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ABSTRACT

Human flavin-containing monooxygenase 3 (hFMO3) is a microsomal drug-metabolizing
monooxygenase enzyme that catalyses the NADPH-dependent oxygenation of a wide range of
drugs and xenobiotics which contain a soft-nucleophile, usually sulphur or nitrogen. As the
release from the microsomal membranes can facilitate the in vitro experimental determination of
drug metabolism by hFMO3, in this work we identified and eliminated the membrane anchoring
sequence without affecting the activity of the enzyme and producing a soluble active enzyme.
The truncated hFMO3 carrying a C-terminal deletion of 17 amino acid deletion (tr-hFMO3) was
expressed and purified from the cytosolic fraction. The tr-hFMO3 proves to be detached from the
membrane, properly folded and fully active towards well-known marker substrates such as
benzydamine and sulindac sulfide with measured apparent K, values of 45 = 8 uM and 25 + 4
uM, respectively. Its activity was further tested with newly discovered Aurora kinase inhibitors,
Tozasertib and Danusertib, and compared to those of the wild type enzyme.

The use of this soluble form of the hFMO3 enzyme as opposed to the usual microsomal
preparations can be advantageous for in vitro drug metabolism studies that are a requirement in

the early phases of drug development by pharmaceutical industry.

Keywords: flavin-containing monooxygenase, molecular docking, in vitro expression, drug

metabolism, protein engineering, enzyme catalysis.



1. Introduction

The flavin-containing monooxygenases comprise a family of five functional enzymes and are
the second most important phase 1 drug-metabolizing enzyme family after cytochromes P450
[1,2]. One member of the family, human flavin-containing monooxygenase 3 (hFMO3) is
predominantly expressed in the liver where its substrates, generally nitrogen-, sulphur- and
phosphorous-containing soft nucleophiles are transformed into more polar and excretable
metabolites [3]. Human FMO3 contributes to the metabolism of many drugs such as ranitidine,
cimetidine, tamoxifen, clozapine, benzydamine, amphetamine and mutations in its gene sequence
have revealed polymorphisms that can cause significant differences in metabolism and lead to
disease, one example of which is trimethylaminuria [4-6]. The enzyme is anchored to the smooth
endoplasmic reticulum membrane, where its reduced flavin group binds molecular oxygen and is
thought to act as a loaded gun ready to perform nucleophilic attack on the substrates [7-9].

To date the three-dimentional structure of hFMO3 has not been solved due to difficulties in the
crystallization of microsomal, membrane-bound proteins [10]. In the past, several reports have
demonstrated a successful increase in the solubility of membrane proteins by deleting the anchor
that binds them to the membranes [11-13]. In 1991 Ozols [14] revealed that the C-terminus of
FMO?2 is very hydrophobic and it could anchor the protein to the membrane. More recently,
Krueger and co-workers [15] reported on the expression and purification attempts of a soluble
rabbit FMO2 by deleting 26 amino acids from the C-terminus region presumed to function as the
membrane anchor.

In the present study, based on the hydrophobic nature of the C-terminus of the protein, a
truncated hFMO3 was engineered by deleting the C-terminal region at different amino acid
positions. The protein sequence with a 17 amino acid deletion (tr-hFMO3) was expressed and
purified. The tr-hFMO3 proves to be detached from the membrane and it is not only fully active
towards well-known marker substrates such as benzydamine and sulindac sulfide, but also newly

discovered Aurora kinase inhibitors such as Tozasertib [16] and Danusertib [17].



The use of this soluble form of the hFMO3 enzyme as opposed to the usual microsomal
preparations can be advantageous for in vitro drug metabolism studies that are a requirement in
the early phases of drug development by pharmaceutical industry. These studies are important not
only in revealing potential metabolites but also allowing for elucidation of their toxicity and any

possible adverse drug reactions.

2. Experimental Procedures

2.1. Reagents

Methimazole (MMI), sulindac, sulindac sulfide, benzydamine, benzydamine N-oxide, FAD,
Igepal, acetronitrile, methanol, NADPH and 5,5’-dithiobis(2-nitrobenzoate) and salts were
purchased from Sigma-Aldrich (Italy). Tozasertib and Danusertib were purchased from Aurogene

(Italy).

2.2. Molecular Dynamics

Molecular dynamics in membrane was done using the YASARA [18] “md run membrane” for
4 nanoseconds. YASARA automatically identified the C-terminus of the hFMO3 as a
hydrophobic exposed region bound to the membrane and constructed a membrane environment
accordingly. YASARA unequivocally assigned the sequence between residues ARG 504 and
THR 532 to a putative transmembrane helix and the protein was automatically rotated in order to
fill the simulation cell volume with physiological solution and lipid content accordingly to the C-
terminal helix. For all simulations, AMBER 03 forcefield was applied.
2.3. Protein-ligand interaction study

AutoDock 4.0 [19], embedded into the YASARA Structure package, was used to dock
benzydamine, sulindac sulfide, tozasertib and danusertib to the refined model. Danusertib and
tozasertib were obtained from the HIC-UP [20] database for hetero-compounds and were utilized

with the same coordinates as they can be found in the co-crystals with the kinase domain of Abl



[21] and Aurora kinase AurA [22], respectively. Benzydamine and sulindac sulfide were obtained
from PubChem (www.ncbi.nlm.nih.gov/pccompound) and were geometrically optimized using
MOPAC [23] also embedded in the YASARA package. The optimized ligand molecules were
docked into the refined protein model by running twenty-five of Global Docking centering a
15x15x15 A simulation cell on the FAD group. In YASARA, docking runs of the ligand to
receptor yield results sorted by binding energy where more positive energies indicate stronger
binding and negative energies equate to no binding. After global docking the best binding mode
(pose) was selected based on the best binding energy. The complexes were then subjected to 999
runs of Local Docking yielding the final docked binding modes.

The global docking experiment, in which the drug is originally outside the simulation box and
is placed inside the cell by exploiting the autodock algorithm, resulted in a series of binding
modes classified by the binding energy outputs. Among these binding modes the complex
protein-ligand bearing the highest binding energy calculated by YASARA [18] as the mechanical
energy required for disassembling a whole into separate parts, was selected and refined by local
docking. In local docking experiments the ligand is within the simulation cell and the possible
conformations are assayed for a maximum of 999 runs and the results are again sorted by binding
energy. In this case, since the starting positions of the ligand inside the simulation box are often
random and it is probable that a certain pose/binding mode could never be detected, molecular
dynamics simulations were applied to better accommodate the ligand inside the pocket.

2.4. Cloning, expression and purification

WT hFMO3 was cloned in the expression vector pJL2 [24] using the two restriction enzymes
Xbal and HindIII previously [25]. The plasmid was digested by these two enzymes and the gene
was amplified with the primers: 5> AGT TCC CAG AAC TCT AGA ATG GGG AAG AAA
GTG GCC ATC 3’ as forward for all the reactions, 5> GCT CAT CGA AGC TTT TAA TGG
TGA TGG TGC CGG TCC CAC TGG GTC AGT AT 3’ as a reverse for 493X, 5> GCT CAT

CGA AGC TTTTAA TGG TGA TGG TGT CTC CCG ACC ACT CGT GTC TG 3’ as areverse



for 505X and 5 GCT CAT ATA AGC TTT TAA TGG TGA TGG TGC AGC CAA TGG AAA
AAG AAG CAA GGC 3’ as a reverse for 516X (tr-hFMO3). All the reverse primers contained
the sequence coding for a 4His-tag (5> ATGGTGATGGTG 3’), to assist in the purification. The
amplified genes were then digested with the restriction enzymes Xbal and HindIII and cloned
back into pJL2.

Wild type and the tr-hFMO3 were expressed in E. coli IM109 cells and grown 24 hr post-
induction. WT protein was purified from the membrane fractions whereas the truncated hFMO3
was purified from the cytosolic fraction. All other purification steps were identical. Both proteins
were purified via Ni affinity chromatography. Spectra of the eluted fractions (with 40mM
histidine) were recorded using a diode array HP-8453E spectrophotometer. FAD containing
fractions with the characteristic absorption peaks at 375 and 442 nm were pooled and exchanged
to storage buffer (100 mM potassium phosphate buffer pH 7.4, 20% glycerol and 1 mM EDTA)
by 30 kDa cutoff Amicon membranes and stored at -20°C.

2.5. FAD content determination

The concentration of holo hFMO3 was determined by spectroscopy with the peak absorbance
at 450 nm and an extinction coefficient of 11900 M cm™, as previously described for other
flavin-containing enzymes [26]. This value was also used for the determination of the enzyme
concentration under non-denaturing conditions. In addition to the active enzyme (flavin-bound)
concentration, the total hFMO3 protein concentration for the final purified protein was
determined using both absorbance at 280 nm (extinction coefficients of 87520 M c¢m™ and
87485 M™ cm™ for WT and tr-hFMO3, respectively) and Bradford assay.

2.6. Far-UV circular dichroism analysis

Far UV circular dichroism experiments were performed on the WT and tr-hFMO3 at room
temperature (Jasco-J600 spectropolarimeter). In order to improve the signal-to-noise ratio,
several (3-4) spectra were accumulated and averaged for each sample. The measurements were

carried out using 5 uM of protein and quartz cuvettes with a path length of 0.1 cm for the far UV



(200-250 nm). Secondary structure prediction for both enzymes was performed using the K2D2
algorithm [27].

2.7. FAD aerobic reduction

The protein was diluted to 7 pM in 50 mM potassium phosphate buffer pH 7.4 at 10°C. After the
addition of aerated NADPH spectra were recorded using a Hewlett-Packard diode array
spectrophotometer. The re-oxidation of the enzyme was followed by measuring the increase in

absorbance at 442 nm.
2.8. Enzyme-substrate incubations and HPLC analysis

WT and tr-hFMO3 catalyzed S-oxygenation of MMI was monitored using the method previously
described [28,29] at 37°C. Rates of N-oxygenation of benzydamine [30] and S-oxygenation of
sulindac sulfide [31] for WT and tr-hFMO3 were determined using HPLC methods described
previously. A typical incubation mixture consisted of 50 mM potassium phosphate buffer (pH
7.4), NADPH, the substrate and 0.17 puM of purified enzyme in a final volume of 0.20 ml.
Incubations were carried out at 37°C for 10 min: the linearity of product formation was
confirmed with purified hFMO3 preparations for 20 min. The reaction was terminated by the
addition of 0.10 ml of ice-cold acetonitrile for benzydamine and by adding 50 pL of 50%
phosphoric acid and 1.0 ml of ethyl acetate for sulindac sulfide. For sulindac sulfide, after
centrifugation at 2000g for 10 min, the organic phase was transferred to a clean tube and
evaporated in a vacuum pump. The residue was dissolved in 0.20 ml of mobile phase (50%
acetonitrile in 25 mM potassium phosphate buffer, pH 3.0) and introduced into the HPLC
apparatus (Agilent-1200 series). For benzydamine the aqueous supernatant was centrifuged at
2000g for 10 min and was subjected to HPLC equipped with a 4.6 x 150 mm 5 um Eclipse XDB-
C18 column at room temperature and the UV-visible detector was set at 308 nm. A sample of 20
ul was injected and the separation was performed using a mobile phase of 32% acetonitrile and
68% 50 mM KH,PO4 pH 7.4 at a flow rate of 1.4 ml/min, which was increased to 1.8 ml/min

after 7 minutes. The formation of sulindac sulfoxide was monitored at 360 nm [31]. The kinetic



analysis of N or S-oxygenation was carried out using a nonlinear regression analysis program

(SigmaPlot).

In the case of hFMO3-catalyzed N-oxygenation of tozasertib and danusertib, a typical
incubation mixture consisted of 50 mM potassium phosphate buffer (pH 7.4), NADPH, the
substrate and 0.17 uM of purified enzyme in a final volume of 0.20 ml. Incubations were carried
out at 37°C for 10 min: the linearity of product formation was confirmed with purified hFMO3
preparations for 20 min. The incubation was terminated by the addition of 0.10 ml of ice-cold
methanol. The aqueous supernatant was centrifuged at 2000g for 10 min and was subjected to
HPLC equipped with an analytical C18 column (4.6 x 150 mm, Sum). A 75ul sample was
injected and the separation was performed using a mobile phase of 70% methanol and 30% water
at a flow rate of 1.0 ml/min. The formation of tozasertib N-oxide was monitored at the
wavelength of 250 nm while the danusertib N-Oxide product was monitored at 295 nm.

2.9. Enzyme interaction with the lipid bilayer (QCM-D)

Small Unilaminar Vesicles (SUV) were formed by tip sonicating EggPC (5 mg/ml, Avanti
Lipids) in MOPS buffer (20 mM MOPS pH 7.4, 30 mM Na,SO,) for 30 minutes at 4 °C until
clear. Tip particles were removed by spinning the sample for 5 min. at 14,500 g. SUVs were
stored at 4 °C and used within two days. Directly before the experiment, the sample was diluted
to 0.5 mg/ml in Milli-Q water (18.2 MQ cm?).

Si0,-coated crystals (Q-sense) were bath sonicated in 0.4% SDS (Sigma) for 30 min., followed
by sonication in Milli-Q for another 30 min. The crystals were then further treated for 30 min
with UV/ozone (UV/ozone cleaning system, low pressure quartz-mercury vapor lamp emitting
254 and 185 nm UV, UVOCS, Montgomeryville) and installed in the Quartz-Crystal
Microbalance with Dissipation (QCM-D) equipment (Q-Sense E4, Q-Sense AB, Gothenburg,
Sweden). After equilibrating the crystals with buffer (all experiments were performed with a flow
rate of 70 uL/min), they were incubated with the EggPC SUV (0.5 mg/ml) until a stable response

was observed (typically 10 min), indicating that a planar solid-supported bilayer is formed. The



QCM-D crystals were then rinsed with Milli-Q water, followed by MOPS buffer. Finally, the
crystals were incubated with 1 uM hFMO3 and tr-hFMO3 in MOPS buffer. Human FMO3 was
made up from a 100 uM stock solution containing 0.1% (v/v) of the detergent, Igepal, thus
reducing the Igepal to about 0.001% (v/v). Control experiments were performed to check that

these levels of detergent in the hFMO3 sample do not disrupt the sSBLM and no effect was

observed for Igepal up to 0.005% (v/v).

3. RESULTS

3.1. Membrane anchoring and construction of the truncated hFMO3

In order to facilitate the in vitro experimental determination of drug metabolism by hFMO3
we identified and eliminated its membrane anchor producing a soluble and active enzyme. It has
previously been hypothesized that the C-terminal region of hFMO3 is responsible for its
anchoring to the membrane [9,14], therefore we analysed the primary sequence of this enzyme
and the resulting hydropathy plot (Figure 1) pointed to a putative transmembrane region starting
from resdiue 516 in the C-terminus of this protein. In addition to the hydropathy plot, in silico
molecular dynamics experiments were also carried out (data not shown) which also demonstrated
the presence of a putative transmembrane helix consisting of amino acid residues between 504

and 532 in the C-terminus.

Based on the above-mentioned analyses a series of C-terminus truncated hFMO3 sequences
were generated and cloned in the expression vector pJL2. The purpose of the truncation was to
interrupt the hFMO3 gene at the level of the C-terminal region of the protein and to obtain a more
soluble enzyme with less affinity to the hydrophobic membrane. A stop codon was therefore
inserted in the hFMO3 gene at positions codifying for: ARG 492, LYS 505 and LYS 516.

Although all the latter constructs were produced, only the one with the least number of amino

10



acid deletions (i.e. stop codon at LYS 516) was expressed and purified. This truncated enzyme
(tr-hFMO3) was used for all the subsequent in vitro characterisation experiments.
3.2. Purification and spectroscopical characterisation of the truncated hFMO3

Wild type hFMO3 was heterologously expressed in E. coli and purified to serve as a control for
the truncation experiments. Purification started by loading the membrane fraction onto a DEAE
ion exchange chromatography that cleared the bacterial crude extract, not retaining hFMO3 at pH
7.4 followed by a Ni affinity column. The same protocol was applied to the tr-hFMO3, but in this
case the protein was found in the cytosolic fraction. The yield of pure protein was determined
using the absorbance of the aromatic residues at 280 nm in combination with the Bradford
protein assay, leading to approximately 12-13 mg per litre of culture in case of the WT protein
and 9-10 mg per litre of culture for the truncated form. SDS-PAGE analysis of the Ni-affinity
purified samples showed a band at approximately 60 kDa (Fig. 2A) in good agreement with the
molecular weight calculated from the amino acid sequence of hFMO3.

Both purified WT and tr-hFMO3 exhibited a yellow colour typical of FAD. The elution profile
showed a clear correlation between the total protein content and the FAD absorbance at 450 nm.
The FAD content of the purified proteins (holoprotein-determined by absorbance at 450 nm) was
compared to the total hFMO3 concentration (holo and apoprotein-determined at 280 nm). The
molar ratios showed 85% and 91% of holo-protein content for WT and tr-hFMO3, respectively.

The purified proteins were further characterised by spectroscopy. In the first instance, reduction
of the WT and tr-hFMO3 were carried out aerobically in the presence of NADPH (in the absence
of the substrate) that rapidly bleaches the protein solutions. Figure 2C and 2D show the oxidised
spectra for wild type and tr-hFMO3 with the maxima at 372 and 442 nm together with the
reduced forms. As can be seen in the figure, the truncation has had no effect on the NADPH
binding and subsequent reduction of the protein.

In order to confirm that the truncation of the C-terminus of hFMO3 did not affect the overall

folding of the protein, the far-UV CD spectra of tr-hFMO3 were recorded and compared to those
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of the wild type protein. Figure 2B shows the overlapped far UV CD spectra of WT and tr-
hFMO3. As can be seen in the latter figure, the structure of tr-hFMO3 has a reduced helical
content as verified by the lower CD intensity of the two peaks at 208 and 222 nm. However, the
deletion of the last 17 amino acids of the protein sequence has not compromised the overall
secondary structure of the enzyme. Analysis of the far-UV CD spectra by the K2D2 software [27]
led to the results shown in Table 1 where both proteins showed a predominantly a-helical

secondary structure and as expected a 4% reduction in the alpha helices present in tr-hFMO3.

The fact that tr-hFMO3 was found in the cytosolic rather than in the membrane fraction
suggests that this truncated protein has lost the ability to interact with the lipid bilayer. Solid-
supported bilayer lipid membranes (SBLM) are very useful in studying the interaction of a protein
with model membranes, as protein adsorption and interaction can be followed with Quartz-
Crystal Microbalance with Dissipation (QCM-D) measurements. After the formation of a SBLM,
the typical QCM-D signal was observed due to the mass of the lipid membrane which changes
the QCM-D frequency with -24 Hz and without changing the energy dissipation [32]. Upon
addition of 1 uM tr-hFMO3, a sub-monolayer (< 1/3 of a full monolayer) adsorbs on the lipid
bilayer, which detaches again after rinsing the crystal with buffer (Figure 3, phase 3, bottom
graph). This confirms that tr-hFMO3 has retained little or no affinity for lipid bilayer.

On the other hand, addition of the full-length WT hFMO3 resulted in a rapid decrease in
frequency, indicating an increase in mass and thus a strong interaction between the sBLM and
WT hFMO3 (Figure 3, phase 2, top graph). However, this was immediately followed by a loss of
material from the surface. We ascribe this behaviour to the ability of hFMO3 to strip the sBLM
off the surface. This hypothesis was confirmed by fluorescent microscopy using fluorescently
labelled lipids, which showed that addition of hFMO3 resulted in the destruction of the sBLM
and formation of lipid vesicles and aggregates loosely associated with the SiO, surface.

Interestingly, when the surface was rinsed with buffer (Figure 3, phase 3), the loosely bound lipid

12



material reabsorbed on the surface and the large increase in mass suggested that a significant
amount of hFMO3 co-immobilised on the surface. Fluorescent microscopy confirmed that a
partial fluid sBLM is formed after rinsing the surface with buffer (data not shown).

QCM-D provides information regarding the adsorption kinetics and relative mass uptake, and
additionally, the dissipation reveals intermediate stages of vesicle adsorption [33]. Figure 5B
shows how QCM-D responses of sBLMs are different after the addition of the WT or tr-hFMO3
enzymes. Both frequency and dissipation signals display a different attitude: WT determines a net
change after absorption indicating a strong interaction between the enzyme and the membrane
while tr-hFMO3 does not change either frequency or dissipation.

3.3. Metabolism of drugs by the truncated hFMO3

Further characterization of the tr-hFMO3 included measuring its monooxygenation activity and
comparing it to the WT enzyme. For this reason the oxidation of methimazole, benzydamine and
suldinac sulfide were investigated. K,, and Vnax data obtained for tr-hFMO3 are reported in Table
2 where the values are compared with those measured for WT hFMO3. Apparent K,, values for
WT and tr-hFMO3 for benzydamine N-oxygenation were 56 + 8§ uM and 45 + 8 uM respectively,
while apparent Vi values of 9 for WT and 11 for tr-hFMO3 were obtained. Similar results were
obtained using sulindac sulfide S-oxygenation as a marker reaction catalyzed by WT and tr-
hFMO3 with K,, values of 25 £ 7 uM and 25 + 4 uM, respectively. The K,, values obtained for
both these known substrates are similar to previously published data using microsomal hFMO3
preparations [34-36].

In all cases the kinetic values measured show that the tr-hFMO3 is not only fully active but
also has the same activity range as those measured for the WT protein.

The kinetic characterization of the tr-hFMO3 was taken one step further by looking at the
identity of the products formed by the turnover of the known substrates (drugs) of this enzyme.
After each set of reactions at 37 °C in the presence of NADPH, the product(s) was separated by

HPLC and the data obtained are shown in Figure 4A-F. As can be seen from the latter figure, the
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expected benzydamine N-oxide and suldinac were detected with retention times of 4.0 min and
5.2 min, respectively.

The activity of the tr-hFMO3 enzyme was also tested on tozasertib and danusertib that are
involved in cancer treatment as Aurora kinase inhibitors and for which no data on recombinant
hFMO3 turnover is available to date. Again in this case the product(s) were separated using
HPLC and the data are shown in Figure 4G-N. The results show that both WT and tr-hFMO3 are
able to metabolize these two drugs since extra peaks are observed in the HPLC chromatograms
with shorter retention times of 4.1 min for “tozasertib N-oxide” and 3.7 min for “danusertib N-
oxide” [37,38].

However, chemical standards for N-oxides of tozasertib and danusertib are not commercially
available and in order to ascertain the identity of the products seen in Figure 4 (H-I-M-N) further
characterization was carried out using LC-MS. The fragmentation of the reaction products of
tozasertib and danusertib corresponded to those obtained by Ballard and co-workers [37] and
Cohen’s group [38] respectively, confirming that the products were N-oxides of the two kinase
inhibitors.

Overall, the data presented demonstrate that the reactions carried out by the tr-hFMO3 are the

same as those performed by the WT enzyme.

3.4. Molecular docking

For enzymes where currently the three-dimentional crystal structure is unavailable, molecular
modelling studies can enable the development of models that allow predictions of new substrates
and design of modulators of enzyme function. To this end, a molecular model of hFMO3 was
constructed using the crystal structures of FMO proteins from Methylophaga sp. Strain SK1
(PDB: 2VQ7) [39] and Schizosaccharomyces pombe (PDB: 2GVS) [40] together with a Baeyer-
villiger monooxygenase from Thermobifida fusca (PDB:1W4X) [41].

As previously hypothesized [9], hFMO3 is thought to act as a loaded gun where the FAD is

14



reduced by NADPH and it is ready to oxygenate any N, S or P containing soft nucleophiles. This
mechanism is crucial for the understanding of the active site architecture of the enzyme and the
key role exerted by NADPH in catalysis and stabilization. For this reason all docking
experiments were carried out in the presence of NADP" by placing the simulation cell around the
isoalloxazinic ring of FAD including all the residues located on the broad substrate exposed
cavity of hFMO3 predicted by molecular modelling.

In order to confirm the feasiability of using our 3D generated model for predictions of new
substrates of hFMO3, initially docking experiments were performed with the two well-
characterized substrates benzydamine and sulindac sulfide, the former N-oxidized and the latter
S-oxidized by hFMO3, for which in vitro catalysis data were already reported in the previous
section.

Docking of benzydamine (an anti-inflammatory drug) and Sulindac sulfide (a non-steroidal
anti-inflammatory drug) resulted in complexes with binding energies of 8.46 kcal/mol and 8.90
kcal/mol, respectively. As can be seen from Figure 5SA-B residues LYS 64, ASN 194 and LEU
375 are responsible for the stabilization of both these substrates inside the hFMO3 active site. All
these residues interact with the ligands by giving CH/n interactions. As expected the known N-
oxidation site of benzydamine is located at the aliphatic chain of this tertiary amine at a distance
of 3.5 A from the C4 of the FAD isoalloxazine ring (Fig. 5A). As for the S-oxidation site of the
sulindac sulfide, a similar distance of 3.4 A from the C4 of the isoalloxazine ring was measured
(Fig. 4B).

Both known substrates of hFMO3, benzydamine and sulindac sulfide, interact correctly with its
active site by not only resulting in a complex that is energetically favoured, but also by
interacting with the enzyme in the expected binding mode for catalysis. These results give
strength to our 3D generated model and therefore in a subsequent round of docking simulations
the two Aurora kinase inhibitors involved in cancer treatment namely tozasertib and danusertib

were tested.
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Docking results showed stronger binding energies for both kinase inhibitors compared to those
calculated for the known substrates: 9.83 kcal/mol and 11.02 kcal/mol for tozasertib and
danusertib, respectively. Figure 5C-D show how residues LYS 64, GLU 65, MET 67/MET 66
and ASN 194 are responsible for the stabilization of these kinase inhibitors inside the active site
of hFMO3. All these residues interact with both substrates by giving CH/z interactions and the
putative N-oxidation sites are at a distance of 3.1 A for tozasertib and 2.7 A for danusertib from
the C4 of the isoalloxazine ring. In the case of danusertib an extra residue, TYR 462, is involved
in the binding mode shown in Figure 4D. The latter residue interacts with the ligand through = /n
interactions leading to the highest calculated binding energy amongst the four drugs tested.

In all the docking experiments reported above, distances of <4 A between N or S oxidation
sites of the substrates and the C4 of the FAD isoalloxazine ring were measured. As mentioned
earlier, in these experiments the oxidised structure of FAD was used due to the fact the reduced
C4a-hydroperoxyflavin intermediate of FMO enzymes has never been characterised by
crystallography and therefore not present in the Protein Data Bank. However, such an
intermediate has been observed by single-crystal spectroscopic methods and 1.86 A resolution X-
ray crystal structure in the bacterial Choline oxidase, a flavoprotein [42]. Density functional
theory calculations carried out for the intermediate seen in Choline oxidase led to measured
distance of 3.7 A (between the oxygen atom of the C4a-OO(H) and the ligand) that is very
similar to the distances measured in the docking experiments reported here.

All in all the docking experiments yielded a series of binding modes for each of the docked
substrates that were consistent with the correct binding mode of these molecules in the active site
of hFMO3 compatible with the nature of the product formed: the nitrogen or the sulphur atom
that is the site of the catalysis is not only facing the FAD isoalloxazine ring but it is also within
acceptable distance (<4 A) from the FAD reactive site involved in monooxygenation. These
results give strength to the 3D generated model that can be further used for screening of other

“probable” substrates of this enzyme.
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CONCLUDING REMARKS

To improve the efficiency of drug development by pharmaceutical companies many of them
carry out in vitro drug metabolism studies using purified enzymes. In the case of hFMO enzymes
these studies are currently preformed with microsomal suspensions. In this work we have shown
that it is possible to engineer and purify a truncated version of hFMO3 enzyme that has the same
catalytic properties of that of the wild type enzyme with added advantage of being also more
soluble.

The hydropathy plot of the amino acid sequence of hFMO3 identified the C-terminus as a
membrane bound helix. On this basis, a truncated form of hFMO3 was engineered and purified
from the cytosolic fraction. Spectroscopic characterization and secondary structural
measurements together with kinetic assays indicate that tr-hFMO3 is very similar to the full-
length WT enzyme. Moreover, molecular dynamics in the membrane and QCM-D experiments
showed that tr-hFMO3 has a decreased affinity for lipid membranes. These data confirm the role
of the C-terminus of hFMO3 in membrane binding and suggest that deletion of the helix does not
affect folding, stability and catalytic properties of the enzyme.

A 3D model of hFMO3 was also generated and docking experiments with both known and
probable substrates of this enzyme, namely, benzyamine, sulindac sulfide, tozasertib and
danusertib were carried out. In vitro catalysis experiments of the wild type protein with tozasertib
and danusertib confirmed the docking results giving further strength to the model that can be

used in the future for screening of other candidate substrates of this enzyme.
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TABLES

TABLE 1
Secondary structure content calculated from the far-uv CD spectra analysed by K2D2 software
Alpha Random Square
Protein Beta strands ) ) Max error
helices coils distance
hFMO3 41% 17% 42% 322 0.08
tr-hFMO3 37% 20% 43% 29.8 0.08
TABLE 2

Kinetic parameters of hFMO3 and tr-hFMO3

Sulindac Sulfide

Methimazole Benzydamine
Km Vmax Vmax/Km Kﬂ? Vmax Vmax/Km Km Vmax Vmax/Km
uM min”' uM min”' uM min”'
hFMO3  33+4  71+9 2.2 56+8 9=£2 0.2 25+7 108+18 4.3
tr-
hEMO3 3546 69+12 2.0 45+£8 157 0.3 22+4 99+21 4.5

22



FIGURE LEGENDS

FIGURE 1. Hydropathy Plot: the hFMO3 primary sequence was used to predict local
hydrophobic patches using the DAS-TM plot: a clear hydrophobic sequence is shown at the C-

terminus.

FIGURE 2. (A) 10% SDS-PAGE gel of purified hFMO3: Lane 1 shows the molecular weight
markers, Lane 2 and 3 truncated and WT hFMO3, respectively. (B) Far-UV circular dichroism
spectra of the WT hFMO3 (blue) and tr-hFMO3 (red). (C) Aerobic reduction of 5 uM WT

hFMO3 and (D) tr-hFMO3 in the presence of equimolar amounts of NADPH.

FIGURE 3. Quartz crystal microbalance-with dissipation (QCM-D) of the bilayer lipid
membranes (sSBLM) before (1) and after addition of hFMO3 (top) and tr-hFMO3 (bottom) (2)
and subsequent rinsing (3). The data show the decreased ability of tr-hFMO3 to interact with the

membrane.

FIGURE 4. HPLC chromatograms of incubations of benzydamine, sulindac sulfide, tozasertib
and danusertib in the absence (A, D, G, L) and presence of tr-hFMO3 (B, E, H, M) and WT

hFMO3 (C, F, I, N) enzymes.

FIGURE 5. Docked substrates into the active site of hFMO3 model. FAD is shown in yellow
and the substrates are in dark blue. The S or N nucleophilic attack sites of the substrates are
shown in magenta with the C4 of the FAD isoalloxazine ring in cyan. Residues interacting with

the substrates are shown in red. Benzydamine (A), Sulindac (B), Tozasertib (C) and Danusertib

(D).
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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