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Hydroxylation and Ring-Opening Mechanism of an Unusual Flavoprotein
Monooxygenase, 2-Methyl-3-hydroxypyridine-5-carboxylic Acid Oxygenase:

A Theoretical Study

Boxue Tian,™ " Yaoquan Tu,""! Ake Strid,' and Leif A. Eriksson*. "

Abstract: Hybrid meta-GGA density
functional theory (the MPWBI1K func-
tional) was used to study the hydroxyl-
ation and ring-opening mechanism of
2-methyl-3-hydroxypyridine-5-carboxyl-
ic acid oxygenase (MHPCO). This
enzyme catalyses the conversion of 2-
methyl-3-hydroxypyridine-5-carboxylic
acid (MHPC) to a-(N-acetylamino-
methylene)succinic  acid (AAMS),
which is the essential ring-opening step
in the bacterial degradation of vita-
min B;. MHPCO belongs to the flavin-
containing  aromatic  hydroxylases

of catalysing a subsequent aromatic
ring-cleavage reaction to give acyclic
products rather than hydroxylated aro-
matic ones. Our calculations show that
the re-aromatisation of the hydroxylat-
ed intermediate occurs spontaneously
in aqueous solution; this implies that
the ring-opening process occurs inside
the enzyme’s active site, in which limit-
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ed water is available. The instability of
the hydroxylated intermediate of
MHPCO is the main reason why acy-
clic products are formed. Previously
proposed mechanisms for the ring-
opening step were studied, and were
shown to be less likely to occur
(AAG™**>35kcalmol™!). Two new
pathways with reasonable barrier
heights (AAG**® <15 kcalmol™") are
reported herein, which are in accord-
ance with all experimental information
present to date.

. . vitamins
family. However, MHPCO is capable

Introduction

Flavoprotein monooxygenases (FMOs) are a group of en-
zymes capable of efficiently and regioselectively catalysing a
large number of oxidative reactions."™ Within the FMO
family, the aromatic hydroxylases have received much atten-
tion over the last three decades, and the protein structures
of some members have already been determined.!*! The ar-
omatic hydroxylase enzymes are capable of hydroxylating
aromatic rings at the ortho position of phenolic substrates
via electrophilic aromatic substitution reactions.*?
2-Methyl-3-hydroxypyridine-5-carboxylic acid oxygenase
(MHPCO) is a unique member of this aromatic hydroxylase
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family because the reactions catalysed by the enzyme give
acyclic products rather than aromatic ones.'*'¥ So far, three
compounds have been shown to be substrates of MHPCO,
namely,  2-methyl-3-hydroxypyridine-5-carboxylic =~ acid
(MHPC), 5-hydroxynicotinic acid (SHN) and N-methyl-5-
hydroxynicotinic acid (NMHN); see Equation (1).['*!

The conversion of MHPC to o-(N-acetylaminomethyl-
ene)succinic acid (AAMS) is the essential ring-opening step
in the bacterial degradation of vitamin B,. In the degrada-
tion, vitamin B4 undergoes a series of initial bacterial oxida-
tion and decarboxylation steps to give MHPC. After the
ring cleavage, AAMS will further convert to ammonia,
carbon dioxide, acetate and succinic semialdehyde, enabling
the bacteria to use pyridoxine as its sole source of carbon
and nitrogen (Supporting Information, S1).[4

Investigating the catalytic mechanism of MHPCO is of
great importance for the understanding of the aromatic hy-
droxylase family as well as further applications of such reac-
tions in general.

Previous studies have shown that the monooxygenation
process catalysed by aromatic hydroxylases can be divided
into two parts: reduction and oxidation. In the reduction
part, with NADPH and the substrate already bound, the
FAD cofactor is reduced by NADPH. In the oxidation part,
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the reduced FADH™ reacts with molecular oxygen to form
C-(4a)-flavinhydroperoxide (FIHOOH), which is a short-
lived intermediate (Supporting Information, S2).*!
FIHOOH then acts as an electrophile in the oxygenation,
and the terminal hydroxyl group is transferred from
FIHOOH to the substrate through electrophilic aromatic
substitution.!*?

Previous experimental investigations have provided useful
information on the catalytic mechanism of MHPCO. In the
experimental studies of Chaiyen et al. several mechanisms
were proposed.'”?! Based on the crystal structure, McCul-
loch et al. recently proposed a new mechanism.”) Although
different pathways are suggested, they share the similarity
that hydroxylation (Scheme 1) and ring opening are the two
key catalytic steps (experiments were unable to differentiate
between the different pathways). As with other aromatic hy-
droxylases, the substrate is first hydroxylated by C-(4a)-fla-
vinhydroperoxide (FIHOOH) through an electrophilic aro-
matic substitution, which is the rate-limiting step. In the
ring-opening step, a water molecule is added to the hydroxy-
lated intermediate either before or after the C2—C3 bond
cleaves [Eq. (1)].

C(4a)-hydroperoxy-flavin
(FIHOOH)

R
HaC NP HaC N O
w4 o
A N, % N
HsC H o H H5C N A- H
[ H O
/[ O — o)

C(4a)-oxide-flavin
(FIHO")

AAMS: R'= CH3, R2=H

So far, no theoretical study
on the full catalytic process of
MHPCO has been reported.
However, there are some theo-
retical studies modelling the hy-
droxylation step of p-hydroxy-
benzoate hydroxylase (PHBH),
a paradigm aromatic hydroxy-
lase, which provides insight into
the hydroxylation step.”***! In
these studies, the energy barrier
of the hydroxylation step was determined to be 20-
30 kcalmol™ by using different theoretical methods. Be-
cause the experimental value is 12 kcalmol !, it was suggest-
ed that additional interactions with the enzyme must be con-
sidered for the hydroxylation step.*"!

Based on previous experimental data, we have herein ex-
amined the catalytic mechanism of MHPCO by using quan-
tum chemical methodology in the hybrid meta-GGA density
functional theory framework. Previously proposed mecha-
nisms were studied, and two new pathways are presented
based on theoretical considerations.

coo
+ NADP* + H,0

Computational Methods

The hybrid meta density functional theory (HMDEFT)
method MPWBI1KP was used to study the reaction path-
ways because MPWBI1K is known to provide accurate barri-
er heights as well as hydrogen-bonding interactions.
Intermediates and transition states were first optimised in
vacuo at the B3LYP/6-31G(d) level.®™” Further geometry
optimisations by using MPWB1K/6-31+G(d,p) were per-
formed on the geometries of the previous step, followed by
frequency calculations at the
same level of theory to ensure
that these were stationary struc-
tures on their respective energy
surfaces and to extract Gibbs
free energy corrections at
298 K. Transition states were
tested by using intrinsic reac-
tion coordinate (IRC) calcula-

C(4a)-hydroxy-flavin
(FIHOH)

R
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=3 i Iﬁ/ O connected the correct reactants
J‘\/j/ HO: NF -0 N and products in each step. The
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R ONT R2 R g2 integral equation formalism of
B2 the polarised continuum model
[38.39] :
Complex 1 Complex 1T Complex 111 (IEFPCM) Wlth . UAHF
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CHy % P P N— _/ occur in aqueous solution (e=
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OH CH
Scheme 1. Proposed hydroxylation step of MHPCO: In this paper, the ribityl chain was replaced by

CH,CH,OH (at the dashed line).
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Single-point energy calcula-
tions were performed on the
optimised structures by using
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the higher basis set 6-311+4G(2d,2p) in the proton affinity
calculation of the hydroxylated intermediates (see below).
When evaluating the rotation barrier of different configura-
tions, both transition states in clockwise and anticlockwise
rotation were located, and the one with the lower energy
barrier was chosen to be the transition state (TS).

The substrate SHN was used instead of MHPC for all the
calculations because SHN is also a substrate of MHPCO
and has fewer atoms; the difference between the two struc-
tures is a methyl group in the R! position [Eq. (1)]. This is,
however, expected to influence the energetics of the reac-
tions to a very small extent. All calculations were performed
by using the Gaussian 03 program.*’!

Results and Discussion
Hydroxylation

Reactant complex: According to previous titration experi-
ments, the substrates of MHPCO exist in their tripolar
forms when binding to the enzyme [Eq. (2)].?” It should be
mentioned that in the related enzyme (PHBH) although the
substrate p-hydroxybenzoate should not have the phenolic
hydroxyl deprotonated at neutral pH, it has been shown to
attain a phenolate form in the enzyme.*! It was argued that,
with the phenolic hydroxyl deprotonated, the substrate is in
a higher energy form, thus the energy barrier for hydroxyl-
ation is lowered.” These enzymes thus activate the sub-
strate by controlling its protonation state.

HO X COO™ Enzyme o . Cco0
| —_ | P 2)
R N/ Solvent RTSNT
|
H
Anion Tripolar

Comparing the energies and structures of the anion and
tripolar forms of SHN both in vacuo and in water (PCM),
the Gibbs free energy of the anion form is found to be
11.9 kcalmol ' lower than the tripolar form in vacuo, and
7.9 kcalmol ' lower in water (see Figure 1). Therefore, SHN

Q) AGZN=-511.266655 au.
AGZF=-511.382063 a.u.

b) AGZ=-511.247615 au.
AGZF=-511.369550 a.u.

1.246A 1.439A

Figure 1. Optimised geometries a)the anion form and b) the tripolar
form of SHN in vacuo.
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exists mainly in the anion form in water. Compared with the
anion form, the C2—C3 and C3—C4 bond lengths are in-
creased in the tripolar form (1.384—1.424 A and 1.381—
1.439 A), whereas the C3—O bond length is decreased
(1.363—1.246 A). Because these geometric features resem-
ble those of the hydroxylated form, conversion of the sub-
strate into the tripolar form predisposes this to facilitate hy-
droxylation.

In the reactant complex (Complex I), we replaced the ri-
bityl chain with an ethanolyl group (CH,CH,OH) to simpli-
fy the large system. The complexation energy, that is, the
energy difference between the reactant complex (Complex
I) and the isolated reactants (FIHOOH and tripolar SHN),
is —16 kcalmol™'. Thus FIHOOH and 5HN readily form a
reactant complex. In optimised complex I, the FAD and
SHN planes are essentially parallel to each other (Fig-
ure 2a). The hydroperoxyl group forms a hydrogen bond
with the phenolic oxygen in SHN, and the H--O distance is
1.630 A. This interaction can have an effect on the barrier
height of the subsequent hydroxyl transfer because in the
transition state the H--O distance is 2.990 A and the interac-
tion thus much weaker (Figure 2b). It should be noted that
the phenolic oxygen in SHN also can form a hydrogen bond
with the NH group of FIHOOH (H--O distance 1.939 A,
Figure 2a), but this interaction is not as strong as the inter-
action with the hydroperoxide group. However, this interac-
tion can possibly affect the hydroxyl transfer because it be-
comes weaker in the product complex (H--O distance:
2.105 A).

TS and product complex: In TSI-II, the C2—O and O—O
distances are 1.908 and 1.768 A, respectively (see Fig-
ure 2b). The geometry of TSI-II is similar to previous DFT
studies on the corresponding reaction in PHBH.?**! How-
ever, we note that the imaginary frequency v;=659.7i cm™
obtained herein is higher than v;=~400i cm™' reported for
the hydroxylation step of PHBH. A likely cause is the use
of a different functional in the calculations, but slightly dif-
ferent geometric structures at the TS will also have an
impact. In a previous comprehensive study on hydroperox-
ides, Bach and Dmitrenko® found that the imaginary fre-
quency of a transition state can be used to estimate whether
the oxidative reaction of the hydroperoxide is a hydroxyl
transfer (corresponding to a low imaginary frequency) or a
direct oxygen transfer process (corresponding to a high
imaginary frequency). According to this result, the current
oxygenation reaction with an imaginary frequency v;=
659.7i cm™! is still a hydroxyl transfer process. The hydroxyl
transfer, which gives complex II, shares similarity with an
S\2 reaction, with FIHO™ as the leaving group.

We obtained an energy barrier of 33.8 kcalmol™! for the
hydroxylation reaction, which is higher than previous DFT
studies by using the B3LYP method.” Albeit too high for
an enzymatic reaction, it is consistent with the fact that
B3LYP usually underestimates energy barriers, whereas the
newer methods, such as MPWBI1K, that are parametrised
particularly for accurate evaluation of barrier heights, in
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a) AGZ=-1648.740751 au.

b) AGLY=-1648.686912 a.u.
AAG;w=33.8 kcal mol™!
v, =659.7icm™!

grmo~- 0.62

¢) AG¥=-1648.802517 an.
AAGYS  =38.8 keal mol™!

Figure 2. Optimised geometries of a) complex I, b) TSI-IL, ¢) complex III
in the hydroxylation step.

general provide higher values.® The too-high barrier found
herein can largely be ascribed to the fact that no explicit
active-site residues, which might stabilise the TS through hy-
drogen bonding or electrostatic interactions, were included.

When optimising the product complex, this immediately
rearranges to complex III instead of II (Scheme 1 and Fig-
ure 2c). It is known that in this type of hydroxyl-transfer re-
action, the final product complex of the hydroxylation step
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is determined by the proton affinity (PA) of FIHO™ versus
the hydroxylated intermediate.”! The calculated PA values
of FIHO™ and compound 1 by using MPWBI1K/6-311+ G-
(2d,2p) show that the PA of 1 (333kcalmol™) is
12 kcalmol ™' lower than that of FIHO~ (345 kcalmol™)
[Eqns. (3) and (4)]. This implies that complex III will be
more stable than II, in accordance with the spontaneous re-
arrangement found.

H+

FIHOO ——> FIHOH PA =345 kcal mol™! (3)
o coo” ~_ _COO"

N e O
} P . P PA =333 kecal mol™' 4)
o "|'|+ HO I}l+

H H

1 2

Reaction mechanism: Because the hydroxylation step is pro-
posed to be an electrophilic aromatic substitution reac-
tion,! we analysed the atomic charges of the complexes in
the hydroxyl-transfer process. The transferred hydroxyl re-
tains a nearly neutral state in the reactant and transition
state. An electron is transferred from SHN to FIHO™ during
the process, and in the transition state, the total atomic
charges of the SHN part and the FIHO™ part are close to
—0.5 e~ each (Figure 2), in accordance with an electrophilic
aromatic substitution mechanism.

However, by using IRC calculations to trace the conver-
sion of the transition state to the product complex, the hy-
droxyl is found to rotate before binding to the carbon atom
of SHN. In the rotation, the hydroxyl proton is transferred
back to FIHO™ to give product complex III. The energy sur-
face for proton transfer from FIHO™ to SHN (i.e., from
complex III to II) was scanned, showing that the reaction is
strictly endothermic along the reaction coordinate, even as
the O—H length in complex II reached 0.98 A. However, the
total energy difference is only 1.5 kcalmol ™!, which is much
smaller than the PA difference (12 kcalmol™"). This implies
that the product complex is not simply determined by the
PA values, and more factors must be considered. Therefore,
we suggest that both complex II and III can be the product
of the hydroxylation step, with complex III being slightly
favoured (Scheme 1).

In the hydroxylation step, due to the Sy2-like reaction, a
chiral carbon atom is formed. In the enzyme’s active site
pocket, the substrate will not be able to flip between differ-
ent orientations (due to a hydrogen-bonding network stabil-
ising the substrate), so we propose that there will be one ste-
reoselective product in the hydroxylation step. In our calcu-
lation, product 1a was formed [Eq. (5)] because the initial
orientation was chosen from the crystal structure. Therefore,
the R configurations of 1 (1a) and 2 (1a protonated) were
used for the calculations below. It should be noted that the
stereochemistry of compounds 1 and 2 does not affect the
configuration of the product in these model calculations.

Chem. Eur. J. 2010, 16, 2557 -2566
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Ring cleavage

The role of enzyme structure: As mentioned above,
MHPCO is an unusual member in the aromatic hydroxylase
family because after the hydroxylation, there is a further
ring-cleavage process to give an acyclic product instead of
an aromatic one.

According to Chaiyen et al.,['>? the ring-opening process
is faster than the rearomatisation so as to prevent the for-
mation of the aromatic product. However, our calculations
show that the C2—C3 bond strength in 2 is not that weak (>
40 kcalmol'). Moreover, when we optimised the geometry
in water (optimisation with PCM model), the rearomatisa-
tion occurs spontaneously (Supporting Information, S3). To
validate our discovery, we also studied the hydroxylated
product of a typical aromatic hydroxylase, PHBH. The hy-
drogen on C2 readily leaves during the optimisation, and a
charge distribution analysis shows that the leaving hydrogen
carries a positive charge of 0.86e™, that is, a proton. Thus we
suggest that once the hydroxy-
lated intermediate is released
into aqueous solution, the rear-
omatisation occurs (Scheme 2).
Hence, in the active site of
MHPCO there should be a lim-
ited amount of water present
around the substrate, and the Ho™ N
hydroxylated intermediate is u
not released into water until
the aromatic ring is cleaved.
The enzyme structure study by
McCulloch et al. shows that the
active site pocket of MHPCO is
significantly different from the
other aromatic hydroxylases."

McCulloch pathway

TS2-3
MG,

coo/
Ty

Chaiyen pathway

— (dolo)
o’ =C

=41 9kcal mol™'
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Therefore, the uniqueness of MHPCO is determined by
both the unstable hydroxylated intermediate and the partic-
ular protein structure.

Note that the rearomatisation of 1 and 2 can also occur
by a typical enolisation reaction of the carbonyl group at
C3. However, our calculations show that the energy barriers
of this type of reaction are extremely high in vacuo for both
1 and 2 (82.5 kcalmol ™! for 1 and 61.6 kcalmol™! for 2, Sup-
porting Information S4). We thus consider this type of reac-
tion unlikely to occur in the enzyme active site.

Previous ring-opening pathways: In previous studies by
Chaiyen et al, it was suggested that after the hydroxylation,
with the FIHO™ moiety leaving, the hydroxylated substrate
(similar to 2) undergoes the ring-cleavage reaction with the
help of water.'*?] Recently, McCulloch et al. proposed a
new mechanism involving that the hydroxylated intermedi-
ate cleaves at the C2—C3 bond to give a ketene intermedi-
ate, which is further hydrated to the product.!”) Both mecha-
nisms (Scheme 3) have been evaluated in vacuo (in water, 2
is not stable, as mentioned above).

Our calculations show that the pathway proposed by
McCulloch et al. is very difficult to obtain (2—3, AAG**=
41.9 kcalmol™). The carboxyl group in 2 is out of the ring
plane, implying a poor conjugation (Figure 3a). As we men-
tioned above, in the PCM optimisation the proton on C2

| Ho

ey T

Hooc coo’
=y
a

product

“OiAf e
H,O \ HO H* H
TS4-5 A ‘ ot

HO N = N

' ! d h
MG =38 5keal mol ™! H

4 5 product

Scheme 3. Previous mechanisms of Chaiyen">**! and McCulloch.!

leaves the molecule directly

2 MEPCO and carries a net positive
B i, SO0 charge (rearomatisation). In

0.~ 00 O €00 o |Nf + (will not happen) vacuo, this positive charge is
I sl Hj\/j & distributed mainly on C2 (g=

H™ NG HO™ Rk e coo Ho.§ He 042e7) and C4 (¢=0.68¢")
bl : o | L P | rather than on the nitrogen
?’E H)L\ N atom as described in the Lewis

b) PHBH H structure.?) The bond lengths

FIHOOH

o = 0

droxybenzoate.
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reaction pathway of MHPCO with the substrate SHN; b) Reaction pathway of PHBH with substrate para-hy-
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of N1-C2, C2—-C3 and C3—C4
are 1.455, 1.526 and 1.451 A, re-
spectively  (Figure 3a), which
implies that the ring atoms in
compound 2 are not conjugated
to a delocalised system. The TS
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b) TS 2-3
AAGE, =419 keal mol™!
v, =609.6i cm™!

a) Compound 2

2.199A—+

1.455A

Figure 3. Optimised geometries of a)compound 2 and b) TS2-3 in
vacuo.

has a C2—C3 bond length of 2.199 A (AAG***=41.9 kcal
mol ™!, »,=609.6i cm ™). From reactant 2 to TS2-3, the C2—
C3 bond length is thus increased by 0.673 A (Figure 3b). All
the information suggests that this pathway will not occur.
According to Chaiyen et al., adding water to 2 gives 4,
which undergoes the ring-opening reaction.l”?! Because we
are interested in the ring-opening process, the energy barrier
of the water addition was not considered. The carboxyl
group is in the ring plane in 4, implying a larger conjugation
compared to 2. The C2—C3 bond in 4 is 1.538 A, slightly
longer than that in 2. The positive charges on C2 (¢=
0.40e”) and C4 (¢=0.62¢™) are reduced compared with 2
(Figure 4a). In TS4-5, the distance between C2 and C3 is

b) TS 4-5
AAGE, =38.5 keal mol™!
v, =4853icm!

a) Compound 4

Figure 4. Optimised geometries of a)compound 4 and b) TS4-5 in
vacuo.

2.216 A, which is similar to that in TS2-3 (Figure 4b). The
energy barrier for the ring-opening conversion of 4 to §
(TS4-5, AAG*™*=385kcalmol™, »=4853icm™!) is
3.4 kcalmol ™' lower than that of TS2-3. However, this value
is still higher than that of hydroxylation, which is known to
be the rate-limiting step. Therefore, Chaiyen’s pathway is
also less likely to give the ring-opened product.

Current ring-opening pathways: When using the favoured
product of the hydroxylation step, compound 1, we find two
different pathways leading to the acyclic product
(Scheme 4). Compared with Scheme 3, these two pathways
display much lower barrier heights.
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In pathway A, the C2—C3 bond length of TS1-6a is in-
creased to 1.864 A, after which the ring cleaves to give the
ketene intermediate 6a. The energy barrier of the reaction
is 14.1 kcalmol ™" (TS 1-6a, v;=795.9i cm™"), which is much
lower than the direct ring-opening reaction in Scheme 3
above (TS2-3, AAG**®=41.9 kcalmol™'). This implies that
it is much easier for 1 to cleave the C2—C3 bond than it is
for 2. We suggest that the large difference in barrier heights
is due to the difference of electronic structure between 1
and 2. The frontier orbitals of 1 and 2 were studied (Sup-
porting Information, S5). The LUMO orbitals are similar in
1 and 2, but the HOMO orbitals differ a lot. The HOMO or-
bital in 2 locates on the carboxyl group, so the C2—C3 bond
is relatively stable. In 1, however, the HOMO has a large
C2—C3 antibonding component, which explains the fact that
the ring cleavage of 1 has much lower barrier than 2.

Unlike 2, the removal of the hydroxyl proton essentially
makes the pyridine ring atoms and the carboxyl group
atoms in 1 lie in the same plane, except for the sp>-hybri-
dised carbon C2. Our geometry optimisation shows that this
chiral carbon C2 is above the ring plane (Figure 5a). When
using IRC calculations to trace the product from TS1-6a,
we obtain the local minimum 6a’. This local minimum can
easily reach the global minimum 6a through the C6—N1
single-bond rotation (Supporting Information, S4). The rota-
tion barrier is only 0.2 kcalmol ', and the free energy differ-
ence between 6a’ and 6a is —3.9 kcalmol™'. In 6a’, the C2-
N1-C6-C5 dihedral angle is —63.1°, whereas in 6a, all the
atoms are in the same plane (C2-N1-C6-C5 dihedral angle
—179.9°) to form a large delocalised system, which enhances
the stability of 6a over 6a’.

b) TS 1-6a
AAGE, =14.1 kealmol™
v, =795.9icm™

a) Compound I

1.538A
P

2.457A

c) TS 1-7
AAGE, =111 keal mol™
B

d) Compound 7

v;=231.5icm

Figure 5. Optimised geometries of important intermediate and transition
states in vacuo: a) compound 1; b) TS1-6a; c) TS1-7; d) compound 7.
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Scheme 4. Current ring-opening pathways. In pathway A, the C2—C3 bond in 1a cleaves directly to give the ketene intermediate 6a (AAG™**=14.1 kcal

mol™"), which will further be hydrated to form product A. In pathway

B, 1a forms intermediate 7 via an epoxy transition state TS1-7 (AAG***=

11.1 kcalmol ). With the cleavage of the weak C3—O bond in 7, 6b is obtained, which upon hydrolysis gives product B.

In pathway B, compound 1 first forms an epoxy transition
state (TS1-7, »,=231.5i cm™") to give 7 (Figure 5c—d). The
energy barrier is 11.1 kcalmol™, which is slightly lower than
that of pathway A. With the weak C3—O bond broken
(TS7-6b, AAG™=0.5kcalmol™!, »,=345.0icm™") we
obtain the local minimum 6b’ because the epoxy transition
state constrains the direction of the carbonyl C=O bond of
the amide pointing towards the ketene group (Figure 5c).
The 3 kcalmol ' lower barrier of pathway B implies that it is
kinetically favoured compared with pathway A.

We found that in epoxy transition states TS1-7, the C2—
C3 bond length is shorter than in 1 (1.525 versus 1.538 A),
because during the C3—O bond formation, C2 is pulled back
to the pyridine plane (in 1 it is above the plane). Through
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the rotation of the O=C2—H plane in 1, the hydrogen on C2
moves to a cis position of the hydrogen on N1 (IRC calcula-
tion, see Supporting Information S6). This cis configuration
is maintained in pathway B. The geometry of TS7-6b (not
shown) is almost the same as 7, only except for an increase
in the C3—O distance (1.460—1.671 A). In 6b’, the C2-N1-
C6-CS5 dihedral angle is 64.7°, which is similar to 6a’ but in
opposite direction. The conversion of 6b’ to 6b is similar to
that in pathway A (AAG*=0.5kcalmol™, AAGE =
—4.9 kcalmol ™).

C2—N1 bond rotation: It should be noted that in the direct
ring-opening process (TS1-6a) the two hydrogen atoms on
N1 and C2 are in trans positions, whereas through the epoxy
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transition state (TS1-7) the two hydrogen atoms are in cis
positions (Figure 5b,c). Hence these two pathways reach dif-
ferent configurations of ketene intermediates 6a and 6b.
Compounds 6a and 6b are stoichiometrically identical,
and react with water to give the same carboxylic acid prod-
uct. However, they give two different configurations of the
product (A and B) that are observable by 'H NMR spectros-
copy because the C2—N1 bond rotation in the product is
slower than the '"H NMR time scale and the chemical shifts
of the hydrogen atoms in A and B are different.”” To distin-
guish between 6a and 6b, we introduce the cis/trans notion,
which describes isomers of alkenes; 6a is labelled trans and
6b is labelled cis. The atoms in the amide (OC2-NH-C6) are
all in the same plane, again similar to alkenes (Scheme 5).

. - _pa=~_ _C00
0=C co0 o0=C
| TS 6a-6b " |
Ho AAG, =24.6kealmol' "N

.
7 i H (o]
in vacuo
o 6 H ( ) b
(trans) (cis)
l H,0 L H,O
Ko} ) O ,
o> coo o> coo
N TSA-B S
H-N AAG,=21.7kcal mol™! H-N
O//J\H (in water) H/&O
Product A Product B
(trans) (cis)

Scheme 5. Product rotations.

The lone pair on N1 is conjugated with the C5=C6 bond,
the C2=0 bond and also the carboxyl group to form a large
delocalised system (O=C2—N1-C6=C5—COQO~) in 6a and
6b, which restricts the C2—N1 bond rotation. Our calcula-
tion shows that the rotation barrier is more than
20 kcalmol ™! in vacuo (6a—6b AAG**®=24.6 kcalmol ',
and 6b—6a AAGT*=20.8 kcalmol ™), implying a slow pro-
cess. In TS6a-6b, the N1 atom adopts an sp’ configuration
rather than the sp® configurations in 6a and 6b. The O-C2-
N1-C6 dihedral angle is —61.9°, and there is little overlap
between the m orbital in the aldehyde and the m orbitals in
the rest of molecule (Supporting information, S7).

When 6a and 6b are released into water, products A and
B are obtained. We found that the hydrogen attached to ni-
trogen and the newly formed carboxyl interact by a hydro-
gen bond giving a seven-membered ring, with an O--H dis-
tance of 1.85 A in both A and B (Supporting Information,
S8). As in 6a and 6b, the large delocalised system (O=C2—
N1-C6=C5—COQ") is present also in A and B.

Our calculation shows that A is 0.6 kcalmol™ higher than
B in energy, whereas in vacuo 6a is 3.8 kcalmol™ lower
than 6b in energy. This implies that the environment can
affect the preference of different configurations. In Chaiy-
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en’s study,® the cis product B is reported to be the major
one in D,0, and the ratio of B to A is roughly 3:1, which is
explained by the current calculations. By using Boltzmann
statistics (e *#*T), an energy difference of 0.6 kcalmol ™ cor-
responds to a 2.8:1 ratio between products B and A at T=
298 K.

The C2—-N1 bond rotation is as slow as that in the ketene
intermediates (A—B AAG;*=21.7 kcalmol™', and B—A
AAG;?®=21.2 kcalmol ™). In TSA-B, the intramolecular
hydrogen bond length is shortened (1.859—1.786 A). The
O-C2-N1-C6 dihedral angle is —111.2°, implying poor conju-
gation between the aldehyde and the C6=CS5 double bond.

Alternative ring opening: Besides the two pathways men-
tioned above, we found that after hydroxylation, the C2—N1
bond in compound 1 can also cleave to give imine product 8

[Eq. (6)]-

o coo” o co0
o TS1-8 S
o = ®)

‘o N
Ly |
H H
1 8
This conversion is almost barrierless (AAG™®=

0.5 kcalmol ). However, because the energy difference be-
tween 1 and 8 is only 6.9 kcalmol !, compound 8 can also
convert back to 1 (AAG**®=7.4 kcalmol™'). We thus pro-
pose that in the enzyme this is a reversible reaction because
the energies of the ketene intermediates are much lower
than 8 (the energy difference between 8 and 6a is 18.2 kcal
mol™', and the energy difference between 8 and 6b is
14.4 kcalmol ). It should be noted that in principle 8 can
also react with water to give a-hydroxyl amine or rearrange-
ment products. Because no such products have been detect-
ed, we suggest that water addition probably does not occur
in the active site, which is consistent with Scheme 2.

By analysing the reactions of 1 in the presence of FIHOH
to mimic the processes in the enzyme active site, we found
that FIHOH can stabilise 1. The barrier heights for conver-
sions of 1 to 6a, 7 and 8 are increased (Table 1). The struc-
tures of the reactant and TS complexes reveal that the most
probable reason is the strong hydrogen bond (O--H distance
1.464 A) formed in complex I (Figure 2¢). In the transition
states of the different pathways, this hydrogen bond is much
weaker (Supporting Information, S9). Therefore, the hydro-
gen-bonding interaction is important for maintaining 1, and

Table 1. Comparison of the energy barriers for the ring-opening step in
the presence of FIHOH.

Conversion Without FIHOH With FIHOH
AAG*® [kcalmol '] AAG™® [kcalmol ']

1—6a 14.1 20.7

1-7 111 16.0

1—8 0.5 7.3

Chem. Eur. J. 2010, 16, 2557 -2566


www.chemeurj.org

2-Methyl-3-hydroxypyridine-5-carboxylic Acid Oxygenase

affects the barrier heights for the different ring-opening
pathways. In the enzyme, the conversions of 1 to 6a and 6b
might be assisted by the other residues in the active site
(work in progress).

Conclusions

The hydroxylation and ring-opening mechanism of MHPCO
is studied by computational quantum chemistry. In the hy-
droxylation, a hydroxyl group is transferred from the acti-
vated flavin (FIHOOH) to the substrate through aromatic
electrophilic substitution, which is similar to the other aro-
matic hydroxylases. A barrier height of 33.8 kcalmol™'
[MPWBI1K/6-31+ G(d,p)] is obtained for this step, which is
higher than the 24.9 kcalmol™ [B3LYP/6-314G(d,p)] re-
ported by Bach et al.” in a previous study on the PHBH
mechanism. The hydroxyl proton is spontaneously trans-
ferred back between the hydroxylated substrate and the re-
maining FIHO™ moiety. Given the small energy difference,
both 1 and 2 [Eq. (4)] can be the product of the hydroxyl-
ation step; Our calculations show that complex III (FIHOH
and 1) is more stable than IT (FIHO™ and 2).

The ring opening occurs inside the enzyme active site
rather than in water because in water the rearomatisation is
predicted to take place immediately, without any barrier, to
give an aromatic product. This has, however, not been de-
tected as the product of MHPCO. The instability of the hy-
droxylated intermediate of MHPCO is the main reason that
the acyclic products are formed.

In the ring-cleavage reaction, compound 1 is more likely
to cleave the ring than 2 (AAG*®<15kcalmol™ for 1
versus AAG™®>35kcalmol™ for 2). Two possible ring-
opening pathways of 1 are found. In pathway A, the ring
opens directly (AAG**=14.1 kcalmol™') to give 6a, the
trans configuration of the ketene intermediate. In path-
way B, the cis configuration 6b is obtained by way of an
epoxy transition state (AAG**®=11.1 kcalmol ). The trans-
formation between 6a and 6b is restricted (AAG™*®>
20 kcalmol ') due to the large conjugated fragment (O=C2—
N1-C6=C5—COQO"). The transformation between hydrated
product A (rrans) and B (cis) is slow (AAG”">
20 kcalmol '), and can be observed by 'H NMR spectrosco-
py.2! Our calculations show that B is slightly more stable
than A, which is in accordance with the fact that B is the
major product. The barrier heights found are in line with
those reported for ketosteroid isomerase (=10.3 kcalmol™),
implying that the rate-limiting step for the current system is
indeed the initial hydroxylation rather than the subsequent
ring-opening reaction.[*’)

The C2—N1 bond in 1 can also be cleaved to give imine 8
(AAG**®=0.5 kcalmol ). Because no other products than
those originating from 6a and 6b were detected, and the
energy of the ketene products (6a and 6b) are much lower
than 8, this must be a reversible reaction in the enzyme. We
furthermore propose that the subsequent water addition
probably does not occur in the active site because the reac-
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tion of 8 with water would give other products than those
detected. FIHOH can stabilise 1 through hydrogen bonding,
and the energy barriers are increased for all ring-opening
pathways in the presence of FIHOH. This implies that the
hydrogen-bonding interaction is important for the ring-
opening process.
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