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ABSTRACT: The enzyme isopenicillin N synthase (IPNS)
installs the β-lactam and thiazolidine rings of the penicillin core
into the linear tripeptide L-δ-aminoadipoyl-L-Cys-D-Val (ACV)
on the pathways to a number of important antibacterial drugs. A
classic set of enzymological and crystallographic studies by
Baldwin and co-workers established that this overall four-
electron oxidation occurs by a sequence of two oxidative
cyclizations, with the β-lactam ring being installed first and the
thiazolidine ring second. Each phase requires cleavage of an
aliphatic C−H bond of the substrate: the pro-S-CCys,β−H bond
for closure of the β-lactam ring, and the CVal,β−H bond for installation of the thiazolidine ring. IPNS uses a mononuclear non-
heme-iron(II) cofactor and dioxygen as cosubstrate to cleave these C−H bonds and direct the ring closures. Despite the intense
scrutiny to which the enzyme has been subjected, the identities of the oxidized iron intermediates that cleave the C−H bonds
have been addressed only computationally; no experimental insight into their geometric or electronic structures has been
reported. In this work, we have employed a combination of transient-state-kinetic and spectroscopic methods, together with the
specifically deuterium-labeled substrates, A[d2-C]V and AC[d8-V], to identify both C−H-cleaving intermediates. The results show
that they are high-spin Fe(III)-superoxo and high-spin Fe(IV)-oxo complexes, respectively, in agreement with published
mechanistic proposals derived computationally from Baldwin’s founding work.

■ INTRODUCTION

Shortly after Sir Alexander Fleming’s ingenious−albeit some-
what fortuitous−discovery of the antimicrobial activity
exhibited by a secretion from a Penicillium mold,1 the
compound exhibiting this activity, which Fleming termed
penicillin, revolutionized medicine.2−4 The chemical moiety
responsible for penicillin’s antimicrobial activity is the β-lactam
ring. β-Lactam antibiotics irreversibly form a covalent acyl-
adduct with the catalytically essential serine residue of
transpeptidase, an enzyme essential to the biosynthesis of the
peptidoglycan component of the bacterial cell wall.5 Unfortu-
nately, extensive use of penicillin and other β-lactams for the
treatment of bacterial infections has led to widespread
resistance.6 This resistance arises from β-lactamase enzymes,
which hydrolyze the β-lactam ring, forming products that are
innocuous to transpeptidase and the bacteria.7 In efforts to
combat resistance, other less readily hydrolyzed β-lactams, such
as carbapenems, have been put into clinical practice, and
inhibitors of the β-lactamases, such as clavulanic acid,8 have
been coformulated with penicillins in combination drugs (e.g.,
Augmentin).9

Early work revealed that penicillin is derived from the
tripeptide δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine
(ACV).10,11 This precursor is produced by the enzyme ACV

synthetase, a nonribosomal peptide synthetase that condenses
the monomeric precursors, L-α-aminoadipoate, L-cysteine, and
L-valine, as it epimerizes Cα of the valine.12−15 Conversion of
ACV to isopenicillin N (IPN), a reaction that installs both the
β-lactam and thiazolidine rings (Scheme 1), is catalyzed by the
mononuclear non-heme-iron(II) [MNH-Fe(II)] enzyme, iso-
penicillin N-synthase (IPNS).16−19 IPN is then further
processed in different ways to produce the useful β-lactam
antibiotics, for example, penicillin G and the cephalosporins.9,19

IPNS belongs to the large and functionally diverse class of
MNH-Fe(II) enzymes that couple the activation and four-
electron reduction of O2 to the oxidation (e.g., hydroxylation,
halogenation, or desaturation) of their substrates.20−24 Because
most MNH-Fe(II) enzymes catalyze two-electron oxidations of
their primary substrates, they often require a cosubstrate, which
is oxidized to provide the other two electrons required for the
complete reduction of O2. The three most commonly used
cosubstrates are 2-(oxo)glutarate (2OG), which is decarboxy-
lated to CO2 and succinate,20,21,25 tetrahydrobiopterin, which is
hydroxylated at the C4a position,20,21,26 and NAD(P)H, which
is oxidized to NAD(P)+.20,21,27 IPNS belongs to the small but
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growing group of enzymes that extract all four electrons from
their primary substrate and therefore do not require a
cosubstrate.18−21,23,28−35 Among these enzymes, IPNS is
unique because it catalyzes the cleavage of two aliphatic C−H
bonds.18,19

Extensive enzymological studies18,19 and X-ray crystal
structures of multiple enzyme complexes36−39 by Baldwin and
co-workers, as well as more recent computational studies,40−43

resulted in the mechanistic hypothesis shown in Scheme 2.
According to this hypothesis, the reaction proceeds in two
phases, each resulting in a two-electron-oxidative cyclization.
The first phase, formation of the β-lactam ring, is initiated by
cleavage of the pro-S-CCys,β−H bond (step C → D in Scheme
2). An inner-sphere electron transfer from the resultant
coordinated thioalkyl radical to the Fe(III) site yields a state
with an Fe(II)-hydroperoxo complex and thioaldehyde (E).
Heterolysis of the O−O bond coupled to attack of the amide
on the thiocarbonyl yields an Fe(IV)-oxo (ferryl) complex with
a cis-coordinated thiolate from the monocyclic β-lactam
intermediate (F). The second phase of the reaction, which

closes the thiazolidine ring, begins with ferryl-mediated
cleavage of the CVal,β−H bond (F → G). Attack of the valinyl
radical on the coordinated sulfur atom yields the product,
isopenicillin N, with its new thioether moiety coordinated to
the Fe(II) site (H).
The first evidence that formation of the β-lactam ring

precedes formation of the thiazolidine ring was provided by
competition experiments employing site-specifically deuterium-
labeled ACV substrates.17 A selection effect against processing
of labeled substrate [a deuterium kinetic isotope effect (D-KIE)
on kcat/KM] was observed for the case of CCys,β but not CVal,β
substitution, implying that CCys,β−H cleavage occurs before and
CVal,β−H cleavage af ter the first irreversible step in the
mechanism. However, either individual substitution elicited a
relatively large (>5) D-KIE on kcat,

17 and simultaneous
substitution of both positions yielded an even larger effect,
demonstrating that both steps are partially rate-limiting for
catalytic turnover.
The founding work of Baldwin and co-workers provided

compelling evidence for the sequence of ring-closure steps

Scheme 1. Reaction Catalyzed by IPNSa

aAliphatic C−H bonds cleaved during the reaction are highlighted in red.

Scheme 2. Mechanistic Hypothesis for the IPNS Reaction Arising from Prior Work of Baldwin and Co-workersa

aAA stands for the undrawn portion of the δ-(L-α-amino)adipoyl moiety of the ACV substrate.
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shown in Scheme 2, but to our knowledge, no published
experimental work has directly addressed the identities of the
key C−H-bond-cleaving oxidized iron intermediates that
initiate the cyclizations. Importantly, the aforementioned large
D-KIEs on kcat suggested that it should be possible to promote
accumulation of either C−H-cleaving intermediate in a single-
turnover by use of the appropriately deuterium-labeled
substrate.44−46 In this work, we have leveraged these large D-
KIEs for the direct spectroscopic and computational character-
ization of both C−H-cleaving intermediates. With unlabeled
ACV substrate, the CVal,β−H-cleaving intermediate accumulates
signficantly, and the preceding CCys,β−H-cleaving complex is
barely detectable. Use of the appropriate selectively deuterated
substrate, δ-(L-α-aminoadipoyl)-L-3,3-[2H]2-cysteine-D-valine
(A[d2-C]V) or δ -(L-α -aminoadipoyl)-L-cysteine-D-
2,3,4,4,4,4′,4′,4′-[2H]8-valine (AC[d8-V]), promotes greater
accumulation of the intermediate that cleaves that C−H
bond, owing to the large D-KIE. Comparison of their
spectroscopic characteristics to those of other known enzyme
and inorganic complexes and analysis by density functional
theory (DFT) calculations suggest that the CCys,β−H-cleaving
and CVal,β−H-cleaving intermediates are high-spin Fe(III)-
superoxo and high-spin Fe(IV)-oxo (ferryl) complexes,
respectively.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. Procedures for overexpression and

purification of Aspergillus nidulans IPNS are provided in Supporting
Information. Activity of IPNS was verified by liquid chromatography/
mass spectrometry (LC/MS) analysis (Figure S1). All reagents were
obtained commercially (see Supporting Information), except for
AC[d8-V], which was synthesized chemically (see Supporting
Information), and the identities and purities of synthetic intermediates
and products were assessed by NMR spectroscopy (Figures S2−S7).
Preparation of Solutions for Stopped-Flow Absorption and

Freeze−Quench Mössbauer Spectroscopies. Concentrated apo-
IPNS was made anoxic by using a Schlenk line, as previously
described,47 transferred into an anoxic chamber (MBraun, Peabody,
MA), and mixed in the appropriate ratio with O2-free Fe(II) and ACV
stock solutions to allow for formation of the reactant complex, IPNS·
Fe(II)·ACV. Specific reaction conditions are given in the figure
legends.
Stopped-Flow Absorption-Spectroscopic Experiments.

Stopped-flow absorption (SF-abs) experiments were performed in an
Applied Photophysics SX1.8MV instrument (Surrey, UK) at 5 °C with
a 1 cm path length, as previously described.47 The SF-abs unit was
housed in the MBraun anoxic chamber, and data were obtained with
either a photodiode array detector (PDA) or a photomultiplier tube
detector (PMT). Specific reaction conditions are given in the figure
legends. The IPNS·Fe(II)·ACV reactant and IPNS·Fe(II)·IPN product
complexes are both nearly transparent in the visible region of the
spectrum, and so transient absorption in this region arises exclusively
from intermediate states. In experiments with all-protium ACV or
AC[d8-V], only the Fe(IV)-oxo contributes to this absorption at
reaction times longer than ∼5 ms, and so SF-abs kinetic traces
monitored at 515 nm could be analyzed according to eq 2 for the
concentration of an intermediate (the ferryl complex) in a sequence of
two consecutive, irreversible steps (eq 1), in which the reactant (IPNS·
Fe(II)·ACV), R, is converted to the Fe(IV)-oxo intermediate with an
apparent first-order rate constant of k1, the Fe(IV)-oxo intermediate
decays to the product (IPNS·Fe(II)·IPN), P, with a first-order rate
constant of k2, [R]0 is the concentration of the reactant complex at t =
0, and Δε515 is the difference between the molar absorption
coefficients of the Fe(IV)-oxo intermediate and R (or P).

→ ‐ →R Fe(IV) oxo P
k k1 2

(1)

εΔ = − − Δ− −A t k k k( ) [R] [ /( )](e e )k t k t
515 0 1 2 1 515

1 2 (2)

SF-abs experiments monitoring the absorbance changes at 515 nm
in the reaction of the IPNS·Fe(II)·A[d2-C]V complex with O2 were
simulated with the kinetic model shown in eq 3, which involves (i)
reversible combination of O2 and R, with rate constants k1 (forward)
and k−1 (reverse), to yield the Fe(III)-superoxo intermediate, (ii)
decay of the Fe(III)-superoxo intermediate to the ferryl intermediate
with a rate constant of k2, and (iii) decay of the ferryl intermediate to P
with a rate constant of k3. The ΔA515-vs-time trace from an identical
experiment with unlabeled substrate was also analyzed according to
the same model to obtain an estimate of the D-KIE.

+ ‐ → ‐ →
−

H IooR O Fe(III) superoxo Fe(IV) oxo P
k

k k k
2

1

1 2 3

(3)

It was assumed that R and P absorb equally, so that ΔA515 directly
reflects accumulation of the more intensely absorbing intermediates.
This assumption is justified by the observation that A515 at t = 0 and t
→ ∞ are equal. The ΔA515-vs-time traces from reactions carried out
with either unlabeled ACV or A[d2-C]V were simulated with the
software KinTek Explorer (KinTek Corporation, Snow Shoe, PA).
During analysis, k1 and k−1 converged to values similar to those
obtained independently,48 and k3 was constrained to be identical to the
value determined from analysis of the ΔA515-vs-time traces from the
reaction with unlabeled ACV according to eq 2. The error analysis for
the kinetic parameters was carried using the FitSpace feature of
KinTek Explorer.

Mössbauer Spectroscopy. Samples for Mössbauer spectroscopy
were prepared by reacting the IPNS·Fe(II)·ACV complex with O2 at 5
°C and rapidly freezing at various reaction times in cold (∼125 K) 2-
methylbutane, as previously described.47 Specific conditions are given
in the figure legends. Control samples of the IPNS·Fe(II) and IPNS·
Fe(II)·ACV complexes were prepared in the absence of O2 and hand
frozen without exposure to air. Mössbauer spectra were recorded on
spectrometers from Seeco (Edina, MN), as previously described47 and
were simulated by using the program WMOSS (www.wmoss.org,
Seeco, Edina, MN). The simulations were carried out assuming either
Lorentzian line shape (positive values of line width, Γ) or Voigt line
shape (negative values of Γ). Some of the simulations are based on the
commonly used spin Hamiltonian (eq 4),49 in which the first three
terms quantify the electron Zeeman effect and zero field splitting
(ZFS) of the electron-spin ground state, the fourth term represents the
interaction between the electric field gradient (EFG) and the nuclear
quadrupole moment, the fifth term describes the magnetic hyperfine
interactions of the electronic spin with the 57Fe nucleus, and the last
term represents the 57Fe nuclear Zeeman interaction.
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Computational Methods. Cluster models were constructed from
the crystal structure of the NO adduct of IPNS (PDB 1BLZ).38

Specifically, the active-site model contains an iron center that is
coordinated by two 4-methylimidazole ligands (mimicking His214 and
His270) and one acetate ligand (mimicking Asp216) in a facial
arrangement, and one H2O occupying the equatorial plane. Cartesian
coordinates of the carbon atoms of the methyl groups, which
correspond to the Cβ atoms of the amino acid residues, were kept
frozen during optimizations.

Geometry optimizations were performed by using the B3LYP50,51

density functional along with the semiempirical van der Waals
corrections.52 Scalar relativistic effects were taken into account by
using the zeroth-order regular approximation (ZORA)53−55 and
implemented following the model potential approximation of van
Wüllen.56 The ZORA-TZVP (Fe, O, N, and S) and ZORA-SV(P) (C
and H) basis sets57,58 were utilized. The RIJCOSX59 approximations
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were used to accelerate the calculations in combination with the
auxiliary basis sets TZV/J (Fe, O, N, and S) and SV/J (remaining
atoms).60 The protein environment was crudely modeled by the
conductor like screen model (COSMO)61 with the dielectric constant
set to 4.0.62

The Mössbauer spectroscopic parameters were computed by using
the same density functional as in the geometry-optimization step. The
calculation employed the CP(PPP)63 basis set for Fe, the TZVP64

basis set for O, N, and S, and the SV(P) basis set65 for the remaining
atoms. Isomer shifts (δ) were calculated from the electron densities at
the Fe nuclei (ρ0) employing the linear regression (eq 5):

δ α ρ β= · − +C( )0 (5)

Here, C, α, and β are the fit parameters; their values for different
combinations of the density functionals and basis sets have been
reported.66 Quadrupole splitting parameters (ΔEQ) were obtained
from electric field gradients, Vi (i = x, y, z; Vi are the eigenvalues of the
electric field gradient tensor), employing a nuclear quadrupole
moment Q(57Fe) = 0.16 barn:67

ηΔ = · · +E eQ V
1
2

1
1
3zQ

2

(6)

Here, η is the asymmetry parameter, defined as (Vx − Vy)/Vz. The
magnetic hyperfine coupling tensor, A, of the 57Fe center was
calculated by accounting for the isotropic Fermi contact term, the first-
order traceless dipolar contribution, and the second-order nontraceless
spin−orbit contribution. The Fermi-contact contributions for high-
spin ferric and ferryl species were scaled by a factor of 1.81 according
to published work.67 Spin−orbit contributions to the hyperfine tensors
were calculated as second order properties by employing the coupled
perturbed (CP) Kohn−Sham theory.68 The iron magnetic hyperfine
coupling constants, Ai

AF, of the “genuine” antiferromagnetic state were
calculated from the magnetic hyperfine coupling constants, Ai

BS, of the
corresponding broken symmetry state by conversion into “site values”
and multiplication with the spin projection coefficients, Ci:

69

=
±

A C
A M

Si i
i

i

AF
BS

s
BS

(7)

The contributions of spin orbit coupling (SOC) to ZFS were
calculated by the linear response theory70 employing the hybrid
B3LYP density functional. Here, the SOC contribution to the ZFS
tensor is written as

= ⟨⟨ ⟩⟩D f S h h( ) ;kl
M

M k l
(SOC; ) SOC SOC

(8)

In eq 8, M = 0, ±1 denotes contributions to the SOC term from
excited states with S′ = S ± 1 (S > 1/2 is the total spin quantum
number of the electronic state for which the ZFS tensor is computed),
f M(S) is a spin-dependent prefactor ( f 0 = −1/(4S2); f−1 = 1/[2S(2S −
1)]; f+1 = 1/[2(S + 1)(2S + 1)]) and ⟨⟨hk

SOC;hl
SOC⟩⟩ is a shorthand

notation for a spin−orbit linear response function. In a DFT
framework, it is related to the derivatives of generalized spin-densities,
as previously described.70 The spin−spin coupling contributions to
ZFSs were calculated from the equation of McWeeny and Mizuno,71
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in which the spin density matrix, Pα−β, was obtained on the basis of the
spin-unrestricted natural orbital (UNO) determinant.72 All computa-
tions in this work were carried out with the ORCA program package.73

■ RESULTS
SF-abs Evidence for Accumulation of an Intermediate

during the Reaction of the IPNS·Fe(II)·ACV Complex
with O2. Time-dependent absorption spectra obtained after

mixing of the IPNS·Fe(II)·ACV complex with O2-saturated
buffer at 5 °C under single-turnover conditions (with ACV
limiting) exhibit transient absorption in the visible region
reflecting the accumulation of an intermediate (Figure S8A).
The corresponding spectra from the control experiment in
which O2 was omitted (Figure S8B) do not change with time,
thus confirming that the spectral changes arise from the
reaction of IPNS·Fe(II)·ACV with O2. Subtracting the
spectrum of the O2-free control from the spectra of the
reaction removes contributions from the protein and possible
contaminants (Figure 1A). The difference spectra reveal that

the intermediate exhibits absorption bands centered at ∼360
and ∼515 nm. The ΔA515-vs-time trace from this reaction
(Figure 1B, red open circles) reveals that the intermediate
accumulates maximally at ∼25 ms and decays completely by ∼1
s. The trace can be analyzed according to a kinetic model
involving two irreversible, consecutive reactions with apparent
first-order rate constants of k1 = 125 s−1 and k2 = 7 s−1 (red line
in Figure 1B).74 The data in Figure 1A also provide a first hint
of the accumulation of a preceding intermediate, as comparison
of the 0.002 s spectrum (Figure 1A, red trace) to the later
spectra reveals a low-energy shoulder at very early reaction
times (arrow). Accumulation of this precursor is confirmed by
additional experiments described below.

Mössbauer Spectroscopic Evidence for an Fe(IV)
Intermediate. Freeze−quench Mössbauer spectroscopic
(FQ-Möss) experiments afforded insight into the nature of
the intermediate detected in the SF-abs experiments.49,75,76 The
4.2-K/zero-field spectrum of the reactant complex (Figure 2,
top, vertical bars) can be simulated as a weighted superposition

Figure 1. Stopped-flow absorption data from the reaction of the IPNS·
Fe(II)·ACV complex with O2. (A) Difference spectra generated by
subtracting from experimental spectra acquired 0.002 s (red), 0.020 s
(blue), 0.10 s (green), 0.20 s (black), and 2.0 s (pink) after mixing of a
solution of the IPNS·Fe(II)·ACV complex (1.5 mM IPNS, 1.5 mM
Fe(II), 0.5 mM ACV in 100 mM MOPS, pH 7.2) with an equal
volume of oxygenated buffer (100% O2 at 5 °C, estimated to have 1.8
mM O2

112) the corresponding spectra from a matched control
experiment lacking O2. (B) ΔA515 kinetic trace from the experiment in
panel A (red circles). The red line is a fit with the parameters quoted
in the text.
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of a sharp and well-defined quadrupole doublet (δ1 = 1.10 mm/
s, |ΔEQ,1| = 3.35 mm/s, and Γ = −0.25 mm/s, 65% of total
intensity, turquoise line) and a broad quadrupole doublet (δ2 =
1.30 mm/s, |ΔEQ,2| = 2.68 mm/s, and Γ = −0.61 mm/s, 35% of
total intensity, green line). The parameters are typical for high-
spin Fe(II) sites and are virtually identical to those of the
ternary IPNS·Fe(II)·ACV complex (δ1 = 1.11 mm/s and ΔEQ,1
= 3.43 mm/s) and the binary IPNS·Fe(II) complex (δ2 = 1.30
mm/s and ΔEQ,2 = 2.70 mm/s), respectively, reported for
Cephalosporium acremonium IPNS.77 Consistent with previous
results, only ∼70% of the added Fe(II) yields the ternary IPNS·
Fe(II)·ACV complex, as determined from analysis of the
Mössbauer spectra.77 The unusual breadth of the quadrupole
doublet assigned to the binary IPNS·Fe(II) complex suggests
heterogeneity in this state.
The 4.2-K/zero-field Mössbauer spectra of samples prepared

by reacting the IPNS·Fe(II)·ACV complex with O2 at 5 °C for
0.020, 0.12, 0.45, or 90 s (Figure 2, vertical bars) before freeze-
quenching reveal changes associated with the reaction. Most
notably, a peak at approximately +0.5 mm/s (Figure 2, arrow)
reaches maximum intensity in the spectrum of the 0.020 s
sample and then decays. This peak is the high-energy line of a
quadrupole doublet associated with a reaction intermediate. Its
parameters can be determined by subtracting the spectrum of
the reactant control sample from that of the 0.020 s sample,
which allows the position of the low-energy line of the
quadrupole doublet to be discerned. Analysis of this difference

spectrum reveals that the reaction results in conversion of 55%
of the reactant IPNS·Fe(II)·ACV complex (simulated with the
above parameters, turquoise line pointing upward) to 28% of
the new quadrupole doublet with parameters (δ = 0.27 mm/s,
|ΔEQ| = 0.44 mm/s, and Γ = 0.26 mm/s, red line in Figure 2)
similar to those of high-spin Fe(IV)-oxo complexes in other
MNH-Fe(II) enzymes in addition to 27% of a second new,
broad quadrupole doublet with parameters (δ = 1.27 mm/s,
|ΔEQ| = 2.62 mm/s, and Γ = −0.75 mm/s, 27%, gold line in
Figure 2) characteristic of high-spin Fe(II) complexes.24

Mössbauer spectra collected in strong externally applied fields
(Figure S9) confirm that, like the other known ferryl complexes
in these enzymes, the IPNS Fe(IV) intermediate has an S = 2
ground state. The high-field spectra further reveal that the
IPNS complex exhibits more pronounced anisotropy in the xy
plane than the other high-spin ferryl intermediates (see Table 1

and Supporting Information for analysis of these spectra). The
third, broad quadrupole doublet required to account for the
difference spectrum is attributable to one or more Fe(II)
complex(es) formed during the reaction, likely including the
IPNS·Fe(II)·IPN product complex.
The entire set of time-dependent spectra can be analyzed as

weighted superpositions of the above four quadrupole doublets,
with the contribution of the IPNS·Fe(II) complex fixed at the
value determined from the spectrum of the reactant control
sample (an assumption based on observations for other MNH-
Fe(II) enzymes that the substrate-free forms react sluggishly
with O2).

78 The features of the Fe(IV)-oxo complex account
for 28%, 21%, 5%, and <2% of the spectra of the 0.020 s, 0.12 s,
0.45 s, and 90 s samples, respectively. The quantities of the four
species are compiled in Table S1.
Comparison of the time-dependencies of ΔA515 and the

relative area of the Fe(IV)-associated quadrupole doublet from
SF-abs and FQ-Mössbauer experiments carried out under
nearly identical reaction conditions confirms that the
absorption bands at 360 and 515 nm are associated with the
Fe(IV)-oxo complex (Figures S10 and S11). Under the
assumption that the reactant IPNS·Fe(II)·ACV complex does
not absorb in this spectral region, this comparison affords an
estimate of the molar absorptivity of the Fe(IV) species at 515
nm as 2.7 mM−1 cm−1.

SF-abs Evidence That the Fe(IV) Complex Is the CVal,β−
H-Cleaving Intermediate. The assignment of the absorbing
intermediate on the basis of its Mössbauer parameters as a
high-spin Fe(IV) complex suggests that it could be the CVal,β−

Figure 2. Mössbauer spectra (4.2-K/zero-field) of samples prepared
by reacting the IPNS·Fe(II)·ACV complex with O2 at 5 °C and freeze
quenching after the indicated reaction times. Spectrum of an O2-free
solution of the reactant IPNS·Fe(II)·ACV complex (1.8 mM IPNS, 1.8
mM Fe(II) and 20 mM ACV in 100 mM MOPS, 10% glycerol, pH
8.3) (A), and spectra of samples prepared by mixing the reactant
complex (above) with an oxygen-saturated solution of buffer (at 5 °C,
∼1.8 mM O2) in a 1:2 (v/v) ratio and freeze-quenching after reaction
times of 0.020 s (B), 0.12 s (D), 0.45 (E), and 90 s (F) are shown as
vertical bars. Spectrum C is the difference spectrum B − A. The solid
green, turquoise, gold, and red lines are simulated quadrupole doublets
matching the spectra of the IPNS·Fe(II), IPNS·Fe(II)·ACV, and
IPNS·Fe(II)·IPN complexes and Fe(IV)-oxo intermediate, respec-
tively; the parameters used to generate them are given in the text. The
arrow marks the high-energy line of the spectrum of the Fe(IV)-oxo
intermediate.

Table 1. Key Structural Parameters and Comparison of
Calculated and Experimental Spin-Hamiltonian Parameters
of the Fe(IV)-oxo Intermediate

parameter I II III exptl

Fe−Ooxo (Å) 1.645 1.642 1.637
Fe−S (Å) 2.327 2.706 2.705
Fe−OH2O/OH (Å) 2.235 1.831 1.843
D (cm−1) 3.5 3.1 3.1 10
E/D 0.19 0.31 0.28 0.09
δ (mm/s) 0.25 0.12 0.15 0.27
ΔEQ (mm/s) −0.93 −0.69 +0.30 −0.44
η 0.2 0.4 0.7 1.5
A (MHz) −21.9 −16.1 −17.3 −23.7

−15.5 −8.8 −11.3 −17.8
−32.4 −25.8 −27.3 −41.3
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H-cleaving complex, F, in Scheme 2. We therefore tested for a
D-KIE on its decay in the presence of AC[d8-V].

78−82 The
ΔA515-vs-time traces from matched experiments with natural-
abundance ACV (Figure 3, black trace) or the valine-labeled

substrate (AC[d8-V], with >98% 2H at the target position; red
trace) reveal a very large effect on decay of the Fe(IV)
intermediate with no effect on ferryl formation. Analysis of the
traces according to eq 2 yields an apparent first-order rate
constant of formation (k1) of ∼40 s−1 and decay rate constants
(k2) of 7.1 and 0.2 s−1 for the reactions with unlabeled ACV
and AC[d8-V], respectively, from which a D-KIE of at least 30
is calculated (the true, intrinsic D-KIE may be larger if the
presence of deuterium results in failed events44). This large D-
KIE confirms that the detected Fe(IV) complex cleaves the
CVal,β−H bond and provides further confirmation that it is a
ferryl complex.
SF-abs Evidence for Accumulation of the CCys,β−H-

Cleaving Intermediate. Although the data from experiments
with unlabeled ACV and AC[d8-V] provide clear evidence for
accumulation of the CVal,β−H-cleaving Fe(IV) complex, there is
only a hint of the possible accumulation of any preceding
complex, as in the initial Fe(II)−O2 adduct proposed in
Scheme 2 to cleave the CCys,β−H bond on the pathway to the
Fe(IV)-oxo complex. Therefore, the CCys,β-deuterated substrate
(A[d2-C]V) was used as a mechanistic probe, with the
expectation that it would enhance accumulation of the
CCys,β−H-cleaving complex.44−46 Time-dependent spectra
from SF-abs experiments monitoring the reaction of the
IPNS·Fe(II)·A[d2-C]V complex with O2 at 5 °C (Figure
S12) provide evidence for the anticipated precursor to the ferryl
complex. Subtracting spectra from the control experiment
lacking O2 to cancel contributions from the protein and
contaminants (Figure 4A) yields difference spectra that are
markedly different at very early reaction times (red and purple
traces) but then evolve at longer reaction times to the signature
of the Fe(IV)-oxo complex (green and black traces). The
spectrum at 0.002 s (red trace) deviates markedly from that of
the Fe(IV)-oxo complex, exhibiting broad absorption maxima
at ∼500 and ∼630 nm. The enhancement of these features by
the Cys-labeled substrate implies that they are most likely
associated with the CCys,β−H-cleaving complex. The difference
spectrum at 0.020 s (blue trace) can be rationalized as a
superposition of the spectra of the Fe(IV)-oxo intermediate and
its CCys,β−H-cleaving precursor, suggesting that, at this reaction
time, both intermediates have accumulated. The qualitative

similarity of the 0.020 s difference spectrum from the reaction
with A[d2-C]V (blue trace) to the 0.002 s difference spectrum
from the reaction with unlabeled ACV (Figure 1A, red line)
implies that the same precursor to the ferryl complex also
accumulates with the unlabeled substrate. At longer times in the
reaction with A[d2-C]V, features of the ferryl intermediate
come to dominate the spectrum, as in the reaction with
unlabeled ACV. A comparison of scaled kinetic traces at 515

Figure 3. ΔA515 kinetic traces acquired after mixing of an air-saturated
buffer solution (100 mM MOPS pH 7.2; 0.3 mM O2) with an equal
volume of a solution containing 3.0 mM IPNS, 3.0 mM Fe(II), 20.0
mM TCEP, and either 20.0 mM ACV (black solid circles) or 20.0 mM
AC[d8-V] (red solid circles) at 5 °C. The solid lines are simulations
with parameters quoted in the text.

Figure 4. SF-abs data from the reaction of the IPNS·Fe(II)·A[d2-C]V
complex with O2. (A) Difference spectra generated by subtracting
from experimental spectra acquired 0.002 s (red), 0.007 s (purple),
0.020 s (blue), 0.10 s (green), 0.50 s (black), and 2.0 s (pink) after
mixing of a solution containing the IPNS·Fe(II)·A[d2-C]V complex
(1.5 mM IPNS, 1.5 mM Fe(II), 0.5 mM ACV in 100 mM MOPS, pH
7.2) with an equal volume of an oxygenated buffer solution (100% O2
at 5 °C, estimated to have 1.8 mM O2) the corresponding spectra from
a matched control experiment lacking O2. (B) Comparison of the
ΔA515 (red) and ΔA630 (blue) kinetic traces from the reaction with
A[d2-C]V. (C) Comparison of the ΔA515 kinetic trace from A (red
circles) to that of an identical experiment carried out with unlabeled
ACV (black circles). The solid lines are simulations of the traces
according to the kinetic model of eq 3 and parameters k1 = 153
mM−1s−1, k−1 = 15 s−1, k2 = 973 s−1 (ACV, black), k2 = 40 s−1 (A[d2-
C]V, red), k3 = 7.1 s−1, with values of Δε515 of 0.67 mM−1cm−1 and 2.7
mM−1cm−1 for the Fe(III)-superoxo and Fe(IV)-oxo intermediates,
respectively. The individual contributions from the Fe(III)-superoxo
and Fe(IV)-oxo intermediates are shown as dotted and dashed lines,
respectively.
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and 630 nm from the reaction with the cysteine-labeled
substrate (Figure 4B) starkly illustrates the accumulation of the
630 nm-absorbing species in advance of the Fe(IV)-oxo
complex.
Comparison of the ΔA515-vs-time traces from the reaction of

the IPNS·Fe(II)·A[d2-C]V complex with O2 (Figure 4C, red
open circles) and the corresponding reaction with unlabeled
ACV (Figure 4C, black open circles) provides additional
evidence for the proposed sequence of intermediates. Because
ΔA515 is dominated by the intense absorption from the Fe(IV)-
oxo complex, the traces largely reflect formation and decay of
this intermediate. The retardation of ferryl formation upon use
of A[d2-C]V reflected in this trace provides direct evidence that
CCys,β−H-cleavage precedes ferryl formation (and thus also
CVal,β−H cleavage) and that the former process exhibits a
significant D-KIE.
The simplest explanation for the enhanced accumulation of

the 630 nm-absorbing complex with A[d2-C]V is that it is the
species that cleaves the CCys,β−H bond. According to this
interpretation, protium is abstracted sufficiently rapidly that the
responsible intermediate barely accumulates, but the D-KIE is
sufficiently large to permit considerably more accumulation of
this intermediate species. Analysis of ΔA515-vs-time traces
according to the model in eq 3 afforded estimates of decay rate
constants for the Fe(III)-superoxo complex of (970 ± 240) s−1

and (40 ± 3) s−1 for the reactions with unlabeled ACV and
A[d2-C]V, respectively, from which the D-KIE for CCys,β−H
cleavage can be estimated to be 17−33. We also considered the
alternative possibility that (i) the slower cleavage of the
CCys,β−D bond results in uncoupling of the reaction and allows
formation of an off-pathway complex to compete more
effectively with CCys,β−H cleavage and (ii) the transient
absorption at ∼630 nm is largely contributed by this off
pathway complex. Analysis of the ΔA515-vs-time trace according
to this model (Figure S13) reveals that uncoupling due to the
deuterium substitution is, at most, only modest (∼20%). While
this analysis alone does not provide definitive evidence that the
long-wavelength absorption features are associated with the on-
pathway (CCys,β−H-cleaving) intermediate, the corresponding
FQ-Mössbauer experiments (see below) reveal accumulation of
a new intermediate to levels that exceed the maximum flux
through the hypothetical uncoupling pathway that could be
accommodated by the SF-abs data. Consistent with the
interpretation that the long-wavelength features arise from
the CCys,β−H-cleaving complex, it has been reported that
A[S-d1-C]V is successfully processed to the all-protium IPN
product (i.e., the reaction proceeds with abstraction of the pro-
S-deuterium), although the product of this reaction was not
quantified and the formation of alternative products was not
explored.83

Mössbauer Spectroscopic Evidence That the CCys,β−H-
Cleaving Intermediate Is a Fe(III)-superoxo Complex.
The CCys,β−H-cleaving intermediate was further characterized
by FQ Mössbauer spectroscopic experiments with A[d2-C]V.
Time-dependent, 4.2-K/zero-field Mössbauer spectra of
samples prepared by reacting the IPNS·Fe(II)·A[d2-C]V
complex with O2 at 5 °C (Figure 5, vertical bars) reveal the
presence of a new absorption peak at ∼1 mm/s (see arrow)
that develops to its maximum intensity by the first accessible
reaction time and decays in less than a second. Because this
peak develops to a much greater extent with the Cys-deuterated
substrate, it is attributable to the 610 nm-absorbing, CCys,β−H-
cleaving intermediate. The peak is the high-energy line of a

quadrupole doublet. Although the low-energy line is not
resolved, its position could be determined by two independent
approaches.
First, initial subtraction of the spectrum of the reactant

control sample gave a difference spectrum that could be
analyzed as a superposition of four quadrupole doublets. The
parameters of the three quadrupole doublets representing the
IPNS·Fe(II)·A[d2-C]V reactant complex (turquoise line), the
Fe(IV)-oxo intermediate (red line), and the Fe(II)-product
complex (gold line) were set to the values determined by the
analysis of the Mössbauer spectra with unlabeled ACV substrate
(see above), while the parameters of the quadrupole doublet
associated with CCys,β−H-cleaving intermediate were allowed to
vary. This analysis returned parameters for the CCys,β−H-
cleaving intermediate (δ = 0.53 mm/s, |ΔEQ| = 1.02 mm/s, and
Γ = 0.29 mm/s; blue line) typical of high-spin Fe(III)
complexes with N/O-coordination.49 The fact that the
intermediate gives rise to a quadrupole doublet in the absence
of applied magnetic field suggests that it has an integer-
electron-spin ground state, consistent with expectations and
precedent for an Fe(III)-superoxo complex, in which
antiferromagnetic (AF) or ferromagnetic (F) exchange
coupling between the high-spin Fe(III) (SFe = 5/2) and
superoxide radical (SSO = 1/2) would yield an S = 2 or S = 3
total-spin state, respectively.49,76 The time-dependent spectra
were analyzed as the superpositions of the five quadrupole
doublets representing the unreactive IPNS·Fe(II) complex, the
IPNS·Fe(II)·A[d2-C]V reactant complex, the IPNS·Fe(II)·IPN
product complex, and the Fe(IV)-oxo- and Fe(III)-superoxo-

Figure 5. Time-dependent 4.2-K/zero-field Mössbauer spectra from
the reaction of the IPNS·Fe(II)·A[d2-C]V complex with O2. Spectrum
of the reactant complex (4.5 mM IPNS, 3.6 mM Fe(II), and 20 mM
A[d2-C]V in 100 mM MOPS, 10% glycerol at pH 7.2) (A) and spectra
of samples prepared by mixing the reactant complex (above) with an
oxygen-saturated solution of buffer (at 5 °C, ∼1.8 mM O2) in a 1:2 (v/
v) ratio and freeze-quenching after reaction times of 0.010 s (B), 0.050
s (D), 0.13 s (E), or 130 s (F) are shown as vertical bars. Spectrum C
is the difference spectrum B − A. The solid green, turquoise, gold, red,
and blue lines are simulations of the quadrupole doublet spectra of the
IPNS·Fe(II), IPNS·Fe(II)·ACV, and IPNS·Fe(II)·IPN complexes and
the Fe(IV)-oxo and Fe(III)-superoxo intermediates, respectively, using
parameters given in the text. The arrow marks the high-energy line of
the spectrum of the Fe(III)-superoxo intermediate.
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containing intermediate states (black solid lines in Figure 5; see
Table S2 for all parameters). Consistent with the SF-abs data,
accumulation of the Fe(III)-superoxo intermediate precedes
accumulation of the Fe(IV)-oxo intermediate. The complexes
contribute 14%, 9%, and ∼4% [Fe(III)-superoxo] and 12%,
21%, and 20% [Fe(IV)-oxo] of the total absorption area at
reaction times of 0.010, 0.050, and 0.13 s, respectively.

Second, the Mössbauer parameters of the CCys,β−H-cleaving
intermediate were independently determined from spectra of
the 0.010 s sample recorded in variable, weak external magnetic
fields (Figure 6). Comparison of spectra recorded in zero-field
and in weak applied fields (13 or 53 mT) reveals that the
spectral features of the Fe(II)-containing complexes and the
Fe(IV) intermediate are not (or are only slightly) broadened by
the weak applied field. In contrast, the quadrupole doublet
associated with the CCys,β−H-cleaving intermediate exhibits
noticeable broadening in the 13 mT spectrum (blue line) and is
broadened beyond recognition in the 53 mT spectrum (red
line). The field-dependent broadening of the Mössbauer
features of the CCys,β−H-cleaving intermediate can be visualized
more clearly in the [0 mT − 53 mT] and [0 mT − 13 mT]
difference spectra, in which the downward-pointing doublet
represents the spectral features associated with this inter-
mediate in zero-field. (The spectrum of the intermediate with
weak applied fields cannot be readily discerned in the difference
spectra, because the intermediate contributes only a modest
fraction of the overall absorption and its spectrum is broad with
an applied field.) Analysis of the difference spectra gives δ =
0.53 mm/s and |ΔEQ| = 1.02 mm/s (green line), identical to
the parameters determined by analysis of the 0.010 s spectrum
after removal of the contributions of Fe(II) complexes. The
observed broadening of the features of the Fe(III)-superoxo
complex in weak applied fields gives insight into its electronic
structure. The axial ZFS parameter (D) of the S = 2 or S = 3

total-spin state depends primarily on the corresponding
parameter of the S = 5/2 Fe site (DFe) and is scaled by spin-
projection coefficients DFe = 4/3 (S = 2) or DFe = 2/3 (S =
3).84 Because the values of the dominating component, DFe, are
typically small for high-spin Fe(III) complexes, the resulting D
of the exchange-coupled system is also expected to be rather
small. Consequently, the spin expectation value, ⟨S⟩, rises
steeply with applied field, resulting in the significant internal
fields that are responsible for the observed magnetic broad-
ening even with weak applied fields.
Spectra of the 0.010 s sample were also acquired in externally

applied magnetic fields of 2 and 4 T (Figure S14). Owing to the
modest accumulation of the CCys,β−H-cleaving intermediate
(14%) and the fact that its spectrum splits in an applied field,
the outer lines associated with the intermediate could be
assigned only tentatively. From the splitting of the outer lines,
the magnitude of the A-tensor (assumed for simplicity to be
isotropic) could be estimated. Analysis assuming an S = 2
electron ground state yields Aiso,S=2 ≈ −26.2 MHz with respect
to the total spin, which corresponds to an intrinsic 57Fe
hyperfine coupling of Aiso,

57
Fe ≈ −22.4 MHz, using the standard

spin projection method, Aiso,S=2 = (7/6)Aiso,
57
Fe.

84 Likewise,
analysis assuming S = 3 for the total spin ground state yields
Aiso,S=3 ≈ −17.9 MHz and Aiso,

57
Fe ≈ −21.5 MHz, using Aiso,S=3 =

(5/6)Aiso,
57
Fe. Both Aiso,

57
Fe values are smaller than typical values

for N/O-coordinated high-spin Fe(III) (approximately −30
MHz),49 but similar values were reported previously for an
inorganic Fe(III)-superoxo complex.85,113 Although the in-
trinsic value of A57

Fe determined for S = 2 is somewhat more
typical, the available data do not allow unambiguous assignment
of the spin multiplicity of the ground state. Nevertheless, the
Mössbauer data provide strong evidence supporting the
formulation of the CCys,β−H-cleaving intermediate as a
Fe(III)-superoxo complex with an S = 2 or S = 3 total-
electron-spin ground state.

Evaluation of the Intermediates by Density Func-
tional Theory (DFT) Calculations. To evaluate the
consistency of the structures assigned to the intermediates
with their experimentally observed spectroscopic character-
istics, we employed DFT calculations on model structures. For
the Fe(IV) complex, three models were considered. Model I
(Figure 7A) represents intermediate F in the proposed

mechanism (Scheme 2), with a closed β-lactam ring. Model
II (Figure S15) is based on a proposal advanced in two recent
computational studies. It was proposed that, to assist in O−O
bond cleavage, the Fe-bound water ligand, rather than the
valine N−H bond (step E→ F in Scheme 2), may function as a
proton donor, thereby leading to formation of a

Figure 6. Mössbauer spectra (4.2-K/variable-field) of a sample
prepared by mixing a solution of the reactant complex (4.5 mM
IPNS, 3.6 mM Fe(II), and 20 mM A[d2-C]V in 100 mM MOPS, 10%
glycerol at pH 7.2) with an oxygen-saturated solution of buffer (at 5
°C, ∼1.8 mM O2) in a 1:2 (v/v) ratio and freeze-quenching after a
reaction time of 0.010 s. (top) The experimental spectrum collected in
zero magnetic field is shown as black vertical bars. The solid blue and
red lines are the experimental spectra recorded in external magnetic
fields of 13 and 53 mT, respectively. (middle) The (0 − 53) mT
difference spectrum is shown as vertical bars. The green line is a
theoretical simulation using parameters quoted in the main text.
(bottom) The experimental (0 − 13 mT) difference spectrum is
shown as vertical bars.

Figure 7. Optimized geometric structures of model I of the Fe(IV)-
oxo intermediate (left) and model VI of the Fe(III)-superoxo
intermediate (right).
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HO−Fe(IV)O species prior to closure of the β-lactam
ring.41,42 Finally, model III has an OH ligand coordinated to
the ferryl center with a closed β-lactam ring (Figure S15). The
optimized structures for models I and II are in good agreement
with those reported by Lundberg et al.41 These three models all
feature a compressed octahedral coordination geometry due to
the covalent Fe(IV)-oxo interaction as evidenced by the short
Fe−Ooxo bond distances of ∼1.64 Å (Table 1). The most
significant geometric difference among them is that the Fe−
OOH bonds in models II and III are much shorter than the
corresponding Fe−OH2O bond in I, reflecting the different
Lewis basicity of OH− relative to H2O. Moreover, models II
and III have significantly longer Fe−S bonds than model I.
Of the spin-Hamiltonian parameters that can be calculated,

isomer shifts typically have the greatest accuracy, with
uncertainties of less than 0.1 mm/s.63,66 Of the three models
interrogated, only model I yields a computed isomer shift that
agrees with the experimental value to within this established
accuracy,66 whereas the values computed for models II and III
diverge from the experimental value by much more than 0.1
mm/s. Models II and III can thus be ruled out as accurate
representations of the Fe(IV)-oxo intermediate. The signifi-
cantly diminished isomer shifts computed for models II and III
likely arise from the short Fe−OH bonds, because the isomer
shift correlates not only with the dn configuration of the iron
center but also with the metal−ligand distances.63,86 The
calculated quadrupole splitting and magnetic-hyperfine splitting
for model I also match the experimental values to within the
accepted uncertainty (∼0.5 mm/s for quadrupole splittings and
∼3 MHz for hyperfine splittings).67 The magnitude of the
anisotropy of the hyperfine tensor in the xy plane calculated for
I (|Ax − Ay| = 6.4 MHz) is comparable to the experimental
value (|Ax − Ay| = 5.9 MHz). The significant underestimation of
ZFS parameters for high-spin ferryl complexes has been
observed in prior work87 and stems largely from the intrinsically
poor ability of DFT calculations to correctly predict spin-state
energetics for transition metal complexes.88 As analyzed
elsewhere,89−91 the predominant contributor to the ZFS
parameter of an S = 2 ferryl unit is the extremely low-lying
triplet excited state. To reach quantitative agreement, one must
resort to more advanced ab initio approaches.92

For the CCys,β−H-cleaving intermediate, we considered
interaction of a triplet O2 with a high-spin Fe(II) to yield
three possible total spin states (S = 1, 2, and 3) for the adduct
(Figure 7B and Figure S15). In addition, two different binding
modes of O2, end-on and side-on, were evaluated (Figure S15).
The triplet side-on species was not located, because, in the
course of the geometry optimization, the O2 moiety was seen
invariably to rearrange to the end-on mode, as found in an
earlier computational study.40 The calculated key structural
parameters (Table 2) are in reasonable agreement with those
reported in earlier work,40,41,93 although different computa-
tional procedures were employed there. The estimated marginal
energy gaps between different spin states definitely fall within
the computational uncertainty of DFT methods88 and hence
prevent further discrimination.40,94 A similar situation was
encountered in previous work examining possible structures of
initial O2 adducts in taurine:2-oxo-glutarate dioxygenase
(TauD)95 and homoprotocatechuate-2,3-dioxygenase
(HPCD).96 By contrast, spectroscopic parameters are usually
much more sensitive to small geometric changes and thus
provide a more reliable probe for the electronic structure.96

Indeed, the computed isomer shift agrees with the experimental
value only for model VI, whereas those for the other models are
greater than the observed isomer shift by at least 0.17 mm/s
(Table 2). In addition, the calculations on model VI also yield
both a quadrupole-splitting parameter similar to the exper-
imental value and a nearly isotropic hyperfine-coupling tensor
as observed experimentally. Moreover, the computationally
predicted Aiso value for model VI matches that determined
experimentally to within the computational uncertainty (∼3
MHz).67 Thus, model VI is consistent with all experimentally
observed properties of the CCys,β−H-cleaving intermediate. As
shown in the molecular orbital (MO) diagram of model VI
(Figure S16), the upper valence region has six singly occupied
MOs, of which five are Fe-3d based and the last one is O2-π*
centered. Because the electron residing in the O2-π* MO has
spin opposite to that on the Fe center, this intermediate is best
formulated as a high-spin ferric center (SFe = 5/2) that is AF
coupled to a superoxo radical ligand (SSO = 1/2), in line with
the electronic-structural description deduced by Mössbauer
spectroscopy.

■ DISCUSSION
The Fe(III)-superoxo Intermediate and Its Role in β-

Lactam Ring Closure. The first intermediate of the IPNS
catalytic cycle, which accumulates after the addition of O2 to
the reactant complex, is the CCys,β−H-cleaving complex (C in
Scheme 2). This intermediate accumulates to modest levels
(∼14%) in the presence of selectively deuterated A[d2-C]V
substrate. When the reaction is carried out with unlabeled ACV
substrate, the visible absorption features of this intermediate are
barely discernible at short reactions times, and by the first
reaction time accessible by conventional freeze-quench
methodology (∼10 ms), the intermediate escapes under the
detection limit of Mössbauer spectroscopy (<3%). The greater
accumulation with the A[d2-C]V substrate presumably results
from a D-KIE on cleavage of the CCys,β−H bond and therefore
provides direct evidence that the intermediate is the CCys,β−H-
cleaving complex. The intermediate exhibits Mössbauer
parameters consistent with a high-spin Fe(III)-superoxo species
and broad absorption features centered at ∼630 and ∼500 nm.
Fe(III)-superoxo species have been proposed as early

in te rmed ia te s in v i r tua l l y a l l MNH-Fe(I I ) en -
zymes.20,21,24,25,45,46 However, they generally do not accumu-
late to levels allowing their identification or comprehensive
spectroscopic and structural characterization. To our knowl-
edge, only two MNH high-spin Fe(III)-superoxo complexes

Table 2. Key Structural Parameters and Calculated Spin
Hamiltonian Parameters for the Models of the Fe(III)-
superoxo Intermediate

parameter IV V VI VII VIII exptl

spin S = 3 S = 3 S = 2 S = 2 S = 1
ΔE (kcal/mol) 0 0.5 1.3 0.2 2.1
Fe−O 2.042 2.162 1.833 2.202 2.059
Fe−O 3.197 2.186 2.930 2.156 2.892
O−O 1.313 1.329 1.323 1.307 1.253
δ (mm/s) 0.70 0.74 0.53 0.70 0.80 0.53
ΔEQ (mm/s) −0.63 0.62 1.12 0.66 3.50 1.02
η 0.1 0.3 0.8 0.3 0.2
A (MHz) −23.8 −24.0 −27.6 −31.7 −26.2

−24.8 −24.9 −29.4 −33.4 −26.8
−26.2 −26.4 −31.2 −35.4 −28.8
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have been spectroscopically characterized to date. Only one of
these was detected in an enzyme, specifically in the H200N
variant of the MNH-Fe(II) enzyme HPCD.97 An Fe(III)-
superoxo intermediate has been proposed as an intermediate in
the native HPCD reaction cycle, but it is too reactive to be
trapped. The combined use of a variant that perturbs the H-
bonding network (H200N) and an analog with an electron-
withdrawing group (4-nitrocatechol) led to accumulation of the
cognate intermediate to a high level (80%). A combination of
Mössbauer and parallel-mode EPR spectroscopies, coupled to
DFT calculations, revealed that this complex is best described
as having a high-spin Fe(III) site that is AF coupled to a
superoxide radical anion, yielding an S = 2 electron-spin ground
state.97 The intermediate exhibits parallel-mode EPR features at
g = 8.17, 8.8, and 11.6 and gives rise to both a Mössbauer
quadrupole doublet in zero field (δ = 0.50 mm/s and ΔEQ =
−0.33 mm/s) and magnetically split Mössbauer spectra in
externally applied magnetic fields. The Fe(III)-superoxo
intermediate of H200N HPCD also exhibits an absorption
band at 610 nm, close to the energy of the absorption feature at
630 nm observed for the IPNS Fe(III)-superoxo complex. The
similarity of the spectroscopic properties of the IPNS
intermediate to those of the complex in HPCD-H200N is
additional support for the assignment of the IPNS complex as
an Fe(III)-superoxo complex.
The second Fe(III)-superoxo complex is a recently reported

inorganic model complex with the pentadentate ligand 2,6-bis-
(((S)-2-(diphenylhydroxymethyl)-1-pyrrolidinyl)-methyl)-pyri-
dine (H2BDPP).

85 The reaction of [Fe(II)BDPP] with O2 at
−80 °C yielded the Fe(III)-superoxo complex, [Fe(III)BDPP-
(O2

−•)], which has spectroscopic properties distinct from those
of the cognate enzyme intermediates. [Fe(III)BDPP(O2

−•)]
exhibits a magnetically split Mössbauer spectrum even in the
absence of an applied field as a consequence of its unique
electronic structure with two nearly degenerate (ΔE < 0.003
cm−1) electronic ground states. The total-electron-spin ground
state of [Fe(III)BDPP(O2

−•)] was conclusively shown to be S
= 3.113

The reactivity of the IPNS Fe(III)-superoxo intermediate is
similar to that of the dinuclear Fe2(III/III)-superoxo inter-
mediate, termed G, of myo-inositol oxygenase (MIOX), despite
the fact that the two enzymes differ in the nuclearities of their
metallocofactors.98,99 Like the IPNS Fe(III)-superoxo inter-
mediate, G is formed by oxidative addition of O2 to the Fe(II)
site of the Fe2(II/III) cofactor of MIOX, and it also cleaves an
aliphatic C−H bond, the C1−H bond of the myo-inositol
(cyclohexan-1,2,3,5/4,6-hexa-ol, MI) substrate. In the MIOX·
MI complex, the C1-bonded oxygen of MI coordinates to the
Fe(III) site of the cofactor,100 just as the cysteinyl sulfur of
ACV coordinates to the Fe(II) cofactor in IPNS.38 Thus, for
both enzymes, the C−H bond to be cleaved is activated by
coordination (presumably with deprotonation) of an α-
heteroatom.45 The C−H(D) cleavage step effected by G of
MIOX exhibits a moderate D-KIE, estimated to be 8−16.98 The
determination of the D-KIE in MIOX was complicated by the
fact that (i) formation of G is reversible and (ii) it does not
accumulate to appreciable levels with the unlabeled substrate
and accumulates only to modest levels with the deuterium-
labeled substrate.98 The same challenges exist for determination
of the D-KIE in the IPNS C−H-cleavage step. Nevertheless, a
lower limit of 17 could be estimated by analysis of the ΔA515
kinetic traces from the reactions with unlabeled ACV and A[d2-
C]V.

Steps following C−H cleavage may also be similar in IPNS
and MIOX. For IPNS, it is thought that the thioketyl radical
intermediate undergoes an inner-sphere electron transfer to the
Fe(III) center to form a hydroperoxo-Fe(II)/thioaldehyde
complex (D → E), which is nucleophilically attacked by the
deprotonated valine amide nitrogen to form the β lactam ring
(E→ F). Similarly, one of the proposed pathways for formation
of MI in MIOX involves an inner-sphere electron transfer from
the C1-ketyl radical intermediate to the Fe2(III/III) cofactor to
yield a hydroperoxo-Fe2(II/III)-myo-inosose-1 intermediate
(myo-inosose-1 is the C1-ketone of MI), which may undergo
attack of the peroxide on the C1 carbonyl to initiate C1−C6
cleavage and generate the product, D-glucuronate.

The Fe(IV)-oxo Intermediate and Its Role in Thiazo-
lidine Ring Formation. The second C−H-cleaving inter-
mediate in the IPNS reaction is a high-spin Fe(IV) complex,
presumably the high-spin ferryl species, F, in Scheme 2. It
cleaves the CVal,β−H-bond of the monocyclic β-lactam
intermediate. The intermediate exhibits Mössbauer parameters
typical of high-spin ferryl complexes trapped in other MNH-
Fe(II) enzymes,47,78,80−82,101,102 including an isomer shift of
∼0.3 mm/s, a small negative quadrupole splitting parameter,
and a positive axial ZFS parameter of ∼10 cm−1.89 However,
compared with other high-spin ferryl complexes, the anisotropy
of the internal magnetic field in the xy plane (i.e., the plane
perpendicular to the FeO bond) is greater, due to both a
more pronounced rhombicity (E/D = 0.09) and a less axial
hyperfine tensor (|Ax| − |Ay| = 6 MHz). The anisotropy of the
hyperfine tensor features are well reproduced computationally.
Another feature unique to the IPNS ferryl intermediate is its
absorption bands, which are tentatively assigned to sulfur-to-
iron charge transfer transitions.
The oxidation initiated by the ferryl intermediate of IPNS is

reminiscent of that in the Fe(II)- and 2OG-dependent
halogenases.103 These enzymes use a cis-halo-ferryl intermedi-
ate to cleave an unactivated, aliphatic C−H bond by H• atom
abstraction, yielding a presumptive cis-halo-Fe(III)−OH/
substrate radical state. Attack of the substrate radical on the
halide ligand coordinated cis to the hydroxide group yields the
halogenated product and a coordinatively unsaturated Fe(II)
site.78,81,82,101 Likewise, in IPNS, the ferryl abstracts an
unactivated H atom (F → G), and the resulting substrate
radical attacks the cis-coordinated sulfur (G → H), yielding an
Fe(II) site and the IPN product, which coordinates the Fe(II)
center via its thioether sulfur.39 For the halogenase SyrB2, it
was shown that the position of the C−H bond to be cleaved
relative to the ferryl moiety is the key factor resulting in the
alternative outcome (halogenation rather than hydroxylation).
Specifically, in SyrB2 the target C−H bond is positioned further
away and in the equatorial plane, thereby decreasing C−H
cleavage efficiency and disfavoring subsequent attack of the
radical upon the hydroxo ligand.82,104 The diminished C−H
cleavage efficiency is evident in the decay rate constants of the
ferryl, which are less by 102−103 in the halogenase SyrB2 (0.07
s−1 at 5 °C in the presence of the native, unlabeled substrate82)
than in related hydroxylases [13 and ∼300 s−1 (both at 5 °C)
for TauD and the prolyl-4-hydroxylase from Paramecium
bursaria Chlorella virus I, each acting on protium-containing
substrate79,80]. Consistent with this trend, decay of the ferryl
complex in IPNS is slower (kdecay = 6 s−1 at 5 °C with unlabeled
ACV) than the corresponding C−H cleavage steps in the
hydroxylases, but also significantly faster than C−H cleavage by
the halogenases. Hydrogen abstraction by the ferryl in IPNS
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exhibits a D-KIE of ≥30 (kdecay = 0.2 s−1 at 5 °C with
AC[d8-V]). We note that while it is possible to determine the
decay rate constants with both isotopologs with good precision,
the determination of the intrinsic D-KIE requires quantitatively
accounting for potential unproductive reaction pathways,44

which we have not yet investigated in IPNS.

Thiazolidine ring formation in IPNS has evident analogy to
formation of the oxazolidine ring in the biosynthesis of the
important antibiotic, clavulanic acid, which is catalyzed by the
enzyme clavaminate synthase (CAS) (Scheme 3).105,106 CAS is
an Fe(II)- and 2OG-dependent enzyme and catalyzes three
distinct reactions (hydroxylation, desaturation, and formation
of the oxazolidine ring) in the biosynthesis of clavulanic acid.
The thiazolidine and oxazolidine-generating reactions are both
1,5-dehydrogenations and involve, formally, removal of hydro-
gen atoms from both an aliphatic carbon and the heteroatom
(X = S, O) to be incorporated in the ring and formation of the
new C−X bond. Both reactions are two-electron oxidations and
are effected by ferryl intermediates, although the nature of the
two-electron oxidation required for ferryl generation from the
Fe(II) cofactor and O2 is different in the two enzymes,
[Fe(III)-superoxo-mediated β-lactam-ring formation in IPNS vs
decarboxylation of the cosubstrate 2OG in CAS].
However, there is an important difference between the two

reactions. The IPNS reaction involves attack of the substrate
radical on an atom directly coordinated to the Fe center (sulfur
from the β-lactam intermediate). In the case of CAS, there is no
obvious open coordination site for the substrate to bind via the
O atom that is incorporated into the oxazolidine ring. Indeed,
magnetic circular dichroism (MCD) studies on CAS revealed
an octahedral coordination environment of Fe in the CAS·
Fe(II)·2OG complex, which consists of the “His2(Asp/Glu)
facial triad,” the bidentate cosubstrate, 2OG, and a water
molecule.107 Addition of the substrate results in dissociation of
the water ligand, thereby creating the necessary open
coordination site for O2 to bind.107 Similar experiments on
other Fe(II)/2OG enzymes108 have shown that the generation
of a coordinatively unsaturated Fe(II) primed for reaction with
O2 is a general feature of this enzyme family.20 Thus, the
substrate does not bind directly to the Fe center. An alternative
mechanism has been proposed on the basis of a computational
study for oxazolidine ring formation by CAS. Ring closure is
initiated by abstraction of the hydrogen atom from the O−H
group of the substrate by the ferryl.109 Indeed, the X-ray crystal
structure of the CAS·Fe(II)·2OG·proclavaminate complex
reveals that the O atom that is incorporated into the
thiazolidine ring is positioned only 4.2 Å from the Fe,110

suggesting that O−H cleavage by the ferryl intermediate may

indeed be possible.111 Ongoing efforts in our group are aimed
at unraveling the mechanistic diversity of ferryl-mediated
functionalization of unactivated carbon centers in greater depth.
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