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ABSTRACT: Isopenicillin N synthase (IPNS) catalyzes a key step in the biosynthesis of the importantâ-lactam
antibiotics penicillins and cephalosporins. Density-functional calculations with the B3LYP functional are
used to propose a detailed mechanism for this reaction. The results support the general scheme outlined
from experimental observations, with formation of a four-memberedâ-lactam ring followed by formation
of a five-membered thiazolidine ring. However, an alternative mechanism for the heterolytic O-O bond
cleavage andâ-lactam ring formation steps is proposed. The former part involves protonation of the
distal oxygen by an iron-bound water ligand. This mechanism highlights the strong similarities that exist
between IPNS and other enzymes of the 2-histidine-1-carboxylate family, especially pterin-dependent
amino acid hydroxylases andR-keto acid-dependent dioxygenases. Both activation of the cysteineâ-C-H
bond by an iron-bound superoxo radical and activation of the valineâ-C-H bond by a ferryl-oxo species
show reaction barriers close to the experimentally measured one. These results are in agreement with
kinetic isotope experiments that suggest both C-H bond activation steps to be partially rate limiting. The
ring formation sequence is determined by the relative strengths of the two C-H bonds. Only the ferryl-
oxo intermediate is capable of activating the stronger valineâ-C-H bond.

Isopenicillin N synthase (IPNS)1 catalyzes the formation
of isopenicillin N, a key step in the synthesis of the important
â-lactam antibiotics penicillins and cephalosporins (1-4).
Because an efficient fully synthetic route to isopenicillin N
is missing, the biosynthesis reaction is still used in large-
scale production. The enzyme is a potential target in the
design of novel antibiotic compounds (5). Theoretical
modeling improves our understanding of the requirements
for successful biosynthesis and can be a guide for substrate
modification and/or protein engineering.

IPNS belongs to a family of oxygen-activated mononuclear
non-heme iron enzymes with the 2-histidine-1-carboxylate
binding motif. Other enzymes in the same family are pterin-
dependent hydroxylases,R-keto acid-dependent dioxygena-

ses, Rieske dioxygenases, and extradiol dioxygenases (6, 7).
IPNS uses the four-electron oxidative power of O2 to catalyze
the transformation of the linear tripeptide substrateδ-(L-R-
aminoadipoyl)-L-cysteinyl-D-valine (ACV) to isopenicillin N
(IPN) (see Scheme 1). IPN is bicyclic with a four-membered
â-lactam ring and a five-membered thiazolidine ring.

Compared to other reactions in the same enzymatic family,
the substrate reaction in IPNS has a few unique features.
IPNS is, together with 1-aminocyclopropane-1-carboxylic
acid oxidase (ACCO), the only enzyme in this family in
which all four electrons required to reduce dioxygen come
from the substrate (8). In addition, no oxygen atom is
incorporated into the substrate. Instead, abstraction of four
substrate hydrogens, highlighted in Scheme 1, leads to the
formation of two water molecules.

A proposal for the enzymatic mechanism of IPNS (4) has
been formulated on the basis of incubation (2), spectroscopic
(9-11), and crystallographic studies of substrate and sub-
strate analogues (4, 12-17) (see Scheme 2). Binding of the
ACV substrate results in a five-coordinate iron site where
iron is ligated by His214, Asp216, His270 (Aspergillus
nidulansnumbering), the substrate thiolate, and one water
molecule (4). Although there are many highly conserved
residues in IPNS, the three iron ligands are so far the only
ones that seem to be critical for activity (the D216E mutation
retains 1% activity) (18-20). Iron is in the high-spin Fe(II)
state (S ) 2) (9). This is the preferred spin state for this
family of enzymes and reflects the weak ligand field of the
coordinating amino acids (21).

Substrate binding increases the enzyme’s affinity for
oxygen, either by increasing the hydrophobicity of the active
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site (16) or by tuning the Fe(II)/Fe(III) redox potential. No
O2-bound state has yet been experimentally observed; instead,
a NO-bound analogue serves as a model compound (11, 12,
22). NO binds in a position trans to Asp216, and it is
assumed that O2 binds in the same position (see Scheme 2).

Kinetic isotope effects (23) and the crystallographic
observation of a monocyclicâ-lactam ring in the substrate
analogue ACmC (13) suggest that formation of the four-
memberedâ-lactam ring is completed before formation of
the C-S bond in the five-membered thiazolidine ring. The
iron-bound dioxygen species should therefore first activate
the cysteineâ-C-H bond, leading to a ferrous peroxide [Fe-
(II)-OOH]. According to the proposal in ref4, the peroxide
should then abstract the valine N-H proton to generate a
ferryl-oxo [Fe(IV)dO] species and a water molecule.
Concerted with ferryl-oxo formation, the valine nitrogen
performs a nucleophilic attack on the cysteineâ-carbon,
which leads to cyclization of theâ-lactam ring.

Generation of a high-valent ferryl-oxo species is a
common theme, shared by many non-heme iron enzymes.
This intermediate is often formed by oxidation of a cofactor
like R-keto acid or tetrahydrobiopterin (6), but in IPNS, it
is generated by the two-electron oxidative cyclization of the
substrate. There is little doubt that a ferryl-oxo intermediate
is formed in IPNS, but a previous study using density-
functional theory (DFT) disfavored parts of the mechanism
proposed in ref4, because the barrier for O-O bond cleavage
was prohibitively high (24). An alternative mechanism was
suggested instead, but a re-examination of the results from
ref 24 raised some questions regarding this alternative
proposal.

After â-lactam ring formation, the enzymatic mechanism
seems straightforward. The high-valent ferryl-oxo species
is a powerful oxidant and can be used in a variety of
reactions, e.g., oxygenations, hydroperoxidations, and ep-
oxidations. In IPNS, it should activate the C-H bond of the
tertiary valine â-carbon. This creates a carbon-centered
substrate radical and a ferric-hydroxy [Fe(III)-OH] species.
Independent deuterium kinetic isotope effects for both the
cysteineâ-carbon and the valineâ-carbon suggest that both
C-H bond activation steps are at least partially rate-limiting
(25).

The aliphatic carbon radical then attacks the cysteine
thiolate to close the thiazolidine ring and complete the
formation of isopenicillin N (see Scheme 2). An alternative
reaction, observed in other many enzymes that form ferryl-
oxo intermediates, is hydroxylation of the substrate in an
oxygen rebound mechanism (6). The reason why IPNS
preferentially catalyzes ring formation rather than hydroxy-
lation still remains to be explained.

This reinvestigation of the catalytic mechanism in IPNS
using density-functional modeling was prompted by the new

information available from experimental (7) and theoretical
(26, 27) studies recently performed on other members of the
2-histidine-1-carboxylate enzyme family. The purpose of this
study is to find a mechanism for O-O bond heterolysis,
consistent with the experimentally estimated reaction barrier
of 16.8 kcal/mol (28). The expected accuracy of density-
functional calculations for transition metal enzymes is in the
5 kcal/mol range. This level of accuracy makes it difficult
to calculate and compare exact rates of individual steps, but
the method is in general sufficiently accurate to discriminate
between different mechanistic proposals for the same reac-
tion.

COMPUTATIONAL METHODS

All calculations were performed on an active-site model
of the iron center. The model includes Fe, the side chains of
the amino acids coordinating iron (His214, Asp216, and
His270), the water ligand (WAT398) (4), and the cysteine-
valine part of the substrate where the chemical transformation
occurs (see Figure 1). Only the first-shell amino acids have
been included, partly because they are the only ones known
to be essential for catalysis (18). Histidine is modeled as
4-methylimidazole, and aspartate is modeled as acetate. The
initial model system (model A) consists of 65 atoms.

Initial coordinates are taken from X-ray structure 1BLZ
(1.45 Å resolution), which represents the ACV-Fe(II)-NO
state, and NO is replaced by O2. To avoid artificial changes
in geometry caused by an incomplete hydrogen bond network
in the truncated model, Cartesian coordinates of selected
atoms were kept frozen during optimizations (see Figure 1).
However, during the reaction, the substrate goes from a linear
molecule to a bicyclic one, and the coordinates of the
substrate can therefore not be kept frozen in the same position
during the entire reaction. To minimize problems with
artificial hydrogen bonds, two changes are made to the model
during the reaction. Starting from the full model described
above (model A), model B excludes the carboxylate group
before the closing of theâ-lactam ring, while model C also
excludes the water molecule formed after O-O bond
heterolysis (see Figure 1). Model A has a net charge of-1,
while models B and C are neutral.

Calculations were performed using Gaussian03 (29).
Geometries were optimized using the hybrid functional
B3LYP (30) and the 6-31G(d) basis set. Final energies were
evaluated using the 6-311+G(d,p) basis set. Hybrid density
functional is the only method that can treat systems of this
size with reasonable accuracy. The popular B3LYP func-
tional has been shown to perform relatively well for a large
number of different transition metal applications (31), but
errors in the 5 kcal/mol range have to be expected.

All calculations were performed using the unrestricted
formalism. Selected stationary points were calculated with
different spin multiplicities (septet, quintet, and triplet). On
the basis of previous results from enzymes with similar active
sites, the singlet state is assumed to be unstable (26). For
the reactant (Fe-O2 side-on), the singlet state is unstable
by approximately 20 kcal/mol. Open-shell species with
antiferromagnetic coupling have not been corrected for spin
contamination. For the quintet Fe-O2 species (end-on
binding), the correction using the Heisenberg Hamiltonian
formalism (32) would have been 0.7 kcal/mol, and for the

Scheme 1: Enzymatic Reaction Catalyzed by Isopenicillin
N Synthase (IPNS)
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quintet intermediate16 [Fe(III)-OH with a substrate radical],
it would have been<0.2 kcal/mol. For intermediate16,
calculations on alternative spin states have been performed
with a model without methyl groups on the amino acid
models.

Electronic energies were corrected by adding zero-point,
thermal, and solvent contributions. These effects were
evaluated using the same basis set as in the optimization
[6-31G(d)]. Zero-point energy and thermal corrections were
taken from unscaled frequencies of a fully optimized model
without methyl groups on the amino acid models. Zero-point
corrections are important for the C-H bond activation steps
because they lower the barriers of these steps by 3-5 kcal/
mol. Solvent corrections were calculated using IEFPCM (33)
with a dielectric constant of 4, mimicking the interior of a
protein. In these calculations, the solvent effects are par-
ticularly large for intermediate5 (7 kcal/mol). This large
effect indicates a slightly unbalanced computational model.
The main problem is the substrate carboxylate that has no
hydrogen bonding interactions in the reactant but is involved
in hydrogen binding with a peroxide species in intermediate
5. Fortunately, the calculated rate-limiting barriers do not
depend on the energy of this intermediate.

All reported energies represent an estimate of∆G or ∆Gq

for each stationary point. Comparisons with the experimen-
tally determined rate are made by using the standard form
of transition-state theory (TST). In TST, a rate of 3.2 s-1

corresponds to a barrier of 16.8 kcal/mol (28).

RESULTS AND DISCUSSION

The modeled mechanism for formation of isopenicillin
N involves a large number of stationary points. To
facilitate the discussion, stationary points are assigned
numbers (appearing in boldface) on the basis of the order in
which they appear along the reaction coordinate. When
necessary, the nature of the stationary point is indicated by
a label, TS for transition state and INT for a reaction
intermediate. For some steps, e.g., bond rotations, transition
states have not been optimized and two intermediates may
therefore follow directly after each other in the potential
energy diagram. Structures that are stationary states on the
B3LYP/6-31G(d) surface used for optimization, but not after
the energy has been corrected for basis set, zero-point,
thermal, and solvent effects, are labeled “TS” and “INT”,
respectively. For the most stationary points, only the quintet
state has been modeled. States with septet and triplet

Scheme 2: Proposed Scheme for the Substrate Reaction in Isopenicillin N Synthase, Adapted from ref4a

a Binding of oxygen initiates formation of the four-memberedâ-lactam ring, followed by formation of the five-membered thiazolidine ring.

FIGURE 1: Active-site models used in this study. Atoms whose Cartesian coordinates have been frozen at the X-ray structure are marked
with an x. Model A is used for stationary points1-9. Model B is used for stationary points9-13 and is derived from model A by
removing the substrate carboxylate. Model C is used for stationary points13-18 and is obtained after removing the water molecule,
formed during O-O bond cleavage, from model B.
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multiplicities are indicated with a left superscript, e.g.,71
and31, respectively.

Cys-â-C-H ActiVation.This investigation includes all the
steps involved in the chemical transformation of the substrate,
with the exception of the substrate binding step. An important
potential consequence of substrate binding is deprotonation
of the thiol group upon ligation to iron. It is difficult to
calculate protonation states in proteins using active-site
models, but for the substrate, the protonation state can be
assigned from indirect observations. For the Fe(II)-ACV
complex, EXAFS gives an Fe-S distance of∼2.35 Å (10,
11), and this can be reproduced only with a deprotonated
substrate (Fe-S distance of 2.32 Å). Models with protonated
thiols give Fe-S distances of>2.50 Å. The acceptor of the
thiol proton is assumed to be outside the active-site model.

The O2 molecule enters the active site after substrate
binding. Using the active-site model presented here, O2

binding was previously found to be endergonic by 10.6 kcal/
mol (34). A high endergonicity for this step is in line with
previous experience from active-site models (26, 35, 36) but
seems to be in contradiction with the observed reactivity of
these enzymes. ONIOM QM/MM calculations were therefore
performed on the O2 binding step in IPNS, and the results
confirm that binding of dioxygen is not accurately handled
by active-site models. Including the protein environment
stabilizes O2 binding by 8-10 kcal/mol and gives an almost
thermoneutral reaction, as reported by us previously (34).
In this investigation, the dioxygen-bound state is therefore
taken as the reference state.

Throughout this study, assignments of electronic structures
and oxidation states are made on the basis of bond distances
and Mulliken spin populations. In the reactant (71 in Figure
2), iron has a spin population of 4.09. This corresponds to a
high-spin6Fe(III) state, although6Fe(III) formally has five
unpaired electrons in the 3d orbitals. Using essentially the
same methods as in this study, spin populations of 3.7-3.8
approximately correspond to5Fe(II), 4.0-4.2 to6Fe(III), and
3.0-3.3 to5Fe(IV) (37). The difference between the calcu-
lated spin populations and the formal number of unpaired
d-electrons is due to backdonation from ligandâ-orbitals.
Consequently, spin formally assigned to d-orbitals on Fe is
delocalized to all the ligands. However, the amount of
delocalization is almost the same for all iron complexes of
the same oxidation state, and spin populations are therefore

good indicators of the oxidation states of high-spin iron
systems. In the B3LYP description, the reactant (71) is thus
a ferric-superoxo species [Fe(III)-OO-] obtained by trans-
fer of one electron from Fe(II) to an antibonding 3π-orbital
in O2. This assignment is consistent with the detailed orbital
analysis in ref22.

The most stable O2-bound state is a septet with side-on
coordination (both oxygen atoms coordinate to iron) (71),
and this is taken as the reference (zero) of energy. The
relative energy of the most stable quintet state (52 with end-
on coordination having one coordinating oxygen) is 2.9 kcal/
mol (see Figure 3). With this accuracy, this energy difference
is too small to allow a definite assignment of the spin state
in the enzyme. Both these states are assigned as ferric-
superoxo states, and the major difference is the alignment
in the spin on the superoxo radical (parallel or antiparallel
to the spins on iron). A triplet state (32) also exists at 4.2
kcal/mol. This state has substantial Fe(II)-O2 character with
a slightly shorter O-O bond (see ref34 for details).

Binding of dioxygen to the high-spin iron center removes
the constraints of a formally spin-forbidden reaction between
triplet oxygen and the closed-shell ACV substrate. According
to Scheme 2, the next step is activation of the Cys-â-C-H
bond. Brown et al. (22) have recently shown that the frontier
molecular orbital of the Fe(III)-superoxide species, the O2

π*-orbital, is oriented so that it forms aσ-overlap with the
hydrogen.

Proceeding from the stable reactant (71) on the septet
surface, a transition state (73) is reached at 20.6 kcal/mol.
This leads to a high-spin ferric-peroxide intermediate [Fe-
(III) -OOH] and a substrate radical centered on theâ-carbon
(74 INT at 11.0 kcal/mol). To reach a septet state, the spin
on the substrate radical is necessarily aligned in parallel with
the spins of the five d-electrons in Fe(III).

Although the quintet state is not the stable reactant, the
reaction on the quintet surface turns out to be more favorable

FIGURE 2: Reactant and transition state for Cys-â-C-H activation
by a ferric-superoxo [Fe(III)-OO-] species. Labels show selected
bond distances (in angstroms) and Mulliken spin populations.

FIGURE 3: Calculated potential energy diagram for Cys-â-C-H
bond activation on septet, quintet, and triplet surfaces. Boldface
numbers refer to the order of the stationary state, starting from1
(Fe-O2 side-on reactant). Lightface numbers represent relative
energies in kilocalories per mole. The minimum of the seam of
crossing between septet and quintet surfaces has not been calculated,
but the energy should be located close to52.
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because it leads to a more stable product. On the quintet
surface, the barrier for Cys-â-C-H bond activation (53 TS)
is at 14.6 kcal/mol, significantly lower than on the septet
surface. This step should be at least partially rate-limiting,
and compared to the experimental barrier of 16.8 kcal/mol,
the calculated barrier presented here is slightly underesti-
mated.

Because the reaction occurs on the quintet surface, a
transition between the septet and the quintet surfaces must
occur. The most stable conformation on the quintet surface
is end-on binding of dioxygen (52 INT) (see ref 34 for
details). Previous calculations on similar active sites showed
that the minimum-energy crossing point between the septet
and quintet was located<1 kcal/mol above the quintet
structure (26). Together with strong spin-orbit coupling in
the transition-metal system, the spin transition should
therefore be very fast and not affect the rate of the reaction.

The resulting quintet intermediate (54 INT) is relatively
stable [-4.6 kcal/mol (see Figure 3)]. A rotation of the FeO-
OH bond results in an even lower energy (-10.8 kcal/mol)
due to formation of better hydrogen bonds with the car-
boxylate group of the substrate (55 INT shown in Figure 4).
In the real protein, the carboxylate is included in a hydrogen
bonding network with residues Tyr189, Arg279 (through a
water molecule), and Ser281. When these additional residues
are included in the QM model, the hydrogen bond between
substrate and peroxide does not develop. In the new model,
the relative energy of intermediate55 INT increases by
approximately 3 kcal/mol. Fortunately, the barrier for the
proceeding transition state (56 TS) changes by less than 1
kcal/mol. Since these corrections do not affect the conclu-
sions of this paper, they have not been included in the results.

If we look more closely at the electronic structure of the
intermediate54, it is clear that it corresponds to a ferrous-
peroxide intermediate [Fe(II)-OOH] and a double bond
between carbon and sulfur. This assignment can be derived
from the low spin density on the cysteineâ-carbon (-0.07),
the spin population on iron (3.81), the shorter C-S distance
(1.64 Å compared to 1.85 Å in the reactant), and the longer
S-Fe distance (2.65 Å compared to 2.32 Å in the reactant);
see Figure 4 for details.

The very large difference in stability between the septet
(74) and quintet (54) intermediates can be explained by an
additional transfer of an electron from the substrate to iron.
This electron transfer can take place only in the quintet state,
because the unpaired substrate electron must be transferred
to an emptyâ-orbital on Fe(III). Activation of the Cys-â-
C-H bond thus leads to abstraction of one proton and two
electrons from the substrate. This may not seem consistent
with the reaction described by transition state53, since it
has all the characteristics of a hydrogen atom transfer, with
significant spin (0.39) developing on the carbon atom (see
Figure 2). Following the intrinsic reaction coordinate (IRC)
from 53 TS further increases the spin on carbon to a
maximum of 0.65, but this substrate radical is not an
intermediate in these calculations. Instead, the second
electron is transferred from the substrate, and the system
relaxes to the Fe(II)-OOH intermediate without any barrier.

The corresponding intermediate on the triplet surface34
also represents an Fe(II)-OOH state, but it is significantly
higher in energy (by 13 kcal/mol) than the quintet state, since
it requires intermediate spin on iron Fe(II).

There appears to be a relatively straightforward reason why
Cys-â-C-H bond activation, and thereforeâ-lactam ring
formation, occurs prior to Val-â-C-H bond activation. If
we look at the substrate model only, the strength of the Cys-
â-C-H bond is significantly lower (by 11 kcal/mol) than
that of the Val-â-C-H bond. Carbon-centered radicals are
stabilized in dialkyl sulfides (38), and the presence of the
thiolate should therefore make the C-H bond weaker. The
transfer of the second substrate electron to iron also helps
to stabilize transition state53. The Cys-â-C-H bond can
therefore be activated by the comparably weaker Fe(III)-
OO- oxidant, while the corresponding bond of the valine
â-carbon can be activated only by the strong Fe(IV)dO
oxidant, formed after O-O bond heterolysis.

The description of the C-H bond activation step in this
study is different from that of the previous DFT study by
Wirstam et al. (24). In that study, the mechanism proposed
here was not supported because the barrier for C-H bond
activation was only 1.1 kcal/mol, which is not consistent with
kinetic isotope experiments showing that this step is partially

FIGURE 4: Reactant, transition states, and intermediate for cleavage of the O-O bond in the Fe(II)-OOH intermediate leading to formation
of an Fe(IV)-oxo species. Labels give selected bond distances (in angstroms) and important Mulliken spin populations.
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rate limiting (23). A possible explanation of the results in
ref 24 is that the low barrier is caused by an unstable
electronic configuration in the reactant. Reactant71 is an
Fe(III)-OO- state, similar to the ones obtained for other
oxygen-activated non-heme enzymes (26), while the reactant
in ref 24 is an Fe(II) state with significant spin on the
substrate thiolate but very low spin density on oxygen. In
this investigation, that state could not be reproduced, even
when the same model was used. However, if the transition
state and resulting intermediate represent the same states in
the two studies (they have similar spin populations), the Fe-
(III) -OO- reactant (71) is approximately 10 kcal/mol more
stable than the reactant used in ref24.

The study by Wirstam et al. instead preferred a reaction
in which the Fe-O2 species accepts a proton from an external
donor before the C-H bond is activated. This leads to an
acceptable barrier for O-O bond cleavage in a reaction with
Cys-â-C-H. However, in this study, the O2 species has a
lower proton affinity than the substrate thiolate (by 15 kcal/
mol in 71). Since EXAFS data suggest that there is no proton
on the thiolate (see the discussion above), dioxygen should
therefore not be protonated either. If the minimum energy
penalty for protonating O2 is 15 kcal/mol, the transition state
for O-O bond cleavage in ref24becomes too high (30 kcal/
mol).

O-O Bond CleaVage andâ-Lactam Ring Formation.
After generation of the peroxide intermediate, a seemingly
attractive mechanism is abstraction of the valine N-H proton
by the peroxide to generate a ferryl-oxo [Fe(IV)dO] species
and a water molecule. At the same time, the valine nitrogen
should perform a nucleophilic attack on the cysteineâ-car-
bon, which leads to formation of theâ-lactam ring (see
Scheme 2). However, as mentioned in the introductory
section, one of the main conclusions from the previous DFT
study of isopenicillin N synthase was that this mechanism
had an exceedingly high barrier (24). This study supports
that observation. Cleaving the O-O bond by protonation
from the valine N-H group has a barrier of 30.9 kcal/mol

and occurs after the C-N bond in theâ-lactam ring is almost
formed (C-N distance of 1.62 Å). Although the two models
are slightly different, this transition state is very similar to
the one optimized in ref24. With this model, all other tested
combinations of concerted and stepwise reactions involving
these three bonds gave similar or higher barriers.

In a search for an alternative mechanism, it was noted that
formation of a ferryl-oxo intermediate is a common step
for many mononuclear non-heme enzymes. A number of
these reactions have also been modeled theoretically (see,
for example, ref27), and ideas for alternative mechanisms
were therefore sought among this enzyme family. In several
enzymes, formation of an Fe(IV)dO intermediate from an
Fe(II)-OOR species generates a negative charge on one of
the other iron ligands. InR-keto acid-dependent dioxyge-
nases, a carbonyl becomes the anionic part of a carboxylic
acid, while in pterin-dependent hydroxylases, O-O bond
cleavage leads to formation of a HO-Fe(IV)dO species
(26). More specifically, in pterin-dependent hydroxylases,
O-O bond heterolysis is assisted by a ligating water
molecule that donates a proton to the distal oxygen and
thereby generates the HO-Fe(IV)dO intermediate.

IPNS also has a water ligand bound to iron, and abstracting
a proton from this water leads to O-O bond cleavage with
a barrier of 9.8 kcal/mol. The calculated potential energy
diagram for the full isopenicillin N reaction, including O-O
bond cleavage, is shown in Figure 5. The initial reaction
coordinate, starting from the Fe(II)-OOH intermediate55,
describes homolytic O-O bond cleavage with a transfer of
a single electron from iron to an antibonding O-O σ*-orbital.
The transition state (56 TS in Figure 4) involves only O-O
bond breaking (bond distance of 1.84 Å) and leads to a
shallow minimum (57 INT) which is essentially Fe(III)
(Mulliken spin of 4.10) antiferromagnetically coupled to a
hydroxyl radical (Mulliken spin of-0.65). From this
metastable intermediate, a proton is transferred from the iron-
bound water ligand, coupled to a second electron transfer
from iron, via 58 TS (in Figure 4). The total O-O bond

FIGURE 5: Calculated potential energy diagram for the enzymatic reaction catalyzed by isopenicillin N synthase. Stationary states are
labeled with boldface numbers in sequential order. Lightface numbers are relative energies compared to that of71 (Fe-O2 reactant) in
kilocalories per mole. Intermediate59 is calculated using both model A and model B, while intermediate513 is calculated using models B
and C.
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cleavage reaction is therefore heterolytic and leads to
formation of a water molecule and a HO-Fe(IV)dO
intermediate (59). The reaction is highly exothermic (see
Figure 5).

The pathway for O-O bond cleavage looks highly similar
to modeled reactions for pterin-dependent hydroxylases (35),
a biomimetic non-heme iron complex (39), and theR-keto
acid-dependent clavaminate synthase (40) (see Scheme 3).
All of them show an initial O-O bond elongation, coupled
to a single-electron transfer, followed by a second electron
transfer leading to the Fe(IV)dO species. For all modeled
reactions, the O-O bond distances for the intermediate as
well as for the first transition state are very similar, while
the O-O bond distance for the second transition state seems
to depend on the exothermicity of the reaction (shorter bond
lengths for more exothermal reactions). Whether the inter-
mediate appears on the calculated potential energy surface
seems to be determined by minor details; i.e., the modeled
reaction is stepwise for clavaminate synthase but not in
4-HPPD (41), despite both of them performing the same
reaction, oxidative decarboxylation of theR-keto acid
cofactor. For all practical purposes, O-O bond heterolysis
can be considered as a concerted reaction.

Another common feature for the three enzymes shown in
Scheme 3 is that O-O bond cleavage is not the rate-limiting
step. Instead, the barrier for two-electron oxidation of the
cofactor (or substrate in the case of IPNS) is consistently
higher.

Despite the overall similarities, there are also differences
among the three reactions in Scheme 3. Most noticeably, in
the pterin-dependent hydroxylases and clavaminate synthase
the O2 group initially binds in a position trans to a histidine
ligand while in IPNS it binds trans to the carboxylate.
Another difference is that the clavaminate synthase active
site is modeled as five-coordinate after release of CO2 in
the preceding reaction, while the other models are six-
coordinate. The barrier for O-O bond cleavage is higher in
IPNS than in the pterin-dependent hydroxylase and clavami-
nate synthase (9.8 kcal/mol compared to 4.8 and 4.7 kcal/
mol, respectively).

The high barrier for O-O bond cleavage by protonation
from the valine N-H group (the mechanism proposed in
ref 4) is slightly puzzling. After accepting two electrons from
the substrate but only one proton, the Fe-OOH species has
a high proton affinity, and it is not clear why the Val-N-H
species is not a suitable proton donor. Closing theâ-lactam
ring breaks the CdS bond and regenerates the negative
thiolate iron ligand. This reaction thus also creates a new
negative iron ligand. Despite this, the presently modeled
barrier is very high. Although a number of different reaction
pathways have been explored, this pathway should not be
completely ruled out until a convincing explanation for the
high barrier can be found. A possible explanation would be
that as long as the C-N bond of theâ-lactam ring has not
yet formed, Val-N-H is a worse proton donor than water
bound to iron. Protonation from Val-N-H in intermediate
57 therefore requires simultaneous O-O bond cleavage and
C-N bond formation. However, these reactions are not
strongly coupled in these calculations, and the barriers for
the two separate reactions seem to be added.

In the Fe(IV)dO intermediate (59 INT in Figure 6), the
spin on iron is 3.21 while substantial spin is located on the
oxo group (Mulliken spin of 0.46). The Fe-O bond formally
has double-bond character that originates from the distribu-
tion of eight electrons in five FeO orbitals (σ, π, π*). Since
the twoπ*-orbitals are singly occupied, this causes signifi-
cant spin to be assigned to oxygen. The identity of the Fe-
(IV)-oxo state is supported by the calculated Fe-O distance
of 1.64 Å, which is similar to experimentally measured
distances for Fe(IV)dO complexes (1.62 Å) (42, 43).
Experiments suggest that the high-spin complex is the most
stable (44), and computationally, triplet (39) and septet (79)
states are unstable by 5.2 and 10.3 kcal/mol, respectively.
Because these states are unstable also in the Fe(II)-OOH
state (54 INT), O-O bond cleavage was not modeled for
these spin states.

An alternative reaction pathway for O-O bond cleavage
on the quintet potential energy surface can be explored by
decreasing the O-O bond distance from the Fe(IV)dO
intermediate (59). At an O-O distance of 2.0 Å, the energy

Scheme 3: Similar Reaction Mechanisms for O-O Bond Cleavage in Three Non-Heme Iron Enzymes; IPNS (present study), a
Pterin-Dependent Hydroxylase (35), and theR-Keto Acid-Dependent Clavaminate Synthase (CAS) (40)a

a Numbers represent O-O bond distances in angstroms, except for the Fe(IV)dO state where the label shows the iron-oxo distance.
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is lower than for the reaction path outlined above; however,
the electronic configuration still represents an Fe(IV)dO
state, and the proton resides on the water molecule. Decreas-
ing the O-O bond distance further increases the energy for
this configuration, and no low-lying transition state could
be found.

The O-O bond heterolysis reaction modeled here occurs
without direct involvement of the substrate in the bond
cleavage step. However, the substrate has already played a
critical role because it contributed the two electrons required
for formation of the Fe(IV)dO intermediate already in the
first reaction step (71 f 54). The ACV substrate has at this
stage thus already performed the same role as theR-keto
acid and tetrahydrobiopterin cofactors perform in other non-
heme enzymes.

To finally close theâ-lactam ring, the substrate should
lose the valine N-H proton and form a bond between the
cysteineâ-carbon and the valine nitrogen. Formation of the
C-N bond re-creates the negative thiolate ligand, a process
that is likely to increase the proton affinity of the water-
derived iron ligand and lead to its protonation. From a
modeling perspective, this is a complicated reaction that
requires an accurate description of the correct acceptor of
the N-H proton, the proton-transfer pathway to the hydroxo
ligand, and the changes in hydrogen bond patterns that occur
during the reaction. This model is too limited to take all these
factors into account. However, to illustrate that the barrier
is not prohibitively high, a mechanism for ring closure has
still been calculated. Neither the barrier nor the exact reaction
mechanism should probably be taken literally, and because
of the tentative nature of this mechanism, it will be only
briefly described.

The assumption that the Fe-OH ligand directly accepts
the Val-N-H proton is reasonable and enables a potential
energy profile to be constructed without use of any external
parameters, i.e., proton affinities of the surrounding media.
In the modeling, the newly formed water molecule acts as a
proton shuttle between the substrate and the hydroxo group.
The substrate carboxylate is removed from the model to
prevent the formation of artificial hydrogen bonds (model
B).

On the uncorrected surface, closing of theâ-lactam ring
proceeds through several stationary points but after all
corrections have been added, only one transition state remains
(512TS in Figure 6). The presence of a single transition state
shows that ring closure is a concerted reaction with transfer
of a proton from the valine N-H group to the Fe-OH ligand
occurring simultaneously with C-N bond formation. Al-
though the optimized transition structure (512TS) shows that
proton transfer has been completed at an early stage of the
reaction, this can be an artifact from the optimization on the
uncorrected potential energy surface.

The calculated barrier for formation ofâ-lactam through
512TS is relatively high, 18.4 kcal/mol. This barrier is close
to the experimental limit of 16.8 kcal/mol and could represent
another rate-limiting step of the IPNS reaction. The common
interpretation is that IPNS has two rate-limiting steps,
activation of the valine and the cysteineâ-C-H bonds, but
the proposed mechanism does not contradict the available
experimental data.

First, this accuracy allows only a determination of relative
energies with an accuracy of 3-5 kcal/mol. In addition, this
mechanism is tentative and lower barriers could exist for
other proton transfer pathways. The exact height of the barrier
must therefore be treated with considerable caution. If the
barrier is 3-5 kcal/mol lower (i.e., 13-15 kcal/mol), it will
be kinetically silent compared to the C-H activation steps
where the barriers experimentally are known to be around
17 kcal/mol.

Second, the suggestion of two rate-limiting steps is based
on kinetic isotope experiments that show independent effects
for both cysteineâ-C-H and valineâ-C-H protons (23).
Although these experiments clearly show that no other
reaction step can have a higher barrier, the results do not
exclude a third reaction step with a marginally lower barrier.
Deuterium substitution increases the barriers of the C-H
bond activation steps, and the kinetic effect of a potential
third step would largely disappear.

A signature of a third rate-limiting step would be if isotope
effects could be observed for the valine-N-H proton.
Unfortunately, the lack of an effect is not conclusive. It could
mean either that the barrier forâ-lactam ring formation is
much lower than what is presently modeled or that the ring
closure transition state is dominated by formation of the C-N
bond (as in512 TS).

In total, formation of the monocyclicâ-lactam form of
the substrate (513 INT) from the open form (59 INT) is
slightly exothermal (see Figure 5). The open form should
therefore not be observed under equilibrium conditions but
could possibly be detected as a metastable intermediate.
Crystallographic studies of the substrate analogue AcMC,
which cannot undergo the second ring formation step, show
that the closedâ-lactam ring (13) is indeed the stable form
of this intermediate.

Despite the Fe center not being redox active during the
reaction,â-lactam ring formation probably does not occur
before generation of the Fe(IV)dO species (i.e., from
intermediate55). Ring closure regenerates the thiolate ligand
since it breaks the CdS bond (see Scheme 2), and this
reaction is more favored when the oxidation state of iron is
Fe(IV) compared to Fe(II). The detailed reaction mechanism
cannot be calculated with the model presented here, because
there is no suitable acceptor for the valine N-H proton (in

FIGURE 6: Reactant and tentative transition state for closing of the
â-lactam ring after formation of an Fe(IV)dO species. Labels give
selected bond distances (in angstroms) and important Mulliken spin
populations.
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intermediate55, the iron ligand is still water, not a hydroxo
group). However, the energy required to shorten the C-N
bond without proton transfer is significantly lower in59 INT
[Fe(IV)] than in 55 INT [Fe(II)].

Val-â-C-H ActiVation and Thiazolidine Ring Formation.
The final stage of the reaction is activation of the C-H bond
of the valine isopropyl group by the Fe(IV)-oxo intermedi-
ate, followed by formation of the second substrate ring. The
modeled reaction supports the mechanistic proposal in
Scheme 2. The reaction is complicated by the fact that in
the X-ray structure, the Val-â-C-H bond actually points
away from the iron center. A possibility is that the valine
isopropyl group rotates during formation of theâ-lactam ring,
but in the model presented here, this did not occur (see513
INT in Figure 7). In an active-site model, the isopropyl group
can be easily rotated so that the C-H bond faces the iron
center (514 INT). The Fe(IV)-oxo group then abstracts a
hydrogen from the valine isopropyl group with a total barrier
of 15.3 kcal/mol (see515 TS in Figures 5 and 7). In this
step, the high-spin Fe(IV)dO complex is transformed into
a high-spin Fe(III)-OH species, while the unpaired electron
of the aliphatic radical has its spin aligned opposite to the
spins on the ferric iron. The calculated barrier of 15.3 kcal/
mol is rather close to the value of 14.6 kcal/mol calculated
for the other rate-limiting step, activation of the cysteine
â-C-H bond (53 TS).

The substrate radical is proposed to be a short-lived
reaction intermediate (516 INT in Figure 8). Compared to
that of the most stable Fe(IV)dO state (513 INT), the relative
energy of this state is-1.8 kcal/mol (see Figure 5). The
unpaired electron on carbon does not couple strongly with
the electrons on iron, so for this intermediate, a close-lying
septet state exists (716). However, the septet state is unstable
both in the forward and in the backward directions and should
therefore not participate in the reaction.

In the final step, the carbon radical attacks the thiolate
coordinating to iron and forms a new C-S bond, thus closing
the thiazolidine ring and completing the formation of the

bicyclic isopenicillin N molecule. The barrier for this step
is only 4.5 kcal/mol (see Figure 5). During the reaction, an
electron is transferred from the substrate to iron, and judging
by the spin populations, this electron transfer occurs in a
concerted manner with C-S bond formation. The spin
population on carbon changes from-0.90 in intermediate
516 to -0.67 in transition state517 (see Figure 8).

The final product is a bicyclic substrate with bothâ-lactam
and thiazolidine rings, weakly coordinated to an Fe(II)
complex. In the active-site model presented here, the IPN
product loses coordination to iron (Fe-S distance of 4.2 Å),
which is not supported by X-ray data (Fe-S distance of 2.87
Å) (13). With a relatively weak coordination, the exaggerated
mobility of the active-site model leads to formation of
artificial hydrogen bonds that successfully compete with iron
coordination. As a consequence, the exothermicity of the final
step may therefore be slightly overestimated with the small
basis set. Large basis and solvent corrections may instead
favor the tighter bound structure, and for a given structure,
it is difficult to know which effect will dominate. In any
case, the relative energy of the product should be considered
to be approximate.

The results for thiazolidine ring formation are very similar
to those obtained in the previous DFT study (24). However,
the increased model size, i.e., including the methyl groups
close to the valineâ-carbon, significantly stabilizes the
carbon radical intermediate.

Protonation of the Fe(II)-OH group should generate the
second water molecule. Because no external proton donor
is included, this reaction step has not been modeled. The
donor should be the same as, or similar to, the group that
accepted the S-H substrate proton upon substrate binding.
It is therefore noted that the proton affinity of the Fe(II)-
OH group is similar to the proton affinity of the thiolate in
the reactant complex. The protonation of the Fe-OH ligand
to complete the formation of two water molecules from
dioxygen should therefore be relatively straightforward.

Finally, an attempt was made to understand why IPNS
performs oxidative cyclization instead of substrate hydroxy-
lation (i.e., prefers the rebound of sulfur over the rebound
of oxygen). If we start from the substrate radical intermediate
516, formation of the C-O bond occurs concerted with a
transfer of an electron from substrate to iron (TS517H in
Figure 8). The calculated barrier is 8.2 kcal/mol, i.e., 3.7
kcal/mol higher than the corresponding barrier for C-S bond
formation (4.5 kcal/mol). Electronically, the two transition
states look rather similar with a small amount of spin
transferred from the substrate radical to the iron center (see
Figure 8). However, hydroxylation requires a rotation of the
hydroxo ligand away from its equilibrium position in
intermediate516, where the hydrogen points directly at the
substrate carbon radical. This leads to an initial increase in
energy. Another factor that computationally favors the
cyclization reaction is the entropy. A possible explanation
of the entropy effect is that hydroxylation anchors the
substrate to the iron center at two points (thiolate and hydroxo
group) while cyclization leads to a single weak iron-thiol
ligation with higher substrate flexibility.

When the two products are compared, the hydroxylated
substrate is actually more stable than the observed isopeni-
cillin N product. This is counterintuitive, because the factors
disfavoring the hydroxylation transition state should also

FIGURE 7: Reactant and transition state for valineâ-C-H bond
activation. Note that the isopropyl group needs to be rotated before
it can be activated by the Fe(IV)dO intermediate. Labels give
selected bond distances (in angstroms) and important Mulliken spin
populations.
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disfavor the hydroxylation product. However, the transition
to a ferrous state leads to changes not directly connected to
the transition state, i.e., relaxation of the iron coordination
sphere that can favor the new orientation of the hydroxo
group. It is also difficult to accurately calculate the relative
energy of the two product states. As an example, the entropy
calculation may break down for structures with very long
and weak metal coordination bonds.

The calculations give the correct energetic ordering of the
two transition states; i.e., hydroxylation is more than 100-
fold slower than ring formation. The difference in barrier
height can be the dominating factor in the determination of
the selectivity of the final reaction step. Still, the energetic
separation between the two rebound barriers is relatively
small, and energy differences in the 3-5 kcal/mol range are
at the accuracy limit of this computational method.

When it comes to the final reaction step, significant
similarities between IPNS and theR-keto acid-dependent
halogenases exist. Halogenases are believed to form a
substrate radical through C-H bond activation, and the
substrate then undergoes halogenation rather than hydroxy-
lation. Recent results from density-functional modeling of a
biomimetic complex that catalyzes substrate chlorination
through a route similar to that of the halogenases show that
the energetic barriers for the two competing reactions are
too similar to explain the observed selectivity (45). More
detailed calculations, e.g., including the full protein environ-
ment, may be required to fully understand the selectivity,
both in the halogenases and in isopenicillin N synthase.

SUMMARY AND CONCLUSION

A potential energy surface has been constructed for the
enzymatic transformation of ACV to isopenicillin N in IPNS.
Three reaction steps show significant barriers (15-18 kcal/
mol): activation of the cysteineâ-C-H bond by an iron-
bound superoxo radical,â-lactam ring formation, and
activation of the valineâ-C-H bond by a ferryl-oxo species.
The C-H activation steps are known to be partially rate
limiting, and the barriers agree very well with the experi-

mental rate (corresponding to a barrier of 16.8 kcal/mol).
The barrier forâ-lactam ring formation (18.4 kcal/mol) is
relatively high, but this can probably be explained by
limitations in the model.

This study proposes a mechanism for O-O bond cleavage
that is different from previous mechanistic proposals. O-O
bond cleavage occurs with the help of an iron-ligating water
molecule that donates a proton to the distal oxygen and
generates the OH-Fe(IV)dO intermediate. The water ligand
is regenerated upon closure of theâ-lactam ring. This
mechanism for O-O cleavage is almost identical to the
reaction in pterin-dependent hydroxylases and very similar
to the reaction inR-keto acid-dependent dioxygenases.
Compared to a previous computational study using similar
methods, the mechanism for Cys-â-C-H bond activation and
â-lactam ring formation is different. The major differences
come from a more stable electronic structure of a key
intermediate, together with a new, previously untested
mechanism for O-O bond cleavage.

The barrier for substrate hydroxylation, a reaction formally
competing with thiazolidine ring closure, is calculated to be
4 kcal/mol higher than for ring closure. This difference in
energy can be a dominating factor in determining the
selectivity of the final reaction step.

The calculated potential energy profile can be used for
further investigations of reactivity of modified substrates and
enzyme mutants. However, such modeling requires a better
understanding of interactions of the substrate with the protein
while still accurately evaluating the reactivity of different
substrate molecules. This objective can be achieved by the
use of QM/MM models of the IPNS reaction, which is in
progress in our laboratory.
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FIGURE 8: Reactant and transition states for formation of the thiazolidine ring (517) and for the competing substrate hydroxylation reaction
(517H). Structure labels give selected bond distances (in angstroms) and important Mulliken spin populations. Relative energies compared
to that of the common intermediate (516) are given in kilocalories per mole.
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SUPPORTING INFORMATION AVAILABLE

List of stationary structures along the reaction pathway
with energies (in hartrees) together with structure files (in
XYZ format). This material is available free of charge via
the Internet at http://pubs.acs.org.
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