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Abstract

The design of biocatalysts is a goal to improve the rate, selectivity and environmental friendship of
chemical processes in biotechnology. In this regard, the use of computational techniques has provided
valuable assistance in the design of enzymes with remarkable catalytic activity. In this paper, hybrid
QM/MM simulations have allowed getting an insight into the mechanism of a promiscuous aldoxime
dehydratase (OxdA) for the Kemp elimination. We first demonstrate that, based on the use of linear
response approximation (LRA) methods, the lowest energy electronic state of the benzisoxazole placed
in the active sit of OxdA corresponds to a singlet state, being the triplet and the quintet state higher in
energy. The presence of a heme group in the active site of the OxdA promiscuous enzyme opens the
possibility of exploring a redox mechanism, similar to the one proposed in other reactions catalysed
by heme-dependent enzymes. In addition, according to the geometrical analysis of the active site of
this aldoxime dehydratase, the presence of a good base in the active site, His320, the proper pose of
the substrate assisted by the porphyrin and an adequate electrostatic environment to stabilize the
negative charge developed in the oxygen leaving group, makes available an acid/base mechanism.
Comparison of the results derived from the exploration of both acid/base and redox mechanisms at
B3LYP(Def2-TZVP)/MM level, shows how the later render the most favourable reaction path within
the quintet state. The obtained activation free energy is in good agreement with the activation energy

that can be deduced from the experimentally measured rate constant.
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1. Introduction

The Kemp elimination,® a reaction consisting in the decomposition of benzisoxazole to generate 2-
cyanophenols (see Figure 1a),2 has been the most popular benchmark for the design of new biocatalysts
during the last years. The reaction, as shown in Figure 1, implies an asynchronous concerted proton
transfer from a carbon atom to a heteroatom followed by the heterolytic N-O breaking bond and the
formation of a nitrile group. Interestingly, there is no known natural enzyme whose primary reaction
is the Kemp elimination, despite it has been demonstrated that there are many different systems that
accelerate the reaction with different degree of efficiency.®* Moreover, the synthesis of benzisoxazoles
is quite straightforward from salicylaldehydes and the kinetic experiments are relatively easy to carry

out due to the facility to detect the product with common spectroscopic techniques.®
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Figure 1. Two different mechanisms of the Kemp eliminases: (a) acid/base mechanism and (b) redox-

mechanism.

The starting scaffolds employed in the protocol of the first de novo Kemp eliminase designs were
based on different non-immunoglobulin proteins selected by means of Rosetta software employing a
previously designed theozyme (a computational active site model) obtained by means of quantum
mechanical calculations.! Based on the features of the optimized gas phase transition state (TS), two

active-site motifs were considered as crucial in the new protein: a catalytic base for benzisoxazole



deprotonation and a hydrogen-bond donor to stabilize the developing negative charge on the phenolic
oxygen atom (see Figure 1a). From a pull of experimentally characterized designs, each containing 10
to 15 mutations, eight of them resulted to be active. The X-ray diffraction analysis of one of the newly
produced enzymes, was solved and demonstrated to superimpose well with the computational model.
The activity was significantly improved by directed evolution and some of them, KEQ7,> KE70° and
KE59,” were later used as templates for further rounds of mutations, optimizations and directed
evolution, rendering more evolved and efficient Kemp eliminases.

A different approach for the development of new Kemp eliminases was applied by Mayo and co-
workers based on a combination of X-ray crystallography and MD simulations on failed designs of
new enzymes.® In particular, they used an iterative approach starting from an inactive protein scaffold,
HG-1, that was designed to convert the xylan binding pocket of a thermostable xylanase into a Kemp
eliminase. They found that the inactivity could be due to the lack of an optimized binding pocket.
These findings guided the design of an active site deeply buried into the protein and, together with an
additional mutation, the modified protein exhibited activity comparable to the best Rosetta design.
Subsequent direct evolution produced a variant obtained in the Hilvert laboratory after 17 rounds of
mutagenesis and screening (HG3.17).° This designed enzyme presents an exceptional efficiency,
similar to highly optimized natural enzymes such as triosephosphate isomerase.®

Multiscale quantum mechanics/molecular mechanics (QM/MM) molecular dynamics (MD)
simulations for the Kemp elimination in the HG3.17 enzyme demonstrated the presence of different
conformations with significant different reactivity.'® The larger reactivity was related with a better
electrostatic preorganization of the environment that creates a more favourable electrostatic potential
on the key atoms involved in the reaction; the oxygen atom of the aspartate acting as the base and the
oxygen leaving group. Further analysis was carried out with similar computational methodologies on
the less evolved HG3 confirming that its limitations can be related to a lack of flexibility, a not well
fitted active site and a lack of protein electrostatic preorganization around the oxyanion hole.'! Head-
Gordon and co-workers confirmed the importance of the electrostatic preorganization in the efficient
designs of previous Kemp eliminases and suggested that efficient computationally designed enzymes
can be achieved with minimal experimental intervention using electric field optimization as
guidance.'?1314In contrast, despite the progress in this field during the last decade, it has been pointed
out that the relevant advances in enzyme design are basically due to directed evolution with minor
contributions from computational modelling.>1®

A different approach to design a Kemp eliminase can be based on the redesign of enzymes showing
certain promiscuous activity for this reaction. These strategies are based on the introduction of

mutations to increase this secondary activity through directed evolution or rational design. In



particular, attention has been put on two different kind of promiscuous enzymes; one of them would
catalyse the reaction via the traditional acid/base mechanism (Figure 1a), while the second one would
catalyse the reaction through a redox mechanism assisted by an active site heme group (Figure 1b).1’
A successful example of the redesign of the first group of promiscuous enzymes was achieved with
Ketosteroid Isomerase (KSI), where mutations of residues acting as general base improved the
catalytic efficiency for the Kemp elimination up to 7000 fold better than the wild-type.'® An example
of the second group of promiscuous enzymes is the P450-BM3 mutant, which was proven to be very
active as a Kemp eliminase with a 107 fold larger rate constant over the uncatalyzed process in
solution.*®2° A combined theoretical-experimental study on this last enzyme shows that the reaction
proceeds by an electron transfer from ferrous heme group to the substrate that provokes the N-O bond
breaking (Figure 1b). Then, an internal rotation of the substrate has to take place to facilitate an
intramolecular proton abstraction. The computational results indicate that this rotation is the rate
limiting step.'® When comparing catalytic activities of different Kemp eliminases, it must be kept in
mind that some of them appear to catalyze the reaction through an acid-base mechanism while others,
containing a Heme group, clearly use a redox pathway. Anyhow, the efficiency of the enzyme can be
estimated by its rate constant, independently of the mechanism.

Other heme-contaning proteins have shown to catalyse the Kemp elimination, such as several aldoxime
dehydratases (Oxd).?* According to computational studies on one of them (OxdA), the primary
reaction, consisting on the dehydration of aliphatic aldoximes (R—CH=N—OH) to the corresponding
nitriles (R—C=N), requires the participation of a histidine residue, His320. This residue would provide
the proton to the aldoxime hydroxyl group during the first step, thus breaking the N-O bond. This is
followed by the abstraction of the proton to form the final nitrile product. For this second step of the
reaction, a rotation is required in the intermediate to properly orient the substrate towards His320, now
acting as a base. It has been also postulated that the ferrous heme group, and not the ferric heme, is the
one that is coordinated to the substrate aldoxime and catalyses the process, providing an electron to
the substrate during the first step and receiving it back in the second one.?#% An interesting question
is whether the secondary Kemp eliminase reaction catalysed by OxdA follows the same mechanism
that the primary reaction, as previously assumed.?! The purpose of the present study is to shed light
into the mechanism employed by OxdA at atomic level, using QM/MM simulations. Moreover,
considering that the heme group is involved in the catalysis of many processes, the knowledge of its
role in the present reaction can have dramatic implications for the design of other heme-containing

enzymes, a very active field in the scientific community. Despite it has been always assumed that heme



containing enzymes catalyse reaction through redox mechanisms, this has to be verified by electronic

structure analysis, as demonstrated in this work.

2. Computational Methods

2.1. System set up. The initial geometry of the dimeric OxdA was obtained from the X-ray structure
PDB id 3W08.2* The pKa of the tritratable amino-acids was calculated using the PropKa-3.1
program,?®2® which predicted standard protonation states at pH 7. Histidine protonation states
(delta/epsilon) were assigned by visual inspection, respecting the presence of hydrogen bonds with the
surrounding residues, as determined form the X-ray structure. All hydrogen atoms were added using
the psfgen tool provided with Namd-2.13%" with the Charmm36282°% force field and the sidechains of
the protein were subsequently optimized. At this point, we made use of Autodock Vina®! for generating
a total of 14 poses of the Kemp substrate in one of the active sites, in presence of the heme group.
After inspection of the poses, we selected the one with the larger affinity energy. The model was then
minimized keeping the backbone frozen, by means of conjugate gradient steps until convergence
(gradient tolerance below 0.1 ki/mol-A). Thereupon, a total of 35 sodium cations (Na*) were placed
around the protein at optimal electrostatic positions in order to fulfill electroneutrality. The resulting
system was then placed in an orthorhombic box of TIP3P water molecules of 120 x 100 x 80 A of
size (a total of 698 and 27298 crystal and solvation water molecules, respectively). The solvated model
was then fully optimized using the FIRE®>* algorithm (gradient tolerance below 10 kJ/mol-A). We
then performed 100 ns of molecular dynamics (MD) in the NVT ensemble at 300 K using a time step
of 1 fs. The non-bonded interactions were treated using the Particle Mesh Ewald®* method, with a
cutoff of 16 A and a maximum grid spacing of 0.5 A. Once equilibrated, we used the resulting model
to carry out the QM/MM potential energy surface (PES) exploration and free energy calculations. For
this purpose, we defined a subset of QM atoms comprising: the substrate, part of the heme group
(without the side chains), the axial His299 ligand of the iron atom, the Hiss320 acting as a base, the
Ser219 and a crystal water molecule (see Figure 2). These two last residues are not directly involved
in the reaction mechanism, but due to their proximity to the substrate they are likely to stabilize the
formation of the oxy-anion by means of charge transfer effects. A total of 11 hydrogen link-atoms
were needed, in addition to the 75 selected QM atoms, to fulfil their valences. From this point and
hereupon, all the calculations on the system were performed keeping fixed any molecule or residue
found more than 20 A apart of the QM atoms. The MM atoms were described using Namd with the
Charmm36 force-field, while for the QM ones we used the B3LYP3>3¢ density functional method
combined with the Lanl2DZ?’ basis set, as implemented in the Gaussian093 package of programs. To

obtain more reliable results, single point energy calculations were performed on the optimized



structures using the same functional but using an all-electrons polarized triple zeta basis set, Def2-
TZVP,*® for all the atoms. Dispersion corrections were added using the Grimme DFT-D3(BJ).*04
Analysis of the electronic density of all involved stationary structures has been carried out the Natural
Bonding Orbital, NBO approach,*? as implemented in Gaussian 09.

Figure 2. Detail of the active site of the OxdA. QM subset of atoms are displayed as ball and sticks:

the carbon atoms of the substrate in green and of the heme group and key residues His320, Ser219 in

grey.

2.2. Exploration of the Reaction Mechanisms. The reaction mechanism was initially explored in three
different spin states of the heme iron atom: singlet, triplet and quintet, depending on the kind of crystal
field and the spin distribution (low- or high-spin). Each step of the proposed mechanisms was studied
initially performing the localization of the corresponding transition structure (TS), using a micro/macro
optimization scheme.*® Once characterized and verified the nature of each TS (presenting one and only
one imaginary frequency associated to the chemical step under inspection), the reaction paths were
traced towards the intermediate, reactant or product species. The end points of each path were
afterwards optimized and characterized as stationary points corresponding to a minimum. The
coordinates of the stationary structures are given in Table S1 of the Supporting Information.

2.3. Relative Stability of Spin States. In order to evaluate the relative stability among the different spin
states of the reactants we estimated the free energy difference among them, because potential energy
differences can be highly dependent on the nature of the local minima used to evaluate it. For this



purpose, we used the linear response approximation (LRA),**4% which offers a perturbative estimate
of the relative free energy. In principle, the free energy difference could be evaluated from simulations
carried out in the initial and final states:

AF;,; = %((Uj)i — (U —(Uy); + (U]>]) (1)
where AFij is the variation of free energy needed to change from the state i to j, Ux are the
corresponding potential energies of the given states, and the ( ), denotes that the averages are carried
out for this state. Thus, series of QM/MM MD on the reactant species at the three different electronic
states (singlet, triplet and quintet) were performed, and then the change in potential energy associated
with the spin swapping was evaluated. A total of 10 ps of NVT MD for each species was needed, to

achieve convergence of eq 1, as demonstrated by the calculated standard deviations. Details about the
LRA calculations and error estimations are provided in the Supporting Information.

3. Results

3.1. Analysis of Reactant States. As mentioned in the Introduction section, despite iron can initially
present two oxidation states, Fe(l11) and Fe(Il), in the heme group, it has been experimentally proved
that the later shows rate constants for this reaction two-folds higher than the former. ?* Consequently,
our study was focused in exploring the reactivity of OxdA with the heme group starting from Fe(l1) in
the three possible multiplicity states: singlet, triplet and quintet. Then, the first step in our study was
to establish the relative energies of the different electronic states of reactants. Keeping in mind the size
and flexibility of our system, this evaluation should not be based on just a comparison of potential
energies of a single structure for each of the three different electronic configurations. Instead, a proper
comparison must take into account an average performed on the configurations sampled by the system,
since small conformational changes of the environment, unrelated to the chemical steps, can disguise
the relative energy distribution of the compared species. For this reason, as described in the Methods
section, relative free energies between the three possible electronic states at the reactants were
computed using the linear response approximation.

The results of our QM/MM simulations performed with the Lanl2DZ basis set show how the most
stable reactants state corresponds to the singlet state, being the quintet and triplet states located at 3.8
+ 0.6, and 14.3 + 0.6 kcal-mol?, respectively, above the singlet one. Since the triplet state was found
at a significantly higher energy, only the singlet and quintet states were considered to perform single
point energy calculations with the larger Def2-TZVP basis set. The results for this basis set show that
the singlet is still the most stable, being the quintet state now located at 2.8 + 0.6 kcal-mol™* above (see

Supporting Information for details). In a computational study by Liao and Thiel in a heme-dependent



aldoxime dehydratase (OxdRe), the same trend of the three electronic states in the primary reaction
was found, despite the evaluation of the relative ordering was based on single molecule energy
optimizations.?® However, this trend is not in agreement with the relative values reported by Li, Wang
and co-workers for the Kemp eliminase reaction catalysed by P450-BM3 who, based on QM/MM
potential energy calculations, reported the singlet state as the one with the highest energy and the
quintet state 2.0 kcal-mol* more stable than the triplet state.!® As commented before, our estimations
based on statistical simulations are more reliable. It is interesting to note that during our simulations
we found instantaneous configurations where the stability ordering of the different electronic states
differs from that obtained from the average result (see Figure S1 of Supporting Information),
demonstrating the necessity of an adequate sampling procedure to properly establish which is the most
stable electronic configuration.

A detail of the average structure of the active site obtained along the QM/MM MD simulation of the

singlet state is shown in Figure 3, where the values of key distances of the three states are reported.

singlet triplet quintet

Feys— Ngo 2.48+0.24 2.93+0.14 3.24:0.42
05, — Ngo 1.49+0.04 1.49+0.04 1.50+0.04
Ngo = Ces 1.3340.02 1.33£0.02 1.330.02
Ces— Hy, 1.09+0.03 1.100.03 1.10£0.03
Nyo = Hyp 2.51%0.37 2.48+0.36 2.3140.26
Hs — O, 2.67+0.35 2.8740.68 3.57+0.47
Hs — Ngo 2.24+0.39 2.31+0.66 3.1540.58
Ces—Hyp— Nyg 154.8+11.7 165.617.5 163.417.6

Figure 3. Snapshot of the average structure of the active site obtained along the QM/MM MD
simulations of the singlet state. Key average distances (in A) and angles (in degrees) obtained with the

are reported for the singlet, triplet and quintet states.

As can be deduced from the analysis of Figure 3, despite the structures are quite close to each other,

some differences can be highlighted. Thus, the average distance between the Ngo and Fe atoms ranges



between 2.48 A in singlet state to 2.93 and 3.24 A in triplet and quintet states, respectively. The slightly
shorter distance in the singlet state is nevertheless not correlated to an elongation of the other two
covalent bonds involving Neo (Neo-Os7 and Neo-Ces), as deduced from the comparison with the triplet
and quintet state averaged structures. The approximation of the substrate to the Fe atom in the singlet
state is not correlated neither to any relative movements between the porphyrin and Ser219 or His320.
In all, no dramatic geometric differences are detected by comparing the reactant state in its three

different electronic states.

3.2 Reaction Mechanisms. Kemp eliminase reaction implies the proton transfer from benzisoxazole to
a base (His320) and an electron transfer to the antibonding orbital of the Neo-Os7 bond to break this
bond and form a nitrile group. After a deep analysis of the QM/MM optimized geometries of the active
site of the heme-dependent OxdA promiscuous enzyme, two alternative mechanisms can take place.
These are a redox-mediated process, where the heme group acts as electron donating group (see Figure
1b) and the traditional acid/base mechanism (see Figure 1a) similar to that described in the HG-3 and
HG3.17.1%1 In the former, the reaction proceeds in a stepwise manner. First, an inter-molecular
electron transfer takes place from the Fe atom of the heme group to the antibonding orbital of the Neo-
Os7 bond of the substrate with the concomitant ring opening (see Figure 1b). In the second step, the
proton is transferred from the substrate to His320 and an electron is transferred back to the Fe atom
from the substrate. In the second feasible Kemp eliminase mechanism (Figure 1a), a base in the active
site (His320) is capable of abstracting a proton from the substrate concomitant with the breaking of
the Neo-Os7 bond and formation of the Ngo-Ces triple bond. The abstraction of the proton from the Ces-
H7. bond provokes an intramolecular electron transfer to the antibonding orbital of the Neo-Os7 bond
of the substrate. It is important to point out that studies of the Kemp eliminase reaction catalysed by
other heme-dependent enzymes such as P450-BM3 by Shaik, Reetz and co-workers has been
exclusively described as a redox-mediated process.!® In P450-BM3, the absence of a base in the active
site makes the traditional acid/base mechanism unaffordable. The results derived from the exploration
of the two alternative Kemp elimination mechanisms catalysed by OxdA in the singlet and quintet
electronic state, computed at B3LYP/MM level, with the def2-TZVP basis set for all QM atoms, are
described below. The results obtained with the Lanl2DZ basis set, and those for the triplet state are

deposited in the Supporting Information.

3.2.1. Redox-mediated Mechanisms. The QM/MM free energy profiles for the redox Kemp elimination
in the singlet and quintet states catalysed by the promiscuous OxdA enzyme are shown in the left side

of Figure 4. Notice that in the quintet state two different electronic configurations can be found: one
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with a ferromagnetic coupling between the Fe and Neo atoms (denoted as quintet-ferro), and the one
with an antiferromagnetic coupling (quintet-antiferro). The reaction takes place in two steps on the
potential energy surfaces in the three possible electronic states. When adding the thermal and zero-
point energy corrections to get the free energy profiles, the second step becomes barrierless in the
quintet-ferro state, almost barrierless in the quintet-antiferro state. Then, according to the free energy
profiles, and considering the relative energies of the reactant states discussed above, the most
favourable redox mechanism of the Kemp eliminase reaction catalyzed by the promiscuous OxdA
enzyme would take place through the quintet-antiferro state. The overall activation free energy of 13.6
kcal-mol?, dictated by the first step, is in good agreement with the activation energy that can be
deduced from the experimentally measured rate constants by Asano and co-workers at 23 °C, of 16.0
kcal-mol™.2L For this first step, the TS free energies of the singlet state relative to the singlet reactants
state is 27.7 kcal-mol?, while those for the quintet-ferro and quintet-antiferro state are 35.3 and 13.6
kcal-mol?, respectively. The results suggest that the minimum energy path corresponds to the redox-
process in the quintet-antiferro state. Considering that the most stable reactant state is in the singlet
state, an intersystem crossing must occur between reactants and the first transition state, TS1. From
this point on, the reaction takes place without an electronic spin change. Otherwise, the quintet-
antiferro reactants state can also present certain population at room temperature, since the free energy
of this electronic state is just 2.8 kcal-mol™* above the singlet reactant state. This would imply no spin
transition along the full process. As can be deduced from the inter-atomic distances of the involved
states listed in Table 1, the first step involves the shortening of the distance between the substrate and
the heme group in order to favour the electron transfer (see distance Fe-Neo in Table 1). This approach
is concomitant with the lengthening of the breaking bond of the substrate, Neo-Os7. In the second step,
the proton from Ces atom of the substrate is transferred to His320. The negative charge developed in
the phenolate oxygen atom, Osz, is partially stabilized by a hydrogen bond interaction with Ser219 (see
Os7-Hs distance in Table 1). Finally, the substrate departs from the heme group, being the final distance
between Fe and Neo above 3 A in the three electronic states.

In an attempt to explore the phenolic oxygen as an alternative base, instead of the His320, the
intramolecular proton transfer between the atoms Ces and Os;, starting from the most stable
intermediate compound, was explored. The potential energy surface obtained for the quintet-antiferro
state shows an exothermic process with an potential energy barrier of 8.3 kcal-mol’ from the
intermediate (see Figure S2 of the Supporting Information). This result demonstrates that the almost
barrierless intermolecular His320 mediated mechanism is the kinetically favoured process for the

proton abstraction (see Figure 4).
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The analysis of the spin density on the key atoms, Neo and Fe, reveals similar behaviour for all spin
states in the redox mechanism (see Table 2). The electron density on the Fe is decreased by almost one
electron from reactants to the intermediate, while it is increased by almost the same amount in the Neo
atom. Part of the spin density is also found on Os; and Ceg atoms. The values obtained from the
intermediates and products confirms that the electron is transferred back to the Fe in the second step.
The participation of the substituents of the Fe, the porphyrin and the axial His229, in the electron
transfer process is minor.

A deeper insight into the electronic orbital evolution along the reaction path based on the second order
perturbation theory analysis (see Supporting Information, Table S4), shows that during the first step
of this redox mechanism, there is a significant donation from the Fe atom to the Neo-Os7 antibonding
orbital and also, to a minor extent, from the occupied Ngo-Os7 bonding orbital to a vacant orbital of the
Fe atom. In this second step, a significant delocalization between the Ngo lone pair and the antibonding
Ces-H72 orbital is detected, thus contributing to the proton abstraction. We also observed delocalization
between the occupied Csg-H72 bonding orbital and a vacant lone pair of the Ngo atom and from a lone
pair of Neo atom to a vacant orbital of the Fe atom. This suggests that, after proton abstraction, an

electron is transferred back from Ces-H72 to Neo, and from Neo to the Fe atom of the heme group.

< redox | RC e

Figure 4. B3LYP(Def2-TZVP)/MM free energy profiles (in kcal-mol?) for the redox Kemp

elimination catalysed by the promiscuous OxdA enzyme by means of two different mechanisms

starting from the same reactant complex (RC): acid/base (from RC to the right) and redox (from RC
to the left). Red line represents the reaction in the singlet electronic state, the green line is the reaction
in the quintet state with ferromagnetic coupling between the Fe and Neo atoms, while the quintet state

with an antiferromagnetic coupling is shown with the blue line.
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Table 1. Relative free energies obtained with the Def2-TZVP basis set, AG (in kcal-mol™), and key
interatomic distances (in A), for the different states appearing along the reaction in the singlet and
quintet states for the two located mechanisms: redox and acid/base.

redox acid/base

state RC TS1 IC TS2 TS PC

AG singlet 0.0 27.7 23.8 28.4 24.8 -17.5
quintet-F 2.8 35.3 18.2 17.7 22.7 -29.5

quintet-A 2.8 13.6 8.8 9.3 22.7 -29.5

Fe—Nso singlet 2.81 1.91 1.91 1.91 2.96 3.01
quintet-F 3.16 2.35 2.27 2.12 3.34 3.47

quintet-A 3.16 2.06 2.06 2.12 3.34 3.47

Os7—Neo singlet 1.50 2.24 2.27 2.62 1.75 3.43
quintet-F 1.49 2.21 2.50 2.53 1.70 3.69

quintet-A 1.49 2.29 2.27 2.52 1.70 3.69

Neo—Ces singlet 1.33 1.31 1.31 1.26 1.29 1.19
quintet-F 1.33 1.30 1.31 1.26 1.30 1.18

quintet-A 1.33 1.31 1.31 1.26 1.30 1.18

Ces—Hr2 singlet 1.10 1.11 1.11 1.38 1.40 2.45
quintet-F 1.10 1.11 1.11 1.32 1.54 2.59

quintet-A 1.10 1.11 1.12 1.32 1.54 2.59

N2o—H72 singlet 2.00 2.29 2.29 1.44 1.30 1.02
quintet-F 2.02 2.09 2.14 1.49 1.24 1.03

quintet-A 2.02 2.17 2.17 1.50 1.24 1.03

Os7—Hs singlet 2.19 2.38 2.38 1.60 1.84 1.67
quintet-F 3.59 2.47 2.65 1.58 3.53 1.64

quintet-A 3.59 2.41 2.45 1.66 3.53 1.64

Neo—Hs singlet 1.87 2.02 2.01 2.58 2.28 2.98
quintet-F 3.46 1.90 1.91 2.52 3.65 3.37

quintet-A 3.46 1.95 1.91 2.52 3.65 3.37
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Table 2. Spin densities obtained with the Def2-TZVP basis set (in a.u.) for the different states
appearing along the reaction in the singlet, triplet and quintet state for the two located mechanisms:

redox and acid/base

redox acid/base
state RC TS1 IC TS2 TS PC
Os7 singlet 0.00 -0.20 -0.07 | -0.03 0.00 0.00
quintet-F 0.00 0.17 0.07 | 0.09 0.00 0.00
quintet-A 0.00 -0.18 -0.06 | -0.04 0.00 0.00
Neo singlet 0.00 -0.47 -0.70 | -0.40 0.00 0.00
quintet-F -0.01 0.75 0.86 | 0.79 0.00 0.00
quintet-A -0.01 | -0.51 -0.64 | -0.43 0.00 0.00
Ces singlet 0.00 0.03 0.05 | -0.02 0.00 0.00
quintet-F 0.01 -0.04 -0.03 | 0.02 0.00 0.00
quintet-A 0.01 0.08 0.09 | 0.05 0.00 0.00
Hz singlet 0.00 -0.03 -0.05 | -0.04 0.00 0.00
quintet-F 0.00 0.05 0.06 | 0.07 0.00 0.00
quintet-A 0.00 -0.04 -0.05 | -0.05 0.00 0.00
Fe singlet 0.00 0.77 092 | 0.68 0.00 0.00
quintet-F 3.82 3.01 295 | 2.86 3.83 3.77
quintet-A 3.82 4.19 422 | 4.14 0.00 0.00
Porphyr. singlet 0.00 -0.06 -0.07 | -0.07 0.00 0.00
quintet-F 0.11 -0.06 -0.04 | -0.10 0.11 0.17
quintet-A 0.11 0.39 0.40 | 0.07 0.00 0.00
His229 singlet 0.00 -0.01 -0.02 | -0.05 0.00 0.00
quintet-F 0.00 0.01 0.02 | 0.06 0.00 0.00
quintet-A 0.00 -0.01 -0.03 | -0.04 0.00 0.00

3.2.2. Acid/base Mechanism. The presence of a properly located base in the active site of OxdA, a
histidine residue (His320), suggests that the traditional acid/base mechanism could be also feasible in
this enzyme. This is first confirmed by the analysis of the relative orientation of the substrate in the
active site after equilibration of the reactant complex structures (see Figure 3 and Table 1), that shows
how His320 is at hydrogen bond distance of the Ces-H72 bond. Our simulations indicate that the
interaction between the substrate and the heme group contributes to facilitate the pose of the former in
the active site along the full process. The exploration of this mechanism shows how the reaction can
take place in the active site of OxdA through a single step acid/base mechanism, regardless of the
electronic state. This mechanism is similar to the one previously characterized by other de novo Kemp

eliminases such as HG-3 or HG-3.17,1%! where the base of the active site abstracting the proton was
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an aspartate residue. As shown in the right side of Figure 4, and in Table 1, the free energy barriers of
the acid/base mechanism measured from their corresponding reactants states were 24.8 and 22.7
kcal-mol™? for the singlet and quintet states, respectively.

As deduced from Table 2 for this acid/base mechanism, the spin density on the Fe atom reveals to be
invariant along the reaction in the three electronic states, in accordance with the absence of an inter-
molecular electron transfer between the heme group and the substrate. Second order perturbation
theory analysis (see Supporting Information) shows that, in this mechanism, electron transfer to the
Neo-Os7 antibonding orbital comes essentially from the Ceg-H72 bonding orbital, being thus promoted
by the concomitant proton transfer.

4. Discussion

The analysis of the results shows that OxdA offers two alternative mechanistic routes for the Kemp
elimination reaction: redox and acid/base. As shown in Figure 4 and Table 1, the lowest free energy
reactant state corresponds to the singlet electronic configuration. From this point on, the reaction
catalysed by OxdA preferentially takes place using a step-wise redox mechanism through a quintet
electronic state with an antiferromagnetic coupling between Fe and Ngo atoms. The kinetics of the
process is determined by the first step, with a free energy barrier of 13.6 kcal-mol* with respect to the
most stable reactants. The most favourable reaction path through the alternative acid/base mechanism
would also take place in the quintet state, but with a significantly higher free energy barrier; 22.7
kcal-mol?. Thus, only the redox mechanism offers a significant improvement of the kinetics by
comparison to the uncatalyzed reaction in solution, that presents an experimentally derived free energy
barrier of 23.4 kcal-mol™.°

The preference for the quintet state has been assessed based on free energy calculations that provide
more robust conclusions about the relative ordering of the spin states than single structure potential
energy calculations. An electronic density analysis of the averaged structures of the reactants states
shows that the singlet state shows the highest value of the dative bond between the Neo atom of the
substrate and the Fe atom of the heme group. The Wiberg index of Fe-Nso bond takes values of 0.26
and 0.06 at the reactants state of the singlet and quintet configurations, respectively. The formation of
this partial bond is reflected in a smaller interatomic distance between Fe and Neo atom in the singlet
state, as shown in Figure 3. This dative bond is also reflected in the charge of the Fe atom, that takes
values of 0.23 and 0.90 a.u. in the singlet and quintet configurations, respectively. The second order
perturbation analysis (see Table S4 of the Supporting Information) of the interaction between a vacant
orbital of the Fe atom and the lone pair orbital of the Neo atom confirms a significant larger coupling

between these orbitals in the singlet state. This picture confirms how the enzyme, and in particular the
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heme group, interacts and stabilizes further the reactants state when the substrate is in the singlet
electronic configuration, in agreement with the relative free energies of the reactants derived from our
statistical simulations.

As discussed in the previous section, the Kemp eliminase reaction requires an electron transfer to the
Neo-Os7 antibonding orbital in order to cleave it. This transfer can be intermolecular, i.e. redox
mechanism, or intramolecular, i.e. acid/base mechanism. In principle, the intramolecular electron
transfer must be considered as more effective than the intermolecular process, although the former
requires that the proton abstraction (H72) precedes the electron transfer, in order to form a transient
carbanion species from which the electron can be transferred. Instead, in the redox mechanism the
proton abstraction takes place after the electron transfer. In both cases the proton abstraction requires
of the presence of an adequate external base and of the electrostatic stabilization of the negative charge
that is finally developed on the oxygen leaving group (Os7).2%* OxdA offers these two requirements.
First the presence of a well-positioned base in the active site, His320 and, second, a positive
electrostatic potential generated by the full enzyme on Os;; 173 + 27 and 144 + 18 kJ-mol*-e?
computed in the reactants state of the singlet and quintet electronic configurations. Interestingly, the
stabilization that can be deduced from these positive electrostatic potentials on the negative charge
developed on the oxygen leaving group correlate with the computed relative energies of the reactants
states.

The characteristics of the OxdA enzyme are comparable to those found in other Kemp eliminases, such
as the HG3.17 de novo design. In this enzyme the base in the active site is an aspartate, and a favourable
positive electrostatic potential on the oxygen leaving group was generated by the full enzyme and
water molecules present in the active site.!!! The active site water molecules in HG3.17 have roles
with opposite effects; they contribute to the favourable electrostatic potential on the leaving group of
the substrate but, on the other side, they also solvate the aspartate of the active site, thus diminishing
its base character.® In OxdA, the base is a histidine residue, an intrinsically weaker base than aspartate,
but the absence of water molecules in the surroundings of His320 could explain the ability of this
enzyme to virtually transform the second step of the redox mechanism (the proton abstraction) into a
barrierless process. Other heme dependent Kemp eliminases do not present a base correctly placed in
the active site to abstract the hydrogen from the substrate. This impedes the proton abstraction and the
subsequent intramolecular electron transfer and, thus, the only available reaction mechanism is the
redox one where the electron transfer to the Neo-Os7 antibonding orbital takes place from the heme

group in a first step, and then an intramolecular proton transfer takes place in the substrate.
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5. Conclusions

We herein present a theoretical study of the Kemp eliminase reaction catalysed by a promiscuous
aldoxime dehydratase, OxdA. The reaction basically consists in the substrate proton abstraction by a
base and the breaking of the Neo-Os7 bond to form a nitrile group. First, we demonstrate that the lowest
energy electronic state of the benzisoxazole-heme reactant complex placed in the active sit of OxdA
corresponds to a singlet state, being the quintet state 2.8 kcal-mol™ higher in free energy. The triplet
state is located 14.3 kcal-mol? above the singlet one and, consequently, this electronic state was not
considered in the study of the full reaction mechanism. It is important to stress that the evaluation of
the relative stability among the three different spin states of the reactants were not obtained by
evaluation of the potential energy differences of three single structures, a procedure that can be highly
dependent on the nature of the localized minima. Instead, we employed average free energies as
obtained from linear response approximation (LRA) methods. The origin of the singlet state
stabilization appears to be related with the presence of a dative bond between the Ngo atom of the
substrate and the Fe atom of the Heme group. The full protein is thus stabilizing reactive conformations
of the substrate in this electronic configuration as proved by analysis of electron densities and
geometries.

The presence of a Heme group in the active site of the OxdA promiscuous enzyme opens the possibility
of exploring a redox mechanism, similar to the one proposed in other reactions catalysed by heme-
dependent enzymes. In the present study, our results indicate that the reaction catalysed by the heme
containing OxdA takes place through a two-step redox process. In the first step, the heme group is the
fragment that donates an electron to the antibonding orbital between the Ngo and the Os7 atom, thus
facilitating the breaking of this bond. In the second step an electron transfer takes place from the Neo
lone pair to the antibonding of the Ces-H72, thus contributing to the proton transfer to the His320
residue, concomitant with an electron transfer back to the heme group. It is important to point out that
the redox mechanism obtained in the present study does not require a rotation of the substrate after the
Neo-Os7 bond breaking that, according to our simulations, required a significantly higher activation
energy. Indeed, a previous study on the Kemp elimination reaction catalysed by the P450-BM3 enzyme
showed that, since no base was present in the active site to abstract the proton, an intramolecular proton
transfer takes place and, consequently, a rotation of the substrate was necessary to properly align the
donor and acceptor atoms.'® The geometrical analysis of the active site of this aldoxime dehydratase
shows that the presence of His320 in the active site and the proper orientation of its imidazole group
responsible of the proton transfer in the second step avoids the high energy conformational
reorganization detected in the P450-BM3.
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On the other side, the presence of a good base in the active site, His320, and the proper pose of the
substrate assisted by the heme group, makes available an acid/base mechanism. This mechanism,
would require the subtraction of a proton by a base prior to the intramolecular electron transfer that
provokes the breaking of the Ngo-Os7 bond. The presence of Ser219, acting as an oxyanion hole,
together with the full positive electrostatic potential generated by the protein on this key atom,
contributes to stabilize the accumulation of negative charge in the oxygen leaving group creating the
adequate electrostatic environment. Our previous computational studies'®!* demonstrated that this
effect appears to be crucial to optimize the catalytic power of de novo Kemp eliminases designed by
Hilvert and co-workers.® Obviously, the precise values of the energetics can be tuned if different
substrate, with different capabilities to assist the stabilization of the leaving group by charge
delocalization were employed.

OxdA promiscuous enzyme, having both a Heme group and a base in the active site, allows exploring
whether the preferred mechanism employed by Heme containing enzymes is always a redox
mechanism or the alternative acid/base mechanism can be kinetically favoured. Comparison of the
results derived from the exploration of both mechanism in OxdA shows how the former renders the
most favourable reaction path in a quintet electronic state with a ferromagnetic coupling between the
Fe of the Heme group and N atom of the substrate. The obtained activation free energy was 13.6
kcal-mol™?, a value that is very close to the value previously computed for the HG3.17 de novo enzyme
(13.8 kcal-mol™?), and it is in agreement with the activation energy that can be deduced from the
experimentally measured rate constants by Asano and co-workers at 23 °C, 16.0 kcal-mol™.2! Thus,
the results obtained in the present study on OxdA suggest that the enzyme catalyses the reaction
through a redox mechanism, despite having a good base properly placed in the active site that could
open the possibility of an alternative acid/base mechanism. Anyway, further studies on other Heme

containing enzymes must be explored in the future to confirm whether this is a universal conclusion.

Supporting Information

QM/MM optimized structures of the stationary states located along the two reaction mechanisms at
the singlet, triplet and quintet electronic states with the Lanl2DZ basis set. QM/MM free energy
profiles computed at B3LYP(Lanl2DZ)/MM. Computational details: LRA terms for the reactant states.
Time evolution of the QM potential energy of the RC at the singlet, triplet and quintet along the
QM/MM MD simulations. NBO analysis of computed on the optimized structures of the stationary
states at the three electronic state. Intramolecular proton transfer potential energy surface. This

information is available free of charge on the ACS Publications website.
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