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1 Materials and Methods

1.1 DAOCS Expression and Purification

All chemicals used were of analytical grade, and all solutions were prepared using water from an 18.2 MΩ·cm
Milli-Q synthesis A10 Q-Gard system which was filtered through a 0.22 µm filter. Protein purification
was performed on an ÄKTA Start utilizing GE Healthcare column variants: Q Sepharose HP 26/10 (ion
exchange) and a Superdex 75 26/60 (gel filtration). Protein solutions were concentrated using an Amicon
ultrafiltration cell with an Ultracell PL-3 membrane. Protein concentrations were determined by measuring
the absorbance at 280 nm on an ND-1000 NanoDrop Spectrophotometer from Saveen Werner.

DAOCS cDNA optimized for expression in E. coli was obtained from GenScript, and the protein was
expressed from the pET26 expression vector in E. coli BL21(DE3) (Novagen) cells. Glycerol stock solution
of HC2516 on LB/30kan (30 µg kanamycin/mL LB agar) was striped on the agar and incubated at 37 ◦C
overnight. A single colony was chosen to inoculate in 50 mL LB/30kan (30 µg kanamycin/mL LB medium)
and incubated at 37 ◦C with shaking (250 rpm on Inova incubator) for approximately 4 hours until the
OD600 of 0.6-1.0 was reached. The culture was stored at 4 ◦C overnight. The culture was then transferred
to a 50 mL sterile plastic tube and centrifuged at 3000 rpm for 10 min at 4 ◦C. The supernatant was
decanted off, and the pellet was resuspended in 50 ml LB/30kan. Each of the 6x6.5 mL was transferred to
650 mL LB/30kan and incubated at 30 ◦C with shaking (250 rpm on Inova incubator). The temperature
of the incubator was reduced to 20 ◦C once the OD600 reached 0.30-0.39. Once the OD600 reached 0.5-0.6,
0.2 M, ammonium ferrosulfate and Isopropyl β-D-1-thiogalactopyranoside (IPTG) were added to a final
concentration of 0.2 mM and 0.1 mM, respectively. The incubation was continued overnight (16-18 hours).
Each culture was then transferred to a Beckman centrifuge tube and centrifuged at 3900 rpm for 15 min at
4 ◦C. The supernatant was decanted off, and the cells were transferred to a 50 ml non-sterile plastic tube
with 25 ml of 20 mM BIS-TRIS propane/H2SO4, pH 6.8. The samples were centrifuged at 3900 rpm for 15
min at 4 ◦C, the supernatants were discarded and the cells were stored at -80 ◦C.

E. coli cells from 2x650 mL cultures were defrosted in ice water, and each cell culture was resuspended in
buffer containing 20 mM BIS-TRIS propane/H2SO4, pH 6.8 (buffer A). The resuspended cell cultures were
lysed by sonication for 3x30 seconds using a Satorius Labsonic at 80% amplitude, while kept in ice water.
The lysed samples were centrifuged for 2x20 min. at 13,000 rpm at 4 ◦C. The supernatants were immediately
decanted off and filtered through 0.45 µm syringe filter. The cell extract is diluted with approximately 20
mL of Milli Q water until the conductivity is below 2.2 mS/cm which equals the conductivity of the buffer A.
The cell extract was loaded on an anion exchange (IEX) Q Sepharose HP 26/10 column, using an external
pump and a loading flow rate of 8 mL/min. The column was washed with IEX buffer A until a steady plateau
in the 280 nm absorbance was achieved, in order to remove any weakly bound contaminants. Elution of
the protein was done by applying IEX buffer B (20mM BIS-TRIS propane/H2SO4 + 0.33M ammonium
sulfate, pH 6.8) with a gradient of 5% buffer B/CV. The flowrate was 8 mL/min. Fractions corresponding
to the major peak eluding at about 14% buffer B were collected (∼40 mL), and the collected solution was
up-concentrated using an Amicon cell (∼5 mL). The Amicon cell was rinsed with ∼2 mL of the gel filtration
buffer (20 mM HEPES/NaOH + 100 mM ammonium sulfate, pH 6.8). The solution was filtered through a
0.45 µm filter prior to loading on a gel filtration column, Superdex 75 26/60, with a flow-rate of 2.5 mL/min
that was also used for elution of the protein. Fractions corresponding to the major peak eluding at about
160 mL are collected. The concentration of protein was determined on a NanoDrop spectrophotometer using
the extinction coefficient for DAOCS of 26275 M−1 · cm−1 and MW of 34555.7 g/mol. The purified protein
was distributed into aliquots, frozen in liquid nitrogen and stored at -80 ◦C.

1.2 Sample Preparation

Samples for spectroscopy were prepared under an inert atmosphere inside an N2-purged wet box. DAOCS
was made anaerobic by purging under a nitrogen atmosphere on a Schlenk line at 0◦ C for approximately
1 hour. Ferrous ammonium sulfate, αKG and penicillin G were added from anaerobic stock solutions in
deuterated HEPES buffer for CD and MCD samples and in HEPES buffer for Mössbauer, XAS, SF-Abs
and EPR samples. CD was used to monitor cofactor and substrate binding, where each was added until no
further spectral change was observed before preparation of MCD samples. For preparation of MCD cells,
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samples were saturated with deuterated sucrose for a glassing agent. CD spectra were taken without and
with sucrose to ensure that the glassing agent did not perturb the FeII site.

1.3 Spectroscopic Methods

Absorption spectra were measured with an Agilent HP8453 diode array spectrophotometer at room temper-
ature. Near-IR (600-2000 nm) CD and MCD spectra were recorded with a Jasco J-730 spectropolarimeter
with a liquid N2-cooled InSb detector (Teledyne Judson Technologies) and an Oxford Instruments SM-4000-
7T superconducting magnet. UV-Vis (300-900 nm) CD and MCD data were recorded with a Jasco J-810D
spectropolarimeter with an extended S-20 photomultiplier tube and an Oxford Instruments SM-4000-7T su-
perconducting magnet. MCD spectra were corrected for baseline and CD features by subtracting a 0 T scan
at each temperature. The sample temperature was measured using a calibrated Cernox resistor (Lakeshore
Cryogenics, calibrated 1.5-300 K) that was inserted into the MCD cell. VTVH MCD data were normalized
to the maximum intensity over all isotherms for a given wavelength. X-band EPR spectra were taken on a
Bruker EMX spectrometer with a Bruker ER 041XG/ER microwave bridge and 4116 DM cavity. Spectra
were collected at 77 K or at 5 K using an Oxford ITC503 temperature controller with an ESR 900 continuous
flow cryostat. Mössbauer spectra were collected at 6 K or 50 K using a See Co. W302 resonant gamma ray
spectrometer using a 1.85-GBq 57Co source (Be window, Rh matrix) and with zero external magnetic field.
All isomer shifts are given relative to Fe metal at room temperature. Spectra were analyzed using WMoss
software package (See Co.).

1.4 X-ray Absorption Experiments and Data Analysis

XAS cells (2 mm x 10 mm pinhole-type Delrin cells wrapped with Kapton tape) were loaded with protein
samples and then frozen under liquid nitrogen. The samples were oriented at 45◦ to the incident X-ray
beam and maintained at 10 K using an Oxford Instruments CF1208 continuous flow liquid helium cryostat.
XAS data were collected at beam lines 7-31 and 9-32 at SSRL under ring operating conditions of 500 mA
over an energy range of 6785-7876 eV (k = 14 Å-1). Fluorescence data were collected at 90◦ to the incident
beam using a solid-state 30- or 100-element Ge detector array with Soller slits and a six-wavelength Mn filter
aligned between the sample and the Soller slit to improve the Fe Kα fluorescence signal intensity relative
to that of the scattered beam.3 An internal calibration was utilized with the first inflection point of an Fe
foil set to 7111.2 eV.4During measurement, the data in the Fe K-edge, K pre-edge, and EXAFS regions
were continuously monitored to ensure sample integrity by comparing each individual scan to ones taken
previously. No photodamage was observed in the samples.

Data reduction, background subtraction, and normalization were performed according to established
methods5,6,7 using the program PySpline8 with the data normalized to a value of 1.0 at the post-edge
region. The spline function through the EXAFS region was chosen to minimize any residual low-frequency
background but not reduce the EXAFS amplitude, as monitored by the Fourier transform intensity. For
pre-edge and edge analysis, all data sets were truncated to k = 9.5 Å-1 and renormalized using a second-order
post-edge polynomial background and a two segment (three knot) spline for comparison between data sets
and to past reference compounds.9 Normalization of the EXAFS data was accomplished using a third-order
postedge polynomial background fit over the full data range (k = 14 Å-1) and a three-segment (four-knot)
spline for resting DAOCS, penG, and αKG, and a four-segment (five-knot) spline for αKG/penG.

Iron K pre-edge features were modeled with a pseudo-Voigt line shape in a 50 : 50 ratio of Lorentzian :
Gaussian functions using the fitting program EDG FIT10 as part of the program suite EXAFSPAK.11 The
energy position, full width at half-maximum (fwhm), and peak intensity were all allowed to float throughout
the fitting process. A function modeling the background was empirically chosen to give the best fit, floated
with all variables, and then varied with different fwhm (up to ±0.5 from float) to establish confidence limits
on pre-edge intensity. In all cases, an acceptable fit reasonably matched both the pre-edge data as well as
those of its second derivative. Fits with backgrounds were acquired over the energy ranges of 7106-7116,
7106-7117, and 7106-7118 eV to provide twenty pre-edge fits. These were then averaged to give the final
pre-edge energy and intensity values.

EXAFS signals were calculated using FEFF (version 7.0), and the data were fit using the program
OPT12 as part of EXAFSPAK. In all fits the bond lengths (R) and bond variances (σ2) were allowed
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to vary. The threshold energy (k = 0, E0) was also allowed to vary but was constrained as a common
variable (∆E0) for all fit paths in a given data set. The amplitude reduction factors (S2

0) were fixed to a
value of 1.0, and the coordination numbers (CN) were varied systematically based on a structural model
to achieve the best fit to the EXAFS data. The best choice of all available FEFF paths and the goodness
of the overall fit were optimized based on a combination of weighted F-factor (F)13 as well as visual fit to
the EXAFS data and their Fourier transform. On the basis of studies of complexes of known structures,
the uncertainties in final distances are within 0.02 Å.14 The EXAFS data were fit using crystal structures
1RXF,15 1UOF,16 and 1UOB16 as initial models for FeII-DAOCS, (FeII/penG)-DAOCS, and (FeII/αKG)-
DAOCS/(FeII/αKG/penG)-DAOCS, respectively.

1.5 Stopped-Flow Absorption Experiments and Kinetic Simulations

Stopped-flow absorption experiments were carried out at 4◦ C using an Applied Photophysics SX19 stopped-
flow spectrophotometer using a 1 cm path length equipped with a photodiode array inside a purge glove
box in an Ar atmosphere. O2-free stock solutions of (FeII/αKG)-DAOCS and (FeII/αKG/penG)-DAOCS
were prepared as described above. The DAOCS solutions were mixed with an equal volume of either O2-free
buffer or buffer that had been saturated with O2 at 0◦ C then allowed to reach equilibrium at 5◦ C before
mixing for excess O2 experiments. For one equivalent or substoichiometric O2 experiments, the saturated
O2 solution was diluted, then allowed to reach equilibrium at 5◦ C before mixing. Kinetic simulations were
performed with COPASI.17

1.6 Computational Methods

The penicillin G molecule was created using GaussView and geometry optimized. All other structures were
created from this output and then geometry optimized. Calculations were performed using the Gaussian
09 software package, revision D.01.18 The unrestricted BP86 functional19 with 10% Hartree-Fock exchange
under tight convergence criteria was used for all calculations. The 6-311G∗ basis set was used. Solvation
effects were included using a polarized continuum model with a dielectric constant ε = 4.0 to model the
protein environment.20 Time-dependent density functional theory (TD-DFT) calculations were performed
using the CAM-B3LYP functional.21
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2 Supplementary Information

2.1 Interaction of αKG and penG with FeII/DAOCS: Availability of a five-
coordinate FeII/αKG site

2.1.1 Circular Dichroism (CD) Spectroscopy

CD spectroscopy was used to confirm the lack of interaction of sucrose, which is used as an glassing agent,
with the active site.

Figure S1: Comparison of the CD spectra for (FeII)- (blue), (FeII/penG)- (green), (FeII/αKG)- (red) and
(FeII/αKG/penG)-DAOCS (green) in the presence (dashed) and absence (solid) of added sucrose. These
results demonstrate that sucrose, used as a glassing agent, does not perturb the active site.
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2.1.2 VTVH MCD to define FeII dπ orbital splittings22,23

VTVH MCD data can be used to determine the ground state splitting of FeII sites. MCD intensity increases
with increasing field and decreasing temperature. A plot of MCD intensity at a single energy of an MCD
feature against βH/2kT results in a set of saturation magnetization isotherms that overlay for a Kramers
S = 1/2 system. For a non-Kramers system, including the S = 2 integer spin systems studied here, these
isotherms show nesting behavior. In a system with negative zero-field splitting (ZFS), the nesting behavior
is due to the field dependent mixing of the MS = +2 and MS = -2 wavefunctions, and the degree of mixing is
proportional to the magnitude of δ, the splitting of these components in zero field. VTVH isotherms are fit
to this non-Kramers doublet model to derive the ground state spin-Hamiltonian parameters (g‖ and δ), that
in turn determine the axial and rhombic splitting (∆ = dxz,yz - dxy and |V | = dxz - dyz) of the dπ orbitals.
For a positive zero-field split system (D > 0), the MS = 0 sublevel is lowest with the MS = ±1 doublet at
higher energy. When the field is perpendicular to the z-axis of the ZFS tensor, the MS = 0 interacts with
one component of the MS = ±1 doublet in a field dependent manner to also give nesting behavior that can
again be fit to define the ZFS parameters (D and E) and thus the splitting of the dπ orbitals (∆ and |V |).
In this way, the sign and magnitude of the dπ orbital splittings can be determined.

Figure S2: Top Isotherms. Saturation magnetization data and best fits for FeII-DAOCS (blue) and
(FeII/penG)-DAOCS (green). The axial splittings of the dπ orbitals (∆ = dxz,yz - dxy) for both FeII-
DAOCS and (FeII/penG)-DAOCS are consistent with distorted 6C sites, supporting the assignment made
from the MCD spectra (Figure 1) based on excited state splittings. The difference in the rhombic splittings
(|V | = dxz - dyz) indicates that substrate binding has perturbed the 6C FeII ground state. Bottom Isotherms.
Saturation magnetization data and best fits for (FeII/αKG)-DAOCS (red) and (FeII/αKG/penG)-DAOCS
(purple). The axial splittings of the dπ orbitals (∆) for both (FeII/αKG)-DAOCS and (FeII/αKG/penG)-
DAOCS are increased relative to the sites without αKG bound. Although these splittings are large for 6C
sites, increased ∆ values have been observed for the αKG-bound 6C sites of two other NHFeII enzymes, FIH
and CS2.24,25 These large splittings are due to π-backbonding of the FeII dπ into the π∗ orbital of the αKG
ligand. The difference in the rhombic splittings (|V |) indicates that substrate binding to the αKG-bound
site has perturbed the FeII ground state.
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2.1.3 Evidence for bidentate αKG binding to FeII(DAOCS)

When αKG interacts with an FeII active site, a broad absorption feature near 520 nm grows in, which is a
dπ to π* metal-to-ligand charge transfer (MLCT) indicative of bidentate binding to the metal center25.

Figure S3: MCD spectra collected at +7 T and 5 K in the UV-Vis region for (FeII/αKG)-DAOCS (red) and
(FeII/αKG/penG)-DAOCS (purple). This broad feature is an FeII-to-αKG charge transfer transition and
indicates bidentate binding of the αKG cofactor25.

2.1.4 Deviation from the Sum Rule in FeII MCD Spectroscopy

The majority of ferrous systems studied show all MCD transitions with positive intensity, arising from
spin-orbit coupling (SOC) between the components of the 5T2 ground state (dxy, dxz and dyz orbitals).
A negatively signed transition requires SOC between the excited state components (extra electron in dz2

and dx2−y2 orbitals). There is no matrix element of the orbital angular momentum (L) to couple these.
To provide a mechanism for SOC between the excited state sublevels, one component of the t2 must mix
into a component of the e set.26 In 6C geometries, the e set is high in energy relative to the t2 and there
is not significant mixing. In 5C geometries, one component of the e set is lowered in energy and can mix
with a component of the t2 set to enable SOC between the two components of the excited state to produce
opposite signed bands thus a negative transition, as observed in the MCD spectra of (FeII/αKG)-DAOCS
and (FeII/αKG/penG)-DAOCS.26
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2.1.5 Mössbauer Evidence for αKG and penG binding to FeII(DAOCS)

Mössbauer spectra of (FeII/αKG)-DAOCS (Fig. S4, Top) and (FeII/αKG/penG)-DAOCS (Fig. S4, Bottom)
show that substrate binding changes the ratio of the two quadrupole doublets, increasing the doublet with
the larger ∆EQ (blue curve in Fig. S4 and Table S1) that is correlated to a 5C site (Main text and XAS
[below]).

Figure S4: Mössbauer spectra (black) collected at 0 T and 6 K with simulations in red for (FeII/αKG)-
DAOCS (top) and (FeII/αKG/penG)-DAOCS (bottom). The (FeII/αKG)-DAOCS spectrum is fit to two
species (also observed in MCD spectrum, Fig. 1 [red]), both consistent with high-spin FeII sites.27 In this
spectrum, species 1 (green) accounts for 54% and species 2 (blue) accounts for 46% of the total Fe. In the
spectrum for (FeII/αKG/penG)-DAOCS, the same two species are present but their quantities have shifted
such that species 1 accounts for 41% and species 2 accounts for 59% of the total Fe in solution.

Sample Species δ (mm/s) ∆EQ (mm/s) Percentage (%)

FeII/αKG
1 1.22 2.17 54
2 1.24 2.47 46

FeII/αKG/penG
1 1.22 2.17 41
2 1.24 2.47 59

Table S1: Mössbauer parameters for the two species in (FeII/αKG)- and (FeII/αKG/penG)-DAOCS.
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2.1.6 X-ray Absorption Spectroscopic Evidence of a 5C (FeII/αKG)-DAOCS site

XAS was performed on (FeII)-DAOCS (blue), (FeII/αKG)-DAOCS (red), (FeII/penG)-DAOCS (green) and
(FeII/αKG/penG)-DAOCS (purple) samples. These spectra have been analyzed in terms of the overall trends
in this series going from (FeII)-DAOCS resting site to the ternary (FeII/αKG/penG)-DAOCS site.

Analysis of the Pre-edge Intensity The Fe K-pre-edge is a 1s-to-3d transition is formally electric dipole
forbidden and thus weak in intensity. However, in low symmetry protein environments, 4p mixing into the
metal 3d orbitals increases the pre-edge intensity through mixing with the electric dipole allowed 1s-to-4p
transition. This mixing is greater for 5C than for 6C ferrous sites, thus making the pre-edge region a probe for
coordination number. (FeII)-DAOCS (blue) has the smallest intensity while the (FeII/αKG/penG)-DAOCS
ternary sample has the highest intensity (Fig. S5 and Table S2), which correlates to ternary complex have
a higher percentage of a 5C component.

Figure S5: Pre-edge XAS spectra for (FeII)-DAOCS (blue), (FeII/penG)-DAOCS (green), (FeII/αKG)-
DAOCS (red) and (FeII/αKG/penG)-DAOCS (purple).

Table S2: Tabulated pre-edge XAS integrated intensities (background subtracted) for (FeII)-DAOCS (blue),
(FeII/penG)-DAOCS (green), (FeII/αKG)-DAOCS (red) and (FeII/αKG/penG)-DAOCS (purple).
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Analysis of the White line Peak and Shape Resonance Dip The white line and shape resonance
features are sensitive to coordination environment around the iron center. FeII-DAOCS (blue) has the
highest intensity in the white line peak and the lowest intensity in the shape resonance dip (blue arrows)
while (FeII/αKG/penG)-DAOCS has the lowest white line intensity and the highest intensity at the dip
(purple arrows). These intensity differences are qualitatively similar to those observed for TyrH, where the
active site converts from 6C to 5C upon binding both substrate and cofactor.28 Thus, this trend shows that
the αKG- and αKG/penG-bound FeII(DAOCS) sites have higher percentages of a 5C component.

Figure S6: K-edge X-ray Absorption Near Edge Structure spectra for (FeII)-DAOCS (blue), (FeII/penG))-
DAOCS (green), (FeII/αKG)-DAOCS (red) and (FeII/αKG/penG)-DAOCS (purple). The blue arrows
correspond to the spectrum of (FeII)-DAOCS, while the purple arrows correspond to the spectrum of
(FeII/αKG/penG)-DAOCS.

Extended X-ray Absorption Fine Structure (EXAFS) EXAFS probes the local environment around
the FeII center. In Fig. S6, going from (FeII)-DAOCS (blue) to (FeII/αKG/penG)-DAOCS (purple), there
is a decrease in the EXAFS amplitude (Fig. S7A) and in the intensity of the main fourier transformed peak
(Fig. S7B). For (FeII)-DAOCS, the 6C fit has significantly lower error than the 5C fit (Table S3). For the
other samples, there is no significant difference in the error or bond lengths for a 6C fit compared to a 5C fit
(Tables S3-S7). In going from (FeII)-DAOCS to (FeII/αKG/penG)-DAOCS, there is a decrease in the first
shell bond length from 2.14 to 2.11 Å. Additionally, there is an increase in the first-shell Debye-Waller factor,
from 627 in (FeII)-DAOCS to 932 for the 6C fit in (FeII/αKG/penG)-DAOCS, which indicates increasing
disorder in the first shell. The decrease in bond length and increase in Debye-Waller factor reflect a 6C/5C
mixture in (FeII/αKG/penG)-DAOCS. From the combination of XANES and EXAFS data, (FeII)-DAOCS
is 6C and then gains a significant amount of 5C component upon binding of both αKG and penG.
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Figure S7: (A) k3-weighted EXAFS data and (B) Fourier transformed data for FeII-DAOCS (blue),
(FeII/penG)-DAOCS (green), (FeII/αKG)-DAOCS (red) and (FeII/αKG/penG)-DAOCS (purple). As seen
in the data, there is a decrease in the EXAFS amplitude and the intensity of the main Fourier Transform
peak in going from FeII-DAOCS (blue) to (FeII/αKG/penG)-DAOCS (purple). This corresponds to a de-
crease in the first-shell bond length and increase in σ2 (Tables S2-S5), which is consistent with an increased
5C contribution.

Figure S8: Fourier transformed EXAFS data for (A) FeII-DAOCS (B) (FeII/penG)-DAOCS (C) (FeII/αKG)-
DAOCS and (D) (FeII/αKG/penG)-DAOCS with best fits. Fit parameters listed in Tables S2-S5.
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Table S3: First shell EXAFS fits for (FeII)-DAOCS, (FeII/penG)-DAOCS, (FeII/αKG)-DAOCS and
(FeII/αKG/penG)-DAOCS using a 6C or 5C model. The uncertainty in EXAFS bond distances is ± 0.02 Å.
σ2 values are multiplied by 105. The error value is the weight F-factor given by the statistical F test used to
evaluate EXAFS fits.29 Full parameters for the 6C fits are given in Tables S4-S7. Note the decreased bond
lengths and increased σ2 values in (FeII/αKG)-DAOCS and (FeII/αKG/penG)-DAOCS forms.

Component N R(Å) σ2 (Å2)
Fe-O/N 6 2.14 627

Fe-C 5 3.14 848
Fe-N 3 4.11 722

C-N MS 2 4.29 265
C-C MS 8 4.48 932

E0 = -5.64
Error = 20.94

Table S4: Full fit parameters for FeII-DAOCS. σ2 values are multiplied by 105. E0 is the energy
shift from 7130 eV to give the experimental ionization energy of the 1s electron. The error value is
the weighted F-factor given by the statistical F test used to evaluate EXAFS fits. Error is given by
Σ[(χobsd − χcalc)

2k6]/Σ[(χobsd)2k6]. MS = multiple scattering. The S2
0 factor was set at 1.
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Component N R(Å) σ2 (Å2)
Fe-O/N 6 2.13 645

Fe-C 3 3.11 518
Fe-C 2 3.50 121

C-C MS 6 4.00 672
Fe-C 3 4.24 197

C-N MS 8 4.40 335
C-O MS 8 5.00 751

E0 = -5.81
Error = 23.81

Table S5: Full fit parameters for (FeII/penG)-DAOCS. σ2 values are multiplied by 105. E0 is the energy
shift from 7130 eV to give the experimental ionization energy of the 1s electron. The error value is the
weighted F-factor given by the statistical F test used to evaluate EXAFS fits. Error is given by Σ[(χobsd −
χcalc)

2k6]/Σ[(χobsd)2k6]. MS = multiple scattering. The S2
0 factor was set at 1.

Component N R(Å) σ2 (Å2)
Fe-O/N 6 2.12 750

Fe-C 3 2.96 158
Fe-C 4 3.12 122

C-O MS 10 3.21 936
C-N MS 6 4.29 926
C-O MS 4 4.43 739

Fe-N 2 5.00 583
E0 = -6.39

Error = 19.89

Table S6: Full fit parameters for (FeII/αKG)-DAOCS. σ2 values are multiplied by 105. E0 is the energy
shift from 7130 eV to give the experimental ionization energy of the 1s electron. The error value is the
weighted F-factor given by the statistical F test used to evaluate EXAFS fits. Error is given by Σ[(χobsd −
χcalc)

2k6]/Σ[(χobsd)2k6]. MS = multiple scattering. The S2
0 factor was set at 1.

Component N R(Å) σ2 (Å2)
Fe-O/N 6 2.11 932

Fe-C 2 2.93 245
Fe-C 5 3.20 624

C-O MS 10 3.22 619
C-N MS 10 4.30 947
C-O MS 4 4.47 580
C-C MS 2 5.02 702

E0 = -6.42
Error = 20.43

Table S7: Full fit parameters for (FeII/αKG/penG)-DAOCS. σ2 values are multiplied by 105. E0 is the
energy shift from 7130 eV to give the experimental ionization energy of the 1s electron. The error value
is the weighted F-factor given by the statistical F test used to evaluate EXAFS fits. Error is given by
Σ[(χobsd − χcalc)

2k6]/Σ[(χobsd)2k6]. MS = multiple scattering. The S2
0 factor was set at 1.
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2.2 Reaction of five- and six-coordinate (FeII/αKG)-DAOCS with O2

Upon the reaction of FeII/αKG)-DAOCS with O2, there are features that appear between ±4− 8 mm/s
(Fig. S9). The final reacted spectrum (Fig. S10, black) contains two Fe(III) species. One of the species is
the active site Fe(III) species that has been fit with the parameters in figure 2. The second species (< 15%
of the total integrated area of the 18 second spectrum) has a six-line hyperfine pattern (indicated by the red
asterisks) that results from uncoupled turnover during the rapid freeze quench procedure and is no longer
active. This was determined by the addition of αKG and penG, which reduce the Fe(III)-DAOCS active site
to Fe(II)-DAOCS with no change in these hyperfine features (see SI sections 2.3.2 and 2.3.3).

Figure S9: Zero field Mössbauer collected at 6 K A) (FeII/αKG)-DAOCS B) (FeII/αKG)-DAOCS reacted
with 1 equivalent of O2 (at 4oC) and freeze quenched at 6 s and C) 18 s (Note: same data as Fig. 2 with
full source velocity range). The red asterisks indicate the presence of irreversible Fe(III) formed during
uncoupled turnover.
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Figure S10: Zero field Mössbauer collected at 6 K of (top) (FeII/αKG)-DAOCS reacted with 1 equivalent O2

(at 4oC) freeze quenched at 600 s (black) and (bottom) the final spectrum upon further reaction with either
αKG (red) or penG (blue). The red asterisks indicate the presence of irreversible Fe(III) formed during
uncoupled turnover.

Figure S11: Zero field Mössbauer collected at 50 K of (FeII/αKG)-DAOCS reacted with 1 equivalent O2 (at
4oC) freeze quenched at 100s (left, red) and 10 minutes (right, black). In the 100s Mössbauer spectrum (red,
left), the Fe(II) doublet is ∼10-15%.
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A kinetic model was built (Fig. S12A) that captures the biphasic growth of the 335nm and 380nm
absorption time traces (Fig. 3A) along with the change in the relative five- and six-coordinate ratios during
the O2 reaction from Mössbauer spectroscopy (Fig. 2, S9, S10 and S11). From Fig. S4 and Table S1, the
equilibrium ratio of the five- and six-coordinate components in the αKG bound FeII-DAOCS sample yields
a Keq = 0.83, which defines the ratio between k1 and k-1 in Fig. S11A. Fitting the kinetic model to the
experimental 380nm time trace (Fig. S12B) yield rate constants (Fig. S12A) that simulate the relative ratios
of five- and six-coordiante Fe(II) and Fe(III) in agreement with the experimental Mössbauer spectra (Fig.
S12C and D).

Figure S12: A) Kinetic model for the reaction of (FeII/αKG)-DAOCS with O2. B) Fit (red) to the time trace
monitored at 380 nm during the reaction of 0.1 mM (FeII/αKG)-DAOCS with 1 mM O2. C,D) Simulation of
kinetic model presented in A) with the Mössbauer reaction conditions of 1 mM (FeII/αKG)-DAOCS with 1
mM O2. The relative five-coordinate (5C) and six-coordinate (6C) species concentrations obtained from the
simulations are shown with the black vertical lines and agree with the speciation obtained from Mössbauer
spectroscopy (Fig. 2, S9 and S11).
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2.3 Characterization of the FeIII Species and its Reactivity: Evaluation of the
Sequential Mechanism

2.3.1 Definition of the FeIII Species obtained from Reaction of (FeII/αKG)-DAOCS with O2

In Fig. S13, the autooxidized Fe(III)-DAOCS site (black) does not reproduce the 335nm and 380nm ab-
sorption features observed in the FeIII species generated from the reaction of (FeII/αKG)-DAOCS with O2

(green). However, upon binding of succinate to FeIII-DAOCS, the 335nm and 380nm features (red traces)
grow in. In order to evaluate the origin of this absorption intensity in Fig. S13 that arises from succinate
binding (red trace relative to black trace), two computational models were assessed. Octahedral models
of FeIII-OH with 2 histidines (His), 1 carboxylate with either a bound bidentate succinate (Fig. S14B) or
2 waters (Fig. S14A) were constructed. These structures were optimized using a hybrid functional that
incorporates long-range correction, CAM-B3LYP, in Gaussian 09 with solvation effects included using a
polarized continuum model with a dielectric constant ε = 4.0.21 Comparing the optimized structures (Fig.
S13), the Fe-OH bond elongates from 1.82Å to 1.87Å upon succinate binding. When absorption spectra
of these two models were simulated using time-dependent density functional theory (TD-DFT, Fig. S15),
the charge transfer (CT) from the out-of-plane hydroxy π orbital to the FeIII dxz orbital shifts from 30,700
cm-1 to 24,500 cm-1 when succinate is bound. Since the Fe-OH bond elongates by 0.05Å upon succinate
binding (Fig. S14), this decrease in energy of the OH-to-FeIII CT is due to diminished interaction between
the hydroxide and iron causing the bond/antibonding combination of these two π orbitals to be closer in
energy. Thus, the absorption feature corresponding to the CT transition between these orbitals appears at
lower energy when succinate is bound to the Fe(III)-DAOCS autooxidized site (red vs black traces in Fig.
S13).

Figure S13: Room temperature UV-Vis spectra of FeIII-DAOCS obtained by auto-oxidation in O2 for two
hours (black), (FeIII/succinate)-DAOCS (red) and the 335/380 nm species (green). The FeII protein back-
ground signal was subtracted, and spectra were corrected for the amount of FeIII. These spectra show that
the 335/380 nm features observed in Figure 3 arise from a succinate-bound FeIII species.
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Figure S14: Geometry optimized FeIII-OH models without (A) and with (B) succinate bound to the iron
center. Upon succinate binding, the Fe-OH bond elongates by 0.05Å

Figure S15: TD-DFT absorption spectra for FeIII-OH complexes without (top, red sticks) and with (bottom,
blue sticks) succinate bound to the metal center. The red boxes indicate the energies of the out-of-plane
OH-to-FeIII CT (inset) and the observed shift upon succinate binding.
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2.3.2 Reduction of FeIII(OH)(Succinate) Species by αKG: Ability to perform multiple turnovers

Upon generation of the FeIII(OH)(Succinate) species, its reactivity with excess αKG was evaluated. A double
mix experiment was performed where the FeIII species was first generated by mixing (FeII/αKG)-DAOCS
(with 1 eq. αKG) with O2 and this FeIII was then mixed with 10 addition equivalents of αKG. Upon addition
of the excess αKG, the 335/380nm features decay (Fig. S16) and the FeIII species converts to an FeII species
(Fig. S17). The additional αKG in solution reduces the FeIII site to a viable FeII active site, which can
undergo multiple turnover with additional equivalents of O2 and αKG (Fig. S18 and S19).

Figure S16: (Left) UV-Vis absorption difference spectra (collected at 5◦C) monitoring the reaction between
the FeIII(OH)(Succinate) species (0.2 mM) and 10 additional equivalents of αKG (2 mM). (Right) Kinetic
traces from the same experiment showing decreasing absorbances at 335 nm (red) and 380 nm (yellow).

Figure S17: Mössbauer spectra of the FeIII(OH)(Succinate) species (collected at 0 T and 6 K, black, top) and
the αKG reacted species (red, bottom). The FeIII(OH)(Succinate) species was pre-formed and then mixed
with 10x αKG. Concomitant with the decay of the 335 and 380 nm features (Fig. S16), the Mössbauer data
show a conversion of high-spin FeIII (δ = 0.43 mm/s) to high-spin FeII (δ = 1.23 mm/s). Red asterisks
indicate irreversible FeIII remaining after reaction with PenG, see text above Figure S9 and Figure S9 for
full explanation.
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Figure S18: Concentration of O2 in oxygenated buffer solution monitored by a Clark electrode before and
after addition of concentrated (FeII/αKG)-DAOCS. The concentrated (FeII/αKG)-DAOCS has a 10-fold
excess of αKG relative to DAOCS. UV/Vis and Mössbauer data (Figure S16 and S17) showed that excess
αKG in solution can reduce the 335/380 nm species to FeII, and this oxygen consumption assay shows that
upon reduction of the active site Fe, DAOCS can react with O2 for multiple turnovers.

Figure S19: UV-vis absorption spectra collected at 5◦C after equal volume mixing of a solution of 0.2 mM
DAOCS, 0.2 mM FeII and 1 mM αKG in 50 mM HEPES, pH 7.5 with O2-saturated buffer and with the
spectrum of the mix with O2-free buffer subtracted (left). Kinetic traces from the same experiment showing
absorbances at 335 nm (red) and 380 nm (yellow). In the absence of substrate and presence of excess αKG,
DAOCS can turnover multiple times to generate a high-spin FeIII species (with 335 and 380 nm features)
that can be reduced by excess αKG to re-enter the cycle. With only one equivalent of αKG, the 335/380 nm
features are stable over hours. The incomplete decay of the 335/380 nm features observed in the absorption
experiment in the presence of excess αKG is due to a combination of multiple turnovers and the generation
of a stable species once the αKG has been used up.
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2.3.3 Reaction of FeIII(OH)(Succinate) with penG: Inability to Produce Cephalosporin Prod-
uct

The reaction of the FeIII(OH)(Succinate) species (produced from the reaction of (FeII/αKG) with O2) with
penG was assessed. A double mix experiment was performed where the FeIII species was first generated and
allowed to fully oxidize and then mixed with penG substrate. Upon addition of substrate, the 335/380nm
features decay (Fig. S20) and the FeIII species converts to an FeII species (Fig. S21). The substrate oxidizes
by one electron to an EPR active sulfur radical species that has a g ∼ 2.08. (Fig. S22) and does not produce
cephalosporin product.

Figure S20: UV-Vis absorption difference spectra (collected at 5◦C) monitoring the reaction between the
FeIII(OH)(Succinate) species (0.2 mM) with 1 additional equivalent of penG (0.2 mM) (left). Kinetic traces
from the same experiment showing absorbances at 335 nm (red) and 380 nm (yellow) (right). The increase
at ∼70 seconds in the 335 and 380 nm kinetic traces is due to the absorbance of the penicillin substrate.

Figure S21: Mössbauer spectra of the FeIII(OH)(Succinate) species (collected at 0 T and 6 K, black, top) and
the penG reacted species (blue, bottom). The FeIII(OH)(Succinate) species was pre-formed and then mixed
with 30x penG. Concomitant with the decay of the 335 and 380 nm features (Fig. S16), the Mössbauer
data show a conversion of high-spin FeIII (δ = 0.43 mm/s) to high-spin FeII (δ = 1.24 mm/s). Red asterisks
indicate irreversible FeIII remaining after reaction with PenG, see text above Figure S9 and Figure S9 for
full explanation.
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Figure S22: A) 77 K X-band EPR spectrum of (FeII/αKG)-DAOCS with one equivalent of αKG bound and
rapidly mixed with excess O2, then mixed with 30 equivalents of penG. The g value >2.02 is indicative of
a sulfur-based radical and suggests that penG has been oxidized by one electron. The reduction of FeIII

to FeII by penG in the same experiment monitored by Mössbauer (Fig. S21) supports this. B) Electronic
structure calculations were performed on the 1-electron oxidized penG substrate. This radical was geometry
optimized using the BP86 functional and a 6-311G* basis set. C) The calculation of oxidized penG shows
30% of the electron spin density on the sulfur atom of the penicillin ring. This sulfur radical is similar to
other sulfur-based radicals in the literature.30,31
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2.4 Reactivity of (FeII/αKG/penG)-DAOCS site with O2 - Coupled Turnover
via the Concerted Mechanism

Figure S23: UV-vis absorption spectra collected at 5 oC after equal volume mixing of a solution of 0.26 mM
DAOCS, 0.26 mM FeII, 8 mM penG and 0.26 mM αKG in 50 mM HEPES, pH 7.5 with O2-saturated buffer
(2 mM), with the spectrum of DAOCS/αKG/penG mixed with O2-free buffer subtracted at 2 s (red, scaled)
and 25 s (blue).

Figure S24: UV-Vis absorbance spectrum collected at 30 minutes and 5◦C after equal volume mixing of a
solution of 0.26 mM DAOCS, 0.26 mM FeII, 8 mM penG and 0.26 mM αKG in 50 mM HEPES, pH 7.5 with
0.2 mM O2 in buffer and with the spectrum of the mix with O2-free buffer subtracted. This is the spectrum
of the cephalosporin product of DAOCS penicillin G ring expansion.32
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Figure S25: The overlay of the 5K and 50 µW EPR spectra of the (FeII/αKG)-DAOCS + O2 (red) and
(FeII/αKG/penG)-DAOCS + O2 (green) reactions reveal a new feature at 900mT or g’ ∼ 7.5. This feature
grows and decays with the g’ ∼ 4.3 and g ∼ 2.0 EPR signals (i.e. the g’ ∼ 7.5 signal also decays as the
product is formed). Three approaches were evaluated to fit the g’ ∼ 7.5 feature. 1) The FeIII and g ∼ 2
spins were dipolar coupled at different distances from each other. At ∼4Å, the simulation features a g’ ∼ 7.5
signal with reasonable intensity in the g’ ∼ 4.3 region (blue spectrum). 2) The FeIII signal was made axial
with an E/D value of 0.07, which corresponds to the simulation in orange and match the two resonances at
g’ ∼ 7.5 and g’ ∼ 4.3 for the FeIII ion. 3) Exchange coupling the g’ ∼ 4.3 and g ∼ 2 radicals, which did not
give a simulation consistent with the experimental spectrum. Based on spin quantitation, the g’ ∼ 4.3 and
g ∼ 2 signals account for 70-80% of total concentration and the g’ ∼ 7.5 accounts for 20-30%. Thus, the g’
∼ 7.5 signal can either reflect a 20% component that has a more axial FeIII site or 20% of the FeIII-OH site
that dipolar couples to the radical.
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Figure S26: Overlay of the protein radical (black) produced in the reaction of FeII/αKG with O2 (Fig. 3B),
substrate radical (red) produced in the reaction of FeII/αKG/penG with O2 (Fig. 4E) and the oxidized
penicillin-G radical (blue) produced in the reaction of FeIII(OH)(succinate) with penG (Fig. S22). The
sulfur radical (blue) is similar to other sulfur-based radicals in the literature.30,31

Reactant Product ∆H (kcal/mol)

99.3

35.9

Table S8: DFT calculated bond dissociation enthalpies for C-H bond breaking in ring expansion of penG
catalyzed by DAOCS. Structures of penicillin G, penicillin G with a β-methylene radical, ring-expanded
tertiary carbon radical and cephalosporin product were geometry optimized using the BP86 functional with
10% Hartree-Fock exchange and a 6-311G* basis set.
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