Quantum Spin Resonance in Engineered
Magneto-Sensitive Fluorescent Proteins Enables
Multi-Modal Sensing in Living Cells

Gabriel Abrahams!”, Vincent Spreng'?t, Ana Stuhec??,
Idris Kempf!, Jessica James', Kirill Sechkar!, Scott Stacey!,
Vicente Trelles-Fernandez', Lewis M. Antill>*, Maria Ingaramo®
Andrew York®, Jean-Philippe Tetienne®, Christiane R. Timmel?,
Harrison Steel!”

I

"Department of Engineering, University of Oxford, Parks Road,
Oxford, OX14PJ, Oxfordshire, United Kingdom.
2 Faculty of Engineering Sciences, Heidelberg University, Heidelberg,
Germany .
3Department of Chemistry, University of Oxford, Chemistry Research
Laboratory, 12 Mansfield Road, Oxford, OX1 3TA, Oxfordshire, United
Kingdom.
4Institute of Quantum Biophysics, Department of Biophysics,
Sungkyunkwan University, Suwon, 16419, Republic of Korea.
5Calico Life Sciences, 1170 Veterans Blvd, South San Francisco, 94080,
California, United States.
6School of Science, RMIT University, Melbourne, VIC 3001, Australia.

*Corresponding author(s). E-mail(s): gabriel.abrahams@eng.ox.ac.uk;
harrison.steel@eng.ox.ac.uk;
TThese authors contributed equally to this work.

Abstract

Quantum mechanical phenomena have been identified as fundamentally signifi-
cant to an increasing number of biological processes. Simultaneously, quantum
sensing is emerging as a cutting-edge technology for precision biosensing.
However, biological based candidates for quantum-sensors have thus far been
limited to in vitro systems, are prone to light induced degradation, and require



sophisticated experimental setups making high-throughput studies prohibitively
complex. We recently created a new class of magneto-sensitive fluorescent pro-
teins (MFPs) [1], which we now show overcome these challenges and represent the
first biological quantum-based sensor that functions at physiological conditions
and in living cells. Through directed evolution, we demonstrate the possibility of
engineering these proteins to alter properties of their response to magnetic fields
and radio frequencies. These effects are explained in terms of the spin correlated
radical pair (SCRP) mechanism, involving the protein backbone and a bound
flavin cofactor. Using this engineered system we demonstrate the first observa-
tion of a fluorescent protein exhibiting Optically Detected Magnetic Resonance
(ODMR) in living bacterial cells at room temperature, at sufficiently high signal-
to-noise to be detected in a single cell, paving the way for development of a new
class of in vivo biosensors. Magnetic resonance measurements using fluorescent
proteins enable unprecedented technologies, for instance 3D spatial localisation
of the fluorescence using gradient fields (i.e. Magnetic Resonance Imaging but
using an endogenous probe). We further demonstrate the use of multiple variants
of MFPs for multiplexing or lock-in amplification of fluorescence signals, open-
ing a new approach to combining or extracting multiple signals from a biological
measurement. Taken together, our results represent a new intersection of imaging
and perhaps actuation modalities for engineered biological systems, based on and
designed around understanding the quantum mechanical properties of MFPs.

Keywords: Biosensing, Quantum, ODMR, ESR, RYDMR, Magnetic Field Effects,
Quantum Sensing



1 Introduction
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Fig. 1 Principles of magneto-sensitive fluorescent proteins. A. Structure of AsLOV2
PDB 2V1A[2] with mutations resutling in MagLOV 2 highlighted. For the first time, quantum sensing
in living cells using a fluorescent protein-based sensor can be performed by driving spin transitions using
radio-frequency (RF) fields in the presence of a static magnetic field. B. Simplified photocycle diagram
in the case of a large external magnetic field. The eigenstates in the strong coupling regime (spin cou-
pling > hyperfine coupling) are the singlet (S = 0) state |S), and triplet (S = 1) states with three
available spin projections |Tp), |74 ) and |T-)[3, 4]. C. Microscope image cropped to a single cell express-
ing MagLOV 2 R11 f. Scalebar is 1 pm. D. For MFE measurements the magnetic field was modulated
between O0mT and 10 mT, here with a period of 10s. The intensity over time is integrated over pixels
covering the single cell (here expressing MagLOV 2 R11 f), with an exponential decay (due to photo-
bleaching) removed. E. A single cell expressing MagL.LOV 2 R11 f displaying an ODMR signal with 4 %

contrast.

Coupling electromagnetic fields with biological processes through fluorescence
has revolutionised quantitative biology [5, 6]. However, the application of quantum
mechanical phenomena have thus far been restricted to non-biological probes [7, 8]
or measurements under ez vivo conditions [9-11]. We recently developed a library
of magneto-responsive fluorescent protein (MFP) variants derived from the LOV2
domain, which exhibit fluorescence signals with large magnetic field effects (MFEs)
arising from quantum spin dependent processes [1] [Fig. 1 A-D]. In this work, we
present a new finding, that living cells expressing these proteins exhibit optically
detected magnetic resonance (ODMR) in their fluorescence, at room temperature
(Section 2), and detectable in single cells [Fig. 1 E]. The ODMR signature implies
a quantum system whose properties and dynamics sensitively depend on the local



environment, opening up a broad range of novel possibilities for cellular biosensing
[7]. The ODMR arises from an electron spin resonance (ESR) that we hypothesise
originates from a spin correlated radical pair (SCRP) [Fig. 1 B] involving the LOV2
domain non-covalently bound flavin co-factor chromophore. This theory is based on
prior evidence [12] and supported by the MFE, ODMR, and spectral data presented
here (Section 3).

Importantly for adoption, both MFE and ODMR signals are straightforward to
detect in cells on a standard wide-field fluorescence microscope, a promising start
for further experimental platform development. Besides the ease of detecting MFP’s
magnetic resonance via fluorescence emission, MFPs are advantageous over other
candidate spin labels for biological uses because they can be expressed directly in
the host organism (e.g. in a regulated way) and because their performance can be
engineered genetically, such as through rational design or directed evolution. This
engineerability is demonstrated through the selection approach previously reported|1]
and here used to generate two novel variants MagLOV 2 and MagLOV 2 RI11 f|
selecting for improved MFEs.

Furthermore, we demonstrate applications of MFPs as fluorescent reporters that
can be used for lock-in signal amplification in noisy signal environments, and to
enable signal multiplexing by engineering variants with differing dynamic responses
(Sections 4 and 5). The realisation of ODMR imaging broadens the application space
significantly. For example, as the resonance condition depends on the static mag-
netic field at the location of the protein, we envisage the use of gradient fields as in
magnetic resonance imaging to enable a 3D spatially localised protein reporter. Fur-
thermore, the possibility of controlling charge state transfers at the protein raises the
possibility of developing 3D spatially localised optogenetic actuators e.g. by coupling
to a conformation switchable domain.

The future potential for optimisation of MFPs, or design of similar systems with
other starting points, is vast. For example, through high-throughput screening it is
feasible to perform selection based on magnetic response, ESR response, or biological
factors such as protein stability. Ultimately the development of these systems may
lead to a new paradigm of quantum based tools for biological sensing, measurement,
and actuation.



2 Optically Detected Magnetic and Resonant Field
Effects in Fluorescent Living Cells
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Fig. 2 Optically Detected Magnetic Resonance of MagLOV expressing E. Coli. To acquire
an ODMR spectrum, a radio frequency is swept linearly with interleaved RF-on and RF-off periods, while
the fluorescence is monitored under constant 450 nm excitation. A. Single field of view with MagLOV
and negative control cells present as used in panels B/C. Scale bar is 100 pm. B. ODMR trace of bulk
MagL.OV cells and negative control cells in the same field of view, found by integrating horizontal regions
1 and 2 of panel A. C. Treating the negative control signal as reference (i.e. not carrying an ODMR signal,
but carrying other signals due to resonant heating etc.) we subtract it from the MagL OV signal, yielding
a sharp ODMR peak and hyperfine structure (side peaks). D. ODMR of bulk cells (MagLOV 2 R11 f)
(similar to A, but only one type of cell), performed in biological triplicates at the same magnetic field
Bo ~ 24.3mT to compare peak ODMR contrast measured at the resonant frequency 680 MHz E. The
static magnetic field Bg was varied by adjusting the magnet’s z-position, and ODMR spectra recorded.
The red-dashed line is not a fit; it is a line drawn with slope equal to the electron gyromagnetic ratio.

Optically detected magnetic resonance (ODMR) (or reaction yield detected magnetic
resonance, RYDMR) is both a diagnostic test for the existence of the proposed spin



correlated radical pair (discussed below) [13] and, due to its relative simplicity, an
effective measurement modality for performing readout from quantum sensing devices
for biological and materials applications [7, 8, 14-18]. In general, in the presence of
an external static magnetic field By, ODMR involves the introduction of an oscillat-
ing magnetic field By, which is resonant with electron spin-flip transition energies.
Driving these spin-flips changes the dynamics of the fluorophore excitation/emission
photocycle, leading to a change in fluorescence on resonance. We observed a positive
change in fluorescence for ODMR which, taken together with the negative change in
fluorescence for the MFE, is likely to originate from a triplet-born spin correlated
radical pair (SCRP) [3].

Previous studies reported MFEs arising from flavin interactions with protein
backbones in terms of the SCRP mechanism [19-24]. Furthermore, radical pair
intermediates are known to form in the LOV2 domain Awena sativa phototropin
1 (AsLOV2) variant Cy50A (the precursor protein to MagLOV) [25], as well as in
related LOV domains [26-28]. The SCRP is a transient reaction intermediate, formed
upon electron transfer from a donor to an acceptor molecule. The two unpaired spin—%
electrons couple to form a correlated pair with total electron spin angular momentum
S of either 0 (singlet, |S)) or 1 (triplet, |T)) [Fig. 1 B]. Following creation of the
radical pair either in the singlet or triplet state, interconversion can occur between
the singlet and triplet states. At zero and low static magnetic fields By, mixing occurs
rapidly and between all four states and is mediated by hyperfine interactions and
relaxation. At higher fields, Zeeman splitting energetically isolates the |Ty) from |Tp),
reducing singlet-triplet mixing to occur only between |S) and |Tp), which is the basis
for MFEs. In general, this leads to a decrease in fluorescence if the initial radical pair
was formed in the triplet state, which we conclude is the case based on our magnetic
field effect experiments [Fig. 1 D]. With the introduction of an oscillating magnetic
field B; on resonance with the |Tp) > |T4) transitions, mixing between these states
is enabled again [Fig. 1 A,B], leading to an increase in fluorescence as is observed
in our ODMR experiments [Fig. 1 E]. The changes in fluorescence are due to the
different recombination rates for singlet state and triplet state SCRPs. Only singlet
SCRPs can recombine to the ground state via back electron transfer, but either
state can go on to form uncorrelated radicals which recombine to the ground state.
Therefore, by changing the population levels of the singlet and triplet radical pair
states as described above, the rate of ground state replenishment is altered, leading
to a detectable change in fluorescence.

We performed MFE and ODMR imaging using a widefield epifluorescence micro-
scope (see S1.6). First, we measured the MagLOV MFE (see an example trace in
Fig. 1 D), confirming that MagLOV exhibits a large MFE of AZ/Zog sat. = —30%.
We then recorded an ODMR spectrum from MaglLOV and compared with a negative
control [Fig. 2 A], revealing an ODMR signal is present only when the MagL.OV pro-
tein is expressed. In brief, samples were confined between two glass coverslips beneath
a stripline antenna printed circuit board (PCB) (see S1.9). The antenna board was
placed inverted on the microscope stage and a permanent magnet was fixed above,



applying a constant static field By ~ 25mT in the z-direction, perpendicular to the
RF modulation B; ~ 0.3mT field supplied by the stripline antenna. We grew FE.
coli expressing MaglLL OV, and E. coli transformed with the same plasmid devoid of
the MagLLOV protein coding sequence (negative control), scraped samples of each
and placed cell conglomerates next to each other in the same field of view above the
stripline [Fig. 2 A]. Integrating the brightness of the signal over the labelled regions
of the image yields the MagL.LOV curve and negative control curves in [Fig. 2 B] (note
that negative control cells are visible due to autofluorescence [29]). In the fluorescence
signal from both cell types, we see non-magnetic resonance effects, hypothesised to
arise from resonances inherent in the experimental hardware. However, the MagLOV
protein fluorescence also exhibits an ODMR signal at the expected ESR frequency
of wrr = A.By = 684 MHz for By = 24.4mT. Removing the resonant effects by
subtracting the two signals [Fig. 2 C] reveals a three-peak hyperfine structure. Fur-
thermore, we imaged cell conglomerates transformed with an empty plasmid (negative
control), MagLLOV plasmid (same as empty plus MagL.LOV), and an identical plasmid
where MagLOV is replaced with EGFP [30] (which is much brighter than MagLOV)
in biological triplicates, and only observed an ODMR resonance in cells expressing
MagLOV [Fig. 2 D].

Next, we prepared a dilute sample in a buffer allowing us to isolate single cells.
We recorded ODMR spectra at various By fields by adjusting the z-position of the
static magnet [Fig. 2 E|. The central ODMR resonance follows the expected ESR
relationship wrp = %.By, confirming the RF field is driving spin transitions of a
Spin—% electron [31, 32]. The signal-to-noise is significantly improved by averaging
over many cells in a field of view, however, it is also possible to extract an ODMR
signal from a single cell, with an ODMR contrast of 4 % [Fig. 1 E]. Given the number
of proteins expressed is at most of order 10° per cell [33], this represents achieving
sufficient signal-to-noise ratio with a reduction of at least 3 orders of magnitude in
the number of spins required when compared to traditional ESR techniques under
similarly ambient conditions [7]. On the other hand, the contrast appears to be
reduced for bulk measurements (for example we saw an ODMR contrast of ~ 0.05%
in Fig. 2 B) compared to single cells, likely because of increased background fluores-
cence, especially in the case of cell conglomerates.



3 Bound Flavin Radical Pair Model supported by
MFE Spectroscopy and ODMR Measurements
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Fig. 3 Spectral, MFE and ODMR data supporting model of bound flavin Radical
Pair. A. Emission spectra with 450 nm excitation acquired for bulk cell suspensions in PBS buffer.
Emission spectra for free FMN and purified wt-LOV protein (440 nm exc.) are adapted from [34].
B. Wavelength dependence of magnetic field-induced modulation of emission intensity where AZ =
Z(Bop = 10 mT) — Z(Bg = 0 mT). Note that here we display the absolute difference as normalising by
Z(Bp = 0mT) obscures the wavelength dependence. C. Excitation spectra for 510 nm emission also
acquired for bulk MagLLOV cell suspensions in PBS buffer. Vibrational fine structure in the singlet energy
transitions So — S1 and So — S2 (where S, is the nth excited singlet state) bands ~ 450 nm and
~ 350 nm respectively indicates the emitting flavin is bound. Absorption spectra for Free FMN/wt-LOV
adapted from [34]. D. ODMR recorded over a zoomed-in frequency band. The spectrum is structured,
likely as a result of hyperfine couplings between one of the radicals and a nitrogen nucleus on the FMN
co-factor.

Adopting the SCRP model prompts consideration of the electron donor and acceptor
identities. Both previous studies, and our spectral data in Fig. 3, support identify-
ing the acceptor molecule as the FMN cofactor [25, 27]. For all variants of MFPs
expressed in cells, we find that the wavelength-resolved fluorescence intensity modu-
lated by the applied magnetic field (AI) in [Fig 3 A, B] matches the FMN emission
spectrum, supporting that both MFE and ODMR are detected on the flavin emission.
The excitation spectrum shows vibrational fine structure [Fig 3 C] and is in excellent
agreement with the dark-state absorption spectrum of AsLOV2 Cy50A [35], confirm-
ing the emission originates from bound FMN, i.e. the observed MFEs are not a result
of cellular autofluorescence as has been reported for similar systems [36, 37]. The
ODMR data further supports identifying the FMN as the acceptor, as the hyperfine
resonances (side peaks) are spaced at 31 MHz from the central peak [Fig. 3 D], in
agreement with the anisotropic coupling A, = 31.7(20) MHz to the flavin *N(10)
nucleus reported by Weber et al. [38].



Regarding the donor molecule, for AsSLOV2 Cy50A, single point mutations lead-
ing to quenching of the emissive NMR signal suggest W4g; as the electron donor [39],
which was corroborated by isotopic labelling of Trp residues in AsSLOV2 Cy50A [40].
However, given the extent of mutations in the variants studied here, we cannot con-
firm Wyg; is still the counter-radical. In the structurally related iLOV-Q489, derived
from A. thaliana phototropin-2 (AtPhot2) LOV2 domain, transient absorption spectra
revealed a neutral tryptophan radical, Trp®, is formed in conjunction with FMNH?®,
and photoinduced flavin reduction in single-point mutations of selected tyrosine and
tryptophan residues suggested several amino acids that might be involved in SCRP
formation [41].

4 Magnetic Field Effect can be Engineered by
Directed Evolution
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Fig. 4 MFE and ODMR Dynamics of Engineered Variants. A. MFP variants were engineered
by mutagenesis and directed evolution; from rounds R3 to R10 selection was performed to increase the
MFE at saturation, while MagLLOV 2 R11 f was selected for increased rate of MFE prior to saturation.
In these measurements a magnetic field of Bg = 10 mT was switched on and off with a period of 20 s.
The traces shown are the average (and standard deviation) over multiple periods. B. The equivalent to
an MFE experiment was performed using ODMR on resonance, with a static field of Bg = 29.9mT and
corresponding resonant field B; frequency of wrpr = 754 MHz switched on and off with a 20s period,
averaged as above.

The AsLOV2 domain has been widely used as a starting point for engineering optoge-
netic and other light-dependent protein functionalities [42, 43]. For MFPs, depending
on the application, one could choose to optimise for metrics including MFE mag-
nitude, saturation rate, ODMR contrast, ODMR saturation rate, ODMR line-width
broadening, hyperfine couplings, and others; we here demonstrate this potential by
selecting for MFE saturation rate. As previously reported [1], starting from ancestor
variant AsLOV2 Cg50A [44] we used directed evolution to create variants of MFPs



including MagL.OV. This engineering process (S1.3) involved successive rounds of
mutagenesis (introducing all single amino-acid changes to a given variant), followed
by screening of samples from this variant library to select for increased MFE mag-
nitude. Here, using the same methodology, we further engineered MagL.OV 2, and
by selecting for maximisation of saturation rate (rather than magnitude) of MFE,
MagL.OV 2 R11 f, demonstrating the possibility to perform selection based on differ-
ent aspects of the MFE. Visually distinguishing between the MFE rates of variants
is best observed in data taken from bulk solutions [SI Fig. S5 A}, which is averaged
over many more cells and less prone to distortion by background subtraction. The
observed changes in MFE [Fig. 4 A and SI Fig. S5 A] can be interpreted based on past
work investigating flavin magnetic field-sensitive photochemistry: The MFE enhance-
ment kinetics (i.e. time to MFE saturation) are determined by the ratio between the
rates that donor and acceptor free radicals return to ground state [45]. As such we
hypothesise the change in MFE enhancement timescale reflects an asymmetric change
in the degree of solvent exposure of the radical entities, altering the aforementioned
ratio. For instance, with the mutations introduced in MagLOV 2 R11 f, the accep-
tor return rate increases relatively to the donor, decreasing the time constant of the
response. Interestingly, the ODMR contrast and rates are changed, but not neces-
sarily in simple correlation with MFE contrast [Fig. 4 B]. This raises the possibility
of engineering orthogonal fluorescent signatures, expanding again the number of tags
available for multiplexing (for instance with further engineering the total might be
#emission colors x #MFE signatures x #0DMR signatures). Alternatively, if ODMR
contrast and MFE magnitude are not independent, then MFE could be used as a proxy
for improved ODMR, since the simplicity of measuring MFE makes it better suited
to directed evolution experiments, while certain applications (such as measurements
of reporter spatial localisation) are better suited to ODMR.
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5 Demonstration of Multiplexing and Signal Lock-in
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Fig. 5 Multiplexing and Lock-in Applications using MFE. A. Illustration of the preparation
of multiple variants on a coverslip. B, C. Exponential curves were fit to the MFE of each cell in each field
of view. In B, the separate populations are shown, illustrating MagLOV 2 R11 f has a greater exponential
parameter T, of f, and that overlaying the two populations produces a bi-modal distribution with small
overlap (S1.11.1). C. A two-Gaussian function is fit to the bi-modal distribution of a sample with 1 : 1
mixture of the variants. The ratio of areas under the Gaussians is AsSLOV2 R3 : MagLOV 2 R11 f = 0.82:
1, consistent with 0.92 : 1 found from the area under the Gaussian fits in B. D. Schematic illustration
of the microfluidic setup. Cells expressing either MagLOV and EGFP fluoresce green under 450 nm
illumination, whereas only cells expressing MagL OV are visible under 565 nm illumination, since they
co-express mCherry. The chip is composed of two rows of trenches (vertical lines) connected by a channel
bringing fresh media into the system and carrying old cells out. E. Cropped view of single trenches, with
cells circled in red as identified by a cell-segmentation algorithm (S1.12). F. Time-series of the 450 nm
illumination fluorescence response for the individual cells depicted in E over time, as a magnetic field
Bp = 10 mT is switched on and off (red line). Both the traces for each cell in the trench (grey lines),
and the average trace over all the cells in the trench (black line) are shown. G. Confusion scatter plot
for classifying whether cells express MagLLOV or EGFP based on magnetic response, taking the 565 nm
fluorescence as ground-truth and using the lock-in value (S1.12) as the predictor. Top left quadrant are
false negatives, top right quadrant are true positives, bottom left quadrant are true negatives, and bottom
right quadrant are false positives. The balanced accuracy by cells and by trenches is 0.99, see S2.1 for
classification data. H. The standard deviation ¢ of the lock-in values in G is calculated between cells in
each trench (blue histogram) and between all cells in all trenches (mean value in red dashed line).

Our library of MFP variants exhibits differences in the rate and magnitude of
response across both MFE and ODMR characterisation. Where such differences
can be engineered orthogonally between variants, they open the possibility of using
libraries of MFP reporters as a multiplexing tool to extract several signals from
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a single measurement (i.e. fluorescence intensity in a single wavelength band). To
demonstrate this potential in fluorescence microscopy, we created equal mixtures
of AsLOV2 R3 and MagLOV 2 R11 f and measured single-cell MFEs across the
combined sample [Fig. 5 A]. We initially characterised each variant in isolation, mea-
suring fluorescence traces for ~ 500 cells in a field of view, and exponential rise/fall
functions (characterised by an amplitude A and rate parameter B) were fit to periods
with electromagnet off/on respectively, which allows estimation of intrapopulation
variability [Fig. 5 B]. We then characterised a mixture of these variants [Fig. 5 C], for
which parameter values fit to single cells show strong bi-modality, enabling the popu-
lation to be decomposed into sub-populations identified by which magneto-sensitive
fluorescent variant is expressed. Separation of sub-populations is more challenging
for variants with similar dynamics, or when attempting separation based on MFE
amplitude (A) which we hypothesise is confounded by factors including intracellular
variability in protein expression and environment.

Using a microfluidics setup, we further investigated the intracellular variability of
variants of MFPs, and demonstrate the possibility of lock-in detection in weak sig-
nal environments. Cells expressing EGFP [30] and co-expressing mCherry [46] and
MagLLOV were mixed and loaded into a microfluidic “mother machine” chip consist-
ing of evenly spaced trenches, which after a few hours growth are each filled only
with cells whose ancestor is the cell at the closed end of the trench (i.e. they may be
considered clonal) [Fig. 5 D]. The cells were imaged using the same widefield fluores-
cence microscopy setup as described previously. Using MFE-based lock-in detection,
we found that MagLOV cells could be identified distinctly from EGFP in most cases
(using mCherry as a ground truth), with accuracy improving when averaging over a
trench compared to distinguishing single cells [Fig. 5 E-G]. This approach allows vari-
ability to be attributed to inter-clonal or intra-clonal sources; we observe that mean
intra-trench variability (quantified by standard deviation over 5-8 cells in the trench)
is approximately half that of the variability over all MagL.LOV-positive cells [Fig. 5 HJ.
This suggests approximately one third of the total arises from intra-clonal noise sources
(e.g. phenotypic variability over 3-4 generations, camera and accompanying measure-
ment noise), with inter-clonal sources (longer term phenotypic variability, variation in
local environment) contributing the remainder.

6 Discussion

Directed evolution, enabled by straightforward fluorescence screening, has proved to
be a powerful technique to engineer proteins exhibiting magneto-sensitive responses.
The advent of stable, highly responsive magneto-sensitive proteins represents a
paradigm shift; transitioning from systems studied primarily for scientific interest
toward engineerable tools with potential for widespread application. Previously
existing natural and engineered proteins (typically designed as model representatives
of the cryptochrome) exhibited comparatively small responses to magnetic fields,
required sophisticated experimental apparatus for study, did not exhibit MFEs in
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living cells, were prone to rapid light-induced degradation, and were therefore unsuit-
able for biotechnological applications or high-throughput setups required for directed
evolution [23, 47, 48]. That said, compared with other candidates for quantum bio-
logical sensing, two unique advantages of a protein-based system are (a) that it is
configurable: significant engineering improvements can be made (relatively simply)
by changing the DNA encoding the protein, and that (b) that it can be endogenously
expressed, opening the door to genetically engineered regulation of expression. MFPs
therefore are the best of both worlds, enabling robust quantum measurements while
also being highly amenable to engineering and cellular integration.

Magnetic resonance measurements enable applications not possible otherwise.
One such application is 3D spatial localisation of fluorescence signals, utilising the
fact that resonance only occurs when the required conditions are met by the (orthog-
onally controllable) RF and magnetic fields. In Fig. 2 E we observe that changing
the magnetic field strength at the sample changes the resonance frequency according
to wrp = . Bop; in Fig. 3 D we show the frequency difference between the resonance
maxima and first minima is roughly 17 MHz; and our system generates field gradients
on the order of ~ 1000 mT/m. This illustrates that for MagLOV 2, resonance could
be localised to (and hence lock-in detected from) a plane of spatial depth ~ 0.6 mm.

While the properties of the MFPs we generated (photostability, MFE magni-
tude) are far superior to previous proteins exhibiting MFEs, their optimisation is by
no means complete. Similarly, there remains significant opportunity for mechanistic
investigations utilising the wide array of techniques previously applied to biological
systems exhibiting MFEs and ESR [26, 43, 48-51]. Building such mechanistic under-
standing would support use of rational design methods to develop biotechnological
tools. Crucially, understanding the mechanism of action and high throughput screen-
ing (similar to and more advanced than we demonstrate here) can go hand in hand -
for instance by identifying a proxy property of MFE to optimise to achieve a desired
ODMR property in application. In general, precisely which metric(s) are chosen for
optimisation depends on the application in mind, be it utilising MFE or ODMR, or
favouring magnitude or speed of response as was of interest for the lock-in and mul-
tiplexing applications we demonstrated. As such - much like fluorescent proteins - we
expect MFPs will also be engineered to make general improvements, such as to solubil-
ity, photo-stability and quantum-yield [52]. Finally, we hope that the development of
MFPs can serve as the starting point for magnetically controlled biological actuators,
whereby application of a local magnetic field can have downstream cellular effects -
such a technology would be of significant biomedical and biotechnological interest.

Supplementary information.
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