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Ethylene Biosynthesis by 1-Aminocyclopropane-1-Carboxylic Acid Oxidase:

A DFT Study
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Abstract: The reaction catalyzed by
the plant enzyme 1-aminocyclopro-
pane-1-carboxylic acid oxidase
(ACCO) was investigated by using
hybrid density functional theory.
ACCO Dbelongs to the non-heme
iron(Il) enzyme superfamily and car-
ries out the bicarbonate-dependent
two-electron oxidation of its substrate
ACC (1-aminocyclopropane-1-carbox-
ylic acid) concomitant with the reduc-
tion of dioxygen and oxidation of a re-
ducing agent probably ascorbate. The

lations -

Introduction

The signaling molecule ethylene plays a crucial role in many
aspects of plant physiology and development,'™ including
for example fruit ripening, seed germination, flower senes-
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reaction gives ethylene, CO,, cyanide
and two water molecules. A model in-
cluding the mononuclear iron complex
with ACC in the first coordination
sphere was used to study the details of
O—O bond cleavage and cyclopropane
ring opening. Calculations imply that
this unusual and complex reaction is
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triggered by a hydrogen atom abstrac-
tion step generating a radical on the
amino nitrogen of ACC. Subsequently,
cyclopropane ring opening followed by
O-O bond heterolysis leads to a very
reactive iron(IV)-oxo intermediate,
which decomposes to ethylene and
cyanoformate with very low energy
barriers. The reaction is assisted by bi-
carbonate located in the second coordi-

nonheme iron nation sphere of the metal.

cence, responses to hypoxia, and leaf abscission. In higher
plants, the biosynthesis of the smallest olefin starts with the
conversion of S-adenosyl-L-methionine (SAM) to 1-amino-
cyclopropane-1-carboxylic acid (ACC) by ACC synthase.™
The ethylene-forming enzyme, ACC oxidase (ACCO), then
catalyzes the conversion of ACC to ethylene (see Figure 1).

ACCO (its crystal structure has been recently solved)’
belongs to the mechanistic superfamily of mononuclear non-
heme iron(IT) enzymes®” that includes extradiol cleaving
catechol dioxygenases, Rieske dioxygenases, a-ketogluta-
rate-dependent enzymes, pterin-dependent hydroxylases,
isopenicillin N synthase and fosfomycin epoxidase.’! Al-

COOCH
/\+ 2 COOH
Ado § NH, E’ 1NH
Me synthase  ° 2
SAM ACC

ascorbate + Op
ACC K
oxidase
dehydroascorbate +
2H.0 + COx+ HCN

H,C=CH,

ethylene

Figure 1. Ethylene biosynthesis by ACC synthase and ACC oxidase
(ACCO).
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though the overall folding patterns of these enzymes can
differ, they use a common metal binding structural motif,
the so called “2-His-1-carboxylate” facial triad,®'" to
anchor a ferrous ion in the active site. Two histidines and a
carboxylate group provided by endogenous glutamate or as-
partate occupy three vertices of the iron octahedral coordi-
nation, which, in the resting state of these enzymes, is usual-
ly completed by water molecules. Most commonly, and as
found in ACCO, the iron-binding residues are supported in
conserved positions in a double stranded p-helix fold. This
type of environment creates a weak ligand field and stabiliz-
es the high-spin state of the metal.”! The iron center is utiliz-
ed by the enzymes to activate dioxygen! and to couple the
four-electron reduction of O, with a wide spectrum of oxida-
tion reactions, such as mono- and dihydroxylations, desatu-
ration, heterocyclic ring formation, and C—C-bond cleavage.

In ACCO reduction of dioxygen to two water molecules
is coupled with the decarboxylation of ACC and, probably,
two-electron oxidation of ascorbate, producing dehydroas-
corbate (either directly or indirectly via semi-dehydroascor-
bate radicals) together with ethylene, HCN, and CO, (see
Figure 1). C2 and C3 of ACC provide the carbon atoms of
ethylene, while C1 and the amino group are incorporated
into HCN, and the ACC carboxyl group instead generates
CO,." The reaction catalyzed by ACCO is rather complex
in that the enzyme requires not only ascorbate as cofactor
but also CO, or bicarbonate as activator, which notably is
also a product of the reaction.'*'! So far, it is not fully
clear if the actual activator is CO, or HCO;™; inhibition of
ACCO activity by borate, an anion analogous to bicarbon-
ate, was interpreted as an indication that HCO;~ (or CO;*")
and not CO, plays the role of activator.['‘)

The chemical transformations occurring in the ACCO
active site are likely to involve a substrate radical as demon-
strated by previous studies,”” but the exact mechanism gen-
erating it is unknown. The use of NO as surrogate for O,
gave crucial insights into the mechanism."®! The ACCO ni-
trosyl adducts, which could be investigated by means of
EPR and ENDOR spectroscopy, revealed that NO and two
atoms of the ACC substrate bind simultaneously to iron.
Furthermore, it was shown that the amino and the carboxyl
groups of the inhibitor p,L-alanine, and thus in analogy with
ACC, were engaged in the binding to iron. The conclusions
drawn from these studies exclude a mechanism where dioxy-
gen is activated through the direct binding of ascorbate to
iron as previously proposed,””” and they instead favor a cata-
lytic cycle that involves the formation of an Fe™-O,-ACC
complex. This scenario is supported by kinetic studies, which
showed that ethylene could be produced in single turnover
in the absence of ascorbate and in the presence of the CO,
activator.'”! While in the single turnover experiments using
isolated enzyme, the reduction equivalents needed for the
reaction to occur could be provided by the free Fe" in solu-
tion or possibly by the ferrous center of other ACCO mono-
mers, in the steady state reaction ascorbate should play the
role of best reductant. Besides its reducing activity, ascor-
bate was also found to act as an effector by increasing the
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rate of the reaction;!'® however, in the absence of ACC, as-
corbate can enable oxidative damage to ACCO.?

The EPR and ENDOR studies led to the proposal of a re-
action mechanism depicted in Figure 2.1%%! In the resting
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Figure 2. Proposed mechanism in the ethylene forming enzyme (ACCO).

state of the enzyme, iron is six-coordinate, hosting three en-
dogenous ligands (two histidines and one aspartate) and
three water molecules, which are substituted with ACC (bi-
dentate binding) and O, (monodentate binding) upon acti-
vation with CO, and ascorbate. Because all the coordination
sites are occupied at this stage of the reaction, it is unlikely
that the activator bicarbonate (or CO,) enters the first coor-
dination sphere of the metal. It is instead proposed that bi-
carbonate binds in the vicinity of the iron complex, possibly
to one of the (co)substrates. Ascorbate also facilitates the
reaction by binding to the enzyme. It was previously pro-
posed that at this initial stage of the reaction the two activa-
tors (bicarbonate and ascorbate) trigger the conversion of
the iron complex from six- to five-coordinate in the pres-
ence of ACC,? thus leaving an open position available for
dioxygen binding. The reaction proceeds with the reduction
of the metal complex by ascorbate (or other reducing
agents, possibly ACCO monomer in the case of single turn-
over experiments), generating an iron(II)-superoxo species,
that upon protonation by bicarbonate becomes an Fe™-hy-
droperoxide. O—O Bond cleavage assisted by bicarbonate
together with deprotonation of ACC leads to a high-valent
iron-oxo species, namely Fe'V=O, and a substrate radical.
This intermediate then fragments to produce ethylene, CO,,
HCN and an Fe™ complex. In the catalytic cycle, the initial
ferrous state of the metal center is restored by a second
electron provided by the ascorbate (or more precisely by a
semidehydroascorbate radical). The ferric species is instead
the product of the single turnover experiments, where ascor-
bate, and thus some of the reducing equivalents are missing.

In the current study, density functional theory with the
hybrid functional B3LYP is employed to investigate the fea-
sibility of the reaction mechanism depicted in Figure 2. The
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computed energy barriers are used as guidelines to dismiss
or accept mechanisms. The calculations are performed with-
out including ascorbate in the model because conclusive ex-
perimental data regarding its binding and in vivo role are
missing. Nevertheless, since single turnover studies indicated
that ethylene production occurs also in its absence,['® this in-
vestigation shed light on the possible mechanism of ethylene
formation in ACCO, and more specifically on the role of bi-
carbonate, on the formation of an iron(IV)-oxo intermedi-
ate and on the degradation pathway of the substrate radical.

Computational Details

In the present investigation, reaction pathways were investigated by
means of hybrid density functional theory with the B3LYP function-
al. 21 All the systems were characterized by open-shell electronic con-
figurations and thus unrestricted DFT was used. The energy profiles pre-
sented in this work were obtained by means of the two quantum chemi-
cal programs Jaguar 4.2%! and Gaussian 98.%"!

Transition states were located with the following procedure: initially a
constrained optimization gave a guess structure whose Hessian (i.e.,
second derivatives with respect to the nuclear coordinates) was used to
fully optimize the transition-state structure. Hessians were computed for
all the stationary points (reactants, transition states and intermediates) in
order to determine zero-point effects. Evaluation of the Hessian for opti-
mized transition states was necessary to confirm that the structure is
characterized by only one imaginary frequency corresponding to the
normal mode associated with the reaction coordinate.

In the geometry optimizations and in the Hessian evaluations all the
atoms but iron were described by a standard double { basis set, while an
effective core potential and a double { basis set was used for the
metal;??! this basis set is labeled lacvp in Jaguar. The final B3LYP ener-
gies for the fully optimized structures were computed using a large basis
set with polarization functions on all atoms, labeled lacv3p** in Jaguar.*!

In order to reproduce the polarization effects of the enzyme environ-
ment, the self-consistent reaction field as implemented in Jaguar was em-
ployed.”*") The solvent was modeled as a homogeneous macroscopic
continuum with dielectric constant [¢] = 4.0 and the solute as placed in a
cavity contained in this continuous medium. The probe radius used to
build the cavity was 2.5 A. Final ener-

gies of the optimized structures were

corrected for solvent effects by em-

ploying the B3LYP functional and the His234

lacvp basis set.

In summary, relative energies and
barriers presented in this work (refer-
red as AE) are computed at the
B3LYP/LACV3P**//B3LYP/LACVP
level of theory and include zero-point
and solvent effects evaluated with the
lacvp basis set. Gibbs free energies
are not generally provided because
some coordinates of the models were
fixed during geometry optimizations
in order to mimic the rigidity provid-
ed by the protein platform. This ap-
proach would lead to large errors in
the entropy evaluation by means of
second derivatives. In a few cases,
smaller models without any frozen
coordinates have been used to evalu-
ate the entropy correction (—TAS).

Relevant spin populations as derived

from the Mulliken population analy- ity of the active site are shown.
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sis and obtained with the lacvp basis set are reported. From these one
can easily deduce where the unpaired electrons are located and which is
the oxidation state of a metal. It has to be noted that for high-spin iron
complexes the metal spin population does not strictly correspond to the
number of d electrons expected for a given formal oxidation state. With
the coordination environment dominated by oxygen- and nitrogen-donat-
ing ligands, the computed spin population on high-spin Fe"" (S = 2) is
usually 3.7-3.8 and about 4.0-4.1 for high-spin Fe'" (S=5/2).

The accuracy of the B3LYP functional can be assessed from benchmark
tests performed on a wide array of molecules (radicals, non-hydrogen sys-
tems, hydrocarbons, substituted hydrocarbons and inorganic hy-
drides)®>* and transition metal systems.*** From the available data, it
can be predicted that an error of about 3-5 kcalmol ' would apply to the
energy profiles reported in the present investigation. Such accuracy
should be enough to discriminate among different reaction mecha-
nisms."”’!

Results and Discussion

Model complex: The mechanism of ethylene biosynthesis
has been investigated employing a model of the active site
derived from the crystal structure of ACCO from Petunia
hybrida,?! where iron is coordinated by the side chains of
His177, Aspl79 and His234 (Figure 3). Following the pro-
posed mechanism illustrated in Figure 2, ACC is considered
to bind directly to the metal with the amino group bound
trans to His177 and the carboxylate group bound trans to
His234 as shown in the complex of Figure 4. A nearby aspar-
agine (Asn216), which is likely to be engaged in a hydrogen
bond interaction with the aspartate ligand, was also included
in the model. Different binding modes of ACC are possible,
which, however, could not be discriminated by means of the
computational approach adopted in the current study. A
model with the carboxylate group of ACC bound trans to
Aspl79 and the amino group bound trans to His234 was
also tested, but since it provided similar results as the one in

His177

248 " 00
i Lys158

Figure 3. View from the active site of ACCO as observed in the crystal structure of the Petunia hybrida
enzyme showing the iron binding and selected other residues. In the inset structure, some residues in the vicin-
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Figure 4. Iron(II) model complex including ACC and bicarbonate. Dis-
tances [A] and spin populations from the S=2 optimized structure are
shown. Atoms marked with an asterisk were kept frozen in the geometry
optimizations of the present work.

Figure 4, it will not be discussed further although this mode
of binding is possible during catalysis.

The possible role of bicarbonate as activator was investi-
gated by placing the bicarbonate anion in the second coordi-
nation sphere of the metal. The side chain of the protonated
form of Lys158, which extends into the active site, was
chosen to anchor HCO;™ as shown in Figure 4. There is no
direct experimental evidence regarding the exact binding of
bicarbonate in ACCO, and the choice to make it interact
with the amino group of Lys158 is in part driven by the ob-
servation that in the crystal structure Lys158 is the positive
residue closest to the metal center. Interestingly, site-direct-
ed mutagenesis experiments on ACCO from kiwi fruit
shows a great loss of activity when Lys158 is substituted
with Ala or Cys (the activity is reduced to less than 1% of
the wild type activity).”®

The model of the ACCO active site includes a bicarbon-
ate anion binding to a protonated lysine cation. Geometry
optimizations in gas phase tend
to destroy the charge separa-
tion and lead to carbonic acid
and unprotonated lysine (see
Figure 4). It was found that
this arrangement does not
affect the investigated energet-
ics and therefore the optimized
structures  presented below
sometimes contain carbonic
acid and neutral lysine instead
of bicarbonate and protonated
lysine.

To test the catalytic role of
bicarbonate, separate calcula-
tions were performed for a
model lacking the HCO;™
group, but otherwise identical
to the model described above.

Such a model was employed to  populations are shown.
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study only the rate-limiting steps of the catalytic reaction,
which involve C—C and O—O bonds cleavage and lead from
Fe-0,™ to Fe'Y=0 species (see below).

In order to mimic the strain imposed by the protein fold,
some atoms were kept frozen according to the available X-
ray data as illustrated in Figure 4. The total charge of the
complex is zero and the total spin of the ground state corre-
sponds to a quintet. The free energy splitting between the
low-spin and the high-spin states of the five-coordinate fer-
rous complex (S = 2 and S = 0) was calculated with a
smaller model that did not include bicarbonate and proto-
nated lysine. The low-spin coupling of the metal d electrons
(singlet) was found to lie much higher in energy in agree-
ment with experimental data indicating that this type of co-
ordination environment (2-His-1-carboxylate motif) stabiliz-
es the high-spin state of the ferrous ion.”

The iron(II)-dioxygen moiety: The five-coordinate iron
complex (two imidazole ligands, a carboxylate and the bi-
dentate ACC) has an open position for dioxygen binding,
and more specifically O, can be accommodated trans to
Aspl79 (Figure 5). The computational method adopted in
the present work gives energetic parameters for dioxygen
binding in ACCO that does not differ much from those
computed for enzymes belonging to the same mononuclear
non-heme iron(II) superfamily,®!! such as aromatic amino
acid hydroxylases,®™” o-ketoglutarate-dependent oxygenas-
esll and naphthalene dioxygenase.!! In those studies it was
found that binding of molecular oxygen to the enzyme—Fe™
complex occurs with iron in the high spin state and the proc-
ess was found to be endergonic due to a high entropic con-
tribution (—7TAS is on the order of 10 kcalmol™! for this bi-
molecular reaction), which is not balanced by the enthalpic
binding energy of approximately zero kcalmol .41
Relative energies and corresponding spin populations of
different spin states of the ACC-Fe"-O, complex (S = 1,2,
and 3) are reported in Table 1. The triplet state (S = 1) is

S ;. :
N iy

1.51

AS)

Ve 1.98,¢

i Lys158

Figure 5. Optimized geometry of the dioxygen-bound iron(II) complex (S=3). Relevant distances and spin
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Table 1. Relevant bond distances and computed spin distributions for di-
oxygen-bound non-heme iron(II) complexes in ACCO characterized by
different total spins S. Relative energies (AE) are shown together with an
estimate of the entropy correction (—7AS) to the Gibbs free energy.

Distance [A] Spin [kcalmol ']
Fe-O 01-02 Fe o1 02 AE —TAS
S=3 2.16 1.34 4.03 0.67 0.65 0 0
S=2 2.07 1.37 4.07 —0.19 —0.56 1.9 1.8
S=1 1.97 1.37 1.03 0.40 0.57 5.1 6.5

[a] Entropy corrections are obtained with a smaller model with no frozen
coordinates (see Supporting Information).

characterized by low-spin coupling on ferric ion with its
single unpaired electron ferromagnetically coupled with the
unpaired electron of superoxide ion, and lies rather high in
energy especially because of the significant entropy correc-
tion. This correction has been estimated from a smaller
model without frozen coordinates (see Figure S1 in the Sup-
porting Information). Thus, it is concluded likely that iron
remains in the high-spin configuration also upon dioxygen
binding. In the triplet state with high-spin iron, dioxygen is
not bound and has thus not been considered. In the septet
(S = 3) and the quintet (S = 2) states the electrons of the
high-spin ferric ion are ferro- or antiferromagnetically cou-
pled with the unpaired electron of superoxide anion.

The process of ethylene formation is likely to involve the
formation of a substrate radical at the amino nitrogen of
ACC as shown in the mechanism of Figure 2. No low-lying
transition state structure could be located for the formation
of such a radical starting from the dioxygen-bound iron(II)
complex of Figure 5. The only way for the reaction to pro-
ceed is thus the reduction of this complex by ascorbate, as
indeed shown in the mechanism of Figure 2. The present
work does not address the energetics of electron transfer
mainly because of the lack of experimental information on
this process. For example, it is known that ascorbate is the
overall source of the reducing equivalents (at least in vitro),
but it is also known that in the absence of ascorbate, ethyl-
ene is still produced by ACCO in a single turnover and the
reaction leads to a ferric complex. It is useful to recall that a
similar one-electron reduction of the dioxygen-bound
iron(I) complex by an external donor occurs in another
non-heme iron(Il) enzyme, namely, naphthalene dioxyge-
nase.[***] For this enzyme, calculations suggest that the elec-
tron transfer step is an exothermic process that cancels the
entropy loss and thus the endergonicity of the dioxygen
binding process.*) ACCO might adopt the same strategy as
the one of naphthalene dioxygenase.

The iron(II)-superoxo moiety: The one-electron transfer to
the ACC-Fe"-O, complex leads to the iron(II)-superoxide
depicted in Figure 6a, where relevant geometrical details
and computed spin populations are reported for the S=3,
spin state. This complex is found to be isoenergetic (AE =
—0.03 kcalmol ') with the iron(III)-hydroperoxide generat-
ed upon one-electron transfer from iron to superoxide (Fig-
ure 6b). Oxidation of the metal ion is coupled with a trans-

Chem. Eur. J. 2006, 12, 8835 —-8846
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fer of a proton from carbonic acid. The superoxide/hydro-
peroxide transformation is found to require a negligible acti-
vation barrier. However, as seen below this proton transfer
is not part of the reaction pathway in the mechanism pres-
ently suggested.

a)

Lys158

&)
Asn216

Figure 6. Optimized geometries of the iron(II)-superoxide and the iron-
(III)-hydroperoxide (S=5/2). Relevant distances and spin populations
are shown.

Calculations show that the B3LYP functional gives a near-
zero enthalpic spin splitting between the S = °/ and '/,
states of the iron(III)-hydroperoxide of Figure 6b, with the
low-spin state lying only 0.5 kcalmol ! higher than the high-
spin state. However, as highlighted above in Table 1, the en-
tropy contribution might significantly affect the spin split-
ting between low- and high-spin states and thus a smaller
model (see Figure S2, Supporting Information) without
frozen coordinates was optimized to estimate —7AS for this
ferric complex. On the free energy scale, the S=7/, state
then becomes more stable than the S='/, state by more
than 5 kcalmol™'. The S="/, state of the iron(II)-superoxide
could not be optimized because it always decayed to the
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iron(IIT)-hydroperoxide. The quartet spin state is also possi-
ble and, when optimized, leads to an iron(II)-superoxide
where the unpaired electron located on the superoxide is an-
tiparallel with respect to the four unpaired electrons of the
ferrous ion. Within the accuracy of the calculations, this
complex is found to be degenerate with the S=7/, complex
of Figure 6a. On the basis of all these results, the energy of
the S=°/, iron(II)-superoxide is taken as reference in the
following discussion. Three potential energy surfaces,
namely, the doublet, the quartet and the sextet surfaces, are
then accessible for the reaction of ethylene formation, and
two possible reactants (Fe"-O,* and Fe'"-OOH) can lead to
the substrate radical and the high-valent iron—oxo species.

Formation of a radical intermediate: In the iron(II)-super-
oxo species, formation of a radical on ACC is found to be
triggered by bound superoxide, which is capable of abstract-
ing the hydrogen atom from the amino group of the sub-
strate with a relatively low energy barrier. As shown in Fig-
ure 6a, the reactive amino group involved in the hydrogen
atom abstraction process is bound to the metal. The corre-
sponding transition state structure TS1 is shown in Figur-
e 7a. This chemical transformation occurring on the sextet
potential energy surface leads to an intermediate that can
be formally described as an iron(I)-hydroperoxide with a
bound radical (IN1 of Figure 7b). The computed spin popu-

Spin
Fe 4.00
01 034
Nace 0.25

Spin
Fe 3.98
01 0.34
Nacc 0.41

Figure 7. Optimized geometries of the transition state structure TS1 (a)
and the subsequent intermediate IN1 (b) in the hydrogen atom abstrac-
tion step by bound superoxide. For clarity, only part of the model struc-
ture is shown. Relevant distances [A] and spin populations are reported.
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lations of this intermediate (the iron spin population is 3.98
and the spin population of the amino nitrogen is 0.41) indi-
cate that the oxidation state of iron is between Fe" and Fe™
(see Computational Details).’Y] Because of the corrections
added to the final energy (solvent and zero-point effects as
explained in the Computational Details), the transition state
structures for the hydrogen atom abstraction (TS1) and the
subsequent intermediate (IN1) are nearly degenerate as
shown in the energy diagrams of Figure 8.

After a radical has been created on the ACC ligand, two
different pathways are possible. In one case, the cyclopro-
pane ring of the iron(II)-hydroperoxide IN1 undergoes C—
C bond cleavage, which is followed by the heterolytic cleav-
age of the O—O bond in the hydroperoxo moiety (lower
energy diagram of Figure 8). Alternatively the two steps
may occur in a reverse order with the O—O bond cleavage
preceding the C—C bond cleavage (upper energy diagram of
Figure 8). As discussed in detail below, the present calcula-
tions suggest that the former is favored.

Cyclopropane ring opening before O—O bond cleavage
(lower energy diagram in Figure 8) involves the transition
state structure TS2cc of Figure 9a, where the computed spin
populations are indicative of a developing propyl radical (a
spin population of 0.66 is computed at the carbon atom in
TS2cc). The C—C bond cleavage, which requires an energy
barrier of 20.8 kcalmol ™', transfers the radical character of
the ACC substrate from nitrogen to carbon and yields the
iron(IT)-hydroperoxide IN2cc of Figure 9b. Subsequently,
with an energy barrier at 19.2 kcalmol™', the O—O bond un-
dergoes heterolysis through the transition state structure
TS300 of Figure 9c. In this step, the adjacent bicarbonate
plays an essential role by delivering an extra proton to the
distal oxygen atom; protonation of the distal oxygen allows
a low-barrier O—O bond cleavage by means of the forma-
tion of a good leaving group namely, water; without proto-
nation the O—O bond heterolysis is prevented. O—O bond
cleavage and water release results in the formation of the
iron(IV)-oxo species IN3 of Figure 10; the computed spin
populations of 3.00 on iron and 0.63 on the oxo group and
the short Fe-O distance (1.66 A) are consistent with previ-
ous studies of high-spin Fe'Y=0 complexes."*!+>4#]

The alternative pathway (upper energy diagram of
Figure 8), where heterolysis of the O—O bond occurs before
the C—C bond cleavage, passes through a transition state
structure (TS200 of Figure 11a) that lies 23.8 kcalmol ™
higher in energy than the iron(II)-superoxide reactant. The
product of the cleavage, which is coupled with a proton
transfer from the adjacent bicarbonate, has an energy of
+6.5 kcalmol ' and leads to an iron(IV)-oxo intermediate
(IN200) with a radical localized on the amino group of
bound ACC as shown in Figure 11b. The iron-oxo moiety is
again characterized by a short Fe-O distance and by the
typical spin population of 3 on iron and 0.6-0.7 on the oxo
group. The radical can then be transferred from nitrogen to
the carbon atom of the propyl group of ACC through C—C
bond cleavage that involves the transition state structure
TS3cc shown in Figure 11c. This step requires a barrier of
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Figure 8. Energy diagrams [kcalmol '] for two possible pathways leading to the iron(IV)-oxo intermediate and a radical substrate in ACCO catalysis. In
the lower diagram, the C—C bond cleavage of the cyclopropane ring precedes the O—O bond cleavage. The two steps occur in a reversed way for the
upper diagram. Corrections to the final energy due to solvent and zero-point effects (dy,, and J,,., respectively) are also reported in kcal mol ',

4.1 kcalmol ™" and yields the other iron(IV)-oxo intermedi-
ate IN3 (Figure 10). It can be noted here that zero-point ef-
fects help to lower the energy barriers in the cleavage steps
and that release of a water molecule directly after O—O
bond heterolysis is likely to be the origin of the unusually
large solvent effects, which lower the energetics by 8-9 kcal
mol ™, as reported in Figure 8.

O-0O Bond cleavage occurring before cyclopropane ring
opening has a barrier of 23.8 kcalmol™' compared with the
19.2 kcalmol ™ required if the O—O bond is cleaved after
ring opening. The difference can be explained in terms of
the actual oxidation state of the metal during the O—O
bond cleavage. As discussed above, before ring opening, the
O—O bond cleavage occurs in a complex that can be descri-
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bed in terms of two resonance structures: an iron(II)-hydro-
peroxide with a bound nitrogen radical and an iron(IIT)-hy-
droperoxide with no radical on the ligand. However, after
ring opening, the metal is clearly in the ferrous oxidation
state, and the radical is fully transferred to the carbon which
hosts a spin population of 1. The lower oxidation state of
the metal (i.e., iron in the ferrous state) is likely to decrease
the barrier for the O—O bond heterolysis.

Since the pathway starting with ring opening involves a
lower barrier (20.8 kcalmol™' associated with C—C bond
cleavage) than the one for the other chemical route starting
with O—O bond heterolysis (23.8 kcalmol ' associated with
O—0O bond cleavage), the present investigation favors the
formation of the iron(IV)-oxo species through opening of

www.chemeurj.org

— 8841


www.chemeurj.org

CHEMISTRY—

T. Borowski, A. Bassan, P. E. M. Siegbahn and C. J. Schofield

A EUROPEAN JOURNAL

Spin
Fe 3.82

Qoo 0.14
Nacc 0.41

Cacc 0.66

Spin
His Fe 3.74
Qoo 0.1
# Nacc 0.01
#Cacc 1.08

Lys

Spin

Fe 3.84

Ooxo 0.34

Ow -0.46

Nacc 0.09

#CACC 1.09

Figure 9. Optimized geometries of the transition state TS2cc in the C—C
bond cleavage (top), of the following iron(II)-peroxide intermediate
IN2cc (middle), and of the transition state TS300 in the subsequent O—O
bond heterolysis (bottom). For clarity, only part of the model structure is
shown. Relevant distances [A] and spin populations are reported.

the cyclopropane ring followed by O—O bond heterolysis.
However, it should be noted that the accuracy of the present
computational approach (3-5 kcalmol ' as discussed in the
computational details) does not allow us to discard the
other route completely.

Since the S='/, state of the iron(II)-superoxide always
decays to the corresponding iron(III)-hydroperoxide by
means of a proton transfer from the adjacent bicarbonate,
the hydrogen atom abstraction step by bound superoxide
could not be investigated along the doublet potential energy
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Figure 10. Optimized geometry of the iron(IV)-oxo intermediate IN3 fol-
lowing the cleavage of the O—O and C—C bonds in the iron(II)-peroxide
moiety with the bound substrate radical. For clarity, only part of the
model structure is shown. Relevant distances [A] and spin populations
are reported.

surface. In light of the result that the S=3/, and °/, states of
the iron(II)-superoxide were computed to be nearly degen-
erate, the quartet potential energy surface was not probed
in detail because it is expected to behave as the sextet one.

Besides the two routes for the O—O bond heterolysis dis-
cussed above and depicted in the energy diagrams of
Figure 8, another pathway leading to the O—O bond cleav-
age needs to be considered. Calculations show that the
ferric-hydroperoxide of Figure 6b might undergo O—O bond
homolysis with a relatively low activation barrier. This
chemical transformation, which implicates release of a hy-
droxyl radical, is found to occur along the doublet potential
energy surface and requires an activation energy of AE =
25.6 kcalmol ™! (see Figure S3, Supporting information). It
should be noted that this barrier is about 5 kcalmol™ higher
than the one computed for the heterolysis on the sextet po-
tential energy surface (AE = 20.8 kcalmol™"). On the free
energy scale, it is expected that the thermal correction to
the Gibbs free energy increases the difference by at least 2—
3 kcalmol ™' since this transformation occurs on the S = '/,
potential energy surface while the ground state is instead
characterized by a high-spin configuration on the metal. As
discussed above (see for example Table 1) the entropy cor-
rection stabilizes the high-spin state over the low-spin state
by a few kcalmol . It is therefore concluded that the homo-
Iytic pathway is significantly disfavored over the heterolytic
one.

It will be shown below that the iron(IV)-oxo species IN3
of Figure 10 can lead to ethylene release without any signifi-
cant energy barrier. From the energy diagram reported in
Figure 8 it is then possible to conclude that the slow step in
ethylene formation is either the O—O bond or the C-C
bond cleavage, both of which occur with rather similar acti-
vation barriers. If the first two steps of the ACCO catalytic
cycle, namely substrate binding and electron transfer
(Figure 2) generating ACC-Fe"-O,™, result in an exergonic
process (or even slightly endergonic by 1-2 kcalmol™), the
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Chem. Eur. J. 2006, 12, 8835 —-8846

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

computed energy barrier of 20.8 kcalmol™! for the forma-
tion of the high-valent iron—oxo species is in excellent agree-
ment with the one obtained by means of transition state
theory from experimental kinetic data (18-19 kcalmol ).
No other pathways with lower barriers could be identified.
Alternative mechanisms where, for example, bicarbonate
binds in the first coordination sphere, or where ascorbate
plays a more active role, or where CO, is the actual activa-
tor could be envisioned. An interesting possibility that was
explored was whether a peroxocarbonate obtained from the
reaction of bound superoxide and CO, could undergo C—C
and O—O bond cleavage with lower activation energies.
Indeed experimental studies on biomimetic systems clearly
point at the feasibility of a reversible O—O bond cleavage in
iron—peroxocarbonate complexes.””) However, the present
computational modeling indicates that this pathway does
not involve lower activation barriers in the ethylene forming
enzyme (see Figures S4 and S5, Supporting Information).

Catalytic role of bicarbonate: In order to test the catalytic
role of bicarbonate, the steps leading to the formation of a
radical intermediate were investigated with a model lacking
the HCO;™ group. These investigations were limited only to
the steps depicted in the lower part of Figure §, since these
transformations involve the lowest energy rate-limiting
(chemical) step of the catalytic reaction. The energy (with-
out the ZPE) obtained for this model is shortly discussed
here, while the critical structures are presented in the Sup-
porting Information.

The structure of the reactant iron(II)-superoxide complex
is very similar to that obtained for a model including bicar-
bonate anion (compare Figure 6 and S9). Like before, the
charge separation is destroyed, but now the carboxylic
group of the substrate (ACC) abstracts the proton form the
protonated form of lysine 158.

Hydrogen atom transfer from the NH, group of ACC to
the superoxide anion involves a barrier of 10.6 kcalmol™
and leads to an intermediate IN1 which lies at 10.4 kcal
mol . These energies obtained for a model with bicarbonate
anion (without ZPE) are 9.4 and 8.2 kcalmol ™, respectively.
Similarly, the subsequent C—C bond cleavage involves a bar-
rier very similar to that obtained for the model with bicar-
bonate, that is, 26.1 and 24.1 kcalmol™" for the model with-
out and with bicarbonate, respectively (for the structure see
Figure S10, Supporting Information). Thus, up to the inter-
mediate IN2cc, which was computed to lie at 19.4 and
20.5 kcalmol ™! for the models with and without bicarbonate,
the presence of bicarbonate has a modest (up to 2 kcal
mol™!) impact on the energetics. However, the O-O cleav-
age step, which involves a protonation of the leaving OH
group, is significantly affected, since the barrier calculated
for a model without bicarbonate is 38.2 kcalmol™', while in
the presence of this group the barrier (without ZPE) is
25.3 kcalmol™!. This 12.9 kcalmol™! catalytic effect of the
HCOj;™ group is best understood if one compares the struc-
tures of the two transition states (Figure 9 and S11). In the
case of the model with bicarbonate (Figure 9) the proton de-
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livered to the leaving OH group comes from the H,CO;
moiety already hydrogen bonding to the OOH group in the
preceding intermediate (IN2cc). In the model without bicar-
bonate (Figure S11) a strong hydrogen bond between the
protonated carboxylic group of the substrate and Lys158
and the coordination bond between the same carboxylic
group and iron have to be broken in order to deliver the
proton to the leaving OH group in the TS structure. Thus, it
is concluded that the most likely role of bicarbonate in the
catalytic reaction of ACCO is to facilitate a proton transfer
from Lys158 to the leaving OH group during the O—O bond
cleavage.

Release of ethylene: Calculations show that the iron(IV)-
oxo intermediate with the bound substrate radical (IN3 of
Figure 10) generates ethylene and cyanoformate with very
low energy barriers. As summarized in Figure 12, the second

oM - o o-H o-H.
H o H HO ° H ‘o
o 0~ o o
His g | IV;O o Hisg | 80,
‘ \\\,Fe “, — Fel, — Fe'”
His | N
H
Asp Asp 3
AE=3.2 AE=-3.0 AE=-72
dsolv=-8.2 Ssolv= 0.2 3solv=-6.0
dzpe=-2.7 Szpe=-4.1 dzpe=-5.6

Figure 12. Decomposition of the iron(IV)-oxo intermediate IN3 producing ethylene and cyanoformate. Rela-
tive energies [kcal mol™'] with respect to the iron(II)-superoxide reactant are reported.

C—C bond cleavage producing ethylene is preceded by de-
protonation of the imine group of the ACC radical and pro-
tonation of the oxo group. This sequential proton transfer is
mediated by water and bicarbonate: first the adjacent bicar-
bonate becomes protonated through the assistance of the
water molecule; then the proton is transferred to the oxo
group again through water. No low-lying transition state
structure for the second C—C bond cleavage could be opti-
mized before this deprotonation step. Deprotonation of the
imine group leads to an intermediate that can be described
either as an iron(IV) complex or as an iron(III) species with
a biradical ligand.

While deprotonation of the imine group requires a non-
zero energy barrier (about 3 kcalmol™!) with respect to the
preceding intermediate, the other two steps occur with negli-
gible activation energies (see Figures S6-S8, Supporting In-
formation). The overall reaction is exergonic by 46.0 kcal
mol™! and leads to a ferric complex which can then be re-
duced to the initial ferrous oxidation state upon transfer of
a second external electron, possibly from ascorbate or the
semidehydroascorbate radical. The exact pathway of decom-
position of cyanoformate to CO, and CN~ has not been ad-
dressed in the present study but it is known that cyanofor-
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mic acid is unstable with respect to its constituents, CN~ and
COZ.[”] Thus, it is assumed that this reaction occurs easily in
solution.

Conclusions

The present theoretical study addresses the details of the re-
action pathway in the ethylene forming enzyme (ACCO)
after the substrates ACC and O, bind to the mononuclear
iron(II) complex located in the active site and after an exter-
nal electron reduces this complex. The study has been per-
formed with a model system including a bicarbonate anion
in the second coordination sphere (Figure 6). In this way the
role of bicarbonate could be explored.
As shown in the proposed mechanism depicted in
Figure 2, the catalytic cycle of this enzyme is likely to pass
through the formation of a
radical on ACC. Calculations
Y—( first show that the ACC-Fe'-
O, complex alone is not capa-
o-H. o ble of generating any radical
H 0¥ on the ACC substrate. The
only plausible alternative step
is then the one-electron reduc-
tion of the metal complex gen-
Asp erating an iron(II)-superoxo
species, which is considered to

OH O

AE=-46.0
3solv=-4.1 be the actual reactive oxidizing
Szpe=-6.1 species in the current investi-

gation. Bound superoxide is
able to perform a hydrogen
atom abstraction from the
amino group of the substrate
with a relatively low activation barrier as shown in the
energy diagram of Figure 8. This step leads to an intermedi-
ate that can be formally described as an iron(II)-hydroper-
oxide with a bound radical located on the amino nitrogen of
ACC. Since the computed spin population on nitrogen is
only 0.4 as shown in Figure 7, this species may be regarded
to be in resonance with another structure, namely an iron-
(IIT)-hydroperoxide with no radical on ACC. Although, the
role of bicarbonate in this step is one of a mere spectator, it
should be noted that the iron(II)-superoxo species is com-
puted isoenergetic with the iron(II)-hydroperoxo species
obtained upon proton transfer from bicarbonate and an
electron transfer from the ferrous ion. This species in the
low-spin state might undergo O—O bond homolysis with a
rather high activation barrier and thus it can be considered
unreactive. Because the hydrogen atom abstraction step by
bound superoxide is found to be an essential step in the cat-
alytic cycle, it is possible that bicarbonate plays an impor-
tant role by properly adjusting the microenvironment of the
active site to prevent protonation of superoxide by external
agents. This proposal may explain why, at least some forms
of ACCO, are inefficient catalysts in vitro and prone to oxi-
dative damage.
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After creation of a radical on the ACC nitrogen, the
iron(IT)-hydroperoxide can follow two different fates: either
it undergoes O—O bond heterolysis giving a high-valent
iron—oxo species and a radical on the ACC nitrogen (upper
energy diagram of Figure 8), or the radical can be transfer-
red from nitrogen to a carbon atom through ring opening of
the cyclopropane ring (lower energy diagram of Figure 8).
The present computations indicate that the latter pathway
(i.e., first ring opening and then O—O bond cleavage) is fa-
vored over the former and it requires an energy barrier
which is about 3 kcalmol™ lower.

In this part of the catalytic cycle, bicarbonate plays the
role of proton donor, providing the extra proton needed to
cleave the O—O bond. The heterolysis results in water re-
lease, where the two protons originate from ACC and bicar-
bonate. C—C bond cleavage and subsequent O—O bond het-
erolysis generate the key intermediate in the reaction cata-
lyzed by ACCO: the Fe'Y=0 species with a propyl radical.
This species is characterized by a short Fe-O distance typi-
cal of iron(IV)-oxo species as discussed in previous theoreti-
cal works as well as in experimental investigations."4*"]
Calculations demonstrate that this species decomposes to
ethylene and cyanoformate with very low activation barriers.
These final steps first require deprotonation of the imine
group as summarized in the reaction scheme reported in
Figure 12.

The energies of intermediates and transition states lead to
the conclusion that, once an external electron has been pro-
vided to the iron(II)-dioxygen complex, ethylene formation
occurs via a very reactive radical species (the iron(IV)-oxo
intermediate IN3 of Figure 10) with an energy barrier of
about 20 kcalmol™ (20.6 kcalmol ™" is the barrier for the C—
C bond cleavage and 19.2 is that for the O—O bond cleav-
age). This activation barrier is in good agreement with that
derived from experimental kinetic data on the basis of tran-
sition state theory.!'”! It should be noted that this comparison
is valid as long as binding of the two substrates O, and ACC
to iron(II) and the one-electron transfer result in an exer-
gonic process, or even a slightly endergonic one by a couple
of kcalmol ™. If this is the case, the energy of the iron(II)-
superoxide can be taken as reference and the final barrier is
thus approximately 20 kcalmol™!. Notably, in naphthalene
dioxygenase, a mononuclear non-heme iron enzyme belong-
ing to the same super-family as ACCO, the free energy
change for binding of dioxygen and the one-electron trans-
fer from an external donor is near zero. It is therefore rea-
sonable to assume that formation of the iron(II)-superoxide
is not an endergonic process which requires very high acti-
vation barriers in the ethylene-forming enzyme.
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