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ABSTRACT: Aldoxime dehydratase is a heme-containing enzyme that
utilizes the ferrous rather than the ferric ion to catalyze the synthesis of
nitriles by dehydration of the substrate. We report a theoretical study of this
enzyme aimed at elucidating its catalytic mechanism and understanding this
oxidation state preference (Fe2+ versus Fe3+). The uncatalyzed dehydration
reaction was modeled by including three and four water molecules to assist in
the proton transfer, but the computed barriers were very high at both the DFT
(B3LYP) and coupled cluster CCSD(T) levels. The enzymatic dehydration of
Z-acetaldoxime was explored through QM/MM calculation using two different QM regions and covering all three possible spin
states. The reaction starts by substrate coordination to Fe2+ via its nitrogen atom to form a six-coordinated singlet reactant
complex. The ferrous heme catalyzes the N−O bond cleavage by transferring one electron to the antibond in the singlet state,
while His320 functions as a general acid to deliver a proton to the leaving hydroxide, thus facilitating its departure. The key
intermediate is identified as an FeIII(CH3CHN•) species (triplet or open-shell singlet), with the closed-shell singlet
FeII(CH3CHN+) being about 6 kcal/mol higher. Subsequently, the same His320 residue abstracts the α-proton, coupled with
electron transfer back to the iron center. Both steps are calculated to have feasible barriers (14−15 kcal/mol), in agreement with
experimental kinetic studies. For the same mode of substrate coordination, the ferric heme does not catalyze the N−O bond
cleavage, because the reaction is endothermic by about 40 kcal/mol, mainly due to the energetic penalty for oxidizing the ferric
heme. The alternative binding option, in which the anionic aldoxime coordinates to the ferric ion via its oxyanion, also results in a
high barrier (around 30 kcal/mol), mainly because of the large endothermicity associated with the generation of a suitable base
(neutral His320) for proton abstraction.

1. INTRODUCTION
Aldoxime dehydratase (Oxd) is a heme-containing enzyme that
catalyzes the dehydration of aldoximes to form nitriles (Scheme
1),1−4 which are important intermediates in the industrial

synthesis of nylon, acrylic fibers, and insecticides as well as
pharmaceuticals. Many efforts have been devoted to the design of
efficient catalytic procedures for aldoxime transformations,
focusing on both heterogeneous5−7 and homogeneous8−11

catalysts. The biological dehydration of aldoxime catalyzed by
Oxd provides an environmentally benign approach to the organic
synthesis of nitriles. This heme enzyme is special in that it
physiologically functions as a hydrolyase, rather than a
monooxygenase as in most organisms.12−14 Three members of
the Oxd family are registered in the Enzyme Structure Database,
namely aliphatic aldoxime dehydratase,15 phenylacetaldoxime
dehydratase,3 and indolyl-3-acetaldoxime dehydratase.16,17 All
Oxd enzymes purified from different microorganisms exhibit a

relatively broad substrate scope, accepting both E/Z types of
aldoximes with alkyl or aryl substituents.2,3,15,18−22

The crystal structures of wild-type Oxd from Rhodococcus sp.
N-771 (OxdRE) has been solved both in the substrate free form
and in complex with propionaldoxime and butyraldoxime.23

OxdRE is a homodimer, with one heme molecule in each
monomer, similar to OxdRG found in Rhodococcus globerulus A-
4,15 OxdA in Pseudomonas chlororaphis B23,19 and OxdK in
Pseudomonas sp. K-9.22 These enzymes share more than 75%
amino acid sequence identity, suggesting a conserved reaction
mechanism.20,22 In the active site of the substrate bound form,
the heme iron is ligated to Nδ1 of His299 and to the N atom of
aldoxime, forming a six-coordinated species. The coordination of
His299 appears to be essential since its mutation to alanine in
OxdA leads to the loss of the ability to bind heme, thus becoming
inactive.24 The hydroxyl group of aldoxime forms two hydrogen
bonds to the side chains of Ser219 and His320, which help
control the substrate orientation. His320 is further hydrogen-
bonded to Glu143, which forms a salt bridge with Arg178. The
mutagenesis of His320, Ser219, Glu143, and Arg178 leads to
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Scheme 1. Reaction Catalyzed by Aldoxime Dehydratase
(Oxd)1−4
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diminished activity, indicating a potential role of these residues in
the reaction.23

On the basis of kinetic, UV spectroscopic, and 1H NMR
studies, Mansuy and co-workers have suggested a reaction
mechanism for cytochrome P450 as well as biomimetic iron
porphyrins.25,26 The substrate aldoxime coordinates to the
ferrous ion via its nitrogen atom, followed by water elimination
promoted by general acid−base catalysis. The ferric form of the
heme has no reactivity, and the aldoxime binds to the ferric ion
through its oxygen atoms, presumably as an oxyanion.25 A similar
binding mode has been suggested for the interaction between
microperoxidase-8 andN-hydroxyguanidines,27 and for the iron-
porphyrin-catalyzed oxidation of oximes.28 The reduction of the
metal from Fe(III) to Fe(II) by NADPH or other reductants is a
prerequisite for catalysis.26 Interestingly, only Z-arylaldoximes
can be transformed to the corresponding nitriles, while E-
arylaldoximes are not dehydrated,25,26 possibly because of their
weaker coordination ability to the metal arising from steric
repulsion between the α-substituents of the substrate and the
porphyrin ring. The variations of substituents at the porphyrin
ring of the biomimetic system showed an increase of catalytic
activity when electron-rich substitutions are present, suggesting
electron transfer from electron-rich Fe(II) to the substrate
during the reaction, possibly with formation of a ferryl
FeIV(RCHN¯) intermediate.26

The reaction mechanism for aldoxime dehydratase has been
subjected to detailed mechanistic investigation.29−35 Resonance
Raman spectroscopic analysis suggests that during substrate
binding, the heme Fe(II) changes from the pentacoordinated
high-spin (quintet) state to the hexacoordinated low-spin
(singlet) state.29,31 For ferric Oxd, EPR studies show the ferric
ion to be always hexacoordinated, but its spin state evolves from
high-spin (sextet) to low-spin (doublet) when substrate is
bound.30 Thereafter, the distal His320 delivers a proton to the
hydroxyl group of aldoxime,24 affording a FeII(RCHN+)
species, which undergoes electron transfer to form a FeIII or FeIV

complex (Scheme 2).32 On the basis of time-resolved high-
frequency resonance Raman spectra, it was suggested that a Fe
N double bond may be formed in this key intermediate,32 since
its Fe−N stretching frequency (857 cm−1) is higher than the Fe−
N single bond frequency (600−750 cm−1) typically found in
heme−NO complexes.36−40 The newly formed neutral His320 is
a good candidate to act as a general base that can deprotonate the
substrate, regenerating a protonated His320 with liberation of
nitrile.
Most recently, after the completion of the draft of this paper,

Liu and co-workers published a theoretical study on the reaction
mechanism of aldoxime dehydratase (with Z-propionaldoxime as

substrate) using a combined quantum mechanical/molecular
mechanical (QM/MM) approach.41 They found a two-step
mechanism, in which His320 first delivers a proton to the
aldoxime hydroxyl group during the initial N−O bond cleavage,
affording an open-shell singlet radical FeIIIRCHN•, and
then abstracts a proton from the intermediate to form the nitrile
product (Scheme 2a). Their study was restricted to the singlet
state and the ferrous heme enzyme.41 Hence there are a number
of intriguing questions that are still open; for example: What is
the reactivity of the higher spin states (triplet and quintet) in
aldoxime dehydratase? Is multistate reactivity42,43 of crucial
importance, like in many other heme enzymes?44,45 How do the
uncatalyzed and catalyzed reactions compare? What is the
catalytic efficiency of the enzyme? Which configuration is more
reactive, Z- or E-aldoxime? What are the differences between the
ferrous and the ferric heme (FeII versus FeIII) with regard to
binding mode and mechanism? Why is the ferric heme not
active? Here we address these questions using density functional
theory (DFT) and QM/MM calculations. We consider the
dehydration of Z- and E-acetaldoxime in the singlet, triplet, and
quintet state. The uncatalyzed reaction assisted by three and four
water molecules was studied by DFT and coupled cluster
methods, as a reference for assessing the proficiency of the
enzyme. QM/MM calculations were performed for the whole
solvated enzyme using two different QM regions (71 and 103
QM atoms) and covering both the ferrous and ferric form of the
heme. In addition, QM-only model calculations were carried out
to identify the effects of the protein environment through
comparisons with the QM/MM data. The resulting mechanistic
scenario is consistent with the available experimental findings
and is expected to apply analogously to other types of Oxd
enzymes, which possess the same active site as OxdRE.

2. METHODS

2.1. SystemPreparation.The initial coordinates were taken
from the X-ray structure of OxdRE from Rhodococcus sp. N-771
complexed with propionaldoxime (PDB code: 3A16, resolution
1.6 Å).23 The dimeric form was used and the missing residues at
the N-terminal (20 amino acids) were omitted and terminated by
CH3CO−, while the C-terminal was terminated by −NHCH3.
An active region for the setup was selected containing the atoms
within 35 Å of the iron atom of chain A. The protonation states of
the titratable residues (His, Asp, and Glu) in this active region
were determined on the basis of their pKa values obtained via the
PROPKA46 program and verified by visual inspection of the local
hydrogen bond networks. Titratable residues outside the active
region were selectively protonated; see Supporting Information

Scheme 2. Suggested Reaction Mechanism of Aldoxime Dehydratase32
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for details. The coordinates of propionaldoxime were used to
generate the Z-form of acetaldoxime substrate.
The dimeric enzyme was solvated in a water ball of 40 Å radius

centered at iron of chain A. Eleven Mg2+ ions were added to
neutralize the system via random substitution of solvent water
molecules located at least 5.5 Å away from any protein atom. The
solvated system was subjected to energy minimization and a 500
ps molecular dynamics (MD) simulation at 300 K using the
CHARMM force field47 as implemented in the CHARMM
program.48 During the simulation, residues more than 35 Å away
from the iron atom of chain A were fixed as well as the non-
hydrogen atoms of the heme, the ligand His299, and the
substrate. The equilibrated system (Figure 1) consisted of 33 662
atoms, including 7505 TIP3 water molecules.
To study the Fe3+-catalyzed reaction, the final structure from

the initial 500 ps equilibration run was modified (with an
aldoxime anion bound to the ferric ion) and then subjected to
another 500 ps equilibration run with exactly the same
constraints applied as described above for the ferrous OxdRE.
2.2. QM/MM Calculations. The chosen QM/MM method-

ology is analogous to that used in previous studies from our
group, and therefore only some essential features are mentioned
here. The final snapshot from the MD trajectories was taken as
the starting structure for the QM/MM calculations using the
Chemshell software.49,50 The TURBOMOLE51 program was
employed for treating the QM part, while DL_POLY52 was used
for the MM region represented by the CHARMM force field.
The electronic embedding scheme was adopted for the QM
region, and hydrogen link atoms with the charge shift model were
employed to handle the QM/MM boundary. No electrostatic
cutoff was applied for the QM/MM and MM/MM interactions.
The active region for QM/MM geometry optimization included
the QM atoms as well as all residues and water molecules in the
MM region within 13 Å of the iron atom of chain A (see
Supporting Information for details).
Two different QM regions (71 atoms for M1 and 103 atoms

for M2, total charge of +1) were chosen for the QM/MM
calculations. QM regionM1 is composed of the following sets of
atoms: iron porphyrin (without heme side chains), the proximal
ligand imidazole group of His299 (neutral), the imidazolium
group of His320 (charge of +1), the side chain of Ser219
represented by methanol, and the substrate Z-acetaldoxime. The

larger QM region M2 was selected to allow for a more accurate
QM description of the region around the catalytic acid, the
protonated His320, by including two neighboring charged
residues (Glu143 and Arg178) as well as their hydrogen-bonding
partners (two water molecules and the side chain of Ser174).
For geometry optimizations, the QM part was treated by the

B3LYP53,54 functional using the LANL2TZ(f)55 pseudopotential
and basis set for Fe, and the 6-31G(d,p) basis for elements C, N,
O, and H (labeled as BS1). Improved energies were evaluated by
performing single-point QM/MM calculations using the larger
TZVPP basis set.56 Empirical dispersion corrections (DFT-
D2)57 were added to determine the final relative energies.
Transition state (TS) optimizations were done with the
partitioned rational function optimizer (P-RFO) with Powell
update for an explicit Hessian.58 Numerical frequency calcu-
lations were performed for the core atoms to confirm the nature
of the optimized TS (only one imaginary frequency).

2.3. QM-Only Calculations. The QM-only calculations
employed the B3LYP functional as implemented in the
Gaussian09 program package.59 The geometry optimizations
utilized the same basis set BS1 as in the QM/MM case. At the
optimized geometries, single-point calculations were performed
using the larger TZVPP basis set for all atoms. Analytical
frequency calculations were carried out at the same level of
theory as the geometry optimizations to establish the nature of
the various stationary points.
In the spirit of the cluster approach for the modeling of

enzymatic reactions,60−62 the polarization effects from the
protein environment were taken into account by performing
single-point calculations at the optimized structures using the
SMD continuum solvation model63 (ε = 4). The reported QM-
only energies for the enzymatic reaction include solvation, zero-
point vibrational, and dispersion corrections.
For the uncatalyzed reaction, single-point calculations were

also carried out at the MP2 and coupled cluster (CCSD and
CCSD(T)) levels. Intrinsic reaction coordinate (IRC)64,65

analyses were performed to trace the pathways for the
uncatalyzed reaction and to confirm that the optimized TS
structures connect the correct reactants and products. The
solvation effects from bulk water surrounding the microsolvated
substrate were obtained from single-point calculations at the
optimized structures using the SMD63 model with ε = 80. The

Figure 1. System used in QM/MM calculations. The important active-site residues are shown on the right in an enlarged view.
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reported B3LYP energies for the uncatalyzed reaction are Gibbs
free energies (without dispersion corrections), which include
zero-point vibrational corrections, thermal corrections at 298 K,
and solvation free energy corrections. For MP2, CCSD, and
CCSD(T) free energies, these corrections were taken from
B3LYP.

3. RESULTS AND DISCUSSION
3.1. Uncatalyzed Reaction. To provide a reference for

assessing the proficiency of aldoxime dehydratase, we first
investigated the uncatalyzed dehydration reaction with the
assistance of three and four water molecules. The optimized
transition states for both Z- and E-acetaldoxime are shown in
Figure 2, and the calculated barriers and reaction energies at
various levels are displayed in Table 1.

For Z-acetaldoxime, the hydroxy group and the α-proton are in
trans configuration. This geometric constraint dictates a
minimum of three water molecules functioning as a bridge for
the proton transfer during water elimination. The reaction takes
place in a single concerted step, without the formation of any
charge-separated intermediate, as has been confirmed by IRC
calculations (see Supporting Information). Table 1 lists the free

energy barriers and reaction free energies at various levels. The
free energy barrier is calculated to be 46.4 kcal/mol at the most
accurate CCSD(T) level, and slightly lower values are obtained
fromMP2 and B3LYP (44.3 and 41.8 kcal/mol, respectively; see
Table 1). The reaction is exothermic bymore than 40 kcal/mol at
all levels. When an additional water molecule is present (in total
four water molecules), the barrier decreases by 4−5 kcal/mol,
but still remains very high. Addition of another water molecule
(in total five water molecules; see Supporting Information, Table
S3 and Figure S3) leads to similar barriers, suggesting little effect
by further microsolvation.
Previous theoretical calculations have shown that E-acetaldox-

ime is isoenergetic to Z-acetaldoxime and that both isomers have
similar chemical potential and hardness.66 Transition state
optimization of E-acetaldoxime surrounded by three water
molecules gives a transition structure, in which only two water
molecules are involved in the proton transfer, and similar results
are found when four or five water molecules are present. The
calculated barriers are quite close to those for Z-acetaldoxime
(Table 1).
The dehydration of pyridine-2-aldoxime methiodide (PAM)

has been monitored by UV absorption spectroscopy.67 The
measured rate constant of 4.53× 10−5 min−1 at 37 °C (pH = 7.1)
corresponds to a barrier of around 27 kcal/mol using classical
transition state theory. This barrier should be lower than that for
dehydration of acetaldoxime since PAM has a cationic N-methyl
pyridyl group, which can function as a Lewis acid and thus make
the deprotonation much easier. The high barriers from the
current calculations for the dehydration of acetaldoxime are
consistent with the fact that a catalyst is needed to promote this
reaction.5−11

3.2. Fe2+-Catalyzed Z-Acetaldoxime Dehydration. In
this section, we present our QM/MM results for the ferrous Oxd
catalyzed Z-acetaldoxime dehydration with two different QM
regions (71 atoms forM1 and 103 atoms forM2, total charge of
+1). In addition, an active-site model with exactly the same size as
M2 is also used for QM-only calculations in order to understand
the influence of the protein on the energies and geometries of
various stationary points, especially transition states.
Here and in the following, we present tables with relative

energies obtained fromQM/MMgeometry optimization (QM=
B3LYP/BS1) and from QM/MM single-point calculations
without and with dispersion corrections (QM = B3LYP/
TZVPP and QM = B3LYP/TZVPP-D2, respectively). In the
text, we normally only quote and discuss the most accurate
single-point dispersion-corrected results.

3.2.1. QM Region M1. We first devise a relatively small QM
region (M1, 71 atoms, total charge of +1) and consider all three
possible spin states (Fe2+, d6), namely singlet, triplet, and quintet.
The optimized structures of all stationary points are shown in
Figures 3 and 4. The corresponding QM/MM relative energies
are listed in Table 2.
In the reactant complex (React), the substrate Z-acetaldoxime

binds to the ferrous ion via its nitrogen atom. The singlet state
has the shortest Fe−Nsub distance (2.03 Å) and is calculated to be
most stable. It is a low-spin hexacoordinated species, consistent
with experimental evidence from resonance Raman studies.29,31

The Fe−Nsub and Fe−NHis299 bonds are elongated in the triplet
(2.50 Å) and quintet (2.47 Å) states, mainly because the
antibonding σz2* orbital is populated by one electron in these
states (see natural molecular orbitals in Supporting Information,
Figures S4−S6); this phenomenon is well-known from many
other theoretical calculations of heme complexes.68−72 When the

Figure 2. Optimized transition states for dehydration of Z- and E-
acetaldoxime assisted by three and four water molecules (B3LYP/6-
31G(d,p)).

Table 1. Calculated Free Energy Barriers and Reaction Free
Energies (in kcal/mol) for Dehydration of Z- and E-
Acetaldoxime Assisted by Three and Four Water Molecules at
Various Levels

B3LYP MP2 CCSD CCSD(T)

3W Z barrier 41.8 44.3 54.2 46.4
reaction energy −43.4 −49.7 −45.7 −44.7

E barrier 42.1 47.7 53.5 46.4
reaction energy −45.4 −52.8 −48.4 −47.8

4W Z barrier 36.4 40.7 51.0 42.5
reaction energy −45.2 −50.9 −46.9 −45.7

E barrier 36.5 44.4 50.8 43.0
reaction energy −40.3 −47.3 −42.8 −42.2
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singlet geometry is used for QM/MM single-point calculations
on the triplet and quintet, the corresponding energies are both
more than 19 kcal/mol higher than that of the singlet state. At
their optimized geometries, the triplet and quintet lie at +3.2 and
+0.8 kcal/mol, respectively, when dispersion is not included, and
at +10.9 and +8.3 kcal/mol, respectively, with dispersion
included in a single-point fashion. Clearly, dispersion further
favors the singlet state, simply due to the closer contact between
the substrate and the heme porphyrin. It should be noted that
geometry optimizations with dispersion included affect the
relative energies only slightly (by 1−2 kcal/mol for each spin
state of React and Prod, Table 2). Therefore, dispersion effects
are always assessed from single-point calculations in the present
paper, in line with the common practice in studies of enzymatic
reactions.73−77 In React, the hydroxy group of acetaldoxime
forms two hydrogen bonds to His320 and Ser219, with distances
in the range of 1.7−1.9 Å for all three spin states, which help
orient the substrate so that it is ready for the proton transfer
coupled N−O bond cleavage.
The optimized structures of theN−Obond cleavage transition

state and the resulting intermediate are shown in Figure 4. The
barrier (B3LYP/TZVPP-D2) for N−O cleavage is calculated to
be 9.7, 18.5, and 17.5 kcal/mol for the singlet, triplet, and quintet
states, respectively. We note that concomitant with N−O bond
cleavage, His320 facilitates the departure of the leaving hydroxide
by delivering a proton. The crucial N−O distance increases from
1.44 Å in 1React to 2.03 Å in 1TS1, while the Fe−N1 bond
contracts from 2.03 to 1.79 Å. The energy of the intermediate
Int1 relative to 1React is computed to be −2.9, −0.8, and 14.7
kcal/mol for the broken-symmetry open-shell singlet, the triplet,
and the quintet state, respectively. The near-degeneracy of the
open-shell singlet and triplet states indicates that both spin states
might be populated; the closed-shell singlet with a relative energy
of 8.8 kcal/mol is less stable. Natural orbital analysis gives a large
spin density on N1 for the broken-symmetry open-shell singlet

(0.77), the triplet (0.67), and the quintet state (0.87), suggesting
the representation FeIII(CH3CHN•) with a singly occupied
lone pair orbital at the substrate N1 atom (see Supporting
Information, Figures S10−S12). The electronic structure of
3Int1 can thus be interpreted as featuring a low-spin ferric ion
(SFe = 1/2) interacting with the CH3CHN• radical (S = 1/2)
in a ferromagnetic fashion (as opposed to antiferromagnetic
coupling in the broken-symmetry open-shell singlet), while the
electronic structure of 5Int1 is best described as an intermediate-
spin Fe(III) ion (SFe = 3/2) ferromagnetically coupled to the
CH3CHN• radical (S = 1/2, see Supporting Information,
Figure S12). The closed-shell singlet intermediate might be
characterized as Fe2+(CH3CHN+) since the total charge of
the CH3CHN moiety is +0.41, with iron being less positively
charged (+0.76) than in the triplet (+1.03) or quintet (+1.42). At
Int1, the Fe−N1 bond length is 1.73 Å for the singlet and 1.88 Å
for the triplet.
The subsequent step involves deprotonation of the

CH3CHN moiety, accompanied by electron transfer back to
the iron center. His320 is a suitable base to abstract this proton.41

The optimized transition state (TS2) and product (Prod) are
shown in Figure 4. The singlet state has the lowest barrier (13.5
kcal/mol relative to Int1). The barriers for the triplet and quintet
are both around 20 kcal/mol, about 6 kcal/mol higher than in the
singlet. Compared to Int1, a rotation around the Fe−N1 bond is
observed at TS2. At 1TS2, the critical C1−H2 and N3−H2
distances are 1.28 and 1.45 Å, respectively.
Similarly to React, the acetonitrile product coordinates to the

ferrous ion in the singlet state, whereas it dissociates in the triplet
and quintet states. The whole reaction is exothermic by as much
as 30 kcal/mol, and the three spin states are close to degenerate.
Spin crossing from the singlet to higher spin states may facilitate
the departure of the acetonitrile product, and another
acetaldoxime substrate can bind into the active site to start the
next catalytic cycle.
Similarly to our recent comparison of QM-only and QM/MM

models for acetylene hydratase,78 the MM point charges of
selected residues were set to zero in order to check their
electrostatic contributions to the computed relative energies
(e.g., barriers). Residues that have a large effect should be
included into the QM region so that their interactions with the
reaction center are treated at the QM level. In the present case,
1React and 1TS were selected for this charge deletion analysis
(Supporting Information, Table S5). With no charges switched
off, the barrier is 15.6 kcal/mol (QM energy, B3LYP/BS1). Two
residues were found to have large effects: Glu143 that is
hydrogen-bonded to His320 and Arg178 that is hydrogen-
bonded to Glu143. The barrier decreases (increases) by 10.2
(6.0) kcal/mol upon removal of the MM charges on Glu143
(Arg178). The large effect for Arg178 (6.0 kcal/mol) is
consistent with the experimental finding that mutations of this
residue lead to reduced activity.23 All other residues have
relatively small effects (less than 3 kcal/mol). On the basis of this
analysis forM1, we defined a larger QM region (labeled asM2)
by adding the side chains of Glu143 and Arg178 as well as three
of their hydrogen-bonding partners (two water molecules and
the side chain of Ser174) to better capture the influence of these
residues on the reaction energetics of the different spin states.
The residues Glu143 and Arg178 were also part of the QM
region in the recently published QM/MM study.41

3.2.2. QM Region M2. The large QM regionM2 is composed
of 103 QM atoms (Figure 5) and the total charge is +1 (same as
in M1). All stationary points for the three different spin states

Figure 3.Optimized structure of the reactant complex (React) for QM
region M1 (B3LYP/MM). All bond lengths are given in angstroms.
NPA charges of Fe and substrate are given for singlet(triplet)[quintet].
NPA spin densities of selected atoms are shown for (triplet)[quintet].
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were reoptimized. The resulting structures are shown in the
Supporting Information (Figures S19−S21) and the relative
energies are listed in Table 3. The geometries are generally quite
similar to those obtained in model M1, with deviations of
normally less than 0.1 Å for bond lengths. The largest differences
are observed in 3TS2, where the Fe−N bonds to the two axial
ligands become shorter (by about 0.2−0.3 Å) compared to M1.
For the reactant complex, we find energy gaps between the

spin states for M2 that are very similar to those for M1: the
singlet is the ground state, and the triplet and quintet states are
both more than 8 kcal/mol higher. For the first N−O bond
cleavage step, the calculated barriers forM2 are about 4−5 kcal/
mol higher than those forM1. For example, the energy of 1TS1 is
14.2 (9.7) kcal/mol withM2 (M1). The recently publishedQM/
MM calculations report a similar barrier for this step (12.8 kcal/
mol).41 The inclusion of more groups into the QM region (M2
versusM1) does not change the electronic structure of Int1: the
open-shell singlet, the triplet, and the quintet states can be
described as FeIII(CH3CHN•) and the closed-shell singlet
as FeII(CH3CHN+).
In more general terms, Int1 is an example of a {FeL}6 complex

(where 6 is the total number of electrons in the Fe d orbitals and

Figure 4. Optimized structure of transition states, intermediate, and product for QM regionM1 (B3LYP/MM). All bond lengths are given in Å. NPA
charges of selected atoms are given for singlet(triplet)[quintet]. NPA spin densities of selected atoms are shown for (triplet)[quintet] and in the case of
Int1 also for the broken-symmetry open-shell singlet.

Table 2. Calculated QM/MMRelative Energies (in kcal/mol)
with QM Region M1

B3LYP/BS1
B3LYP/
TZVPP

B3LYP/TZVPP-
D2

React singlet 0 0 0
triplet 5.0 3.2 10.9 (9.6a)
quintet 1.5 0.8 8.3 (6.8a)

TS1 singlet 11.4 10.8 9.7
triplet 15.5 13.0 18.5
quintet 13.6 12.4 17.5

Int1 singlet −1.4b (11.1c) −4.5b (8.1c) −2.9b (8.8c)
triplet −0.1 −3.0 −0.8
quintet 6.1 8.6 14.7

TS2 singlet 13.7 9.3 10.6
triplet 8.7 11.7 16.8
quintet 14.4 10.1 16.7

Prod singlet −27.4 −32.4 −30.4 (−30.6a)
triplet −33.0 −40.7 −29.7 (−30.9a)
quintet −35.5 −42.1 −30.3 (−31.4a)

aB3LYP-D2-optimized geometries. bBroken symmetry open-shell.
cClosed-shell.
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the π* orbitals of the ligand L). It is instructive to compare Int1
with the well-known {FeNO}6 complexes. The latter have a fairly
different electronic structure, with a closed-shell singlet ground
state, while the quintet is totally repulsive, leading to the release
of nitric oxide.38,39,79−81 The reason for this difference is that the
SOMO of NO is 1.02 eV higher than that of CH3CHN•

(calculated at the B3LYP/6-31G(d,p) level), which facilitates
electron transfer from the SOMO of the NO radical to one of the
d orbitals (πxz* or πyz*) of iron and formation of a closed-shell
singlet FeII(NO+) species. In addition, the LUMO of CH3CH
N• is 2.97 eV higher than that of NO, suggesting much weaker
back-donation from the iron to CH3CHN•. The Fe−N−O
angles in {FeNO}6 complexes are close to linear in most cases,
due to two back-donations from πxz* and πyz* of iron to the two
πNO* orbitals of NO.82 By contrast, the Fe−N1−C1 angle in
Int1 is 151.6° (155.7°), 142.3° and 142.4° for the open-shell
(closed-shell) singlet, the triplet, and the quintet, respectively.
The smaller bending angle in the triplet and quintet states will

favor the overlap between the σz2* orbital of Fe and the singly
occupied p orbital at N1 (see Supporting Information, Figure
S11), similar as in the case of the ferric heme nitrosyl thiolate
complex.83 The larger bending angle in the singlet state should
facilitate the interaction between the πxz* orbital of Fe and the
singly occupied p orbital at N1. The Fe−N1 bond length is
1.87(1.73), 1.88, and 2.09 Å for the open-shell (closed-shell)
singlet, triplet, and quintet, respectively. The singlet and triplet
distances are quite similar to those in iron−nitrene com-
plexes,84−89 suggesting at least partial multiple bond character.
The computed barriers for the second reaction step are also

higher for M2 than for M1. It should be noted that the triplet
barrier (15.2 kcal/mol) is now slightly lower than the singlet
barrier (15.5 kcal/mol), but the difference is so small that the
reaction may proceed through both spin states, indicating two-
state reactivity42,43 for Oxd. The quintet barrier is too high (30.5
kcal/mol) to be a viable choice. During the proton transfer, one
electron transfers to the metal center, thus the redox state of iron
goes back to +2 in this step.
As seen from Table 3, the calculated QM/MM energy

difference between the two lowest-energy transition states (1TS1
and 3TS2) is too small (1.0 kcal/mol) to assign the rate-limiting
step unambiguously. Experimental rate constants for various Z-
and E-aldoximes have been reported19,23,30,31,33 in the range of
1.5 × 10−3 to 3.2 × 103 s−1, which can be converted to barriers in
the range of 13−21 kcal/mol using classical transition state
theory. The calculated barriers with QM region M2 (∼14−15
kcal/mol) are in reasonable agreement with the experimental
kinetic results. In the enzyme, the barrier is thus lowered by more
than 20 kcal/mol compared with the uncatalyzed reaction in
solution, suggesting a rate enhancement of the order of 1015.
Calculations with the small QM region M1 underestimate the
barriers by several kcal/mol, mainly due to the less accurate
description of the electrostatic interactions between His320 and
its neighboring residues, Glu143 and Arg178.
The ferrous heme catalyzes the N−O bond cleavage by acting

as an electron donor, transferring one electron from the πxz* to
the σN−O* orbital (see Supporting Information, Figures S4−
S12). In nitrite reductase, the ferrous heme plays a similar
role.90−92 Single-bond cleavage reactions promoted by heme
iron oxidation are also found in the formation of Compound I

Figure 5. Optimized structure of the reactant complex for QM region
M2 (B3LYP/MM). For bond lengths, NPA charges, and NPA spin
densities, see Supporting Information (Figure S19).

Table 3. Calculated QM/MM and QM-Only Relative Energies (in kcal/mol) with QM Region M2

QM/MM

B3LYP/BS1 B3LYP/TZVPP B3LYP/TZVPP-D2 QM-only

React singlet 0 0 0 0
triplet 4.9 3.3 10.7 6.9
quintet 1.7 1.2 8.4 5.5

TS1 singlet 16.8 15.7 14.2 21.0
triplet 19.7 16.9 22.3 30.7
quintet 17.9 16.3 21.3 28.0

Int1 singlet 2.2a (11.1b) −1.7a (7.7b) −0.6a (7.4b) 4.6a (12.0b)
triplet 3.6 0.3 1.9 9.1
quintet 6.2 7.6 13.1 16.6

TS2 singlet 18.8 14.0 14.9 14.1
triplet 18.0 14.4 14.6 20.0
quintet 19.3 23.9 29.9 26.9

Prod singlet −24.5 −29.5 −27.5 −32.6
triplet −30.2 −36.6 −25.6 −35.0
quintet −31.9 −38.5 −26.8 −35.5

aBroken-symmetry open-shell singlet. bClosed-shell singlet.
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(CpdI)93−104 as well as other types of O−O bond-breaking
reactions.105−107 In order to analyze the relative propensities of
Fe2+ and Fe3+ acting as electron donor in aldoxime dehydratase,
the structures of React and Int1 were used as starting geometries
for reoptimizations, with the ferrous ion replaced by a ferric ion.
The optimized structures and relative energies for the doublet,
quartet, and sextet states are shown in Supporting Information
(Figure S22 and Table S7). In the reactant complex, the doublet
has the lowest energy, followed by quartet and sextet (higher by
1.2 and 6.2 kcal/mol, respectively). Dispersion makes an
important contribution to the relative energies of these spin
stateswhen it is not included, the quartet becomes the ground
state (4.8 kcal/mol below the doublet). We were able to locate
the intermediates Int1 for all three spin states, but they all lie
about 40 kcal/mol higher than React. This is as expected from
the much higher redox potential for Fe4+/Fe3+ (or Fe3+-
porphyrin radical cation/Fe 3+) compared with Fe3+/Fe2+. For
example, a reduction potential difference of about 0.8 V was
measured for myoglobin,108,109 in which the heme is also bound
to a histidine residue in the active site. According to the
computed spin densities, the electronic structure of Int1
corresponds to a FeIII-porphyrin radical cation interacting with
CH3CHN•. 2Int1 is best described as a low-spin FeIII (SFe =
1/2) ferromagnetically coupled to the porphyrin radical cation
(Spor = 1/2) and antiferromagnetically coupled to CH3CHN•

radical (S = 1/2). In 4Int1, the low-spin ferric ion is
ferromagnetically coupled to both radicals. 6Int1 has an
intermediate-spin ferric center (SFe = 3/2) that is ferromagneti-
cally interacting with both radicals. During N−O bond cleavage,
one electron is transferred from the porphyrin to the
acetaldoxime, rather than from the iron center, and thus the
ferric ion actually keeps its oxidation state during this process. In
summary, if the substrate binds to the ferric ion via its nitrogen
atom, the formation of Int1 via N−O bond cleavage is highly
endothermic so that aldoximes cannot be transformed into
nitriles in this manner.
3.2.3. QM-Only Calculations. To check the influence of the

MM region on the geometric parameters of various stationary
points and their corresponding energies, we performed QM-only
calculations with a cluster model extracted from the final
structure of the MD simulations. The size of this model is exactly
the same as QM region M2 as shown above (103 atoms, total
charge of +1). In line with the standard QM-only approach,60−62

certain atoms at the periphery of the model were kept fixed
during the geometry optimizations, and they are marked with
asterisks in the figures (Supporting Information, Figures S23−
S25).
As shown in Table 3, the relative energies of the two transition

states and of the intermediate are raised by several kcal/mol
compared to the QM/MM results, with the largest deviation
being about 8 kcal/mol. This increase in the barriers can also be
understood from the residue interaction analysis (Supporting
Information, Table S5), which shows that many charged residues
within 15 Å of the iron are capable of lowering the barrier by 1−3
kcal/mol. The summed electrostatic effects cannot be dis-
regarded, and the use of continuum solvation is apparently not
sufficient to capture the environmental effects for the chosen
QM-only model (103 atoms); a much larger QM region would
seem to be required for covering these effects (possibly 200−300
atoms). However, there are trends that are well reproduced by
the current QM-only model. In the reactant complex, the singlet
is the ground state, and the triplet and quintet are higher and have
similar energies. The N−O bond cleavage proceeds via the

singlet state. The electronic structure of Int1 is qualitatively the
same for both QM-only and QM/MM models: the closed-shell
singlet state is described as FeII(CH3CHN+), and the open-
shell singlet, the triplet, and the quintet states as FeIII(CH3CH
N•). The QM-only and QM/MM spin densities on iron and
other atoms are quite similar for Int1 as well as other stationary
points. The first step is rate-limiting in the QM-only calculations,
with a barrier of 21 kcal/mol, which is about 5 kcal/mol higher
than that from QM/MM calculations. Finally, the overall
exothermicity of the reaction is more than 30 kcal/mol at the
QM-only level, and thus almost 10 kcal/mol larger than the QM/
MM value.
Another important issue is whether the QM-only and QM/

MM models give similar structures for the relevant stationary
points, especially transition states. In Table 4, key geometric

parameters are summarized for the two transition states in all
three spin states. It can be seen that the MM environment has
significant effects on the proton-transfer reaction coordinate,
while the distances between heavy atoms are less affected. The
deviations between the QM-only and QM/MM results appear to
be smallest for the singlet, and larger for the triplet and quintet
states (up to 0.1−0.2 Å). They are expected to decrease when
using larger QM regions (currently 103 atoms).

3.3. Fe2+-Catalyzed E-Acetaldoxime Dehydration. Both
Z- and E-aldoximes can be dehydrated by Oxd enzymes, but in
some cases, the Z-form is preferred.3 One possible reason could
be the steric repulsion between the α-substituent and the
porphyrin ring during formation of the reactant complex. QM/
MM calculations on the dehydration of E-acetaldoxime with QM
region M2 were performed to check this notion. The optimized
reactant complex, transition state, and intermediate are shown in
Supporting Information (Figures S26 and S27), and the QM/
MM relative energies at various levels are listed in Table 5.
Similarly to Z-acetaldoxime, the reaction complex (React) of

E-acetaldoxime has a singlet ground state. Its energy is 6.2 kcal/
mol higher than that for Z-acetaldoxime. If dispersion is not
included, the quintet becomes the ground state. The steric
repulsion between the α-methyl group of the substrate and the
porphyrin ring hinders substrate coordination, as can be seen
from the large Fe−N1 distances in all spin states. For example,
the Fe−N1 bond in 1React is 0.12 Å (2.15 Å versus 2.03 Å)
longer for E- than for Z-acetaldoxime. In addition, the Fe−N1−
C1 angle is also larger in the E- than the Z-form (141.7° versus
133.2°). Larger α-substituents may further impede the binding of
E-aldoximes and thus reduce the reactivity toward dehydration.
Relative to the corresponding reactant complex, the computed

barriers for N−O bond cleavage are quite similar for E- and Z-
acetaldoxime (13.7 versus 14.2 kcal/mol in the favored singlet

Table 4. Key Distances (in Å) in TS1 and TS2 from QM/MM
and QM-Only Geometry Optimizations (QM = B3LYP/BS1)

QM/MM QM-only

singlet triplet quintet singlet triplet quintet

TS1 Fe−N1 1.78 2.09 2.07 1.77 2.08 2.18
N1−O1 2.08 1.87 1.91 2.10 1.87 2.06
O1−H1 1.29 1.55 1.54 1.19 1.50 1.30
N3−H1 1.22 1.08 1.08 1.31 1.08 1.18

TS2 Fe−N1 1.73 1.96 2.02 1.73 1.96 2.03
C1−N1 1.22 1.23 1.22 1.22 1.23 1.22
C1−H2 1.26 1.31 1.34 1.31 1.45 1.32
N3−H2 1.49 1.42 1.37 1.48 1.32 1.42
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state). Likewise, the key geometric parameters of the transition

state TS1 are fairly similar with both substrates; for example, the

length of the scissile N1−O1 bond is 2.12 Å for E-acetaldoxime

and 2.08 Å for Z-acetaldoxime. In the intermediate Int1, the

open-shell singlet, the triplet, and the quintet state again have the

same electronic character, FeIII(CH3CHN•). The bending

angle of Fe−N1−C1 in the triplet state of Int1 is larger for E-

than for Z-acetaldoxime (161.2° versus 142.3°). The following

Table 5. CalculatedQM/MMEnergies (in kcal/mol) forE-AcetaldoximeDehydration withQMRegionM2 (Relative to the Singlet
Ground State of React of Z-Acetaldoxime)

E-acetaldoxime Z-acetaldoxime

B3LYP/BS1 B3LYP/TZVPP B3LYP/TZVPP-D2 B3LYP/TZVPP-D2

React singlet 7.4 7.6 6.2 0
triplet 6.7 5.1 12.7 10.7
quintet 3.3 2.5 9.3 8.4

TS1 singlet 24.3 22.5 19.9 14.2
triplet 27.5 25.6 27.4 22.3
quintet 24.0 22.3 26.0 21.3

Int1 singlet 4.5a (13.2b) −0.5a (8.3b) 1.5a (9.4b) −0.6a (7.4b)
triplet 7.1 2.9 4.5 1.9
quintet 6.5 1.4 7.6 13.1

aBroken-symmetry open-shell singlet. bClosed-shell singlet.

Figure 6.Optimized structures of reactant, intermediate, transition state, and product for the Fe3+-catalyzed Z-acetaldoxime dehydration for QM region
M1 (B3LYP/MM). All bond lengths are given in angstroms. NPA charges of iron are given for the singlet(triplet)[quintet]. NPA spin densities of iron
are shown for the (triplet)[quintet].
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deprotonation proceeds via a transition state TS2 that is again
qualitatively the same for both substrates in each spin state; the
lowest barrier for E-acetaldoxime is found in the triplet manifold
(13.1 kcal/mol relative to open-shell 1Int1). The QM/MM
results thus indicate two-state reactivity for E-acetaldoxime
dehydration, with the first step in the singlet state (barrier of 13.7
kcal/mol) followed by a triplet reaction (barrier of 13.1 kcal/
mol).
In summary, according to the QM/MM calculations, sterically

unencumbered E-aldoximes can be dehydrated in the enzyme
with similar rate as the corresponding Z-aldoximes. Sterically
demanding E-aldoximes with large α-substituents may experi-
ence significant steric repulsion with the porphyrin ring, which
could prohibit binding and thus prevent the reaction.
3.4. Fe3+-Catalyzed Z-Acetaldoxime Dehydration. In

section 3.2.2, we have shown that if the substrate binds to the
ferric ion via its nitrogen atom in the same manner as in the
ferrous case, N−O bond cleavage cannot occur via redox
catalysis. However, as mentioned in the Introduction, the
substrate aldoxime may alternatively prefer to coordinate to the
ferric ion via its oxygen atom, which may be converted into an
oxyanion by releasing a proton to solution.25 Here we consider
this possibility and report QM/MM results obtained with two
QM regions (M1 and M2) consisting of 70 and 102 atoms,
respectively, with a total charge of +1. Contrary to the previously
considered ferrous case, the Z-acetaldoxime is now deprotonated
and coordinates to the ferric ion via its oxyanion.
3.4.1. QM Region M1. Given that oxidizing the ferric heme is

not a viable option for the dehydration of aldoximes, the ferric
ion could alternatively function as a Lewis acid that stabilizes the
leaving hydroxide, and a base would then be required to abstract
the α-proton. This mechanistic scenario is reminiscent of the
second-shell mechanism of nitrile hydratase, in which a Fe3+-
bound hydroxide performs a nucleophilic attack on the nitrile
carbon and a cysteine sulfenic acid delivers a proton to the
nitrogen.110

The reactant complex (React, Figure 6) has a doublet ground
state, with the quartet and sextet being 8.0 and 10.1 kcal/mol
higher, respectively (Table 6). The substrate Z-acetaldoxime is
anionic and bound to FeIII via its oxygen atom, while His320 is
protonated. A neutral His320 residue could be a suitable base to
abstract a proton, in analogy to the intermediate of the ferrous-
catalyzed reaction. We thus consider a proton transfer from

His320 to the anionic aldoxime to generate a corresponding
intermediate Int1. This proton relocation is endothermic by 15.9
kcal/mol and results in a spin crossing to the quartet state. In
Int1, the ferric ion and His320 act as Lewis acid and base,
respectively, to promote the dehydration. We were able to locate
the concerted transition states for dehydration in all three spin
states and to confirm that they are directly connected with the
nitrile product complexes; there are no cationic or anionic
intermediates. The lowest barrier is found for the doublet state. It
is calculated to be 13.3 kcal/mol relative to 4Int1, which might
sound reasonable. However, since 4Int1 lies 15.9 kcal/mol above
2React, the total barrier becomes 29.2 kcal/mol, which is about
14 kcal/mol higher than that for the ferrous ion catalyzed
reaction.

3.4.2. QM Region M2. The larger QM region M2 has been
used to investigate the influence of the QM region on the
reaction energetics of Fe3+-catalyzed dehydration (Table 6; for
optimized structures, see Supporting Information, Figures S28
and S29). In analogy to the Fe2+ case, the use ofM2 increases the
energy of the intermediate and the barrier compared with M1.
The most stable quartet intermediate 4Int1 lies at +19.3 (+12.2)
kcal/mol, and the total overall barrier is 30.3 (28.5) kcal/mol
with M2 (M1). Both models predict the same type of two-state
reactivity, with the most stable spin states during dehydration
evolving from 2React via 4Int1 and 2TS1 to 4Prod.
The high computed barriers are consistent with the

experimental observation that the ferric form of Oxd enzymes
is not active. In the Lewis acid−base scenario considered here,
the main problem is that the required formation of the Lewis base
(neutral His320) is highly endothermic in the enzyme.

4. CONCLUSION
In the present paper, we have addressed the catalytic mechanism
and the “Fe2+ vs Fe3+” ion selectivity of aldoxime dehydratase.
Reaction pathways for the uncatalyzed reaction and the
enzymatic reaction have been determined both for the ferrous
and the ferric form of the heme in all three possible spin states.
The oxidation state of iron is confirmed to be crucial for the
enzyme activity. The calculations yield feasible barriers for the
ferrous form and confirm that it is active, while the ferric form of
the enzyme is found to be inactive.
The uncatalyzed reactions for both Z- and E-acetaldoxime

were studied with the assistance of three and four water
molecules, and both were found to have high barriers of around
36 kcal/mol. In these microsolvated systems, N−O bond
cleavage and dehydration take place in one concerted step.
In the enzyme, binding of Z-acetaldoxime leads to the

formation of a six-coordinated singlet ferrous species, in
accordance with resonance Raman results. The ferrous heme
catalyzes the N−Obond cleavage by a one-electron transfer from
an iron d orbital to an antibonding σN−O* orbital, while the
protonated His320 residue delivers a proton to the leaving
hydroxide, generating a water molecule. The key intermediate is
characterized as FeIII(CH3CHN•), which can be present as
triplet or open-shell singlet. In the following step, the newly
formed neutral His320 residue abstracts a proton from the
intermediate, coupled with electron transfer back to the iron
center, thereby forming the nitrile product. Both steps are
calculated to have viable barriers, around 14−15 kcal/mol, in
reasonable agreement with experimental kinetic studies. The
whole reaction is exothermic by about 30 kcal/mol, and spin
transition from singlet to quintet could facilitate the dissociation
of the nitrile product. This two-step mechanism is fully

Table 6. Calculated QM/MMRelative Energies (in kcal/mol)
for the Fe3+-Catalyzed Reaction with QMRegionsM1 andM2

M1 M2

B3LYP/
TZVPP

B3LYP/
TZVPP-D2

B3LYP/
TZVPP

B3LYP/
TZVPP-D2

React doublet 0 0 0 0
quartet 4.2 8.0 4.4 9.0
sextet 5.2 10.1 5.3 11.2

Int1 doublet 20.0 22.1 22.7 24.8
quartet 9.1 15.9 12.2 19.3
sextet 15.1 21.7 18.2 25.1

TS1 doublet 26.4 29.2 28.5 30.3
quartet 24.1 30.4 25.8 31.1
sextet 26.5 32.8 28.3 33.8

Prod doublet −36.7 −32.0 −36.6 −30.8
quartet −41.6 −32.3 −40.8 −31.0
sextet −42.0 −30.7 −41.4 −29.4
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consistent with the results of a recent QM/MM study on the
dehydration of Z-propionaldehyde, which only covered catalysis
by the ferrous heme form of the enzyme in the singlet manifold.41

The present QM-only calculations with exactly the same QM
region as in our QM/MM work (M2, 103 atoms) give a
qualitatively similar picture for the reaction mechanism.
However, the calculated barriers are about 7 kcal/mol higher,
and key distances in the optimized transition states vary by up to
0.2 Å in the QM-only and QM/MM models.
The E-acetaldoxime isomer coordinates to the ferrous center

less strongly, mainly due to the steric repulsion between its α-
methyl group and the porphyrin ring. The reactivities of E- and
Z-acetaldoxime are found to be similar. Both share the same type
of transition states for each step, with a close correspondence in
the computed geometries and barriers especially for the initial
N−Obond cleavage. Experimentally, certain E-aldoximes cannot
be dehydrated by Oxd enzymes. Given the good intrinsic
reactivity of E-acetaldoxime, this is probably due to steric
congestion for substrates with large α-substituents, which will
impede substrate binding.
When the heme iron is in the ferric form, the dehydration is

associated with high barriers. If the substrate binds to the ferric
ion via its nitrogen atom, exactly as in the case of the ferrous ion,
the reductive N−O bond cleavage is promoted by electron
transfer from the porphyrin and is highly endothermic, by more
than 40 kcal/mol. In the alternative binding mode, in which the
aldoxime coordinates to the ferric ion through its oxygen atom as
an oxyanion (after release of a proton), the dehydration can be
accomplished through Lewis acid−base catalysis involving the
ferric ion and the neutral His320 residue. The formation of the
latter is highly endothermic, however, so that the overall barrier
amounts to almost 30 kcal/mol. These findings rationalize the
experimental observation that the ferric Oxd enzyme is not
active.
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