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ABSTRACT: The mechanism of the oxidative cyclization reaction catalyzed by clavaminic acid synthase
(CAS) was studiedin silico. First, a classical molecular dynamics (MD) simulation was performed to
obtain a realistic structure of the CAS-Fe(IV)dO-succinate-substrate complex; then potential of mean
force (PMF) was calculated to assess the feasibility of theâ-lactam ring, more specifically its C4′ corner,
approaching the oxo atom. Based on the MD structure, a relatively large model of the active site region
was selected and used in the B3LYP investigation of the reaction mechanism. The computational results
suggest that once the oxoferryl species is formed, the oxidative cyclization catalyzed by CAS most likely
involves either a mechanism involving C4′(S)-H bond cleavage of the monocyclicâ-lactam ring, or a
biosynthetically unprecedented mechanism comprising (1) oxidation of the hydroxyl group of PCA to an
O-radical, (2) retro-aldol-like decomposition of the O-radical to an aldehyde and a C-centered radical,
which is stabilized by the captodative effect, (3) abstraction of a hydrogen atom from the C4′(S) position
of the C-centered radical by the Fe(III)-OH species yielding an azomethine ylide, and (4) 1,3-dipolar
cycloaddition to the ylide with aldehyde acting as a dipolarophile. Precedent for the new proposed
mechanism comes from the reported synthesis of oxapenams via 1,3-dipolar cycloaddition reactions of
aldehydes and ketones.

Clavaminic acid synthase (CAS1) is a remarkable non-
heme iron dioxygenase that catalyzes three separate oxidative
reactions in the biosynthesis of clavulanic acid, a clinically
used inhibitor of serineâ-lactamases (1-3). Notably, all three
oxidative reactions (Scheme 1), i.e. hydroxylation, cycliza-
tion, and desaturation, take place at the single active site of
CAS (4), which in the native state hosts a single high-spin
ferrous ion coordinated by the 2-histidine-1-carboxylate
binding motif (5, 6) and three water molecules (7). CAS
belongs to a large superfamily of 2-oxoglutarate (2-OG)
dependent oxygenases, a group of mononuclear non-heme
iron enzymes that couples the oxidative decarboxylation of
the 2-oxoglutarate cosubstrate to the 2-electron oxidation of
a primary organic substrate (8, 9). Based on numerous
experimental and computational studies a generic catalytic
reaction scheme for 2-OG dependent enzymes has been
proposed, see Scheme 2. The cosubstrate (2-OG) first bindsto the active site and coordinates the ferrous ion via its

1-carboxylate and 2-oxo groups (A) (10). Subsequent binding
of the primary organic substrate (A f B) displaces the
remaining water ligand from the Fe(II) coordination sphere,
thus enabling the active site to bind dioxygen (B f C) (11,
12). Once all required reactants are bound, the oxidative
decarboxylation of 2-OG produces the complexD, where
the primary organic substrate is positioned in the proximity
of the Fe(IV)dO group, which has a high-spin, i.e., quintet,
ground state (13-18). The oxidative power of the Fe(IV)d
O intermediate is used to convert the organic substrate to
the product (D f E), and the release of products (E f A)
closes the catalytic cycle.
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Scheme 1: Three Oxidative Reactions Catalyzed by CAS
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Taking into account the product specificity of the three
different types of oxidative reaction catalyzed by CASs
hydroxylation, oxidative bicyclization, and desaturations
coupled to the high reactivity of the Fe(IV)dO group, an
important question is raised as to how product specificity is
achieved: How does CAS ensure that only one type of
oxidative reaction occurs with very closely related substrates?
With respect to this issue, important insights were gained
from X-ray structures solved for CAS-Fe(II)-2-OG-substrate
complexes (the intermediateB in Scheme 2) (7). In the
structure with N-R-L-acetylarginine (NAA), an acyclic
substrate analogue of deoxyguanidinoproclavaminic acid
(DGPCA; PDB entry: 1DRY) that is similarly hydroxylated
by CAS, the guanidino group of NAA interacts electrostati-
cally with Asp202 and Asp233, whereas the carboxylate of
NAA binds to Arg297 and the backbone NH of Ser134
(Figure 1A). Such a binding mode ensures that the 3-pro-R
C-H bond of NAA, which is oxidized (19), projects toward
the water ligand bound to Fe(II) trans to His279 (C-O
distance of 2.4 Å). This, in turn, supports the proposal that
the ferryl oxygen is also bound at this site (opposite to
His279, approximate distance between the oxo atom and the
3(R) hydrogen is 1.9 Å; see inset in Figure 1A), at least just
before substrate oxidation, because it might be originally
formed trans to His144 (20). However, a crystal structure
with proclavaminic acid (PCA), the substrate for the cy-
clization reaction (PDB entry: 1DRT; Figure 1B), is less
informative concerning the mechanism of the intriguing
oxidative cyclization. As shown in Figure 1B, Arg297 is
positioned to form electrostatic interaction and hydrogen
bond with the carboxylate and hydroxyl group of PCA,
respectively. Arg115 is also quite close to the carboxylate
of PCA. Ser134 forms, through its side chain hydroxyl, a
hydrogen bond with the hydroxyl of PCA. The amino end
of PCA is rather far from the carboxyl groups of Asp202
and Asp233 (N-O distance of 3.9 and 5.1 Å, respectively),
and instead, forms a hydrogen bond with the backbone
carbonyl of Leu132 (not shown). Notably, the distance
between iron and the C4′ carbon is rather large (5.44 Å),
which leads to an approximate distance of 3.4 Å between
the C4′(S) hydrogen and the oxo atom (see inset in

Figure 1B). On the other hand, a short hydrogen bond
between the oxo atom and the hydroxide group of PCA is
anticipated. However, one might suspect that in the re-
active complexD (Scheme 2), due to the presence of the
Fe(IV)dO group, the binding interactions between PCA and
CAS could be somewhat different than in 1DRT (B in
Scheme 2).

Concerning the mechanism of the oxidative cyclization
catalyzed by CAS (Scheme 1B), isotope labeling studies have
provided valuable insights: oxygen atom of the 5-membered
ring of dihydroclavaminic acid (DHCA) was shown to derive
exclusively from the C3-bound hydroxyl of PCA, and the
C2-H and C3′-H bonds are not cleaved during the
cyclization or desaturation reactions (22). DHCA was
identified as an intermediate, and its stereochemistry has been
confirmed (23). Studies with stereospecifically deuterated
PCA at C4′ showed that the C4′(S) hydrogen is specifically
lost, while the C4′(R) hydrogen is retained during the
oxidative cyclization (24). Experiments using PCA with
tritium labels bound to C4′ and C3 unambiguously showed
that the cyclization reaction precedes desaturation, and a
substantial kinetic isotope effect (KIE) was measured for C4′-
labeled PCA (primaryT(V/K) )11.9 ( 1.7) indicating that
the C4′(S)-H bond cleavage contributes to the rate-limiting
step (25). Finally, aâ-secondary KIE was measured, but the
results of these studies did not allow for discrimination
between a possible radical and cationic nature of the species
at the C4′ carbon in the intermediate formed by the C4′-H
bond cleavage (26).

Based on these isotope labeling studies and the crystal
structure of the CAS-Fe(II)-2-OG-PCA complex a mecha-
nism presented in Scheme 3 was proposed for the oxidative
cyclization catalyzed by CAS (7, 26). The oxoferryl species
abstracts the C4′(S) hydrogen, which leads to speciesb with
Fe(III)-OH and the C4′-centered radical. An attack of the
C3-bound hydroxyl at C4′ coupled with hydrogen atom
transfer to Fe(III)-OH leads to the product complexd, with
Fe(II)-OH2 and DHCA. Alternatively, an electron transfer
from the C4′ radical to Fe(III)-OH affords speciesc with
an imminium ion and a Fe(II)-OH complex. An attack of
the C3-bound hydroxyl at the C4′ cation coupled with a

Scheme 2: The Generic Reaction Scheme for 2-Oxoglutarate Dependent Oxygenases
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proton transfer to Fe(II)-OH converts speciesc into the
product complexd.

Taking into account the large distance between C4′ and
iron in the crystal structure of the CAS-Fe(II)-2-OG-PCA
complex (1DRT) it was important to test if the mechanism
presented in Scheme 3 is viable. To this end the following
modeling studies were done: (1) classical molecular dynam-
ics simulation for the CAS-Fe(IV)dO-succinate-PCA com-
plex, (2) calculation of classical potential of mean force
(PMF) for theâ-lactam ring, pulled by the C4′(S) hydrogen,
approaching the oxo atom, and (3) B3LYP calculations for
plausible mechanisms of oxidative cyclization. Although a
mechanism involving C4′-H bond cleavage cannot be
eliminated, the results of these investigations suggest that a
novel mechanism, involving 1,3-dipolar cycloaddition, could
be responsible for the oxidative cyclization by CAS.

1. COMPUTATIONAL DETAILS

The setup and parameters used for classical dynamics
simulations are described in the Supporting Information. All
classical MD calculations were done with the AMBER 8
suite of programs (27).

DFT Models and Methods.The quantum chemical model
of the active site region in the CAS-Fe(IV)dO-succinate-
PCA complex was based on the averaged structure (500
snapshots (#1100-1600) corresponding to a 0.5 ns time
range) from the 2 ns production MD simulation. The model,

which consists of 135 atoms (Figure 2), comprises the
following groups: PCA, FedO, two methylimidazoles
(His144, His279), three acetates (succinate, Asp202, Asp233),
propionate (Glu146), two methanols (Tyr149, Tyr299),
methylguanidine (Arg297), CH3CONHCH2CH2OH (Ser133-
Ser134 peptide bond and Ser134 side chain), and three water
molecules solvating Asp202 and Asp233. Several terminal
atoms, marked with asterisks in Figure 2, were constrained
to their positions in the averaged MD structure. The total
charge of the quantum chemical model is-1, and the spin
state is quintet.

All quantum chemical calculations employing this model
were performed with hybrid DFT. The B3LYP exchange-
correlation functional (28, 29) in the Jaguar (30) program
was used. Geometry optimizations were done with a valence
double-ú basis set coupled with an effective core potential
describing the innermost electrons on iron. This particular
basis set is labeled lacvp in Jaguar. For the optimized
structures the electronic energy was computed with a bigger
basis set of triple-ú quality with polarization functions on
all atoms except iron (lacv3p for iron and cc-pVTZ(-f) for
the other atoms). The solvent corrections were calculated
for the first barriers of the two mechanisms with the self-
consistent reaction field method implemented in Jaguar
(31, 32). A dielectric constant of 4 and a probe radius of 1.4
Å were used to model the protein surroundings of the active
site. Due to the size of the system, only approximate

FIGURE 1: Views from the X-ray crystal structures of active site regions in CAS-Fe(II)-2-OG-substrate complexes. (A) Complex with a
substrate for hydroxylation reaction (NAA); 1DRY. (B) Complex with PCA-substrate for the oxidative cyclization; 1DRT. Insets present
important distances between the oxo atom and hydrogens from the substrates (added at their standard positions). Note that the oxo atom
was added only for illustrative reasons, since the crystal structures were solved for the resting Fe(II) states, which lack the oxo group.
Figure produced with VMD (21).

Scheme 3: The Experimentally Suggested Mechanism for Oxidative Cyclization Catalyzed by CAS
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transition structures (TS) were optimized. For selected
approximate reaction coordinates (interatomic distances)
relaxed scans were performed with a step of 0.1 Å for bonds
not involving hydrogens and 0.05 Å for X-H distances.
Once the maximum energy point (approximate TS) was
found, optimizations starting from two points on both sides
of the maximum and 0.1 Å away from the TS were
performed in order to check if the TS found connects the
right substrate and product. For the 1,3-dipolar cycloaddition
reaction, a two-dimensional variant of this procedure was
used to find the approximate saddle point.

2. RESULTS

MD Structure of the CAS-Fe(IV)dO-succinate-PCA Com-
plex. The overall structure of the protein backbone during
the MD simulation remained very similar to that in the crystal
structure (1DRT), see Figure 3. The calculated root-mean-

square-deviation (rmsd) to the starting structure (1DRT) for
the backbone atoms does not exceed 1.4 Å (see Figure S3
in Supporting Information). However, in the active site
region, there are some important changes (Figure 3). First,
the hydroxyl group of PCA forms a hydrogen bond with the
iron-oxo oxygen and no longer interacts with Ser134.
Second, the amino group of PCA interacts ionically and via
hydrogen bonds with Asp202 and Asp233. Moreover, the
carboxyl group of PCA forms a salt-bridge with Arg297,
loses its interaction with Arg115, and forms hydrogen bonds
with backbone nitrogen and side-chain hydroxyl of Ser134.
Figure 3 reveals that the X-ray and MD structures overlap
well except for the substrate (PCA) and the Ser133-Ser134
fragment. Interestingly, these two serines are a part of a loop,
and the observed mobility of this fragment may have
functional relevance, e.g., in induced fit during substrate
binding. In summary, the binding situation of the ionic

FIGURE 2: The optimized structure for the QM model for the active site region in the CAS-Fe(IV)dO-succinate-PCA complex. (A) PCA
and iron with its ligands are displayed as balls-and-sticks, whereas the second-shell residues are simplified. (B) The second-shell residues
are omitted. Distances in Å are in bold, spin populations are in italics, and atoms marked with asterisks were constrained to their positions
in the averaged MD structure.

FIGURE 3: Superimposed structures from the 1DRT crystal structure and snapshot #1350 from the MD simulation. On the left the backbone
atoms are presented; 1DRT in gray, snapshot in orange. On the right, the superimposed active site regions are shown. Crystal structure in
gray, MD snapshot with atom-type colors. PCA from 1DRT in orange, PCA from the MD snapshot in red. Note the difference in the
conformations of Ser133 and Ser134 and the position of hydroxyl group of PCA. Figure produced with VMD (21).
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groups of PCA in the MD structure resembles largely the
substrate-enzyme interactions in the 1DRY crystal structure
(Figure 1A). With respect to the oxidative cyclization, the
distance between the hydrogen atom from the hydroxyl group
of PCA and the oxo atom remains short (average 1.86 Å)
throughout the 2 ns simulation, whereas the separation
between the oxo atom and the C4′(S) hydrogen stays rather
large, with an average of 3.77 Å (Figure S4 in Supporting
Information). Moreover, the (PCA)O-H-O(oxo) angle is
large (average of 157 deg, Figure S5 in Supporting Informa-
tion), which together with the short H-O(oxo) distance
indicates that a H-bond forms between the hydroxyl group
of PCA and the oxo oxygen.

PMF for theâ-Lactam Ring Approaching Fe(IV)dO. The
classical potential of mean force (PMF) was calculated for
the â-lactam ring of PCA approaching the oxo atom of the

Fe(IV)dO core. More specifically, the distance between the
4′(S) hydrogen and the oxo atom was selected as a coordinate
scanned in these calculations. The purpose was to estimate
the free energy cost for such a motion, which should be
expected to take place if the C4′-H bond were to be cleaved
by the Fe(IV)dO species. The calculated PMF and the
difference between PMF and the estimated vdW (and
electrostatic) interaction between the Fe(IV)dO species and
the C4′-H group are presented in Figure 4. In the 3.5f
2.0 Å range the PMF is uniformly repulsive, which means
that the structure observed in the 2 ns MD simulation is
optimal with respect to changes in this coordinate. Moreover,
the interactions other than the C4′-H-OdFe(IV)(L) vdW
and electrostatics also give a repulsive curve (PMF- vdW
in Figure 4), and the estimated free energy cost for C4′(S)
hydrogen getting at 2 Å from the oxo atom is 7.8 kcal/mol.

DFT: C-H Bond ActiVation and Following Steps.The
mechanisms considered in this work are presented in
Scheme 4, whereas the calculated energy profiles are shown
in Figure 5.

The previously proposed mechanism deriving from ex-
perimental observations (Scheme 4) involves, as a first step,
the abstraction of the C4′(S) hydrogen atom by the Fe(IV)d
O (a f b). This process proceeds through transition structure
TSC4-H (Figure 6A) and involves a calculated activation
energy barrier of 21.4 kcal/mol (21.8 kcal/mol with the
dielectric solvent effects included).TSC4-H is characterized
by a rather short distance between the oxo oxygen and the
C4′(S) hydrogen atom (1.38 Å), with the C4′(S)-H bond
substantially elongated (1.21 Å). The spin population on C4′
(-0.24) predicts that a radical with beta spin forms in this
reaction. Indeed, both the structure and spin populations
calculated for the productb (Figure 6B) indicate that it has
a radical center at C4′ with beta spin, whereas the five
unpaired electrons of the high-spin iron have alpha spin. In
intermediateb the distance between C4′ and the C3-bound

FIGURE 4: The calculated classical PMF for the C4′(S) hydrogen
of PCA approaching the oxo atom of the Fe(IV)dO core (PMF),
and the difference between the PMF and the classical interaction
energy between the L4Fe(IV)dO complex and the probe molecule
representing the C4′-H moiety (PMF-vdW).

Scheme 4: The Mechanisms for Cyclization Reaction by CAS Considered in This Work
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oxygen is 3.19 Å, whereas the distance between the iron-
bound hydroxyl oxygen and the hydrogen from the C3-bound
OH group is 1.67 Å.

A slightly endothermic (by 2.5 kcal/mol) electron transfer
(ET) from C4′ to Fe(III) leads from speciesb to an imminium
cation intermediatec. This ET leads to elongation of the Fe-
OH bond (from 1.85 to 2.04 Å), noticeable C4′-N bond
shortening (from 1.42 to 1.33 Å), and most notably, a
substantial decrease in the distance between the Fe-bound
hydroxide oxygen and the hydrogen atom of the C3-bound
OH group (from 1.67 to 1.28 Å). This last feature suggests
that the proton transfer from the C3-bound OH group in the
imminium cation species to the Fe(II)-bound hydroxide
should be an easy process. In fact, intermediatec was found
to undergo a spontaneous proton transfer and ring closure
leading to the final product complexd, and the C4′-O(C3)
distance had to be constrained during the geometry optimiza-
tion of c in order to prevent this spontaneous process.
Attempts to optimize the TS structure with the large model
failed, but the small model (without the second-shell residues
and ionic groups of PCA, see Supporting Information) gave
a barrier of 4.3 kcal/mol. From the comparison of structures
of bsmall and TSETsmall and the character of the imaginary
frequency mode, it follows that several (at least 5) internal
coordinates have similarly large contributions to the reaction
coordinate, and due to the multidimensional character of this
process, the TS could not be located for the large model.
Nevertheless, the barrier for cyclization (b f d) was
estimated to be small (around 4.3 kcal/mol), which indicates
an efficient process.

The spin population on iron in speciesc andd is consistent
with a high-spin ferrous state of the metal. The proton
transfer and ring closure leading fromc to d is highly
exothermic (45.4 kcal/mol), and thus, irreversible.

DFT: O-H Bond ActiVation and Following Steps.An
alternative reaction mechanism starts with oxidation of
the C3-bound hydroxyl to an oxygen radical speciese
(Scheme 4). This process involves an activation energy of
16.4 kcal/mol (18.0 kcal/mol with the solvent dielectric
contributions) connected with transition structureTSO-H

presented in Figure 7A. From spin populations it is apparent
that, as forTSC4-H, the substrate radical produced in this

step has beta spin, whereas the high-spin ferric ion has five
unpaired electrons with an alpha spin. This spin population
is indeed found for the radical intermediatee presented in
Figure 7B. The oxygen radical intermediate (e) is calculated
to be 2.1 kcal/mol less stable than the reactant complexa
(Figure 5).

In intermediatee the beta spin of the oxygen radical is
somewhat delocalized; the spin populations on oxygen,
carbon C2, nitrogen, and the carbonyl oxygen in theâ-lactam
ring are -0.72, -0.17, -0.02, and-0.03, respectively.
Moreover, the C2-C3 bond is markedly elongated compared
to the reactant complexa (from 1.57 to 1.66 Å), which,
together with the spin delocalization, indicates that the C2-
C3 bond in e is activated for homolytic cleavage. This
observation was confirmed by finding a transition structure
for that C-C bond scission (TSC-C), whose energy is only
0.2 kcal/mol higher than for intermediatee, indicating an
extremely efficient cleavage. From the spin populations
calculated forTSC-C (Figure S7) andf it is easy to recognize
that during the C-C bond cleavage the radical character is
transferred from the C3 oxygen to the carbon C2 with the
C3 carbon becoming a part of an aldehyde group. The
substantial stability off with respect toe (14.1 kcal/mol
energy difference; Figure 5) comes, at least in part, from
the captodative effect stabilizing the carbon centered radical
with neighboring electron-donating (COO-) and electron-
withdrawing (lactam) groups (33). This effect is manifested
also in delocalization of beta spin from carbon C2 onto these
groups (Figure 7C).

Once the radical intermediatef is formed, the progress of
the catalytic reaction requires a hydrogen atom abstraction
from the C4′(S) position, a process leading to intermediate
g with azomethine ylide and aldehyde fragments. This
reaction involves an activation barrier of 20.6 kcal/mol
involving a transition structureTSrC4-H presented in Figure
8A. It seems important to note here thatTSrC4-H connects
intermediatesg and f2, where the latter is a substrate
imminum ion/Fe(II)-OH species formed by an electron
transfer from the substrate radical to iron in the radical
intermediatef. The calculated energy off2 is -0.8 kcal/
mol. Due to the technical difficulties the transition structure
connectingf and f2 has not been sought.

The spin populations shown in Figure 8B indicate that the
ylide and aldehyde fragments have closed-shell electronic
structures, whereas the ferrous ion is in the high-spin quintet
state. The following cycloaddition reaction between these
closed-shell species is a concerted process involving an
activation energy of 9.1 kcal/mol and leading through a
transition structureTSdipole presented in Figure 8C. For
TSdipole the two critical distances between the atoms forming
the two new bonds are 2.18 Å for C4′-O and 2.41 Å for
C2-C3, whereas the carbonyl bond is elongated from 1.26
to 1.30 Å.

The two reaction mechanisms described above, one
involving speciesa, b, c, and d and the second with
intermediatesa, e, f, g, andd (Scheme 4), are potentially
interconnected by a transition structure for intramolecular
hydrogen atom transfer,TSC4-H-O (Figure S8). In this
reaction a hydrogen atom is transferred between the C3-
bound oxygen and the C4′ carbon, so intermediateb is
transformed intoe or vice versa. However, the activation
energy for this process is markedly larger than for the

FIGURE 5: The calculated energy profiles along the reaction paths
presented in Scheme 4. Left: The experimentally suggested
mechanism. Right: The mechanism suggested in this work.
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competing reactions of intermediatesb and e (Figure 5).
Importantly, from the energy profile (Figure 5) it follows
that reactanta evolves preferentially (kinetic discrimination)

into intermediatef, for which the fastest decay channel
proceeds throughTSrC4-H, g, and TSdipole. Transformation
of f into b involves an accumulated barrier of 24.6 kcal/

FIGURE 6: The optimized structures of (A) the transition structure for C4′-H bond cleavage by the Fe(IV)dO species,TSC4-H; (B) the
intermediate with a radical center at C4′, b; and (C) the final cyclization product complexd. Second-shell residues are omitted for clarity.
Distances are in bold, and spin populations are in italics.

FIGURE 7: The optimized structures of (A) the transition structure for O-H bond cleavage by the Fe(IV)dO speciesTSO-H, (B) the
O-radical intermediatee, and (C) the C-radical intermediatef. Second-shell residues are omitted for clarity. Distances are in bold, and spin
populations are in italics.

FIGURE 8: The optimized structures of (A) the transition structure for C4′(S)-H bond cleavage in the carbon radical species,TSrC4-H; (B)
the ylide intermediateg; and (C) the transition structure for 1,3-dipolar cycloaddition of aldehyde to azomethine ylideTSdipole. Second-shell
residues are omitted for clarity. Distances are in bold, and spin populations are in italics.
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mol, which is 4.0 kcal/mol larger than the barrier connected
with TSrC4-H.

3. DISCUSSION

The reaction mechanism for the oxidative cyclization by
clavaminic acid synthase has been studied with computational
methods. The results presented above suggest that the
biosynthesis of the oxapenam bicyclic structure could involve
a 1,3-dipolar cycloaddition, which, to our knowledge, is a
reaction unprecedented in enzymatic reactions.

The available crystal structure for the CAS-Fe(II)-2-OG-
PCA complex (1DRT) provides only approximate informa-
tion concerning the relative orientation of substrate (PCA)
with respect to the reactive oxoferryl species. In this crystal
structure the Fe-C4′ distance is 5.4 Å, whereas the hydroxyl
oxygen of PCA is 4.2 Å away from iron. In the reactive
complexD (Scheme 2), where the polar oxoferryl group is
present, the binding mode of PCA could be somewhat
different. This is indeed observed in the structure of
intermediateD modeled with classical molecular dynamics
simulation (Figure 3). In this structure the hydroxyl group
of PCA is positioned to form a hydrogen bond with the oxo
atom, and the charged amino group of PCA interacts with
Asp202 and Asp233, whereas the carboxyl group of PCA
forms hydrogen bonds and ionic interactions with Ser134
and Arg297. The average distances between iron and the
hydroxyl oxygen and C4′ are 3.8 and 5.8 Å, respectively,
which means a 0.4 Å difference for each of these distances
with respect to the crystal structure 1DRT. Importantly, the
preference for shorter contact between iron and the hydroxyl
oxygen, compared to iron-C4′, already observed in the Fe-
(II) complex (1DRT; 1.2 Å difference), is further enhanced
in the Fe(IV)dO intermediate (MD structure; 2.0 Å differ-
ence). Furthermore, the calculations of classical potential of
mean force (PMF, Figure 4) show that convergence of the
C4′(S) hydrogen and the oxo atom is a difficult process;
shortening the distance to 2 Å is endergonic by at least 7.8
kcal/mol. Thus, both structural (X-ray, MD) and PMF data
imply that the attack of oxoferryl species on C4′(S) hydrogen
of PCA is most likely a difficult process. On the other hand,
the hydroxyl group of PCA is positioned to form a strong
hydrogen bond (1.8 Å) with the oxo oxygen, which makes
this group a preferred candidate for the initial site of substrate
oxidation. Thus, the energetics of two alternative mechanisms
the for cyclization reaction by CAS (Scheme 4), one starting
with the C4′(S)-H bond cleavage, the second with the O-H
bond activation, were investigated with DFT methods
(B3LYP) applied to a relatively large model of the active
site region of the CAS-Fe(IV)dO-succinate-PCA complex
(Figure 2).

The results of the DFT investigations confirm the conclu-
sion drawn from structural and PMF data, namely, that in
the first step of the oxidative cyclization of PCA the hydroxyl
group is significantly better placed to be oxidize than the
C4′ carbon (Figure 5). The calculated difference in activation
energies is 5 kcal/mol in favor of O-H bond cleavage (3.8
kcal/mol with the dielectric solvent effects included).

From the energy profile presented on the left-hand side
of Figure 5, one can notice that the rate-limiting step in the
mechanism involving C4′(S)-H bond cleavage as a first step
is the first hydrogen abstraction step itself with a calculated

activation energy of 21.4 kcal/mol (21.8 with the solvent
effects). The C4′ centered radicalb (Scheme 4), produced
in this reaction, can then be oxidized to the imminium cation
c in a slightly endothermic process (2.5 kcal/mol) involving
a barrier of 4.3 kcal/mol. Speciesc is unstable with respect
to ring closure to the final productd, which means that the
electron transfer producing the imminium ion and the ring
closure are concerted processes.

The energy profile presented on the right-hand side of
Figure 5 corresponds to a mechanism starting with oxidation
of the hydroxyl group (Scheme 4). In this mechanism, the
initial O-H bond cleavage is a relatively fast process, with
calculated activation energy of 16.4 kcal/mol (18.0 kcal/mol
with the solvent effects), leading to a short-lived oxygen-
radical intermediatee. Speciese, in a radical analogue of
retro-aldol reaction, can decompose to an aldehyde and a
C2-centered radical (f). This decomposition reaction is
predicted to be very fast (activation energy of 0.2 kcal/mol),
and it is exothermic by 14.1 kcal/mol, mostly due to the
captodative effect stabilizing the C2-centered radical. Inter-
estingly, the following step (f f g), which involves the C4′-
(S)-H bond activation by the Fe(III)-OH group, is predicted
to be the rate-limiting step (calculated activation barrier of
20.6 kcal/mol). Thus in both mechanisms considered here
the same bond (C4′(S)-H) is cleaved in the rate-limiting
step. This, in turn, means that the two mechanisms provide
equally good explanation for the available kinetic isotope
effects (KIE) data (25, 26), which suggest that C4′(S)-H
cleavage contributes to the rate-limiting step. Once the
azomethine ylide/aldehyde intermediateg is formed, the 1,3-
dipolar cycloaddition reaction, with aldehyde as dipolarophile
(calculated activation barrier of 9.1 kcal/mol), leads to the
bicyclic product complexd. The low activation barrier
calculated for this reaction agrees with the results of previous
calculations, which show that azomethine ylide reacts readily
with unsaturated compounds (34).

Interestingly,â-lactam based azomethine ylide reactivity
has been used for synthesis ofâ-lactam antibiotics (35-
37), and, most notably, aldehydes and ketones have been
shown to act as dipolarophiles in cycloadditions leading to
oxapenams (38). Further, support for the viability of the
proposed mechanism comes from recent report that acetyl-
cholinesterase can template the (unnatural) Huisgen 1,3-
dipolar cycloaddition of azides and acetylenes to give 1,2,3-
triazoles (39). Thus, the 1,3-dipolar cycloaddition step in the
proposed reaction mechanism (g f d in Scheme 4) has
experimental precedence. On the other hand, the two first
steps of the reaction mechanism, i.e., O-H bond cleavage
followed by C-C splitting (a f e ande f f), resemble a
part of the mechanism proposed for enzymatic side-chain
cleavage of cholesterol by cytochrome P-450 (40). Finally,
the hydrogen atom abstraction from C4′ by Fe(III)-OH (f
f g) resembles the first step of the catalytic reaction of
lipoxygenase, where the Fe(III)-OH group abstracts a
hydrogen atom from an activated (polyunsaturated) hydro-
carbon (41). Notably, the cycloaddition reaction with alde-
hyde as dipolarophile proceeds regioselectively with oxap-
enams as the sole products (oxygen from aldehyde attacks
exclusively C4′) (38). Calculations for a small model system,
i.e., acetaldehyde and protonated (on the carboxylic group)
ylide, gave barriers of 6.1 and 11.4 kcal/mol for the observed
and reversed regioselectivities, respectively.
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4. CONCLUSIONS

The results of the classical MD simulations suggest that
the active site region of the CAS-Fe(IV)dO-succinate-PCA
has a well-defined structure consistent with the concept of
“negative catalysis” which proposes that enzymes with highly
reactive intermediates achieve product selectivity via ablation
of unproductive/undesirable pathways (42). Interestingly, in
this structure the hydroxyl group of PCA lies substantially
closer to the oxoferryl group than the C4′-bound hydrogen
of PCA. Thus, this structure, together with a repulsive PMF
calculated for an approach of 4′(S) hydrogen of PCA toward
the oxo group, suggests that the alcohol group of PCA is
oxidized first by the reactive oxoferryl species. The DFT
investigations indeed show that oxidation of an alcohol group
is markedly easier than activation of the C4′-H bond.
Moreover, based on the DFT results, a novel mechanism is
proposed for the cyclization reaction by CAS. This new
mechanistic hypothesis involves O-radical fragmentation,
ylide formation, and 1,3-dipolar cycloaddition with aldehyde
as dipolarophile. Importantly, this new mechanism is con-
sistent with the isotope kinetics data (24, 25) and predicts
formation of a relatively long-lived intermediate (f), whose
accumulation might be experimentally verifiable.
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