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ABSTRACT: Deacetoxycephalosporin C synthase (DAOCS)
catalyzes the oxidative ring expansion of penicillin N (penN)
to give deacetoxycephalosporin C (DAOC), which is the
committed step in the biosynthesis of the clinically important
cephalosporin antibiotics. DAOCS belongs to the family of
non-heme iron(II) and 2-oxoglutarate (2OG) dependent
oxygenases, which have substantially conserved active sites
and are proposed to employ a consensus mechanism
proceeding via formation of an enzyme·Fe(II)·2OG·substrate
ternary complex. Previously reported kinetic and crystallographic studies led to the proposal of an unusual “ping-pong”
mechanism for DAOCS, which was significantly different from other members of the 2OG oxygenase superfamily. Here we
report pre-steady-state kinetics and binding studies employing mass spectrometry and NMR on the DAOCS-catalyzed penN ring
expansion that demonstrate the viability of ternary complex formation in DAOCS catalysis, arguing for the generality of the
proposed consensus mechanism for 2OG oxygenases.

Non-heme iron(II) and 2-oxoglutarate (2OG) dependent
oxygenases are a very widely distributed superfamily of

enzymes, which catalyze a range of two-electron substrate
oxidations.1 Oxidation of their “prime” substrate is coupled
with the oxidative decarboxylation of 2OG to give succinate
and carbon dioxide. In animals, 2OG oxygenases catalyze
hydroxylations and demethylations (via hydroxylation); how-
ever, in plants and microorganisms they catalyze a much wider
range of oxidative reactions including desaturation, oxidative
ring closure, rearrangement, and halogenation.2−5 Extensive
crystallographic analyses on 2OG oxygenases and related
enzymes have revealed a common double-stranded β-helix
core fold that supports a highly (but not universally) conserved
“triad” of Fe(II) binding residues (reviewed in refs 3−6),
typically comprising an HXD/E···H triad of residues. The 2-
oxoacid of 2OG binds to Fe(II) in a bidentate manner via its
ketone and C-1 carboxylate groups. The C-5 carboxylate of
2OG is normally bound by several residues including one with
a basic (lysine or arginine) side chain.3,4

Combined kinetic, spectroscopic, and crystallographic studies
have led to the proposal of a consensus mechanism for 2OG
dependent oxygenases.1,3,4,7−11 In this mechanism, 2OG
binding to the active site takes place after that of ferrous iron
and leads to the displacement of two water molecules (Figure
1). Subsequent binding of the “prime” substrate weakens
coordination of another metal-bound water molecule, vacating
a binding site for dioxygen.12,13 The precise mechanism of
dioxygen activation is not determined but likely includes
dioxygen binding to the iron(II), followed by an electron

transfer. Subsequent oxidative decarboxylation of 2OG then
occurs to give carbon dioxide, succinate, and a ferryl
intermediate (which has been observed spectroscopi-
cally).3,14−17 The ferryl group enables “prime” substrate
oxidation, at least in some cases including ring expansion,
probably via a radical process.18−20 Inhibition by the succinate
product and by high concentrations of 2OG have been
observed in some cases.21 Turnover of 2OG in the absence
of the “prime” substrate is also commonly observed (uncoupled
turnover), however, at a lower rate than in the presence of a
substrate. Overall, there is considerable evidence for this
consensus mechanism from crystallographic and spectroscopic
studies on multiple enzymes.3,7,8,10,12

Deacetoxycephalosporin C synthase (DAOCS), which is a
2OG oxygenase found in some prokaryotes, including
Streptomyces clavuligerus, catalyzes the oxidative ring expansion
of penicillin N (penN) to deacetoxycephalosporin C
(DAOC).22−26 This is the committed step in the biosynthesis
of the medicinally important cephalosporin antibiot-
ics.22−24,27,28 Deacetoxycephalosporin/deacetylcephalosporin
C synthase (DAOC/DACS) is a closely related bifunctional
enzyme, which in a separate catalytic cycle catalyzes C-3′
hydroxylation of the deacetoxycephalosporin C product.22

DAOCS also catalyzes low levels of the C-3′ hydroxylation
reaction, but in organisms that contain the (almost)
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“monofunctional” DAOCS, another “monofunctional” enzyme,
deacetylcephalosporin C synthase (DACS), is responsible for
the hydroxylation reaction, which has low levels of DAOCS
ring expansion activity.23,24 A crystal structure of DAOCS was
the first reported for a 2OG oxygenase and is closely related to
that of the isopenicillin N synthase, which catalyzes the four-
electron bicyclization of a peptide to give the penicillin
nucleus.29,30 Structures for DAOCS in complex with Fe(II)
and 2OG have also been reported, and they are consistent with
those analogous complexes for other 2OG oxygenases, at least
in terms of coordination chemistry and 2OG side chain
binding.3,4,29

The oxidative ring expansion reaction catalyzed by DAOCS
is unique in enzymology but is related to the synthetic “Morin
rearrangement” in which a penicillin-sulfoxide undergoes
rearrangement/ring expansion to give a cephem.31 In the
DAOCS-catalyzed reaction, it is proposed that a ferryl
intermediate performs hydrogen abstraction from the (pro-S)
β-methyl group of the penicillin to give a methylene radical,19,20

which subsequently undergoes ring expansion to give a cepham
radical. The radical can then react with the Fe(III)-OH species
to give a cephem (DAOC) and water.18−20,22,23

Crystallographic analyses of DAOCS with penicillin G
(penG), which serves as an analogue for the natural substrate,
penN, led to the proposal that penicillin substrate binding must
require displacement of 2OG or the subsequently formed
succinate, because of the apparently overlapping binding sites
of a “prime” substrate and cosubstrate.32 Primarily on the basis
of these crystallographic analyses (Figure S10, Supporting
Information), quantum mechanical calculations and limited
steady-state kinetic data, an unprecedented mechanism was
proposed for DAOCS;32 in this mechanism 2OG first

undergoes conversion to succinate and carbon dioxide (without
binding of penicillin to the active site) to give an iron-oxo
intermediate (Figure 1b). Subsequent release of succinate from
the active site enables binding of the penicillin, which can then
react with the iron-oxo intermediate and undergo oxidative
rearrangement (Figure 1b). The oxidative ring expansion likely
occurs via a radical mechanism involving the β-methyl group of
the penicillin nucleus as in the ternary complex mecha-
nism.20,32,33 This proposed novel “ping-pong” mechanism is
unprecedented in the enzymatic family of 2OG oxygenases.
Here we report detailed kinetic and binding studies on the

DAOCS-catalyzed reaction. The results provide strong
evidence for the catalytic viability of the formation of the
ternary DAOCS·Fe(II)·2OG·penN complex and hence imply
that a consensus mechanism similar to other 2OG oxygenases
can operate in DAOCS catalysis.

■ MATERIALS AND METHODS

Enzyme Purification. Recombinant DAOCS was produced
in Escherichia coli BL21(DE3) and purified as reported;34

DAOCS was incubated with EDTA to remove metals from the
active site and then buffer exchanged in the suitable buffer. The
recombinant DAOCS was assessed by SDS-PAGE and LC−MS
and was >95% pure.

Nondenaturing Mass-Spectrometry Experiments. The
DAOCS solution was buffer exchanged into 15 mM
ammonium acetate pH 7.5 buffer. Samples containing 15 μM
enzyme, cofactors, and substrates were prepared using
concentrated stock solutions.35 Data were acquired on a Q-
TOF mass spectrometer (Q-TOF micro, Waters, Altrincham,
UK) linked to a Nanomate (Advion Biosciences, Ithaca, NY,
USA) with a chip voltage of 1.80 kV and a delivery pressure

Figure 1. Mechanistic possibilities for DAOCS: (a) Outline of the proposed consensus mechanism of 2OG oxygenases, as applied to
deacetoxycephalosporin C (DAOC), compared with (b) the alternative proposed mechanism.32 (a) Binding of dioxygen to DAOCS·Fe(II)·2OG·
penicillin N (penN) complex results in the oxidative decarboxylation of 2OG and generation of an Fe(IV)-oxo species that enables oxidative
rearrangement of the substrate via initial hydrogen abstraction on the methyl group of the penicillin. (b) Binding of dioxygen to DAOCS·Fe(II)·
2OG complex occurs with subsequent formation of an Fe(IV)-oxo species and release of succinate and CO2 followed by penicillin binding. (c)
Scheme of the DAOCS-catalyzed oxidative ring expansion of penN to DAOC and the subsequent DACS-catalyzed hydroxylation of DAOC.
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0.50 psi (1 psi = 6.81 kPa). The sample cone voltage was
typically 60 or 80 V with a source temperature of 40 °C and an
acquisition/scan time of 10 s/1 s. The pressure at the interface
between the atmospheric source and the high vacuum region
was fixed at 6.60 mbar. Data were processed with MASSLYNX
4.0 (Waters).
NMR Experiments. For enzymatic turnover experiments,

unless otherwise stated, the concentrations of DAOCS,
(NH4)2Fe(SO4)2, and L-ascorbate were maintained at 5 μM,
50 μM, and 0.1 mM respectively. Reaction mixtures were
buffered using 50 mM Tris-d11 (pH 7.5) in 90% H2O and 10%
D2O The reaction was carried out at 298 K in a 5 mm diameter
NMR tube and initiated by the addition of DAOCS. 1H NMR
spectra were recorded using a Bruker AVII 500 spectrometer
equipped with a 5 mm inverse TXI probe. Spectra were
obtained at 93 s interval (typically 8 transient per spectrum
with a relaxation delay of 1−2 s). Water suppression was
achieved by the excitation sculpting method (2 ms Sinc1.1000
pulse).
For water relaxation experiments,36,37 apo-DAOCS (200

μM) was used. Solutions were buffered using 50 mM Tris-d11
(pH 7.5) in 12.5% H2O and 87.5% D2O and 125 mM NaCl.
The final concentration of Mn(II) was 50 μM (final volume
160 μL). Experiments were recorded using a Bruker AVII 500
instrument equipped with a 5 mm inverse TXI probe, and 3
mm MATCH tubes were used throughout. Saturation recovery
(90°x−G1−90°y−G2−90°x−G3−τ−acq) experiments were per-
formed with 1−2 scans with a relaxation delay of at least 5
times T1 between transients. The gradient pulses were achieved
using 1 ms Sinebell gradient pulse (G1 = 40%; G2 = 27.1%; G3
= 15%). The receiver gain was set to minimum value (rg = 1)
to prevent receiver overload. Typically, 10−16 delay points
varied between 100 ms and 60 s were used. T1 values were
obtained using the Bruker T1/T2 relaxation option and peak
area was used for curve fitting. The titrant (typically ∼1 μL)
was added using a 5 μL plunger-in-needle syringe (SGE), and
sample mixing was conducted using a 250 μL gastight syringe
(SGE). Binding constants were obtained by nonlinear curve
fitting using OriginPro 8.0 (OriginLab) with the equation
described by Morton et al.38

For displacement experiments,39 1H-13C 1D-HSQC experi-
ments were conducted at 700 MHz using a Bruker Avance III
spectrometer equipped with an inverse TCI cryoprobe
optimized for 1H observation. The CLIP-HSQC sequence
was used (without 13C decoupling). Typical experimental
parameters were as follows: acquisition time 0.58 s, relaxation
delay 2 s, number of transients 256−1600. The 1JCH was set to
145 or 160 Hz. For the selective version of the experiment, a
6.8 ms Q3 180 degree pulse was used, and selective irradiation
was applied at the appropriate [13C] chemical shift. For the
nonselective version, an adiabatic 180 deg 0.5 ms CHIRP
(Crp80, 0.5, 20.1) pulse was used. Three millimeter MATCH
tubes with a 160 μL final sample volume were used. Solutions
were buffered using Tris-d11 50 mM (pH 7.5) dissolved in 95%
H2O/5% D2O. Assays were conducted at 298 K in solutions
typically containing 50 μM apo-DAOCS, 400 μM Zn(II), 50
μM 1,2,3,4-[13C]-2OG or [13C]-labeled NOG (13C label at
CH2) or [13C]-labeled penG (13C label at CH2) and excess
penG or bicyclic inhibitor (IOX3). Selective irradiation was
applied at 30.5 ppm for [13C]-2OG and 41.8 ppm for [13C]-
labeled penG.
UV−vis Experiments. UV−vis spectroscopy experiments

were performed as described.14 An anaerobically prepared assay

mixture contained 200 μM DAOCS in Hepes 50 mM pH 7.5
with 200 μM Fe(II), 2.5 mM 2OG, and 2 mM substrate. Data
were presented as difference spectra after subtraction of the
DAOCS spectrum to reveal metal ligand charge transfer
(MLCT) features.

Stopped-Flow Kinetics. Stopped-flow UV−vis spectros-
copy experiments were performed as described.14 An anaerobi-
cally prepared assay mixture containing 0.8 mM DAOCS, 1
mM substrate, 5 mM 2OG, 0.7 mM Fe(II) was rapidly mixed
with O2-free/O2-saturated buffer at 5 °C. The reaction was
observed over 1000 s using a photodiode array detector, and
the difference spectra were analyzed (a spectrum of the reaction
with O2-free buffer was subtracted from the one with O2-
saturated buffer). Kinetic traces representing identified
absorbance features were fitted with a double exponential
function using OriginPro 8.0 (OriginLab) software and
analyzed.

Rapid Quench Flow Kinetics. Rapid quench flow
experiments were performed using the same conditions and
procedure of preparation of the assay mixture as in stopped-
flow experiments. TG-K scientific (UK) rapid quench flow
apparatus set in an anaerobic glovebox (Belle Technologies,
Weymouth, UK) was used. Samples were quenched with 1%
CF3CO2H and analyzed using LC−MS. Chromatographic
separation was performed at 50 °C using a Waters ACQUITY
BEH Amide 1.7 μm 2.1 × 100 mm column on a Waters
ACQUITY ultraperformance liquid chromatography (UPLC)
system (Waters Corp., Milford, MA, USA). The following
eluents were used: mobile phase A: 10% H2O, 90% acetonitrile
(v/v), 10 mM ammonium formate; mobile phase B: 50% H2O,
50% acetonitrile (v/v), 10 mM ammonium formate. The
elution gradient was 0−7.0 min linear from 10% to 30% B, and
7.0−9.0 min at 10% B for re-equilibration of the column. A
constant flow rate of 0.4 mL/min was used. Analytes were
detected in negative ionization mode using single reaction
monitoring (SRM) on a Quattro triple quadruple mass
spectrometer (Waters, USA) with a cone voltage of 15 V and
a capillary voltage of 3.0 kV. The desolvation temperature was
set to 250 °C and the source temperature was set to 120 °C.

■ RESULTS
Nondenaturing ESI-MS Analyses Suggest Formation

of a DAOCS·Fe(II)·2OG·penicillin N Complex. To inves-
tigate whether DAOCS can form a ternary complex with its
(co)substrates, we initially carried out nondenaturing electro-
spray ionization-mass spectrometry (ESI-MS) studies with
recombinant DAOCS.34 Upon addition of 2 equiv of Fe(II) to
DAOCS, a mass shift consistent with formation of a DAOCS·
Fe(II) complex was observed by ESI-MS (Figure 2a).
Increasing the Fe(II) concentration led to the observation of
multiple metal binding, likely in a relatively nonspecific manner
(Figure S1, Supporting Information). Attempts to substitute
Fe(II) with catalytically inactive Zn(II) and Mn(II) indicated
binding of multiple metal ions in the presence of excess metal
ions, with the strongest binding being observed in the case of
Zn(II) (Figure S1).
Addition of 2OG to the DAOCS·Fe(II) complex resulted in

formation of an additional peak, with a mass corresponding to a
DAOCS·Fe(II)·2OG complex (Figure 2a). Even at a 5-fold
excess of 2OG relative to DAOCS, only 1 equiv of 2OG was
observed to bind. Notably, in experiments with succinate
substituting for 2OG, we did not observe any evidence for
succinate binding (data not shown), either in the presence or
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absence of penG (the analogue of the natural substrate, penN,
used in the previous studies on DAOCS, which led to the
proposal of the “ping-pong” mechanism32).
Since investigation of penicillin substrate binding to DAOCS·

Fe(II)·2OG complex would be complicated by turnover, we
replaced 2OG with the nonreactive isostere N-oxalylglycine
(NOG). NOG showed stronger binding to the DAOCS·Fe(II)
complex compared to 2OG with only 1 equiv being required
for the observation of a stable complex formation (compared to
5 equiv of 2OG) (Figure 2b). We then examined binding of
penN or penG to the DAOCS·Fe(II)·NOG complex. At a 2-
fold excess of penG or penN (relative to DAOCS), we
observed formation of a peak corresponding to the mass of a
quaternary DAOCS·Fe(II)·NOG·penicillin G/N complex
(Figure 2b). At higher penG or penN concentrations,
additional peaks corresponding to multiple molecules of
penG, but not penN, binding were observed; these additional
peaks may represent noncatalytically productive binding
(Figure S1). These ternary DAOCS·Fe(II)·(co)substrate
complexes are analogous to those observed in equivalent
experiments for other 2OG oxygenases that act via the
consensus mechanism.35,40

NMR Water Relaxation Studies. Although the ESI-MS
analyses support DAOCS catalysis proceeding via the
consensus mechanism, they do not rule out the “ping-pong”
mechanism. Further, the ESI-MS analyses do not necessarily
reflect catalytically productive binding in solution. We thus
carried out binding experiments in solution using NMR
analyses of paramagnetic water relaxation.36,37 Water molecules
bound to a paramagnetic metal in the active site of

metalloenzymes, including 2OG oxygenases, can be used as
reporter ligands in competition experiments, thereby addressing
questions on the order of substrate binding.37

For the purpose of experiments on DAOCS, Mn(II) was
chosen as an inactive paramagnetic Fe(II) substitute that does
not support catalytic turnover. ESI-MS studies indicate that
Mn(II) binds to DAOCS in a similar way to Fe(II) (Figure S1);
the Kd for Mn(II) binding to DAOCS was determined,
followed by determination of (co)substrate binding (Table 1).

Consistent with the nondenaturing ESI-MS experiments, NOG
has a higher affinity for the DAOCS·Mn(II) complex
(Kd(NOG) = 6 ± 3 μM) than 2OG (Kd(2OG) = 29 ± 8
μM (Table 1)). Notably, binding of penG to the DAOCS·
Mn(II)·2OG complex was weak (precluding Kd determina-
tion), consistent with the previous work,32 while penN
exhibited much stronger binding. We did not observe any
binding within the limit of detection of either penN or penG to
the DAOCS·Mn(II) complex.

NMR Ligand Displacement Studies. According to the
proposed “ping-pong” mechanism of DAOCS-catalysis, dis-
placement of 2OG/succinate by penicillins enables binding of
the latter.29,32 To investigate possible displacement with 2OG
and penG, NMR studies of 1,2,3,4-[13C]-labeled 2OG (or
[13C]-labeled NOG) and methylene-[13C]-labeled penG
displacement from an inactive DAOCS·Zn(II)·2OG/penG
complex were performed using 1D HSQC NMR.39 Upon
addition to the DAOCS·Zn(II) complex, the 13C signal of
[13C]-2OG was observed to disappear (Figure 3) but to
reappear upon addition of a bicyclic isoquinolinyl inhibitor (2-
(1-chloro-4-hydroxyisoquinoline-3-carboxamido) acetic acid,
IOX3), a known 2OG competitor for various 2OG oxy-
genases.41−43 These observations suggest binding of 2OG to
the DAOCS·Zn(II) complex with subsequent displacement by
IOX3. When samples containing the DAOCS·Zn(II)·[13C]-
2OG complex were mixed with a saturating penG (50 mM) or
penN (10 mM), no [13C]-2OG displacement was observed
(Figure 3a). The same result was obtained when [13C]-labeled
NOG displacement by penG from DAOCS·Fe(II)·[13C]-NOG
was studied (Figure S3, Supporting Information). These results
further support the viability of a ternary complex intermediate
during DAOCS catalysis.
Upon addition of equimolar [13C]-labeled penG to the

DAOCS·Zn(II) complex, complete disappearance of the [13C]-
penG signal was not observed, which suggests relatively weak
penG binding in the absence of 2OG. Upon addition of the
IOX3 inhibitor, no change in [13C]-penG NMR spectrum was
observed (within limits of detection), implying that binding of

Figure 2. Nondenaturing ESI-MS analyses showing evidence for
formation of ternary DAOCS·Fe(II)·NOG·penG/penN complexes.
Deconvoluted spectra of cofactor and (co)substrate binding for
DAOCS. (a) Conditions: (i) 15 μM DAOCS in 15 mM ammonium
acetate buffer pH 7.5, (ii) 15 μM DAOCS, 30 μM Fe(II), (iii) 15 μM
DAOCS, 30 μM Fe(II), 75 μM 2OG. Cone voltage: 60 V. (A −
DAOCS (34545 Da), B − DAOCS·Fe(II) (34601 Da), C − DAOCS·
Fe(II)·2OG (34745 Da)). (b) Conditions: (i) 15 μM DAOCS, 30 μM
Fe(II), 15 μM NOG, (ii) 15 μM DAOCS, 30 μM Fe(II), 15 μM
NOG, 30 μM penN, (iii) 15 μM DAOCS, 30 μM Fe(II), 15 μM
NOG, 30 μM penG. Cone voltage: 60 V. (A − DAOCS (34545 Da), B
− DAOCS·Fe(II) (34601 Da), C − DAOCS·Fe(II)·NOG (34747
Da). D − DAOCS·Fe(II)·NOG·penN (35107 Da), E − DAOCS·Fe·
NOG·penG (35080 Da), F − DAOCS·Fe·NOG·2penG (35414 Da)).
Nonspecific binding of more than 1 molecule of penG is apparent.

Table 1. Kd Values Determined for DAOCS Cofactor and
(Co-)substrates Using the NMR Water Relaxation Methoda

initial complex ligand Kd, μM

DAOCS Mn(II) 16 ± 4
DAOCS·Mn(II) 2OG 29 ± 8
DAOCS·Mn(II) NOG 6 ± 3
DAOCS·Mn(II) penG ND
DAOCS·Mn(II)·2OG penG ND
DAOCS·Mn(II)·2OG penN 24 ± 6

aBinding curves showing changes in water relaxation times are
presented in Figure S2. ND - not determined (binding was not
observed within the limits of detection). PenG - penicillin G, penN -
penicillin N.
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this 2OG analogue inhibitor does not interfere with (weak)
penG binding. The observed weak binding of penG in the
absence of 2OG is consistent with ESI-MS and Mn(II) water
relaxation results (i.e., penG is likely not bound in a catalytically
productive state prior to 2OG binding). If 2OG is added to the
mixture instead of the inhibitor, the [13C]-penG signal
disappears, indicating more efficient binding of [13C]-penG
(Figure 3b) to the DAOCS·Zn(II)·2OG complex. Addition of
excess of penN to the DAOCS, Zn(II), [13C]-penG mixture,
led to the reappearance of [13C]-penG signal likely due to
efficient displacement of [13C]-penG by penN, consistent with
substantially tighter binding of penN than penG.
UV−vis Studies of Ternary Complex Formation. We

next employed UV−vis spectroscopy to study ternary complex
formation.7,14,44 Under anaerobic conditions, 2OG oxygenases
usually show metal−ligand charge transfer (MLCT) features,
centered in the 500 nm region, which represent the interaction
of Fe(II) with 2OG in enzyme·Fe(II)·2OG complexes.14,44,45

Formation of broad absorbance features was indeed apparent

after addition of Fe(II) to an anaerobic solution containing
DAOCS and 2OG (λmax = 523nm). Saturation of Fe(II)
binding (Figure 4a, inset) was achieved at 0.73 Fe(II)/DAOCS
complex ratio, similar to reported values for TauD (taurine
dioxygenase) and halogenase CytC3.14,46 The determined
Kd(Fe(II)) was 5.0 ± 3.7 μM. Addition of 2OG to DAOCS
in the absence of Fe(II) did not result in the appearance of
MLCT features.
It is proposed that binding of a “prime” substrate to the 2OG

oxygenase active site promotes release of an iron-bound water
molecule with a concomitant change of Fe(II) binding from a
6-coordinated to 5-coordinated state, thus promoting oxygen
binding.13,14,44 Changes in the Fe(II) coordination state can
induce a shift of the UV−vis MLCT maximum (typically
reducing λmax by ∼10 nm, for example, from 530 to 520 nm for
TauD).44,47,48 We therefore studied the influence of substrate
binding on the λmax of the anaerobic DAOCS·Fe(II)·2OG
complex. Upon penG addition, a shift of the maximum from
λmax = 523 to 519 nm was observed. Binding of penN, however,
shifted the maximum further to 514 nm. Overall the UV−vis
spectroscopy studies support the proposal that both penN and
penG can bind to the DAOCS·Fe(II)·2OG complex, but penG
binds much more weakly.

NMR Studies of the Coupling Ratio between
Succinate and Penicillin Turnover. To study the 2OG
coupling ratio of the DAOCS-catalyzed penN and penG
reactions, steady-state 1H NMR (500 MHz) analyses were
performed (Figure 5a,b and Figure S4, Supporting Informa-
tion). Complete (1:1) coupling of 2OG and penN oxidation
was observed (within limits of detection), which did not
depend on the penN and 2OG ratios. In contrast, with penG
∼20% lower coupling was observed than with penN under the
same assay conditions (Figure 5c, Figure S4). In a prior report,
when the 2OG concentration was increased, a decrease in penG
ring expansion was observed, which was attributed to
cosubstrate inhibition.32 In our results, an increase in the
2OG/penG ratio shifts the reaction toward increased
uncoupled turnover, thereby reducing levels of the penG ring
expansion. We did not observe penG substrate inhibition at
concentrations below 4 mM, and an increase in penG
concentration led to higher 2OG and penG coupling (Figure
5).

Pre-Steady-State Kinetic Studies on the DAOCS-
Catalyzed Reaction. Previous studies on pre-steady-state
kinetics of TauD, vCPH (viral collagen 4-prolyl hydroxylase),
the halogenase CytC3, and other 2OG oxygenases14,46−52 have
revealed that upon mixing an enzyme·Fe(II)·2OG·substrate
complex with oxygen, rapid formation of a transient absorbance
species with maximum at 318 nm is observed. This species is
attributed to a high spin Fe(IV)-oxo intermediate by
Mössbauer and Raman spectroscopy (reviewed in ref 15). In
all cases the formation of this intermediate was much faster in
the presence of the “prime” substrate.
In the proposed “ping-pong” mechanism for DAOCS

catalysis, formation of an unusually stable Fe(IV)-oxo
intermediate occurs. If this is the case, one may anticipate
being able to observe such an intermediate, and its rate of
formation and the reaction would be independent of the
presence of penicillin. To investigate the kinetics of the
formation of the proposed Fe(IV)-oxo intermediate in the
DAOCS-catalyzed ring expansion reaction, stopped-flow UV−
vis spectroscopy studies were carried out. Anaerobically
prepared mixtures of DAOCS, Fe(II), 2OG ± penN, or

Figure 3. 1D HSQC-NMR experiments showing penG or 2OG
binding to the DAOCS·Zn(II) complex. (a) Displacement experi-
ments carried out by 1D HSQC (13C selective at δ13C = 30.5 ppm)
using [13C]-labeled 2OG. (i) [13C]-2OG only; (ii) addition of [13C]-
2OG to DAOCS·Zn(II); (iii) addition of IOX3 to DAOCS·Zn(II)·
[13C]-2OG; (iv) addition of penG to DAOCS·Zn(II)·[13C]-2OG; (v)
addition of penN to DAOCS·Zn(II)·[13C]-2OG. (b) Displacement
experiments carried out by 1D HSQC (13C selective at δ13C = 41.8
ppm) using [13C]-labeled penG. (i) [13C]-penG only; (ii) addition of
[13C]-penG to DAOCS·Zn(II); (iii) addition of IOX3 to DAOCS·
Zn(II)·[13C]-penG; (iv) addition of 2OG to DAOCS·Zn(II)·[13C]-
penG; (v) addition of penN to DAOCS·Zn(II)·[13C]-penG.
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penG were rapidly mixed with oxygen-saturated buffer, and the
reactions were analyzed using a photodiode array detector.
Rapid formation of a transient species with maximum

absorbance at 310 nm (Figure 6a), similar to those species
previously reported and assigned to a high spin Fe(IV)-oxo
species,14,15,17,46,49,50,52 was observed with a maximum time of
accumulation of 2 s (penN), 10 s (penG), and 25 s (uncoupled
turnover) (Figure 6a and Figure S5, supporting Information).
Control experiments without DAOCS showed that the
observed absorbance changes do not represent formation of
species derived from Fe(III) in solution (Figure S6, Supporting
Information).
The kinetic traces for penN were fitted with a 2-exponential

function yielding apparent rate constants (fitting parameters)
for the putative intermediate formation and degradation of 1.7
s−1 and 0.24 s−1. It was not possible to obtain good fits for the
penG or uncoupled turnover reactions, which suggests a degree
of heterogeneity with these systems. In the case of penG, the
profile of the 310 nm species appears to consist of (at least)
two highly overlapping peaks complicating further analysis
(Figure 6a). This may reflect reactions including both penG
ring expansion and uncoupled turnover.
After reaction of an enzyme−substrate complex with O2, a

decrease in absorbance at a wavelength corresponding to the
maximum of the MLCT features (∼520 nm), representing
initial enzyme·Fe(II)·2OG·substrate complex, was also ob-
served (Figure 6b). By analogy with previous reports on other
2OG oxygenases, this intermediate may be attributed to a high-
spin Fe(II) enzyme−product(s) complex, which absorbs less
strongly than the initial enzyme·Fe(II)·2OG·substrate complex
at 520 nm; therefore, its accumulation leads to an overall
decrease in absorbance.14,46,48 The determined rate constants of
formation and degradation of this 520 nm species suggested
that it is formed concurrent with degradation of the 310 nm
intermediate (0.24 s−1 and 0.26 s−1 for degradation of 310 nm
and formation of 520 nm species, respectively), similar to
previous reports (Figure 6c).14,46 There was only a very small
decrease in the 520 nm absorbance in the absence of a “prime”
substrate, consistent with the reported slow rate of uncoupled
turnover.15

To investigate the kinetics of product formation compared to
the rates of intermediate formation/decay with penN, rapid
quench flow experiments were then carried out. Reactions were

Figure 4. UV−vis spectroscopy spectra showing formation of DAOCS·Fe(II)·2OG and DAOCS·Fe(II)·2OG·penicillin G/N complexes. (a)
Formation of MLCT features was observed with maxima at ∼520 nm. Conditions: 200 μM DAOCS in Hepes 50 mM (pH 7.5) was mixed with 1
mM 2OG under anaerobic conditions and titrated with Fe(II). The inset shows absorbance at 520 nm plotted as a function of Fe(II) concentration,
and analysis of the dependence allowed determination of Kd(Fe(II)) = 5.0 ± 3.7 μM. (b) A shift of MLCT features maxima was observed upon
addition of penicillin substrates indicating change in Fe(II) coordination. Conditions: 200 μM DAOCS in Hepes 50 mM (pH 7.5) was mixed with 1
mM 2OG, 200 μM Fe(II), and 2 mM penG/penN under anaerobic conditions.

Figure 5. Steady-state 1H NMR analyses of the coupling ratio between
2OG and penicillin substrate turnover. (a) 1H NMR (500 MHz)
spectra showing 2OG turnover is coupled to penN ring expansion.
The stack spectra were acquired every 93 s. (b) Time course of 2OG
and penN conversion. Conditions: 5 μM DAOCS, 50 μM Fe(II), 500
μM 2OG, 800 μM penN, 100 μM L-ascorbate. (c) Coupling between
penG and 2OG conversion. Conditions: 5 μM DAOCS, 50 μM Fe(II),
500 μM 2OG, penG (varied), 100 μM L-ascorbate.
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performed as for the stopped-flow experiments and quenched
at defined time points with 1% CF3CO2H. Because of the
instability of penN and DAOC under acidic conditions,
succinate formation was analyzed by LC−MS (steady-state
NMR analyses indicated complete coupling of succinate and
DAOC formation, Figure 5). In the presence of penN,
succinate formation was observed with a rate constant of
0.063 s−1, which is kinetically consistent with the intermediates
observed spectroscopically. Succinate formation in the
uncoupled reaction was estimated to occur with a rate constant
of <0.01 s−1 and was incomplete after 1000 s. These data and
the stopped-flow UV−vis spectroscopy data are consistent with
penN (but not penG) triggering efficient catalysis by DAOCS.

■ DISCUSSION
The combined analyses reveal the viability of the formation of
an enzyme·Fe(II)·2OG.penN intermediate in DAOCS catalysis.
We did not accrue any evidence for the proposed “ping-pong”
mechanism, in which succinate is released prior to productive
penG binding (see below).32 The results of the ESI-MS and
NMR binding studies demonstrate that 2OG and penG/penN
can bind simultaneously to DAOCS. Moreover, the differences
in paramagnetic water relaxation times and UV−vis spectra
obtained upon addition of penN to the DAOCS·Fe(II)·2OG
complex demonstrate that penN binding occurs at the metal
binding region of the active site without 2OG displacement.
Thus, the results imply that the order of (co)substrate binding

in DAOCS catalysis, at least for the natural substrate penN,
likely follows the same sequence as for other studied 2OG
oxygenases.1,7,53

There were differences, however, in observations on the
binding of penN and penG. The ESI-MS and NMR studies
demonstrate that penG binds much more weakly than penN,
consistent with the higher Km value for penG compared to
penN (14−36 μM and 0.7−2.6 mM for penN and penG
respectively).54−57 The ESI-MS studies also suggest that penG
binds in noncatalytically productive orientations as well as
productive one(s). Thus, the penG crystal structures32 (Figure
S10, Supporting Information) may not represent productive
complexes. Moreover, penN oxidation was fully coupled to that
of 2OG within limits of detection. In contrast, for penG, a high
degree of 2OG uncoupled turnover was observed. Stimulation
of uncoupled 2OG turnover by noncatalytically optimal
substrate binding is well-precedented with 2OG oxygenases.1,53

The observation of increased uncoupled 2OG turnover by
penG further supports the proposal that penG can bind in
noncatalytically productive orientations.
Pre-steady-state kinetic studies with DAOCS reveal for-

mation of an absorbance species at 310 nm, in the same range
as for other 2OG oxygenases.14,46,47,50 The development of a
negative absorbance feature at 514−520 nm after the 310 nm
absorbance species was also observed, as for other 2OG
oxygenases.7,14,46 According to the studies on other 2OG
oxygenases, the Fe(IV)-oxo intermediate (318 nm species for

Figure 6. Transient kinetic studies showed faster formation of the putative Fe(IV)-oxo intermediate and succinate in the presence of penN
compared to uncoupled turnover. Conditions: an anaerobically prepared mixture of 0.8 mM DAOCS in Hepes 50 mM (pH 7.5), 0.7 mM Fe(II), 5
mM 2OG, and 1 mM penG/penN (if present) was rapidly mixed with O2-free/O2-saturated buffer. Difference spectra were analyzed, and kinetic
traces at (a) 310 nm and (b) 520 nm are presented. (c) 310 nm species vs 514 nm intermediate formation for DAOCS-catalyzed penN ring
expansion. The data were fitted with a double exponential function. (d) Succinate accumulation detected in rapid quench flow experiments
(equivalent conditions to the stopped-flow experiments) by LC−MS. Succinate concentration was determined by comparison with an external
calibration curve.
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TauD)14 absorbs in the visible region, while a second Fe(II)
intermediate (520 nm species, assigned as a high spin Fe(II)-
product(s) complex) lacks the absorbance properties of the
initial enzyme−substrate complex; thus the observed decay in
absorbance at 520 nm occurs after degradation of the Fe(IV)-
oxo intermediate (∼318 nm).7 The close analogy of the
observed catalytic events for DAOCS with data for other 2OG
oxygenases suggests the 310 nm species is due to an Fe(IV)-
oxo intermediate; notably, formation of this species was faster
in the presence of penN than with penG, or in the absence of
penicillin. These observations support the consensus order of
(co)substrate binding for DAOCS, rather than the “ping-pong”
mechanism, in which formation of the Fe(IV)-oxo species is
independent of penicillin binding.32 Rapid quench flow analyses
of the coupled and uncoupled reactions suggest that the rate of
succinate formation is enhanced (at least 6-fold) by penN,
implying succinate release does not occur prior to penicillin
binding. Again, the results are supportive of the consensus
mechanism in which binding to the enzyme·Fe(II)·2OG
complex weakens chelation of an Fe(II)-coordinated water to
enable O2 binding.7,15 The succinate formation rates support
the proposal that the transiently observed species are within the
catalytic pathway.
The presence of an apparent Fe(IV)-oxo intermediate

species for DAOCS is consistent with the proposed radical
mechanism for penicillin ring expansion, involving hydrogen
abstraction from a penicillin methyl group (Figure S7,
Supporting Information)18−20 and with deuterium isotope
studies using DAOC/DACS.18,22,58 An isotope effect was
observed with penN labeled on its (pro-S) β-methyl.
Competition experiments, in which the deuterated and
protiated substrates were simultaneously present,18,58 reveal
that the protiated penN is selectively transformed; such an
effect was not observed in the analogous experiments with C-2
deuterated penN.18,22,58 It was proposed that these observa-
tions reflect C-2 C-H bond cleavage after reaction of the
Fe(IV)-oxo species with the (pro-S) β-methyl group. Evidence
for this also comes from the observation that C-2 deuteration
promotes formation of a C-3 hydroxycepham, a “shunt”
product, that arises from hydroxylation rather than desaturation
of the cepham radical intermediate (Figure S7).22,58 These
experiments were further interpreted as supporting a
mechanism in which the penN can bind reversibly to an
enzyme Fe(IV)-oxo species, that is, consistent with the “ping-
pong” mechanism.32 However, our mechanistic studies argue
strongly for the consensus order of (co)substrate binding. We
therefore propose that the selectivity of protiated versus
deuterated (pro-S) β-methyl penN arises because the
deuterated substrate is preferentially released at the stage of
the Fe(IV)-oxo penicillin intermediate due to the relative
difficulty in cleaving the C-2H bond compared to C-1H (Figure
S7). This proposal implies that 2OG oxidation will be partially
uncoupled for the deuterated (pro-S) β-methyl penN oxidation,
in contrast to the reaction with DAOCS and protiated penN,
where 2OG and penN oxidation is fully coupled (Figure 5).
Our results are consistent with all previously reported

kinetic/solution studies, including those interpreted as being
supportive of a “ping-pong” mechanism.29,32,34,54,58,59 They are
not, however, supportive of the “ping-pong” mechanism arising
from crystallographic studies.32 Structures are reported for
DAOCS complexed with 2OG (PDB: 1E5I, 1RXG), succinate
(PDB: 1E5H), and 2OG analogues (PDB: 1HJF, 1HJG, 2JB8),
all in the H3 space group.29,54 Structures of DAOCS complexed

with penG (PDB: 1UOB) and ampicillin (PDB: 1UNB) are
also reported in the same form (Figure S10, Supporting
Information).32 Subsequent structures with N-terminally His6-
tagged DAOCS were obtained, in the P3121 space group,
complexed with ferrous iron, ampicillin (PDB: 1W2N) and the
cephalosporin product (deacetoxycephalosporin C, PDB:
1W2O).59 The combined structures reveal a nearly identical
overall fold for the DAOCS monomer including a distorted
double-stranded β-helix (DSBH) fold, as in other 2OG
oxygenases (Figure S8, Supporting Information).3,4 A charac-
teristic feature of the DAOCS subfamily is a C-terminal helix,
often followed by disordered residues, which are involved in
catalysis and substrate selectivity.4,54,60,61 Evidence for the role
of the C-terminus comes from studies on DAOCS, DAOCS/
DACS, as well as on human enzymes, for example, the
transcription factor prolyl hydroxylase isoform 2
(PHD2).2,4,62,63 Analysis of enzyme−substrate structures for
DAOCS and related 2OG oxygenases suggests they are not all,
at least completely, representative of catalytically productive
states. One reason is that the oligomerization required for
crystallization can result in interactions that alter substrate
binding (Figure S9, Supporting Information). For example,
with PHD2, in one crystal form we were able to obtain only
partial substrate binding due to blocking of the active site
region by a loop from a crystallographically adjacent
monomer.62 In the H3 crystalline form,32 DAOCS forms a
homotrimer in which the C-terminal residues (308−311) of a
monomer protrude into its active site, sterically blocking the
active site and hindering penicillin binding (Figure S9). It is
possible that these interactions alter the DAOCS active site
such that the binding mode in the penG DAOCS complexes is
not catalytically representative. Future crystallographic studies
on DAOCS−substrate complexes could focus on obtaining
structures not in the H3 form.
Overall, our results suggest that DAOCS employs a

mechanism similar to other 2OG oxygenases, where binding
of 2OG occurs first with subsequent formation of a ternary
DAOCS·Fe(II)·2OG·penicillin substrate complex. The precise
mechanism of the oxidative ring expansion of penN remains to
be defined, but the overall evidence suggests that it most likely
proceeds via a radical mediated rearrangement. Employment of
unnatural substrates, for example, penG, likely can result in
nonproductive substrate binding and increased uncoupled
turnover. These results may be of practical significance since
the effects may be used to identify DAOCS variants that more
efficiently catalyze the ring expansion of hydrophobic
penicillins, such as penG, yielding cephalosporins that can be
more efficiently extracted than the natural cephalosporins,
which have the polar D-δ -(α-aminoadipoyl) side
chain.22,54−57,61,64−67 Optimizing the ratio of 2OG and
penicillin oxidation is an important parameter both with
respect to improving catalytic efficiency and with respect to
minimization of oxidative damage due to uncoupled turnover.68
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