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Flavoenzyme-mediated regioselective aromatic hydroxylation

with coenzyme biomimetics

Alice Guarneri,®@ Adrie H. Westphal,! Jos Leertouwer, Joy Lunsonga,®® Maurice C. R. Franssen,
Diederik J. Opperman, Frank Hollmann, Willem J. H. van Berkel,’® and Caroline E. Paul*®

Abstract: Regioselective aromatic hydroxylation is desirable for the
production of valuable compounds. External flavin-containing
monooxygenases activate and selectively incorporate an oxygen
atom in phenolic compounds through flavin reduction by the
nicotinamide adenine dinucleotide coenzyme, and subsequent
reaction with molecular oxygen. This study provides the proof of
principle of flavoenzyme-catalyzed selective aromatic hydroxylation
with coenzyme biomimetics. The carbamoylmethyl-substituted
biomimetic in particular affords full conversion in less than two hours
for the selective hydroxylation of 5 mM 3- and 4-hydroxybenzoates,
displaying similar rates as with NADH, achieving a 10 mM/h
enzymatic conversion of the medicinal product gentisate. This
biomimetic appears to generate less uncoupling of hydroxylation that
typically leads to undesired hydrogen peroxide. Therefore, we show
these flavoenzymes have the potential to be applied in combination
with biomimetics.

Introduction

The regioselective oxidation of aromatic C-H bonds is of high
interest in organic synthesis to produce valuable compounds for
the fine chemical and pharmaceutical industry. However, this
reaction is still challenging due to a lack of efficiency and
selectivity with traditional catalysts.™!! Alternatively, enzymes such
as heme-containing peroxygenases and monooxygenases
hydroxylate a wide range of aromatic compounds efficiently, yet
with limited regioselectivity.”! Flavin-containing hydroxylases, on
the other hand, are less ‘promiscuous’ but display exquisite
regioselectivity for the hydroxylation of anilines, phenols and
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pyridines.P®l These monooxygenases activate molecular oxygen
through transient formation of a flavin C4a-hydroperoxide and
subsequent insertion of one oxygen atom into the substrate.!
From a chemical synthesis perspective, flavin-containing
hydroxylases are attractive catalysts, generating aromatic
products that display anti-cancer, anti-inflammatory or anti-
microbial properties.®

Hydroxylases that harbor a tightly bound flavin adenine
dinucleotide (FAD) are classified as group A flavoprotein
monooxygenases. % These enzymes share a similar fold and
use nicotinamide adenine dinucleotide (phosphate) in its reduced
form (NAD(P)H, Figure 1) as an electron donor to reduce the
flavin prosthetic group (Figure 2).! Some group A members are
highly specific for NADPH or for NADH, whereas others accept
both coenzymes with similar efficiency.[! These hydroxylases
lack a Rossmann-type dinucleotide binding domain and the exact
way they bind the NAD(P)H coenzyme and trigger the flavin
reduction remains unclear.

We became interested to investigate whether flavin-
containing monooxygenases of group A accept nicotinamide
coenzyme biomimetics (NCBs) to improve their applicability for
regioselective aromatic hydroxylation. NCBs are synthetic
truncated versions of NAD(P)H with variable substituents (Figure
1).81 The biocatalytic applications of NCBs were demonstrated
with dehydrogenases,”® ene reductases,'” azoreductases,*!!
cytochrome P450s,*?l NADH oxidases, % 13 and two-component
flavoprotein monooxygenases (group E and F).'1 NCBs are
attractive to study the impact of redox potential and mode of
coenzyme binding in oxidoreductases in order to elucidate their
mechanism,['! and to further apply these enzymes in large scale
reactions.t®!
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Figure 1. Representative structures of reduced forms of nicotinamide adenine
dinucleotide (NADH and NADPH) and coenzyme biomimetics used in this study
(AmNAH: 1-(2-carbamoylmethyl)-1,4-dihydronicotinamide, BNAH: 1-benzyl-
1,4-dihydronicotinamide, BAPH: 1-benzyl-3-acetyl-1,4-dihydropyridine;
BCNPH: 1-benzyl-3-cyano-1,4-dihydropyridine).
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Figure 2. Selective enzymatic aromatic hydroxylation of phenolic substrates: para-hydroxylation of 3-hydroxybenzoate (3-HB) to 2,5-dihydroxybenzoate (2,5-DHB)
by 3HB6H (A); ortho-hydroxylation of 4-hydroxybenzoate (4-HB) to 3,4-dihydroxybenzoate (3,4-DHB) by PHBH (B); decarboxylation and ortho-hydroxylation of 2-
hydroxybenzoate (2-HB) to 1,2-dihydroxybenzene (catechol) by SalH (C); ortho-hydroxylation of 2-hydroxybiphenyl (2-HBP) to 2,3-hydroxybiphenyl (2,3-DHBP) by

HbpA (D).

We previously showed the reduction rate of the flavin cofactor
varies according to the NCB substituents and redox potential in
ene reductases.l'% 181 Additionally, NCBs directly reduce free
flavins in solution.**a Here we investigate the use of NCBs with
group A flavoprotein hydroxylases. For our kinetic and biocatalytic
studies, we chose four enzymes:

1) 3-Hydroxybenzoate 6-hydroxylase (3HB6H; EC 1.14.13.24)
from Rhodococcus josti RHAL, which catalyzes the para-
hydroxylation of 3-hydroxybenzoate to 2,5-dihydroxybenzoate
(2,5-DHB, gentisate, Figure 2A).[7]

2) para-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2)
from Pseudomonas fluorescens, which catalyzes the ortho-
hydroxylation of 4-hydroxybenzoate to 3,4-dihydroxybenzoate
(3,4-DHB, protocatechuate, Figure 2B).1*!

3) Salicylate hydroxylase (SalH; EC 1.14.13.1) from
Pseudomonas putida, which catalyzes the oxidative
decarboxylation of 2-hydroxybenzoate to 1,2-

dihydroxybenzene (catechol, Figure 2C).1*°
4) 2-Hydroxybiphenyl 3-monooxygenase from Pseudomonas
azelaica HBP1 (HbpA; EC 1.14.13.44),?% which catalyzes the
ortho-hydroxylation of  2-hydroxybiphenyl to 2,3-
dihydroxybiphenyl (2,3-DHBP, Figure 2D).?%
3HB6H and PHBH have a stringent substrate specificity,?!
whereas SalH and HbpA are more ‘promiscuous’.?? In addition,
we were eager to test group B flavoprotein monooxygenases
(Type | Baeyer-Villiger monooxygenases, BVMOs), which also
contain a tightly bound FAD cofactor and catalyze valuable
Baeyer-Villiger type reactions and sulfoxidations.?! In this respect,
the wild-type cyclohexanone monooxygenase (CHMO) from
Acinetobacter sp. NCIMB9871, one mutant (CHMOwss),?¥ and
one BVMO from Aspergillus flavus (BVMO-7:)?% were selected.

Results

Catalytic properties of hydroxylases with NCBs

We first compared the time-dependent enzymatic hydroxylation of
the native substrates of 3HB6H, PHBH and SalH, using two
biomimetics (AmMNAH and BNAH) and the two natural coenzymes
NADH and NADPH (Figure 3, 4 and 5).

3HB6H fully converted its substrate 3-hydroxybenzoate (3-HB,
Figure 2A) into the product gentisate (2,5-DHB) within 30 min with
a similar reaction time course, using an excess of NADPH or
NADH (Figure 3). The same reaction with AmMNAH took 1 h for
completion, and with BNAH 1 h 40 min. We screened an
additional nitrile-substituted coenzyme, BCNPH (Figure 1), but
observed no product formation (Figure S1).

NADH and NADPH promptly solubilized in the reaction
mixture, whereas crystallized AmMNAH needed ca. 20 min to
dissolve and BNAH crystals persisted during the reaction. To
verify whether the poor water solubility of BNAH affected the rate
of the reaction, DMSO was used as co-solvent (concentrations up
to 5% v/v of this solvent do not influence the enzyme activity,
Figure S4 and S5). Under these conditions, higher initial reaction
rates were observed but no difference in conversion was achieved
after one hour (Figure S1), which can be in part due to coenzyme
oxidation and chemical decomposition over time. 2!

AmNAH was further used for the 3HB6H-catalyzed
regioselective hydroxylation of the alternative substrate 3-
aminobenzoate, which contains an amino group instead of the
typical hydroxyl substituent (Figure S2). In 48 h, 1 mM of the
respective hydroxylated product 5-aminosalicylate was obtained.
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Figure 3. 3HB6H-catalyzed conversion of 3-HB to 2,5-DHB with: NADH (red
squares), NADPH (blue circles), AmMNAH (green triangles), BNAH (orange
diamonds). Reaction conditions: 30 °C, 800 rpm; 1 mL total volume containing
2 uM 3HB6H, 5 mM 3-HB, 10 mM coenzyme and 50 mM Tris-SO4 pH 8.0. Data
points are an average of duplicates.
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Figure 4. PHBH-catalyzed conversion of 4-HB to 3,4-DHB with: NADH (red
squares), NADPH (blue circles), AmMNAH (green triangles), BNAH (orange
diamonds). Reaction conditions: 25 °C, 800 rpm; 1 mL total volume containing
4 uM PHBH, 5 mM 4-HB, 10 mM coenzyme and 50 mM Tris-SOs4 pH 8.0. Data
points are an average of duplicates, with the exception of NADH.
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Figure 5. SalH-catalyzed conversion of 2-HB to catechol after 30, 60 and 120
min with: NADH (red), BNAH (orange), NADPH (blue) and AmMNAH (green).
Reaction conditions: 25 °C, 800 rpm; 1 mL total volume containing 3 uM SalH,
5 mM 2-HB, 10 mM coenzyme and 50 mM Tris-SO4 pH 8.0. Data points are an
average of duplicates (S| Table S4).
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Figure 6. HbpA-catalyzed hydroxylation of 2-HBP with coenzymes, and at
various BNAH and substrate concentrations (A-E). Reaction conditions: 30 °C,
800 rpm, 1 h; 1 mL total volume containing 2 uM HbpA, 50 mM NaPi pH 7.5 and
5% v/v DMSO, 5 mM 2-HBP (unless indicated otherwise), 10 mM coenzyme
(unless indicated otherwise). A: 5 mM 2-HBP, 10 mM BNAH; B: 5 mM 2-HBP,
2 mM BNAH; C: 1 mM 2-HBP, 10 mM BNAH; D: 1 mM 2-HBP, 2 mM BNAH; E:
0.1 mM 2-HBP, 2 mM BNAH. Data are an average of duplicates (Table S2).
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Next, we monitored the hydroxylation of 4-hydroxybenzoate (4-
HB, Figure 2B) catalyzed by PHBH with synthetic and natural
coenzymes (Figure 4). Because of substrate inhibition (K for 4-
HB of 8.5 mM),?"1 we kept a substrate concentration of 5 mM. The
preferred coenzyme NADPH showed the fastest conversion rates,
with full conversion to 3,4-dihydroxybenzoate (3,4-DHB) in 20 min
(Figure 4). The rate of product formation with AmMNAH was similar
to that with NADH: the initial conversion rate with AMNAH was
somewhat lower than with NADH but full conversion was reached
earlier with the carbamoylmethyl-substituted biomimetic. Using
BNAH, 75% conversion was obtained after 140 min.

For SalH, the initial rate with BNAH was only 30% when
compared with NADH (Figure S9). In contrast to 3HB6H and
PHBH, SalH showed negligible activity with AmMNAH (1.4% initial
rate). The two synthetic coenzymes were compared with the
natural ones for the oxidative decarboxylation of SalH’s natural
substrate salicylate (2-HB, Figure 2C and 5). In 30 min, full
conversion to catechol was achieved with NADH and BNAH,
whereas NADPH and AmNAH afforded 91% and 42% conversion,
respectively. The poor initial rate measured for AmMNAH is
reflected in the time course of the biocatalytic reaction, with
AMNAH being the last coenzyme to achieve full conversion
(Figure 5).

BNAH, its acetyl-derivative BAPH, and AmMNAH were tested
with  HbpA to convert 2-hydroxybiphenyl (2-HBP). The three
synthetic coenzymes only gave conversions equal to or lower
than 2% after 1 h (Figure 6). NADH and NADPH provided 2,3-
dihydroxybiphenyl (2,3-DHB) in good conversions (84% and 76%,
respectively, Figure 6). Considering that HbpA is inhibited by its
substrate and product,® a set of experiments with varied
concentrations of both BNAH and 2-HBP was designed (Figure 6,
A-E). Low aromatic substrate concentrations were beneficial for
the BNAH-mediated reaction of HbpA (Figure 6C-E). On the other
hand, at a fixed concentration of 2-HBP, the concentration of the
coenzyme itself seemed to have a negligible effect on the final
conversion (C and D). Full conversion was obtained only at very
low substrate concentrations (E), whereas, with 5 mM of substrate,
meagre conversions (2%) were achieved, independently of the
equivalents of coenzyme present (A and B).

At a 2-HBP concentration of 0.1 mM, HbpA showed activity
with all the tested NCBs (Table S3). As expected, NADH is the
preferred coenzyme. Among the synthetic analogues, AmMNAH
showed the best result, retaining ca. 4% of the initial activity found
for NADH.

Kinetic parameters of hydroxylases with NCBs

To determine the reaction rates and catalytic efficiencies of the
hydroxylases 3HB6H, PHBH and SalH with AMNAH and BNAH,
we carried out steady-state kinetics under substrate-saturated
conditions (Table 1). We observed that even at high concentration
of the synthetic coenzymes, no plateau in the reaction rates was
reached (S| section 2.6). Hence, only approximate Kea: and Kp
values could be obtained for the NCBs.

The para-hydroxylase 3HB6H showed the lowest K and
highest catalytic efficiency with NADH (Table 1, entry 1). In
agreement with the results shown in Figure 3, the enzyme was
also quite efficient with NADPH (Table 1, entry 2). The Michaelis
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constants calculated for the synthetic analogues are higher than
10 mM (Table 1, entry 3 and 4). As a result, both AmMNAH and
BNAH displayed far lower catalytic efficiencies with 3HB6H than
with the natural coenzymes.

The ortho-hydroxylase PHBH exhibited a clear preference for
NADPH with a high catalytic efficiency (Table 1, entry 6).271 The
estimated K, constants of both NADH and AmMNAH were two
orders of magnitude higher than for NADPH (Table 1, entry 5 and
7). The catalytic efficiency of PHBH with AmMNAH was in the same
range as the one determined for NADH (Table 1, entry 5 and 7),
in good agreement with the biocatalytic experiment (Figure 4).

The oxidative decarboxylase SalH showed a clear preference
for NADH with a high catalytic efficiency of ca. 1430 mMis?
(Table 1, entry 8). For NADPH and BNAH, no reliable ke values
could be extrapolated from the obtained kinetic traces. Therefore,
to compare the three coenzymes, the ke value obtained for
NADH was used as a fixed value for the calculation of the
Michaelis constant of NADPH and BNAH (Table 1, entry 9 and
10). Both K, values estimated in this way were at least 100 times
higher than the K, value determined for NADH. On the other hand,
AmNAH was hardly accepted by SalH (Figure 5 and S9).

Table 1. Steady-state kinetic parameters of 3HB6H, PHBH and SalH for
different coenzymes.
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production of hydrogen peroxide (H.O_), known as the uncoupling
reaction. 7. 281

Table 2. Oxidase activities of free enzymes and enzyme-product complexes of
3HB6H and PHBH with NAD(P)H and AmNAH.

[Coenzyme]  [Product] -
Entry  Enzyme Coenzyme (mM) (mM) kK (s™)
1 0 0.045 + 0.006
NADH 0.25
2 0.35 2.49+0.15
3 1 0 0.014 + 0.006
3HBGH®
4 1 1 0.005 + 0.002
AmNAH
5 8.4 0 0.004 + 0.001
6 8.4 1 0.014 + 0.001
7 0 0.06 +0.01
NADPH 0.25
8 1 2.34+0.07
9 1 0 0.05 +0.03
10 AmNAH 1 1 0.06 +0.02
PHBH®!
11 8 1 0.45+0.05
12 1 0 0.04 +0.05
13 NADH 1 1 0.02+0.01
14 8 0 0.03 +£0.01
15 8 1 0.07 +£0.04

Entry Enzyme Coenzyme  Km (mM) Keat (s%) I((;:;\zl(lzl)
1 NADH 0.06 +0.01 26.0+0.8 429

2 NADPH 0.39 +0.08 26 66

3HB6GH®

3 BNAHP! ~106+15 ~3.4+04 ~0.32
4 AmNAH ~19.1+4.4 ~4.0+0.7 ~0.21
5 NADH ~4.7+0.6 ~43+0.25 ~0.91
6 PHBH NADPH 0.07+0.01 55.0 £ 0.6 786

7 AmNAH ~4.2+0.4 ~8.0+0.3 ~1.9
8 NADH 0.009+£0.001 13.0+0.3 1429
9 SalH® NADPHM 0.97 +0.12 13.0+0.3 13.4
10 BNAHM 1.10+0.17 13.0+0.3 11.8

Kinetic constants were determined at 25 °C in 50 mM Tris-SO4 pH 8.0. Results
are an average of triplicates. [ The final volume of 1 mL contained 1 mM 3-HB
and varying coenzyme concentrations. [3HB6H] = 45 nM with NADH. [3HB6H]
= 2.7 uM with synthetic coenzymes. [3HB6H] = 3.6 uM with [NCB] <150 uM. 1!
with 5% v/v DMSO. 1 Literature value with 200 uM of 3-HB, 45 nM 3HB6H and
50 mM Tris-SO4 pH 8.0.17 [ Previous unpublished results. [ 200 pM 4-HB, 2
UM PHBH. [ Literature value with 200 uM of 4-HB, 7.5 nM PHBH and 100 mM
Tris-SO4 pH 8.0.27 9 with 5% viv DMSO, 1 mM 2-HB, 92 nM SalH, 10 uM FAD
buffer. M The kea: value obtained with NADH was used during the fitting of the
kinetic traces obtained with NADPH and BNAH because of their high Ky, values.

Uncoupling rates in presence of NCBs

We monitored the activity of 3HB6H and PHBH in the presence of
their respective product by measuring the rate of oxygen
consumption either with NADH, NADPH or AmMNAH (Table 2).
Under those conditions, with the physiological electron donors,
these enzymes can function as oxidases, leading to the

Apparent reaction rates (k') were determined with a Clarke-type electrode at
25 °C in 50 mM Tris-SO4 pH 8.0. The final volume of 1 mL contained the
specified concentrations of coenzyme and product (2,5-DHB for 3HB6H and
3,4-DHB for PHBH). @ [3HB6H] = 1 uM with NADH. [3HB6H] = 2.7 pM with
AMNAH. ™ [PHBH] = 1 uM with NADPH. [PHBH] = 2 uM with AmNAH and
NADH. Results are an average of triplicates.

In the presence of its product 2,5-DHB and NADH, 3HB6H
increased its oxygen consumption due to H,O, generation, giving
an uncoupling rate of 2.49 s (Table 2, entry 2), whereas high
concentrations of AmMNAH provided an apparent rate of only
0.014 s, independently of the presence or absence of product
(Table 2, entry 3 and 4). Overall, similar results were observed
with PHBH. Its product 3,4-DHB and NADPH gave an apparent
rate 40 times higher than in absence of 3,4-DHB (Table 2, entry 7
and 8).2% with 1 mM of AmNAH, the presence of one equivalent
of 3,4-DHB did not stimulate the uncoupling reaction (Table 2,
entry 9 and 10). An eight times higher concentration of AmMNAH
gave a slightly higher uncoupling rate (Table 2, entry 11). For the
reaction of PHBH and NADH, the presence of 8 mM of NADH
hardly increased the reaction rate (Table 2, entry 12, 13 and 14).

Activity of Type | BVMOs with NCBs

In the interest of our study, we performed a screening with group
B flavoprotein monooxygenases Type | BVMOs for the selective
oxidation of two substrates with BNAH. However, we observed no

This article is protected by copyright. All rights reserved.



ChemCatChem

conversion with the purified wild type CHMO, mutant CHMO6,24
and BVMOye,[?3 (SI section 2.7).

Discussion

NCBs are used in redox biocatalysis as alternatives to NAD(P)(H)
and were recently reviewed.[® 3% |n this study, we investigated the
applicability of NCBs (Figure 1) for the enzymatic regioselective
hydroxylation of aromatic compounds with several flavoenzymes
(Figure 2). Moreover, we compared the kinetic capabilities of
these NCBs to those of natural coenzymes, also in terms of
electron efficiency. The chosen biocatalysts 3HB6H, PHBH, SalH
and HbpA follow a reaction cycle similar to the one depicted in
Figure 7 for PHBH.!8 31 |n the reductive part of the reaction cycle,
the aromatic substrate acts as an effector (Figure 7, 1), strongly
enhancing the rate of flavin reduction by NAD(P)H (Figure 7, 11).52
The intimate link between NAD(P)H oxidation and substrate
binding decreases the risk that the labile C4a-hydroperoxide
intermediate (FADHoon) decomposes, thereby generating H2O-
(vide infra).
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Figure 7. Schematic representation of the proposed catalytic cycle for the
PHBH-mediated hydroxylation of 4-HB to 3,4-DHB and the uncoupling reaction
via FADHooH leading to H202 production.

For decades, the way flavin and pyridine nucleotide coenzymes
approach each other for hydride transfer in group A enzymes was
unclear.®3  Crystallographic  studies revealed that the
isoalloxazine moiety of the FAD cofactor of PHBH is able to swing
out of the active site.*Y Based on these observations, PHBH
would bind NADPH through a conformational selection
mechanism and flavin reduction would take place in the exposed
flavin out conformation (Figure 8).[t8: 322 32b, 343, 351 After NADP*
release, the anionic reduced flavin swings back into the buried
active site, where the subsequent reactions with oxygen occur.
Other group A flavoproteins monooxygenases are assumed to

10.1002/cctc.201902044
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display a similar mechanism.[¢ 3¢ Data indicates that HbpA also
adopts the in-out FAD movement during catalysis,*® 31 whereas
these conformational changes for 3HB6H and SalH remain
unexplored.

\?/ ;

Figure 8. FAD cofactor in the active site of PHBH in the in (cyan, PDB ID: 1PBE)
and out (green, PDB ID: 1PDH) conformation.

In the oxidative part of the catalytic cycle, the reaction of reduced
flavin with molecular oxygen generates FADHoon (Figure 7, III).
This electrophilic oxygenation species reacts with the aromatic
substrate, yielding the dihydroxylated aromatic product (Figure 7,
IV and V). The efficiency of substrate hydroxylation is enzyme and
substrate dependent and relates to the stability and reactivity of
FADHoon and the activation of the substrate.lt8 3t 324 37 |n the
absence of substrate or in the presence of the aromatic product
(which serves as a non-substrate effector), the enzyme may act
as an NAD(P)H oxidase, generating H,0,,17: 220 28.32d] 3 reactive
oxygen species detrimental to the enzyme and resulting in a loss
of precious electrons.

Biocatalytic reactions with NCBs

The biocatalytic experiments performed in this study establish
that NCBs can successfully replace the natural pyridine
nucleotide coenzyme in group A flavoenzyme-mediated
hydroxylation reactions. Especially with 3HB6H, PHBH and SalH,
full substrate conversions were obtained within a reasonably short
time frame (Figure 3, 4 and 5). The steady-state kinetic studies
indicate that absence of a specific interaction with the adenine
dinucleotide moiety of the coenzyme causes weak NCB binding
and relatively low turnover rates (Table 1). In spite of this, there is
a difference in the acceptance of NCBs among the enzymes.
3HB6H and PHBH both accept AmMNAH as NCB (Figure 2 and 3),
whereas SalH prefers BNAH (Figure 5). BCNPH provides no
conversion, which can be ascribed to the lack of a carbonyl group
in its structure, as seen with ene reductase-catalyzed
reactions. 1o

Electron efficiency of flavoenzyme-mediated hydroxylations
with NCBs

The efficient substrate conversion observed with 3HB6H and
PHBH in case of the water-soluble AMNAH (Figure 3 and 4)
prompted us to have a closer look at the oxidase activity of these
enzymes. This investigation revealed that in the presence of
AmMNAH, the aromatic products of these enzymes do not stimulate
the formation of H,O,, and thus no longer act as effectors (Table
2). This provides an advantage for the biocatalytic reactions
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because with increasing product concentrations, no uncoupling,
and thus no wasteful consumption of the electron donor takes
place.

As explained above, the reductive step of the reaction
depends on the prior association of the nicotinamide coenzyme to
the enzyme-substrate complex (Figure 7). Only when the proper
ternary complex is achieved, flavin reduction takes place.?! With
3HB6HEB?el and PHBH,P® reduction of the enzyme-substrate
complex with the natural electron donor is faster than the reaction
turnover rate. With the NCBs, however, assuming these
compounds do not interfere with the oxidative half-reaction, flavin
reduction becomes rate limiting in overall catalysis (Table 1 and
2). This is in line with the idea that rapid flavin reduction requires
enhanced sampling of the donor-acceptor distance
(conformational selection), which in group A monooxygenases is
tightly regulated by substrate binding and achieved by orienting
the nicotinamide ring of NAD(P)H in close proximity to the
exposed isoalloxazine ring of FAD.[l We therefore introduce the
term ‘kiss and ride’ mechanism. The weak binding of the NCBs
reduces the chance that the isoalloxazine and nicotinamide rings
meet each other for a ‘kiss’, but as soon as this happens, the
reaction will proceed (‘ride’). In the case of product binding, the
optimal orientation between flavin and NCBs that leads to
reduction (the ‘kiss’) is no longer achieved.

Replacing NAD(P)H with NCBs: challenges and prospects
So far, NCBs have been applied in stoichiometric amounts to
biocatalytic reactions. An efficient recycling system, whether
chemically with transition metals,®¥ or enzymatically with a
dehydrogenase enzyme,®¢ 30 40 js still limited by turnover
numbers lower than a few hundred, but will hopefully be overcome
by new computational modeling and protein engineering
approaches in the near future.°l

Additionally, as differently substituted NCBs can lead to
variable stability and redox potential as well as enzyme specificity,
the type of NCB should match the enzyme desired to catalyze a
reaction. Regarding SalH, we observed this enzyme accepts
BNAH as the best mimic, while 3HB6H and PHBH are more
efficient with AmMNAH. Subtle conformational fluctuations near the
domain interfacel” 35 38 41 are expected to also play a role, as
PHBH accepts NADPH better than NADH (Figure 4; Table 1).

The stable biomimetic AmMNAH is accepted as a coenzyme in
the 3HB6H-catalyzed reaction to achieve a 10 mM/h conversion
to gentisate (Figure 2A), which has interesting anti-inflammatory
and anti-bacterial activity.®! Using this system, we also produce
5-aminosalicylate (mesalazine, used to treat inflammatory
pathologiest?) from = 3-aminobenzoate. Nevertheless, further
optimization is needed to use AmMNAH efficiently with a recycling
system.

The tested NCBs show conversions lower or equal to 2% with
HbpA on a 5 mM reaction scale, compared with good conversions
when using NADH or NADPH. HbpA unfortunately suffers from
substrate (Ki 2-HBP of 6.5 mM) and product inhibition (Ki 2,3-
DHBP of 0.9 mM),2% which would explain our low conversions.
Our presented panel of coenzyme analogues is of a small sample
size, and other dihydropyridines might afford better activity.
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Mutagenesist*¥ could be considered to enhance HbpA’s affinity
towards NCBs.*4

Finally, in an attempt to further explore the potential of NCBs
with flavoprotein monooxygenases, we investigated FAD-
containing Type | BVMOs to establish their activity towards NCBs,
essentially BNAH, catalysing the oxygenation of cyclohexanone
to caprolactone and asymmetric sulfoxidation. The purified
BVMOs displayed no observable activity with BNAH (Table S8).
Unlike the flavin-containing group A monooxygenases, group B
enzymes present a Rossmann fold that binds the NAD(P)H
dinucleotide moiety throughout the entire catalytic cycle.s As
demonstrated here, this feature makes NCBs unable to function
as electron donors of Type | BVMOs. Thus, group B flavoprotein
monooxygenases, usually regarded as being ‘bold’ in terms of
flavin reduction, are more critical with NCBs than group A
enzymes, which usually are referred to as being ‘cautious’.[?3 4l

Conclusions

We show the proof of principle that group A flavoprotein
hydroxylases can use coenzyme biomimetics for different
regioselective hydroxylation reactions on both phenolic and
biphenolic substrates, enabling full conversions. NCBs showed
different catalytic efficiencies depending on the hydroxylase
enzyme: these results highlight the importance of selecting the
best synthetic coenzyme for each monooxygenase. Moreover, for
biocatalytic purposes, the application of NCBs can be enlarged by
improving substrate and product inhibition, as in the case for
HbpA.

Overall, NCBs revealed higher K, and lower K values,
supporting the view that the enzyme-NCB complexes are more
disordered than the natural enzyme-coenzyme complexes.
Intriguingly, the NCB-mediated biocatalytic conversions displayed
less uncoupling than the biocatalytic reactions with the natural
coenzymes. This represents an advantage since the electron
transfer efficiency of the reaction is improved and the H,O,
formation, detrimental for the enzyme and unnecessarily
consuming precious electrons, is reduced. Mechanistic and
biocatalytic details on the production of hydroxylated aromatic
compounds of medicinal interest were discussed and applied,
resulting in the potential future exploitation of NCBs for other or
improved  hydroxylase-catalyzed reactions towards the
regioselective oxidation of aromatic compounds or the recently
applied oxidative dearomatization.*”]

Experimental Section

General information: All chemicals were purchased from Sigma-Aldrich
(Merck) or Alfa Aesar and were used without further purification unless
otherwise specified. The natural nicotinamide adenine dinucleotide
coenzymes, both oxidized and reduced, were purchased from Prozomix.
H and 3C NMR spectra were recorded on a Varian 400 or a Bruker
Avance Il 400 NMR spectrometer at 400 or 100 MHz, respectively,
internally referenced to residual proton signals in CDCls, D20 or DMSO-de.
HPLC analyses were carried out at 30 °C on an Agilent Technologies
UHPLC 1290 Infinity System with a ZORBAX Eclipse XDB-C18 column
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(Agilent, 3.0 x 250 mm x 5 um). GC analyses were carried out on a Hewlett
Packard HP6890 GC system connected to a DB-5MS capillary column
(Agilent, 30 m x 0.25 mm x 0.25 um). UV-Vis spectra were recorded on a
UV visible-spectrophotometer Ultrospec 2000, connected to a temperature
control unit, both from Amersham Pharmacia Biotech. Oxygen
consumption experiments were carried out with a Clarke-type electrode
system (Hansatech Oxytherm).

Production of enzymes: 3-Hydroxybenzoate 6-hydroxylase from
Rhodococcus josti RHA1 (3HB6H), p-hydroxybenzoate hydroxylase
Cysl116Ser variant from Pseudomonas fluorescens (PHBH) and 2-
hydroxybiphenyl 3-hydroxylase from Pseudomonas azelaica HBP1
(HbpA) were produced from recombinant expression in Escherichia coli
and purified as described previously.[*”- 27. 324 Salicylate hydroxylase from
Pseudomonas putida S-1 was purified as described by Yamamoto et al.[*]
Enzyme concentrations were determined by measuring the absorbance for
protein-bound FAD using the following molar absorption coefficients:
3HB6H, €453 = 10300 Micm™;[171 PHBH, €453 = 10200 M-tcm™%;271 HbpA,
€452 = 9700 Mlcm ;13241 SglH, €450 = 11300 M-1cmL.[29]

Example of biocatalytic hydroxylation reactions with 3HB6H: The
coenzyme (2 equiv.,, 10 mM) was weighed in a 2 mL Eppendorf
microcentrifuge plastic tube (NADH: 7.1 mg; NADPH: 8.3 mg; AmNAH: 1.8
mg; BNAH: 2.1 mg). 50 mM Tris-SO4 pH 8.0 buffer, 5 mM of substrate (3-
HB, 1 equiv., from a 10 mM stock in buffer) and 3HB6H (2 uM) were added
to reach 1 mL total reaction volume. The reactions were carried out in
duplicate at 30 °C and 800 revolutions per minute (rpm) for 2 h 20 min with
an Eppendorf Thermomixer C. Aliquots to monitor the reaction over time
were quenched with a mixture of acetonitrile and milliQ water (1:1.75).
Prior to HPLC injection, the samples were filtered through an Amicon Ultra-
0.5 mL centrifugal filter units with Ultracel-10 membranes.

Example of kinetic data for 3HB6H: All measurements were performed
in triplicates at 25 °C in 50 mM Tris-SO4 pH 8.0 in a final volume of 1.0 mL.
Steady-state kinetics were measured under substrate saturation
conditions with varying coenzyme concentrations. Data was fitted to the
Michaelis-Menten equation (OriginPro version 9.0). Reactions with NADH
contained 1.0 mM 3-HB, 45 nM 3HB6H, 50 mM Tris-SO4 pH 8.0 and
varying coenzyme concentrations (0-250 uM), either in presence or in
absence of 5% v/v DMSO. The enzyme reactions were monitored by
UV/visible-spectrophotometry, following the decrease in absorbance of
NADH at 360 nm. Initial rates were determined using a molar absorption
coefficient of 4.31 mM-cm.

More information relating to the synthesis of coenzymes and NMR
characterization, biocatalytic reactions, kinetic data and other details, can
be found in the supporting information.
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