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Carnitine Oxidation by Rieske-Type Oxygenase from Human
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and Yin Chen
Abstract: Oxidation of quaternary ammonium substrate,
carnitine by non-heme iron containing Acinetobacter baumannii (Ab) oxygenase CntA/reductase CntB is implicated in the
onset of human cardiovascular disease. Herein, we develop
a blue-light (365 nm) activation of NADH coupled to electron
paramagnetic resonance (EPR) measurements to study electron transfer from the excited state of NADH to the oxidized,
Rieske-type, [2Fe-2S]2+ cluster in the AbCntA oxygenase
domain with and without the substrate, carnitine. Further
electron transfer from one-electron reduced, Rieske-type [2Fe2S]1+ center in AbCntA-WT to the mono-nuclear, non-heme
iron center through the bridging glutamate E205 and subsequent catalysis occurs only in the presence of carnitine. The
electron transfer process in the AbCntA-E205A mutant is
severely affected, which likely accounts for the significant loss
of catalytic activity in the AbCntA-E205A mutant. The NADH
photo-activation coupled with EPR is broadly applicable to
trap reactive intermediates at low temperature and creates
a new method to characterize elusive intermediates in multiple
redox-centre containing proteins.

Rieske-type oxygenases catalyze a wide range of reactions in
nature, including oxidation of quaternary amines to trimethylamine (TMA).[1–3] The formation of TMA and its subsequent
oxidation by hepatic flavin-containing oxygenases to trimethylamine-oxide (TMAO) by human gut microbiota promotes cardiovascular diseases.[4–6] Several quaternary ammonium oxygenases have been identified in the last decade, and
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studies of their active-sites have been reported.[7–9] These
enzymes comprise a reductase protein containing ferredoxin
domain or Rieske [2Fe-2S]2+ cluster, and an oxygenase
protein containing a non-heme, mononuclear iron center
(monoFe).[8, 10] The carnitine oxygenase (CntA) and reductase
(CntB) from Acinetobacter baumannii convert carnitine into
TMA and malic-semi-aldehyde (MSA).[9]

The NADH reductase domain (AbCntB) contains a flavin
mononucleotide (FMN) binding site and a plant-type ferredoxin, [2Fe-2S]2+ cluster.[1, 2, 9, 11–13] The oxygenase domain
(AbCntA-WT) is an a3 homo-trimer and contains the
monoFe site and a Rieske-type, [2Fe-2S]2+ cluster in each asubunit with a head-to-tail interaction between each monomer.[11] The recent crystal structure of AbCntA with (PDB
code: 6Y8J)[9B] and without carnitine (PDB code: 6Y9D)[9B]
shows that these two redox centers are separated by 44 
within a a-subunit, so it is proposed that the electron transfer
occurs across the neighboring subunits separated by  12 
(Figure 1), via an electron transfer pathway containing
bridging glutamate E205.[9B] The mutation of E205 (E205A,
E205Q and E205D) causes loss of catalytic activity.[9] Previous
bio-physical studies on the Rieske-type oxygenases demonstrated that reductase domain mediates electron-transfer
between the reductase and oxygenase domains, and the
subsequent catalysis takes place at the monoFe.[11–13] The
conversion of carnitine into TMA and MSA involves two
single-electron transfer processes from AbCntB to AbCntA.
Owing to the involvement of multi-component redox
centers, spectroscopic characterization of active intermediates involved in the carnitine oxidation is challenging. To
reduce the number of redox-centers, we developed a method
to use photoactivated NADH to initiate the carnitine catalytic
cycle by injecting a single electron, in combination with EPR
spectroscopy, which is applicable to other complex metalloenzymes.
The photo-excitation of NADH at 355 nm leads to the
formation of solvated electrons, as well as radical species,
which are effective in reducing the primary redox center in
the fluid/frozen solution of protein (e.g. RT, 240 K or
77 K).[14, 15] It is well established in laser flash-photolysis to
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initiate the electron transfer. Using annealing and EPR
spectroscopy, the initial reduction of the Rieske center and
subsequent catalysis at monoFe are monitored. Initially, we
performed studies on substrate-free and substrate bound“
AbCntA WT oxygenase enzyme in the presence of NADH,
for which solution properties have been reported.[9]
The AbCntA-WT remains in its ferrous state when
exposed to the air. The EPR spectra of AbCntA-WT in the
presence and absence of NADH show residual EPR signals
(Figure 2; black and red traces; top and bottom panels) from
the one-electron reduced Rieske center. This is consistent
with predominant (> 95 %) oxidized state for the Rieske
center and the monoFe as a ferrous oxidation state (Figure S7;
wide-swept, cw-EPR, top panel), as reported for other
Rieske-type oxygenases.[12, 13] This is in contrast to a recent
report, where a high-spin, S = 5/2, ferric oxidation state is
observed for AbCntA.[36] It is unclear whether this is due to
the autooxidation of the non-heme iron center. The observa-

Figure 1. Schematic of NADH photoactivation coupled with EPR used
to monitor the electron transfer from NADH to the Rieske-type, [2Fe2S]2+ in AbCntA variants (e.g. AbCntA; PDB ID: 6Y8J)[9b] and subsequent, carnitine catalysis takes place at the monoFe (where EPR-silent,
ferrous center is converted into high-spin, ferric species; S = 5/2) when
the photo-reduced, AbCntA-WT sample was annealed at higher temperatures (more details; see Figure 4).

probe the electron transfer kinetics in metalloenzymes by
following changes in the absorption spectrum.[16, 17] This
methodology has never been coupled with EPR to monitor
the electron transfer process and subsequent redox changes
occur in metalloenzymes. This method is similar to cryolitic
reduction (60Co source of g-irradiation) experiments, where
the electron injection converts the EPR-silent metalloproteins into EPR-active or vice versa.[18, 19] However, the number
of EPR active species produced after the photoactivation of
NADH is far less compared to the cryolitic reduction
method.[14] The advantage of coupling NADH photoactivation with EPR is that both redox processes, (i) EPR-active to
EPR-silent and (ii) EPR-silent to EPR-active could be probed
even for multi-component redox centers. In contrast laser
flash photolysis predominantly follows only a single redoxcenter absorption features.[16, 17] By annealing the frozen
protein solution at higher temperatures, the transient/elusive
intermediates are trapped and spectroscopically characterized by EPR if the intermediates are EPR active.[19] The
applications of cryolytic reduction and subsequent annealing
have been successfully demonstrated for a number of heme
enzymes.[18–21]
In this study, as a proof-of-principle, NADH-photoactivation coupled with EPR is used for a diamagnetic, AbCntAWT oxygenase enzyme to monitor the electron transfer
process to the Rieske, [2Fe-2S]2+ center and subsequent
carnitine oxidation at monoFe. Similar studies were also
performed on the AbCntA-E205A mutant. Here, we used
a blue-light (365 nm), NADH photoactivation at 240 K to
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Figure 2. cw EPR spectra of the as-isolated “AbCntA-WT” in the
presence and absence of carnitine/NADH following photoexcitation of
NADH using blue-light, 365 nm; (bottom) AbCntA-WT + NADH in the
absence of carnitine; (middle) AbCntA-WT + carnitine in the absence
of NADH; (top) AbCntA-WT + NADH in the presence of carnitine. The
double header arrowed, dotted magenta line indicates that the g3
component of the Rieske-type, [2Fe-2S]+1 EPR signal in the AbCntA-WT
has been shifted towards low magnetic field upon substrate, carnitine
binding. The magenta asterisks show the significant EPR line broadening observed in the AbCntA-WT + NADH + carnitine sample. Conditions; as described in the experimental section in the SI.
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tion of identical EPR spectra before and after the addition of
NADH to AbCntA-WT implies that NADH has no effect on
the electronic structure of the redox centers prior to photoactivation (Figure 2; black and red traces; top and bottom
panel). This implies that electron transfer from NADH to the
Rieske center is normally mediated through the reductase
domain of AbCntB.[9] However, photoactivation of NADH at
240 K for 10 minutes led to the formation of one-electron
reduced Rieske center in AbCntA-WT (Figure 2; blue traces;
top and bottom panels). Similar experiments in the presence
of carnitine (AbCntA-WT + carnitine + NADH) also led to
one-electron reduced Rieske center but with slightly altered
spin-Hamiltonian parameters, specifically along g3. The
intensities of the EPR signals continuously grow when the
samples are photoactivated for longer times at 240 K (Figure S1; top). It is observed that the intensities of the EPR
signals reached near saturation after 30 min of photoactivation (Figure S1; top). The photoactivation of AbCntA-WT +
carnitine in the absence of NADH for up to 120 min shows no
formation of one-electron reduced Rieske center, demonstrating that photoexcited NADH acts as an one-electron
donor to reduce the Rieske center (Figures 1; middle panel,
blue trace and S1; bottom panel). This is consistent with
previous reports.[16, 17] The comparisons of EPR spectra of
AbCntA-WT reduced by excess dithionite and by photoactivated NADH shows more reduction of the Rieske center
by NADH-photoactivation (Figures S9–S12). The g3 component of the observed EPR signals has been shifted towards
low-field in the presence of carnitine (Figure 1; double
header, dotted magenta arrow). The spectrum shows significant broadening along the g1 region, including a shift towards
upfield in the g2 component of the rhombic, g- tensor
(Figure S2). All these changes and line broadening indicate
overlapping of two different EPR-active species; a one
electron reduced Rieske center and a plausibly new EPRactive species, S = 1=2 at the monoFe. It is also possible that the
electronic structure of the reduced Rieske center is altered
upon the substrate binding, which accounts for the second
EPR species overlapped in this region. The EPR spectra of
AbCntA-WT in the presence and absence of carnitine were
successfully simulated (Figures S3 and S4) using the spinHamiltonian parameters provided in Table S1]. The observed
g-tensor, [2.016 1.906 1.793] for species 1 is significantly
different to that reported in the literature for the ferric(hydro)peroxo/FeV-oxo species and is likely due to the
oxygen/nitrogen rich ligand field at the monoFe.[28, 29]
In Figure S5A and S5B, temperature-dependent changes
in the EPR spectrum of the photoactivated “AbCntA-WT +
carnitine + NADH” are presented. When the sample was
annealed at the specified temperatures for a set period of time
as indicated in Figure S5C and S5D, the intensity of the EPR
signals observed between 3200–4000 G continuously
decreased until the temperature reached 260 K (  0.1–0.2
ratio), above which it becomes constant within experimental
error. Simultaneously, the spectrum shows negligibly changes
in intensity for the EPR signal at g = 4.3 associated with the
high-spin (S = 5/2), ferric species at low-magnetic fields, 500–
2000 G (Figure S5A and S5C). However, the intensity of the
EPR signal at g = 4.3 grows significantly when the sample is
Angew. Chem. Int. Ed. 2021, 60, 4529 –4534
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annealed above 260 K for a longer time, in contrast to that
observed between 3200–4200 G.
To shed light on the origin of the population of EPR signal
at g = 4.3 in “AbCntA-WT + carnitine + NADH” during
annealing, similar experiments were performed on two
control samples; (i) AbCntA-WT + NADH (ii) AbCntAWT + carnitine. In contrast to that observed for “AbCntAWT + carnitine + NADH”, no formation of the EPR signal at
g = 4.3 is observed when the “AbCntA + carnitine” sample
was annealed at 270 K for 20 min (Figure S6). However, it is
noted that the residual EPR signal observed at g = 4.3 before
the annealing process continuously decreased following
annealing of the sample at higher temperatures. It is often
observed for a non-heme iron center that autooxidation and/
or degradation of the monoFe can lead to the formation of the
high-spin, ferric EPR signals at low magnetic field.[1, 2] If
autooxidation and degradation of the AbCntA-WT were
responsible for the observation of high-spin, ferric EPR signal
at g = 4.3, a similar high-spin, EPR signal would have been
observed in AbCntA-WT + carnitine. However, this is not the
case, suggesting that the EPR signal observed at g = 4.3 in
“AbCntA + carnitine + NADH” is plausibly associated with
the substrate turnover process.
Following photoactivation and annealing studies of
“AbCntA-WT + carnitine”, identical experiments were performed on the frozen solution of “AbCntA-WT + NADH” at
20 K. In contrast to the “AbCntA-WT + carnitine”, intense
EPR signals arise from the one-electron reduced Rieske
center are observed following photoactivation at 240 K. The
intensity of these EPR signals decreased slowly when
annealing at higher temperatures and  80–90 % (Figure S7)
signals remain when “AbCntA-WT + NADH” was annealed
for 20 min at 270 K compared to the “AbCntA-WT + carnitine + NADH”. This demonstrates that the reactivity of
AbCntA-WT is altered upon carnitine binding at the activesite, as reported for other non-heme enzymes.[12, 13, 22] The
substrate binding might have influenced the redox-potential
of the monoFe and thus facilitated the electron transfer from
the reduced Rieske center to the monoFe and triggered the
activation of molecular oxygen for substrate catalysis. This
can account for the decay of the EPR signals arising from the
reduced Rieske center. Similar substrate assisted/induced
electron transfer and metallo-reduction have been observed
previously in the 2-domain, copper containing nitrite reductases and several heme enzymes.[16, 17, 20, 23] It is noteworthy that
the substrate (carnitine) turnover catalyzed by AbCntA-WT
in the presence of the reductase domain, “AbCntB + NADH”
is vastly different from that by photoactivated NADH
(Figure 3). At the conclusion of the reaction, the EPR
spectrum of AbCntB + NADH + AbCntA-WT + carnitine
shows accumulation of two S = 1=2 EPR signals (Figure 3;
cyan trace) in the presence of a large excess of NADH
(75 mM). These two EPR signals are severely overlapped; (i)
one of the signals is due to the Rieske, [2Fe-2S]1+ and/or EPR
active signal arising from the monoFe (ii) given the large
anisotropy often associated with the low-spin, S = 1=2 ferric
state,[23, 28, 29] the intense, isotropic EPR signal observed at
3350 G could derive from the substrate with giso = 2.003,
which requires additional experiments to probe this further.
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Figure 3. cw EPR spectra of the “AbCntA-WT” under various experimental conditions measured as a frozen solution at 20 K; (bottom
traces) AbCntA-WT + carnitine + NADH following photoactivation and
annealing at 270 K for the specified time in the legend; (middle;
magenta trace) EPR spectrum of AbCntA-WT + carnitine + H2O2 shows
the formation of high-spin, S = 5/2 ferric EPR signal; (top; cyan trace);
EPR spectrum of AbCntB + NADH + AbCntA-WT + carnitine shows the
EPR signals arising from the S = 1=2 species. The intensities of the
magenta and cyan traces were manipulated to compare with the EPR
spectra of the photoactivated AbCntA-WT + carnitine + NADH; Conditions; as described in the experimental section in the SI.

However, no accumulation of EPR signals are observed when
an equimolar amount or a slight excess of NADH was used to
drive the carnitine oxidation. The spectrum shows no
evidence for the formation of high-spin, S = 5/2 ferric EPR
signal at low magnetic field (Figure 3; cyan trace).
This is in contrast to the observations previously reported
for other multi-component, non-heme monooxygenases,
where high-spin, ferric EPR signals were observed at the
end of the catalytic cycle when reduced, oxygenases were
reacted directly with the substrates.[12, 13] In addition, no
radical EPR signal has been observed previously either alone
or along with low/high-spin ferric state for the multicomponent non-heme enzymes. Interestingly, the annealing
of the photoactivated “AbCntA-WT + carnitine + NADH” at
270 K (Figure 3; bottom—black, blue and red traces) leads to
the formation of high-spin, S = 5/2 ferric EPR signal, which
grows in intensity when annealed for longer times. The
spectrum also shows EPR signals between 3000–4500 G,
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plausibly arising from a second EPR active species, S = 1=2
rather than part of the high-spin, S = 5/2 EPR signal. The
results from these two approaches strongly suggest that the
photoactivated “AbCntA-WT + carnitine + NADH” follows
a different reaction mechanism for the catalytic conversion of
carnitine into TMA and MSA. However, these data do not
provide details into the mechanisms and/or origin of the EPR
signals, which were investigated further.
It has been reported that multi-component, non-heme
enzymes, similar to that of P450 peroxygenases, react with
hydrogen peroxide to turn over the specific substrates into
products by the peroxide-shunt mechanism with the formation of high-spin, S = 5/2 ferric EPR signals.[12, 13] To investigate such a mechanism, AbCntA-WT was reacted with
hydrogen peroxide in the presence and absence of carnitine,
respectively. As shown in Figures 3 (magenta trace) and S8
(red trace), the addition of H2O2 to “AbCntA-WT + carnitine” leads to the rapid formation of an EPR signal with g =
4.3, arising likely from the ferric species with rhombic g
tensor. The spectrum shows no evidence for the generation of
one-electron reduced Rieske center EPR signals at low
magnetic fields between 3000–4500 G. The EPR spectrum
recorded under identical experimental conditions without
carnitine shows a negligibly small population of high-spin,
ferric EPR signals (Figure S8; black trace). Similar EPR
signals have been reported when multi-component naphthalene dioxygenase (NDO) was reacted with H2O2 in the
presence and absence of naphthalene, where the rate of
formation of the high-spin EPR signal in NDO was correlated
to the rate of formation of the dihydroxylated product,
naphthalene cis-diol, respectively.[12, 13] The comparisons of
the EPR spectra of the photoactivated “AbCntA-WT + carnitine + NADH” at 270 K (Figure 3; bottom—black, blue and
red traces) and H2O2 reacted “AbCntA-WT + carnitine”
(Figure 3; middle—magenta trace) show similar high-spin,
S = 5/2 ferric EPR signals in both cases. These observations
suggest that the photoactivated “AbCntA-WT + carnitine +
NADH” plausibly turns over carnitine into TMA and MSA,
resulting in the formation of high-spin, ferric EPR signals.
Earlier studies reported that photoexcitation of NADH
using blue light, 355 nm injects an electron to the primary
redox center in the copper containing nitrite reductase
enzymes.[16, 17] This often results in rapid, one-electron reduction followed by subsequent electron transfer process to
initiate the catalytic reaction. Assuming that a similar process
occurs in the photoactivated, “AbCntA-WT + carnitine +
NADH” for the carnitine turnover, then one electron reduced
(by dithionite) AbCntA-WT in the presence of carnitine
would show a similar EPR spectrum to that of photoactivated
“AbCntA-WT + carnitine + NADH” annealed at 270 K.
Thus, the dithionite addition (RT) to AbCntA-WT in the
presence (Figures S9,S10; red traces) and absence of carnitine
(Figures S9 and S10; black traces) generated a one-electron
reduced Rieske center EPR signals, but no evidence for the
formation of high-spin, S = 5/2 ferric EPR signals (Figure S8).
It is noteworthy that higher concentration of buffer solution
(see experimental section in SI) is used to compensate the
effect of dithionite on the pH of the protein solution.
However, comparison of the EPR spectra of photoactivated
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Figure 4. Proposed reaction Scheme for the oxidation reaction of carnitine catalyzed by AbCntA-WT in the presence of photoactivated NADH;
AbCntA + NADH photoactivation in the absence (A) and presence (B) of carnitine; (C) peroxide-shunt reaction. The coordinated oxygenic ligands
around the ferric center are only for an illustrative purpose, but other possibilities cannot be ruled out.

“AbCntA-WT + carnitine + NADH” at 240 K to that of
dithionite reduced, “AbCntA-WT + carnitine” shows formation of an identical EPR species in both samples (Figures S11). Interestingly, the annealing at higher temperatures
leads to the generation of high-spin, S = 5/2, ferric EPR signal
and substrate turnover. Figure 4 illustrates our current
hypothesis to account for the generation of high-spin, S = 5/
2, ferric EPR signal and thus carnitine turnover. In the
absence of carnitine (Figure 4 A), one-electron reduced
Rieske center EPR signals are formed following photoactivation of NADH with no further reaction, except slow decay
of the reduced Rieske center EPR signals. However, in the
presence of carnitine (Figure 4 B), electron transfer from the
reduced Rieske center to the monoFe is triggered. This
activates the molecular oxygen, resulting in the formation of
one of three possible intermediates (X), followed by a highvalent Fe(IV) and/or Fe(V)-oxo species (not included in
Figure 4), which reacts with carnitine to complete the
oxidation reaction. The decay of the reduced Rieske center
and formation of high-spin, S = 5/2 ferric centers satisfying
the two single-electron ([2Fe-2S]1+ to [2Fe-2S]2+ and Fe2+/
Fe3+) chemistry required for carnitine conversion into TMA
and MSA, as observed in other non-heme enzymes.[12, 13]
The following two scenarios cannot be ruled out; (i) under
the experimental conditions used here, H2O2 might have been
produced plausibly from the oxidized NADH, which subsequently reacted with “AbCntA-WT + carnitine” via the
peroxide-shunt mechanism (Figure 4 C) to generate the highspin, S = 5/2 ferric EPR signal. Formation of H2O2 from the
oxidized NADH has been reported previously;[24, 25] (ii)
Formation of H2O2 due to an uncoupling reaction, has been
observed for other heme and non-heme enzymes.[22, 26, 27] The
EPR signals observed between 3000–4500 G is likely due to
Angew. Chem. Int. Ed. 2021, 60, 4529 –4534

an equilibrium between low-spin (S = 1=2 ) and high-spin (S =
5/2) ferric conformation as observed in cytochrome P450CYP121.[30] To determine the exact nature of the reactive
species responsible for the catalytic activity and unambiguous
assignments requires advanced pulsed-EPR studies and is
currently under progress.
Earlier biochemical studies showed that the mutation of
the bridging glutamate into alanine, E205A led to significant
loss of the AbCntA catalytic activity.[9] To understand the role
of E205, NADH-photoactivation studies were performed on
the AbCntA-E205A + NADH without substrate (Figures S13–S15). The time-dependent NADH-photoactivation
leads to the formation of one-electron reduced Rieske
center in AbCntA-E205A + NADH (Figure S13), however
significantly less population compared to that of AbCntAWT + NADH (Figure S15). When annealing was performed
at higher temperatures (above 240 K) for the AbCntAE205A + NADH, the EPR signals arise from the reduced
Rieske center slowly decayed (Figure S14; top) and only
 30 % signal remains at 275 K (Figure S14; bottom) in
contrast to the AbCntA-WT + NADH, where  80–90 % of
signal remains in the reduced state (Figure S7; C). These
observations demonstrate that the significantly reduced
catalytic activity associated with the AbCntA-E205A is
plausibly due to the disruption in the electron transfer process
and its incompetence to stabilize the one-electron reduced
Rieske center to carryout multiple turnovers.
In summary, the photoactivation of NADH combined
with the EPR spectroscopic method can be used as a newspectroscopic tool to track down the electron transfer process
in the multi-component, non-heme iron proteins. Our
approach highlights the possibilities of trapping and characterizing the elusive intermediates at low temperature without
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interference from other EPR active signals, as in the case of
the 60Co-cryolitic reduction method (strong organic radicals
observed with g  2.001–2.002), thus opening up the possibilities to characterizing redox centers with g tensor closer to
free electron value. It allows the direct monitoring of electron
transfer process, decay and formation of EPR active signals
simultaneously. The photoactivation studies performed on the
AbCntA-E205A mutant demonstrate that interruption in the
electron transfer process and the loss of stability in the oneelectron reduced, [2Fe-2S]1+ might be associated with the
significant loss in catalytic activity in the AbCntA-E205A
mutant. In some cases, the solvated electrons and solvent
radicals might cause damage to the protein structure/activity,
however, the control experiments confirm this is not the case
in our study when NADH is photoactivated. This new
approach is general and could be used to trap the elusive
intermediates to better understand the catalytic mechanisms
in other multi-component, non-heme enzymes,[31] coppercontaining enzymes (lytic polysaccharide monooxygenase;
LPMO)[32] and non-heme diiron centers like ribonucleotide
reductase (RNR),[33] methane monooxygenase (MMOs),[34]
aldehyde-deformylating oxygenases (ADO)[35] respectively.
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