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Abstract

The nonheme iron enzyme ScoE catalyzes the biosynthesis of an isonitrile substituent in a peptide chain. To understand
details of the reaction mechanism we created a large active site cluster model of 212 atoms that contains substrate, the active
oxidant and the first- and second-coordination sphere of the protein and solvent. Several possible reaction mechanisms were
tested and it is shown that isonitrile can only be formed through two consecutive catalytic cycles that both use one molecule
of dioxygen and a-ketoglutarate. In both cycles the active species is an iron(IV)-oxo species that in the first reaction cycle
reacts through two consecutive hydrogen atom abstraction steps: first from the N-H group and thereafter from the C-H
group to desaturate the NH-CH, bond. The alternative ordering of hydrogen atom abstraction steps was also tested but found
to be higher in energy. Moreover, the electronic configurations along that pathway implicate an initial hydride transfer fol-
lowed by proton transfer. We highlight an active site Lys residue that is shown to donate charge in the transition states and
influences the relative barrier heights and bifurcation pathways. A second catalytic cycle of the reaction of iron(IV)-oxo
with desaturated substrate starts with hydrogen atom abstraction followed by decarboxylation to give isonitrile directly. The
catalytic cycle is completed with a proton transfer to iron(II)-hydroxo to generate the iron(Il)-water resting state. The work
is compared with experimental observation and previous computational studies on this system and put in a larger perspec-
tive of nonheme iron chemistry.

Keywords Density functional theory - Enzyme mechanism - Cluster models - Hydroxylation - Nonheme iron -
Dioxygenases

1 Introduction most common reaction is typically aliphatic hydroxylation

of a substrate and, for instance, is the precursor step in AlkB

Enzymes are versatile catalysts in Nature and often contain
transition metal cofactors. In particular, iron is a common
element due to its large natural abundance but also thanks
to its position in the periodic table, which enables it to be
involved in oxidation as well as reduction processes. The
mononuclear nonheme iron dioxygenases are found in most
forms of life, including plants, humans and bacteria and cat-
alyse oxygen atom transfer reactions to substrates [1-8]. The
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repair enzymes that dealkylate methylated DNA bases in
the body [9]. Another reaction catalysed in the human body
by nonheme iron dioxygenases relates to the biosynthesis
of R-4-hydroxyproline, an essential component of collagen
strands [10, 11].

Most nonheme iron dioxygenases have a central iron(II)
atom linked to the protein through interactions with typi-
cally two His side chains and a carboxylate side chain of
the protein in a facial orientation. A six-coordinated metal
atom; therefore, has two binding positions available for
substrate and co-substrate. A common co-substrate in the
nonheme iron dioxygenases is a-ketoglutarate (aKG), which
binds in the equatorial plane and reacts with dioxygen on the
iron center to form an iron(IV)-oxo species and succinate
through release of CO, [12-14]. The iron(IV)-oxo species
is believed to be the active oxidant of nonheme iron dioxy-
genases but short-lived. However, for several nonheme iron
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dioxygenases it was trapped and characterized spectroscopi-
cally [15-19]. Computational studies [20-23] confirmed
the experimentally proposed catalytic cycle and showed
that starting from an iron(II) ion ligated to three water mol-
ecules, aKG binding displaces two water ligands and bind to
iron through the keto and carboxylate groups as a bidentate
ligand. Subsequently, dioxygen replaces the last water ligand
of the iron(II) center to form an end-on iron(IIl)-superoxo
intermediate, which attacks the a-keto position of aKG to
form a bicyclic ring structure. Thereafter, dioxygen bond
cleavage takes place and releases CO, to form an iron(IV)-
oxo species and succinate. The steps leading up to the
iron(IV)-oxo species encounter small reaction barriers of
the order of 10 kcal mol™! and lead to an iron(IV)-oxo spe-
cies with large exothermicity. Consequently, the formation
of the iron(IV)-oxo species is fast and no hard evidence of
any other oxygen-bound intermediates exists. For cysteine
dioxygenase a combination of UV-Vis absorption and elec-
tron paramagnetic resonance studies implicated a short-lived
oxygen-bound intermediate, which was tentatively identi-
fied as either the iron(III)-superoxo species or the bicyclic
ring structure [24]. Many computational studies investigated
the structure and properties of the iron(IV)-oxo species of
nonheme iron dioxygenases in detail using either density
functional theory model complexes or quantum mechan-
ics/molecular mechanics methods [25-36]. These studies
identified the iron(IV)-oxo as a quintet spin ground state
showed it to be an efficient oxidant of substrate hydroxyla-
tion reactions.

The biosynthesis of isonitrile groups by enzymes is unu-
sual, but several have been reported that catalyse the reac-
tion efficiently [37—44]. Most of those enzymes are flavin-
dependent; however, recently, a nonheme iron dioxygenase
was identified that biosynthesized an isonitrile group from
R-3-((carboxymethyl)amino)butanoic acid through an oxi-
dative decarboxylation reaction [43]. Thus, the isonitrile
lipopeptide biosynthesis in Streptomyces coeruleorubidus
is performed by a chain of enzymes, whereby the ScoE
enzyme performs the oxidative decarboxylation reaction on
an iron(I) center in the presence of dioxygen and aKG. A
crystal structure (Fig. 1) was resolved at 1.8 A resolution

Fig. 1 Extract of the active

site of ScoE as taken from the
6DCH pdb file and overall reac-
tion catalysed by the enzyme

on a Zn(Il)-containing and substrate-devoid system, which
structurally resembles the well-characterized active site of
taurine/aKG dependent dioxygenase [45, 46] and hence was
identified as a nonheme iron dioxygenase.

The ScoE structure shows the metal bound to two His
ligands (His, 3, and His,qs) and an aspartate group of Asp,s,,
whereby the pdb structure contains Zn(II) instead of Fe(II).
Both substrate and aKG are missing from the pdb file,
but acetate is bound and likely is in the position of aKG.
The substrate binding pocket is empty, but the Args; side
chain has been hypothesized [45] to be involved in sub-
strate binding and positioning in the active site. In addition,
a number of aromatic residues lines the substrate binding
pocket, namely Phe,,,, Phe,;; and Phe,;q. These are prob-
ably involved with substrate positioning but their function
remain unclear. Biochemical studies on ScoE confirmed the
enzymatic reaction products using chromatography [45].
Further studies estimated that for each turnover of substrate
at least four times the amount of succinate was produced,
which implicates that two molecules of aKG are used in
the process and significant amount of uncoupling happens
[47]. The authors managed to trap the iron(IV)-oxo species
and run Mossbauer experiments, which identify it as a high-
spin (quintet) species with isomer shift §=0.31 mm s~! and
quadrupole splitting of AE;=0.59 mm s~!. The authors pro-
posed a mechanism with two sequential substrate hydroxyla-
tion steps followed by a decarboxylation to form the isoni-
trile-containing product.

Recently, Li and Liu [48] reported a quantum mechanics/
molecular mechanics study on the possible mechanism of
ScoE. The authors showed that the mechanism starts from
an iron(IV)-oxo species that reacts with substrate through
two consecutive hydrogen atom abstraction steps that
desaturate the substrate. The order of these first two hydro-
gen atom abstraction steps was shown to be unimportant
and led to desaturated product with similar barriers. They
proposed succinate to be released and the active site binds
another molecule of aKG and dioxygen to form another
iron(IV)-oxo species that abstracts a hydrogen atom from
the substrate, which is followed by a decarboxylation step
to form the isonitrile-containing product. Despite the fact
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that the results matched experiment well, the QM region
in the QM/MM calculations only contained 107 atoms and
had overall charge of — 2, which may lead to biased results.
In particular, the authors found a competitive pathway for
substrate hydroxylation and decarboxylation, while no sub-
strate hydroxylation products are known from the literature
[48]. As such we decided to do a computational study using
density functional theory (DFT) cluster models with a sub-
stantially larger QM region of 212 atoms and overall neu-
tral charge. The work shows competitive pathways of C—-H
versus N—H activation steps for an initial desaturation cycle
that produces the desaturated substrate, water, succinate and
CO,. Subsequently, a second catalytic cycle is followed by
a-KG and dioxygen binding that leads to abstraction of the
final hydrogen atom from the isonitrile group and decarbox-
ylation to give final products. The DFT calculations high-
light the important contribution of the active site Lys residue
that brings a positive charge into the substratebinding pocket
and affects the kinetics of the reaction through electrostatic
interactions. The results are compared to the literature and
rationalized with thermochemical cycles.

2 Methods
2.1 Model Set-Up

We use DFT cluster models based on the active site of the
ScoE enzyme with procedures to generate the models as
described before [49-51]. The model was created from the
crystal structure coordinates deposited in the 6DCH protein
databank (pdb) file [45, 46]. This is an enzyme monomer
of ScoE with Zn(II), acetate, chloride and choline bound.
Our model with the residues of the active site and second
coordination sphere are specified in Scheme 1. We made
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/ 133 _ HO Argz g
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¢
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H
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Scheme 1 ScoE reactant model investigated in this work. The wiggly
lines identify where the protein chain was cut
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some manual changes from the crystal structure coordi-
nates and replaced the Zn(II) ion by Fe(IV), while acetate
was replaced by succinate (modelled as acetate). The active
site water molecule was replaced by an oxo group and posi-
tioned at a distance of 1.62 A from the iron. The choline
and chloride ions in the active site were removed and (R)-3-
((carboxymethyl)amino)butanoic acid (CABA) was manu-
ally docked into the substrate binding pocket in such a way
that its carboxylic acid groups form salt bridges with the side
chains of Lys,9; and Arg;,,. Subsequently, hydrogen atoms
were added to the structure in Chimera [52], whereby all Asp
and Glu side-chains were deprotonated, all Arg and Lys side-
chains protonated and all His residues singly protonated.

Using previously described procedures on cluster mod-
els [53, 54], we created a large active site cluster model
that incorporates the metal and its first-coordination
sphere of ligands as well as a number of second-coordina-
tion sphere residues that determine the size and shape of
the substrate binding pocket and incur hydrogen bonding
interactions. Thus, the model includes the protein chain
Phe,;-Trp,3,-His 3,-Ala;33-Asp,34, whereby Trp,;, and
Ala ;5 were abbreviated to Gly. The axial histidine ligand
(His,gs) of iron was truncated to methylimidazole and suc-
cinate to acetate. In addition, the side chains of the residues
Tyrgg, Tyrg;, Phey g, Phe s, Lys g3, Pheysg and Argyo were
included. Overall our model had 212 atoms in total and was
overall charge neutral. As the model contains many internal
hydrogen bonding interactions, no constraints were put on
the system.

2.2 Procedures

The Gaussian-09 software package was used for all quan-
tum chemical calculations discussed here [55]. Follow-
ing previous experience with cluster models of nonheme
iron dioxygenases [53, 56, 57], we utilized the unrestricted
B3LYP density functional method [58, 59] in combination
with a LANL2DZ (with electron core potential) on iron
and 6-31G on the rest of the atoms: basis set BS1 [60, 61].
To correct the energetics, single point calculations with
the LACV3P + (with electron core potential) on iron and
6-311+ G* on the rest of the atoms were performed (basis
set BS2). The latter set of calculations included a continuum
polarized conductor model (CPCM) with a dielectric con-
stant mimicking chlorobenzene [62]. Single point calcula-
tions with the GD3 dispersion model of Grimme et al. were
also performed, but gave very little changes to the relative
energies and predicted the same selectivities [63].
Frequency calculations were performed on all local
minima and transition states and it was confirmed that local
minima had real frequencies only, while the transition states
had a single imaginary mode for the correct vibration along
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the reaction coordinate. Intrinsic reaction coordinate scans
confirmed the nature of the transition states and that they
connect to the reactants and products.

Thermochemical cycles use isolated substrate and oxidant
(with only first coordination sphere of ligands) and represent
energies at UB3LYP/BS2 with solvent and zero-point ener-
gies included.

3 Results and Discussion

We started with a full geometry optimization at UB3LYP/
BS1 of the iron(IV)-oxo reactant complex (°Re) of ScoE
using the model described above in Scheme 1. The DFT
optimized geometry of Re is given in Fig. 2. As can be
seen the overlay of the >Re structure with the original crys-
tal structure coordinates is very good and the metal with its
first-coordination sphere of ligands are virtually in the same
position. There are also some obvious changes due to the
absence of a substrate in the crystal structure coordinates
and the presence of choline and chloride in the active site
in the pdb structures. In particular, the charged side chains
of Lys g3 and Arg;,, have bent and form salt bridge interac-
tions with the carboxylate groups of the substrate and hold
it in position. As such, in this substrate binding position
it appears that both N-H and C-H bonds of substrate are
accessible for activation by the iron(IV)-oxo species. The

Overlay of Re and 6DCH

FeO: 1.650

FeN:2.061

Fe-O bond is 1.650 A in length, which is typical for high-
spin iron(IV)-oxo species and matches the experimentally
determined values for taurine/a-ketoglutarate dependent
dioxygenase and halogenases excellently [16, 17]. Moreover,
previous computational studies on the iron(IV)-oxo species
of nonheme iron dioxygenases found similar values [12—-14,
20-36, 64-66].

The iron(IV)-oxo species is in a quintet spin ground state
and its molecular valence orbitals are shown on the right-
hand-side of Fig. 2, where we define the z-axis along the
Fe-O bond. In the xy-plane the n*,, and 6*,, ., orbitals are
located for the antibonding interactions of the metal with
first-coordination sphere ligands namely the nitrogen atom
of His, s, and the carboxylate oxygen atoms of Asp,s, and
succinate. In addition, there are antibonding orbitals along
the Fe—O bond between 2p orbitals on the oxo atom and the
3d orbitals on iron: n*,, and n*,,. The final orbital is along
the z-axis and is antibonding between the 3d,, orbital on
iron with 2p, orbitals on the axial His group (His,qs) and
the oxo group. In the quintet spin state these orbitals are
occupied with four electrons as Tt*xyl k! n*yzl G*Xz_yzl,
while in the triplet the orbital occupation is n*xyz k! Tt*yzl.
Experimental studies on various nonheme iron dioxygenases
characterized their iron(IV)-oxo species as a quintet spin
state using electron paramagnetic resonance and Mossbauer
spectroscopy studies [15-19].

Fig.2 Optimized geometry of the iron(IV)-oxo reactant complex (°Re) as obtained at UB3LYP/BS1. Also shown is an overlay of the optimized
geometry (in pink) with the original pdb structure as taken from the 6DCH pdb file. The right-hand-side gives the metal-type 3d valence orbitals

@ Springer



532 Topics in Catalysis (2022) 65:528-543
R COo0— R O
Ay
pathway 1 N < pathway 4 ‘N=c . HA(Q
5TS1, o sTs2, 5TS3, _
— —
_ H
R CO0 N H H R
N— ? o ‘N=c * CO2
, >y /4, | R CcCOO— /1, |
H ¥ ‘Fe— ‘=< “Fe—
" 7 NN 7
5TS5, H
o SIM1, 5 S 35Prod1 — o
1, 1 __ H H /, |
A R COO NA7
Fe N [e) Fe—
v | H/N_.<H //,,F|e R (Ié \ |
- R COO™ -0—
35Re v | \N:< \N:./ o 5Prod2
H 5 H
L ) IM2 L~ > [—
5 5 5
TS, . o) TS2g pathway 5 o TS4, ?’
athway 2 ""Fe— 0, 1 0,
p y /Fe /||:e— (F|e n
R C—A—
5 D O
IM1g y 5IM3, N=
5 2"% cycle 0
TS3
pathway 3 B Re2a 5186,  H’
/,,
Fe—
R, COO™ -°
/N “’/ 5|M5
H o o A
n,,
/Te
5IM3g

Scheme 2 Reaction mechanism of isonitrile synthesis by ScoE enzymes discussed in this work with labelling of the individual local minima and

transition states

Next we considered substrate (R)-3-((carboxymethyl)
amino)butanoic acid (CABA) activation by the iron(IV)-oxo
species of ScoE enzymes using the possible mechanisms
shown in Scheme 2. Thus, it has been proposed that the first
cycle of ScoE leads to desaturation of the substrate. This
can happen through an initial N-H hydrogen atom abstrac-
tion via TS1, to form a radical intermediate IM1, followed
by C-H hydrogen atom abstraction via TS2, to form the
desaturated products IM2 (pathway 1 in Scheme 2). Alter-
natively, the reverse order of the hydrogen atom abstractions
can take place with initial C—H hydrogen atom abstraction
via TS1j to form radical intermediate IM1y that leads after
N-H hydrogen atom abstraction via TS2y to the desaturated
product IM2 (pathway 2 in Scheme 2). From the IM 1y, radi-
cal intermediate, we also considered OH rebound via TS3y
to form intermediate IM3;; (pathway 3 in Scheme 2) as often
aliphatic hydroxylation is favourable over desaturation [67,
68]. The final pathway for the first ScoE cycle is a direct
decarboxylation through 1,2-hydrogen transfer in IM2 via
transition state TS3, to form isonitrile products and formate
Prod1 (pathway 4 in Scheme 2).

In addition to this single dioxygen cycle, we considered
the possibility where IM2 releases its distal water molecule
and succinate and picks up new molecules of aKG and O, to
start a second oxygenation cycle that forms another iron(IV)-
oxo intermediate (pathway 5 in Scheme 2). To this end, we

@ Springer

took the structure of IM2 and replaced iron(II)(water) with
iron(IV)-oxo to form *Re2,. This keeps the charge and mul-
tiplicity of the model the same. Subsequently, we investi-
gated a decarboxylation reaction via a mechanism reported
before for cytochrome P450 OleT [69, 70] that starts with
a hydrogen atom abstraction from substrate via transition
state TS4, to form radical intermediate IM3,. The latter can
proceed through decarboxylation via transition state TS5,
to give decarboxylated products (Prod2) or react through
OH rebound via transition state TS6, to form the alcohol
product (IMS,) instead.

3.1 Substrate Desaturation Via Pathways 1 and 2

Figure 3 shows the results of the calculations on the sub-
strate desaturation pathways according to the mechanisms
proceeding through pathways 1 and 2. The reactions are both
stepwise via an intermediate, although they have a different
electronic configuration. As can be seen the lowest energy
hydrogen atom abstraction barrier is from the N-H group
of the substrate. At UB3LYP/BS1 level of theory this bar-
rier is only 3.1 kcal mol~! in energy, but addition of zero-
point energy and solvent corrections lowers it to close to
zero and hence will proceed very fast. Upon hydrogen atom
abstraction the system collapses to a radical intermediate
SIM1, that is lower in energy than the reactant complex
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Fig.3 Potential energy landscape for substrate desaturation via path-
ways 1 (in blue) and 2 (in red) as calculated with B3LYP. Energies
(with respect to Re in kcal mol™") represent AE+ZPE (AG) val-

by AE+ZPE=— 14.5 kcal mol™'. The second hydrogen
atom abstraction barrier (from the C—H group in °IM1,);
however, encounters a significant energy of 23.7 kcal mol ™!
above “IM1 A and consequently will be slow and rate-deter-
mining. Nevertheless, this pathway will lead to desaturated
substrate (at 'IM2,) that is lower in energy than reactants
by AE+ZPE =— 53.3 kcal mol .

Next we calculated pathway 2 and find a C-H hydrogen
atom abstraction barrier of 13.4 kcal mol~! leading to an
intermediate IM1y that is considerably more stable than
the reactant complex by AE+ZPE = — 35.3 kcal mol™".
An analysis of the group spin densities and orbital occupa-
tions of 5IMIB; however, shows no radical character on the
substrate and only unpaired spin density on the iron atom.
As such, the substrate has relaxed to a closed-shell system
with a positively charged nitrogen atom in a double bond
configuration with the NH=CHCOO group. The IM1,
intermediate; therefore is the result of a hydride transfer
from substrate to iron(IV)-oxo species and gives an iron(II)-
hydroxo complex with electronic configuration x*xyz k!
n*yzl 0¥ y21 o*,'. The reaction from *IMl1y is followed
by a small proton transfer step from substrate to iron(II)-
hydroxo via *TS2; then gives the iron(II)-water complex, i.e.
IM2,, in another exothermic reaction. Although the “TS2;
transition state was fully optimized and characterized with
an imaginary frequency of i735 cm™! corresponding to the
O-H-N stretch vibration, actually its energy is very low and

+ ° H .
Lys=NH,  41.221 1182 cm-!
H._ /1436
\“d’H 0.992
HisN,, 11.887
/'Il:e—OAsp
= SuccO” |2.054
we SO0 NHis 5TS2,
S
"
y | 1.273
Lys™Nl2 4 o6
1,738~ 0.982
HisN,, [2.194
“Fe—OAsp
SuccO/ | 2.217
NHis

ues and are obtained at UB3LYP/BS2//UB3LYP/BS1 with solvent
included. Optimized geometries of the transition states give bond
lengths in angstroms and the imaginary frequency in cm™!

close to that of 5IMIB. In particular, addition of zero-point,
thermal and entropic corrections to the energy lowers STS2;
slightly below the intermediate; hence its value in Fig. 3 is
reported as AE +ZPE < — 34 kcal mol~'. The STS2; transi-
tion state is central with an O—H distance of 1.268 A and
an N-H distance of 1.273 A for the transferring hydrogen
atom. The orientation is relatively upright with an Fe—O-N
angle of 153°.

Overall, the calculations on the large DFT cluster model
of ScoE give relatively low barriers and particularly a low
N-H abstraction barrier of only a few kcal mol~!. These
results contradict the QM/MM results of Li and Liu [48] that
predicted much higher barriers of 9.8 and 17.6 kcal mol ™!
for hydrogen atom abstraction from the N-H and C-H
groups, respectively, although the ordering is the same.
The most probable reason for the difference in energetics
is the missing Lys residue in the QM region of ScoE in the
work of Li and Liu. In our cluster model, this Lys side chain
is positively charged and forms an ionic interaction with
the carboxylate group of the substrate, which in Ref [48]
does not interact with any positively charged amino acid.
Its stronger binding positions the substrate differently and
assists the reaction for desaturation of the N—C bond of
CABA substrate.

The optimized geometry of the two hydrogen atom
abstraction transition states along pathway 1 are given in
Fig. 3. The N-H hydrogen atom abstraction barrier is central

@ Springer



534

Topics in Catalysis (2022) 65:528-543

with almost equal O—H and N-H bond lengths of 1.243 and
1.246 A, respectively. The Fe—O distance has elongated
to 1.796 A and the axial Fe-N bond to 2.204 A. These
changes mimic previous calculations on analogous reaction
mechanisms well [26-36]. The transition state has a mod-
est imaginary frequency of 1619 cm™!, which is well lower
than typical hydrogen atom abstraction transition states that
usually have values well over 11000 cm™! [72-73]. As such,
the replacement of hydrogen by deuterium is not expected
to give a major kinetic isotope effect as sometimes seen in
nonheme iron reactivities [16]. Interestingly, the transition
state “TS2, has a much larger imaginary frequency of 11182
cm~! and for that step; therefore, a considerable kinetic iso-
tope effect for replacement of hydrogen by deuterium may be
expected. Geometrically, >TS2, is more reactant-like with
a long O-H distance of 1.436 A, while a much shorter C-H
distance of 1.221 A is found.

The optimized geometry of STS1j has a first coordina-
tion sphere similar to that seen for >TS1, with an Fe-O
and Fe-N distances of 1.729 and 2.055 A, respectively.
The transition state is early with a long O—H and short
C-H distance of 1.557 and 1.177 A. Early transition states
often correspond with higher reaction barriers than late-
transition states [71-74] and indeed TS1y is higher in
energy than TS1 a- Interestingly; however, the subsequent
intermediates are reversed with a larger exothermicity for
SIM1y, than for *IM1,. To understand the change in order-
ing, we analyzed the electronic changes during the reac-
tion mechanism and display the group spin densities of
TS1,, >TS1, and TS2, in Fig. 4. As can be seen *TS1,
is a hydrogen atom abstraction transition state where con-
siderable amount of spin has accumulated already on the
substrate (pg,, =— 0.98). This is unusual as normally in
hydrogen atom abstraction transition states only partial
spin on the substrate is found [71-74]. Therefore, this is

an electronically early transition state where a full elec-
tron transfer has happened already. Previous studies on
N-H activation by an iron(IV)-oxo heme cation radical
model of nitric oxide synthase also showed early elec-
tron transfer processes [75]. To further check the changes
in charge distributions we calculated the charge-transfer
(Qcr) of the substrate as the charge on the substrate in Re
minus the charge in the transition state. As can be seen a
large amount of charge-transfer has taken place in *TS1,
(Qcr=0.55), while it is much less in 5TSlB (Qcr=0.18).

The group spin densities of *TS2, implicate a posi-
tive spin on the substrate (pg,, =0.77), while its precursor
intermediate ("IM1 ,) has negative amount (pg,, = — 1.00).
We attempted to swap molecular orbitals for TS2 A to cre-
ate a system with negative spin on the substrate instead;
however, the SCF converged back to a state with positive
spin on substrate instead. The C—H abstraction transition
state for pathway 2 also shows a positive spin density
on the substrate (pg,, =0.38) and hence is the result of a
down-spin electron transfer from substrate to iron-oxo to
give an electronic configuration n*xyz k! n*yzl c*x2_y21
on iron coupled to an up-spin electron on substrate. This
type of electron transfer mechanism is generally called
the n-pathway, while the transfer of an up-spin electron to
give an electronic configuration on iron of n*xyl ! n*yzl
G*x2—y21 o*,,! is generally called a c-pathway [76-79].
Usually the o-pathway is the lowest in energy and rate-
determining. We attempted the swap molecular orbitals
and convert TS1j to a o-type transition state, but during
the SCF convergence it reverted back to the n-pathway
configuration instead. It appears the geometry of >TS1,
is not appropriate for a o-type transition state as usually
these types of structures show attack from the top with
an almost linear Fe—O—C angle of close to 180 degrees
[76-82]. In *TS1y the Fe-O-C angle; however, is only

Qer=0.18
Qcr=0.55 Psup = 0.38 Psuw = 0.77
Psup = —0.98
AT -
>3
9 4
d
é
Preo = 4.57 Preo = 3.40 d Preo = 3.08
Prrot = 0.41 Pprot = 0.22 Pprot = 0.15
5TS1, 5TS1g 5TS2,

Fig.4 Group spin densities and charge-transfer (Qc) of the transition states for pathways 1 and 2
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138° Most likely the constraints in the substrate binding
pocket and the substrate approach to the iron(IV)-oxo
species affect the electron transfer pathways and trigger a
n-pathway rather than the more common c-pathway.

3.2 Substrate Hydroxylation Via Pathway 3

Usually a hydrogen atom abstraction by an iron(IV)-oxo
species is followed by OH rebound to form an alcohol com-
plex [83, 84]. In previous work on studies of competitive
hydroxylation and desaturation processes by either heme
or nonheme iron(IV)-oxo complexes it was shown that
generally substrate hydroxylation is more exothermic than
substrate desaturation [85-87]. This is mainly due to the
strength of the C—O bond that is formed, although when a
highly conjugated n-system is formed, such as an arene, the
desaturation can become competitive with hydroxylation.
In ScoE no conjugated n-system is formed, hence we con-
sidered also OH rebound from >IM1j to form the alcohol
complex *IM3;.

Figure 5 shows the energy landscape for pathway 3 as
compared to pathway 2 for the bifurcation channel from
5IM1B leading to desaturation and hydroxylation of the
substrate. As can be seen the desaturation channel has
the lowest barrier (via 5TSZB) and leads to the most exo-
thermic products ((TM2 A)» Which are lower in energy by
AE +ZPE = 18.0 kcal mol~! with respect to >IM2,. By con-
trast, the OH rebound barrier is about 3 kcal mol™! higher
in energy than the desaturation barrier and much less exo-
thermic, namely by only 6.9 kcal mol~! with respect to
SIM2,. Therefore, the most likely pathway for ScoE after
C-H hydrogen atom abstraction will lead to desaturation
of the NH-CH, bond rather than OH rebound to form the
corresponding alcohol.

Rst coo
+ <N//'\H
Lys—NI:I:| H :’1.984
1,695 =) H 0.987
HisN,, [2.318
'Fe—OAsp

Succo” |2.208

5TS3,

Fig.5 Potential energy landscape for substrate hydroxylation via
pathway 3 (in blue) as compared to desaturation via pathway 2 (in
red) as calculated with B3LYP. Energies (with respect to "Re in
kcal mol™) represent AE+ZPE (AG) values and are obtained at

R oo
o~ COO-
NHis H H
‘.

The OH rebound transition state TS3y was fully charac-
terized and its geometry is shown on the left-hand-side of
Fig. 4. The transition state has a low imaginary frequency
of only 196 cm™!, but displays a C-O stretch vibration. The
rebound happens at a C-O distance of 1.984 A, which is
relatively short as previously values of magnitude around
2.4 A were obtained [88, 89]. The reason for the short C-O
distance may be the position of the positively charged Lys
group along the same line at a distance of 1.695 A that
withdraws electron density into the newly formed bond and
assists the rebound.

Overall, the calculations show that OH rebound is lesser
likely than substrate desaturation although the difference
in barriers is not huge and some hydroxylation of the sub-
strate may occur but probably with lesser probability than
substrate desaturation. This result is in excellent agreement
with recent nuclear magnetic resonance studies of isotopi-
cally labelled compounds that identified a small signal for
hydroxylated products [47].

3.3 Substrate Decarboxylation Vlia Pathway 4

Before starting a second dioxygen activation cycle, we con-
sidered direct 1,2-hydrogen atom transfer in the desaturated
product SIM2, to form formate and isocyanide product
directly and the potential energy profile with correspond-
ing transition state via *TS3, is shown in Fig. 6. The direct
1,2-hydrogen atom shift is high in energy and a barrier of
65.9 kcal mol~" above IM2, was located. This high energy
implies that the direct 1,2-hydrogen atom transfer will be
unlikely in an enzymatic context and a single reaction cycle
with one molecule of dioxygen will be unable to give iso-
cyanide products directly. Interestingly, the isocyanide prod-
uct is also higher in energy than the desaturated product at

CH,
R ° coo-
N
HIH
HO
N,
5TS3 _Fe—0
o7 |
NHis CH,
-35.3(-37.7) R coo-
Mty <3430 —42.2 (-44.8) N
-53.3 (~59.5) NH\ofH
"]
‘Fe—0
o” |
NHis

UB3LYP/BS2//UB3LYP/BS1 with solvent included. Optimized
geometry of the transition state gives bond lengths in angstroms and
the imaginary frequency in cm™!

@ Springer



536

Topics in Catalysis (2022) 65:528-543

CH,
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HisN,, |2.159
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Fig.6 Potential energy landscape for substrate decarboxylation via
pathway 4 as calculated with B3LYP. Energies (with respect to *Re
in kcal mol™!) represent AE+ZPE (AG) values and are obtained

SIM2,, by 10.7 kcal mol™'. Consequently, the desaturated
product may have a finite lifetime and may live long enough
for it to be detected experimentally.

The optimized geometry of the 1,2-hydrogen shift transi-
tion state TS3, is shown in Fig. 5. It has the transferring
hydrogen atom midway between the two carbon atoms in an
almost equilateral triangle and C—H distances of 1.885 and
1.854 A. The imaginary frequency is i585 cm™! and shows
the hydrogen transfer from C to the carboxylate carbon atom.
The reason the barrier is high in energy may have to do with
the active site Lys residue that is close to the transferring
hydrogen atom.

3.4 Substrate Decarboxylation Via Pathway 5

The DFT calculations reported above imply that a single
molecule of dioxygen on an iron center with a-KG as co-
substrate cannot form isonitrile products directly. Conse-
quently, a second cycle with dioxygen and a-KG is needed.
We; therefore, assumed that substrate would remain in the
binding pocket and the enzyme will release succinate and
bind new molecules of a-KG and dioxygen. To this end, we
took structure *IM2 A and replaced the iron(Il)-water with
iron(IV)-oxo and assumed that in between these two stages
water and succinate are released and new molecules of a-KG
and dioxygen bind and react to form iron(IV)-oxo and suc-
cinate to give the second reactant complex Re2 A- The opti-
mized geometry of Re2, and the hydrogen atom abstraction
pathway to form radical intermediate STM3 A 1S shown in
Fig. 7. The second reactant structure *Re2,, is very similar
to °Re,, discussed above with Fe—O and Fe-N distances of
1.654 and 2.068 A. These distances are within 0.01 A from
those of "Re, described above and hence the structures are
very similar.

@ Springer

5TS3,

12.6 (8.4)

—42.6 (-48.3)

-53.3 (-59.5)

at UB3LYP/BS2//UB3LYP/BS1 with solvent included. Optimized
geometry of the transition state gives bond lengths in angstroms and
the imaginary frequency in cm™"

Next, we explored hydrogen atom abstraction from the
C—H bond of the desaturated substrate from Re2 . In prin-
ciple, an sp? hybridized C—H bond is strong and breaking
this bond will require a large bond dissociation energy. This
is unusual as iron(IV)-oxo species of heme and nonheme
iron monooxygenases typically react with sp* hybridized
C-H bonds only and do not react with olefin C—H bonds
through hydroxylation pathways [90-93]. Nevertheless,
a hydrogen atom abstraction transition state was located
for the ScoE model discussed here and has a barrier of
AE+ZPE=10.0 kcal mol™'. As such it is lower in energy
than the first C-H hydrogen atom abstraction discussed
above in Fig. 3. Our DFT calculated hydrogen atom abstrac-
tion barrier is in perfect agreement with the earlier QM/
MM result of Li and Liu [48], who reported a barrier of
9.8 kcal mol~! for the second step. Clearly, the choice of
the QM region and the second-coordination sphere has little
effect on the hydrogen atom abstraction for cycle 2 of ScoE
and gives the same energetics and conclusions. We then
explored the decarboxylation and OH rebound pathways
from "IM3 - The OH rebound has a relatively large barrier
and a constraint geometry scan locates it at approximately
17 kcal mol~! above IM3 - Most likely, the positive charge
of Lys and the hydrogen bonding network surrounding the
OH group hampers radical rebound and makes it high in
energy Lower in energy; however, is the decarboxylation
transition state *TS5, at AE+ZPE=11.9 kcal mol~' above
SIM3,,. As such decarboxylation to form the isonitrile prod-
uct will be favourable over OH rebound to form an alcohol
product. The TS5, transition state has a long C—C bond of
2.230 A and an imaginary frequency of i232 cm™' represent-
ing the C—C stretch vibration. The interaction between the
side chain of Lys,¢; and the iron(IlI)-hydroxo group main-
tains short at 1.643 A.
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Fig. 7 Potential energy landscape for substrate decarboxylation via
pathway 5 as calculated with B3LYP. Energies (with respect to Re2 A
in kcal mol™!) represent AE+ZPE (AG) values and are obtained at

Figure 7 shows the optimized geometry of the hydrogen
atom abstraction transition state for the second cycle. The
transition state is central with an O—H distance of 1.307 A
and a C—H distance of 1.239 A. The hydrogen atom transfer
is accompanied by an imaginary frequency of 11054 cm™!,
which will result in a significant kinetic isotope effect upon
replacement of the transferring hydrogen atom by deuterium.
The transition state is of 6-type with 3.99 spin density on the
FeO group and negative spin accumulating on the substrate
(Psup=— 0.42). This transition state connect to a radical
intermediate IM3,, that indeed has radical character on the
substrate: pg,,=— 0.98.

3.5 Thermochemical Rationalization
of the Reaction Pathways

To understand the order of the hydrogen atom abstraction
transition states we calculated the bond dissociation energies
(BDEs) of various C-H and N-H bonds in the substrate.
Often the strength of the C—H/N-H bond that is broken
correlates with the barrier for hydrogen atom abstraction
[71-73, 94-96]. Indeed for a series of substrates with known
C-H bond strengths linear correlations between the natu-
ral logarithm of the rate constant with BDE was found. To
calculate substrate BDE values, we took an isolated sub-
strate molecule and also calculated the substrate with one
hydrogen atom removed in a doublet spin state and took the
relative energies between these structures and an isolated
hydrogen atom. These DFT calculated BDEs are given in

N, J
“Fe—O
o7
NHis
425 {751'2)5Prod2A oxc“;%
i232 cm™!
R\<CH3 5TS5, R YCHS
. N=nC00- N=...COO"~
_ 1.239 .
Lys—NH, Lys—NH, 2230
H-.___11.307 He.
e 1643 o' 0978
HisN,,, ||1.801 HisN,, |1.928
Fe—OAsp "Fe—OAsp

Succ0” | 2.247 Succ0” | 2.248
NHis NHis

UB3LYP/BS2//UB3LYP/BS1 with solvent included. Optimized
geometry of “Re2,, TS4, and >TS5, give bond lengths in angstroms
and the imaginary frequency in cm™

Fig. 8 for the substrate. As can be seen, in the gas-phase
the weakest bond of the substrate is the C—H bond with a
BDEI =743 kcal mol™!, while the N-H bond is well
stronger at BDE 1 ;= 80.7 kcal mol™!. Based on these rela-
tive BDE values; therefore, a regioselective C—H hydro-
gen atom abstraction would be expected rather than N-H
abstraction. Consequently, the calculated BDE values are
opposite of the hydrogen atom abstraction barriers shown
above in Fig. 3 that predict regioselective N-H hydrogen
atom abstraction instead. Clearly, the protein induces local
perturbations to the active site pocket that change the rela-
tive C—H and N-H bond strengths. Previous work on non-
heme iron dioxygenases showed that charged residues in the
substrate binding pocket and active site, such as Lys resi-
dues, can donate positive charge into the binding pocket and
affect local bonds strengths and selectivities dramatically
[68, 97-99]. Moreover, studies using electric field effects
showed that these external perturbations can influence elec-
tronic distributions as well as chemoselectivities of substrate
activation by enzymes [100-102].

To put the energies in a better perspective, we also cal-
culated the BDE for the strength of the O—H bond of the
iron(III)-hydroxo complex that is formed after hydrogen
atom abstraction. Using a minimal model of first-coordi-
nation sphere ligands to iron only, we calculate a AE +ZPE
value for BDEqy ey =92.5 keal mol~!. Technically, the
exothermicity for hydrogen atom abstraction should equal
the difference in energy between BDE1y/BDE1y and
BDEgy peqy for initial hydrogen atom abstraction from
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Fig.8 DFT calculated BDEs of the substrate during various stages of the reaction mechanism. Energies are AE+ZPE+E

mol™!

the N-H or C-H bonds. This way, we find an exother-
micity for hydrogen atom abstraction from the N-H bond
of — 11.8 kcal mol~!, whereas for hydrogen atom abstraction
from the C—H bond a value of — 18.2 kcal mol~! is predicted.
The value for N-H hydrogen atom abstraction exothermicity
of — 11.8 kcal mol~! is close in energy to the value obtained
for 5IMlA of — 14.5 kcal mol~!. Consequently, this reac-
tion step can be considered as hydrogen atom abstraction
and follows the energies of the bond that are broken and
formed in the process. The predicted hydrogen atom transfer
from the C-H bond is only — 18.2 kcal mol™', while IM1;
is —35.3 kcal mol ™! more exothermic than the reactant com-
plex. Clearly, hydride transfer is more exothermic in this
case than hydrogen atom transfer and consequently it is not
observed in our model.

We also calculated hydride abstraction from the C-H
bond of the substrate and find a BDE1;; =34.8 kcal mol ™.
In addition, we calculated the O—H bond formation as the
BDEgy geqy for the energy to remove a hydride from an
iron(Il)-hydroxo complex. The BDEqy g for hydride
release to form an iron(IV)-oxo from an iron(II)-hydroxo
complex is calculated as 154.7 kcal mol~!. Therefore,
hydride transfer will be highly exothermic and indeed dur-
ing the energy landscape shown in Fig. 3 its exothermic-
ity is well larger than hydrogen atom transfer from CABA
substrate. The origin of the large exothermicity for hydride
transfer is most likely that a stable double bond is formed in
the product and the n-bond will add stability to the product
and make this reaction more exothermic.

Finally, we calculated the second hydrogen
atom abstraction for pathways 1 and 2 and find a
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BDE2(y;=45.7 kcal mol™" for hydrogen atom abstraction
from the C—H bond after the N—H abstraction, while the
reverse ordering of hydrogen atom abstractions has a sec-
ond bond strength of BDE2,;=71.6 kcal mol™'. Both of
these second bond energies are lower than those for the first
hydrogen atom abstraction and consequently, homolytic
splitting of C—H/N-H bonds to form desaturated substrate
should give a rate-determining first hydrogen atom abstrac-
tion step. However, due to the presence of polar groups in
the substrate binding pocket, the reaction mechanism does
not follow the thermodynamics of the reaction.

3.6 Reaction Mechanism with Lys,,; Removed
from the Model

Crystallographic studies showed that the position of the
Lys,q; residue in the ScoE appears to be dependent on
whether substrate is bound or not. Thus, in the crystal
structure coordinates of the resting state protein without
substrate bound (6DCH pdb file) the Lys,y; side chain
points away from the active site, whereas in the most recent
substrate-bound structure (6XN6 pdb file [103]) it points
into the active site. In particular, the Lys,y; side chain in
the substrate-bound structure is seen to form a hydrogen
bonding interaction with the carboxylate group of (R)-3-
((carboxymethyl)amino)butanoic acid (CABA) substrate.
When we set-up our model we also reasoned it would be
important for the substrate carboxylate groups to inter-
act with polar residues and manually changed the posi-
tion of Lys g3 and moved it into the pocket to make the
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Fig.9 Relative energies of first hydrogen atom abstraction barriers of the full model (left-hand-side) and the model with Lys o3 removed (right-
hand-side). Energies are UB3LYP/BS2//UB3LYP/BS1 values in kcal mol~! with ZPE and solvent corrections included

substrate-binding orientation to match the position in the
substrate-bound structure.

To test how removal of the Lys side chain in the clus-
ter model will affect structure and reactivity, we tested the
hydrogen atom abstraction step in the first cycle with the
model with Lys,y; removed. To this end we took the opti-
mized geometries of “Re, >TS1, and *TS1, and removed the
Lys from the structure and did a B3LYP/BS2 single point
calculation. Figure 9 shows the relative energies of these
three structures with Lys removed as compared to those at
the same level of theory for the full system. As can be seen
STS1, is raised in energy by a small amount (°TS1 AunoLys 1S
AE=4.6 kcal mol~! above reactants). By contrast, dramatic
energy differences are seen for 5TSleLyS that is raised to
26.1 kcal mol™! with Lys removed. As such, a charged resi-
due in the substrate binding pocket and particularly a posi-
tively charged residue that is hydrogen bonding to the oxo
group has a major influence on the hydrogen atom abstrac-
tion barrier. This is in analogy to the hygromycin biosyn-
thesis enzyme, where an active site Lys residue was shown
to affect rate constants and reaction selectivities by guiding
the reaction to a specific product channel [99]. Furthermore,
work on the hectochlorin biosynthesis enzyme identified an
active site Glu residue that was shown to donate negative
charge to an iron-bound halide and influence the regioselec-
tivity of halogenation over hydroxylation in a nonheme iron
enzyme by polarizing the Fe-Cl bond better [98].

4 Conclusions and Summary

In this work a computational study is presented on the
isonitrile biosynthesis enzyme ScoE and various likely
mechanisms for substrate activation have been studied. A
large DFT cluster model incorporating the first and second
coordination sphere of the enzyme has been created. The

work shows that competitive C—H and N—H hydrogen atom
abstraction pathways lead to desaturation with large exother-
micity. Alternative substrate hydroxylation and decarboxy-
lation pathways were also investigated but found to be well
higher in energy than substrate desaturation and hence are
unlikely to take place. Instead the system does not release
desaturated substrate but binds another molecule of O,
and a-KG to initiate a second catalytic cycle with another
iron(IV)-oxo species. The latter abstracts a hydrogen atom,
which triggers release of CO, to form isonitrile products
with a barrier of 10 kcal mol™. The results of this work are
consistent with experimental observations as well as analo-
gous computational studies on this and related enzymes. Our
work; however, points to the involvement of an active site
Lys residue that in the reaction mechanism donates positive
charge into the substrate binding pocket and through charge-
stabilization assists in the chemical process and enables a
chemoselective substrate desaturation reaction.

5 Data Availability

Supporting Information is available containing raw data
including absolute and relative energies, Cartesian coordi-
nates of optimized geometries and tables with group spin
densities and charges.
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