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Thebaine 6-O-demethylase (T6ODM) is an Fe(II)/2-oxoglutarate-dependent dioxygenase catalysing two oxida-
tive O-demethylation reactions in morphine biosynthesis. Its crystal structure revealed a large active site pocket
which is at least two times larger than necessary to accommodate a substrate (thebaine or oripavine) molecule.
Since so far no crystal structures have been obtained for enzyme-substrate complex, which is necessary to ex-
plain the enzyme regiospecificity towards the C6-bound methoxy group, in this work we used computational
methods and multi-parametric surface plasmon resonance measurements to elucidate the most likely structure
of this complex and the reaction mechanism starting therefrom. Results of simulations and experiments unani-
mously indicate that the enzyme-substrate complex of TEODM has a 1:2 stoichiometry. The key residues respon-
sible for substrate binding are: Val-128, Glu-133, Met-150 and Agr-219 for the substrate in the distal position, and
Asp-144, Leu-235 and Leu-353 for the proximal substrate molecule. QM/MM and DFT calculations show that the
oxo ligand is bound trans to His-295 and the enzyme catalyzes hydroxylation of the C6-bound methoxy group
according to the established rebound mechanism. The final stage of the demethylation reaction, which includes
deformylation and enol-keton tautomerization steps, is most likely catalysed by water molecules and takes place
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1. Introduction

The plant enzymes from the non-heme Fe(Il)/2-oxoglutarate-de-
pendent dioxygenase (ODD) superfamily catalyze diverse reactions in-
cluding desaturation, hydroxylation, and demethylation [1]. TEODM, a
dioxygenase from Papaver somniferum (opium poppy), is a member of
the ODD superfamily. It catalyzes the regiospecific 6-O-demethylation
of morphine precursors thebaine and oripavine in the morphine biosyn-
thesis pathway [2]. A closely related codeine O-demethylase (CODM)
also participates in this process and catalyzes the 3-O-demethylation
of thebaine and codeine (Fig. 1) [3]. These two proteins, both belonging
to ODD family, share 72.8% of amino acid sequence identity.

The X-ray crystal structures of T6ODM with bound succinate (SIN)
(PDB: 507Y) and 2-oxoglutarate (20G) (PDB: 509W) have already
been published [4]. Through structural comparison to other members
of the same family it was noted that both T6EODM and anthocyanidin
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synthase (ANS), which has 32.1% sequence identity with T6ODM, have
similarly spacious active sites (1005 A3 and 769 A3 for TEODM and
ANS, respectively). The crystal structure of ANS revealed that the pro-
tein binds two molecules of dihydroquercetin and a buffer molecule in
the binding pocket [5,6]. Notably, the substrates for TGODM and ANS
are of comparable volume (within the range of 240-290 A3) [4],
which suggests that it would be feasible for TGODM to accommodate
two molecules of the substrate in the binding pocket, as ANS does.

In this study we have determined the number of substrate molecules
binding to the enzyme active site. The 1:1 and 1:2 T60ODM-substrate
complexes were generated through molecular docking. Further, molec-
ular dynamics (MD) simulation of these complexes shows that in the
1:1 complex, the substrate is not inclined to remain close to the metal
cofactor and it diffuses through the binding pocket to a distal binding
site. In contrast, the 1:2 complex, in which one substrate molecule
docked proximally to the metal center and another at the distal site, is
stable during MD simulation. Thus, combined docking and MD simula-
tions studies suggest there is a preference for binding two molecules
of the substrate to the active site. The same conclusion is further sup-
ported by the results of surface plasmon resonance measurements
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Fig. 1. Final stages of morphine biosynthesis. NISO - neopinone isomerase, COR - codeinone reductase [43].

(SPR). Since the detailed mechanism of thebaine and oripavine 6-0-
demethylation by T6ODM is still unknown, we further extended this
study by exploring the reaction mechanism with QM/MM and QM
methods.

2. Materials and methods
2.1. Model set up for docking and MD simulations

The structure of charge-neutral thebaine was downloaded from the
Cambridge Structural Database (TICTUU) [7]. Oripavine was con-
structed on the basis of thebaine by substituting the C3-bound methoxy
group with a hydroxy one. Both ligands were protonated at the tertiary
nitrogen atom as pK, for thebaine and oripavine equals to 8.2 and 8.4,
respectively [8]. The structures of the ligands were optimized at the
B3LYP-D3/6-311G(d,p) level [9,10]. Electrostatic potential (ESP) for
the optimized geometries was calculated at the HF/6-31G* level,
which is consistent with the general AMBER force field (GAFF) [11],
and atomic charges of the molecules were later obtained within the

restrained electrostatic potential (RESP) formalism [12]. The remaining
force field parameters of the ligands were taken from GAFF.

The model of the protein was prepared on the basis of the crystal
structure for TGODM:SIN (PDB: 507Y). Succinate was replaced with
20G after superposition on the PDB structure 1GP5. Oxygen atoms
from ethylene glycol coordinated by metal in the active centre were re-
placed by waters, and the Ni(Il) ion was replaced with Fe(II). Subse-
quent comparison with the T60ODM:20G structure (PDB: 509W)
showed that there were no significant differences in the 20G binding
mode in this model and the actual T6ODM:20G crystal structure,
which was solved afterwards. Hydrogen atoms were added to the pro-
tein and crystallographic waters with the LEaP program from the
AmberTools 14 package [13], which was followed by a visual inspection.
The model was solvated by creating a box of TIP3P water around the
protein [14]. Distance between the wall of the box and the closest
atom of the protein was equal to 10 A. The system was neutralised by
adding 17 Na™ ions. Protein residues, except those directly coordinated
to the Fe(Il) ion, were described with the AMBER ff03 force field [15],
whereas the missing bonded parameters for the metal cofactor were
calculated with the use of a model of the active site optimized at the
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B3LYP/lanl2dz level [16]. The model consists of Fe(1I) ligated by His-238,
His-295, Asp-240 side chains, a water molecule and 20G. Atomic
charges were calculated using RESP based on ESP calculated with Gauss-
ian 09 at the B3LYP/cc-pVTZ/IEFPCM (g = 4,1 = 1.4 A) level [17].

2.2. Protein-ligand docking

Docking of substrates to TEODM was performed with AutoDock 4
[18]. Amber ff03 atomic charges and atomic charges obtained with the
RESP procedure were used for protein and ligand molecules, respec-
tively. The search space was described by a grid with spacing equal to
0.375A and a size of 40 A, 50 A, 45 A in the x-, y-, and z-axis, respectively.
In each search a population of 100 conformations was generated by a
Lamarckian Genetic Algorithm and then analysed by clustering with
cluster cut-off determined by rmsd equal to 1.5 A. The most promising
enzyme-substrate complexes were chosen on the basis of both the low-
est energy and the population of the cluster.

2.3. MD simulations

Systems were prepared for the molecular dynamics simulation in
the following way. First, the solvent molecules were relaxed in a
minimisation, during which all coordinates of the solute atoms were re-
strained with a 500 kcal/mol harmonic potential. The coordinates of the
Fe(II) ion and its first coordination shell were restrained using 500 kcal/
mol harmonic potential through all steps of minimisation as well as
through the MD simulation, to retain its correct geometry. In the follow-
ing minimisation step the restraining potential for the protein was re-
duced to 10 kcal/mol and for the final minimisation step the
restraining potential was removed. After minimisation, the system
was heated from 0 to 300K in 100ps and equilibrated for the next
1 ns. These steps, unless stated otherwise, were followed by MD produc-
tion run at a constant temperature equal to 300 K and a constant pres-
sure equal to 1 atm. The length of the simulations varied from 30 ns
(for screening simulations) to 80 ns (for the final ones). Stable parts of
the trajectory i.e. 50 ns long, were selected for further analysis. Time
step for the simulations was equal to 2 fs and consequently, SHAKE algo-
rithm was employed to constrain all bonds involving hydrogen atoms
[19,20]. Simulations were performed under periodic boundary condi-
tions and the particle-mesh Ewald method was used for calculation of
electrostatic energy of a cell [21]. Trajectory files were later analysed
with the use of the cpptraj code from the AMBER14 package [22].

2.4. QM/MM calculations

Cluster representative structures from MD trajectories were taken
for further calculations. Gaussian 16 was employed for ONIOM (QM/
MM) [23]; MM charges and force field parameters for the metal cofactor
were taken from the MD set-up. First, the TGODM:20G:thebaine and
T60DM:20G:oripavine cluster representative structures from MD tra-
jectories were optimized. Then, from the respective optimized struc-
tures, TGODM:SIN:thebaine and T60DM:SIN:oripavine complexes
were generated. The system considered for calculations consisted of
protein, Fe(Il)/Fe(IV) =0, substrate (thebaine/oripavine), co-substrate/
its decarboxylation product (20G/SIN), and water molecules up to
20 A from Fe. The QM region in T60DM:20G:thebaine and
T60DM:20G:oripavine comprised of Fe, side chains of active site resi-
dues His-238, Asp-240, His-295, two molecules of water, and 20G trun-
cated up to C4. For the TGODM:SIN:thebaine and TGODM:SIN:oripavine
models, the QM parts consist of the ferryl group (Fe-oxo), the side
chains of active site residues His-238, Asp-240, His-295, proximal
thebaine or oripavine and succinate truncated up to C3. Protein resi-
dues, dystal substrate and water molecules up to 15 A from Fe were re-
laxed during geometry optimization, while the rest was frozen. Two-
layer ONIOM scheme was used for all QM/MM calculations [24]. The
UB3LYP functional and the def2-SVP basis set were employed for

geometry optimization [25]. Electrostatic interaction between the QM
and MM regions was treated by mechanical embedding in which
these interactions are calculated at the MM level. After geometry opti-
mization, new updated charges for the QM part were calculated for
each reaction species. To this end, electrostatic potential (ESP) around
the QM region was calculated with the presence of atomic charges
from the MM part, which polarize the QM electron density. Charges of
MM atoms located one and two bonds away from the QM region were
not included, consistently with the default electronic embedding
scheme in Gaussian. Final energy values presented here combine single
point ONIOM(UB3LYP-D3:Amber) energy calculated with the def2-
TZVP basis set [25], electronic embedding and thermal correction to
Gibbs free energy. Thermal correction was calculated at the same level
as geometry optimization, i.e. ONIOM with mechanical embedding
and the def2-SVP basis set.

2.5. DFT calculations

Hemiacetal derivatives generated from thebaine and oripavine in
the T60DM active site were further considered for calculating reaction
energy profiles of their transformation to neopinone and
neomorphinone, respectively. This process will take place in two
steps, first hemiacetal derivatives will decompose to enol derivatives
with the release of formaldehyde, then, in the second step, enolic inter-
mediates will tautomerize to ketone products: neopinone and
neomorphinone, respectively. During the deformylation step one
water molecule was included in the model as a mediator in proton
transfer. The models considered for enol to ketone tautomerization in-
cluded, for sterical reasons (vide infra), two water molecules.

A hybrid density functional B3LYP [9] combined with Grimme's dis-
persion correction D3 with the Becke-Johnson damping scheme [10]
was employed. The geometry of all reaction stationary points was opti-
mized by applying split valence polarized basis set def2-SVP [25], self-
consistent reaction field (SCRF) method with CPCM (conductor like po-
larizable continuum model) [26] and the probe radius set to 1.4 A. Vi-
brational normal modes and their frequencies were calculated at the
same level and further used to compute zero-point energy (ZPE) correc-
tions to the electronic energy. Triple zeta valence polarized basis set
def2-TZVP [25] along with the D3 dispersion correction and SCRF
method was used for calculating more accurate single-point energies
of all the reaction species. These energy values, combined with ZPE cor-
rections, are presented and discussed here. All calculations were done
with Gaussian 16 [23].

2.6. Multi-Parametric Surface Plasmon Resonance (MP-SPR)

T60DM was expressed and purified, as described previously [4]. In-
teractions between molecules of TGODM and thebaine were followed by
using the Multi-Parametric Surface Plasmon Resonance (MP-SPR)
model Navi 200 (BioNavis Ltd., Finland). MP-SPR is a real-time label-
free method [27-30], which consists of a goniometer and a prism
coupling-based device (Krechmer mode) and two independent flow
channels with two lasers with different wavelengths 670 nm (FC1)
nm and 785 nm (FC2). The system is also equipped with an integrated
peristaltic pump. The MP-SPR apparatus worked in a wide angular
scan range (40-78°). Effectiveness of interactions between molecules
can be determined by monitoring changes in resonance angle and calcu-
lating the changes into the adsorbed mass of individual reagents accord-
ing to the equation:

AOyp_sprkd
Alyp—spr = % (1)

dc

where AByp_spr 1S thfnchange of the MP-SPR angle, @ is the refractive
index increment andE ~ 0.166 cm>/g; k is an instrument constant, d is
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the thickness of the adsorbed layer, k x d =~ 10 x 10~7 nm/deg. for
A = 670 nm (FC1) while for 785 nm (FC2) - k xd ~ 1.9 x 10~ nm/
deg. All experiments were performed at a constant flow rate of 50 pL/
min. MP-SPR sensors with a glass slide base of 50 nm of gold were pro-
duced by BioNavis. Specific reagents were sequentially introduced into
the system for a specified length of time. The mass of each adsorbed re-
agent was calculated separately, and then the ratio of the masses of
interacting molecules was calculated. It can be directly converted to
the stoichiometric ratio of interacting substances using their molar
masses.

3. Results and discussion
3.1. Simulations of TEODM - substrate complexes

The structure of the enzyme-substrate complex is key to under-
standing the origins of substrate and reaction specificities at the atomic
level. With the available X-ray structure of TGODM we did in silico
docking and molecular dynamics simulations for T60DM:20G:
thebaine/oripavine complexes with the aim of obtaining structural
models that would provide us a glimpse into the enzyme-substrate in-
teractions. Interestingly, the simulation results suggest that TEODM re-
quires two molecules of a substrate, i.e. thebaine or oripavine, to form a
complex that facilitates substrate demethylation (Fig. 2).

The first molecule of the substrate (thebaine-1, shown as blue sticks
in Fig. 2) is bound in a position distant from the iron cofactor and its
presence is crucial for the subsequent binding of the second molecule
of substrate, which binds in the immediate proximity of iron, i.e. in
the catalytic position, shown as cyan sticks (thebaine-2).

3.1.1. Complexes with one molecule of substrate

For the great majority of enzymes, the enzyme-substrate complex
has a 1:1 enzyme:substrate stoichiometric ratio and, as a consequence,
it was natural to consider such a complex also for TGODM. MD simula-
tions (in total 15 ‘screening’ simulations, each started from a different
initial geometry generated via docking) of docked complexes show

that a substrate molecule departs from the metal center and moves rel-
atively freely in the binding pocket. Importantly, this migration starts
during the initial stage of the simulation, i.e. within the first 10 ns. In
nine out of 15 simulations, the single substrate molecule migrated to-
wards the vicinity of a potential distal binding site covering a distance
of approximately 10 A within ca. 10-20 ns. Once relocated, the substrate
remained at this site in all simulations, which suggests that this region
can effectively bind the substrate and is the preferred locus for substrate
binding in the 1:1 E-S complex. This assumption was further verified
with 70 ns long MD simulations for T60DM:20G:thebaine and
T60DM:20G:oripavine complexes (for details of the MD protocol, con-
sult Fig. S1).

The distal site hosts hydrophobic residues Val-128 from the a6/33
and Gly-132 from the [33/p4 loop regions, Ile-148 and Met-150 from
the 34 strand, which interact with the benzylisoquinoline core of the
substrate (Fig. 3A, thebaine-1 shown as blue sticks, Fig. 3C, oripavine-
1 shown as dark blue sticks). Native contact analysis of the stable part
of the final MD trajectory indicates that the interaction of Val-128
with the inner (concave) face of the core of the substrate is most fre-
quent (Fig. 3B and D). The amino acid sequence of the 34 strand is dif-
ferent in TEODM and CODM, which suggests that this region might be
responsible for the substrate specificity of TGODM.

Contacts between a protein and morphinian compounds are based
on hydrophobic interactions, as demonstrated by the crystal structure
of the G-protein-coupled p-opioid receptor (u-OR) complexed with 3-
funaltrexamine (PDB: 4DKL). The benzylisoquinoline moiety of the irre-
versible morphinan antagonist forms hydrophobic contacts with adja-
cent valine, methionine and isoleucine side chains [31]. Notably, in
this structure, the orientation of the valine side chain with respect to
the opioid moiety of the antagonist is analogous to that obtained for
Val-128 and the substrate in TGODM:20G:thebaine and T6ODM:20G:
oripavine complexes. Similar binding modes were also obtained by a
QM/MM method for a complex of cytochrome P450 2D6 with dextro-
methorphan, whose core bears strong resemblance to the core of
thebaine, only lacking the C3-bound methoxy group and the O atom
of the 5-membered heterocyclic ring [32]. In this case, the orientation

Val-128

thebaine-1

Asp-144

™

thebaine-2

>

His-238;

Asp-240 20G

His-295

Fig. 2. Structure of a model for TEODM:20G: (thebaine ), complex. Thebaine (blue - distant position and cyan - proximal position) and side chains of residues involved in hydrogen bonding

with the substrate are shown as sticks. Figure rendered using PyMOL.
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Fig. 3. Detailed view of the binding pocket. (A) Thebaine (the molecule bound in the distal site - blue, the one in the catalytic position - cyan) bound to TGODM:20G, (B) T6ODM:20G:
(thebaine), complex with amino acids colored according to the strength of native contacts with thebaine on scale from green (no contacts) to red (frequent contacts). Colour of
thebaine in the inset reflects strength of contacts between the two molecules of the substrate. (C) Oripavine (the molecule bound in the distal site - dark blue, the one in the catalytic
position - purple) bound to TEODM:20G, (D) T6ODM:20G: (oripavine), complex with the binding pocket colored as in B.

of the substrate within the active site is governed by interactions be-
tween the core of the molecule and hydrophobic moieties of Ser, Ala,
Val, and Thr.

Apart from hydrophobic effects, the 1:1 TEODM:substrate is stabi-
lized by several hydrogen bonds. Thebaine and oripavine interact with
the protein in a very similar way, i.e. the tertiary amine group of the sub-
strate forms a hydrogen bond with the GIn-133 main chain carbonyl
group. Arg-219, which is initially engaged in electrostatic interactions
with 20G, changes its conformation and forms a weak hydrogen bond
with the C3-bound methoxy (or hydroxy) group of the substrate.

For substrates bound in the distal binding site, distances between
the methoxy groups and the iron cofactor are on the order of 10 A,
which is clearly too far apart for a direct reaction. On the other hand,
it has been previously observed that ANS, a closely related enzyme
from the ODD family, binds two molecules of its substrate in the vicinity
of the active site (PDB: 1GP5) [5]. Therefore, we considered the

possibility that once the first substrate molecule is bound in the distal
site, the second molecule will bind in the proximal position.

3.1.2. Complexes with two molecules of substrate

Combined docking and MD simulations for 1:2 E:S complexes,
showed the possibility that in the presence of one substrate molecule
bound in the distal site another substrate molecule can bind in the vicin-
ity of the iron cofactor. Docking the second molecule of oripavine to the
1:1 T60DM:substrate complex resulted in two poses, both of which pre-
sented the C6-bound methoxy group to the iron binding site. The struc-
tures were grouped into two clusters that were distant from each other
in energy by 0.5 kcal/mol (Fig. S2). The orientation promoting demeth-
ylation at the C3 position was not obtained presumably due to either
unfavourable steric interaction between the core of the substrate and
the side chains of residues in the second coordination sphere of the
iron cofactor or electrostatic interaction between the arginine-219
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residue and tertiary amino group of the substrate. The docking was
followed by MD simulations that yielded stable structures for the 1:2
E:S complexes. Notably, in the resulting structures, the orientation of
the second substrate molecule with respect to the iron cofactor will pro-
mote demethylation at the C6-bound methoxy group (Fig. 3A and C).

This substrate molecule is bound in a hydrophobic pocket formed by
Leu-235, aliphatic chain of His-238, Ile-148, ring A and the C3-bound
methoxy group of the substrate molecule bound in the distal site; the
latter forms close contacts with the inner face of the substrate molecule
proximal to the iron cofactor (Fig. 3B and D). Hence, the substrate mol-
ecule bound in the distal site participates in the binding of the substrate
in the immediate vicinity of the iron cofactor.

The substrate in the proximal position of the 1:2 TGODM:substrate
complex is stabilized by the interaction between the charged amino
group of thebaine/oripavine and the carboxyl group of Asp-144. It is
worth noting that very similar interactions are necessary for the forma-
tion of a complex between P450 2D6 and dextromethorphan, as in-
ferred from kinetic studies for this system [33]. The C6-bound
methoxy group of thebaine-2 forms a water-bridged hydrogen bond
with the carboxyl group of Asp-240 (Fig. 3A). A formation of hydrogen
bonds is accompanied by hydrophobic interactions with Leu-353 and
the C3-bound methoxy group of the substrate bound in the distal posi-
tion (Fig. 3A).

The mutual arrangement of the substrate-2 and the metal cofactor is
appropriate for the subsequent reaction, i.e. the distance between the
carbon atom of the C6-bound methoxy group of substrate-2 and O1 of
20G, which is an estimate of the substrate-oxo ligand distance, is
4.1 + 0.5 A (mean and standard deviation computed for a sample of
N = 7600 MD snapshots) for thebaine-2 (shown as cyan sticks in
Fig. 3A) and 3.9 & 0.5 A for oripavine-2 (sample of N = 5561, shown
as purple sticks in Fig. 3C).

3.2. Stoichiometry of TEODM:Thebaine interaction probed by MP-SPR

The effectiveness of complex formation between T60DM and
thebaine was probed using the MP-SPR method. The experiments
were carried out in a buffer solution containing 50 mM TRIS, 150 mM
NaCl, pH = 7.4 (TRIS-NaCl). The MP-SPR method uses a sensor covered
with a layer of gold, which has an isoelectric point at pH = 3.4. At pH 7.4
the sensor has a negative charge, the value of the zeta potential of the
surface is { = —30 mV [34]. Under the same conditions, TEODM has a
negative charge manifesting in { = —17 mV, an isoelectric point of
T60DM is located at pH 5.1. In order to form a stable TEODM layer on
the sensor surface, the latter has been properly functionalized using a
biocompatible polyelectrolyte, in this case, poly-L-lysine (PLL). PLL at
pH = 7.4 and ionic strength I = 1 x 1072M has a positive charge man-
ifesting in { = +38 mV. PLL characterized by molecular weight in the
range of Mw = 40,000-70,000 D at a concentration of 50 ppm was
used for surface functionalization. PLL was adsorbed for 30 min on the
sensor surface to obtain a stable polyelectrolyte layer, after which the
system was rinsed with TRIS-NaCl solution for 30 min. PLL molecules
adsorb irreversibly on the sensor surface and thus form a surface suit-
able for TEODM immobilization. TEODM at a concentration of 15 or
30 ppm was adsorbed for 60 min until a saturated layer was obtained,
and then the system was rinsed for 60 min with TRIS-NaCl solution.
Next, the co-substrate analog, N-oxalylglycine (NOG), in stoichiometric
excess, was adsorbed onto the formed T60DM layer for 30 min, and
then the system was rinsed with a solution of TRIS-NaCl for 30 min. In
the last stage, thebaine at a concentration of 5 ppm was introduced
into the system for 45 min until reaching the saturation level. The lack
of desorption when rinsing the system with TRIS-NaCl solution con-
firmed that the obtained layer is irreversibly adsorbed on the sensor
surface. Resonance angle measurements were carried out for two laser
wavelengths: 670 nm (channel - FC1) and 785 nm (channel - FC2). On
this basis, using Eq. (1), the mass values of each layer adsorbed on the
sensor surface were calculated. The obtained changes in the resonance

& ; = T — — —
3]
£ 8 s o 8 2 g
L 1000 4 % o) z g = 2 - 4
. a9 3 6 z o £ 2
= @ 2 4
x = = E = 3 =
é 800 | : 30:ppm T6ODM |
i /’““__—'—’/ 15:ppm T6ODM
0 : L
0 100 200 300
Time [min]

Fig. 4. TEODM:thebaine complex formation determined using the MP-SPR method using
channel FC2 (795 nm). The isotherm for TEODM adsorbed from the 15 ppm solution is
presented in blue, whereas in green the isotherm for adsorption from the 30 ppm
T60DM solution.

angle during the experiment in the MP-SPR method were converted
into adsorbate mass per area, which are presented in Fig. 4, whereas
the values of the adsorbed mass of individual layers are presented in
Table 1.

The molar ratio of interacting thebaine and T6ODM (N¢hepaine) /
Ntgopm) Molecules in the presence of N-oxalylglycine was determined
based on the adsorbed mass using the following equation:

thebaine T60DM
Nehebaine _ Al mp—spr * Mreopm M )
= AT * Vlthebaine ( )
Nreopm MP—SPR
where AIEPM. - T60ODM adsorbed mass, AIfigPee — thebaine

adsorbed mass, Mnebaine — the molar mass of thebaine, Mgopm - the
molar mass of TEODM. According to our calculations, the adsorbed mass
of TEODM equals to 577.048 and 671.022 ng/cm? for the experiments
with T60ODM concentration of 15 and 30 ppm, whereas the mass of
thebaine adsorbed on the formed layers, from a solution of 5 ppm con-
centration, is 9.578 and 10.690 ng/cm?, respectively. The molar ratio of
thebaine associated with T60ODM is two independently of the concen-
tration of adsorbed T60ODM and the channel used. The steady level of
the last two stages of the measurements, representing adsorption of
thebaine and introducing TRIS-NaCl, indicates that the molecules of
thebaine are bound irreversibly even after rinsing the system with sol-
vent, which shows that formed complexes are stable. These findings,
based on experimental results of the ratio of masses of adsorbed re-
agents, corroborate the conclusions about the 1:2 stoichiometry of
T60DM:substrate complexes formulated based on the results of docking
and MD simulations (presented above).

3.3. QM/MM structures of TEODM:SIN:Substrate (thebaine/oripavine)
complexes

The complexes of TGODM:SIN:thebaine and TEODM:SIN:oripavine,
generated from the MD simulated T60DM:20G:thebaine and
T60DM:20G:oripavine complexes by truncation of 20G to form SIN,
has 87.8 and 89.9° narrow His-295(NE2)-Fe-oxo angle, respectively,
which means the oxo ligand is positioned trans to His-238. One more
complex was generated from each of the complexes with wider His-
295(NE2)-Fe-oxo angle i.e. 174.7 and 174.6°, respectively, where the
oxo ligand is positioned trans to His-295. In the final QM/MM optimized
structures, the His-295(NE2)-Fe-oxo angles were noted to be 96.7, and
174.8° for the thebaine complex, 101.7, and 171.5° for oripavine. The
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Table 1

MP-SPR results of TEODM-thebaine complex formation obtained for TEODM in a concentration of 15 and 30 ppm. Parameters: I'tgopm/Ithebaine — the ratio of the adsorbed mass of TGODM to
adsorbed mass of thebaine, N¢nebaine/NTsopm — the molar ratio of thebaine molecules to TEODM molecules.

channel concentration of TEODM [ppm] mass of adsorbed TEODM [ng/cm?| mass of adsorbed thebaine [ng/cm?] I'tsopm/Tthebaine Nehebaine/NT60DM
FC1 (670 nm) 15 552.148 8.823 62.58 1.99
FC2 (795 nm) 15 577.048 9.578 60.25 2.18
FC1 (670 nm) 30 602.120 9.477 63.53 2.07
FC2 (795 nm) 30 671.022 10.690 62.78 2.09

wide angle complexes (thebaine —7.3 kcal/mol and oripavine
—9.0 kcal/mol) are comparatively more stable than the narrow angle
counterparts and are also characterized by a close distance between
the oxo ligand and the C-6 bound methoxy group of thebaine or
oripavine, so they were considered for further calculations.

MD simulations of both the complexes were performed and
followed by clustering analysis. Then, cluster representative structures
were taken for further calculation of reaction energy profiles. In both
the QM/MM optimized enzyme-substrate complexes, five ligands:
His-238, Asp-240, His-295, SIN and oxo are coordinated to Fe(IV). The
Fe(IV)-oxo bond length is 1.6 A, whereas other ligands are at distances
of approximately 1.9 to 2.0 A. In the thebaine complex, there are five
water molecules within the 5 A distance range of Fe. These water mole-
cules make hydrogen bond networks with Phe-241, Arg-19, Asp-210,
Asn-221, SIN, and thebaine; the structures of these networks are in
good agreement with the MD simulation cluster representative struc-
ture. In the oripavine complex, two water molecules are present within
the 6 A distance range of Fe. These water molecules are involved in hy-
drogen bonding with other water molecules and the oxo ligand, and the
same was observed in the MD simulation cluster representative
structure.

3.4. Computational investigations into reaction mechanism

The general mechanism of Fe(Il)/2-oxoglutarate-dependent
dioxygenases begins with the binding of 2-oxoglutarate and the specific
substrate to the enzyme active site. Then, molecular oxygen binds and
elicits oxidation of 2-oxoglutarate into succinate with the release of
CO, and formation of reactive Fe(IV)-oxo intermediate, which subse-
quently oxidises the substrate [1,36]. Starting from the 1:2 complex,
containing reactive Fe(IV)-oxo intermediate and succinate, employing
QM/MM we calculated the energy profile for hydrogen abstraction by
Fe(IV)-oxo from the substrate (thebaine/oripavine) and then for OH re-
bound to the alkyl radical. Further, using DFT calculations we also ex-
plored the mechanism of transformation of thebaine and oripavine
derived hemiacetals (formed after OH rebound) to neopinone and
neomorphinone, respectively.

3.4.1. TeODM-catalysed hydroxylation

In order to understand the C6 bound oxygen demethylation of
thebaine and oripavine to neopinone and neomorphinone, respectively,
first, we investigated the mechanism of hydrogen abstraction by ferryl
(Fe(IV)-oxo) intermediate from the methyl group connected with C6
bound oxygen of both substrates. Then we calculated the energy barrier
associated with OH (formed after H abstraction) rebound to radical

Table 2
Fe spin population for stationary points along the reaction coordinate.

T60DM:SIN:thebaine T60DM:SIN:oripavine

E-S-Fe(IV) 3.209 3.156
TS1-Fe(III) 4.129 4.189
Int-Fe(III) 4.244 4.231
TS2-Fe(1II) 4.043 4.090
E-P-Fe(Il) 3.767 3.801

reaction intermediate and formation of hemiacetal as a product. During
the demethylation of both substrates, it was observed that Fe(IV) is re-
duced to Fe(Ill) after hydrogen abstraction and after the OH rebound
step Fe(Ill) is further reduced to Fe(Il); the spin populations of Fe
throughout the reaction are given in Table 2.

3.4.1.1. TGODM:SIN:thebaine. For all the optimized reaction species, we
calculated single point energy with mechanical embedding followed
by electronic embedding single point calculation to incorporate polari-
zation of the QM wave function due to presence of the MM environ-
ment. The calculated free energy barrier (t-TS1) for hydrogen
abstraction from thebaine is 20.1 kcal/mol (Fig. 5), and in the transition
state t-TS1 the distance between the oxo ligand and hydrogen to be ex-
tracted is 1.12 A (Fig. 6B). This barrier is a bit high, but a high barrier for
H-atom abstraction by another ODD enzyme - TauD has also been ob-
served i.e. 24.6 kcal/mol [37]. Comparable values were also obtained
for non-heme iron halogenases (also members of the ODD family),
HctB [38] or SyrB2 [39]. The resulting intermediate t-Int has an energy
of 8.8 kcal/mol (Fig. 5). There are slight changes in the geometry of
the QM part i.e. distances between the Fe ion and SIN, axial His-295
and the oxo ligand increased from 2.00, 2.09, 1.61 to 2.12, 2.24, 1.90 A,
respectively, compared to the enzyme-substrate complex t-E-S
(Fig. 6A & C). There is also a slight increase in distance between the
equatorial His238 and Fe; from 2.09 to 2.18 A. Next, we calculated the
free energy barrier (t-TS2) for the OH rebound step, which is 8.4 kcal/
mol (Fig. 5) and the distance between OH and the radical carbon atom
is 2.25 A (Fig. 6D). The final hemiacetal (Fig. 6E) product formed after
OH rebound has an energy of —20.8 kcal/mol.

3.4.1.2. TEODM:SIN:oripavine. For the oripavine complex, the calculated
energy barrier (0-TS1) for hydrogen abstraction by the ferryl (Fe(IV)-
oxo) intermediate is 22.3 kcal/mol (Fig. 5) and the distance between
the oxo ligand and hydrogen to be abstracted is 1.23 A (Fig. 7B). The
high energy barrier for hydrogen abstraction is consistent with the

30 4

0-TS1 (22.4)

20 — t-TS2 (17.2)

o-Int (13.3)

0-TS2 (14.1)

t-Int (8.8)

Energy (kcal/mol)
o
l

50 t-E-P (-20.8)

-30

0-E-P (-34.9)
_a0

Fig. 5. Energy profile for TEODM-catalysed hydroxylation of C6-bound methoxyl groups in
the course of demethylation reactions of thebaine (black) and oripavine (green).
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Fig. 6. Structures of the QM-part of the QM/MM model for stationary points along the reaction coordinate for demethylation of thebaine.

result obtained for thebaine. The intermediate (o-Int) formed after hy-
drogen abstraction has an energy of 13.3 kcal/mol (Fig. 5). Similar to
thebaine-derived intermediate, t-Int, o-Int has slight changes in dis-
tances between Fe and its ligands. There is an increase in distances be-
tween Fe and succinate, axial His-295 and oxo from 1.91, 2.09, 1.63 to
2.11,2.25,1.92 A, respectively. Equatorial His238 - Fe distance also in-
creases slightly, from 2.12 to 2.18 A (Fig. 7A & C). Next, we calculated
the energy barrier (0-TS2) of OH rebound to the C6-O-CH, radical,
which is 0.8 kcal/mol (Fig. 5), and the distance between OH and the car-
bon atom in the transition state 0-TS2 is 1.23 A (Fig. 7D). The hemiacetal
(Fig. 7E) product formed after the OH-rebound step has an energy of
—34.9 kcal/mol (Fig. 5).

3.4.2. Formation of the final products from hemiacetals
In the above described steps of the enzymatic reactions, thebaine
and oripavine are both transformed into hemiacetals which will further

deformylate and tautomerize to form neopinone and neomorphinone,
respectively. Here we have used DFT and cluster models to calculate en-
ergy barriers for these two reactions. In the first step, hemiacetal de-
composes into an enolic form of the final product and formaldehyde
(Figs. 8A & 9A), and in the next step reverse keto-enol tautomerization
results in the formation of neopinone and neomorphinone (Figs. 8B &
9B), respectively.

The calculated energy barrier (t-H-TS3) for deformylation of t-
hemiacetal to t-enol is 20.06 kcal/mol, and the similar energy barrier
(0-H-TS3) was calculated for deformylation of o-hemiacetal i.e.
20.01 kcal/mol (Fig. 10A). Deformylation of both hemiacetals to enols
is mediated by a molecule of water. These calculated energy barriers
are quite high but not unprecedented. It has been reported that the en-
ergy barrier for the decomposition of methanethiol decreased by
15 kcal/mol when the process was mediated by one molecule of
water, and by 27 kcal/mol when two molecules of water were present
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Fig. 7. Structures of the QM-part of the QM/MM model for stationary points along the reaction coordinate for demethylation of oripavine.

[40]. ONIOM calculations for the same decomposition reaction gave an
energy barrier of 21.3 kcal/mol when two water molecules were in-
cluded in the QM region and decreased further to 18.3 kcal/mol by in-
creasing the number of water molecules in the QM region up to eight
[41]. Thus, in light of these published results, our calculated energy bar-
riers seem very reasonable. Further, we calculated the energy barriers
for the formation of neopinone and neomorphinone from their respec-
tive enols by enol-keto tautomerization; for neopinone it was calculated
to be 12.4 kcal/mol (t-E-TS4) and for neomorphinone 10.0 kcal/mol (o-
E-TS4) (Fig. 10B). These tautomerization reactions are mediated by two
water molecules carrying the proton from the OH group to the C7 atom.
Finally, it is worth noting that before calculating the energy barriers for
the two steps reaction of neopinone formation i.e. deformylation and
tautomerization, we also tried direct H transfer from OH of t-
Hemiacetal to C-atom in the ring, so that neopinone would form directly
from t-Hemiacetal upon release of formaldehyde. However, the calcu-
lated energy barrier for this direct reaction is very high, i.e. 31.9 kcal/
mol. Thus, we considered the two steps reaction for formation of the

final product neopinone from hemiacetal, which turned out to be far
more plausible.

4. Conclusions

Despite many various attempts undertaken so far we have not been
able to obtain crystal structures of the TEODM:NOG:thebaine complex,
hence, we decided to resort to other methods capable of providing in-
sights into its structure. Extended molecular docking and molecular dy-
namics simulations for 1:1 and 1:2 T60DM:substrate complexes
revealed that: 1) in 1:1 complexes the substrate molecule binds at the
distal binding site, which is located too far from the metal cofactor to
support catalysis, and 2) 1:2 complexes are stable and the substrate
molecule bound in the immediate proximity to the metal cofactor pre-
sents the right (C6-bound) methoxy group towards the iron ion. Results
obtained with the Multi-Parametric Surface Plasmon Resonance
method strongly support the 1:2 stoichiometry of the TEODM:thebaine
complex. Key residues responsible for binding the substrate molecule in
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Fig. 8. Reaction scheme for formation of neopinone from t-hemiacetal. A) First step - transformation of t-hemiacetal to t-enol (deformylation reaction), B) Second step - t-enol to

neopinone tautomerization.

the distal site are: Val-128, Glu-133, Met-150 and Arg-219, whereas the
substrate molecule proximal to the metal interacts with the other sub-
strate molecule and Asp-144, Leu-235 and Leu-353. Obtained macro-
molecular models for the enzyme-substrate complexes were used as
starting points for QM/MM investigations on the enzymatic reaction
mechanism of TEODM. The computed reaction energy profiles revealed
that the hydrogen atom abstraction step is characterized by a larger bar-
rier than the subsequent OH-rebound, which is typical for iron-
dependent hydroxylases [38,42]. The barrier for the hydrogen atom ab-
straction is relatively high, therefore it is tempting to speculate that the
enzyme compromises stabilisation of the transition state to facilitate the
regioselectivity of the reaction or the ability to accept two different sub-
strates. We believe that the provided here atomic-level insights into
structures and energetics of key stationary points along the TGODM cat-
alytic reaction coordinate will spawn further studies on O-
demethylases, in particular TEODM and a closely related CODM.
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Gaussian 16 input and output files for all optimized structures have
been deposited at the Mendeley Data repository, and they are freely
available at: doi: 10.17632/vfmv2pcfj9.2. Optimised structures have
been deposited in the ioChem database and are freely available at:
https://doi.org/10.19061/iochem-bd-4-21. Supplementary data to this
article can be found online at doi:https://doi.org/10.1016/j.ijbiomac.
2020.07.030.
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