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Biological magnetic field sensing that gives rise to physiological responses is of
considerable importance in quantum biology. The radical pair mechanism (RPM) is
a fundamental quantum process that can explain some of the observed biological
magnetic effects. In magnetically sensitive radical pair (RP) reactions, coherent spin
dynamics between singlet and triplet pairs are modulated by weak magnetic fields.
The resulting singlet and triplet reaction products lead to distinct biological
signaling channels and cellular outcomes. A prevalent RP in biology is between
flavin semiquinone and superoxide (O,"") in the biological activation of molecular
oxygen. This RP can result in a partitioning of reactive oxygen species (ROS)
products to form either O," or hydrogen peroxide (H,O,). Here, we examine
magnetic sensing of recombinant human electron transfer flavoenzyme (ETF)
reoxidation by selectively measuring O, and H,O, product distributions. ROS
partitioning was observed between two static magnetic fields at 20 nT and 50 uT,
with a 13% decrease in H,O, singlet products and a 10% increase in O,°~ triplet
products relative to 50 uT. RPM product yields were calculated for a realistic flavin/
superoxide RP across the range of static magnetic fields, in agreement with
experimental results. For a triplet born RP, the RPM also predicts about three
times more O,°~ than H,O,, with experimental results exhibiting about four time
more O,°~ produced by ETF. The method presented here illustrates the potential of
a novel magnetic flavoprotein biological sensor that is directly linked to
mitochondria bioenergetics and can be used as a target to study cell physiology.

KEYWORDS

radical pair mechanism, flavoenzymes, reactive oxygen species, quantum biology,
magnetic field effects, mitochondria, bioenergetics

1 Introduction

The interaction between living systems and magnetic fields has recently witnessed a
renewed interest due to the importance of possible quantum processes harnessed by living
systems (Lambert et al., 2013; Kim et al., 2021). For utility in biological applications, a better
understanding of the quantum mechanisms at the biomolecular level is needed to direct
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A proton coupled electron transfer activates molecular oxygen to form a triplet born spin correlated radical pair, with singlet and triplet coherent

dynamics affected by magnetic fields.

desired outcomes in cell physiology (Usselman et al, 2014;
Usselman et al, 2016; Franco-Obregén, 2023). Among the
proposed mechanisms for weak magnetic field sensing in biology
(Qin et al., 2016; Nordmann et al., 2017; Lin et al., 2019; Gao et al.,
2021), the leading quantum process is the radical pair mechanism
(RPM). Living systems are replete with forming and breaking
chemical bonds, with many reactions creating radical pair (RP)
intermediates. However, biological RP reactions must satisfy specific
physical and chemical requirements to accomplish magnetic sensing
(Timmel et al., 1998; Player and Hore, 2019). The flavoprotein
cryptochrome has been proposed to be a biological magnetic
receptor (Ritz et al, 2000), where a RP is initialized by either
photoexcitation or during the redox cycle of the flavin cofactor
(Maeda et al., 2008; Hogben et al., 2009; Hore and Mouritsen, 2016).
Other protein systems have been suggested to sense weak magnetic
fields (Jones, 2016). Here, we demonstrate a general method, based
on product yield detected magnetic resonance (PYDMR)', to
investigate the RP-based magnetic sensing in reduced
flavoenzymes that produce reactive oxygen species (ROS). This
method is complementary to photoexcitation measurements, such
as (auto)fluorescence in RP reactions (Evans et al., 2015; Ikeya and
Woodward, 2021), and provides additional information via
quantitative measurements on ROS product yields.

ROS are products of oxygen-dependent life in aerobic
metabolism and are generally derived from molecular oxygen
(O,) in redox active processes (Jones and Sies, 2015). The main
initial ROS products in metabolism are superoxide (O,"") and
hydrogen peroxide (H,O,) (Schieber and Chandel, 2014), which
have inherent chemical properties that coincide with their reactivity
and regulation within biological pathways. Under normal
physiological levels, ROS serve as oxidative signaling molecules
that affect biological and physiological processes, where excessive
ROS levels lead to oxidative stress (Sies, 2017). Excessive oxidative
stress can result in damage to lipids, proteins, and DNA within cells
and has been linked the onset of several diseases (Cross et al., 1987).
Cells utilize ROS in key signal transduction mechanisms and
mitochondria bioenergetics that are crucial for adaptation to a
changing oxidative environment (Wood et al, 2003; Brandes
et al., 2009).

Mitochondria are the major source of ROS, with topological
assays that show ROS production and contributions from different
metabolic sites (Brand, 2010; Drose and Brandt, 2012). B-oxidation
is a primary catabolic pathway that involves the degradation of
saturated fatty acids and has been shown as a source of ROS

1 Also known as reaction yield detected magnetic resonance (RYDMR).
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formation (Bartlett and Eaton, 2004; Rosca et al., 2012). Electron
transfer flavoenzyme (ETF) is the main electron acceptor in
mammalian B-oxidation and serves as an electron funnel from at
least 11 unique flavoprotein dehydrogenases and some amino acid
catabolism (Roberts et al., 1996). The electrons are then transferred
to the ubiquinone pool (Q-pool) via the inter-membrane bound
electron flavoprotein ubiquinone oxidoreductase (ETF-QO)
(Watmough and Frerman, 2010). ETF shuttles electrons by a
single flavin adenine dinucleotide (FAD) cofactor. In addition to
electron transfer, the ETF FAD site can serve as a secondary role for
a ROS oxidative signaling terminal point, which involves the
partitioning of O,"~ and H,0,. ROS are produced through the
interaction of the reduced flavin cofactor with molecular oxygen,
presumably because of a disruption of electron flow to the Q-pool
(Olsen et al., 2007; Burke, 2023).

The local flavin protein environment tunes the relative
thermodynamic midpoint potentials for the three flavin redox
states of oxidized quinone (0e”), radical semiquinone (le”), and
fully reduced hydroquinone (2e7) (Romero et al., 2018). Therefore,
flavoenzymes produce exclusively O,” (le) or H,O, (2¢) or
populations of both ROS, depending on the local flavin
environment. For example, flavodoxins are le” transferases
because of the high flavin redox couple, and alternatively,
dehydrogenases form mainly H,O, due to the low flavin redox
couple. For a magnetic field sensitive flavoenzyme, the redox couple
must be sufficiently low, but not too high, to produce both O,°~ and
H,0,. Human ETF midpoint potentials have been determined for
the Flyydroquinone/ Flsemiquinone (=75 mV) and for the Fliemiquinone/
Flyuinone (+15 mV), with human ETF shown to produce both O,°"
and H,0, (Rodrigues and Gomes, 2012; Henriques et al., 2021).
Some of the local protein environment factors the modulate redox
potentials include solvent accessibility, hydrogen bonding, backbone
amide dipoles, and local charge (Swanson et al., 2008; Usselman
et al., 2008).

Redox active flavoproteins can undergo a proton coupled
electron transfer (le”) to activate O, to create a caged RP
between the flavin semiquinone (FADH®) and O, anion,
Scheme 1 (Bruice, 1984; Massey, 1994; Reece et al, 2006;
Chaiyen et al., 2012; Gadda, 2012; Imlay, 2013). Because the
ground state of O, is a triplet state, FADH":0,"" is initially
created in the triplet state. The FADH":0,"" presents a spin
selective divergent point to release specific ROS products, where
the reaction can either release O, through the triplet product
channel or with an additional electron transfer can release H,O,
through the singlet channel, Figure 1.

At the RP formation, applied magnetic fields and local hyperfine
interactions affect spin coherences that mix between the triplet and
singlet states (Schulten and Wolynes, 1978). Therefore, internal and
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FIGURE 1

(left) Activation of molecular oxygen by reduced flavin to produce a spin-correlated rac.i'\cat pair between flavin semiquinone and Op.’
field sensitive divergent point exists for oxidative signaling that can produce either O,

A magnetic
(triplet product) or H,O, (singlet product). Right (bottom) ETF

X-ray crystal structure (PDB ID: 1EFV) of FAD cofactor in close proximity to the proposed semiquinone stabilizing residue a-249Arg. The distance
indicates a conformational movement is needed for stabilization of the radical pair. Molecular oxygen is modeled into the proposed binding site

nested between conserved hydrogen bonding partners (right top).

external magnetic fields can impact ROS products, redistributing the
relative product ratios. Manipulating ROS levels using magnetic
fields can potentially function as a cellular “redox switch,” which
could have significant biological effects. Further understanding of
quantum processes in this RP redox system could elucidate
fundamental knowledge in ROS quantum biology.

To better understand the role of the RPM in ROS production at
the biomolecular level in flavoenzymes, we selectively measured
0,"" and H,0, products with the static magnetic field artificially set
to 50 uT (Earth’s magnetic field) and 20 nT static magnetic fields for
recombinant human ETF. The methodology presented here can be
used to study magnetic field effects in flavoproteins that are potential
candidates for magnetic biosensors.

2 Materials and methods
2.1 Recombinant human ETF ROS assays

The growth and purification of human ETF was completed by
adopting a procedure as previously described (Roberts et al., 1995;
Austvold, 2019). Flavin loading in ETF was determined to be 97% by
protein and flavin absorbance at A,y and Ays, respectively. A
24 uM solution of ETF was prepared by diluting a stock solution in
10 mM Tris buffer at pH = 7.5. The ETF solution was then
transferred into an anaerobic cuvette and purged with Argon gas
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for 20 cycles. Reduced ETF was formed by enzymatic reduction with
catalytic concentrations of medium chain acyl-coenzyme A
dehydrogenase (MCAD) and octanoyl-CoA. An anerobic solution
of MCAD and octanoyl-CoA was added to initialized reduction with
final concentrations of 20 uM ETF, 0.02 uM MCAD, and 100 uM
octanoyl-CoA. The reaction was monitored at flavin A5, until the
spectrum remained unchanged, approximately 15 minutes at 20°C.
Selective ROS assays were used to quantify H,O, and O," upon the
re-oxidation of ETF reduced FAD cofactor. 20 uM ETF at 250 uL of
the enzymatically reduced protein was maintained in an anaerobic
environment, then O, was introduced to the system by the addition
of oxygenated 250 pL Tris buffer pH 7.5 (~250 uM O,) containing
the reagents for separate ETF ROS assays. Amplex Red (100 puM,
0.4 U/mL HRP) and dihydroethidium (DHE, 50 uM) were used to
selectively measure H,O, and 0", respectively, with reoxidation
occurring within 10 min by monitoring A,so. Four separate samples
were analyzed and conducted in triplicates. One ETF sample for
each ROS assay and their corresponding blanks, with quantitation
determined by standard curves for each ROS assay.

2.2 Magnetic field Instrumentation
A tri-axial Helmholtz coil system with a 6-channel DC power

supply was used to control the static magnetic field strength and
direction in each of two temperature controlled environments

frontiersin.org
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(Protein bound-Suproxide) Spin dynamic simulation of the singlet yield ¢§ (top H,O, production) and triplet yield qﬁ, (Oz. production) of a triplet
born radical-pair, as a function of the external magnetic field B (in log scale). The radical-pair modelincludes 7 isotropic hyperfine interactions in the flavin
radical, and one isotropic hyperfine in the superoxide radical. The radical-pair lifetime was set to 10 ps. The red triangle represents values at 20 nT, and the

yellow triangle values at 50 pT.

(Usselman et al,, 2014). A triaxial magnetic field sensor provided
automatic feedback (PID) that allowed for real-time control of
magnetic fields to cancel out other static magnetic fields present.
The experiments were carried out in a Faraday cage. The static
magnetic fields were set to either 50 uT or 20 nT perpendicular to
the standing cuvette. The samples were held at 20°C during the re-
oxidation of ETF for the selective ROS assays.

2.3 Modeling of realistic flavin-superoxide
radical-pair reactions under static
magnetic fields

Following the RP-based magnetoreception theory (Schulten and
Wolynes, 1978; Timmel et al., 1998; Ritz et al., 2000; Procopio and
Ritz, 2016), we have calculated the singlet (ng) H,0, and triplet (gb;)
0," product yields of a triplet born flavin-superoxide RP model as a
function of the external magnetic field. The lifetime of the RP was set
to 10 ps, and we have assumed that spin relaxation times are longer
than the radical-pair lifetime. A theoretical static magnetic field
dose-response curve, ranging from 10 nT to 100 uT, was calculated
for ROS production. ROS product yields are shown in Figure 2 for
the H,0, production (left), and for the O,°" production (right),
where red triangles depict ROS production at 20 nT and blue
triangles at 50 pT.

Our calculations implemented a realistic flavin-superoxide
RP model, where O,°" is considered bound to a protein cofactor.
We chose this model because an unbound O,°~ would have a
spin relaxation time too fast for magnetic field effects to occur
(Player and Hore, 2019). In the bound case, O," would
experience some hyperfine interactions from the solvent,
which have been predicted to be up to 120 uT (Hogben,
2011). Thereby, RP with one
interaction in the O,°~ radical, and we choose the first seven

we model a hyperfine
largest hyperfine interactions in the flavin radical (Lau et al,,
2012).
interactions to be isotropic because the two radicals tumble in

Furthermore, we have considered the

hyperfine

solution, thus the anisotropy is averaged out.
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3 Results
3.1 ROS partitioning assays

ROS partitioning experiments were conducted with 10 uM ETF and
performed in triplicates for each magnetic field strength. The Amplex Red
assay measured the amount of H,O, produced within the reoxidation
ETF reaction. The measured H,O, average concentration for 20 nT was
2.1 £ 0.3 uM and for 50 uT the average concentration was 2.4 + 0.2 uM.
The results indicate a 13% decrease in H,O, from 50 uT to 20 nT. The
DHE O," assay showed the amount of O, produced during the re-
oxidation of ETF for 20 nT was 10.6 + 1.4 uM and for 50 pT was 9.6 +
0.8 uM. The results show a 10% increase in O, production with the
decrease in magnetic field strength from 50 pT to 20 nT. Relative ROS
yields show an increase from four to five times more O,"~ produced than
H,0O, upon lowering the magnetic field, illustrating an increasing
preference for the O," triplet channel product. Comparative analysis
between the two different magnetic fields has p-values for O,"~ and H,0,
triplicate experiments of 0.29 and 0.36, respectively. Both values indicate a
non-significant difference for experiments in each field condition,
exemplifying the need to reduce error in ROS flavoprotein assays.
Theoretical calculations for H,O, production decreases from 50 uT
(0.240) to 20nT (0.220) of about 0.016 (7% decrease). Conversely
0, production increases of the same amount ( ¢:+ ¢1 = 1). Both
results are in agreement with the measured ROS products levels.

4 Discussion

Under normal physiological conditions, ROS are oxidative signaling
molecules that regulate a cellular redox network (Sies et al, 2022).
Overproduction of ROS can lead to oxidative damage and a host of
physiological or pathological outcomes. To better understand the
phenotypic boundary between oxidative
biomolecular ROS quantification is essential. We demonstrate an

signaling or stress,

experimental approach that can be utilized for quantitative
measurement of flavoenzyme ROS generation. ETF was chosen due
to its central role in bioenergetics and electron transfer pathway that feeds
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(left) ETF reoxidation for measure concentrations of H,O, singlet product yields at 20 nT and 50 uT. (right) ETF reoxidation for measure

concentrations of OZ.’— triplet product yields at 20 nT and 50 pT.

electrons to the mitochondria Q-pool. ETF was enzymatically reduced by
MCAD and then ROS was selectively measured upon the reoxidation of
the flavin cofactor. Our goals were to measure the relative proportions of
ROS and the impact of magnet sensing on ROS product distributions of
ETF. The reoxidation of ETF produced ROS partitioning of
approximately four-fold more O," than H,0,, different than other
findings of ETF ROS production (Rodrigues and Gomes, 2012). Flavin
thermodynamic redox couples contribute to the observed ROS
partitioning, in which the local protein environment tunes the
flavoprotein redox properties (Swanson et al, 2008; Usselman et al,
2008; McDonald et al,, 2011; Gran-Scheuch et al., 2023).

In addition, protein-protein interactions, such as with MCAD,
induce conformational changes that can also impact midpoint
potentials, analogous to points mutations in the vicinity of the flavin
cofactor (Swanson et al., 2008; Usselman et al., 2008; Rodrigues and
Gomes, 2012). Given that the amino acid environment in proximity to
the flavin primarily determines the thermodynamic midpoint potentials,
the local environment ultimately dictates normal ROS products and
distributions in flavoenzyme structure-function relationships. The
peptide environment around the FAD cofactor is not only crucial for
redox tuning, but also serves as a flexible site for electronic coupling
during electron transfer. A highly conserved arginine residue near the
FAD cofactor was proposed to be responsible for stabilizing the
superoxide radical pair is (Figure 1 right-bottom) (Roberts et al,
1996). Distance measurements indicate the need for a conformational
movement of this residue during electron transfer to stabilize the
semiquinone state and allow for ROS partitioning,

The protein molecular determinants that give rise to magnetic
sensing are not well-understood and are perhaps rare in biology
(Messiha etal., 2015). We proposed ETF as a potential redox magnetic
sensor (Austvold, 2019), where flavin semiquinone radical and O,""
form a spin correlated RP initialized in the triplet-state, leading to
characteristic magnetic field dependence on ROS product yields. Here,
experimental results were conducted to compare the Earth’s static
magnetic field at 50 uT and a lower static magnetic field at 20 nT. ETF
reoxidation assays measured a 13% decrease in H,O, production and
an increase of 10% O,"~ from 50 uT to 20nT, Figure 3. The

Frontiers in Physiology

experimental ROS partitioning demonstrates one of the hallmark
quantum signatures of the RPM in operation for ETF. Of critical
importance is the spatial arrangement of O, relative to the flavin
group (Chaiyen et al,, 2012), as well as the required binding time of
0,"" in proximity to the semiquinone for sufficient spin correlation.
Recent molecular dynamics simulations discovered several novel ETF
oxygen binding sites in ETF (Nielsen et al., 2019; Salerno et al., 2022),
suggesting that ETF can activate O, through perhaps an outer sphere
electron transfer. The RP distance can affect spin relaxation and thus
magnetic sensing in the radicals, whereas the problems with spin
relaxation can be essentially removed by a radical scavenger by the
quantum Zeno effect (Kattnig, 2017).

Using the RP theory avian magnetoreception (Ritz et al., 2000),
simulations have been performed to quantify ROS products that are
dictated by coherent dynamics of singlet and triplet RP spin states
(Procopio and Ritz, 2016). We have determined singlet and triplet
product yields, and thus relative distributions of O,*~ and H,0, as a
function of the static magnetic field strength. A realistic model was
used to calculate the ROS products yields for static magnetic fields
ranging from 10 nT to 100 uT. The theoretical RP results correlate
with the observed ROS yields of a decrease in H,0O, singlet products
and an increase in O,°" triplet products from 50 uT to 20 nT for the
reoxidation of ETF, Figure 2. Thus, controlling ROS product
channeling can be accomplished by using specific magnetic fields
and configurations (Franco-Obregon, 2023).

Over the past 2 decades, cryptochrome experiments have shown
increasing evidence for magnetic sensing, and more generally, the
involvement of ROS (Ritz et al., 2000; Solov’yov and Schulten, 2009;
Martino and Castello, 2011; Muller and Ahmad, 2011; Arthaut et al.,
2017; Pooam et al, 2020). We previously reported that flavin-
superoxide RP could be a broader magnetic sensing system in redox
cell biology (Usselman et al., 2014; Usselman et al., 2016). Our ROS
cellular research, combined with flavin-superoxide RP theoretical
models, supports biomolecular ROS distributions from the results
obtained through the re-oxidation of ETE. However, recently the
primary magnetic receptor was suggested to be O, itself and
perhaps O, dismutation, with observations supported by cellular
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(Martino and Castello, 2011), mouse (Carter et al., 2020) and planarian
models (Van Huizen et al, 2019; Kinsey et al, 2023). If flavin-
superoxide RP magnetic sensing is occurring, the discrepancy
among the reports could involve magnetic field conditions that
target different flavoenzymes, ie., oxidases or monooxygenases
(Massey, 1994; Imlay, 2013; Usselman et al, 2014; Gran-Scheuch
et al, 2023). In addition, less is known about the initial adaptive
ROS cellular responses because of the intrinsic antioxidant
regulatory systems (Sies et al., 2022). Nonetheless, targeting different
ROS producing systems greatly offers an expanded approach for
magnetic fleld intervention (Vecheck et al, 2024) to remotely hack
the redox code (Jones and Sies, 2015) and impart select cellular
physiological responses.

4.1 Limitations

One of the major challenges in studying ROS in biological systems is
the difficulty of measurement and quantitation (Dikalov et al., 2007;
Kalyanaraman et al., 2014). Moreover, ROS are not only highly transient
but are produced by many different systems in cell physiology (Murphy
et al,, 2022), whereas recombinant flavoproteins offer a reductionist
biomolecular approach to identify magnetic-induced ROS partitioning.
However, uncertainty in protein concentration and flavin loading can
lead to errors as well, in addition to the ROS assays, especially measuring
superoxide. In addition, changes in reaction yields via the RPM are
usually less than 10%, therefore, requiring an increased minimization of
error in experimental procedures.

5 Conclusion

Many oxidative metabolic pathways occur within the
mitochondria and involve redox intermediates that can interact
with O, to produce ROS, including ETF/ETF-QO (Watmough and
2010; 2013).
mitochondria are a vital source of ROS production within

Frerman, Perevoshchikova et al., Therefore,
eukaryotic cells (Jones and Sies, 2015) and throughout the
2013). ROS

mitochondrial enzymes, including ETF, play a fundamental role

microbial  biosphere  (Imlay, signaling by
in oxidative signaling (Sies et al., 2022), where the progression to
cellular dysfunction can ultimately lead to inflammation and disease.
While the effects of different magnetic field environments can alter
ROS production (Barnes and Greenebaum, 2018; Gurhan et al,
2021), the persistent changes of oxidative signaling can have longer
term impacts on cell physiology (Thoni et al, 2022; Franco-

Obregén, 2023). Here, we show that ETF should be considered a

References

Arthaut, L. D., Jourdan, N., Mteyrek, A., Procopio, M., El-Esawi, M., d’Harlingue, A.,
et al. (2017). Blue-light induced accumulation of reactive oxygen species is a
consequence of the Drosophila cryptochrome photocycle. PLoS One 12 (3),
€0171836. doi:10.1371/journal.pone.0171836

Austvold, C. K. (2019). Partitioning of reactive oxygen species via the reoxidation of electron
transfer flavoprotein. MS Master of Science. Bozeman, MT: Montana State University.

Barnes, F., and Greenebaum, B. (2018). Role of radical pairs and feedback in weak
radio frequency field effects on biological systems. Environ. Res. 163, 165-170. doi:10.
1016/j.envres.2018.01.038

Frontiers in Physiology

10.3389/fphys.2024.1348395

target for further RPM investigations due to the importance of
mitochondria bioenergetics, especially for biomedical engineering
and therapeutic potential. Particularly, the intersection of electric
voltages and magnetic spins offers a novel approach to investigate
the connection between energy and living systems (Lee et al., 2023).
The low magnetic fields strengths studied here also illustrate the
importance of understanding how spin mechanisms could impact
space health and agriculture.

Author contributions

CA: Data curation, Investigation, Methodology,
Writing-original ~ draft. SK: Data curation, Investigation,
Methodology, Visualization, Writing-review and editing. MP:
Data curation, Formal Analysis, Methodology, Writing-review
and editing. RU: Conceptualization, Data curation, Formal
Methodology,
Project administration, Resources, Supervision, Writing-review

Analysis, Funding acquisition, Investigation,

and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by American Heart Association (Grant No.
15SDG25710461) and this
supported by the Air Force Office of Scientific Research under
award number FA9550-17-1-0458.

material is based upon work

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bartlett, K., and Eaton, S. (2004). Mitochondrial beta-oxidation. Eur. J. Biochem. 271
(3), 462-469. doi:10.1046/j.1432-1033.2003.03947 x

Brand, M. D. (2010). The sites and topology of mitochondrial superoxide production.
Exp. Gerontol. 45 (7), 466-472. doi:10.1016/j.exger.2010.01.003

Brandes, N., Schmitt, S., and Jakob, U. (2009). Thiol-based redox switches in
eukaryotic proteins. Antioxidants Redox Signal. 11 (5), 997-1014. doi:10.1089/ars.
2008.2285

Bruice, T. C. (1984). Oxygen-flavin chemistry. Israel J. Chem. 24 (1), 54-61. doi:10.
1002/ijch.198400008

frontiersin.org


https://doi.org/10.1371/journal.pone.0171836
https://doi.org/10.1016/j.envres.2018.01.038
https://doi.org/10.1016/j.envres.2018.01.038
https://doi.org/10.1046/j.1432-1033.2003.03947.x
https://doi.org/10.1016/j.exger.2010.01.003
https://doi.org/10.1089/ars.2008.2285
https://doi.org/10.1089/ars.2008.2285
https://doi.org/10.1002/ijch.198400008
https://doi.org/10.1002/ijch.198400008
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1348395

Austvold et al.

Burke, P. J. (2023). How defective mitochondrial electrical activity leads to inherited
blindness. Proc. Natl. Acad. Sci. 120 (45), €2315649120. doi:10.1073/pnas.2315649120

Carter, C. S., Huang, S. C,, Searby, C. C., Cassaidy, B., Miller, M. J., Grzesik, W.]., et al.
(2020). Exposure to static magnetic and electric fields treats type 2 diabetes. Cell Metab.
32 (4), 561-574. doi:10.1016/j.cmet.2020.09.012

Chaiyen, P., Fraaije, M. W., and Mattevi, A. (2012). The enigmatic reaction of flavins
with oxygen. Trends Biochem. Sci. 37 (9), 373-380. doi:10.1016/.tibs.2012.06.005

Cross, C. E., Halliwell, B., Borish, E. T., Pryor, W. A, Ames, B. N,, Saul, R. L, et al.
(1987). Oxygen radicals and human-disease. Ann. Intern. Med. 107 (4), 526-545. doi:10.
7326/0003-4819-107-4-526

Dikalov, S., Griendling, K. K., and Harrison, D. G. (2007). Measurement of reactive
oxygen species in cardiovascular studies. Hypertension 49 (4), 717-727. doi:10.1161/01.
HYP.0000258594.87211.6b

Drése, S., and Brandt, U. (2012). “Molecular mechanisms of superoxide production
by the mitochondrial respiratory chain,” in Mitochondrial oxidative phosphorylation:
nuclear-encoded genes, enzyme regulation, and pathophysiology. Editor B. Kadenbach
(New York, NY: Springer), 145-169.

Evans, E. W,, Li, ], Storey, J. G., Maeda, K., Henbest, K. B., Dodson, C. A., etal. (2015).
Sensitive fluorescence-based detection of magnetic field effects in photoreactions of
flavins. Phys. Chem. Chem. Phys. 17 (28), 18456-18463. doi:10.1039/c5cp00723b

Franco-Obregoén, A. (2023). Harmonizing magnetic mitohormetic regenerative
strategies: developmental implications of a calcium-mitochondrial Axis invoked by
magnetic  field exposure.  Bioengineering 10  (10), 1176.  doi:10.3390/
bioengineering10101176

Gadda, G. (2012). Oxygen activation in flavoprotein oxidases: the importance of being
positive. Biochemistry 51 (13), 2662-2669. doi:10.1021/bi300227d

Gao, Y., Wen, P, Cardé, R. T., Xu, H,, and Huang, Q. (2021). In addition to
cryptochrome 2, magnetic particles with olfactory co-receptor are important for
magnetic orientation in termites. Commun. Biol. 4 (1), 1121. doi:10.1038/s42003-
021-02661-6

Gran-Scheuch, A., Parra, L., and Fraaije, M. W. (2023). Systematic assessment of
uncoupling in flavoprotein oxidases and monooxygenases. ACS Sustain. Chem. Eng. 11
(13), 4948-4959. doi:10.1021/acssuschemeng.1c02012

Gurhan, H., Bruzon, R., Kandala, S., Greenebaum, B., and Barnes, F. (2021). Effects
induced by a weak static magnetic field of different intensities on HT-1080 fibrosarcoma
cells. Bioelectromagnetics 42 (3), 212-223. d0i:10.1002/bem.22332

Henriques, B. J., Katrine Jentoft Olsen, R., Gomes, C. M., and Bross, P. (2021).
Electron transfer flavoprotein and its role in mitochondrial energy metabolism in health
and disease. Gene 776, 145407. doi:10.1016/j.gene.2021.145407

Hogben, H. J. (2011). Coherent spin dynamics of radical pairs in weak magnetic fields.
Ph. D. Thesis. Oxford, England: University of Oxford.

Hogben, H. J., Efimova, O., Wagner-Rundell, N., Timmel, C. R,, and Hore, P. J.
(2009). Possible involvement of superoxide and dioxygen with cryptochrome in avian
magnetoreception: origin of Zeeman resonances observed by in vivo EPR spectroscopy.
Chem. Phys. Lett. 480 (1-3), 118-122. doi:10.1016/j.cplett.2009.08.051

Hore, P. ], and Mouritsen, H. (2016). The radical-pair mechanism of
magnetoreception. Annu. Rev. Biophysics 45 (1), 299-344. doi:10.1146/annurev-
biophys-032116-094545

Ikeya, N., and Woodward, J. R. (2021). Cellular autofluorescence is magnetic field
sensitive. Proc. Natl. Acad. Sci. U. S. A. 118 (3), €2018043118. doi:10.1073/pnas.
2018043118

Imlay, J. A. (2013). The molecular mechanisms and physiological consequences of
oxidative stress: lessons from a model bacterium. Nat. Rev. Microbiol. 11 (7), 443-454.
doi:10.1038/nrmicro3032

Jones, A. R. (2016). Magnetic field effects in proteins. Mol. Phys. 114 (11), 1691-1702.
doi:10.1080/00268976.2016.1149631

Jones, D. P., and Sies, H. (2015). The redox code. Antioxidants Redox Signal. 23 (9),
734-746. doi:10.1089/ars.2015.6247

Kalyanaraman, B., Dranka, B. P., Hardy, M., Michalski, R., and Zielonka, J. (2014).
HPLC-based monitoring of products formed from hydroethidine-based fluorogenic
probes - the ultimate approach for intra- and extracellular superoxide detection.
Biochimica Biophysica Acta-General Subj. 1840 (2), 739-744. doi:10.1016/j.bbagen.
2013.05.008

Kattnig, D. R. (2017). Radical-pair-based magnetoreception amplified by radical
scavenging: resilience to spin relaxation. J. Phys. Chem. B 121 (44), 10215-10227. doi:10.
1021/acs.jpcb.7b07672

Kim, Y., Bertagna, F., D’Souza, E. M., Heyes, D. ], Johannissen, L. O., Nery, E. T., et al.
(2021). Quantum biology: an update and perspective. Quantum Rep. 3 (1), 80-126.
doi:10.3390/quantum3010006

Kinsey, L. J., Van Huizen, A. V., and Beane, W. S. (2023). Weak magnetic fields
modulate superoxide to control planarian regeneration. Front. Phys. 10. doi:10.3389/
fphy.2022.1086809

Lambert, N., Chen, Y. N,, Cheng, Y. C, Li, C. M., Chen, G. Y., and Nori, F. (2013).
Quantum biology. Nat. Phys. 9 (1), 10-18. doi:10.1038/Nphys2474

Frontiers in Physiology

10.3389/fphys.2024.1348395

Lau, J. C. S., Rodgers, C. T., and Hore, P. J. (2012). Compass magnetoreception in
birds arising from photo-induced radical pairs in rotationally disordered
cryptochromes. J. R. Soc. Interface 9 (77), 3329-3337. doi:10.1098/rsif.2012.0374

Lee, C. H,, Wallace, D. C,, and Burke, P. J. (2023). Super-Resolution imaging of
voltages in the interior of individual, vital mitochondria. Acs Nano 18, 1345-1356.
doi:10.1021/acsnano.3c02768

Lin, W., Kirschvink, J. L., Paterson, G. A., Bazylinski, D. A., and Pan, Y. (2019). On the
origin of microbial magnetoreception. Natl. Sci. Rev. 7 (2), 472-479. doi:10.1093/nsr/nwz065

Maeda, K., Henbest, K. B., Cintolesi, F., Kuprov, I, Rodgers, C. T., Liddell, P. A., et al.
(2008). Chemical compass model of avian magnetoreception. Nature 453 (7193),
387-390. doi:10.1038/nature06834

Martino, C. F., and Castello, P. R. (2011). Modulation of hydrogen peroxide
production in cellular systems by low level magnetic fields. Plos One 6 (8), €22753.
doi:10.1371/journal.pone.0022753

Massey, V. (1994). Activation of molecular-oxygen by flavins and flavoproteins.
J. Biol. Chem. 269 (36), 22459-22462. doi:10.1016/s0021-9258(17)31664-2

McDonald, C. A, Fagan, R. L,, Collard, F., Monnier, V. M., and Palfey, B. A. (2011).
Oxygen reactivity in flavoenzymes: context matters. J. Am. Chem. Soc. 133 (42),
16809-16811. doi:10.1021/ja2081873

Messiha, H. L., Wongnate, T., Chaiyen, P., Jones, A. R,, and Scrutton, N. S. (2015).
Magnetic field effects as a result of the radical pair mechanism are unlikely in redox
enzymes. J. R. Soc. Interface 12 (103), 20141155. doi:10.1098/rsif.2014.1155

Muller, P., and Ahmad, M. (2011). Light-activated cryptochrome reacts with
molecular oxygen to form a flavin-superoxide radical pair consistent with
magnetoreception. J. Biol. Chem. 286 (24), 21033-21040. doi:10.1074/jbc.M111.228940

Murphy, M.A.-O., Bayir, H., Belousov, V., Chang, C.A.-O., Davies, K.A.-O., Davies,
M.A.-O., et al. (2022). Guidelines for measuring reactive oxygen species and oxidative
damage in cells and in vivo, 2522-5812. (Electronic).

Nielsen, C., Husen, P., Martino, C. F., and Solov’yov, I. (2019). Molecular oxygen
binding in the mitochondrial electron transfer flavoprotein. J. Chem. Inf. Model. 59,
4868-4879. in press. doi:10.1021/acs.jcim.9b00702

Nordmann, G. C., Hochstoeger, T., and Keays, D. A. (2017). Unsolved mysteries:
magnetoreception-A sense without a receptor. Plos Biol. 15 (10), €2003234. doi:10.1371/
journal.pbio.2003234

Olsen, R. K. J., Olpin, S. E., Andresen, B. S., Miedzybrodzka, Z. H., Pourfarzam, M.,
Merinero, B., et al. (2007). ETFDH mutations as a major cause of riboﬂavin—responsive
multiple acyl-CoA dehydrogenation deficiency. Brain 130 (8), 2045-2054. doi:10.1093/
brain/awm135

Perevoshchikova, 1. V., Quinlan, C. L., Orr, A. L., Gerencser, A. A., and Brand, M. D.
(2013). Sites of superoxide and hydrogen peroxide production during fatty acid
oxidation in rat skeletal muscle mitochondria. Free Radic. Biol. Med. 61, 298-309.
doi:10.1016/j.freeradbiomed.2013.04.006

Player, T. C., and Hore, P. J. (2019). Viability of superoxide-containing radical pairs as
magnetoreceptors. J. Chem. Phys. 151 (22), 225101. doi:10.1063/1.5129608

Pooam, M., Jourdan, N., El Esawi, M., Sherrard, R. M., and Ahmad, M. (2020).
HEK293 cell response to static magnetic fields via the radical pair mechanism may
explain therapeutic effects of pulsed electromagnetic fields. PLoS One 15 (12), €0243038.
doi:10.1371/journal.pone.0243038

Procopio, M., and Ritz, T. (2016). Inhomogeneous ensembles of radical pairs in
chemical compasses. Sci. Rep. 6 (1), 35443. d0i:10.1038/srep35443

Qin, S, Yin, H,, Yang, C., Dou, Y, Liu, Z,, Zhang, P, et al. (2016). A magnetic protein
biocompass. Nat. Mater. 15 (2), 217-226. doi:10.1038/nmat4484

Reece, S. Y., Hodgkiss, J. M., Stubbe, J., and Nocera, D. G. (2006). Proton-coupled electron
transfer: the mechanistic underpinning for radical transport and catalysis in biology.
Philosophical Trans. R. Soc. B-Biological Sci. 361 (1472), 1351-1364. doi:10.1098/rstb.2006.1874

Ritz, T., Adem, S., and Schulten, K. (2000). A model for photoreceptor-based
magnetoreception in birds. Biophys. J. 78 (2), 707-718. doi:10.1016/S0006-3495(00)
76629-X

Roberts, D. L., Frerman, F. E., and Kim, J. J. P. (1996). Three-dimensional structure of
human electron transfer flavoprotein to 2.1-A resolution. Proc. Natl. Acad. Sci. U. S. A.
93 (25), 14355-14360. doi:10.1073/pnas.93.25.14355

Roberts, D. L., Herrick, K. R., Frerman, F. E., and Kim, J. J. P. (1995). Crystallization
and preliminary-X-ray analysis of electron-transfer flavoproteins from human and
paracoccus-denitrificans. Protein Sci. 4 (8), 1654-1657. doi:10.1002/pro.5560040825

Rodrigues, J. V., and Gomes, C. M. (2012). Mechanism of superoxide and hydrogen
peroxide generation by human electron-transfer flavoprotein and pathological variants.
Free Radic. Biol. Med. 53 (1), 12-19. doi:10.1016/j.freeradbiomed.2012.04.016

Romero, E., Gémez Castellanos, J. R., Gadda, G., Fraaije, M. W., and Mattevi, A.

(2018). Same substrate, many reactions: oxygen activation in flavoenzymes. Chem. Rev.
118 (4), 1742-1769. doi:10.1021/acs.chemrev.7b00650

Rosca, M. G., Vazquez, E. J., Chen, Q., Kerner, ], Kern, T. S., and Hoppel, C. L. (2012).
Oxidation of fatty acids is the source of increased mitochondrial reactive oxygen species
production in kidney cortical tubules in early diabetes. Diabetes 61 (8), 2074-2083.
doi:10.2337/db11-1437

frontiersin.org


https://doi.org/10.1073/pnas.2315649120
https://doi.org/10.1016/j.cmet.2020.09.012
https://doi.org/10.1016/j.tibs.2012.06.005
https://doi.org/10.7326/0003-4819-107-4-526
https://doi.org/10.7326/0003-4819-107-4-526
https://doi.org/10.1161/01.HYP.0000258594.87211.6b
https://doi.org/10.1161/01.HYP.0000258594.87211.6b
https://doi.org/10.1039/c5cp00723b
https://doi.org/10.3390/bioengineering10101176
https://doi.org/10.3390/bioengineering10101176
https://doi.org/10.1021/bi300227d
https://doi.org/10.1038/s42003-021-02661-6
https://doi.org/10.1038/s42003-021-02661-6
https://doi.org/10.1021/acssuschemeng.1c02012
https://doi.org/10.1002/bem.22332
https://doi.org/10.1016/j.gene.2021.145407
https://doi.org/10.1016/j.cplett.2009.08.051
https://doi.org/10.1146/annurev-biophys-032116-094545
https://doi.org/10.1146/annurev-biophys-032116-094545
https://doi.org/10.1073/pnas.2018043118
https://doi.org/10.1073/pnas.2018043118
https://doi.org/10.1038/nrmicro3032
https://doi.org/10.1080/00268976.2016.1149631
https://doi.org/10.1089/ars.2015.6247
https://doi.org/10.1016/j.bbagen.2013.05.008
https://doi.org/10.1016/j.bbagen.2013.05.008
https://doi.org/10.1021/acs.jpcb.7b07672
https://doi.org/10.1021/acs.jpcb.7b07672
https://doi.org/10.3390/quantum3010006
https://doi.org/10.3389/fphy.2022.1086809
https://doi.org/10.3389/fphy.2022.1086809
https://doi.org/10.1038/Nphys2474
https://doi.org/10.1098/rsif.2012.0374
https://doi.org/10.1021/acsnano.3c02768
https://doi.org/10.1093/nsr/nwz065
https://doi.org/10.1038/nature06834
https://doi.org/10.1371/journal.pone.0022753
https://doi.org/10.1016/s0021-9258(17)31664-2
https://doi.org/10.1021/ja2081873
https://doi.org/10.1098/rsif.2014.1155
https://doi.org/10.1074/jbc.M111.228940
https://doi.org/10.1021/acs.jcim.9b00702
https://doi.org/10.1371/journal.pbio.2003234
https://doi.org/10.1371/journal.pbio.2003234
https://doi.org/10.1093/brain/awm135
https://doi.org/10.1093/brain/awm135
https://doi.org/10.1016/j.freeradbiomed.2013.04.006
https://doi.org/10.1063/1.5129608
https://doi.org/10.1371/journal.pone.0243038
https://doi.org/10.1038/srep35443
https://doi.org/10.1038/nmat4484
https://doi.org/10.1098/rstb.2006.1874
https://doi.org/10.1016/S0006-3495(00)76629-X
https://doi.org/10.1016/S0006-3495(00)76629-X
https://doi.org/10.1073/pnas.93.25.14355
https://doi.org/10.1002/pro.5560040825
https://doi.org/10.1016/j.freeradbiomed.2012.04.016
https://doi.org/10.1021/acs.chemrev.7b00650
https://doi.org/10.2337/db11-1437
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1348395

Austvold et al.

Salerno, K. M., Domenico, J., Le, N. Q,, Stiles, C. D., Solov’yov, I. A., and Martino, C. F.
(2022). Long-time oxygen localization in electron transfer flavoprotein. J. Chem. Inf.
Model. 62 (17), 4191-4199. doi:10.1021/acs.jcim.2c00430

Schieber, M., and Chandel, N. S. (2014). ROS function in redox signaling and
oxidative stress. Curr. Biol. 24 (10), R453-R462. doi:10.1016/j.cub.2014.03.034

Schulten, K., and Wolynes, P. G. (1978). Semiclassical description of electron spin
motion in radicals including the effect of electron hopping. J. Chem. Phys. 68 (7),
3292-3297. doi:10.1063/1.436135

Sies, H. (2017). Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: oxidative eustress. Redox Biol. 11, 613-619. doi:10.
1016/j.redox.2016.12.035

Sies, H., Belousov, V. V., Chandel, N. S., Davies, M. J., Jones, D. P., Mann, G. E.,
et al. (2022). Defining roles of specific reactive oxygen species (ROS) in cell biology
and physiology. Nat. Rev. Mol. Cell Biol. 23 (7), 499-515. doi:10.1038/541580-022-
00456-z

Solov’yov, I. A., and Schulten, K. (2009). Magnetoreception through cryptochrome
may involve superoxide. Biophysical J. 96 (12), 4804-4813. doi:10.1016/j.bpj.2009.
03.048

Swanson, M. A., Usselman, R. J., Frerman, F. E., Eaton, G. R, and Eaton, S. S. (2008).
The Iron-Sulfur cluster of electron transfer Flavoprotein-Ubiquinone oxidoreductase
is the electron acceptor for electron transfer flavoprotein. Biochemistry 47 (34),
8894-8901. doi:10.1021/bi800507p

Thoni, V., Mauracher, D., Ramalingam, A., Fiechtner, B., Sandbichler, A. M., and Egg,
M. (2022). Quantum based effects of therapeutic nuclear magnetic resonance
persistently reduce glycolysis. iScience 25 (12), 105536. doi:10.1016/j.is¢i.2022.105536

Frontiers in Physiology

08

10.3389/fphys.2024.1348395

Timmel, C. R, Till, U., Brocklehurst, B., McLauchlan, K. A., and Hore, P. J. (1998).
Effects of weak magnetic fields on free radical recombination reactions. Mol. Phys. 95
(1), 71-89. doi:10.1080/00268979809483134

Usselman, R,, Hill, L, Singel, D., and Martino, C. (2014). Spin biochemistry modulates
reactive oxygen species (ROS) production by radio frequency magnetic fields. PLoS
ONE 9 (3), €93065. doi:10.1371/journal.pone.0093065

Usselman, R. J., Chavarriaga, C., Castello, P. R, Procopio, M., Ritz, T., Dratz, E. A,,
et al. (2016). The quantum biology of reactive oxygen species partitioning impacts
cellular bioenergetics. Sci. Rep. 6, 38543. doi:10.1038/srep38543

Usselman, R. J,, Fielding, A.]., Frerman, F. E.,, Watmough, N. ], Eaton, G. R,, and Eaton,
S.'S. (2008). Impact of mutations on the midpoint potential of the [4Fe-4S]+1,+2 cluster
and on catalytic activity in electron transfer flavoprotein-ubiquinone oxidoreductase (ETF-
QO). Biochemistry 47 (1), 92-100. doi:10.1021/bi701859s

Van Huizen, A. V., Morton, J. M, Kinsey, L. J., Von Kannon, D. G, Saad, M. A,,
Birkholz, T. R., et al. (2019). Weak magnetic fields alter stem cell-mediated growth. Sci.
Adv. 5 (1), eaau7201. doi:10.1126/sciadv.aau7201

Vecheck, A. M., McNamee, C. M., Reijo Pera, R., and Usselman, R.J. (2024). Magnetic
field intervention enhances cellular migration rates in biological scaffolds.
Bioengineering 11 (1), 9. doi:10.3390/bioengineering11010009

Watmough, N. J., and Frerman, F. E. (2010). The electron transfer flavoprotein:
ubiquinone oxidoreductases. Biochimica Biophysica Acta (BBA) - Bioenergetics 1797
(12), 1910-1916. doi:10.1016/j.bbabio.2010.10.007

Wood, Z. A., Poole, L. B., and Karplus, P. A. (2003). Peroxiredoxin evolution and the
regulation of hydrogen peroxide signaling. Science 300 (5619), 650-653. doi:10.1126/
science.1080405

frontiersin.org


https://doi.org/10.1021/acs.jcim.2c00430
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1063/1.436135
https://doi.org/10.1016/j.redox.2016.12.035
https://doi.org/10.1016/j.redox.2016.12.035
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1038/s41580-022-00456-z
https://doi.org/10.1016/j.bpj.2009.03.048
https://doi.org/10.1016/j.bpj.2009.03.048
https://doi.org/10.1021/bi800507p
https://doi.org/10.1016/j.isci.2022.105536
https://doi.org/10.1080/00268979809483134
https://doi.org/10.1371/journal.pone.0093065
https://doi.org/10.1038/srep38543
https://doi.org/10.1021/bi701859s
https://doi.org/10.1126/sciadv.aau7201
https://doi.org/10.3390/bioengineering11010009
https://doi.org/10.1016/j.bbabio.2010.10.007
https://doi.org/10.1126/science.1080405
https://doi.org/10.1126/science.1080405
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1348395

	Quantitative measurements of reactive oxygen species partitioning in electron transfer flavoenzyme magnetic field sensing
	1 Introduction
	2 Materials and methods
	2.1 Recombinant human ETF ROS assays
	2.2 Magnetic field Instrumentation
	2.3 Modeling of realistic flavin-superoxide radical-pair reactions under static magnetic fields

	3 Results
	3.1 ROS partitioning assays

	4 Discussion
	4.1 Limitations

	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


