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Reaction Mechanism of Apocarotenoid Oxygenase (ACO): A DFT Study
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Abstract: The mechanism of the oxida-
tive cleavage catalyzed by apocarote-
noid oxygenase (ACO) was studied by
using a quantum chemical (DFT:
B3LYP) method. Based on the avail-
able crystal structure, relatively large
models of the unusual active-site
region, in which a ferrous ion is coordi-
nated by four histidines and no nega-
tively charged ligand, were selected
and used in the computational investi-

results suggest that binding of dioxygen
to the ferrous ion in the active site pro-
motes one-electron oxidation of carote-
noid leading to a substrate radical
cation and a Fe-bound superoxide radi-
cal. Recombination of the two radicals,
which can be realized in at least two
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different ways, yields a reactive peroxo
species that subsequently evolves into
either a dioxetane or an epoxide inter-
mediate. The former easily decays into
the final aldehyde products, whereas
the oxidation of the epoxide to the
proper products of the reaction re-
quires involvement of a water mole-
cule. The calculated activation barriers
favor the dioxetane mechanism, yet the
mechanism involving the epoxide inter-

gation of the reaction mechanism. The

Introduction

Carotenoids are natural fat-soluble pigments found in nu-
merous fruits and vegetables, and play multiple protective
and regulatory roles in plant and animal physiology.""? For
example, B-carotene is used by animals as a precursor of vi-
tamin A, which is indispensable for growth, embryonal de-
velopment, and visual function. Retinal (vitamin A), like
some other biologically important compounds, belongs to a
group of apocarotenoids that are synthesized from the
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mediate cannot be ruled out.

parent carotenoids by the oxidative cleavage reaction cata-
lyzed by a family of iron-dependent enzymes.!*! Existence
of specific carotenoid oxygenases was postulated as early as
1965, however, the identification of the first member of
this group, named VP14, was accomplished first in 1997.5
VP14 is a plant enzyme responsible for the oxidative cleav-
age of 9-cis-violaxanthin (Scheme 1A), the first step in the
biosynthesis of abscisic acid, a plant-growth regulator.

In animals, two kinds of [3-carotene oxygenases have been
identified. First, B-carotene 15,15-dioxygenase (B-CD) that
catalyzes the symmetric cleavage of f3-carotene into two
molecules of retinal (Scheme 1B), was identified in Droso-
phila melanogaster, mouse, and chicken.”” Second, an
enzyme responsible for an asymmetric cleavage of p-caro-
tene to B-apo-10'-carotenal and (-ionone (p-carotene 9',10'-
dioxygenase, Scheme 1C) was found in mouse."”! Carotenoid
oxygenase was also identified in cyanobacterium Synecho-
cystis sp. PCC 6803, however, this retinal synthesizing
enzyme (apocarotenoid oxygenase, ACO) converts B-apo-
carotenals(ols) and not B-carotene (Scheme 1D).'Y Further
information concerning biological and commercial roles of
carotenoid cleavage enzymes and products can be found in
recent reviews.> 12714

With respect to the mechanism of the reaction catalyzed
by carotenoid oxygenases, monooxygenase and dioxygenase
mechanisms were proposed based on interpretations of
oxygen-labeling experiments. In the study utilizing B-CD
from chicken intestinal mucosa, the products of the enzy-
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Scheme 1. Reactions catalyzed by selected carotenoid oxygenases.

matic reaction contained almost equal quantities of oxygen
derived from O, and H,O, and this result was interpreted as
evidence for a monooxygenase mechanism.’™ In the first
step of the proposed mechanism, an epoxide is formed with
an involvement of the O,-derived oxygen (Scheme 2).
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Scheme 2. Two reaction mechanisms proposed for carotenoid oxygenases.

Then, in an unselective ring opening, the epoxide reacts
with water yielding a diol intermediate, which is finally oxi-
datively cleaved to the aldehyde products. The second study
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used a plant oxygenase (AtCCD1 from Arabidopsis thali-
ana) catalyzing an excentric cleavage of apocarotenoids.!'’]
In this case, 96 % of the ketone (B-ionone) and 27 % of the
aldehyde product was labeled with O,-derived oxygen.
Moreover, it was shown that under the experimental condi-
tions, aldehyde oxygen readily exchanges with water, and
thus, it was claimed that the lower level of the label detected
for the aldehyde product is due to such an exchange reac-
tion. These results were proposed to support a dioxygenase
reaction mechanism (Scheme 2), in which O, adds to the
double bond forming a dioxetane intermediate, which subse-
quently decays to the products. Notably, both of these iso-
tope-labeling experiments have been claimed to be not
100% conclusive.l?

ACO is the only enzyme from the family of carotenoid
oxygenases for which the structural data is currently avail-
able.'”" The crystal structure of the ACO-Fe-substrate
((3R)-3-hydroxy-8'-apo-p-carotenol) complex, at 2.4 A reso-
lution, reveals that the ferrous ion is bound by four histi-
dines and one water molecule (Figure 1).

Notably, such a coordination, in which protein provides
only histidines to coordinate the ferrous ion, is very rare.
Three of these histidines hydrogen-bond with second-shell
glutamates. The sixth coordination site (trans to His304) re-
mains unoccupied, and it was suggested that this accommo-
dates one oxygen atom of the O, molecule when it binds to
the active site. Moreover, it was argued that this site is not
suitable for a water molecule, because it is lined by the hy-
drophobic methyl group of Thr136. Most of the substrate
molecule, its central part, is visible in the X-ray structure,
and it is bound in the extended hydrophobic tunnel passing
the Fe ion. Interestingly, the all-trans substrate changes its
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Figure 1. Close-up view of the active-site region in the ACO crystal struc-
ture (2BIW).

configuration to cis at the two double bonds (C13=C14 and
C13'=C14’) flanking the central bond (C15'=C15), which is
cleaved by ACO. Based on this structure, it was proposed
that dioxygen displaces the water ligand and binds to the
ferrous ion side-on occupying the positions trans to His183
and His304. The distance be-

tween the water ligand and the

C15 or C15 atom of the sub- A)
strate is around 3.2 A, and thus,
the oxygen atom replacing this
water would be in a suitable
place for an attack on the sub-
strate.

This report describes a com-
putational study undertaken
with the hope to provide new
insights into the reaction mech-
anism of the oxidative cleavage
of carotenoids. The computa-
tional model was based on the
available crystal structure of
ACO, and the results suggest
that mechanisms involving an
epoxide or a dioxetane inter-
mediate have comparable rate-
limiting barriers. Thus, it is
quite plausible that subtle dif-
ferences in the architecture of
the active sites could fine-tune
the reaction energetics, so that
one or the other mechanism is
favored by a given carotenoid
oxygenase. For example, in
ACO the presence of the hy-
drophobic side chain of Thr136
probably favors the side-on
binding of dioxygen and the di-
oxetane mechanism.

Computational Details

Quantum chemical models of the active-site region in the ACO-Fe'-sub-
strate complex were based on the available crystal structure (PDB code:
2BIW). Two models were used, one with a water molecule coordinated
to iron (model 1), and the second, without this ligand (model 2). In all
other respects the two models are equivalent. The four histidines coordi-
nated to iron (His183, His238, His304, and His484) were modeled with
methylimidazoles, whereas the second-shell glutamates (Glul50 and
Glu370), that hydrogen-bond to His238 and His304, were replaced with
acetates. Glu426, which hydrogen-bonds with His484, also forms a salt
bridge with Arg52. For this reason, it is considered to be much less basic
than Glul50 and Glu370, and thus, it was not included in the models. For
the substrate molecule, the whole methyl-substituted m-conjugated
system was included in the models, and only the saturated part of the
ionone ring was replaced with two methyl groups. The models consist of
126 or 129 atoms, excluding dioxygen, their total charge is 0, and the spin
state is quintet (high-spin Fe'). Positions of several atoms, marked with
asterisks in Figure 2, were constrained to their coordinates from the crys-
tal structure.

All quantum chemical calculations employing these models were per-
formed with hybrid DFT. The B3LYP exchange-correlation functional in
the Jaguar and Gaussian03 programs was used.!'®?!! Geometry optimiza-
tions were done with a valence double-zeta basis set coupled with an ef-

Model 1

Model 2

Figure 2. Optimized structures for the two models of the active-site region in the ACO-Fe"-substrate complex.
Spin populations are in italics, atoms marked with asterisks were constrained to their positions in the crystal

structure.
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fective core potential describing the innermost electrons on iron. This
particular basis set is labeled lacvp in Jaguar, and like in our previous
studies, the same basis set was used in optimizations performed with
Gaussian 03. For the optimized structures, the electronic energy was com-
puted with a bigger basis set of triple-zeta quality with polarization func-
tions on all atoms except iron (lacv3p for iron and cc-pVTZ(—f) for the
other atoms).

Due to the size of the system, in most cases only approximate transition
structures (TS) were optimized. This was accomplished in the following
way: for selected approximate reaction coordinates (interatomic distan-
ces) relaxed scans were performed with a step of 0.1 A for bonds not in-
volving hydrogens and 0.05 A for X-H distances. Once the maximum
energy point (approximate TS) was found, optimizations starting from
two points on both sides of the maximum were performed in order to
check if the TS found connects the right reactant and product. However,
for the rate-limiting step in a given mechanism or model the transition
state was fully optimized with Gaussian03, and the character of the sta-
tionary point was checked by a frequency analysis.

To reproduce the polarization effects of the enzyme environment, the
self-consistent reaction field implemented in Jaguar was employed.’?**!
The solvent is modeled as a homogenous macroscopic continuum with di-
electric constant [¢] =4.0 and the solute is placed in a cavity contained in
this continuous medium. The probe radius used to build the cavity was
1.4 A. Final energies of the optimized structures were corrected for sol-
vent effects by employing the B3LYP functional and the lacvp basis set.

The zero-energy level corresponds to the separate ACO-Fe''-substrate
complex and O, in their ground electronic state. Histidine ligands pro-
duce a weak ligand field,” which results in a high-spin (quintet, S=2)
ground state of the ACO-Fe'"-substrate complex, whereas dioxygen has a
triplet ground state. Here, a few comments should be made about the cal-
culated energetics of dioxygen binding. First, the energy profiles present-
ed in this contribution do not include entropy effects. Entropy effects are
expected to be very similar for all points except the starting point with a
free dioxygen. The additional entropy of this point should be around
10 kcalmol~'. When dioxygen becomes bound there is a compensating
effect that should be added to the energy curve. In contrast to accurate
calculations and experiments, experience has shown that the electronic-
structure method employed in this study has a tendency to underestimate
the enthalpy of binding of dioxygen and other small molecules.””! An ad-
ditional effect comes from protein restrain and van der Waals interac-
tions.**?”! For simplicity, we have assumed that entropy and these other
additional effects essentially cancel each other out, which is why entropy
has not been included in the figures. For a more detailed discussion of
the accuracy of the computational methodology employed in this work,
the Reader is referred to recent reviews.”*?!

For the two models (model 1 and 2) separate zero-energy levels were
used, which means that a sum of energies calculated for 1 and O, is the
zero level for model 1, whereas for model 2 a sum of energies of 13 and
O, is the reference (zero) point. Thus, it is assumed that the reactants of
the two models (species 1 and 13) have equal stabilities, which is to a
good approximation true, because the calculated energy for the reaction:
1—13+H,O0 is only +0.7 kcalmol .

Results and Discussion
Here, the results obtained with model 1, in which the water
ligand is coordinated to iron, are presented and discussed
first. The data obtained for model 2 is described in less
detail, because the two models gave rather similar results.
Model 1
Binding of dioxygen: The structure of the optimized model

for the ACO-Fe"-H,O-substrate complex 1 is presented in
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Figure 2A. In this structure the electronic state of the fer-
rous ion is a high-spin (quintet, S=2) state, whereas the
electronic configuration of the apocarotenoid is a closed-
shell singlet, as can be deduced from the calculated atomic
spin populations. Because in this model the water ligand is
retained when dioxygen binds, two modes of O, binding can
be envisioned. First, in species 2 the water molecule is shift-
ed to the position trans to His304, and dioxygen binds in an
end-on fashion at the site trans to His183, that is, the site
originally occupied by water (Figure 3A). Second, the water
molecule remains at its original site and O, binds trans to
His304 (species II shown in Figure S3 A). In the first binding
mode dioxygen is positioned close to the carotenoid sub-
strate, and such an arrangement leads to mechanisms with
low activation barriers. On the other hand, binding of O,
trans to His304 is energetically less favorable and it also
leads to larger separation between the carotenoid and the
dioxygen ligand.

Binding of O, trans to His183 affords a complex that fea-
tures a short hydrogen bond between the distal oxygen
atom and the water ligand, and an O-O distance typical for
a superoxide group (Figure 3A). These geometrical charac-
teristics are paralleled by the atomic spin populations show-
ing that already in the septet spin state (structure not
shown), which is directly available for the ground-state reac-
tants, binding of dioxygen promotes one-electron oxidation
of carotenoid to a radical cation (car'*). The gross spin pop-
ulation for the main-chain carbon atoms of the carotenoid
substrate is 0.9, whereas for the O, ligand it is 1.1. The cal-
culated energy of this septet complex is +1.8 kcalmol .
Changing the spin orientation, form alpha to beta, of the un-
paired electron on car't leads to a quintet complex, with
energy of +1.4kcalmol™!, and gross spin populations on
car't and O, of —1.0 and +1.0, respectively (Figure 3A).
This antiparallel spin arrangement of the unpaired electrons
on car't and O, will facilitate formation of a bond between
the two radicals. Besides the proper spin polarization, also
the geometrical structure of 2 suggests that the progress of
the catalytic reaction should be relatively straightforward. It
can be noticed in Figure 3A that the distances between the
distal (O2) and proximal (O1) atoms of O, and C15 are
2.99 and 3.12 A, respectively, and O2 is only 1.52 A away
from the hydrogen of the water molecule. Reaction mecha-
nisms taking advantage of these close contacts are described
below.

Dioxetane mechanism: The most straightforward mecha-
nism for carotenoid cleavage starts from the quintet com-
plex 2 and involves an attack of the proximal oxygen atom
O1 on C15' (Scheme 3, Figure 4).

The structure of the fully optimized transition state for
this process (TS1) is shown in Figure 5A and its energy is
15.9 kcalmol .

The bond lengths and spin populations reported in this
figure indicate that the attack of O1 on C15' is accompanied
by an electron transfer from car't to the superoxide: relative
to 2, the total spin population decreased from —0.99 to
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Figure 3. Optimized structures for the dioxygen-bound complexes in the
quintet spin state: A)end-on bound complex 2 (model 1), B) side-on
bound complex 14 (model 2), C) end-on bound complex 18 (model 2).
Distances in A are in bold, spin populations are in italics. Only the most
relevant part of the model is presented.

—0.56 and from 1.1 to 0.48 for car't and O,, respectively,
whereas the O—0 bond lengthened from 1.39 to 1.45 A.
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In the rather unstable product afforded by this attack (3,
15.0 kcalmol '), the bond length and the total spin popula-
tion for the O, group is 1.52 A and 0.08, whereas the gross
spin population on the conjugated m system is only —0.26
(Figure S1 A), which indicates that the transfer of an elec-
tron from car'* to O, is almost complete.

Importantly for the progress of the reaction, in 3 the dis-
tance between the distal oxygen O2 and C15 is only 3.00 A,
and decreasing it to 2.74 A gives TS2, that is, the transition
state for the formation of dioxetane (Figure S1B). The
energy of TS2 is 15.8 kcalmol ™!, which is only 0.1 kcalmol ™!
less than for TS1.

Closing the four-membered ring totally quenches the spin
populations on O, and the carotenoid, and yields the dioxe-
tane intermediate (4, —0.3 kcalmol™!). One can notice in
Figure 5B that in 4, one oxygen atom of the dioxetane
group (O1) is in contact with the ferrous ion (distance of
2.31 A), whereas the second oxygen (O2) forms a hydrogen
bond with the water ligand. This Fe"~O1 contact is catalyti-
cally relevant because in the first step of the decomposition
of the dioxetane the O—O bond is cleaved and the presence
of the metal ion facilitates this process by lowering the bar-
rier by 13.8 kcalmol . More specifically, for the isolated di-
oxetane intermediate derived from the apocarotenoid sub-
strate, O-O cleavage is homolytic and involves a barrier of
18.4 kcalmol™'. On the other hand, for the ACO active-site
model, the O-O cleavage is accompanied by an electron
transfer from iron to oxygen O1, which is reduced to the O~
anion coordinating Fe™, and this process reduces the barrier
from 18.4 to 4.6 kcalmol . The structure of the transition
state for the O—O bond cleavage (TS3, 4.3 kcalmol ™) is
presented in Figure S1C and demonstrates that a small spin
population on O1 and a short Fe—-O1 distance are consistent
with the Fe—Ol1 electron transfer during the O—O bond
rapture.

Once the O—O bond is cleaved, an intermediate 5 is
formed (—20.7 kcalmol™, Figure 5C) in which the distal
oxygen atom (O2) has a clear radical character. From the
calculated energy profile (Figure 4) it can be recognized that
5 is a very reactive species. A modest elongation of the
C15—C15 bond, from 1.56 to 1.76 A, accompanied by an
energy increase of only 0.3 kcalmol™!, leads to transition
state TS4 (—20.4 kcalmol™) for the final cleavage of the or-
ganic substrate into the aldehyde products (Figure S1D). In
this step a homolytic cleavage of the C15—C15 bond is con-
certed with an electron transfer from the organic intermedi-
ate back to iron, which recovers the Fe" catalyst previously
oxidized to Fe™ during the O—O bond cleavage step. The
product complex (6, —82.9 kcalmol ') features two closed-
shell aldehyde molecules interacting with the ferrous ion,
one directly, and the second one through a hydrogen bond
with the water ligand (Figure 5D).

The initial steps of the mechanism described above can be
slightly modified by a proton transfer between the water
and O, ligands (Scheme 3, Figure 4). Starting from the quin-
tet complex 2, a shift of a proton from the water ligand to
the distal oxygen atom O2 involves a small activation barri-

Chem. Eur. J. 2008, 14,2264 -2276


www.chemeurj.org

Apocarotenoid Oxygenase

FULL PAPER

oxetane intermediate, the

— 1 0, @ s @
15 \ 15 TS1 (15.9) 182 (15.8) proton has to be transfered
Ly ’ 0—q ™ 46—0 back form the OOH group to
OH, 0 © \ . .
[, \ ) Lo the water-derived hydroxide,
Fe FemOH, FemOR, e o and the C15—02 bond has to be
1(0.0) 2(14) 3 (15.0) 4(-03) formed. The exploration of the
potential-energy surface indi-
TS{(M) no| barrier cates that the proton transfer
products takes place first. Notably, no TS
TS3,(4.3)
® was found for the proton trans-
- TS6 (11.8) fer, because during the scan of
o—OH —_— O—0H the O-H distance the energy in-
.\ creased slowly and monotoni-
J— m_ .
Fel—OH Fe"~OH cally until structure 3 was
7(0.5) 8 (10.9) A (&) reached. Thus, it is concluded
substrate 0\ no barrier that 3 is not a stable intermedi-
\; N TS7 (-23.2) Fe”“OH\ ate, but rather a plateau on the
Q 9 (-33.7) energy surface. Nevertheless,
Fe'-OH o O once this structure is formed,
’ \
6 (-82.9) T84 (-20.4) Fe'-on,  the variant of the dioxetane
5(-20.7) mechanism involving a proton

Scheme 3. Dioxetane reaction mechanism investigated for model 1.

er (3.8 kcalmol™') and leads through TS5 (Figure S1E) to
intermediate 7 (0.5 kcalmol™!, Figure SIF). A substantial
spin population on HOO (0.47) indicates that the hydroper-
oxo ligand has a noticeable radical character. As for 2, in 7
the proximal oxygen atom Ol is suitably positioned for an
attack at C15' (O1-C15 distance of 2.95 A), but notably,
this reaction, leading through TS6 (Figure S1G, 11.8 kcal
mol '), involves a markedly lower barrier (Figure 4). Also,
the product of the HOO transfer (8, 10.9 kcalmol ") is more
stable than the unprotonated (on the O, group) counterpart
(3, 15.0 kcalmol™"). To transform 8 (Figure S1H) into the di-

Dioxetane mechanism

|
T

E [keal mol™]
w
o
?
T

shuttle converges back to the

original one. Importantly, from

the energy profile shown in

Figure 4 it follows that both
variants of the dioxetane mechanism feature comparable
rate-limiting barriers connected with TS1 (15.9 kcalmol™")
and TS2 (15.8 kcalmol™) for the mechanism not involving
and involving proton shuttle, respectively.

In addition to the proton transfers during the initial stages
of the dioxetane mechanism, also the final steps can be
modified in an analogous way (Scheme 3, Figure 4). Thus, in
the O-radical species 5 (Figure 5C), the distal oxygen atom
02 forms a hydrogen bond with the water ligand, and a
proton transfer form the water to this oxygen is very easy. A

Epoxide mechanism

Reaction Coordinate

Figure 4. Calculated energy profiles for the mechanisms investigated for model 1. Left: dioxetane mechanism, right: epoxide mechanism. For the dioxe-
tane mechanism, steps involving proton exchange between the H,O and O, ligands are shown in small print.
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Figure 5. Key structures for the dioxetane reaction mechanism investigated for model 1: A) transition state
TS1 for the attack of the proximal oxygen O1 on C15', B) dioxetane intermediate 4, C) diolate radical inter-
mediate 5, D) product complex 6. Distances in A are in bold, spin populations are in italics. Only the most rel-

evant part of the model is presented.

TS for this process was located (—22.6 kcalmol™"), but the
small activation energy calculated in vacuum (0.9 kcalmol ")
is overcompensated by the negative solvent effect (—2.8 kcal
mol '), and it is concluded that this reaction (5—9) is spon-
taneous. The product of the proton transfer (9, —33.7 kcal
mol™!) is a complex between the high-spin Fe"'-OH form of
the active site and a monodeprotonated diol whose w system
is one-electron oxidized (Figure S1T). Concerted cleavage of
the C15'—C15 bond and a proton transfer back to the water-
derived OH ligand leads from 9 through TS7 (—23.2 kcal
mol !, Figure S1J) to the final product complex 6.

Thus, the presence and the acid-base activity of the water
ligand slightly modifies the dioxetane mechanism, yet the
rate-limiting barrier connected with formation of the dioxe-
tane ring remains unaffected. This is in contrast to the criti-
cal role played by the water ligand in the epoxide mecha-
nism discussed below.

Epoxide mechanism: The mechanism involving the epoxide
intermediate starts from the quintet species 2 with an attack
of the distal oxygen O2 on C15’ (Scheme 4).

In 2 the distance between these two atoms is 2.99 A and
shortening it to 1.80 A leads to a transition state for the for-
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mation of the peroxo bridge be-
tween Fe and C15 (TSS,
8.1 kcalmol ', Figure S2 A).

Already for TS8 the total
spin population on the carote-
noid backbone is reduced to
—0.8, and it is —0.58 for the
product of this attack (10,
6.5 kcalmol %, Figure 6A).
These numbers show that the
attack of the superoxide group
on C15 is accompanied by a
partial oxidation of car't, so
that in 10 the C15 branch of the
carotenoid has a mixed radical/
carbocation character
(Scheme 4).

Important geometric features
of the peroxo-bridged inter-
mediate 10 are as follows: the
proximal oxygen O1 binds to
iron with a relatively short
bond (1.95A), the distal
oxygen is only 244 A away
from the carbon C15, and the
C15-C15'-02-01 dihedral angle
is —134°. These metric charac-
teristics are important because
relatively small changes in their
values lead to the transition
state for the formation of the
epoxide intermediate (TS9,

@ 15 15 15
15 . TS8 (8.1) [ED w— TS9 (16.6)
. —_ 0 2 —_— 0o 2
o— O of
O\\
Fe'-OH, Fe""'—OH, FeV—OH,
2(1.4) 10 (6.5) 11 (-8.5)
Ts1 01(3.3)
further steps like 15 TS11 (4.3)
in the dioxetane =~ . @ @ 2
; 2
mechanism 01 HO HO
\ 0
" N\
Fe'—OH Fe''—OH
9(-33.7) 12 (-9.5)

Scheme 4. Epoxide reaction mechanism investigated for model 1.

16.6 kcalmol ™!, Figure 6B). As can be noticed in the figure,
in TS9 the O—O bond is cleaved concertedly with closing
the epoxide ring and formation of the oxoferryl group. The
value of the C15-C15-0O2-O1 dihedral angle is —151°, which
means that the bonds cleaved (O—O) and formed (O—C15)
are nearly coplanar at the transition state. A similar ar-
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Figure 6. Key structures for the epoxide reaction mechanism investigated for model 1: A) peroxo-bridged intermediate 10, B) transition state for synchro-
nous O—O bond cleavage and the epoxide ring formation TS9, C) epoxide intermediate 11, D) product of the epoxide ring opening 12. Distances in A
are in bold, spin populations are in italics. Only the most relevant part of the model is presented.

rangement was found previously for the Criegee rearrange-
ment, which is a key step in the reaction mechanism of in-
tradiol dioxygenases.”!

In the epoxide intermediate (11, —8.5 kcalmol™', Fig-
ure 6C) the carotenoid derivative has a closed-shell charac-
ter (null atomic spin populations), whereas the spin popula-
tions on the Fe=O group are typical for the quintet oxoferr-
yl species.’” Notably, in 11 the epoxide oxygen atom hydro-
gen-bonds with the water ligand, which suggests that open-
ing of the epoxide ring could be facilitated by a proton
transfer from this water. Indeed, the cleavage of the C15—O
bond is coupled to the proton transfer from the water
ligand. In the transition state for this reaction (TS10,
3.3 kcalmol !, Figure S2B), the C15-02 distance is 1.98 A,
whereas the separation between O2 and the water-ligand hy-
drogen is only 1.43 A.

The product of this ring opening (12, —9.5 kcalmol !, Fig-
ure 6D) is a hydrogen-bonded complex between a carote-
noid-derived carbocation species and a reactive oxoferryl
complex, and it is slightly more stable than the epoxide pre-
cursor. The distance between the oxo atom O1 and C15' is

Chem. Eur. J. 2008, 14, 2264 -2276
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only 2.73 A, and by reducing it to 1.98 A a transition state
for the formation of the C15—O1 bond is achieved (TS11,
—4.3 kcalmol !, Figure S2C). This easy step thus leads to
the diolate species 9 (Scheme 4), also encountered in the
variant of the dioxetane mechanism involving a proton shut-
tle, and thus, the following steps of the epoxide mechanism
proceed as described in the previous subsection (dioxetane
mechanism).

Notably, in the epoxide intermediate 11 the oxo group is
rather close to the carotenoid, that is, the O1-C14’ distance
is only 2.86 A, and this opens the possibility for an incorpo-
ration of the oxygen across the C14'-C13’ double bond, a re-
action that might lead to products not observed for ACO.
This alternative reaction channel was investigated for model
2, and is discussed below.

Finally, the epoxide ring of 11 could be opened with the
participation of an external water molecule, which corre-
spond to the monooxygenase-type reaction previously pro-
posed (Scheme 2). This would most likely follow a general
acid-/general base-catalyzed mechanism analogous to that
proposed for the limonene-1,2-epoxide hydrolase;*! that is,
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a water-derived hydroxide attacks carbon C15 (or C15)
from the site opposite to the epoxide oxygen, and the O2
oxyanion produced by opening of the epoxide ring is pro-
tonated by the iron-bound water. Such a reaction would
lead to a diol intermediate, which could be oxidized subse-
quently by the oxoferryl species to the aldehyde products
(Scheme 2). However, this mechanism requires that the ex-
ternal water is activated by some base, and in the active site
of ACO such a group is missing. The site opposite to the ep-
oxide oxygen is lined by hydrophobic residues unable to ac-
tivate the water molecule. Thus, it is proposed that the mon-
ooxygenase mechanism, which involves formation of the
diol intermediate through the epoxide hydrolysis, is not real-
ized by ACO, yet some other carotenoid oxygenases might
use it, provided they have a necessary basic residue activat-
ing a water molecule for a nucleophilic attack on the epox-
ide.

OH attack: Binding of dioxygen at the site trans to His304
leads to species II (5.8 kcalmol™), in which the water ligand
is positioned very close (3.10A) to carbon C15 (Fig-
ure S3A). Such an arrangement suggests that a water-de-
rived hydroxide could attack car't leading to the monooxy-
genase-type reaction mechanism (Scheme 5).

\ﬂ o, @{
15 \ 15" .
OH, H,0 o

Fe' Fe'-0

1(0.0) 1 (5.8)

\ 15 CHIRE
15 N 15 .
HO

OH HO OH
Fe‘”—ol -~ \Fe"'—O
IV (16.3) I (0.7)

Scheme 5. Initial steps of the alternative mechanism involving attack of
the OH anion on the carotenoid radical cation.

The first step of this mechanism would involve a proton
transfer from the water to the dioxygen ligand leading to
species III (0.7 kcalmol !, Figure S3B). However, despite
the fact that in this intermediate the distance between C15
and the OH ligand is rather short (3.06 A), formation of a
chemical bond between these two groups is a difficult pro-
cess. During the scan of the C15-OH distance the energy
rose monotonically, up to 16.3 kcalmol™ for the C-O dis-
tance of 1.53 A (IV, Figure S3 C). Thus, IV is not a stable in-
termediate, and a transition state leading from III to the
next intermediate could be sought starting form the struc-
ture of I'V. The energy of such a TS would most likely be at
least a few kcalmol ™' higher than the energy of IV, which
means a barrier of at least 19 kcalmol™' and a process mark-
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edly slower than the two mechanisms discussed above. For
this reason, the mechanism involving the attack of the
water-derived hydroxide on car™ was not studied further
and it is considered to be unlikely.

In summary, the computational results obtained for model
1 indicate that the dioxetane mechanism (Scheme 3) in-
volves the lowest rate-limiting barrier (15.8 kcalmol™), al-
though the barrier in the epoxide mechanism is only slightly
higher (16.6 kcalmol ). In addition, the epoxide mechanism
involves the reactive oxoferryl species, which poses a risk of
compromising the product specificity, as discussed below.

Model 2

Binding of dioxygen: If the dioxygen binding is accompa-
nied by the release of the water molecule from the first co-
ordination shell of the iron (model 2), the O, molecule can
bind to Fe in either an end-on or a side-on fashion. For the
reactive quintet state, the two binding modes lead to com-
plexes with energies of 9.4 and 4.0 kcalmol™', for the end-on
and side-on complex, respectively. In the end-on complex 18
(Figure 3C), the distal oxygen atom O2 is 2.99 A away from
C15’, whereas for the side-on complex the corresponding
01-C15' distance is 2.96 A (Figure 3B). Like in model 1,
two different mechanisms are initiated by the attack of
these oxygen atoms on C15" and they are presented in the
two subsequent subsections.

Dioxetane mechanism: The absence of the water ligand in
model 2 modifies only slightly the dioxetane mechanism
presented above for model 1. The most notable difference is
the absence of a stable peroxide intermediate, analogous to
3, that is, as shown in Scheme 6 and Figure 7, the dioxetane
intermediate 15 is formed directly from the side-on complex
14.

This reaction goes through TS12 (16.4 kcalmol™', Fig-
ure 8A) connecting the side-on intermediate 14 with the di-
oxetane species 15 (4.4 kcalmol ™, Figure 8B).

Concerning the structure and the electronic state, TS12
resembles TS2, that is, in both cases the O1—C15" bond is al-

— 15 0, @ 15
15 \ 15'
products 1/0\ .
Ee! Fe'—0,
13 (0.0) 14 (4.0)

TS12 (16.4)

substrate

15
N TS14(-11.2) 45 TS13(120) 15

“ -— -
o 2
/\ 4 5 Ly
Eeol Fell ée”
17 (-74.9) 16 (-15.2) 15 (4.4)

Scheme 6. Dioxetane reaction mechanism investigated for model 2.
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Figure 7. Calculated energy profiles for the mechanisms investigated for model 2. Left: dioxetane mechanism, right: epoxide mechanism.

Figure 8. Key structures for the dioxetane reaction mechanism investigated for model 2: A) transition state TS12 for the attack of the oxygen on car'™,
B) dioxetane intermediate 15, C) transition state for the O—O bond cleavage TS13, D) transition state for the C—C bond cleavage TS14. Distances in A
are in bold, spin populations are in italics. Only the most relevant part of the model is presented.

Chem. Eur. J. 2008, 14, 22642276 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 2273


www.chemeurj.org

CHEMISTRY—

T. Borowski et al.

A EUROPEAN JOURNAL

ready developed and the organic substrate has a carbocat-
ionic character, as can be inferred from the small total spin
population. The chemistry that occurs at those points on the
potential-energy surfaces is a nucleophilic attack of the per-
oxide anion (O2) on the carbocation (C15).

In the dioxetane intermediate (15, 4.4 kcalmol™, Fig-
ure 8B) one oxygen atom from the four-membered ring
(O1) makes a close contact with the ferrous ion (2.22 A),
which, as discussed at length for model 1, facilitates the O—
O bond cleavage. This easy reaction, proceeding through
TS13 (12.0 kcalmol™!, Figure 8C), leads to a diolate radical
species 16 (—15.2 kcalmol ™!, Figure S4A), which in turn,
decays through the C15—C15 bond cleavage (TS14,
—11.2 kcalmol !, Figure 8D) to the final dialdehyde product
complex 17 (—74.9 kcalmol *, Figure S4B).

Epoxide mechanism: In similarity to the dioxetane mecha-
nism (model 2), the absence of the water ligand destabilizes
the peroxo-bridged intermediate, analogous to 10, and in
the epoxide mechanism for model 2 the end-on complex 18
is connected directly with the epoxide intermediate 19 via
TS15 (Scheme 7, Figures 7 and 9A).

A)

This step involves an activation barrier of 17.6 kcalmol ™,
which is only 1 kcalmol ™" higher than for model 1. However,
this is not the only difference compared to the epoxide

CHENE 15
. TSI5(176) 5
g 02
02 ]

1

o~ o
| I I
Fe FelV
18 (9.4) Ts16(2i_0)/ 19 (-8.2) Ns\”“ .
15N\ /15
O 1314

(”) 15 15
Fev @]

6. o]

21 (6.9) el
1515
15 22 (-334
" 15 ﬁ ¢ )
further steps like «— -~
o 'O %

in the dioxetane

mechanism (0]
Felll ,'_lelv
16 (-15.2) 20 (15.2)

Scheme 7. Epoxide reaction mechanism investigated for model 2.

Figure 9. Key structures for the epoxide reaction mechanism investigated for model 2: A) transition state TS15 for the synchronous O-O cleavage and
the epoxide ring formation, B) epoxide intermediate 19, C) biradical species 21, D) double epoxide product 22. Distances in A are in bold, spin popula-

tions are in italics. Only the most relevant part of the model is presented.
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mechanism for model 1. Most importantly, in model 1 the
cleavage of the C15—02 bond in the epoxide ring is facili-
tated by a proton transfer from the water ligand (Scheme 4,
reaction: 11-TS10—12) and involves a modest barrier of
11.8 kcalmol™". The lack of the water ligand in model 2
practically disables this reaction, because the unsupported
opening of the epoxide ring (Scheme 7, 19—20) is endother-
mic by 23.4 kcalmol ', Similarly, the homolytic cleavage of
the C15'—C15 bond in the epoxide intermediate, 19—21, in-
volves a prohibitively high activation barrier of 28.2 kcal
mol~!. On the other hand, in 19 (Figure 9B), the reactive
oxo atom lies very close to the C13'—C14’ double bond, sug-
gesting that another reaction channel might be possible.
Indeed, insertion of the oxo atom (O1) across the C13'—C14’
bond involves a modest barrier of 10.1 kcalmol ' connected
with TS17 (Figure S5C) and it is irreversible, because the
double epoxide product 22 (Figure 9D) is more stable by
25.2 kcalmol ™' than the epoxide intermediate 19 (Figure 7).

In summary, the results obtained for model 2 suggest that
if the water ligand is absent in the iron coordination shell,
the most favorable reaction path for carotenoid cleavage
follows the dioxetane mechanism, which involves the lowest
activation barrier and guarantees the necessary product spe-
cificity.

Conclusions

The reaction mechanism for the oxidative cleavage of apoc-
arotenoids was investigated by applying the DFT (B3LYP)
computational method to two realistic models of the ACO
active site, that differ by the presence (model 1) or absence
(model 2) of the water ligand in the coordination shell of
iron. The results presented in this work suggest that the di-
oxetane mechanism (Scheme 3 or Scheme 6), which corre-
sponds to the dioxygenase mechanism proposed by Schmidt
et al. (Scheme 2),1' is the slightly preferred mechanism for
the studied apocarotenoid oxygenase. This mechanism in-
volves the lowest activation barrier and in a straightforward
way guarantees the proper product specificity. However, the
epoxide mechanism involves a barrier only slightly higher,
and when the water ligand binds to iron (model 1,
Scheme 4), it may also lead to the proper products of the
cleavage. In the specific case of ACO, the presence of the
Thr136 side chain close to the site trans to His304 (Figure 1)
most likely disfavors binding of a water molecule at this site,
and thus, the water is released upon O, binding and the re-
action follows the dioxetane mechanism for model 2
(Scheme 6).
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