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Oxoferryl species in mononuclear non-heme iron enzymes: biosynthesis, properties
and reactivity from a theoretical perspective
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Abstract

Mononuclear non-heme iron enzymes perform a wide range of chemical reactions. Still, the catalytic mechanisms are
usually remarkably similar, with formation of a key oxoferryl (Fe(1V)=0) intermediate through two well-de ned steps.
First, two-electron reduction of dioxygen occurs to form a peroxo species, followed by O-O bond cleavage. Even though
the peroxo species have di erent chemical character in various enzyme families, the analogies between di erent enzymes
in the group make it an excellent base for investigating factors that control metal-enzyme catalysis. We have used
density-functional theory to model the complete chemical reaction mechanisms of several enzymes, e.g., for aromatic and
aliphatic hydroxylation, chlorination, and oxidative ring-closure. Reactivity of the Fe(1V)=O0 species is discussed with
focus on electronic and steric factors determining the preferred reaction path. Various spin states are compared, as well
as the two reaction channels that stem from involvement of di erent frontier molecular orbitals of Fe(1V)=0. Further,
the two distinctive species of Fe(1V)=0, revealed by Mossbauer spectroscopy, and possibly relevant for speci city of
aliphatic chlorination, can be identi ed. The stability of the modeling results have been analyzed using a range of
approaches, from active-site models to multi-scale models that include classical free-energy contributions. Large e ects
from an explicit treatment of the protein matrix ( 10 kcal/mol) can be observed for O, binding, electron-transfer and
product release.

Keywords:
enzyme catalysis, non-heme iron, O-O bond cleavage, oxoferryl, density-functional theory, multi-scale modeling
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1. Introduction 33

Iron proteins are involved in a wide variety of biologi- z:
cal processes. One reason behind the important role of
iron in biology is the possibility to nely tune its chemical ,,
properties with di erent coordination environments. Sev-
eral classes of iron enzymes exist, e.g., iron-sulfur, heme
iron, and non-heme iron. In the latter, iron is coordi-
nated by several amino acid side chains, e.g., histidine, ty- ,,
rosine, aspartate, and glutamate[I]. Among the mononu- ,,
clear non-heme iron enzymes, there exist several appar- ,,
ently unrelated proteins, with similar active sites that still ,
catalyze a wide range chemical reactions, such as desat-
urations, oxidative cyclizations, mono-oxygenations and

di-oxygenations, hydro-peroxidations and epoxidations [2{

4]. Despite the di erence in the outcome of the chemi- *
cal reactions, the catalytic mechanisms for many of them
are remarkably similar, with formation of an oxoferryl
(Fe(IV)=0) species as a key intermediate, see Figure 15, ,,
6]. The large diversity in reactivity between enzymes with
similar active sites makes this class an excellent target for _,
investigations of enzyme catalysis.
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Figure 1: Fe(IV)=0 intermediate in the mononuclear non- .,

heme iron enzyme isopenicillin N synthase. The structure .,
is obtained using a QM:MM model (QM atoms shown in ,,
ball-and-stick representation). s

76

The present review outlines how theoretical modeling, ~
mainly using density-functional theory (DFT), can be used 7
to clarify the important similarities and di erences in this 7
class of enzymes. Detailed results are presented e.g., for s
di erent -ketoacid dependent dioxygenases ( KAD) [7], &
tetrahydrobiopterin-dependent hydroxylases (THBH) [8], s
and isopenicillin N synthase (IPNS) [9]. Modeling results s
for non-heme enzymes that are not discussed in the present s
article can be found in references [10{13]. For computa- s
tional studies of mononuclear non-heme iron enzymes by s
other groups, see e.g., references [14417]. &

2

In this article, the di erent roles of theoretical mod-
eling, and their connection to experimental data, are dis-
cussed. Further, it is shown how important conclusions
can be drawn, even for systems where the calculations are
not very accurate and there is lack of experimental data to
compare with. This requires an understanding of the ac-
curacy of both, for the quantum chemistry modeling of the
chemical reaction, and for the treatment of the surround-
ing protein matrix. To better understand the latter factor,
the stability of the results for IPNS have been evaluated
when going from an active-site model to a quantum me-
chanics/molecular mechanics (QM/MM) model that also
includes free-energy contributions.

2. Computational approach

The enzymatic reactions have been analyzed based on cal-
culations of the full reaction energy diagram using hy-
brid density functionals, typically B3LYP[18]. The gen-
eral idea is to discriminate between alternative mecha-
nisms, by showing that only one alternative has reaction
barriers consistent with the experimentally observed rate.
This approach is widely used for the study of enzymatic
mechanisms, but it has two major drawbacks: relatively
weak connections to experiment, discussed in section [7]
and large uncertainties in the computational results.

To draw relevant conclusions from these mechanistic
studies requires that the di erence in energy between two
alternatives, i.e., the barrier height between two mecha-
nistic proposals, is larger than the error in the compu-
tational results. All density functionals have large mean
absolute deviations for transition-metal test sets, with er-
rors for B3LYP of 12 kcal/mol[19, [20]. However, these
benchmarks are direct metal-metal or metal-ligand bonds,
while reactions in transition metal enzymes mainly concern
bonds in organic molecules bound to metals. An optimistic
view of the average errors for B3LYP in transition-metal
catalyzed reactions is an estimate of 5 kcal/mol[21} [22].
Further, most DFT functionals underestimate the reac-
tion barriers of organic reactions, with B3LYP having a
mean absolute error of 3 kcal/mol[20]. It has been ar-
gued that the same relation does not hold for transition
states in redox reactions because they have a higher degree
of multi-reference character[22], but no proper benchmark
tests have been performed so far.

To overcome the clear limitations in the computational
accuracy, one possibility is to use a semi-empirical ap-
proach, e.g., to start from an experimental observation,
and then adapt one or more empirical parameters to t
the experimental data. In DFT calculations of transition-
metal complexes, the important parameter is the amount
of Hartree-Fock exchange in the functional, with values of

10-15 % suggested for some iron complexes|23] [24]. The
problem with a more empirical approach is that is not clear
that the parameters adapted to match one set of data also
gives the best description of reaction energies or transition-
state barriers. There are functionals that perform better
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than B3LYP in benchmark tests[20], but experience with
transition-metal systems have shown that the accuracy of
a certain functional depends strongly on the type of reac-
tion. The widespread use of B3LYP has provided a better
understanding of its successes and failures, and has also
made it possible to compare results for related enzymes
from di erent studies.

For transition-metal enzymes, additional uncertainty
comes from the modeling of the protein environment. In
the present review most calculations have been performed
using active-site QM models that include 50-200 atoms.
To better understand the potential e ects of an explicit
inclusion of the entire protein, the reaction energy dia-
gram of IPNS is studied using a range of methods, from
an active-site model to a QM/MM model that includes
classical free-energy contributions[25{28]. Detailed results
will be discussed separately in section[6} but proteine ects
can be signi cant (10 kcal/mol) for electron-transfer re-
actions (large change in dipole moment) or when bind-
ing/releasing molecules to/from the active site is calcu-
lated.

As a rule of thumb, energy di erences smaller than
5 kcal/mol are inconclusive, while values larger than 10
kcal/mol can be considered relatively certain, unless a
large protein e ect is expected. Energy di erences be-
tween 5-10 kcal/mol must be treated with care, and the
sensitivity of the modeling should be tested by changing
e.g., the functional or the treatment of environmental ef-M1

fects.
142

143
3. Biosynthesis of Fe(IV)=0 144

145

The most common purpose for which Nature uses oxoferryl,
species is oxidation of chemically inert substrates. Since,,
reactions involving such compounds and Fe(IV)=0 typi-,,
cally involve energy barriers of around 15 kcal/mol[29, [30],,,,
the oxoferryl species itself needs to be a stable intermed-
iate, preferentially with an energy lower than the preceding,,,
stable structure, so that the concentration of Fe(IV)=0,,
is su cient for the catalytic reaction to advance. This,,
\low energy postulate" is realized in catalytic reactions of ,
mononuclear non-heme iron enzymes (MNIE) rstly, by,
involvement of powerful reductants which provide elec-,,
trons necessary for initial two-electron reduction of Oy,
and second, by cleavage of the O-O bond in a mannerg
that guarantees that the leaving oxygen atom exits the re-
action with two covalent bonds[31]. This general scheme,,
of Fe(IV)=0 biosynthesis is illustrated in the Figurefor161
three representative systems: -ketoacid dependent dioxy-,,
genases ( KAD), tetrahydrobiopterin-dependent hydrox-,,
ylases (THBH), and isopenicillin N synthase (IPNS). 164

165
3.1. Reaction energy diagrams 166
As emphasized in Figure [2} in the rst stage of the syn-i
thesis molecular dioxygen is reduced to peroxo speciesiss
with two electrons provided by organic co-substrate, orse

3
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Figure 2: General biosynthesis route leading to Fe(I\VV)=0
in selected mononuclear non-heme iron enzymes: a)

-ketoacid dependent dioxygenases [32], b) tetrahydro-
biopterin -dependent hydroxylases [33], ¢) isopenicillin N
synthase [26].

substrate,[34] which is either bound directly to the metal
( KAD, IPNS), or in its immediate vicinity (THBH). More
speci cally, in KAD, see Figure Zp, -ketoacid is de-
carboxylated to form an Fe(ll)-peracid intermediate[32];
in THBH oxygen is reduced by tetrahydrobiopterin and
forms a peroxo bridge between Fe(ll) and an oxidized
cofactor[33], whereas in IPNS the Cys- -C hydrogen of
the substrate is transferred to the distal oxygen atom of
O,, which is concomitant with oxidation of thiolate to
thioaldehyde[26]. It should be noted here that for KAD
sometimes a di erent mechanism is presented, where in-

stead of the Fe(l1)-peracid intermediate a Fe(IV)-peroxohemiketal

bicyclic species is proposed to lie on the reaction path be-
tween the enzyme-substrates complex and the oxoferryl
species (see e.g. [35]). However, to the best of our knowl-
edge, the experimental evidence supporting existence of
such species is missing, whereas in computational studies
it has never been observed [32], [36].

Despite the di erence in chemistry, these reactions have
very similar barriers (15 kcal/mol) in the modeling, see
Figure 3|

Values of reaction energies calculated with cluster mod-
els for these initial two-electron steps, amount to: -50.8,
+8.0, and -10.8 kcal/mol, respectively. This indicates that
the rst stage of Fe(IVV)=0 biosynthesis is, in a least fa-
vorable case, modestly endothermic, and in other cases
exothermic.

The second stage of the Fe(1V)=0 biosynthesis is, with-
out exception, an exothermic process, with oxoferryl species
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Figure 3: General reaction energy diagrams for biosynthe-
sis of Fe(1V)=0 in selected non-heme iron enzymes: solid
line - -ketoacid dependent dioxygenases [32]; dotted line
- tetrahydrobiopterin-dependent hydroxylases [33]; dashed
line - isopenicillin N synthase [26].

considerably more stable than the reactant of the (total)
reaction, i.e. Fe(11)-O,, see Figure Reaction energies of
these O-O cleavage steps, calculated with cluster models,
are in all instances substantial and negative, i.e.. -19.8,
-14.3, and -20.2, which makes the overall biosynthesis of
Fe(1V)=0 exothermic by: -70.6, -6.3, and -31.0 for KAD,
THBH, and IPNS, respectively[26, [32, [33].

3.2. Details of O-O bond cleavage

Cleavage of the single O-O bond in the Fe(l1)-peroxo inter-
mediate is formally a heterolytic process, whereby the two
bonding electrons (of the O-O bond) are moved to the oxy-
gen atom distal with respect to iron. The proximal oxy-
gen accepts two electrons from Fe(l1) and hence oxidizes
it to Fe(1V). Heterolysis usually follows a generic two-step
mechanism, see Figure [4] where in the rst, more di cult,,
step, Fe(ll) provides one electron which goes to the O-O,,
orbital. In the second, low-barrier step, the unpaired,,
electron of the O-O group localizes on the proximal oxygen,,
atom. 200
In the peroxo intermediate (peroxo_INT in Figure, 8y,
doubly occupied iron orbital locates in the Fe-O-O plane,,,,
where it has a maximum overlap with the O-O  orbital.,,,
The signi cance of such arrangement stems from the fact,,
that it allows for e cient electron transfer from Fe(ll) to,,,
O-0O, which is realized as mixing of the two critical orbitals,,
at the TS1 geometry. As an example, the contour of the,
HOMO-1 orbital for TS1 in IPNS, which is depicted in,,,
Figure [Bg, shows mixing of Fe 3d and O-O  orbitals (an,,,
animation of the evolution of this orbital in the vicinity of,
TS1 is available in the on-line version of the paper). 220
Changes of gross spin populations on iron and O-O,,
group, for both IPNS and KAD, support this interpre-,,
tation of electronic structure changes, e.g. the iron spin,,,
population changes from 3.8, which is a typical value for a,,,
high-spin Fe(Il), to 4.1, which indicates a high-spin Fe(l11).
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Figure 4: Geometrical and electronic structure changes
along the reaction coordinate for O-O bond heterolysis:
a) isopenicillin N synthase (alternative with protonation
from aqua ligand) [26], b) -ketoacid dependent dioxyge-
nases [32]. The sign indicates the unpaired electron
localized in the O-O orbital. Gross atomic spin pop-
ulations in italics, interatomic distances (in A) in bold,
relative energies (E) in kcal/mol.

Concerning the geometry changes, at the TS1 the O-O
bond is stretched to ca. 1.8 A, while the Fe-O distance is
shortened to approximately the same value.

The product of the rst step is a one-electron inter-
mediate (1-e_INT in Figure [4) with a O-O bond stretched
to ca. 2.1 A, whose formal bond order is 0.5. In this struc-
ture the unpaired electron is shared unevenly by the two
oxygen atoms, with, as evidenced by the gross spin popula-
tions, the main share on the distal oxygen. Note, however,
that the oxygen atom proximal to iron is spin polarized by
the high-spin Fe(l11), which e ect masks the contribution
form the electron, and hence, the gross spin population
of this atom can be even positive.

A recurrent feature of the O-O bond heterolysis is de-
velopment of a second covalent bond by the distal oxygen
atom as the O-O bond nally cleaves. Typically, for this
purpose a proton is provided either by an aqua iron ligand,
as in THBH (Fig. [2b), or by some acidic group from the
protein surrounding or the substrate, as in IPNS (Fig. ).
For IPNS, the proton could potentially come also from the
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aqua ligand,[26] but direct protonation from the substrate.s
is favored by a few kcal/mol in the large protein model.[27]ss
Protonation of the leaving oxygen is not, however, the only.e
option as evidenced for example by KAD (Fig. ). N6
this case, the distal oxygen atom forms a second bond with,s,

IPNS TS2 NOSD(-0.9) animation

the carbonyl carbon, as the peracid moiety transforms to
carboxylic group. This second transition state for O-O
bond heterolysis (TS2 in Figure [4)) is coupled with a tiny
energy barrier, sometimes vanishing completely.

Focusing on the electronic structure, at TS2 the un-
paired electron from the O-O  orbital localizes on the
proximal oxygen atom, whereas the distal one becomes
O ? and part of a closed-shell group, i.e. carboxylate or
water. This ow of unpaired electron density can be
most readily visualized with the aid of natural orbitals for
the spin density (NOSD). At TS2 there is only one NOSD
with large negative eigenvalue, i.e. describing the unpaired

electron, see Figure 5p. For TS2 the lobes on the two
oxygen atoms are approximately of the same size, yet, as
the animation available in the on-line version of the paper
shows, the lobe on the proximal oxygen increases at the
expense of the distal one as the system moves along the
transition vector.

Once TS2 is passed, the unpaired electron is located
on the proximal oxygen atom on the 2p orbital which is
perpendicular to the Fe-O axis. Thus, in order to form a
regular  bond between iron and oxygen, the singly oc-
cupied 2p orbital of oxygen has to rotate so that it has a
good overlap with the iron’s singly occupied d,- orbital,
as schematically drawn in brackets in Figure 4l Such a
rotation takes place once the system has passed TS2, and
when it is completed the singly occupied 2p orbital of the
oxyl radical overlaps with Fe 3d,-.

The remaining two 2p orbitals of the oxyl radical are
doubly occupied, and as they are perpendicular to the Fe-
O axis, they form two bonds, of formal bond order 0.5
each, by overlapping with two singly occupied 3d orbitals
of iron. Short Fe-O bond length, of ca. 1.6 A as typically
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observed for Fe(1V)=0 [37], is consistent with this descrip-
tion of the electronic structure of the oxoferryl species. A
more detailed molecular orbital picture of the Fe(1V)=0
species can be found in the following section.

4. Properties of Fe(IVV)=0

Oxoferryl species in MNIE can attain various coordina-
tion geometries depending on the strength and number of
ligands other than the oxo group. Thus, when the to-
tal coordination number is 6, the geometry around iron
can be described as close to octahedral, as exempli ed by
Fe(IV)=0 species in THBH and IPNS (Fig. , although
the strength of the iron-oxo bond distorts these complexes
away from centrosymmetry. When one of the six ligands is
very weak, or absent, the geometry of the oxoferryl species
is either square pyramidal with the oxo ligand in the base
of the pyramid, or trigonal bipyramidal with the oxo lig-
and in an axial position. Examples of the former are pro-
vided by KAD in cases when the carboxylate formed in
O-0O cleavage is a monodentate ligand (Fig. ), whereas
trigonal bipyramidal coordination is realized, for example,
in the active site of 4-hydroxyphenylpyruvate dioxygenase
(HPPD) [38], which is also one of KAD (Fig. [8).

4.1. Electronic structure of Fe(1V)=0

Concerning the electronic structure of the oxoferryl species,
a sigma component of the Fe=0 bond, corresponds to dou-
bly occupied orbital and an empty , as shown in Fig-
ure [6g. Two other 3d orbitals of iron overlap with the 2p
orbitals of oxygen forming two ( , ) pairs, each accom-
modating three electrons, which correspond to two half-_,
bonds. In a single-determinant wave function picture the,,
:s are doubly occupied, whereas the are occupied by,
unpaired electrons. The remaining two 3d orbitals, la-,
beled as dy= y2 and dxy, do not have bonding partners,,,
on oxygen and become non-bonding (nb) orbitals in the_,
Fe(1V)=0 species. w2
The ground spin state of Fe(IV)=0 in is a quintet, as,,,
for example shown with the use of spectroscopy methods,,,
for one of KAD [39], which means that the two non-_,
bonding and two  orbitals are all singly occupied with,,
electrons of the same spin polarization. The lowest en-_,
ergy excited state is the spin triplet, which is obtained by,
pairing the two electrons from the two non-bonding or-,,
bitals and localizing the pair on the one with lower energy,
(dxy). Since such excitation has negligible impact on the_,
Fe-O bond, the reactivity of 3[Fe(IV)=0] is not enhanced,,,
compared to °[Fe(1V)=0], and the triplet state is not cat-,,
alytically relevant [40]. -
Consequences of formal excitation of one of the elec-
trons from a  orbital to the empty  are far more sig-_
ni cant for the reactivity of the system. Such excitation,,
can be viewed as ligand-to-metal charge transfer process_,
because the orbital has a predominant oxygen charac-_,,
ter whereas is primarily Fe 3d,z, see Figure [6a. The

a) “[Fe(IV)=0]

%;

B G
et Jgj
- RES - ‘%j ﬁ%:%?
b) S[Fe(i%)_-o] N f %’
Fe* 3d + % % f hf \f
O 2p 4_ H H

Figure 6: Schematic molecular orbital diagram for: a)
Fe(IV)=0 in the spin quintet ground state, b) excited
quintet state (Fe(l11)-O .

result of this electron transfer is that the Fe-O bond elon-
gates substantially, from ca. 1.65 to ca. 1.90 A, and the
orbitals lose bonding/antibonding character and become
almost pure iron or oxygen orbitals, see Figure [6b.

Thus, the electronic structure of such excited state
species is best summarized by the formula Fe(111)-O , where
iron is in a high-spin con guration and the electron hole
is localized on an oxygen’s 2p orbital perpendicular to the
Fe-O bond.

In the excited quintet spin state, the unpaired O 2p
electron has minority spin polarization, whereas a corre-
sponding septet state, of very similar energy, is achieved
by ferromagnetic coupling of the electrons on Fe(lll) and
the oxyl radical. Fe(111)-O , irrespective of the spin state,
is very reactive due to the presence of the oxyl radical, and
inherent barriers to its reactions, for example C-H cleav-
age, are signi cantly lower than for ground state ®[Fe(1\V)=0].
However, the Fe(l11)-O electromer was computed to lie at
least 16 kcal/mol above the ground Fe(l1V)=0 state [40],
which rules out Fe(l11)-O as species participating in the
catalytic cycle. The possible exception is the, yet hypo-
thetical, case where Fe(111)-O is preferentially formed in
the O-O cleavage step and its subsequent reaction with the
substrate is faster than its de-excitation to °[Fe(1V)=0].
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4.2. Isoforms important for selectivity as1

SyrB2 is an -ketoacid dependent halogenase catalyzing®?
chlorination of an aliphatic group of its substrate [41]. A%
unique feature of KAD halogenases is that in the rst co-
ordination shell of iron, a halogen ligand is bound instead?®s
of the Glu or Asp residues that are usual for KAD (see

Figure [2) [42]. The catalytic steps of SyrB2 following the,
synthesis of the oxoferryl species encompasses C-H bond

cleavage, yielding a Fe(l11)- OH/substrate radical species,*’
and subsequent recombination of Cl and the radical. Thus,3?
in the nal rebound step Cl is the ligand transferred to the®
radical, and not the usual OH. For a more thorough dis-*®
cussion of oxoferryl reactivity, see section [5 st

Interestingly, Mossbauer spectra for freeze-quench trappeéd

Fe(IV)=0 in SyrB2 revealed that it exists in two forms3
characterized by similar (free) energies and distinctive iso-**
mer shifts ( ) and quadrupole splittings ( Eg) [43]; values®*®
for exp \1" and exp \2" are reported in Figure[7] A sim-
ilar equilibrium has also been reported for the halogenase
CytC3 [44].

[0} Cl
Cly,, |[ 0 TSai ¢y, O o TSia' o]
R = Y, > Xt
. 4 | v \O)ﬁ 13.4 His/Te‘o)LR‘ 83 H.S/Te‘o)—R
Hisoss i His a His
0.0 3.9 0.3
6=0.27 §=0.23 8=0.21
AEq=1.31 AEq=1.30 AEq= 0.94
exp ™ exp 2
3=0.30 §=0.23
AEq=1.09 AEq= 0.76
Figure 7: Ligand-exchange reaction for the Fe(lVV)=0

species in the active site of SyrB2 halogenase. Exp \1"
and exp \2" are experimental values for the two forms ob-
served for SyrB2. Energies in kcal/mol, Mossbauer spectra
parameters in mm/s [40].

In a computational study seeking the plausible origins,
of SyrB2 preference for chlorination over hydroxylation, a
mechanistic hypothesis, which links the existence of the
two di erent forms of oxoferryl species with the selectlv- *
ity for chlorination, could be put forth [40]. It was pro-, 9
posed that the two species could simply di er in the place— ”
ment of the oxo and chloro ligands (a and a’ in Figure 121
The Mossbauer spectra parameters computed for molecu-
lar models of a and a’ agree reasonably well with the ex-, o
perimental data, and the agreement improves if one com- o
pares relative values computed for a - a’ pair with those ”
measured for exp \1" - exp \2". e

Swapping of the oxo and chloro ligands proceeds Wlth
a barrier of around 13 kcal/mol, which is ca. 5 kcal/mol
lower than the barrier for C-H bond cleavage, and hence,
the equilibrium between a and a’ can be established. Speciéus0
a is produced in oxidative decarboxylation and O-O cleav—411
age, yet it is species a’ which is proposed to react with the N
organic substrate with the lowest barrier. Since in a’ CI
is exposed towards the substrate, this ligand is preferen- -
tially used in the rebound step. Alternative explanation :

396

397

409

of SyrB2 preference for chlorination over hydroxylation,
which however does not con ict with the above described
equilibrium between the two forms of the oxoferryl species,
rests on the precise positioning of the substrate, as inferred
from the results of studies with substrate analogues [45].

5. Reactivity of Fe(1\V)=0

Probably the most frequently encountered reaction of oxo-
ferryl species is oxygenation of an organic substrate, which
leads to insertion of an oxygen atom into the skeleton of
the oxidized compound [29]. As a representative exam-
ple we take here electrophilic attack on the aromatic ring
of 4-hydroxyphenylacetate, which is one of the catalytic
cycle steps of HPPD [46]. The most important geomet-
rical and electronic structure features of this reaction are
summarized in Figure 8]

01 80

01 90

Hisy, ||1 67 ", |(1 79) »=0 " |(1 ) 0
F |\ —0 ( I\//HI Xe)
3.0 3 8(2.9,
His | | 2.9) | 40(29;
TS (TS%)
E=0.0 E=12.0 (16.9) E=-1.4 (+8.4)

Fe-O-C ang=132 (122) deg

Figure 8: Geometrical and electronic structure changes
along the Fe(IV)=0 reaction coordinates for electrophilic
attack on the aromatic ring (HPPD). Values in paren-
thesis for excited state species [38, [47]. Gross atomic
spin populations in italics, interatomic distances (in A)
in bold, relative energies (E) in kcal/mol. Linked anima-
tions: TS  HOMO}, [TS*  HOMO|

5.1. -and channels in oxoferryl reactions

Notably, for this system it was possible to optimize two
di erent transition states: TS which leads to the product
(so-called -complex) in a ground electronic state (with
a high spin Fe(l11)), and TS* which lies on a path to an
excited state product (with an intermediate spin Fe(lll))
[38, [47]. The electronic structure di erences can be dis-
cerned from the spin populations reported in Figure [g] for
TS:s and -complexes, i.e. on the ground-state path, the
population on iron changes to the value typical for high-
spin Fe(l11) and the ring-based radical is antiferromagnet-
ically coupled to iron. On the other hand, in the higher
energy path, the unpaired electron on the organic radical
has the same spin orientation as three unpaired electrons
on iron (spin-intermediate Fe(111)). As shown in Figure
the activation energy computed for TS (12.0 kcal/mol) is
almost 5 kcal/mol lower than that connected with TS*
(16.9 kcal/mol). An important geometric di erence be-
tween TS and TS* is the value of an Fe-O-C angle, where
oxygen and carbon atoms are those forming the new bond.
Its values are 132 and 122 degrees, respectively.
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Such a dual behavior of the oxoferryl oxidant was rst™

explained based on molecular orbital symmetry by Solomoﬁl36
and co-workers [48], and it can be rationalized taking mto !
account the molecular orbital picture of 5[Fe(IV)=0] (see *
Figure |§|a) More speci cally, when the substrate approachesg
the Fe=0O group at a wide Fe-O-S angle (180 - ca. 130 de—440
grees; Figure @a\) the substrate’s frontier orbital has a good
overlap with the and  of the Fe=0.

When the substrate approaches the Fe=0 group at the™
sharper angle, in our example 122 degrees, the and
of the Fe=0 are the best partners for interaction with the
substrate’s frontier orbital. Then, since in the transition”
states the Fe-O bond is signi cantly stretched, typically”
to ca. 1.8 A, the Fe-O group gains signi cant amount of

445

a) o-channel 5

:

good
overlap X no overlap

e — g J'_
R TS
B T
. X '-h_.,_____‘:!r -—‘l—
+ 1+ A e
4 Jd"_—']rf'"—r 4 O
-?: 2p;
b) m-channel
- good overlap
;m overlap ;m e
R TS
+ o Fa3d
+ + JI_" ::::_'_'_'_' '_'_'_'1' ':' 3 ':"_1:"_:‘-*' "J&'
4 *_1#1____1{..#_._1_ O2p
2p

Figure 9: Cartoon showing two reaction channels for elec-
trophilic attack by Fe(IV)=0. S stands for substrate.

Fe(l11)-O character, with the electron hole localized in
one of the oxygen’s 2p orbitals. At the transition states
the hole is stabilized by delocalization between oxygen’s 2p
orbital and the substrate’s orbital, and hence the angle of
substrate’s approach determines on which 2p orbital the
hole develops. In the wide-angle reaction ( -channel) it
is the 2p,, whereas in the sharp angle ( -channel) it is
e.g. 2px. As can be easily noticed on molecular orbital
correlation diagrams in Figure [9 the -channel leads to
high-spin Fe(l1l) and a  spin on the substrate radical,
whereas the -channel yields intermediate spin Fe(l11) and
spin on the substrate radical.

The fact that di erent iron 3d orbitals become popu-
lated in TS and TS* is visualized in animations showing
evolutionof and HOMO orbitals in the vicinity of TS:s.
The animations are to be inserted in the online version of
the article.

Finally, it should be clari ed here that for the reaction
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shown in Figure [8] the -channel is a higher energy path,se
and thus most probably it is not catalytically relevant.se
However, in cases when the substrate has limited freedomsos
to move and it can approach the Fe=O group only at ases
sharp angle, close to 90 degrees, the -channel is used forse
the reaction. See also reference [49] for a discussion ofso
the relative importance of and -channels in oxoferrylses
reactivity. 500
510
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6. Stability of protein modeling

512

As mentioned in section [2} uncertainties in the compu-°
tational results come from both the quantum-mechanical
description of the reaction, and from the treatment of the
surrounding protein. In a series of papers, the stability of
the IPNS reaction energy diagram have been evaluated for
a series of di erent protein models[25{28].

Computational methods are normally evaluated by bench-

marks of relative energies. Experiments provide informa-
tion about intermediates and reaction paths in enzymes,
but rarely about relative energies. The exception is when
two species exist in equilibrium, and relative energies can
be calculated from the equilibrium constant. Turnover
rates can be used to calculate reaction barriers, but that
gives only one data point per reaction, unless the buildup
and decay of intermediates can be observed. Instead of
looking at the accuracy compared to experiment, a more
approachable path is to test the stability of the results
when using di erent models[50, 5I]. To get a clear picture
of the consequences for modeling of a reaction mechanism,
protein e ects were not studied only for a single step, but
for the full IPNS energy diagram, with close to twenty sta-
tionary points[27]. The present review includes a selection
of reaction steps, namely O,-binding, Cys- -C-H bond ac-
tivation (two-electron reduction), and O-O bond cleavage.
Results are presented for an active-site model, di erent
static QM/MM models, and nally for a QM/MM model
that includes classical free-energy contributions. 514
515
6.1. Active-site model .
In all applications of quantum chemistry to proteins thesy
key concept is the active site, which makes it possible tos:s
scale down large enzymatic systems to much smaller mod-sis
els. Active-site models have been particularly useful forsz
metal-containing enzymes because the electronic and geo-sz
metric structures are dominated by the metal and its rsts
coordination sphere[52{54]. These models include a hum-sz
ber (50-200) of atoms close to the metal center(s), whilesz
e ects of the surrounding protein are approximately in-ss
cluded by the use of a homogenous dielectric medium, andsz
by freezing one atom per residue to their respective posi-sz
tions in the X-ray structure. 528
One advantage of a limited-size model is the abilitysz
to use e cient geometry optimization algorithms, whichsx
makes it possible to optimize transition states almost rou-sa
tinely. The active-site model is often the rst approachss

9

when exploring complicated potential energy surfaces, and
these results can be used to estimate whether a large pro-
tein e ect is expected.

For IPNS possible reaction mechanisms were rst ex-
plored using an active-site QM model that includes iron,
iron ligands, and parts of the substrate, see Figure[Il The
potential energy diagram for the active-site model is shown
in grey in Figure[I0] The active-site model gives a reason-
able energy pro le, although the barrier for Cys- -C-H
bond activation is too high (25 kcal/mol), mainly due to a
high endothermicity of O,-binding. This will change with
the use of a QM/MM model.

20 Cys-B-C-H activation 0O-0 bond cleavage
14.6

10
0 -2

-10 Fe(Ill)-00-

-20 Fe(ll) + 0,

Fe(Il)-OOH

== Active-site (QM)

20 — ONIOM-ME (No update) Fi('vz)c‘)o
== ONIOM-ME (RESP update)

-50 \;52.2

59 INT

-30

Energy (kcal/mol)

-60
Reaction coordinate

Figure 10: Reaction energy diagram for biosynthesis of an
Fe(1IV)=0 intermediate in IPNS calculated with active-
site and ONIOM QM:MM-ME models. Two di erent
QM:MM-ME models are shown, one where the assigned
MM charges are kept constant (No update), and one where
atoms are assigned new charges at each stationary point
(RESP update). Each stationary point is given a label
representing the order it appears in the reaction energy
diagram.

6.2. Multi-scale (QM/MM) models | - Classical e ects

The active-site model is not always su cient to understand
all aspects of enzyme catalysis. Important enzyme func-
tions like regulation are controlled by residues far from the
active site, and many times explicit consideration of the
whole protein is necessary to understand reaction mecha-
nisms, relative reaction rates and substrate selectivity. Ar-
guments have been made that reaction energies converge
very slowly with system size,[51] and as it is not possible
to know a priori, which residues that are important, it is
unlikely that models with even up to 200 atoms would lead
to converged relative energies.

A convenient way to take into account the e ects of
the whole protein, while keeping the accuracy of the quan-
tum treatment is to use multi-scale models, e.g., QM/MM.
The same atoms as in the active-site model are treated by
guantum methods, while the rest of the enzyme is treated
by a classical force eld[55, 56]. The main advantage of
multi-scale models is that they highlight potential e ects
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of the surrounding protein. The main disadvantage is thats«
potential errors in the QM/MM interactions, or from arti-s«

cial changes in the protein geometry, may lead to reason-se
able barriers even if the real catalytic e ect is not correctlyss
described.

The choice of method often depends on the capabilities
the program package used to perform the calculations. Re-
sults in the present review are obtained using the ONIOM
QM:MM method. The QM:MM label highlight that it is
an extrapolation scheme, while most QM/MM methods
are additive schemes, for details see reference [55]. One
major reason to use this method for IPNS was the possibil-
ity to e ciently locate transition states using an advanced
optimizer[57, 58], implemented in the Gaussian program
package.[59]

Interactions between QM and MM layers can be de-
scribed by either mechanical (ME) or electronic embed-
ding (EE). In the rst case, the interactions are fully de-
scribed by the low-level (MM) method, i.e., a fully classical
description. In the second case, electrostatic interactions »
are evaluated semi-classically by including protein point__
charges in the QM calculation. The main advantage of a -
classical description is the ease with which di erent con-_
tributions to the energy can be analyzed.

Figure [10] shows the reaction energy diagram calcu—
lated using both active-site and QM:MM-ME models. The
multi-scale model includes all atoms in the X-ray struc-_
ture, including crystal waters, but no added solvent shell.” .
To easily compare the di erences between active-site and s
QM:MM maodels, the QM parts of the two models are |den— o
tical. Results for an extended active site are presented |n
reference [27].

To isolate the electrostatic interactions between the re-
acting core and the surrounding protein, Figure [10] con-_
tains two sets of QM:MM-ME data, one where the same_
charges have been used for all stationary points (No up-_
date) and one where charges are reparameterized at each o
stationary point (RESP update). Compared to the active- o
site model, the QM:MM-ME (No update) model mcludes o
geometric e ects, van der Waals interactions, and protem—
protein interactions. The di erence between the two QM: MM
curves shows the e ects due to changes in the charge dis- . o
tribution during the reaction. To isolate the electrostatics,
the comparison is made with the same protein geometry ]
O, binding - Better active-site geometry. The rst_
reaction step is O, binding, and as seen in Figure[10] there
is a large stabilizing e ect from the protein (8 kcal/mol_
for the side-on and 10 kcal/mol for the end-on septet)[25]
This is important, because in the active-site calculation the
endothermicity of O, binding leads to very high barrlers
for the proceeding C-H bond activation step. o

Comparing the QM energies of the active-site and QM: MM-
ME models, which are only a ected by the geometry, an o
e ect of 3-6 kcal/mol is found, depending on the blndlng o
mode (side-on or end-on). A comparison of the iron Ilgand6
geometries shows that the active-site model overestlmates o
the exibility of the iron coordination sphere. The e ectis
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597

600

605

3
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620

]

larger for the ve-coordinate site before O, binding, com-
pared to the six-coordinate site after binding, see Figure
[II This leads to an arti cial destabilization of the struc-
ture where O, is bound [25].

Substrate

Substrate

[His214

=

Asp216 Asp216

His270 His270

Deoxy structure - reactant Oxy structure (O, bound) - product

Figure 11: Geometric e ect of the protein environment
on O, binding in IPNS. Reproduced with permission from
reference [25]. Copyright 2007 American Chemical Society.

It is of course possible that the QM:MM model is too
rigid, arti cially stabilizing a state similar to the origi-
nal X-ray structure (in the present case the product state
where iron is six-coordinate). However, starting from an
alternative ve-coordinated X-ray structure, and then adding
O, gave almost identical binding energies and QM geom-
etry contributions. This indicates that optimization of a
multi-scale model gives enough exibility to describe rela-
tively large changes in iron ligand geometry.

O, binding - Van der Waals interactions. An analy-
sis of the classical contributions that stabilize O, binding
in the QM:MM model shows that they mainly come from
van der Waals interactions between the O, molecule and
surrounding protein (3-4 kcal/mol). Since O, does not
have any interactions with the protein in the deoxy state,
any interactions in the oxy state directly a ects the bind-
ing energy. Similar results have previously been found
in a study of O, binding in hemerythrin[60]. These ef-
fects are found in addition to the e ects of introducing van
der Waals interaction terms to DFT[61], which are of ap-
proximately the same size (4 kcal/mol)[62]. If dispersion-
corrected DFT is used, a larger QM model will catch a
larger part of the van der Waals interactions, and MM con-
tributions will decrease. Note that decreasing the amount
of Hartree-Fock exchange in B3LYP from 20 to 15 % fa-
vors O, binding by 4.4 kcal/mol[25], which illustrates the
challenges to get accurate energies for this process.

Electron transfer - Electrostatic e ects The barrier
for Cys- -C-H activation (3 TS in Figure does not
show any signi cant protein e ects when compared to the
previous end-on O,-bound structure (2 INT). This is ex-
pected as the reaction can be described as hydrogen-atom
transfer (one proton and one electron). However, after
passing the transition state a second electron is transferred
from substrate to iron to form a ferrous peroxide intermed-
iate, as discussed in section[3 The relative energies of this
intermediate (4 INT) di er by 17 kcal/mol, in the active-
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site and QM:MM-ME (RESP update) models, and this
large di erence comes almost exclusively from unfavorable
electrostatic e ects (compare the two ME curves in Figure
[10).

Such a large e ect can potentially a ect the conclu-
sions of a mechanistic study, and it is important to under-
stand how accurately di erent approaches describe these
electrostatic e ects. Results from mechanical embedding
neither includes electronic polarization of the QM nor the
MM part. The rst contribution can be handled using
electronic embedding, see section [6.3] while the second
contribution would require a polarizable force eld. In
the present example geometric polarization is also com-
pletely ignored as the protein geometry is kept xed after
the charges are reparameterized. To properly include geo-
metric polarization requires a dynamic description of the
protein, with the energies evaluated using a free-energy
technique, see section
O-0 bond cleavage - Electrostatic e ects. O-O bond
cleavage proceeds by initial electron transfer from iron tos®
an antibonding O-O * orbital, as described previously®”
in section 3.2l As with the preceding electron transfers®
reaction, there is an electrostatic e ect of the protein, al-%
though smaller (3 kcal/mol). Together with the increase®®
in energy of the preceding intermediates, the barrier fors:
0O-0 bond cleavage is now higher than the barrier for Cys-¢%

-C-H bond activation, which is in disagreement with thes®
results from kinetic isotope experiments [63]. As argued®*
above, the discrepancy is most likely due to the neglect of®%
polarization e ects. 6%
Water release - Electrostatic e ects. Another step®’
with very large (10 kcal/mol) protein e ects is the for-s®
mation of a water molecule after the O-O bond cleavage®®
reaction, (9 INT) in Figure In the QM:MM model™®
the water makes hydrogen bonds with explicit MM wa-"!
ters, which leads to large e ects on the reaction energy™
for this step. As a general observation, release of a prod-"
uct shows large protein e ects due to explicit interactions™
with residues not included in the active-site model. Fortu-"°
nately, these e ects are not critical when determining the™®
reaction mechanism, because product formation is often™”
exothermic and the degree of exothermicity has no e ect™
on the barrier of the next step. 708

710
6.3. Multi-scale (QM/MM) models Il - Semi-classical ef-
fects

The use of a fully classical model makes it easy to ana-
lyze the protein contributions, e.g., the e ects of individual
residues. However, there has been signi cant disagreement
as to whether the results are in line with those obtained
from a semi-classical treatment (electronic embedding).

To compare mechanical with electronic embedding, the
reaction energy diagram was recalculated with QM:MM-
EE, see Figure [I2] As before, all calculations were made
on the same protein geometry to isolate the electrostatic
e ects.

11

20 Cys-p-C-H activation
62 158 151

. 9.7
52 INT
e 74 Reactant QWO—O bond cleavage |
0.0 /
3.4

= 00 .08/ %3Ts
g 25 09,
% -10 i Fe(Ill)-00" 4 INT e
g -20 Fe(ll)+ O, . (Ils)sggH 237
(ll)-
& -30
5 == QM:MM-ME (No update)
S -40 == QM:MM-ME (RESP update)Fe(lV)=0
+H,0
- QM:MM-EE .
59 INT
-60
Reaction coordinate
Figure 12: Reaction energy diagram for biosynthesis

of an Fe(IV)-oxo intermediate in IPNS calculated with
QM:MM-ME models, with and without reparameterized
QM charges, and QM:MM-EE.

The rst observation is that the classical and semi-
classical approximations are very similar over a large part
of the potential energy diagram, even if the electrostatic
e ects are large. Only comparing the barrier heights of the
three transition states, the mean absolute deviation is 0.7
kcal/mol, which does not in any way a ect the conclusions
of the mechanistic study.

Major deviations in relative energy appear for the Fe(ll)-
peroxide (4 INT in Figure , and for the release of wa-
ter. In the rst case, the origin of the large electrostatic
e ect was a charge transfer between substrate and iron.
Including electronic polarization, i.e., using ONIOM-EE,
stabilizes the peroxide intermediate by 7 kcal/mol (rel-
ative to the previous stationary point 3 TS). The large
semi-classical e ect is due to a highly polarizable elec-
tronic structure, originating from two resonance structures
with very di erent charge distributions, see Figure[I3] In
the QM:MM-EE calculation, the charge transfer from sub-
strate to iron is not complete, as judging by the spin pop-
ulation on the substrate carbon (-0.14).

Despite the large e ect of electronic polarization on the
energy of the Fe(l1)-OOH intermediate, the barrier for O-
O bond cleavage is not a ected. The reason is that there
are no viable resonance structures for the later stationary
points, and the polarizability is therefore much smaller.

R R

HN HN
M Fe(lll)OOH Q Fe(Il)OOH
N & +C(rad)-S ] N +C=8
H s HN

-00C 0oC
Ry s “«—> H 7 %s
N \ ’ Hisz14 H O\ l His,
A MiS214
O Fe(in),
7|

v g
“Aspz16 Fell<ag,
7 P216

OHz OH;

Hisz70 Hiszzo

Figure 13: Resonance structures for the iron peroxide
formed after Cys- -C-H bond activation in IPNS. Re-
produced from reference [28]. Copyright 2011 American
Chemical Society.
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There is also a large polarization e ect on the releaser
of water (7 kcal/mol). This illustrates the di culty inzes
modeling electrostatic e ects when point charges are veryzss
close to a changing QM region. The semi-classical treat-o
ment still lacks mutual polarization (polarization also ofr
the MM residues) and a description of charge transfer be-
tween layers. A possible improvement over QM:MM meth-7;
ods is the use of QM:QM’ methods, where QM’ is a fasti
molecular orbital method, e.g., a semi-empirical methods
or density-functional tight-binding (DFTB). The develop-7s
ment of DFTB parameters for transition-metal elements,
including iron, made it possible to apply the DFT:DFTBs
method to iron enzymes, including the reaction energy di-7s
agram of IPNS[64]. Benchmark tests for a series of en-o
zymatic and biomimetic reactions, show that the criticalz:
factor for success is that both molecular orbital methodszs:
predict the same electronic structure[65]. 783

784
6.4. Multi-scale (QM/MM) models 111 - Dynamical e ects,
Optimization methods cannot easily describe situationszss
where the protein structure changes during the chemicalzs
reaction, e.g., new alignments of side chains or solvent wa-zss
ter, thermal uctuations, or large-scale protein motions.zss
As an example, most QM/MM investigations use a solventro
water shell, but keep it frozen to avoid arti cial changes inv
water conformations during optimization. This procedurers:
leads to the complete neglect of dipole reorientation, whichos
is the main reason for the very high dielectric constant ofr.
water. 795

To investigate the role of dynamical uctuations of
the protein, the static interactions between protein and
QM region were replaced by classical free-energy correc-
tions from the dynamical sampling of a large number of
protein con gurations. QM/MM approaches with free-
energy perturbation (FEP) have previously been used to
describe reactions in both protein and solvent, see e.g.,
references [66{[68]. To obtain reasonably converged free
energies requires sampling over several millions of con g-
urations, and the challenge is to accomplish this for an
expensive QM/MM Hamiltonian. In addition, to cover
the reaction energy diagram for biosynthesis of an oxo-
ferryl species, with multiple stationary points, puts severe
requirements on the e ciency of the calculations. For that
reason, we developed the QM:[MM-FEP] protocol for com-
plex reactions, e.g., multi-step redox reactions in a transi-
tion metal enzyme|28].

Transition-metal systems require relatively expensive
QM methods, and the key is to minimize the number of
QM calculations that are required. The most important
approximations are; to perform the molecular dynamicsrss
simulations with a xed QM geometry, and to use the fullyz
classical (mechanical embedding) approximation. Withres
these approximations, the QM energy is independent ofres
the MM geometry, and only has to be evaluated once foraw
each step in the free-energy perturbation scheme. The me-sn
chanical embedding approximation is critical because inse
electronic embedding, the QM Hamiltonian includes thess

12

position of the MM atoms, which would lead to a recal-
culation of the QM energy for each protein geometry. As
shown previously in Figure the classical approxima-
tion is good when looking at the transition-state barri-
ers, while larger deviations are expected for formation of
Fe(l1)-peroxo and the release of water.

The di erence in geometric and electronic structure be-
tween two stationary states can be large, so in FEP calcu-
lations each reaction step is divided into several intermed-
iate points, e.g., by following selected reaction coordinates
(typically bond distances) or the intrinsic reaction coor-
dinate. However, transition-metal systems have compli-
cated multi-dimensional reaction coordinates and to avoid
a detailed mapping of the reaction coordinate between all
stationary points, the alchemical FEP technique was em-
ployed. Here intermediate points are generated by a vir-
tual reaction coordinate that gradually mixes the initial
and the nal state, and the only information that is re-
quired comes from the previous static optimizations. For
more details of the free-energy calculations, see reference
[28].

The results of the free-energy calculations, QM:[MM-
FEP], are compared to the static results in Figure
To get a fair comparison, the present comparison also in-
cludes static results where the MM geometry has been re-
optimized after the charges were reparameterized. Note
that the dynamical simulations are performed in a water
box, using periodical boundary conditions, while the static
calculations are performed without solvent water.

20
15
10

Cys-B-C-H activation 16.2

= 10.3,10.2 g9
g 5 52 INT//53 TS STINT 58T
0.0 0O-0 bond cleavage

> 0 -0.3 54 INT s

71 Reactant 4
E 5 NSRS ‘SINT Fe(IV)=0
: Fe(lll)-00 Fe(ll)-OOH +H,0
) -10
g -15 = QM:MM-ME
W 20 == QM:MM-ME (MM relaxation)

s == QM:[MM-FEP]

-30

Reaction coordinate

Figure 14: Reaction energy diagram for biosynthesis of an
Fe(IV)-oxo intermediate in IPNS calculated with QM:MM-
ME and QM:[MM-FEP] models. Note the di erence in
energy scale compared to Figures [IT] and [12]

First looking at the e ects of MM relaxation, the rela-
tive energies of the two steps that had large electrostatic
e ects, formation of iron peroxide (4 INT) and O-O bond
cleavage (6 TS), decreases by a minor amount (1 kcal/mol
each). It should be noted that at no point during the reac-
tion coordinate is the protein allowed to change its confor-
mation, so these results only represent relaxation around
the same minimum.
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Understanding the free-energy results is more compli-
cated. Compared to the stable Fe-O, state, the TS bar-
riers for O-O bond formation follows the expected trend,
decreasing by 6 kcal/mol compared to the static result,
a larger e ect than simply performing a geometry relax-
ation. However, behind this reasonable e ect lies a slightly
higher energy for the Fe(11)-OOH intermediate, and a big
decrease in the energy (8 kcal/mol compared to the previ-
ous intermediate) of the rst step of the O-O bond cleavage
process.

The origin of the signi cant decrease in barrier for the
O-O bond cleavage process was analyzed further. Only a
minor stabilization was achieved due to a change in the av-
erage protein geometry in the dynamical simulation com-
pared to the static optimization procedure. Instead, the
low barrier is mainly due to uctuations in the geometry,
where some con gurations strongly stabilize the transition
state. The challenge is to access enough important confor-
mations to get accurate statistics. In the present calcula-
tion, the error bars for this step are relatively large (1
kcal/mol) [28].

The FEP e ects are very large also for the nal step, re-
lease of water. This is not unexpected as the released water
molecule makes several strong hydrogen bonds with MM
waters, and other residues. However, the current method
also gives large error bars (3 kcal/mol), which illustrates
that convergence of the alchemical method is slow for re-
actions where a QM group moves out into the MM region.859

860
7. Discussion 861

DFT energy diagrams have been criticized because theyzz
do not always agree with the current interpretation of ex- oo
perimental results, and it was argued that it must be a_
minimum requirement to rst reproduce what is known, e
before making any predictions of what is not yet known. o
The present section outlines the reasons for a relatively
weak connection between experiment and modeling, dIS- oo
cusses when this criticism is valid, and when modeling re-
sults are important. o
To make the discussion less abstract, some points are
illustrated by looking at the formation of the Fe(ll)- OOH
intermediate in IPNS[26]. The B3LYP energy dlagram oo
for this reaction, calculated with an active-site model,
shown in Figure[I5] As outlined above, O, binding results o
in the abstraction of one proton and two electrons, Ieadlng
to the formation of the iron peroxide intermediate. The s
interesting questions are how triplet oxygen is activated to__
react with an organic substrate, and the role of the proteln .
in catalyzing the reaction. ot
Focus on transition states. The modeling approach |s »
based on transition-state theory (TST), i.e., that chemlcal
reactivity is mainly determined by the relative energy of88
the transition state. Understanding enzyme catalysis thus885
requires an understanding of the di erences in protein in-886
teractions between reactant and transition state. As com-_.
putational methods are unique in their ability to describe
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Figure 15: Transition-state barriers for Cys- -C-H bond
activation is isopenicillin N synthase. Reproduced with
permission from reference [26]. Copyright 2008 American
Chemical Society.

transition states (and short-lived intermediates), they can
give unprecedented insight into reactivity and catalysis.
However, the focus on transition states inherently gives a
weak connection between modeling predictions and exper-
iment. Theoretical insights can also come from ground-
state theories like frontier molecular orbital theory, but
extrapolating from the ground state becomes increasingly
di cult as the complexity of the reaction coordinate grows.

The large uncertainty in the calculations of barrier
heights routinely leads to errors in experimental rates >1000
times, which often makes direct comparisons with exper-
imental rates meaningless. Transition-state theory also
takes into account recrossing, tunneling and non-equilibrium
events. Consideration of these events is important to un-
derstand experimental results, e.g., kinetic isotope e ects,
but as they rarely a ect the barrier by more than a fac-
tor of 10[69], which is dwarfed by the uncertainties of the
barrier height calculations, they have often been ignored
when modeling transition-metal enzymes.

The general idea is to discriminate between alternative
mechanisms, by showing that only one alternative is con-
sistent with the experimentally observed rate. For IPNS,
the lowest calculated barrier for C-H bond activation is
15 kcal/mol (compared to the O,-bound state), see Fig-
ure [I5] This is in apparent agreement with experiments,
which show a barrier of 17 kcal/mol for this step [63] [70].
Clarify which results that are signi cant. A peda-
gogical problem is that results are presented with a level
of detail that does not match the accuracy of the calcu-
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lation, e.g., energies are reported in kcal/mol with oness
decimal, while errors may be 5-10 kcal/mol. The reasons
to present these seemingly exact results is not to make anyss
claims about the preferred electronic structure, but to givesus
enough details so the results can be tested and reproduced.ss
The main problem is a lack of reliable error bars and con-so
dence intervals for the calculations, which could help tos:
clarify whether the computational results are signi cant orss:
not. 953
For the mononuclear non-heme iron enzymes, there ex-ssa
ists a large number of alternatives for the electronic andss
geometric structure of Oz-bound reactant. First, O, cansss
bind either end-on or side-on to iron. Second, there aress
two main alternatives for the electronic structure, eithersss
Fe(11)-O2 or Fe(l11)-O, (superoxo radical). Third, thess
intermediate could exist in several di erent spin states.sco
Even assuming that Fe(1l) (d®) is high spin[71], couplingse
to the spin on triplet oxygen gives possible triplet, quintet,s.
and septet states. Figure [15] shows the reactant to be ass
side-on septet, which is best described as an Fe(l11)-O, se
superoxo radical. What is not clear is that with a largeses
number of states within 4 kcal/mol, not much can reallysss
be said about the ground state of the reactant. 967
However, when investigating reaction mechanisms, andses
the barriers for two mechanistic proposals are very di er-ss
ent, and only one of them is in agreement with experi-on
mental data, the computational results can be conclusivesn
without being accurate. For many of the reaction path-o
ways presented in section [3, barriers for alternative mech-o
anisms can be up to 20 kcal/mol higher than for the \best"s
alternative. And despite the signi cant e ects of the sur-us
rounding protein on the reaction energy diagram of IPNS, s
the general mechanism remained the same for all modelssr
as the e ects on the transition-state barriers were smallerszs
than 5 kcal/mol. 979
For IPNS, even if the calculations cannot identity thess
primary reactant with any certainty, the models can stillss
be used to provide insight into C-H bond activation[26],ss:
or even to understand the preference for oxidase over oxXy-sss
genase activity [16], [72]. Looking at the reaction barriersss
in Figure [15] the barrier on the quintet surface is lowerss
by 6 kcal/mol compared to the triplet and septet surfaces.sss
Judging by the geometry and spin population of the tran-e
sition state, it corresponds to a hydrogen atom transfer,sss
with no major changes in dipole moment or atomic po-ess
sitions (with the exception of hydrogen). The e ects ofuwo
the protein environment are therefore expected to be rel-sn
atively small, see section 6.2l The only major modelingss:
parameter that should a ect the preference for reactivitysos
on the quintet surface is the choice of DFT functional. s
Assuming that the energy diagram in Figure [15 is cor-es
rect, it illustrates a potential case when it is not necessar-ses
ily the lowest-energy structure (septet) that is importantso
when describing the reactivity. Instead, the real (quin-gs
tet) reactant is "hidden™, an excited state on the potentialss
energy surface.
Direct coupling to experiments. An alternative stratzoo
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egy is to mainly use computational models to aid in the
interpretation of experimental data. For IPNS, the O,-
bound intermediate has not been characterized, so it is not
possible to compare with experimental data, the closest
thing is a thorough investigations of the Fe-NO system[72].
Based on the information from this analogue, and addi-
tional DFT calculations Brown et. al. could propose that
the reactant is a Fe(l11)-superoxide species where the fron-
tier molecular orbital, the O, *-orbital, is oriented to
form a -overlap with the hydrogen.

The present review shows how modeling can rationalize
the ndings from Mossbauer spectroscopy, that the oxofer-
ryl species in halogenases has two distinctive isoforms, see
section[4.2] Further, it could be proposed that this equilib-
rium is responsible for the product speci city of the SyrB2
enzyme. In other cases, a minor error in the prediction
of the electronic structure of the reactant, or a failure to
reproduce a certain spectrum, prevent a meaningful com-
parison to experiment. However, this does not necessarily
mean that the same method cannot give a reasonable de-
scription of the reaction energy diagram, and be used to
discriminate between mechanisms.

A mismatch between modeling results and the current

interpretation of experiments, can, in addition to errors in
the model, also depend on an incorrect, or too stringent,
interpretation of the experiments. It can therefore be of
great use to simulate experimental spectra to illustrate
that a modeled structure indeed is compatible with all
current experiments,.
Problems with reaction modeling. Despite the gen-
erally positive perspective, there are major problems in
reactivity modeling. The rst problem is that the num-
ber of mechanistic alternatives is not known, and a manu-
ally guided exploration of the potential energy surface can
miss any number of alternative mechanisms. This makes it
impossible to conclusively prove that the proposed mech-
anism is correct. It would be more satisfying to use an
unbiased global reaction route mapping. This can be done
for small molecules, and in combination with a multi-scale
method, also for larger systems[[73]. However, it will prob-
ably take some more time before the full reaction mecha-
nism for transition-metal enzymes can be explored using
this method. A full exploration of all stationary points
could still fail to describe all alternative structures, be-
cause distortions of the real energy surface can hide sta-
tionary structures that are important for the description
of the reaction pathway.

Another problem is that with so many variables in the
modeling, and very little experimental data, there is gener-
ous room for mistakes and misinterpretations of the com-
putational results. In many studies, the only experimental
information that is used is the starting structure and the
rate of the enzymatic reaction. With a number of potential
sources of error, from the density functional, the descrip-
tion of environmental e ects, or even the execution of the
calculations, it is possible to arrive at the right barrier
height for a number of di erent (incorrect) reasons.
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As an example, in a very early study of the IPNS reacxos
tion mechanism, an incorrectly converged electronic struc-
ture of the Fe-O, reactant lead to an incorrect barrier fof”
the rst reaction step, which led to the authors to discardgs,
the later con rmed mechanism[74]. Instead, an alternasos
tive mechanism was proposed based on protonation of thé®®

1056

substrate prior to the reaction. These results were incon-

1057

sistent with later studies|25], (26}, [72], but the detail of thegss
reported results made it easy to analyze the origin of theoss
error, and to track down the apparent inconsistency belz:j
tween the studies. A second mechanistic study [26], stilt062
failed to explore an alternative mechanism for O-O bondoes
cleavage, partly because a minimal selection of active-sitaos
residues arti cially destabilized that potential mechanism;zzz
and partly because the reaction pathways were not props,,,
erly explored[27]. 1068
1069
1070
1071
1072

8. Summary

Theoretical models show the similarities and di erences™
in biosynthesis, properties, and reactivity of the oxofers, .
ryl species in mononuclear iron enzymes. Two-electrongs
reduction of dioxygen to form a Fe(ll)-peroxo species, iser
followed by O-O bond cleavage, the latter reaction oftert”®
occurring in two discrete steps. Reactions between thqlzgz
oxoferryl species and organic substrates can occur in
and -channels, and the preferred channel depends on thecs
steric e ects around the active site. Further, the two disisz
tinctive species of Fe(1V)=0, revealed by Mossbauer specs,,
troscopy and whose identity was proposed based on theoss
computational study, are possibly relevant for speci citye?
of aliphatic chlorination. -
Explicit consideration of the protein matrix has signif;y,
icant e ects (10 kcal/mol) on the energy for O, bindsze
ing and the stability of the Fe(11)-OOH species in IPNS0
The latter e ect is an electrostatic response on an electron’..
transfer between substrate and iron. Di erent multi-scalggs
models give very di erent electrostatic contributions, byoses
up to 9 kcal/mol. Fortunately, the conclusions from thé®’
modeling are still stable, as the barrier heights used tq.,
discriminate between mechanisms do not change by moreiq

than 5 kcal/mol.
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