DFTB deviation is 28 kcal/mol but
the ONIOM error is only 0.3 kcal/mol.
In the next step, we optimize the three stationary points on the B3LYP potential
energy

surface

1(Reactant),

2(TS),

and
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5(Product)

with

both

B3LYP

and

ONIOM(B3LYP:DFTB) using model Z-1; the results are shown in Figure 5. As shown in
Table 3, two optimized geometries give only small energy difference up to 0.7 kcal/mol for
either state at either level of calculations, indicating that the ONIOM geometry optimization
is quite reliable for the reaction energetics.
Table 3. B3LYP/6-31G(d) and ONIOM (B3LYP/6-31G(d):DFTB) energies (in kcal/mol) for
the hydrolysis of N-methylazetidinone in mononuclear Zn-β-lactamase at B3LYP and
ONIOM optimized geometries.
Model

State

B3LYP

ONIOM

(real)

B3LYP

DFTB

DFT

(model)

(real)

(model)

ΔShigh

ΔD

OES

Geometries obtained at the B3LYP/6-31G(d) level
Z-1

1

0.0

0.0

0.0

0.0

0.0

NA

NA

NA

2(TS)

16.2

10.1

12.3

2.2

4.4

3.9

6.1

1.57

5(Prod)

-30.0

-29.7

-36.5

-55.0

-61.8

6.5

-0.3

-0.05

Geometries obtained at the ONIOM(B3LYP/6-31G(d):DFTB) level
Z-1

1

0.0

0.0

0.0

0.0

0.0

NA

NA

NA

2(TS)

15.6

11.4

10.0

2.4

1.0

5.6

4.2

0.76

5(Prod)

-30.2

-31.1

-35.7

-55.0

-59.6

5.6

0.9

0.16

Figure 5. Optimized structure of 2(TS) with B3LYP and ONIOM(B3LYP:DFTB) for model
Z-1. Selected distances (in Å) are given at B3LYP/6-31G(d) level with ONIOM(B3LYP/631G(d):DFTB) results in parentheses. The total RMSD between the two structures is 0.124
Å.
C. Reaction between hydrogen peroxide and a non-heme iron catalase mimic
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Redox-active transition-metal centers present special challenges in modeling due to
the presence of nearly degenerate electronic states, which affects both the accuracy and the
convergence properties of the electronic structure calculations. To extend the tests of the
ONIOM(B3LYP:DFTB) approach to redox-active systems, we study the reaction between
hydrogen peroxide and an inorganic catalase mimic, the dibenzotetraaza[14]annulene-FeIII
complex ([Fe(C24H22N4O4)]+),63 see Figure 6. The ONIOM model is formed by truncating the
conjugated ligand at bonds that can formally be assigned as single bonds.

Figure 6. ONIOM division for the dibenzotetraaza[14]annulene-FeIII complex. Atoms in the
model system are shown in ball-and-stick representation, while atoms in the real system are
shown in stick representation.
QM:QM’ calculations of transition metal systems are challenging as three separate
calculations of the transition metal system have to be performed. The three calculations must
all converge to the same electronic state. Otherwise, the low-level method describes a
different state from the high-level method and the environmental effect in the real,low
calculation becomes qualitatively incorrect. Despite these challenges, a previous test of a
redox reaction in a non-heme transition metal enzyme gave reasonable results for the
B3LYP:DFTB method.48 With this in mind, it is of great interest to understand under what
circumstances that QM:QM’ methods can be applied to transition metal systems.
The reaction mechanism of the catalase mimic has been previously studied by DFT
methods.64,65 The present investigation follows the reaction pathway in reference 64. A flaw in
that study is that the additional axial (proximal) ligand was not taken into account.65 For the
present purpose, this is not critical because the comparison between methods should be valid
even if the test system is not an ideal representation of an experimental situation.
According to the reference

64

, the reaction between hydrogen peroxide and the iron

complex goes through nine stationary points, and eventually leads to formation of water and
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an Fe(IV)-oxo species. The potential energy profiles from the full B3LYP calculation as well
as ONIOM and model,B3LYP calculations are shown in Figure 7. Full results are given in
Table 4. All calculations are performed on the quartet surface and results are evaluated at the
B3LYP/6-31G(d) geometries. Transition states have not been fully optimized, instead the Fe–
O, O–O, and O–H distances were taken from the study of Wang et al.64 and kept frozen
during the optimization. There are differences in the reported B3LYP potential energy
surface in Figure 7 and the corresponding values in reference,64 and they come from
differences in basis set between the two studies, as well as the neglect of zero-point energy in
the present study.

Figure 7. B3LYP/6-31G(d) and ONIOM (B3LYP/6-31G(d):DFTB) potential energy profiles
for the formation of a high-valent ferryl-oxo species in a catalase mimic. The ONIOM system
is shown in Figure 6.
Table 4. Relative energies (in kcal/mol) for the reaction between hydrogen peroxide and the
iron complex dibenzotetraaza[14]annulene-FeIII calculated using ONIOM(B3LYP/631G(d):DFTB). The separate values for B3LYP/6-31G(d) and DFTB applied to real and
model systems are also listed. The different stationary points are shown in Figure 7. All
calculations are performed at B3LYP/6-31G(d) optimized geometries.
Stationary

B3LYP

Point

(real)

ONIOM

B3LYP

DFTB

DFTB

(model)

(real)

(model)

ΔShigh

ΔD

OES

1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-

2

-10.8

-6.8

-5.7

-24.5

-23.4

-5.2

-4.1

0.79

3

0.8

-5.6

1.9

-33.6

-26.2

-1.1

6.4

-5.93
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4

-15.4

-16.1

-16.1

-55.9

-55.9

0.8

0.8

0.98

5

-7.6

-1.7

-8.5

-29.2

-36.0

0.9

-5.9

-6.89

6

-15.2

-17.9

-17.3

-57.5

-56.9

2.1

2.7

1.27

7

-6.9

-15.4

-12.8

-75.5

-72.9

5.8

8.5

1.45

8

-42.4

-33.3

-40.8

-91.2

-98.7

-1.6

-9.1

5.76

9

-33.3

-20.1

-31.5

-86.3

-97.7

-1.8

-13.2

7.52

-

-

-

-

-

2.4

6.3

-

Mean
absolute error

The mean absolute deviation between B3LYP:DFTB and the target B3LYP results are
6.3 kcal/mol and the maximum deviation is 13.2 kcal/mol, see Table 4. The performance of
the B3LYP:DFTB method is much better than that of the stand-alone DFTB method, but the
deviation is still too large to be acceptable in mechanistic studies. Adding the low-level
correction in stationary points gives worse results than obtained by the model:B3LYP
calculation, as seen from the large ONIOM error scores in Table 4.
To understand the ONIOM deviations, we compare the electronic structures obtained
in the four separate calculations: real,high, model,high, real,low, and model,low, as shown in
Table 5. At the first stationary point 1, which is the catalyst before addition of hydrogen
peroxide, the full B3LYP calculation (real,high) corresponds to an intermediate spin triplet
Fe(II) which resulted from reduction of its formal Fe(III) state by an electron transfer from
the annulene ligand. The reason for this electron transfer is probably the lack of the distal
ligand.65 The spin on iron couples ferromagnetically with the spin of the unpaired electron on
of the ligand to form a quartet state. The present assignment agrees with the results in
reference

64

(unpaired electrons in dz2, dxz and the ligand b1u orbitals). The corresponding

porphyrin-FeIII complex does not oxidize the ligand,66 probably because the electron affinity
is lower for the annulene ligand than for the porphyrin.64 In B3LYP, the electronic structure
of the model system is rather similar to real system, see Table 5. The DFTB calculation of the
real system gives a description more similar to an intermediate-spin quartet Fe(III) system,
i.e. the oxidation of the ligand does not occur fully in DFTB. On the other hand, DFTB
calculation for the model system converges to a high-spin quintet Fe(II) state that couples
antiferromagnetically with the spin on the ligand, instead of an intermediate-spin Fe(II) state
with ferromagnetic coupling to the ligand spin as in the B3LYP calculation, see Table 5.
Thus, the ONIOM subtraction scheme provides the triplet Fe(II) state for the model system,
but with the substituent effect evaluated using DFTB between the quartet Fe(III) real system
and the quintet Fe(II) + ligand radical model system. This does not correspond exactly to the
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desired triplet Fe(II) state in the real,B3LYP calculations, and the QM:QM’ extrapolation
scheme does not work as intended for this system.
The situation is similar for the stationary point 2. Table 5 shows that real,DFTB and
model,B3LYP give the quartet Fe(III) state while model,DFTB gives the high spin quintet
Fe(II) state. Again the ONIOM scheme does not result in the correct description of the triplet
Fe(II) state in the real,B3LYP calculations.
Table 5. Mulliken spin populations and assigned charges for the formal annulene-FeIII
complex. Only the first two stationary points in the reaction with hydrogen peroxide are
listed. The assigned states are based on the number of unpaired electrons, and should be taken
as labels rather than exact assignment of states.
Point

1
2

Group

Mulliken spin population/ Assigned state label
Real,B3LYP

Real,DFTB

Model,B3LYP

Model,DFTB

Fe

2.16 /triplet Fe(II)

3.39 /quartet Fe(III)

2.00 /triplet Fe(II)

4.10 /quintet Fe(II)

Ligand

0.85 / L-1

-0.39 / L-2

1.00 / L-1

-1.10 / L-1

Fe

2.18 / triplet Fe(II)

3.33 / quartet Fe(III)

2.54 / quartet Fe(III)

4.01 /quintet Fe(II)

-1

Ligand

0.80 / L

H 2O 2

0.03 / 0

-0.35 / L

-2

0.03 / 0

0.42 / L

-2

-1.03 / L-1

0.04 / 0

0.02 / 0

D. The acylation process in trypsin -- two and three-layer calculations
The target of the ONIOM(QM:QM’) approach is to describe full enzymatic systems,
but for systems with tens of thousands of atoms, the time required for the QM’ calculation
would be very high. As an intermediate stage, the three-layer ONIOM(QM:QM’:MM)
approach offers an efficient alternative. The three-layer QM:QM’:MM energy is obtained
from five sub-calculations:

E ONIOM = E Model,QM + E Intermediate,QM' − E Model,QM' + E Real, MM − E Intermediate, MM

(7)

We illustrate the use of the three-layer approach for peptide cleavage in serine
proteases. This reaction is one of the most well-known enzymatic reactions, and appears in
many biochemistry textbooks. Scheme 2 shows the proposed mechanism for the first half of
the reaction, the acylation step.
Scheme 2. Textbook mechanism for the acylation step in serine proteases.
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An important motif in these enzymes is a conserved Ser-His-Asp triad, known as the
catalytic triad. Ser195 performs a nucleophilic attack on the substrate peptide and transfers a
proton to His57 (INT1). The negative Asp102 significantly stabilizes the proton transfer
reaction by polarizing His57. The nucleophilic attack of serine leads to the formation of an
oxyanion in the substrate peptide chain, and this species is stabilized by a second important
catalytic motif, the “oxyanion hole”. This motif provides hydrogen bonds to the peptide
carbonyl, interactions that increase in strength as the charge of the oxygen increases. In the
next step, the peptide C–N bond breaks and the newly formed N-terminal group accepts the
proton from His57 (INT2). This completes the acylation part of the reaction.
Active-site QM:QM’ models. As the full enzyme cannot be benchmarked by QM
calculations, we start with active-site models. To identify the effects of different catalytic
motifs, we use three two-layer ONIOM systems (T-1 to T-3), with different model and real
selections, as shown in Figure 8. T-1 (47 atoms in the model system, 51 atoms in the real
system) includes the catalytic triad and four amino acids of the substrate peptide, but one of
the peptide units, Cys14B, is only part of the real system to test how the QM’ layer handles
through-bond interactions. T-2 (51 atoms in the model system, 65 atoms in the real system) is
created by adding the groups that stabilize the oxyanion hole. The environmental effect
comes from two hydrogen bonds from the protein backbone. In DFTB hydrogen bond
distances are underestimated by about 0.1 Å on average, and hydrogen bonding energies are
systematically underestimated by 1–2 kcal/mol.51 To isolate the effect of this new motif, all
atoms in the T-1 system are placed in the model system. ONIOM T-3 (65 atoms in the model
system, 71 atoms in the real system) is created by adding a part of the backbone that forms a
hydrogen bond with the amide NH group of the substrate peptide. Again, the new group is
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treated by QM’, while all the atoms from system T-2 are placed in the model system, see
Figure 8.

Figure 8. ONIOM divisions for an active-site model of trypsin. A and B in the amino-acid
labels refer to different peptide chains. Atoms in the model system are shown in ball-andstick representation, while atoms in the real system are shown in stick representation.
Hydrogen bonds are marked with dashed lines as they appear in the extended systems. Atoms
with coordinates frozen at the X-ray structure are marked with X in model T-3.
Neglect of the surrounding protein makes the secondary structures unstable and to
avoid comparing different local minima, all calculations have been performed at the
B3LYP/6-31G(d) optimized geometries of the full T-3 system. In this system, the relative
energies of INT1 and INT2 are 27.3 kcal/mol and 12.6 kcal/mol respectively. INT1 is not a
stationary point for the B3LYP/6-31G(d) optimization, and the structure is obtained by
freezing the newly formed O-C distance at 1.513 Å (from reference 67). The relative energies
are higher than expected for an enzymatic pathway, and does not change significantly when
applying a larger basis or a PCM solvent correction. It is possible that the reaction pathway is
different in the present model than in the QM/MM free-energy perturbation calculations by
Ishida et al.,

67

but the exact reaction pathway is not critical for the comparison of QM and

ONIOM(QM:QM’) results.
Results for the different B3LYP:DFTB models are given in Table 6. Results for AM1
and MM (Amber96) are given in the supporting information (Table S2). For INT1 the largest
error (4.7 kcal/mol) comes from the treatment of the oxyanion hole with DFTB (T-2). At the
B3LYP/6-31G(d) level, the addition of the oxyanion hole stabilizes INT1 by 7.2 kcal/mol
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(ΔShigh=-7.2 kcal/mol), which reflects one of the important enzymatic effects in the serine
proteases. However, the DFTB layer gives a larger stabilization (ΔSlow=-11.9 kcal/mol),
leading to an ONIOM error of 4.7 kcal/mol.
Table 6. Reaction energies (in kcal/mol, relative to the reactant) for the acylation process in
trypsin calculated using ONIOM B3LYP/6-31G(d):DFTB. The separate values for B3LYP/631G(d) and DFTB applied to real and model systems are also listed. The different models are
shown in Figure 8.
Model

State

B3LYP

ONIOM

(real)
T-1
T-2
T-3

B3LYP

DFTB

DFTB

(model)

(real)

(model)

ΔShigh

ΔD

OES

INT1

30.5

27.6

28.0

29.9

30.4

2.4

2.9

1.17

INT2

2.8

4.6

8.1

2.0

5.6

-5.3

-1.7

0.32

INT1

23.3

18.6

30.5

18.1

29.9

-7.2

4.7

-0.66

INT2

11.6

8.4

2.8

7.6

2.0

8.8

3.3

0.37

INT1

27.3

24.8

23.3

19.5

18.1

4.0

2.5

0.63

INT2

12.6

11.7

11.6

7.6

7.6

0.9

0.9

0.92

The errors for the serine protease are much larger than those observed for a simple
proton transfer reaction in which DFTB can well account for environmental effects of 23
kcal/mol with an error of only 1.2 kcal/mol.47 The results illustrate that as the environmental
effect is calculated at the low-level only, not only must the low-level method be able to
describe the electronic polarization effect, but it must also be able to properly describe the
changes in electronic structure of the reacting region. In DFTB the electrostatic interactions
are calculated using Mulliken charges,43 and we therefore use Mulliken charges to discuss
changes in charge distribution. In the reactant, DFTB assigns a Mulliken charge of -0.593 to
the oxygen (O-1 in Figure 8), close to the value from B3LYP (-0.591), see Table 7. In INT1
DFTB assigns a much higher negative charge to the oxygen (-0.910) than the B3LYP
calculation (-0.732) and it is not surprising that the stabilizing effect of the oxyanion hole is
overestimated in the DFTB calculation. In INT2, the charge distributions are similar for
B3LYP and DFTB, and ONIOM also gives smaller errors.
Table 7. Mulliken charges for the backbone oxo group of Arg15B that becomes an oxyanion
in INT1. The oxygen is labeled O-1 in Figure 8.
ONIOM

State

B3LYP
(real)

DFTB
(real)

B3LYP
(model)
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DFTB
(model)

T-2

Reac

-0.591

-0.593

-0.575

-0.558

INT1

-0.732

-0.910

-0.730

-0.915

INT2

-0.529

-0.569

-0.510

-0.510

Full protein QM:QM’:MM models. To illustrate the applicability of the three-layer
ONIOM (DFT:DFTB:MM) models for realistic system sizes, we designed an ONIOM model
of trypsin that includes the entire protein and parts of the solvent shell. The initial structure
for trypsin was taken from the PDB file 1TAW.68 Based on a check of the structure with
WHAT IF,69 the terminal part of the Gln30 side chain was rotated. pKa values from PropKa
suggested all His residues were singly protonated.70 His40 and His91 were assigned as His

ε

and His57 was assigned as His . The protein was solvated in a flexible water box of
δ

approximate dimension 60*57*74 Å3 using periodic boundary conditions. Seven chloride
ions and four sodium ions were added in random positions in the solvent to achieve
neutrality. With the pure MM method using Amber96 force field, the system was minimized
using a conjugate gradient method for 5000 steps, followed by 0.5 ns equilibration at 298 K
with a constrained backbone and 1 ns without constraints, using the program NAMD 2.6.71
After equilibration, an initial QM:MM real system was selected by including all protein
atoms and all solvent molecules with at least one atom within 5 Å of the protein, totaling
6327 atoms. The selection includes one charged sodium atom from the solvation shell located
in the vicinity of residue Phe34B at a position 16.3 Å from the peptide bond that is cleaved.
Atoms more than 15 Å from any atom in the initial 88-atom model system were kept frozen
in the optimizations. The 88-atom model system includes selected parts of residues Ala56,
His57, Asp102, Cys191, Gly192, Gly193, Asp194, and Ser195 in chain A, and residues
Arg15, Ala16, Met17, Gly36, and Gly37 in chain B. Three stationary points are included in
the test: the reactant, the oxyanion structure (INT1) and the intermediate with a cleaved C–N
bond (INT2).
The 6327 atom protein structure was initially optimized at the B3LYP:MM level with
a model QM system size of 88 atoms, see Figure 9. The QM selection is similar to the 71atom active-site model (T-3 real system), but includes hydrogen-bonding groups whose
mobility caused problems with geometry optimization in the active-site model. From the
optimized reactant structure, the serine residue is moved towards the carbonyl of the peptide,
until the O-C distance is 1.513 Å. This distance is frozen when the structure is re-optimized
to form INT1. INT2 is formed from INT1 by elongating the peptide C-N bond and then freely
optimize all reaction coordinates. In studies of reaction mechanisms, the different stationary
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points should connect along the same potential energy surface to avoid effects from artificial
changes in protein geometry during the optimizations. This typically requires several
iterations between reactant and product until there no longer are any conformational changes
in the surrounding protein. However, in the present study we are mainly interested in the
performance of different methods applied to the same stationary state, and going from
reactant to product in a single step should still give relevant results.

Figure 9. ONIOM protein model of trypsin with 88 atoms in the model system (ball-and-stick
representation), 215 atoms in the intermediate system (ball-and-stick and stick
representations) and the real system (full protein) in cartoon representation.
The results of the new 88-atom model system are similar to those of the 71-atom
active-site model. As an example, the relative energy of INT1 is 27.0 and 27.3 kcal/mol
respectively, see Table 8. In all the calculations, the geometries optimized at the two-layer
B3LYP/6-31G(d):MM level with 88 QM atoms are used.

Table 8. The ONIOM relative energies and their components ΔE and ΔS’s (in kcal/mol,
relative to the Reactant) for different two- and three-layer models of structure INT1 and
INT2 of trypsin. The full systems are formally divided into 88, 215, 793 subsystems in
Figure 9, and the method used for each subsystem is identified. ΔE is for the 88 atom system
at the highest level and ΔS is the difference between the two subsystems at the given level.

division

Systems & Methodsa)
88
215
793

ΔEb)
88

Full
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ΔS c)
215-88

ONIOMs)
793-215 Full-793

INT1
A
B3LYP
B3LYP
DFTB
Amber
27.0
-4.3
1.2
5.0
29.0
B
B3LYP
B3LYP
Amber
Amber
27.0
-4.3
-0.3
5.0
27.5
C
B3LYP
DFTB
DFTB
Amber
27.0
-1.8
1.2
5.0
31.4
D
B3LYP
DFTB
Amber
Amber
27.0
-1.8
-0.3
5.0
29.9
E
DFTB
DFTB
DFTB
Amber
31.3
-1.8
1.2
5.0
35.7
F
DFTB
DFTB
Amber
Amber
31.3
-1.8
-0.3
5.0
34.2
INT2
A
B3LYP
B3LYP
DFTB
Amber
14.2
0.6
-0.8
2.7
16.7
B
B3LYP
B3LYP
Amber
Amber
14.2
0.6
-12.4
2.7
5.1
C
B3LYP
DFTB
DFTB
Amber
14.2
-4.3
-0.8
2.7
11.8
D
B3LYP
DFTB
Amber
Amber
14.2
-4.3
-12.4
2.7
0.3
E
DFTB
DFTB
DFTB
Amber
12.5
-4.3
-0.8
2.7
10.1
F
DFTB
DFTB
Amber
Amber
12.5
-4.3
-12.4
2.7
-1.4
a)
b)
B3LYP is B3LYP/6-31G(d) and Amber is Amber96. ΔE is the energy for the smallest 88 system at the
highest level of the given division. c) For instance, 1.2 in the row 4 column 8 represents ΔS793215,DFTB
= ΔE793,DFTB - ΔE215,DFTB. d) ONIOM energy is the sum of five contributions from column 6 to 9.

First, as shown in Table 8, the QM system is extended to 215 atoms, and the
performance of DFTB(215) and B3LYP(88):DFTB(215) (division D in Table 8) is compared
to B3LYP(215) (division B in Table 8). The performance of the DFTB layer can be assessed
by comparing the ΔS values for the 215-atom subsystem minus the 88-atom subsystem
(column 7 in Table 8). The deviations are: +2.4 kcal/mol for INT1 and -4.8 kcal/mol for
INT2.
Next we compare the effects of using DFTB in the 795-atom subsystem instead of
MM. In the present example, this DFTB layer is made up of the residues closest to the active
site, but they can also be chosen based on an evaluation of the protein effects in a previous
QM:MM calculation. A comparison of the B3LYP(215):DFTB(793):MM (division A) and
B3LYP(215):MM (division B) models shows that in INT1 there is a relatively small effect,
and a small difference (1.5 kcal/mol) between the two methods, see column 8 in Table 8.
However, for INT2, the difference between the DFTB and the MM description of the
environmental effect is big ~12 kcal/mol. The situation for B3LYP(88):DFTB(793):MM
(division C) and B3LYP(88):DFTB(215):MM (division D) models as well as for
DFTB(793):MM (division E) and DFTB(215):MM (division F) is exactly the same as this
effective is simply additive.
The large environmental effect at the MM level is partly due to changes in the
structure, e.g., the orientation of a distant water (Wat39 in 1TAW numbering). These are
simple artifacts of the optimization approach, i.e., different local MM minima are found for
different intermediates. This would not be acceptable in a calculation of reaction energies, but
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as this is an ONIOM evaluation, no additional efforts were made to properly explore the MM
energy landscape. From an ONIOM perspective, the most interesting data are the large
differences between the DFTB and the MM description. Part of this difference probably
comes from different relative energies for the artificial changes in protein geometry. Another
effect is that the 793-atom DFTB subsystem allows transfer of charges and mutual
polarization between the 215-atom subsystem and the 793-minus-215-atom layer, effects that
are not included in the mechanical embedding MM method.72
IV. Discussion
The simple calculations of proton affinities for amino acids illustrate important points
about the B3LYP:DFTB models. The DFTB layer significantly improves the results
compared to the model systems, and gives good results also when the environmental effects
are large. However, errors are not systematic, i.e., they do not decrease as the size of the
model system increases. For the tripeptide systems, errors are 1-2 kcal/mol even for small
model systems. As a comparison errors of a carefully parameterized frozen orbital scheme is
~1 kcal/mol for cuts in the backbone of the peptide chain.57 For reactions where the
environmental effect is basis-set dependent, e.g., proton affinities of negative residues, the
DFTB layer gives better results when combined with a double zeta calculation, at which level
DFTB is parameterized, compared to the triple zeta calculation. These large effects are due to
well-known problems of describing negative ions with an insufficient basis set., e.g., positive
eigenvalues of occupied orbitals. However, for systems where the environmental effect is
relatively independent of the basis set, e.g., proton affinities of positive residues, the DFTB
layer works well independent of the basis set used in the QM calculation.
The QM:QM’ model of the non-heme catalase mimic illustrates an important point.
The ONIOM method fails when QM and QM’ give different descriptions of the electronic
state of the transition metal. This is unrelated to the model selection, and can only be fixed by
choosing more appropriate computational methods. Prior to the use of an QM:QM’ model, it
thus important to compare the electronic structure of the proposed model system with QM
and QM’. Although B3LYP/6-31G(d) and DFTB gives different energies for spin splitting
energies of transition metal compounds, the two methods will often describe the same spin
state as the multiplicity of the QM’ calculation is assigned at the start of the calculation.
Problems with different electronic states should therefore only occur in systems with several
electronic states for a given multiplicity. In the present example, the ligand radical could
couple ferromagnetically with intermediate-spin iron or antiferromagnetically to high-spin
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iron. In our parameterization study, spin splittings of 13 Fe compounds had a mean average
deviation of 15.2 kcal/mol and a maximum deviation of 34.3 kcal/mol when DFTB results
were compared to B3LYP/SDD+6/31G(d).48 This error is in the range of the difference
between GGA and hybrid DFT functionals. However, in ONIOM the requirement is only that
the low-level method gives the same state as the high-level method and out of the 67
complexes in reference 48 B3LYP and DFTB predict the same spin state in 52 cases.
Even in systems without open-shell species, the active-site B3LYP:DFTB models
show some significant errors. In these tests, the reference real,high calculations must be
affordable, and the tested systems are therefore always smaller, and the errors larger, than
expected for normal applications. However, the trypsin calculations show that chemical
accuracy (~1 kcal/mol) is not achieved even with relatively large QM models. For trypsin,
these errors come from different descriptions of the charge distribution of the model system,
e.g., of the oxyanion intermediate. This weakness of the mechanical embedding approach
should be balanced against the savings in computational time.
When testing the applicability of an QM:QM’ model prior to its use, the first priority
is to investigate if the reaction is qualitatively correctly described by the QM’ method. This
can be done by comparing the electronic structure of the two methods, e.g., through
population analysis, or by comparing changes in dipole moment. Another possibility is to
make small ONIOM models and investigate the environmental effects of a single polarizing
residue. If the effect of this residue is not qualitatively correct, the ONIOM model is not
likely to give good results for any system selection.
More accurate results can be achieved by primarily using the QM:QM’ approach for
optimizations. An important part of this paper is to show the possibility to fully optimize
transition states with the QM:QM’ method. The energy can then be evaluated in a singlepoint calculation with a high-level QM method. For these calculations the flexibility of the
ONIOM method makes it possible to combine a larger basis set for the model system with a
medium size basis set or low-cost method for the surrounding.
An interesting alternative to improve the description of electrostatic effects in
QM:QM’ is the newly developed ONIOM(QM:QM’)-EE scheme.73 In this scheme the
environmental effect at real,low is adjusted by the difference in response between QM and
QM’ methods to a point charge environment obtained at the real,QM’ level. QM:QM’-EE
improves the DFT:HF results for several tested reactions.74 As parts of the problem with the
DFT:DFTB approach comes from a different description of the reactive region, ONIOM-EE
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should improve the accuracy also with DFTB as the low-level method. However, the
calculated environmental charges are geometry dependent and evaluation of QM:QM’-EE
forces requires solutions of iterative coupled-perturbed equations, similar to coupledperturbed Hartree-Fock.73 This increases the cost of the real,low calculation approximately by
a factor of 2, but it also means that not all methods can be directly used as low-layer methods.
At the moment QM:QM’-EE is only available with HF and DFT in the low layer.
We have also illustrated the use of a three-layer QM:QM’:MM model of an enzymatic
system. Compared to standard QM/MM models, the scheme can be used in several different
ways. In the trypsin model parts of the MM system was replaced by DFTB, which in
principle should lead to a better description of the environmental effect. It is also possible to
reduce the size of the model system to allow for an improved description of the reactive
region by correlated ab-initio methods, e.g., CCSD(T) or MRCI.
Optimization of large three-layer models is still difficult. QM:MM optimizations are
performed with micro-iterations where the MM system is optimized using a first-order
algorithm. If a DFTB layer of ~1000 atoms is optimized together with the MM part several
hundred QM’ energy and gradient evaluations will be performed for each QM iteration. The
computational time for the QM’ calculations will then become higher than the time required
for the QM calculation. A second alternative is to optimize the QM’ layer together with the
QM region in a second-order algorithm. The drawbacks are that the optimization algorithm
becomes more costly, and more importantly, the number macro-iterations increase. This leads
to an increase in the number of QM calculations required to reach geometry convergence.
Higher efficiency might be reached with a hybrid technique that uses three different
optimization levels, but such a scheme has yet to be implemented.
V. Conclusions
The ONIOM(QM:QM’) scheme with mechanical embedding is cost-efficient as it
only requires a single QM evaluation at each geometry. The drawback is that all
environmental effects are evaluated at the low (QM’) level, and the accuracy of the scheme
depends on how well the low-level QM’ method describe the environmental effects and the
changes in electron density during the reaction.
To illustrate the advantages and limitations of this method we have applied
ONIOM(B3LYP:DFTB) and three-layer ONIOM(B3LYP:DFT:MM) combinations to
models of enzymes and enzyme mimics. Although the DFTB layer reduces a large part of the
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error in the underlying model calculations, remaining errors of several kcal/mol are not
uncommon. The polarization effects are fairly well described using DFTB, but QM and the
QM’ methods do not always describe the same electronic state throughout the reaction,
causing some difficulties.
Use of the QM:QM' model requires an in-depth understanding of both QM and QM'
method and the applicability of the QM:QM’ scheme must be carefully investigated in each
application. Separate calculations of the electronic structure using both QM and QM’
methods as well as test of small ONIOM systems offer a reasonable way to test a QM:QM’
scheme without performing extensive benchmark tests.
The good performance of the DFTB method for geometries, together with the
possibility to optimize transition states with the QM:QM’ scheme, makes it an excellent tool
for exploration of geometries. Accurate energies can then be obtained by single-point
calculations using a high-level method.
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