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Abstract: An enzyme which is capable of catalyzing C-H amination reactions, is considered to be
a dream tool for chemists due to its pharmaceutical potential and greener approach. Recently, the
Arnold group achieved this feat using an engineered CYP411 enzyme, which further undergoes a
random directed evolution which increases its efficiency and selectivity. The present study
provides the mechanistic insight and the root cause of the success of these mutations to enhance
the reactivity and selectivity of the mutant enzyme. This is achieved by means of comprehensive
MD simulations and hybrid QM/MM calculations. The study shows that the efficient C-H
amination by the so-engineered CYP411 is a combined outcome of electronic and steric effects.
The mutation of axial cysteine ligand to serine relays electron density to the Fe ion in the heme,
and thereby enhances the bonding capability of the heme-iron to the nitrogen atom of the tosyl
azide. By comparison, the native cysteine-ligated P450, cannot bind the tosyl azide. On top, the
AT78V and A82L mutations in P411 provide ‘bulk’ to the active site which thereby increases the
enantioselectivity via steric effect. At the same time, the QM/MM calculations elucidate the C-H
amination by the iron nitrenoid, revealing a mechanism analogous to Compound I in the native-
C-H hydroxylation by P450.



1. Introduction
Enzymes are efficient nanomachines which have usually evolved for some specific functions.

Therefore, tweaking enzymes for functional versatility, and harnessing their catalytic efficiency
for commercial applications, has become a holy grail for bioengineers. Due to the versatility in
functions and the capability of activating the C-H bond which is a commercially important process,
Cytochrome P450 (CYP450) provides an ideal scaffold for bioengineering through directed
evolution.™** The native CYP450 uses molecular oxygen and attaches one oxygen to the substrate
while the second oxygen is reduced as a water molecule.!® An axial thiolate ligand (Cysteine)
that controls the electron density via the push-pull effect is the hallmark residue of all CYP450
enzymes.}*> Among the members of the P450 family, CYP450gwms possesses the widest and most
exposed substrate-access channel, and exhibits as such the highest degree of promiscuity among
CYP450s. As such, CYP450sm3 has been widely used as a scaffold for bioengineering of non-

native reactions such as Carbene- and Nitrene- transfer reactions.®’

Generally, the naturally occurring CYP450s perform C-H activation through
monooxygenation but none of the natural enzymes exhibits in its repertoire C-H bond amination.
Since more than 75% of all drugs involve an N-containing heterocyclic ring, this has started a race
among biochemists to develop an effective biocatalyst for C-N bond formation using inert C-H
bonds.'®1° Such bioengineering was demonstrated by Gellman in 1985 using a porphyrin mimetic,
and then by the Fasan group in 2014 using intra-molecular C-H amination catalyzed by CYP450,
albeit with a low yield.?%8 Ultimately, the Arnold group bioengineered an efficient enzyme, P411,
which is a variant of CYP450swms, by mutating the most conserved axial-ligand cysteine to serine.!
This newly engineered CYP450 variant was sufficiently powerful to accomplish C-H amination

reaction, however, the regioselectivity remained uncontrolled. In a subsequent feat of engineering,



the Arnold group used P411 as a scaffold, and reported the first-ever intermolecular C-H amination
with significant enantioselectivity.!” This required the following three key mutations in the P411

scaffold, in Scheme 1.

(a) (b) 701 >990y,
NHTs 60
Tosyl azide 50
P411 variant —_ 0
> X 4 - .
~ Whole cells  ~_ S Enantioselectivity
° © 2 30
2
—
? 20
Ts = 1le 14%
Il 10
° O
P-4 P-4, A82L

A78V, F263L

Scheme 1: (a) Intermolecular C-H amination reaction scheme catalyzed by engineered whole-cell
P450, (b) Reactivity plot showing the percentage of yield and enantioselectivity for two different
mutated variants of P450. Here P4 is an engineered P411.

The C-H amination reaction in Scheme 1a is supposed to be mediated by an active iron-
nitrenoid oxidant (complex 3 in Scheme 2), in a catalytic cycle shown in Scheme 2 (note that 3 is
a Compound I (Cpd 1) analog). As can be seen, the scheme involves three main catalytic steps that
begin with a single electron reduction of the resting ferric complex, 1. The so-formed reduced
ferrous complex, 2, readily reacts with the nitrene source (tosyl azide) and forms a short-lived
active oxidant ‘iron nitrenoid’, 3, that directly facilitates the C-H activation. The third step may
bifurcate into either an unproductive nitrene reduction or the productive nitrene transfer, which
affects the efficacy of the so engineered enzyme. The root cause of this bifurcation remains an

enigma, which is the focus of this work.
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Scheme 2: A proposed!’ catalytic cycle of P450 variant for intermolecular C-H amination reaction

Thus, this great feat of bioengineering of C-H amination by mutating the axial cysteinate ligand
in CYP450, raises several mechanistic puzzles: 1) How does the so assumed iron-nitrenoid active
species differ from Cpd I, and how does the swapping of the axial thiolate with serine bring about
the unorthodox C-H amination reactions? 2) How do the three-point mutations drastically increase

the reactivity and enantioselectivity of the P411 enzyme (Scheme 1b)?

Guided by the above mechanistic questions, we carried out several MD simulations, Density
Functional Theory (DFT) calculations, and hybrid QM/MM calculations. We have performed a
comprehensive and sequential study starting with the characterization of electronic states of
different catalytic steps in Scheme 2, studied the topology of key protein residues by several MD

simulations, verified the mechanism of C-H amination by hybrid QM/MM calculation, and



revealed the root cause that triggers the unorthodox C-H amination due to serine mutation. We
will see how theoretical calculations coherently explain the elegant choreography of protein matrix

engineered by directed evolution and ultimately leads to an efficient and selective C-H amination.

2. Computational Methods

We used molecular docking to generate enzyme-cofactor complexes, MD simulations for
the conformational sampling of wild type (WT) and mutant complexes, Density Functional Theory
(DFT) calculations for characterization of electronic states, and hybrid QM/MM calculations for
exploring the catalytic mechanism. Each of these steps is discussed in detail in the subsequent

section.

2.1 System Setup

The starting coordinates for the geometry of the CYP450 variant were taken from the
protein data bank of PDB id 5SUCW? and processed with MODELLER?? to add missing non-
terminal residues. Hydrogen atoms in protein were added using the LEAP module of AMBER20
employing the ff14SB force field. Parametrization for the metal coordinated cluster (iron porphyrin
and axial serine) was performed using python based AMBER?20 inbuilt Metal Centre Parameter
Builder tool.?® Since the metal coordination of the engineered P411 enzyme is different from its
parent CYP450sm3 enzyme, we characterized the correct ground state geometry of the ferrous
complex 2. The details of the optimized geometry can be found in the Sl (c.f. Figure S1). Since
the triplet-state is the ground state, charges and other parameters for the subsequent MD
simulations were generated for this state. The ligands tosyl azide and 4-Ethylanisole were docked
in the active site of protein using AutoDock Vina?*, and the best pose was considered for MD
simulations. The forcefield parameters for ligands were produced using a generalized AMBER

force field (GAFF2) in the Antechamber module of AMBER?20. The associated partial atomic



charges were also generated by applying the restraint electrostatic potential (RESP) method?+?° of
QM calculated charges at the HF/6-31G(d) level of theory. Subsequently, the systems were
solvated in an octahedral box of TIP3P?” waters extending up to 10 A from the protein surface.
Based on the overall charge of the prepared solvated system, a corresponding number of Na* ions

were added to neutralize it.

2.2 MD Simulations

After proper system setup, the target complexes were subjected to minimization in two steps to
remove the poor contacts during system setup. In the first step, only water molecules were
minimized while in the second step entire complex was minimized using 5000 steps of steepest
descent and subsequently 5000 of conjugate gradient algorithm. Afterward, the systems were
gently heated from 10 to 300 K using an NVT ensemble for 50 ps. Following that, we normalized
the system under NPT ensemble for 1 ns at a target temperature and pressure of 300 K and 1.0 atm
using the Langevin thermostat?® and Berendsen barostat?® respectively. Along with that, 2 ps of
collision frequency was also applied where the pressure relaxation time was 1 ps. Systems were
then equilibrated for the next ~3 ns at the same conditions. The equilibrated systems underwent a
further productive MD run of at least 100 ns (depending on the system) using a multi-trajectory
approach in which we restarted the simulation after completion of each 50 ns of simulation at a
random velocity. The algorithms SHAKE®® and particle mesh Ewald (PME)3! were used to
constrain the hydrogen bonds and treat the long-range electrostatic forces, respectively. All MD

simulations were carried out in the GPU version of the AMBER20 package®.

2.3 QM/MM Calculations
For the mechanistic study, we used QM/MM calculations employing Chemshell*32** that combines

Turbomole, for the QM region, and DL_POL Y ¢ using the AMBER force field, for the MM part.



All QM/MM calculations were performed on the representative snapshots taken from the MD
simulation of complexes 2 and 3 (cf. Scheme 2). In all cases, a truncated heme-porphyrin ring, and
the proximal serine (HO-C2Hs) residue were kept in the QM zone along with the reactive ligand
of the respective complexes. The representative snapshots were based on the closest available

distance of interest of the most populated MD trajectories.

The QM optimizations were performed using the UB3LYP/def2-SVP level of theory®’!
followed by a single point energy calculation using UB3LYP/def2-TZVP as a higher level of
theory. The basis set and QM theory were employed here based on similar previous studies in P450
chemistry.*2** The energetics were further improved using ZPE (zero-point energy) corrections
followed by frequency calculations of optimized reactants (RC), transition state (TS), and product
(PC) geometries at the UB3LYP/def2-SVP level of theory. Grimme dispersion (G-D3)* was used
to add dispersion correction in energetics. The part of protein and water molecules residing up to
8 A from the QM zone were considered as active atoms and their electrostatic, as well as van der
Waal effects, were accounted for by QM calculations. Moreover, an electronic embedding
scheme*® was employed to account for the polarizing effect of the enzyme environment on the QM
region. While treating the QM/MM boundary, we used hydrogen link atoms with the charge-shift

model 3334

2.4 QM only DFT Calculations

The QM-only DFT calculations were performed in Gaussian 09 software*’ using UB3LYP/B1
level of theory where B1 is defined as LANL2DZ basis set for Fe atom**° and 6-31G(d) for all
other atoms.®>*? The optimized energies were further refined by calculating single-point energy
using an all-electron basis set def2-TZVP coupled to UB3LYP. All reported energies are zero-

point energy (ZPE) and Grimme dispersion (G-D3) corrected where ZPE values were obtained



from frequency calculation. We optimized the geometry in the gas phase to determine the lowest
energy ground state multiplicity followed by a further re-optimization of energetically lowest
geometry in chlorobenzene solvent using the SMD solvent model.>® We chose the chlorobenzene
solvent to mimic the non-polar nature of the enzyme environment based on the previous
studies.>** The natural- and spin natural -orbital calculations were carried out to identify the

presence of singly occupied molecular orbitals and the nature of the electron spin.
3. Results and Discussions

We start our study by decoding the enhanced C-H amination activity and regiospecificity due to

several site mutations as depicted in Scheme 1b.
3.1. Decoding enhanced activity due to site-directed mutations in the P411 enzyme

As mentioned, the site-directed mutations (c.f. Scheme 1b) of engineered P411 enzyme
enhances the catalytic turnover of C-H amination by several folds and also provides an
enantioselective product.t” However the rationale for the increased activity and selectivity is not
apparent and requires elucidation. As such, we intend to show here how theory complements the
directed-evolution experiment by providing the underlying mechanistic principles which drive
these effects. For simplicity, we named the P-4 variant as variant 1 while P-4 with additional
mutations of A82L, A78V, and F263L as variant 2. Note that variant 1 is less reactive and less

enantioselective vis-a-vis variant 2.

The simulation of variant 1 reveals two conformations; (a) initial and less populated
(~20%) conformations which we refer to as the minor basin, and is shown by green coloring in
Figure 1a; and (b) the highly populated conformations (80%) which is the major basin, shown by

orange in Figure 1a. In the minor basin, the substrate is close to the iron nitrenoid (~3.5 A), and at



the same time, an active site residue F263 is located perpendicular to the substrate. The
perpendicular orientation of F263 (green in Figure 1a) applies a restraint on the substrate and limits
its flexibility. On the other hand, as shown by the orange color in Figure 1a, in the major basin the
substrate moves away from the active oxidant (7-10 A), and subsequently, the F263 residue flips
to a parallel position vis-a-vis the substrate. This reorientation of the F263 frees the substrate from
any restraint and, in turn, the substrate acquires flexibility. This might be the root cause for the low
activity and less specificity of the substrate in variant 1. It is apparent, therefore, that the MD
simulation concisely explains the low activity and specificity for variant 1. In summary, the
Phenylalanine residue (F263) acts as a ringmaster which controls the substrate movement inside

the active site by changing its conformation from perpendicular to parallel orientation.

(a) A78 (b)

Major

|l o | 1 1 1 | | |

1
Green = Initial 0 20 40 60 80 100 120 140 160 180 200
Orange = Final Simulation time (ns)

Figure 1: (a) Superimposed diagram showing two different conformations of variant 1 obtained
at two different time scales of the simulation, (b) A plot of the distance over time, between the
benzylic carbon of the substrate and the nitrogen of nitrenoid.

As stated earlier, the mutations of A82L, A78V, and F263L in variant 2 significantly
enhance the C-H amination activity and enantioselectivity (>99%) relative to variant 1. Therefore,

we performed MD simulations for this variant to uncover the roots for this change in activity.



Interestingly, during the MD simulations of variant 2, the substrate stays close to the oxidant

(~4A) for more than 90% of the entire 300 ns simulations and remains quite stable (See Figure 2).

As seen in variant 1, the substrate was captivated by F263 (Phe 263) via a strong n-nt
interaction, and therefore a mutation of Phe to Leu in variant 2 removes the n-n interaction and
allows the substrate to change its orientation. At the same instant, the substrate finds a new n-n
interaction with the aromatic ring of tosyl moiety of iron nitrenoid. Due to the new - interaction,
the substrate snuggles close to the tosyl moiety of the oxidant for the entire simulation. Therefore,

the F263L mutation exerts a binding advantage that contributes to the enhanced activity.
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Figure 2: (a) A representative MD snapshot of variant 2 showing the probable interaction between
mutated residues and substrate in the reactive position. The different bubbles represent the
hydrophobic space occupies by the respective moiety and their interaction. (b) Distance between
substrate and nitrogen of nitrenoid for the entire time of the simulation.

How do the mutations of A78V and A82L augment the enantioselectivity of the reaction?
Being non-polar residues, valine (V) and leucine (L) does not change the electrostatic and polar
environment of the active site, and at the same time, these mutations increase the rigidity of the

active site due to elongated side chains vis-a-vis Alanine (A). This extra “filling” of the active site
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is necessary for enantioselectivity. Thus, the smart bioengineering which enhances the C-H

amination is efficiently decoded by the MD simulation.

MD Simulation explains the product enantioselectivity
Can the simulation also predict the observed pro-R selectivity over pro-S? The answer is

yes, and this is shown in Figure 3.

Figure 3a depicts a representative snapshot from the MD simulations and highlights the
pro-R and pro-S hydrogens. Figure 3 shows the evolution of distances of these hydrogens from the
reactive N1 atom of the oxidant. It is therefore apparent that the pro-R hydrogen is significantly
closer to N1 compared with the pro-S hydrogen. We further calculated the Boltzmann population
of the pro-R and pro-S distances over the entire 300 ns as shown in Figure 3b. Using Figure 3b, it
is quite clear that the pro-R(H) is populated close to the region of 3 A for most of the simulation
time while pro-S(H) stays at 5-6 A distance from N1. This prediction of enantioselectivity of pro-
R(H) is in good agreement with the experimental observation of Arnold et. al.}” and hence showing

that our MD simulations are sufficiently accurate to mimic the experimental enantioselectivity.
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Figure 3: (a) A representative MD snapshot displaying the pro-R and pro-S hydrogens of the
substrate. (b) The Boltzmann population of the pro-R and pro-S distances over the entire 300 ns
simulation (c) Distance plots between these hydrogens and N1 of nitrenoid.

3.2 QM/MM mechanistic investigation of intermolecular C-H amination reaction

As can be seen, the engineered P411 is entirely different from its parent P450 due to its
novel serine-ligated heme-porphyrin structure, therefore, the electronic features which dictate the
catalytic mechanism of P411 should be established by means of quantum mechanical calculations.
We, therefore, performed a comprehensive mechanistic study of C-H amination using hybrid

QM/MM calculations.
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Scheme 3 shows a putative mechanism of this reaction. Initially, the nitrogen atom (N1)
abstracts the benzylic Cs3-H atom and forms a reactive intermediate and a radical substrate.

Subsequently, these two newly formed species mutually couple to generate the C-H aminated

product and a ferrous complex of P411.
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Scheme 3. The plausible mechanism of C-H amination.

To validate this mechanism, we started our QM/MM calculations by optimizing a
representative MD snapshot from the simulation of variant 2. The snapshot was chosen based on
the closest distance between the benzylic pro-R(H) of substrate and N1 of nitrenoid. An energy
scanning was carried out for abstracting the pro-R(H) and leading to the formation of a highly
reactive intermediate complex as well as a radical substrate. Subsequent energy scanning resulted
in product formation via rebound mechanism as found in native P450 enzymes. The energy profile

diagram and the key geometries are organized in Figure 4.

In the first step, the reactive intermediate complex (IM) is formed by abstracting the
hydrogen at the cost of a moderate energy barrier of 17.7 kcal/mol, which is lowered to 12.3
kcal/mol using the more extensive basis set. This less exothermic step is rate-determining.
Subsequently, IM proceeds through the radical rebound mechanism that possesses a tiny energy

barrier of 2.5 kcal/mol and forms the C-H aminated product.
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Figure 4: (a) A complete reaction profile for the intermolecular C-H amination. Energies (in
kcal/mol) are relative to the reaction complex (RC). Values in parenthesis are single-point energies
in the better basis set. All energies are corrected for zero-point energy (ZPE) and G-D3 dispersion.
(b) Spin densities in RC, the reaction intermediate (IM), and the product cluster (PC). (c)
Optimized geometries for RC, IM, and PC (from left to right); respective bond lengths are in A
unit. The optimized geometry of TS1 can be found in the SI.

As can be seen, the QM/MM calculations show that the mechanism of the C-H amination
reaction by engineered P411 is essentially similar to the C-H oxidation mechanism by the native
P450 enzyme. However, whether it is completely identical to the native P450 enzyme including
the involvement of porphyrin radical cation and compound 11 type intermediate, is not clear from
the energy profile. Therefore, we calculated the spin density of the species RC, IM, and PC in
Figure 4b and detailed electronic structures of RC. The calculations reveal in Figure 5 two unpaired

electrons at the antibonding © orbitals of Fe-N bond in RC which is also supported by the Spin
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Natural orbital calculations shown in Figure 5. This electronic structure of RC (iron nitrenoid)

resembles compound | except for a radical cation at the porphyrin.*®
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Figure 5. The electronic-structure details of RC and the ensuing changes in orbital occupation
during the amination reaction. The singly occupied orbitals on the righthand-side are the ©* spin

natural orbitals (SNOs) of the active oxidant (Iron Nitrenoid).

Using the spin densities as shown in Figure 4b we further depicted the occupation of the key
orbitals throughout the reaction pathway shown in Figure 5. In the H-abstraction step an electron,
initially in a ocy orbital of substrate, shifts to the unoccupied high energy o”72 orbital of the active
oxidant and produces the intermediate IM. In this species, there are three identical-spin electrons
(due to orbital delocalization only 2.8 according to population analysis), while one down-spin
electron is localized at the benzylic C-atom of the substrate, with a small extent of delocalization

to the phenyl ring (hence, population analysis shows -0.993). In the rebound step, the substrate
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formally donates its electron to the Fe atom resulting in the formation of the product molecule and

the ferrous heme-porphyrin complex.

As such, the active species of P411 is an analog of the hydroxo-iron(1V) Cpd Il intermediate
in native P450s, having two singly occupied ©* orbitals, which here acts as an H-abstractor. Thus,
QM/MM mechanistic studies provide us the strong energetic and electronic evidence in favor of
our proposed pathway and reveal a native P450-like mechanism despite the absence of a Cpd I-

like species.

3.3. Formation of active oxidant-lron Nitrenoid in P411

While we achieved an understanding of the C-H amination reaction by the bioengineered P411,
this creates an additional mechanistic puzzle: Why is the native cysteine ligand unable to promote
the C-H amination? This obviously requires us to understand the role of the mutation of the most
conserved cysteine residue to serine. To this end, we performed several MD simulations and

QM/MM calculations which are discussed below.

We believe that the key to solving the above mechanistic puzzle might be associated with the
ease of formation of the iron-nitrenoid active oxidant. We therefore proceeded to compare the

mechanisms of formations of the serine-ligated vs. cysteine-ligated iron-nitrenoid P411 species.

Figure 6 shows the two conformations of the distal tosyl azide (TAZ) of P411; before and after
MD simulations. As can be seen from Figure 6a, the TAZ is initially far from the heme iron (the
respective distance between N1 and Fe is 4.6 A). However, during the simulation, the distance
reduces to 2.53A (See Figure 6b) for 30% of the sampled MD trajectory. A closer inspection of
the MD trajectory also shows that the proximity of the distal ligand with heme-iron is strongly

correlated with the juxtapositions of L263 and V328 (See Figure S2 for graphs showing the
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correlation with distance). It is apparent that these residues provide a tight packing to the distal
ligand, and therefore, the relative position of these residues directly affects the orientation of the

ligand.

Y :9\{3’78 b 1263
L263pg, , | .

Figure 6. The precursor enzyme with a serine axial ligand (S400): (a) Geometry of the docked
Tosyl azide (TAZ), and the identified active site residues based on reference 5b. (b) A
representative MD snapshot showing the most probable interaction of the TAZ ligand with
different residues of enzyme.

For the mechanism of formation of the active oxidant, iron nitrenoid, we followed with
QM/MM calculations for a representative snapshot from MD simulations. We started the
calculations with the optimization of the reactant followed by potential energy scanning to trace
the reaction coordinate for the formation of the iron nitrenoid. The energy profile for the reaction
is shown in Figure 7. As can be seen, the activation barrier for the formation of active oxidant i.e.,
iron nitrenoid, is just 2.6 kcal/mol. Moreover, this process takes place in a concerted displacement
reaction; the Fe—N21 bond is formed and at the same time the N1—N2 bond is broken leaving

behind the active oxidant iron nitrenoid and molecular nitrogen.
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Figure 7: (a) A schematic mechanism for the formation of iron nitrenoid complex, and the
corresponding reaction profile calculated by hybrid QM/MM calculations at B3LYP-D3/def2-SVP
level of theory. Reported energies are ZPE corrected from the subsequent frequency calculation at
the same level of theory. Energies are in kcal/mol and relative to the reactant complex (RC), (b)
The optimized geometries of the RC, TS, and IM species during the reaction mechanism;
respective bond distances are in A unit.

As such, our QM/MM calculations show that the rate of formation of the iron nitrenoid active
oxidant is by far faster than that of the analogous process which generates Cpd | for the native
CYP450sm3 enzyme where cysteine is the axial ligand.* The corresponding barrier for this Cpd |
formation process is 15.7 kcal/mol.** Hence, our theoretical mechanistic investigation shows that
the engineered enzyme produces the iron nitrenoid more efficiently than its functional analog Cpd

| in the native P450 enzyme.
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But why does the native enzyme with the cysteine ligand fails to create the iron nitrenoid oxidant?
To answer this question, we mutated the proximal serine to cysteine in the engineered P411 and
performed 200 ns of MD simulation. Interestingly, now, the tosyl azide ligand never approaches
the heme-porphyrin during the entire 200 ns of simulation of cysteine ligated P411 complex. As
can be seen in Figure 8, the average distance between Fe and N1 is ~7 A and the lowest possible
distance is 4.7 A. In fact, the QM/MM optimization (see Figure S3) also reveals that the ligand

moves away from its original position by a large distance much the same as the MD results.
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Figure 8: A representative MD snapshot indicating one of the shortest distances between N1 of
tosyl azide (TAZ) and the Fe ion of the heme-porphyrin and the variation of this distance during
the simulation.

To pinpoint the trigger of this change in the distance of Fe'---TAZ when serine is replaced
by cysteine, we plotted in Figure 9 the molecular orbitals which are responsible for the Fe'-N1
bonds between the ferrous ion and TAZ. Thus, the serine-ligated complex exhibits a bond-making
orbital which is well-located on the Fe'' ion (see Figure 9; the weight contribution of Fe to the d,?
MO is 0.63). In contrast, the cysteine-ligated ferrous complex has a quintet ground spin state (cf.

Figure S3), and its Fe''-N1 bond making orbital has a small weight contribution of Fe'' (0.15) in
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the respective MO. It is apparent therefore that the corresponding iron ion, in the cysteine ligated
heme, will coordinate the TAZ very feebly. On the other hand, the high orbital density for the

serine-ligated iron, creates a stronger binding site for TAZ.

Serine-ligated Cysteine-ligated
Triplet Quintet

Tome=F | | e
Fe (d,2) = 0.63 Fe (d,2) = 0.15
0(p)=0.14 S (p)=0.23

Figure 9: Molecular orbitals which participate in ¢ bond formation of Fe'' with N1 of TAZ. The
orbitals are drawn to the same scale, and the relative sizes on the iron reflect the respective orbital
weight. The orbital on the left-hand side is for the serine-ligated heme, while the orbital for the
cysteine-ligated heme is depicted on the right-hand side. The spins in the respective ground states
are indicated near the orbital drawings. The numbers underneath the MOs are weight contribution
contributions of Fe to the d,> molecular orbital.

In a nutshell, our theoretical investigation beautifully explains the enhanced activity of the C-H

amination in cysteine = serine mutation and complements the experimentally observed results.!’
4. Conclusions:

The present study provides a rationale and logical explanation of the highly successful engineering
that leads the unorthodox C-H amination reaction. Using MD simulations and hybrid QM/MM
calculations we have shown that the enhanced C-H amination activity and its enantioselectivity
are jointly determined by well-defined electronic and steric effects. The mutation of

cysteine->serine of the proximal ligand in the engineered P411 enzyme provides a favorable
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electronic effect that increases the orbital population on Fe atom vis-a-vis native cysteine ligated
P450, and in turn, triggers the C-H amination reactions in P411 enzyme. Similarly, the mutation
of A78V and A82L in variant 2 of P411 enzyme provides a, ‘extra filling’ to the active site which
increases the enantioselectivity and thus have steric effect. Moreover, MD simulations beautifully
explain how a mutation of F263 to L263 can significantly enhance the reactivity by switching its
interacting partner from substrate 4-Ethylanisole to distal ligand. Our study supplemented by
QM/MM calculations provides a valuable insight that engineered enzyme P411 follows a native
P450- like mechanism where iron-nitrenoid acts as active oxidant analogous to Cpd I, but with a

more potent ability to abstract H.

As such, the present study shows that the MD simulations and QM/MM calculations
complement the bioengineering involved in directed evolution, and elucidate the factors which

make this engineering so successful.
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