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ABSTRACT: Isopenicillin N synthase (IPNS) can have both oxidase and oxygenase activity depending on the
substrate. For the native substrate, ACV, oxidase activity exists; however, for the substrate analogue ACOV,
which lacks an amide nitrogen, IPNS exhibits oxygenase activity. The potential energy surfaces for the O—0
bond elongation and cleavage were calculated for three different reactions: homolytic cleavage via traditional
Fenton chemistry, heterolytic cleavage, and nucleophilic attack. These surfaces show that the hydroperoxide—
ferrous intermediate, formed by O,-activated H atom abstraction from the substrate, can exploit different
reaction pathways and that interactions with the substrate govern the pathway. The hydrogen bonds from
hydroperoxide to the amide nitrogen of ACV polarize the o* orbital of the peroxide toward the proximal
oxygen, facilitating heterolytic cleavage. For the substrate analogue ACOV, this hydrogen bond is no longer
present, leading to nucleophilic attack on the substrate intermediate C—S bond. After cleavage of the
hydroperoxide, the two reaction pathways proceed with minimal barriers, resulting in the closure of the j-
lactam ring for the oxidase activity (ACV) or formation of the thiocarboxylate for oxygenase activity

(ACOV).

Isopenicillin N synthase is a mononuclear non-heme iron
enzyme found in fungi and bacteria that catalyzes the formation
ofisopenicillin N, a bicyclic precursor of the f-lactam antibiotics,
including the penicillins and cephalosporins (7, 2). IPNS' binds
tripeptide substrate d-(L-0-aminoadipoyl)-L-cysteinyl-p-valine
(ACV) and performs a four-electron oxidative double ring
closure, fully reducing 1 equiv of O, to H>O and closing the
p-lactam and thiazolidine rings of isopenicillin N (3—6) (Scheme 1).
This oxidase reactivity is unusual as most non-heme iron enzymes
catalyze oxygenation reactions. Previous studies of the IPNS—
ACV—{FeNO}’ complex revealed that a major factor contri-
buting to the oxidase reactivity of IPNS is the donation of charge
from the ACV thiolate ligand, which renders the formation
of the Fe'—superoxide complex energetically favorable and
drives the reaction only at the Fe center (7). This single-center,
one-electron reaction allows IPNS to avoid the bridged binding
of O, between the Fe'' and the substrate and /or cofactor required
for its two-electron reduction, a reaction generally invoked for
the non-heme Fe enzymes, that leads to oxygen insertion. The
thiolate coordination of the IPNS—ACYV substrate further acti-
vates the reactive Fe''—superoxide complex of the enzyme
through a configuration interaction with the bound superoxide
ar* orbital which creates a frontier molecular orbital (FMO) with
the correct orientation for abstraction of a H-atom from the ACV
substrate (7).

Density functional theory (DFT) studies of the reaction
coordinate of IPNS reveal that the Fe'"—superoxide FMO will
conduct the H-atom abstraction from the cysteinyl S-carbon of
ACV with a low barrier. Abstraction of a H-atom from ACV is
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accompanied by an additional transfer of an electron from the
ACV substrate to yield an Fe''—hydroperoxide complex and a
double bond between the thiol sulfur and adjacent carbon of
ACV (box in Scheme 2) (8—11). This IPNS—Fe"'—hydroper-
oxide complex is proposed to deprotonate either the amide
nitrogen of ACV (10, 11) or the iron-bound water (9) and cleave
the O—O bond heterolytically, resulting in the formation of H,O
and an Fe'Y—oxo species. An Sn2-type reaction occurs between
the lone pair on the ACV amide nitrogen and the carbon of the
C—S double bond, leading to ring closure and formation of the
p-lactam ring of isopenicillin N (center reaction in Scheme 1).
The heterolytic cleavage of the O—0 bond of an Fe''—hydro-
peroxide complex is unusual, as the Fe''—hydroperoxide com-
plex is generally thought to undergo Fenton chemistry to cleave
the O—O bond homolytically, resulting in the production
of a hydroxyl radical and an Fe'"—oxo(OH™) species (12—14).
Baldwin et al. have studied a series of ACV substrate analogues
and have proposed mechanisms for their reactivity with
dioxygen based upon crystal structures of the product complexes
of these IPNS—Fe''—analogue complexes after exposure to
dioxygen (/5—19). In one such analogue, ACOV, the amide
nitrogen of the ACV valine is replaced with an oxygen atom as an
ester, removing one of the proposed sources of the proton that
could assist in O—0 bond cleavage. Upon exposure to dioxygen,
this analogue results in the hydroxylation of the cysteine carbon,
effectively modifying the reactivity of IPNS from an oxidase to
an oxygenase through a proposed nucleophilic attack of the
Fe''—hydroperoxide complex (19). In this study, DFT calcula-
tions calibrated by our experimental studies of the IPNS—
ACV—{FeNO}’ complex (7) were performed to explore how
interactions of the substrate with the Fe"—hydroperoxide moiety
can avoid Fenton chemistry (homolytic cleavage) and modify the
reactivity of this species, from heterolytic O—O bond cleavage to
nucleophilic attack (Scheme 1). The exploration of factors
governing reactivity (substrate direction of oxidase vs oxygenase
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Scheme 1: Four-Electron Oxidative Double Ring Closure of ACV To Form Isopenicillin N
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Scheme 2: Three Reaction Pathways of the Fe''—Hydroperoxide Complex
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activity) adds a new facet of understanding to the body of
knowledge of this important enzyme that has not been addressed
in previous theoretical studies. 3
METHODS
The starting geometry for the Fe—IPNS—ACV—0, complex
was taken from the crystal structure of the Fe—IPNS— Model 1 Model 2 Model 3

ACV—NO complex from Aspergillus nidulans (11). Protein-
derived ligands were truncated with methyl imidazoles modeling
histidines and propionate modeling aspartate. The ACV sub-
strate was truncated to remove the six-carbon aminoadipoyl
chain but was otherwise left intact. The p-carbons of the
protein ligands were frozen relative to each other to impose the
constraints of the protein backbone. The cysteine nitrogen was
also frozen relative to the fS-carbons of the protein ligands
to mimic hydrogen bonding to the substrate in the protein
pocket.

All complexes were geometry-optimized using Gaussian
03 (20), with the spin-unrestricted BP86 functional (21, 22) with
10% Hartree—Fock exchange under tight convergence criteria.
This functional was previously calibrated for mononuclear non-
heme iron {FeNO}’ complexes (23). Geometry optimizations

FIGURE 1: Models used to calculate three reaction pathways of the
Fe"—hydroperoxide complex. The arrow in model 3 indicates the
extra constraint added to prohibit interaction of the distal oxygen
with the carbon of the substrate.

were conducted using the Pople 6-311G* basis set on Fe, S, and
the O, unit and the 6-31G* basis set on the remaining atoms.
Single-point calculations were performed on the optimized
structures to generate molecular orbitals using the functional
and basis set described above. Orbital compositions were calcu-
lated using QMForge (24), and optimized structures and molec-
ular orbitals were visualized using Molden version 4.1 (25).
Frequencies and thermodynamic parameters were calculated
using the split 6-311G*/6-31G* basis set. To best describe
the effects of the interaction of the ACV sulfur with the



1178  Biochemistry, Vol. 49, No. 6, 2010

Brown-Marshall et al.

20 « Spin B Spin
HOg o* —— — HOz 0"
0.5 A

_3.5 | Unoccupied
Occupied

HOy m*(op)——
554 /

HO m*(ip) —
[ |

-7.5 A

C-S 7P ——
—

-9.5

Fe d

—idz?

—— HO, m*(ip)

T C-Sab ,):’

FIGURE 2: Molecular orbital diagram of the IPNS—ACV—Fe"—hydroperoxide complex. Spin-unrestricted contours are given for representative
molecular orbitals. Note the four unoccupied 8 d orbitals indicating Fe'! and the unoccupied a, 3 pair of the o* orbital of peroxide with the
o,  unoccupied pair of C—S 7* orbitals of the substrate 77 bond. The observed d,, character (24%) in the C—S 7* bond reflects backbonding.

Fe—IPNS models, single-point energies were calculated for the
Fe—IPNS—ACV complexes using the 6-311+G(2d,p) basis set.
Effects of solvation on the energy of the optimized structure were
included using the polarized continuum model (PCM) (26) with a
dielectric constant ¢ of 4.0 to model the protein environment.
Cartesian coordinates for all models are given in the Supporting
Information.

RESULTS

The potential energy surfaces (PES) for homolytic O—O bond
cleavage, heterolytic O—O bond cleavage, and nucleophilic
attack of three models of the IPNS active site were obtained as
follows. The starting geometry for the Fe—IPNS—HO, complexes
was taken from the previously optimized Fe—IPNS—ACV-0,
structure (7) with subsequent ACV H-atom abstraction.
After abstraction of a H-atom from the ACV carbon, the
Fe"'-IPNS—ACV—HO, complex relaxes through reorientation
of the hydroperoxide moiety to optimize hydrogen bonding
interactions with the ACV amide and carboxylate residues
(Figure 1, model 1).> To model the nucleophilic attack by
hydroperoxide seen for the ACOV substrate, we truncated the
IPNS—Fe—ACV—HO, complex between the o-carbon and
carbonyl carbon of the cysteine (Figure 1, model 2), thus
removing the amide nitrogen. Finally, this truncated ACOV
model was used to explore the homolytic cleavage reaction via
introduction of a constraint on the model to fix the distance
between the distal peroxide oxygen atom and the carbon atom of

’The reorientation of the hydroperoxide was accomplished through
contraction of the distance between the ACV amide nitrogen and
cysteinyl carbon to approximately 2.8 A.

the substrate, preventing the interaction of the distal oxygen with
the ACOV carbon (Figure 1, model 3).

For all three models that were studied, the electronic structure
of the starting Fe''—hydroperoxide complex is similar and is
shown in Figure 2. Both the in-plane (ip) and out-of-plane (op)
27* orbitals of the hydroperoxide are fully occupied, and the
unoccupied o* orbital of the hydroperoxide has come down in
energy, in preparation for O—O bond cleavage (27). As pre-
viously described (9), the Fe d,, orbital in the f-manifold is
occupied, and a double bond has formed between the cysteine
carbon and sulfur atoms, evidenced by the unoccupied C—S 7*
orbital in both the a- and f-manifolds. At the optimized O—O
bond length, there is a mixing of the occupied 3 Fe d, orbital and
the C—S a* orbital, which is indicative of backbonding of the
occupied Fe'' d orbital into the C—S * double bond. As the
O—0 bond is elongated, this backbonding is alleviated, localiz-
ing the electron on the Fe and allowing the occupied § Fe d,,
orbital to rotate to interact with the descending hydroperoxide o*
orbital (Figure S1 of the Supporting Information).

Starting with the optimized Fe''—hydroperoxide structures,
we explored the PES of each model by optimizing each structure
by incrementally increasing the O—O bond distance until the
O—0 bond was fully cleaved. Optimized geometries for the O—0O
elongation along the PES’s of 1, 2, and 3 are shown in Figure 3,
and key computational results are summarized in Table S1 of the
Supporting Information. The PES of 3 corresponds to the
expected Fenton chemistry with homolytic cleavage of the
O—0 bond. This homolytic cleavage is accomplished by transfer
of one B-electron from the Fe d,, orbital to the O—O ¢* orbital
(Figure 4, left), resulting in the formation of an Fe''—oxo
complex and a hydroxyl radical. This is evidenced by the
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FIGURE 3: Geometric structures of IPNS—Fe"—hydroperoxide
complexes with O—O bond elongation. The three models undergo
homolytic cleavage (top, 3), heterolytic O—O bond cleavage (middle,
1), and nucleophilic attack by the peroxide (bottom, 2).
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FIGURE 4: Donor and acceptor orbitals for homolytic cleavage,
heterolytic cleavage, and nucleophilic attack. In the homolytic clea-
vage reaction, one S-electron is transferred from the Fe d orbital to
the hydroperoxide o* orbital. Heterolytic cleavage and nucleophilic
attack involve the transfer of an a, f electron pair. For the sake of
clarity, only the o-donor and -acceptor orbitals of these electron pairs
are shown.

accumulation of negative spin density on the distal oxygen [—0.43
ata O—O0 bond distance of 2.20 A (see Table S1 of the Supporting
Information)]. The PES of 1 (Figure 3, middle) proceeds as a
heterolytic cleavage of the O—0O bond, with one electron in each
spin manifold transferred from the 8 Fe d., orbital and the a. Fe
d.> orbital into the O—O o* orbital (Figure 4, middle). This
produces an Fe'Y—oxo complex and hydroxide, which remains
within hydrogen bonding distance of the amide of the ACV valine
(Figure 3, middle right). The PES of model 2 involves a
nucleophilic attack of the hydroperoxide moiety at the ACOV
carbon followed by heterolytic O—O bond cleavage (Figure 3,
bottom). Nucleophilic attack is accomplished by the transfer of
an electron pair from the peroxide 77* out-of-plane orbital to the
C—S a* orbital (Figure 4, right), followed by two-electron
transfer from the Fe'' to the O—0 ¢* orbital to give an Fe'¥—oxo
complex with a hydroxylated substrate carbon.

These calculated model reactions demonstrate that the same
Fe''—hydroperoxide unit can undergo different reaction modes.
The factors that govern the choice of reaction pathways were
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FIGURE 5: Energetics of O—O bond cleavage. The relative electronic
energies are plotted for homolytic cleavage (3, circles), heterolytic
cleavage (1, triangles), and nucleophilic attack (2, squares) models as
the O—O bond is elongated. Note that the nucleophilic attack model
is valid for only O—O bond cleavage in ACOV and that for the
ACYV substrate, an additional barrier to break the amide—peroxide
hydrogen bond is present.

evaluated further. Table S1 of the Supporting Information shows
that at short distances, models 1 (heterolytic) and 3 (homolytic)
exhibit similar electronic structures up to 1.9 A for the transfer of
the first electron from Fe'" to the hydroperoxide o* orbital. A plot
of the energies along the reaction coordinate for models 1
(heterolytic) and 3 (homolytic) (Figure 5) shows an initial
stabilization of this electron transfer, and this stabilization is
expected to be similar for the second electron in the heterolytic
O—0 bond cleavage pathway as opposed to the homolytic
pathway. In a comparison of the structures, the distal oxygen
of the heterolytically cleaving 1 is within hydrogen bonding
distance of the amide proton of the ACV valine, while the distal
oxygen of the homolytic coordinate 3 has no such interaction.
This hydrogen bond in 1 stabilizes the transfer of both electrons
to the distal oxygen.

Importantly, 1 has an unoccupied o* orbital that is polarized
toward the proximal oxygen (Op, Figure 6, left), while the o*
orbital of 3 is polarized toward the distal oxygen (Od, Figure 6,
middle). When the o* orbital is polarized toward the proximal
oxygen, its bonding ¢ counterpart is polarized toward the distal
oxygen. As this peroxide o orbital is fully occupied, this polar-
ization will lead to an electron pair being transferred to the distal
oxygen upon O—O bond cleavage and, thus, the heterolytic
cleavage of the O—O bond. Polarization of the * orbital toward
the distal oxygen allows only for the transfer of a single electron
to the distal oxygen and results in homolytic cleavage. The
hydrogen bonding interaction of 1 can be modeled via addition
of an equivalent point dipole to 3, which reverses the polarization
of the o* orbital (Figure 6, right). Elongation of the O—O bond in
the presence of a point dipole also leads to heterolytic cleavage
(Table S2 of the Supporting Information). Therefore, it is the
interaction of the dipole of the amide N—H bond with the distal
oxygen in 1 that directs the ACV complex toward heterolytic
cleavage of the O—O bond.

In a comparison of the nucleophilic attack relative to the
heterolytic O—O bond cleavage (2 vs 1), both of these pathways
proceed with similarly small reaction barriers (Figure 5). From a
more detailed transition state analysis of model 1, the AG* is
4.1 kcal/mol (the coordinates are given in Table S5 of the
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FIGURE 6: a-Hydroperoxide o* orbitals. This orbital polarizes toward the proximal oxygen in model 1, directing the reaction to heterolytic O—O
bond cleavage, and toward the distal oxygen in model 3, directing its reaction to homolytic O—O bond cleavage. By modeling the dipole
interaction of the ACV amide N—H bond, the polarization of the * bond in model 3 is reversed.
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Supporting Information; the transition state occurs at an O—0O
bond length of approximately 1.6 A). For 1 to undergo a
nucleophilic attack, the hydrogen bond between the distal oxygen
and the amide proton would have to be broken to allow the
peroxide to rotate to the proper orientation (Scheme 3).

The strength of the hydrogen bonding interaction that must be
broken for the hydroperoxide to undergo this rotation is
calculated to be 5.6 kcal/mol, which is already larger than the
barrier for heterolytic cleavage (Figure 5). This hydrogen
bonding interaction with the amide proton in 1 would thus
bias the reaction of the Fe''—hydroperoxide complex toward
heterolytic cleavage over nucleophilic attack. In this way, the
hydrogen bonding interaction of the Fe"'—hydroperoxide complex
helps distinguish between reactions possible for the IPNS—Fe"'—
hydroperoxide—ACYV intermediate. As the iron-bound water [the
alternate proposed source for the proton in the reaction with
ACV (9)] would be present in both the IPNS—Fe"—hydro-
peroxide—ACV and IPNS—Fe''—hydroperoxide—ACOV com-
plexes, hydrogen bonding to the water would direct both complexes
toward heterolytic cleavage of the O—O bond. Thus, the observed
nucleophilic reactivity of the ACOV complex argues strongly
against the coordinated water being the source of the proton in
either reaction.

The coordinates were extended beyond O—O bond cleavage to
complete the reaction cycle for the different substrates. For 1, the
hydroxide produced upon O—0 bond cleavage is within hydro-
gen bonding distance of the amide proton of the ACV valine and
can abstract this proton with a negligible barrier (<1 kcal/mol)
compared to that of the previous intermediate. This leaves a lone
pair of electrons on the valine amide with appropriate overlap for
an Sn2-type reaction with the C—S z* orbital to close the
p-lactam ring of isopenicillin N (Figure 7). The orientation of
the lone pair on the ACV amide is mechanistically significant;
thus, the ACV amide must be deprotonated before 5-lactam ring
closure. This reaction pathway is similar to that described in
ref /0. For 2, the transfer of two protons, one from the hydroxyl

group and one from the hydroxylated carbon of ACOV, to the
Fe—oxo intermediate would lead to the Fe—IPNS—thiocarboxy-
late structure observed (19) for the oxygen-exposed Fe—IPNS—
ACOV complex (Scheme 2, bottom).

DISCUSSION

In the first stage of the reaction of the IPNS—Fe'=ACV
complex with dioxygen, the ACV thiolate bond activates the one-
electron reduction of dioxygen to form an Fe™—superoxide
complex with good FMO overlap for abstraction of a H-atom
from the substrate (7). This is atypical for most mononuclear
non-heme Fe enzymes as seen in, for example, the a-ketogluta-
rate-dependent and extradiol dioxygenases, in which the unfa-
vorable one-electron reduction of O, is circumvented by
adoption of a bridged binding mode allowing 2¢™ reduction that
results in oxygenase activity. This mechanism of a one-electron
reduction of O, avoids its bridged binding to substrate and opens
up a pathway for oxidase activity in IPNS not energetically
available for other mononuclear non-heme Fe enzymes.

The initial H-atom abstraction in IPNS is calculated to
produce an Fe'—hydroperoxide complex that can undergo a
variety of reaction channels, dependent upon its interaction with
the substrate. While Fe''—hydroperoxide species are generally
thought to undergo Fenton chemistry (i.e., homolytic O—0 bond
cleavage in solution), the experimental evidence from reactions of
IPNS—Fe""~ACV and analogue complexes suggests that an
Fe"'—hydroperoxide species can follow alternative reaction
pathways, including heterolytic O—O bond cleavage and nucleo-
philic attack by the peroxide at a substrate double bond. DFT
calculations on three IPNS—Fe!'=HO, models show that all
three of the reaction pathways mentioned above are energetically
accessible.

A fourth reaction pathway, not invoked in previous IPNS
mechanisms but proposed for hydroxyethylphosphonate dioxy-
genase (HEPD), involves attack via the proximal oxygen of the
hydroperoxide (with respect to the Fe center). This reaction is
different from HEPD in that, for IPNS, it would involve the
nucleophilic attack by the hydroperoxide but in HEPD a hydro-
peroxylation is invoked (28). To evaluate this pathway, the
C- -0, reaction coordinate was examined. Starting from the
optimized Fe''—hydroperoxide structure (Figure 1, model 2),
the attack by the proximal oxygen occurs with a barrier of
2—3 kcal/mol, comparable to that observed in Figure 4 for the
nucleophilic attack by the distal oxygen. Upon formation of the
C—0,, bond, the C—S thioaldehyde is reduced while the Fe center
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with the correct orientation for SN, nucleophilic attack at the C—S double bond.

Scheme 4: Nucleophilic Attack by the Distal and Proximal Oxygen of the Hydroperoxide
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remains Fe'' (Scheme 4, bottom). This intermediate is lower in
energy than the starting structure by ~21 kcal/mol [compared
to —67 keal/mol for the Fe'Y—oxo intermediate from the
nucleophilic attack by the distal oxygen (Scheme 4, top)]. From
this intermediate, the O—O bond can be cleaved heterolytically
and a proton lost from the C center to give the crystallographi-
cally observed thiocarboxylate intermediate. Although along
a different reaction coordinate and with less driving force,
attack by the proximal oxygen appears to be an additional,
viable pathway that will lead to the product observed via
crystallography.

The DFT calculations show that the interactions of the
substrate with the Fe''—hydroperoxide moiety can determine
its reactivity. For the ACV substrate, hydrogen bonding inter-
actions with the amide hydrogen polarize the peroxide o* orbital
to make the heterolytic cleavage of the O—O bond energetically
favorable. In the absence of this hydrogen bonding interaction,
nucleophilic attack of either the distal or proximal O of the
hydroperoxide at the carbon of the ACV C—S double bond
occurs, leading to the substrate hydroxylation observed experi-
mentally for ACOV. In this way, the hydrogen bonding interac-
tion with the ACV substrate directs the Fe"—hydroperoxide
moiety to heterolytic cleavage and enables the unusual oxidase
activity of this enzyme.
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