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Most theoretical studies to date on transition-metal complexes
in biological systems have been performed with quantum chemical
methods for models consisting of up to 50 atoms.1 With such limited
models, the question remains whether inclusion of the surrounding
protein in the calculation may change the results. Recent develop-
ment of hybrid methods, such as the QM/MM (quantum mechanics/
molecular mechanics) method2 as well as the more general ONIOM
(our own n-layered integrated molecular orbital and molecular
mechanics) method,3 has made larger molecular systems within
reach of accurate calculations.4

Two members of the non-heme family, methane monooxygenase
and ribonucleotide reductase, possess very similar active sites in
the units called MMOH and R2, respectively.5 X-ray structures of
both the oxidized forms, MMOHox and R2met (resting state), and
the reduced forms, MMOHred and R2red (active state), are now
available.6 ONIOM studies of these systems are expected to shed
new insights beyond model studies performed to date.7

We have recently developed new efficient ONIOM2(QM:MM)
and ONIOM3(QM:QM:MM) codes, implemented in the develop-
ment version of Gaussian,8 and present here its first application to
the models of metalloenzymes in which a large number of protein
residues are added in the calculation. The main novel features of
our code are the double iteration geometry optimization scheme
for ONIOM(QM:MM) calculations, including freezing a selection
of the MM atoms,9 and the inclusion of the QM-MM interaction at
either the classical MM level (mechanical embedding) or the QM
level (electronic embedding).10

The left section of Table 1 gives the results of density functional
(DFT) geometry optimization at the B3LYP/lanl2dz level of the
“active site only” models of these four forms of the enzymes. These
model active sites contain 39-46 atoms (depending on the species,
in column 2), consisting of two Fe centers and the first shell ligands
of four formates, two imidazoles, and a few oxo, hydroxo, and/or
aquo groups (see Figure S1 in Supporting Information).11 When
one superposes the B3LYP-optimized “active site only” structures
on the experimental structures, as shown in Figure 1 A for R2met,
there are substantial differences in geometry of the active site. The
spatial orientations of rings and bonds are causing these differences;
in particular, the imidazole rings (pointing forward in Figure 1)
rotate away from the experimental direction.

The difference between the B3LYP-optimized structure and the
experiment has been quantitized as the root-mean-square (RMS)
and maximum deviations by using Tinker v3.8.12,13Only the mass-

weighted coordinates of non-hydrogen atoms of the active site were
included. As can be seen from Table 1, RMS deviations of non-
hydrogen atoms are in the range 0.623-1.029 Å. The maximum
deviations range from 1.10 to 2.62 Å. The agreement is qualitatively
good, suggesting that the “active site only” model is a reasonable
starting point for theoretical study of these metalloenzymes.14

Next we studied the “active site+ four R-helical fragments”
models of these enzymes, using ONIOM2 combining B3LYP/
lanl2dz and Amber.15 We included 62 residues within the Fe-
centered spheres of radii of 15 and 18 Å for MMOH and R2,
respectively, containing only the central parts of helices B, C, E,
and F.16 Hydrogen atoms were added to the selected fragments from
the PDB structures with use of GaussView,17 followed by further
Amber force field minimization; this was used as the starting
structure for the ONIOM optimizations. The total number of atoms
included is shown in column 5 of Table 1, which shows that the
B3LYP part is the same to the “active site only” model. Preliminary
full ONIOM2 geometry optimization gave unrealistic expansions
of the protein structure, most likely due to the lack of the remainder
of the enzyme. Therefore, the structure was optimized keeping all
main-chain atoms of the considered helical fragments frozen at the
experimental position.18 The results are shown in section B of Table
1.

The most notable in comparison of the “active site+ four
R-helical fragments” results with the “active site only” results above
is that the new optimized structures agree with the experiment much
more closely than the preceding results. RMS and maximum
deviations are reduced from 0.62-1.02 to 0.34-0.48 Å, and from
1.01-2.62 to 0.51-0.81 Å, respectively (in column 8). Figure 1B
shows this very clearly; now all the active-site atoms are in close
vicinity of the experimental position. Inclusion of the aspartates
that are hydrogen bonded to imidazoles eliminates the ring rotation.
One can conclude that the local structure of active site of these
metalloenzymes is in part controlled by the protein environment.
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Figure 1. Superposition of (A) the B3LYP-optimized and experimental
(thin wireframe drawing) structures and (B) the ONIOM2-optimized and
experimental structures of the active site of R2met.
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We also performed geometry optimizations with only the eight
terminal CR atoms of the four helical fragments fixed at the
experimental position. The resultant RMS and maximum deviations
(column 9, Table 1) are 0.34-0.50 Å and 0.57-0.99 Å, only
slightly larger than those with the frozen main-chain atoms. This
suggests that once these four helical chains in the immediate vicinity
are considered, the active site structure is self-maintained. We also
performed optimization for R2met using the three-layer ONIOM3-
(B3LYP: HF/STO-3G: Amber) method with all the main-chain
atoms fixed. We used the atomic partition (43:88:1034), i.e., in
addition to the ONIOM2 above, the intermediate model system,
consisting of 43 active site atoms and 45 side-chain and CR atoms
of the first coordination shell,19 was treated at the Hartree-Fock/
STO-3G level. The resultant RMS and maximum deviations (last
column, Table 1) are 0.230 and 0.359 Å, respectively, compared
to 0.335 and 0.519 Å above. This indicates clearly that the electronic
effects of the protein residues, neglected in the ONIOM2-
(B3LYP: Amber) treatment, significantly improve the agreement
and suggests the usefulness of the ONIOM3 method.

Concerning the B3LYP energies of the active site in Table 1,
that of the “active site+ four R-helical fragment” structure (column
6) is always higher than that of the “active site only” structure
(column 3), since the latter fully optimized “gas phase” structure
is deformed and destabilized by the effect of the protein environ-
ment by the amount shown as “deformation” (in column 7, in kcal/
mol). The amount of deformation energy is substantial, suggesting
that the active site is highly strained. This strain is crucial for the
reactivity; the strained configuration acts as a device for energy
storage (which will be used in later steps of the cycle).

The flexibility of the active site was already assessed in a
previous study.14 Here, the most intriguing finding in the deforma-
tion energy is that for both enzymes the destabilization is larger in
the oxidized form than in the reduced form (by 8.7 kcal/mol for
R2 and 12.8 kcal/mol for MMOH). This indicates that the
thermodynamics of the active part in going from the resting to the
active state is made more exothermic by the protein environment.
Since the protein models used in the present calculations for the
resting and active states are stereochemically different, one cannot
draw conclusions whether the entire reaction step has become
energetically more favorable by the protein environment. This point
will be discussed in detail in the future.

In summary, the present work illustrates the importance of
including the protein environment beyond the core of the active
site in these enzymes. Indeed, the calculations have demonstrated
that the interaction of active site with protein highly strains the
former, and that these strain energies are different for different forms
of the enzymes. These findings indicate the crucial role of the
protein-active site interaction in the enzymatic activities. The
usefulness of the ONIOM approaches was also demonstrated.
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Table 1. Total Energies (au), Deformation Energies (kcal/mol), and Deviations from Experiment (Å) for Active Site Models of R2 and MMOH

(B) “active site + four R-helical fragments” model

(A) “active site only” model B3LYP ONIOM2(B3LYP:Amber)b ONIOM3 (B3LYP:HF:Amber)b

enzyme
no. of
atoms

energy of the
active site

RMS/max
dev (Å) # of atoms

energy of the
active site

defor-
mation

RMS/max
dev (Å)

RMS/max
dev (Å)c no. of atoms

RMS/max
dev (Å)

R2met 43 -1684.177591 0.623/1.099 43:1034 -1684.145609 20.1 0.335/0.519 0.367/0.620 43:88:1034 0.230/0.359
R2red 39 -1532.507052 0.641/1.308 39:1030 -1532.488915 11.4 0.344/0.747 0.393/0.993
MMOHox 46 -1760.645165 1.029/1.940 46:987 -1760.570193 47.0 0.478/0.641 0.501/0.934
MMOHred 42 -1609.000745 1.021/2.619 42:983 -1608.946283 34.2 0.358/0.809 0.336/0.569

a The mass-weighted root-mean-square deviations of non-H atoms of the active site from the experiment. See text for details.b Geometry optimization
performed under the mechanical embedding with all main-chain atoms frozen at the experimental geometry (electronic embedding results are similar).
Number of atoms includes both DFT (in parentheses) and Amber atoms. See text for the definition of deformation energy.c The results of geometry optimization
with only the eight terminal CR atoms frozen.
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