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ABSTRACT: Several fluorescent proteins, when expressed in E. coli, are sensitive e AFMNH,
to weak magnetic fields. We found that mScarlet3 fluorescence in E. coli reversibly f\’%‘.}( 60 mT
decreased by 21% in the presence of a 60 mT magnetic field, the largest magnetic - 0O 0

field effect (MFE) reported in any fluorescent protein. Purified mScarlet3 did not

show an MFE, but the addition of flavin mononucleotide (FMN) and §

simultaneous illumination with blue and yellow light restored the MFE. Through o 519,
extensive photophysical experiments, we developed a quantitative model of the 3 °
giant MFE in mScarlet3-FMN mixtures. The key reaction step involved electron g & F
transfer from fully reduced FMNH, to triplet-state mScarlet3 to form a triplet T .

spin-correlated radical pair. The magnetic field then controlled the branching
ratio between singlet recombination vs triplet separation. Our quantitative model
of the mScarlet3-FMN photocycle provides a framework for the design and
optimization of magnetic-field-sensitive proteins, opening possibilities in
fluorescent protein-based magnetometry, magnetic imaging, and magnetogenetic
control.

Time

B INTRODUCTION

Interactions between milli-Tesla magnetic fields and organic
matter at room temperature are too weak to affect reaction
outcomes through thermodynamic means. Nonetheless,
magnetic field effects (MFEs) on photochemical reactions
have long been observed in organic dye solutions” > and in
some biochemical systems, but such effects are typically small
(<1%)®” or restricted to nonphysiological conditions.*’
Identification of large (>10%) MFEs in biochemical reactions
under physiological conditions would open the possibility to

MEFEs are thought to arise through quantum dynamics in a
spin-correlated radical pair intermediate (reviewed extensively
in ref 10). Briefly, an electronic excited state — usually
produced by photoexcitation — undergoes electron transfer to
produce a pair of electrons that are weakly interacting but
whose spin states are in a nonthermal distribution, favoring
either singlet or triplet states, i.e. a spin-correlated radical pair
(SCRP). Each electron spin precesses under the influence of
distinct hyperfine interactions with nearby nuclear spins,
leading to interconversion between singlet and triplet states,
known as intersystem crossing (ISC). An external magnetic

harness these effects to modulate biochemical signals, or to
implement quantum coherent measurement or control
protocols in biology, and may shed light on possible
mechanisms of magnetosensation.

A recent report described MFEs in several fluorescent
proteins in live E. coli, and when paired with redox cofactors in
vitro." Enhanced green fluorescent protein (EGFP) fused to a
flavin-binding tag showed a 0.25% MFE in E. coli when
exposed to a 25 mT field. A mixture of purified mScarlet, a red
fluorescent protein, and FMN showed a nearly 3% MFE in a
10 mT magnetic field, provided that the sample had been
preilluminated with 470 nm light. Mutagenesis and screening
in a light-oxygen-voltage-sensing (LOV) domain protein led to
an astonishing 35% magnetic modulation in flavin fluorescence
in an engineered variant termed magLOV.1 The mechanisms
underlying these newly discovered MFEs are not known.
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field partially decouples the electron and nuclear spins,
suppressing ISC. Singlet radical pairs are more likely to
recombine, while triplets are more likely to separate, leading to
an MFE on the photochemical reaction outcome.

While the broad outlines of the SCRP mechanism are well
established, the molecular species, reaction steps, and rate
constants were not known for the MFE in any fluorescent
protein. In particular, the reported requirement for preillumi-
nation with blue light in the mScarlet/FMN MFE was a
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Figure 1. mScarlet3 fluorescence in E. coli is magnetic field sensitive. (A) Experimental setup. Fluorescence of E. coli expressing mScarlet3 (PDB
ID: 7zct)* ™" was probed via epifluorescence microscopy, while a magnet on a servo modulated the local magnetic field. (B) Image of E. coli
expressing mScarlet3 in the absence (left) or presence (right) of a 60 mT magnetic field. Same contrast for both images. Scale bar 10 ym. (C)
Distribution of amplitudes of the MFE across individual E. coli. AF/F,; = (20.7 + 1.5)% (mean + s.d., n = 50 cells). Boxplot shows median, 25th
and 75th percentiles; whiskers show extrema. (D) Fluorescence time-trace of mScarlet3 under green excitation ($32 nm, 21 W/cm?) and
alternating magnetic field. Inset: upon illumination onset, fluorescence rapidly quenched. Right: definitions of the parameters k4, AF, and Fj,.
(E) Steady state MFE amplitude as a function of illumination intensity. Magnetic field was 60 mT. (F) Steady state MFE amplitude as a function of
magnetic field. Illumination intensity was 21 W/cm? (G) Switching rate as a function of illumination intensity. Magnetic field was 60 mT. Rates
were approximately first-order in illumination intensity for both the upstroke and the downstroke. (H) MFE switching rate for the upstroke as a
function of magnetic field. Illumination intensity was 21 W/cm?. Rates were independent of magnetic field. (I) Excitation and emission spectra of
purified mScarlet3 (solid curve), overlaid with emission spectrum of E. coli expressing mScarlet3 (circles). (J) Magnetic field modulated the

amplitude (red traces), but not the shape (black trace), of the fluorescence emission spectrum. Error bars for E—H denote s.e.m.

mystery. In a previous report on an MFE involving flavin and
proteins, the photoexcited flavin oxidized the protein.” In the
mScarlet3/FMN system, we find that photochemically
produced FMNH, reduces the protein. The MFE photocycle
provides a guide for efforts to apply or enhance protein-based
magnetic field effects and for coherent control of spin
dynamics in proteins.

B RESULTS

mScarlet3 Shows a Large MFE in LiveE. coli. We
imaged the fluorescence of several red fluorescent proteins
expressed in live E. coli using an epifluorescence microscope.
We used a servo-controlled permanent magnet on a stick to
switch the magnetic field between 0 and 60 mT (Figure 1A).
We tested red-emitting fluorescent proteins mScarlet3,
mScarlet-I3, mSandy2, mRuby3, and mKate2. All except
mKate2 showed magnetically modulated fluorescence (Figure
S1).
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We focused on mScarlet3 because it was bright and had the
largest MFE of the proteins we tested. In the presence of the
magnetic field (B = 60 mT), the fluorescence of mScarlet3 was
visibly dimmer than in its absence (Figure 1B; 532 nm
excitation, 48 W/cm? 575 nm long-pass emission, B switching
every S s). We quantified the MFE amplitude by AF/F,,, where
F, is the steady-state fluorescence at magnetic field B = 0, and
AF = F, — F(B). Quantification across individual mScarlet3-
expressing bacteria showed an MFE of AF/F, = 20.7 + 1.5%
(mean =+ s.d,, n = SO cells, Figure 1C).

We then explored how the illumination intensity and the
magnetic field strength affected the dynamics of the
fluorescence. Upon onset of illumination at 21 W/cm?, the
fluorescence rapidly quenched from 13,000 to 80 counts, with
a time-constant of ~1.8 s (Figure 1D inset). After the
fluorescence stabilized, stepwise changes in magnetic field
induced gradual changes in fluorescence. The steady-state
MFE amplitude was independent of the excitation intensity
over the measured range I = 0.3—48 W/cm? (Figures 1E and

https://doi.org/10.1021/jacs.5c03997
J. Am. Chem. Soc. 2025, 147, 18088—18099


https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03997/suppl_file/ja5c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c03997/suppl_file/ja5c03997_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03997?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03997?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03997?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c03997?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c03997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A B 100 uM mScarlet3 (0 uM FMN)
Imaging =)
spectrometer .
- i 7000
6000
o
c ”\fkw 5000
: : :N SNSo 4000
: WOH
Flavin ! S 3000
mononucleotide Ho” O
(FMN) o 2000
osp 0 50 100 150
1o O Time (s)
D 100 UM mScarlet3 (60 M FMN) E
1 488 nm
10000
0.5
8000 | ol
p 300 400 500 600 700 800
© Wavelength (nm)
S 6000
(&3
«n
€
4000 |
2000 . s
0 50 . 100 150
; Time (s) N
10000 | 2800 4100
20 4000
8000 2600 /_/’\/\/W\/
3900
6000 2400 : . : : 15 3800
0 10 20 60 70 80 90 100 110 140 150 160

Figure 2. The mScarlet3 MFE requires FMN and blue light. (A) Fluorescence spectra were measured in a microscope with an imaging
spectrometer. (B) Fluorescence of purified mScarlet3 showed no MFE under yellow (561 nm) or yellow + blue (488 nm) illumination. The
magnetic field was modulated in S s intervals between B = 60 mT (gray stripes) and B = 0 (white stripes). (C) Chemical structure of FMN. (D)
Addition of FMN (60 uM) did not affect mScarlet3 fluorescence under yellow-only illumination. Onset of blue illumination led to partial
quenching of mScarlet3 fluorescence and appearance of an MFE. Fluorescence was spectrally filtered to separately record mScarlet3 and flavin

emission. (E) Excitation and fluorescence emission spectra of FMN.

S2). The steady-state MFE amplitude increased with increasing
magnetic field, with a half-saturation field B,,, = 5.5 mT
(Figure 1F).

We fit the magnetic field-induced switching rate constant,
kyyiten (defined in Figure 1D), over an intensity range from I =
0.3—21 W/cm® (corresponding to per-molecule excitation
rates Io = 145—11,600 s™'; & is the absorption cross-section at
532 nm and is proportional to &3, = 53,040 M™' cm™"). The
switching rate at magnetic field onset varied from 0.04 to 3.5
s~ over this range, and was approximately linear in intensity,
i.e, kegitn ¢ I” + B with r = 1.0 for the fluorescence upstroke
and r = 0.9 for the downstroke (Figure 1G). These results
suggested a single rate-limiting photochemical step in the
magnetic-field dependent photochemical reaction. The ratio of
Kgwicen (s7') to per-molecule excitation rate Io (s™') gives a
branching ratio of 3.1 X 107* for magnetic field-dependent
photoswitching from bright to dark forms of mScarlet3.

The switching rate was independent of the magnetic field
strength over the range 3—125 mT (Figure 1H), implying that
the magnetically modulated rate constant(s) were not the rate-
limiting steps in the photochemical conversion between
fluorescent and non-fluorescent mScarlet3 states. The
fluorescence emission spectrum of the E. coli closely matched
the spectrum for purified mScarlet3 (Figure 1I),"" and the
MFE modulated the amplitude, but not the shape, of this
spectrum (Figure 1J). These observations indicate that
mScarlet3 was the primary emissive species.

18090

In E. coli, various factors could influence the MFE including
pH, redox factors, and diffusional confinement of molecules
within each bacterium. We found that the MFE was largest on
the second day of expression in liquid culture, suggesting the
involvement of metabolic or redox factors beyond just the
fluorescent protein. To study the molecular mechanisms
underlying the MFE under controlled conditions, we thus
switched to working with purified protein.

Purified mScarlet3 Shows an MFE in the Presence of
FMN and Blue Light. We purified mScarlet3 and measured
its fluorescence while varying the magnetic field. An imaging
spectrometer recorded both the amplitude and shape of the
emission spectrum (Figure 2A). No MFE was detected for
yellow (561 nm) or yellow + blue (561 + 488 nm) excitation
(Figure 2B). Prior work showed that the addition of flavin
mononucleotide (FMN, Figure 2C) and blue light restored the
MEE in mScarlet3," so we replicated that result. Addition of 60
#M FMN did not produce an MFE under yellow light alone.
However, when we combined blue and yellow light in the
presence of FMN, we observed a rapid initial drop in
mScarlet3 fluorescence, and then an MFE (Figure 2D). The
blue light also evoked FMN fluorescence, which was spectrally
distinct from mScarlet3 fluorescence. The FMN fluorescence
showed a rapid initial drop before stabilizing, but did not show
a detectable MFE. Upon turning oft the blue light, the
mScarlet3 fluorescence partially recovered, and the MFE went
away.

https://doi.org/10.1021/jacs.5c03997
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Based on these measurements, and the overlap of the blue
laser wavelength with the FMN absorption spectrum (Figure
2E), we speculated that a photochemical product of FMN
excitation might be involved in the MFE. To test this
hypothesis, we prepared a sample comprising mScarlet3
immobilized on Ni-NTA resin beads, immersed in a solution
of FMN (500 M), and sandwiched between glass coverslips.
We targeted the yellow light to focus on a single bead, and the
blue light to pass through a region of FMN solution
approximately 200 pm from the bead (Figure 3A,B). This
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Figure 3. The mScarlet3 MFE requires a long-lived FMN photo-
product. (A) Experiment to test whether an FMN photoproduct
contributed to the MFE. A bead containing tethered mScarlet3 was
illuminated with yellow light. Blue light was laterally displaced and
focused into a solution of FMN. (B) Left: excitation profiles overlaid
on an image of the bead. Right: emission of FMN (green) and
mScarlet3 (yellow) on an imaging spectrometer. The x-axis
corresponds to position and the y-axis to emission wavelength. The
contrast of the FMN emission has been increased to render it visible.
(C) Time-course of FMN fluorescence (cyan) and mScarlet3
fluorescence in the regions on the bead indicated with correspond-
ingly colored rectangles in (B). The magnetic field was modulated in
S s intervals between B = 60 mT (gray stripes) and B = 0.
Approximately 35 s after blue light onset, the mScarlet3 fluorescence
showed quenching and onset of an MFE, with the regions closer to
the blue light responding first. The FMN fluorescence was not
detectably magnetic field sensitive.

arrangement prevented any direct blue light interaction with
mScarlet3 molecules, while allowing diffusive interchange of
long-lived photoproducts between the two illuminated regions.
We measured the emission from both the blue-illuminated and
yellow-illuminated regions with an imaging spectrometer
(Figure 3B, right), while we varied the magnetic field.

As with the soluble proteins, the mScarlet3 initially showed
no MFE under yellow-only illumination. When the blue light
was turned on, the FMN fluorescence decayed over ~1S s,
suggesting photochemical consumption of the FMN. As

before, there was no detectable MFE in the FMN fluorescence.
After a delay of ~35 s, the mScarlet3 fluorescence began to
drop, and an MFE appeared (Figure 3C). The side of the bead
closest to the blue spot had the earliest and largest response,
and more distant regions had later and smaller responses.
When the blue light was turned off, the MFE persisted for ~35
s, and then gradually faded as the mScarlet3 fluorescence
recovered.

These experiments taught us several important facts. First,
they established that a relatively long-lived FMN photoproduct
was necessary for the MFE. Second, the magnet did not act on
the blue-mediated FMN photochemistry, but rather on the
interaction of the FMN photoproduct with yellow-excited
mScarlet3. Third, the MFE did not require blue light
interaction with mScarlet3 itself (or with mScarlet3 photo-
products). We estimated the diffusion coefficient of the FMN
photoproduct from D = x*/2t, where x = 200 um was the
distance between the blue laser spot and the mScarlet3-labeled
bead, and t = 35 s was the delay between blue illumination and
onset of the MFE. This estimate gave D & 570 /,tmz/ s, broadly
consistent with diffusion of a small molecule in water (due to
the complex geometry, this estimate for D is likely only
accurate within a factor of ~2).

mScarlet3 MFE Requires Both Oxidized and Reduced
FMN. Optically excited FMN is a potent oxidizing agent,
readily forming the semiquinone radical. In the absence of an
exogenous electron donor, the ribityl chain of another FMN
molecule donates an electron.'”'? The semiquinone radical
spontaneously disproportionates to re-form FMN and the
doubly reduced FMNH, (Figure 4A)."*~"” We speculated that
photochemically produced FMNH, might mediate the MFE.

To test this hypothesis, we produced FMNH, by
illuminating FMN (3.3 mM) with high intensity 488 nm
light (60 W/cm?), in a solution also containing mScarlet3 (100
UM). As before, we used yellow light (561 nm, 10 W/cm?) to
probe the mScarlet3 fluorescence. To our surprise, the
mScarlet3 fluorescence rapidly quenched to almost zero, and
the MFE was initially not detectable (Figure 4B). This
observation seemed to contradict our hypothesis. However,
after the blue light was turned off, the fluorescence gradually
increased, and the MFE appeared, growing proportionally with
the fluorescence. We hypothesized that the FMN concen-
tration increased during this interval via a combination of
reoxidation of FMNH, by ambient oxygen and diffusion of
FMN from the nonilluminated regions of the sample into the
observation region; and that perhaps it was necessary to have
both FMNH, and FMN in the solution to observe the MFE.

To test this revised hypothesis, we produced FMNH, by
illuminating FMN with 488 nm light in the presence of S mM
ethylenediaminetetraacetic acid (EDTA), an efficient electron
donor for photoreduction of FMN.'*'*'® We performed the
photoreduction in an anaerobic glovebox to avoid reoxidation.
Absorption spectra confirmed photoreduction of FMN to
FMNH, (Figure 4C). We then prepared mixtures with
degassed solutions containing well-defined concentrations of
FMNH,, FMN, and mScarlet3 under anaerobic conditions
(Figure 4D), and sealed the samples for characterization.

We used a home-built apparatus to interleave measurements
of the absorption and fluorescence emission spectra while
exciting the mScarlet3 with yellow light and varying the
magnetic field (Figure 4E). In a sample of 30 M FMNH, and
6 uM mScarlet3 (and no FMN), illumination with 561 nm
light (1.7 W/cm?) caused a rapid quenching of the mScarlet3

https://doi.org/10.1021/jacs.5c03997
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Figure 4. The mScarlet3 MFE requires both oxidized and reduced FMN. (A) Photoexcitation of FMN produces FMNH,. (B) Fluorescence of
purified mScarlet3 with an excess of FMN and high-intensity blue light. The fluorescence quenched almost completely (residual fluorescence
during blue illumination is the tail of the FMN emission and autofluorescence due to the high blue intensity). Upon turning off the blue light, the
mScarlet3 fluorescence recovered and the MFE increased proportionally. (C) Absorption spectra of FMN in its oxidized and photoreduced
(FMNH,) states. (D) Samples of FMNH,, FMN, and mScarlet3 were prepared separately in anaerobic conditions, and then combined and
measured under 561 nm illumination. (E) Top view of the experimental apparatus. Magnetic field-dependent fluorescence and absorption spectra
were recorded on a spectrometer. (F) Absorption spectra of mScarlet3 and the fully photoreduced mScarlet3 product (presumably mScarlet3 ™
radical anion) in the presence of FMNH,. (G, H) mScarlet3 fluorescence quenching, MFE, and recovery in samples with indicated concentrations
of FMN and FMNH,,. All fluorescence traces are normalized to their initial value. A 5% duty cycle of yellow light (25 ms every 0.5 s) was used to
image the fluorescence recovery. Fluorescence during this epoch was scaled 20X to account for the lower illumination intensity. Asterisk indicates
FMN concentration determined from absorption measurements (Experimental Section; Figure S3).

fluorescence to almost zero. The absorption spectrum of the
mScarlet3 photoproduct was distinct from unquenched
mScarlet3 (Figure 4F) with both a blue-shifted and red-shifted
peak. We ascribe this spectrum to a photoreduction of
mScarlet3 by FMNH,, most likely to form the mScarlet3™
radical anion. The putative mScarlet3™ radical anion was not
fluorescent under 561 nm excitation.

We then systematically varied the concentrations of FMN
and FMNH, in mScarlet3 solutions and recorded the magnetic
field-dependent fluorescence (Figure 4G,H). When [FMNH,]
was 1 yM or less, we used 50 nM mScarlet3 to ensure that
FMNH, was in excess; otherwise, we used 500 nM mScarlet3.
Complete photoreduction from FMN to FMNH, is difficult,"”
so for the samples with low [FMN] we determined the
concentrations of each flavin species from absorption spectra
(Figure S3). In contrast to previous experiments, the MFE
only required yellow light.

Increasing [FMNH,] decreased the steady-state mScarlet3
fluorescence, and increasing [FMN] counteracted this effect.

The MFE was largest in absolute magnitude when these two
effects were balanced so the steady-state fluorescence was
approximately half its initial value. At fixed [FMNH,],
increasing [FMN] increased the rate of initial quenching and
also the rate of magnetic field-induced switching (Figure 4G).
In the absence of FMNH,, FMN had no effect on mScarlet3
and did not induce an MFE (Figure 4H, purple trace), as we
observed previously (e.g., Figure 2B).

After 90 s of yellow illumination, we decreased the yellow
intensity to 5% (85 mW/cm?®), to monitor the recovery of
mScarlet3 fluorescence in close-to-dark conditions. The rate of
mScarlet3 recovery in dim yellow light depended on [FMN]
and was largely independent of [FMNH, ] (except for the small
effect of residual yellow-light + FMNH,-mediated quenching).

In anaerobic conditions, the MFE persisted overnight
(Figure S4A), establishing that the active FMN photoproduct
was stable in the absence of oxygen, while stirring the solution
in air immediately abolished the MFE. All evidence was
consistent with FMNH, as the photoproduct responsible for
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Figure S. lllumination of mScarlet3 populates a transient dark state. (A) Three-state model of intersystem crossing (ISC) in mScarlet3. (B) Onset
of high-intensity illumination of mScarlet3 immobilized on an agarose Ni-NTA bead induced a rapid and reversible slight decrease in fluorescence.
(C) Data from (B), normalized to initial fluorescence, with exponential + linear fits. More intense illumination led to a larger fractional decrease in
fluorescence. The relative amplitudes of the fluorescence dip and the fluorescence steady-state correspond to the relative triplet and ground-state
populations (assuming negligible singlet excited state population). Traces are averaged over 18 flashes for each of n = 3 beads. Fitting the (D) rate
constant and (E) amplitude of the fluorescence dip implied ky ~ 224 s™ and kisc ~ 1.9 X 10° s, Error bars denote s.e.m.

photoinduced mScarlet3 quenching and the MFE. To rule out
the possibility of species other than FMNH, and FMN
contributing to the MFE, we tested mixtures of mScarlet3 with
EDTA alone (Figure S4B), as well as with FMN photo-
products lumichrome and H,O, (Figure $4C).">'"'¥ None of
these mixtures showed an MFE. We measured the MFE at
several pH values to determine whether the reductant was
FMNH, or FMNH™, as FMNH, has a pK, of 6.7."” The
mScarlet3 fluorescence quenched more at lower pH,
suggesting that FMNH, was the relevant species (Figure SS).
Together, these results imply that FMNH, electrochemically
reduced the optically excited mScarlet3 to form a non-
fluorescent protein photoproduct, and FMN reoxidized this
photoproduct to reform ground-state mScarlet3. In this model,
electron transfer from FMNH, to mScarlet3 likely proceeded
through a radical-pair intermediate, whose branching between
recombination and separation was magnetic field sensitive.
mScarlet3 Photoreduction Likely Proceeds through
an mScarlet3 Triplet State. Two observations led us to
suspect that FMNH, electrochemically reduced photogen-
erated mScarlet3 triplet (*mSc) rather than the excited
mScarlet3 singlet (mSc*). First, under our illumination
conditions, the population of mSc* was very low. The mSc*
lifetime is 4 ns," and at an excitation intensity of 1.7 W/cm? at
561 nm, the per-molecule excitation rate was Io = 1652 s™*
(es61 = 90,480 M™! cm™"). Thus, the excited-state to ground-
state ratio mSc*/mSc ~ 6 X 107% At 10 uM FMNH,, and a
measured rate of initial quenching of 0.98 s™', the implied
bimolecular rate constant if the reaction proceeded from mSc*
would be 8.3 x 10'® M™' s7!, substantially greater than the
diffusion-limited aqueous bimolecular rate constant, 6.6 X 10°
M~ s7.*° Hence a reaction from a long-lived triplet which
could accumulate to higher concentration was more likely.
Second, we noted that the magnet decreased the mScarlet3
fluorescence. A magnetic field prolongs the lifetime of the
initial spin state of a SCRP. A singlet SCRP is more likely to
recombine, releasing ground-state mScarlet3, which can
fluoresce, while a triplet SCRP is more likely to diffusively
separate, building up a population of non-fluorescent mSc™

radical anion. Thus, we surmised that the SCRP was likely
born in a triplet state. The electron-transfer reaction usually
conserves spin, so one of the reactants was likely a triplet.
FMNH, has a singlet ground state, so the mScarlet3 was likely
in a triplet state.

We measured the mSc* — mSc intersystem crossing and
*mSc — mSc recovery rates for mScarlet3 (with no flavin or
other redox factors present), which we modeled as a three-state
system (Figure SA). In an anaerobic sample of mScarlet3
bound to beads (to eliminate effects of diffusion), we applied
pulses of 561 nm light at different intensities (Figure SB) and
recorded the millisecond-time scale fluorescence dynamics
(Figure SC). We observed a reversible intensity-dependent
initial dip in the fluorescence, which we attributed to
populating the mScarlet3 triplet state. We quantified the rate
(Figure SD) and amplitude (Figure SE) for this initial dip as a
function of the mScarlet3 excitation rate (Is), where I is the
excitation intensity (photons/cm?/s) and ¢ is the absorption
cross section at 561 nm (cm?). From these, we determined kj
~ 224 s and kigc ~ 1.9 X 10° s! (Supporting Information).

Quantitative Model of the mScarlet3/FMNH,/FMN
Magnetic Field Effect. Combining all the above results, we
developed a model of the mScarlet3 and FMN magnetic field
effect (Figure 6A). In a solution initially containing only FMN,
the blue illumination produced FMNH,. Alternatively, the
FMNH, can be produced separately and added to the solution
under anaerobic conditions. Yellow excitation populated the
mScarlet3 triplet state (*mSc, Figure S). In the key reaction
step, FMNH, donated an electron to the mScarlet3 triplet
state, producing an initially triplet spin-correlated radical pair,
*[mSc™ + FMNH]. The magnetic field suppressed intersystem
crossing to the singlet. The radical pair either recombined
(more likely if in a singlet) or separated (more likely if in a
triplet). Once separated, FMN reoxidized mSc™ back to
mScarlet3. This model contrasts with the MFE in interactions
of FMN with a non-fluorescent protein backbone, where the
optically excited FMN is proposed to accept an electron from
the protein to produce a SCRP.
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Figure 6. Quantitative model of giant MFE in mixture of mScarlet3, FMN, and FMNH,. (A) Proposed mechanism. A yellow photon excites
mScarlet3. The excited singlet state either fluoresces or undergoes ISC to produce the mScarlet3 triplet. Blue light drives photoreduction of FMN
to FMNH, (reactions shown in Figure 4A). FMNH, donates an electron to triplet mScarlet3 to form a triplet-born spin-correlated radical pair
(SCRP). The magnetic field controls the rate of ISC in the SCRP. Singlet products preferentially recombine to reform ground-state mScarlet3.
Triplet products diffuse apart to release a non-fluorescent mScarlet3™ radical anion. FMN reoxidizes the mScarlet3 ™ back to the mScarlet3 ground
state. (B) Exponential + constant fits of the fluorescence recovery for the FMN titration in Figure 4G. (C) Linear fit of Kyecovery as @ function of
[FMN] determines the rate constant k, of mScarlet3~ reoxidation by FMN. (D) Exponential + constant fits of the fluorescence quenching for the
FMNH, titration in Figure 4H. (E) Fitting Kgyenq, as a function of [FMNH,] determines parameters /3, and k4 (Supporting Information). (F)
Comparison of measured and predicted MFE amplitude as a function of light intensity in E. coli. (G) Comparison of measured and predicted MFE
upstroke switching rate as a function of light intensity in E. coli. (H, I) Comparison of measured and predicted fluorescence dynamics for the
experiments in Figures 4G,H. All rate constants in (F—I) were identical. The magnetic field-dependent SCRP separation fractions 3, and f,, were
fit separately for E. coli and in vitro data.

We wrote the rate equations for this model and determined We determined f,, = B(By,) by fitting the numerical model
the rate constants from our data. The key steps are outlined to our data on AF/F,, and AF/F,_, as a function of [FMN]
below, the details are in the Supporting Information. Our and [FMNH,] (i.e., Figure 4G,H). The best-fit values were f,
measurements did not directly probe the SCRP dynamics, so = 0.81 and p,= 0.93. The fit parameters are given in Table 1
we captured the MFE via the magnetic field-dependent and the model is available as Supplementary Code.
separation fraction #(B) and recombination fraction, 1-3(B), Our model explained many features of our data, both in E.
from the SCRP states. We used f as a fitting parameter. coli and with purified protein. In E. coli, upon onset of

We first fit the rates of fluorescence recovery under dim illumination at Ie = 11,400 s}, the mScarlet3 fluorescence
yellow light, k,eoveryy in the FMN titration data (Figure 6B). initially dropped by more than 100-fold, from 13,000 to 80
From this, we calculated the bimolecular rate constant, k,,, of counts. Our model reproduced the near-independence of MFE
mSc~ reoxidation by FMN (Figure 6C). We then fit the rates amplitude (AF/F,,) on illumination intensity under conditions
of initial fluorescence quenching, kguencn in the FMNH, of strong quenching (Figure 6F, compare to Figure 1E), the
titration data (Figure 6D). By combining kigc, determined linear dependence of magnetic field-induced switching rate
above, with the dependence of kg, on [FMNH,], we (kiten) on illumination intensity (Figure 6G, compare to
determined (1) the bimolecular rate constant k4, for *mSc Figure 1G), and the independence of kg on magnetic field
reduction by FMNH, (Figure 6E), and (2) the SCRP strength (acting through $(B), Figure S6, compare to Figure
separation fraction at zero magnetic field, f, = B(B = 0). 1H).
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Table 1. Fit Parameters for the Kinetic Model of the
Photocycle

parameter value description source
4 3.5 X mScarlet3 absorption cross section ref 11
10716 at 561 nm
cm?
K} 2.5 % 10®  inverse of the mScarlet3 excited-  ref 11
st state lifetime
kisc 1.85 X 10° mScarlet3 intersystem crossing fit from
st rate Figure SE
ki 224 57 inverse of the mScarlet3 triplet fit from
lifetime Figure 5D
kox 3375 M™!  oxidation of mScarlet3 radical fit from
st anion by FMN Figure 6C
o 0.81 fit to
numerical
model
Poat 0.93 in vitroSCRP separation fraction at  fit to
magnetic field B =B, numerical
model
kpea 5 x 107 reduction of triplet mScarlet3 by  fit from
Mt FMNH, Figure 6E
kgis 5 x 10° rate constant for FMNH' ref 15
M's! disproportionation

Using the parameters determined from our experiments in
purified proteins, the maximal predicted MFE in vitro was 14%
across all illumination intensities and concentrations of FMN
and FMNH,. To match the larger MFE (21%) observed in E.
coli, we decreased the values of f to f, = 0.62 and S, = 0.82.
These decreases in f# can be attributed to a greater bias toward
recombination vs separation in E. coli compared to in vitro
(Supporting Information). This modification is plausible,
considering the influence of nanoscale confinement and
crowding in the E. coli cytoplasm.

For the experiments with purified protein, the model
reproduced the dependence of quenching amplitude (F,/
F,_,) on FMN and FMNH, concentrations (Figure S7). We
then simulated the complete experiment of Figure 4F,G,
including the initial quenching, the magnetic field-dependent
changes in fluorescence, and the recovery of fluorescence
under dim yellow light. By varying the nominal flavin
concentrations by <30% (to account for possible background
redox processes) we achieved close overlay of the predicted
and measured traces (Figure 6H,I).

Implications of the Model. We used the kinetic model to
explore how to maximize the MFE magnetic field sensitivity
and kinetics. The most easily controlled parameters are
[FMN], [FMNH,], and light intensity (I5). Surprisingly, we
found that when the MFE was small, variation in all three
parameters caused the absolute MFE, AF/F,_, to vary along a
single universal curve parametrized by x = F/F,, i.e., the
steady-state residual fluorescence. Specifically, in the limit of
small Af = S(B) — p(0), the kinetic equations predicted:

AF/E_, & %x(l - x)
b 1)

AFE ~ 2P 1~y
b, ()

(here we have preserved the sign convention AF = F(0) —
F(B)). The derivation is in the Supporting Information. Eq 1
confirms our earlier observation that the absolute MFE was
maximized around x = 1/2. In vitro data with variable
[FMN], [FMNH,] (Figure 4G,H) and Io (Figure S8) all fell

close to eq 1, confirming its universality (Figure 7A). Eq 2
predicts that the relative MFE is largest when the fluorescence
is most strongly quenched (x ~ 0). In our experiments in E.
coli, the steady-state residual fluorescence ranged from x =
2.6% at I = 0.3 to x = 0.6% at I = 21 W/cm?, explaining why we
did not detect the intensity-dependent change in AF/F,,. This
analysis presumes that there is no fluorescent background.
Presence of a small fluorescent background shifts the maximal
value of AF/F to higher x, while having little effect on the
maximal value of AF/F,_,.

The different conditions for maximizing absolute vs relative
MEFE highlight a general fact: different chemical quantities may
have their magnetic field sensitivity maximized under different
conditions. We used the model to predict the time-courses of
both observed and unobserved quantities (Figure S9). Figures
7B—F show the dependence on [FMN] and [FMNH,] of F,;/
F._o AF/F, AF/F_, the fractional change in mScarlet3™
(—AmSc~/mSc ), and the magnetic field-induced switching
rate, k. Figures S10 and S11 show the dependence of the
same variables on the excitation rate, I, and either [FMN] or
[EMNH,].

One may wish to use the MFE to detect time-dependent
magnetic fields. The switching rate, kg, is the sum of the
rates into and out of the mSc™ state. Under continuous low-
intensity illumination, kg4 depends linearly on Io and
[FMN]. Increasing [FMNH,] increases kg up until
[FMNH,] ~ 5.5 uM. At high light intensity (I > 10° W/
cm?), the MFE switching follows a multiexponential, with
components corresponding to kigc and k4 X [FMNH,]. The
highest switching rate in our simulations was 1.16 X 10° s™!
(Figure S12), though our model might fail at such high light
intensities, where other photoreactions could come into play.

An alternate approach to measuring fast (and periodic)
magnetic field dynamics is to pulse the illumination in
synchrony with the oscillations in magnetic field, and to
measure the rate of accumulation of mSc™, i.e. as a light-gated
integrator. In this case, one should set [FMN] = 0 so that the
mSc™ is long-lived. The time-resolution is set simply by the
rate of reaction between *mSc and FMNH, to form the SCRP,
presuming that the subsequent dynamics are fast. At close-to-
saturating [FMNH,] = 1.4 mM,>"*? this rate is predicted to be
7 x 10* s, implying the ability to use this “lock-in” scheme to
detect magnetic fields at up to tens of kHz. The maximum
concentration of FMNH, might be increased via addition of
hydrotropic agents such as nicotinamide,””** though it is not
known how well our model will work at concentrations well
outside the range used to determine its parameters.

Modeling the SCRP Dynamics. Our kinetic model places
no constraints on the SCRP separation fraction, B(B), but in
reality this function is governed by the SCRP spin dynamics
and reaction kinetics. The SCRP dynamics can be described at
varying levels of theory. The Haberkorn master equation
provides a fully quantum description,” while the rate-based
description of Hayashi and Nagakura provides a useful
approximation.”® The model of Hayashi and Nagakura
captures the fact that in strong magnetic field, the T, sublevels
and the T, sublevel are not chemically equivalent: T, are
energetically forbidden from interconverting with the singlet
state, S, while Ty and S continue to interconvert in the
presence of a strong field.”® This model predicts that in the
limit of fast hyperfine-mediated intersystem crossing,

By = 1/(1 +g), where 1 = k. /ky, is the ratio of
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Figure 7. Model predictions for the MFE. (A) Universal curve predicts relation between absolute MFE, AF/F,_,, and residual steady-state
fluorescence, x = F,,/F,_,, when the MFE is small. Variation in [FMN], [FMNH,] and light intensity all led to variations in MFE along this curve.
(B—F) Predicted effects of [FMNH,] and [FMN] on (B) F,,/F,_o, (C) AF/F,, (D) AF/F.y, (E) (—AmSc~/mSc ™), and (F) kg, for the MFE
upstroke. Illumination intensity was assumed to be I6 = 1652 s™', corresponding to 1.7 W/cm? at 561 nm. (G) Simulated ensemble-averaged spin-
state probabilities for SCRPs initially equally populated in the Ty, T,, and T_ states. The hyperfine field was Gaussian distributed in three
dimensions, with standard deviation 2 mT for each electron spin, and the external magnetic field was varied from 0 — 20 mT. Arrows point from
low to high external magnetic field. (H) Magnetic field-dependent spin state probabilities at steady state (20 ns on panel (G)). Probabilities for zero
and saturating magnetic fields agree with analytical results. (I) Simulated SCRP separation fraction, f3, as a function of magnetic field strength, at
varying values of 1§ = kc/ky, (J) Relation between values of # under saturating-field vs zero-field, for different values of 5. The rate-based
simulation (solid line) has intercept 2/3 and slope 1/3. Semiclassical spin dynamics simulation (circles) and experimental result (x) lie near this
line. (K) Predicted MFE amplitude as a function of magnetic field for varying values of 7. In these simulations, we kept constant [FMN] = 0.38 uM,

[FMNH,] = 6 uM.

recombination and separation rate constants. The model
further predicts that S, = 2/3 + 1/3f, (Figure 7J). This
simple result is a strong constraint on the maximal MFE
amplitude. Remarkably, the values of f we determined by
fitting the kinetic photocycle model to our in vitro data, f, =
0.81 and S, = 0.93, lie within 1% of this line (i.e, 2/3 + 1/3 X
0.81 = 0.94), establishing good concordance of model and
experiment.

The Hayashi and Nagakura model has two limitations: (1)
as a rate-based model it may miss effects due to the coherent
electron spin dynamics; and (2) it only predicts the limiting
dynamics in zero and saturating magnetic fields, not the
intermediate cases. To address these limitations, we calculated
B(B) by simulating the quantum dynamics and reaction
kinetics of the SCRP spins (Supporting Information). Briefly,
SCRP spins were initialized with equal populations in Ty, T,,
and T_ states, and set in motion precessing around local
random hyperfine fields plus the external magnetic field. The
singlet and triplet probabilities were calculated as a function of
time. In the absence of chemical reactions, the ensemble-

18096

average state occupancies agreed with prior analytical
predictions (Figure 7G,H).””** To introduce chemical
reactions, at each time-step we let each SCRP either separate,
with a rate constant k,, (assumed to be the same for singlet
and triplet states), or recombine, with a rate constant k. (1 —
a(t)), where (1 — a(t)) is the time-dependent probability of
being in the singlet state (Figure S13).

We tallied the fraction of SCRPs that separated to determine
B(B). We then repeated this process for a range of values of 1
= kyeo/kyp (Figure 7I). These semiclassical spin dynamics
simulations gave values of B, and S, which were very close to
the rate-based result f,, ~ 2/3 + 1/3f, (Figure 7J). We then
input the simulated S(B) values into our model of the
photocycle (Figure 6A) to determine the AF/F, vs B curves
for different values of 5 (Figure 7K). As ki, approached zero
(e.g., large 1), AF/F,; approached 100%.

B DISCUSSION

We determined the mechanism by which small magnetic fields
can modulate the fluorescence of mScarlet3. The reaction
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requires the simultaneous presence of fully reduced FMNH,
and oxidized FMN, and involves a photocycle comprising
reduction of triplet-state mScarlet3 by FMNH,, and
reoxidation of mScarlet3” by FMN. A numerical model
quantitatively reproduced the time-dependent fluorescence
trajectories under varied conditions of FMN, FMNH,,
illumination intensity, and magnetic field, both in vitro and
in live E. coli. We infer that live E. coli cytoplasm contains
sufficient FMN and FMNH, (or perhaps other oxidant and
reductant), so the MFE does not require blue light. Previous
work has shown that other redox cofactors such as
cinnavalininate and WST-8 can also enable the MFE.'

Some molecular details in our model remain uncertain. The
molecular structure of the putative mScarlet3™ is not known.
Many red fluorescent proteins—XKillerRed, mRFP, DsRed, and
mKate2—accept electrons upon photoexcitation,zg_B'1 suggest-
ing the presence of a common mechanism. Electron spin
resonance (ESR) studies may provide insights into the nature
of the radical anion. The detailed mechanism underlying
electron-transfer between FMNH, and *mSc is also unknown.
Fluorescent proteins undergo multiple light-driven redox
reactions, some involving direct electron-transfer between the
chromophore and an external redox species, and some
involvin§ hopping mediated by other amino acids in the
protein.‘1 Further mutagenesis, transient absorption, and
computational studies will be needed to elucidate the details
of this reaction step.

In organic donor—acceptor complexes, the MFE can be
enhanced by tethering the groups together,””” or by
confinement in micelles.'"”** In the context of our model,
these effects can be understood as decreasing the rate of SCRP
separation (i.e., increasing #7), which would decrease 3, and fi,,
and would increase S, — . Thus, tethering the flavin cofactor
or nanoconfinement (in micelles, vesicles, or pores in a gel)
may substantially enhance the MFE amplitude. Tethering a
fluorescent protein to a flavin-binding domain may enable
development of magneto-switchable proteins in mammalian
cells, a necessary step for opaque-tissue applications of
magnetogenetics.

To increase the magnetic field sensitivity, one could decrease
the strength of the hyperfine coupling at the locations of the
spins. It may be possible to identify redox cofactors that have
weaker hyperfine couplings than FMNH),, e.g., by replacing the
H with deuterium at position NS in FMN.”* Whether directed
evolution can modulate the hyperfine environment for the
electron spin on mSc™ remains an open question.

B CONCLUSIONS

A detailed mechanistic understanding of spin states in
fluorescent groteins may lead to new microscopy and sensing
techniques.””*° For example, a recent study demonstrated
fluorescence-detected electron-spin resonance via optical
pumping of the triplet state in yellow fluorescent protein
(YFP).>” Other recent studies showed fluorescence-detected
electron-spin resonance in a modified LOV domain,
magLOV,?’8 in mScarlet in a live nematode,”® and in a
cryptochrome.*” In organic solutions showing magnetic-
sensitive fluorescence, imaging through a scattering medium
was achieved by sweeping a magnetic null through the
sample.*" Development of protein-based spintronics requires
a detailed understanding of both the quantum spin dynamics
and the kinetics of the photocycles in which these spin
dynamics are embedded.

18097

Photoredox reactions are common in proteins: crypto-
chromes and photolyases contain flavin cofactors,” and
protein backbones can donate electrons to photoexcited
FMN.”** Among fluorescent proteins, GFP can donate an
electron from the excited state, undergoing oxidative
redding.*”** Under anaerobic conditions, GFP may also
accept an electron.”*™*® We suspect that many proteins with
these properties may be magnetic field-sensitive or could be
engineered to show magnetosensitivity under suitable con-
ditions.

It remains controversial whether radical pair-based magnetic
field effects have any biological function.*””** The half-maximal
field of 5.5 mT in our experiments is approximately 100-fold
larger than Earth’s magnetic field, so our experiments do not
directly address this controversy. Regardless, the existence of
strong MFEs in proteins under physiological conditions
suggests that such effects may be more widespread than
currently appreciated. An exciting future opportunity is to use
the power of protein design and directed evolution to tune the
MFE amplitude, magnetic field sensitivity, and switching
kinetics; and to couple the MFE to downstream biochemical
cascades.
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Experimental Section

Bacterial culture and sample preparation

6xHis-tagged pDx_mScarlet3 (Addgene #189754) was expressed in BL21 (DE3) E. coli (NEB
C2527H) and plated on lysogeny broth (LB) agar plates with 100 yg/mL Kanamycin (Teknova
L1025). The plasmid sequence was verified through whole-plasmid sequencing (Plasmidsaurus).
Bacteria were grown at 37 °C overnight. The next day, a single colony was inoculated in 5 mL of
LB supplemented with 50 ug/mL Kanamycin and grown in a shaking incubator at 37 °C and 250
r.p.m. overnight.

250 pL from the liquid culture was used to inoculate a 25 mL culture. After 1 hour in a shaking
incubator at 37 °C, L-Rhamnose (Promega L5701) was added to a final concentration of 0.2%
(w/v) to induce mScarlet3 expression. Bacteria were grown for 4 additional hours to an OD700 of
~0.4. The culture was stored overnight at 4 °C. The liquid culture was imaged the next day.

The culture medium was aspirated and 2 uL of the wet pellet was mounted between a glass slide
and a #1.5 coverslip and sealed with clear nail polish.

For the initial screening for MFEs (Fig. S1), samples were grown uninduced on LB agar plates
with the appropriate selection antibiotic. The additional fluorescent proteins tested were mScarlet-
I3 (Addgene #189757), mRuby3 (Addgene #104005), mSandy2 (Addgene #177760), and mKate2
(Addgene #104030).

Protein purification

His-tagged mScarlet3 was purified using Ni-NTA affinity columns and the kit protocol and buffers
(Qiagen 30600). A 10 mL overnight culture was used to inoculate a 250 mL culture. After 1 hour
in a shaking incubator at 37 °C, L-Rhamnose (Promega L5701) was added to a final concentration
of 0.2% (w/v) to induce mScarlet3 expression. Bacteria were grown for 4 additional hours, and
then stored overnight at 4 °C. Cells were harvested by centrifugation at 3400 g for 20 minutes
and frozen at -20 °C overnight. The pellet was thawed for 15 minutes on ice and resuspended in
10 mL native Lysis Buffer with one tablet of cOmplete™ Protease Inhibitor Cocktail (Roche
11836170001). The cell lysate was centrifuged at 14,000 g for 30 minutes at 4 °C, and the
supernatant was applied to the Fast Start Column. The column was washed twice with 4 mL of
Native Wash Buffer. The protein was eluted in two 1 mL fractions of Native Elution Buffer.
Imidazole was removed via by spin column filtration. Samples were measured in 1x PBS buffer.
Concentrations were quantified using a Nanodrop, using es70= 104,000 M"" cm™". For immobilized
mScarlet3 experiments, agar Ni-NTA beads from the purification resin were washed with PBS
and imaged.

Fluorescence measurements

Samples were imaged on a home-built inverted epifluorescence microscope with 488 nm, 532
nm, and 561 nm laser lines. The beams were combined using dichroic mirrors and sent through
an acousto-optic tunable filter (AOTF; Gooch and Housego TF525-250-6-3-GH18A) for temporal

modulation of intensity of each wavelength. The beams were expanded and focused to the back-
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focal plane of an objective (Olympus 20X/1.00 W XLUMPLANFL, or Olympus 40x/0.85 UPlanApo)
installed in an Olympus IX71 microscope. None of the elements of the sample stage was
magnetic.

Excitation light was separated from fluorescence emission with a 562 nm edge dichroic mirror
(Semrock Di02-FF562) and a 575 nm long-pass emission filter (Chroma ET575Ip). In experiments
where FMN fluorescence was monitored, a quad-edge dichroic (Semrock Di01-405/488/561/635)
was used with a dual band emission filter (Chroma ZET488/561m). Emission light was sent to an
imaging spectrometer (Horiba iHR320) equipped with an EMCCD camera (Andor iXon EM+). For
imaging experiments, the zeroth order was taken from the spectrometer and the slit was set to
the maximum width of 60 mm, allowing the full image to pass through to the camera. For
measurements of fluorescence emission spectra, we calibrated the linear pixel-to-wavelength
correspondence by sending the laser lines directly through using a 50/50 beamsplitter. We used
a 1-2 mm entrance slit width for measurements on the microscope. Data were five-point moving
average filtered.

Data in Fig. 3 were taken using the same excitation lasers. The zeroth order from the AOTF was
expanded to illuminate a quartz cuvette (Starna Cells 23-G-5). A mirror on one side of the cuvette
were used to achieve two 10 mm passes of the excitation light through the cuvette. The emission
was collected perpendicular to the excitation using a fiber and collimated into the same imaging
spectrometer with a 2 mm entrance slit width. Excitation lasers were temporally modulated using
physical shutters.

Magnetic fields were modulated by using a permanent magnet (K&J Magnetics B666) mounted
on a servo motor. The distance from the sample was adjusted to control the field strength. Square
wave magnetic fields were applied with a ~200 ms rise time, with field strength and timing
measured by a Hall effect sensor (Texas Instruments DRV5055A4QLPG).

The AOTF, shutters, servo, and the camera were synchronized via a National Instruments Data
Acquisition System (DAQ) and custom software (https://www.luminosmicroscopy.com/).

All measurements were performed at 22 °C (295 K).

Absorption measurements

Absorption spectra were taken with a path length of 5 mm (Starna Cells 23-G-5) using a UV-VIS-
NIR lamp (Mikropack DH-2000). The same fiber was used to collect transmitted light and
fluorescence emission. The transmission light filled the volume of the sample. Physical shutters
for the transmitted light and for the excitation light were modulated separately. The transmission
light used for absorption measurements was dim, to avoid exciting fluorescence or driving
photoswitching.
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Figure S1. Magnetic field effects in red fluorescent proteins.
E. coli expressing red-emitting fluorescent proteins were grown on LB (lysogeny broth) agar plates and

then imaged in an epifluorescence microscope. Panels show responses to a 10 mT magnetic field (grey
bars). A 595 nm long-pass emission filter was used. A) mScarlet-13, B) mScarlet3!, C) mRuby3?, D)

mSandy23, E) mKate2*.

()]



532 nm (0.3 W/cm?) 532 nm (1 W/cm?) 532 nm (4 W/cm?)

1200 1400 1600 700 350
Time (s) T|me (s) T|me (s)
532 nm (10 W/cm?) 532 nm (14 W/cm?)
100 110
T|me (s) Time (s)

Figure S2. MFE kinetics depend on light intensity.
MFE switching kinetics in E. coli at different illumination intensities. Plots show fluorescence after initial

fluorescence has quenched to a steady-state.
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Figure S3. Flavin absorption spectra.
A) Absorption spectra of pure FMN and FMNH2. The spectrum for FMNH2 was measured immediately after
photoreduction in the presence of 50 mM EDTA under anaerobic conditions. B) Absorption spectra for the
samples in Fig. 4G, comprising 10 uM of photoreduced FMN (nominally FMNH2) and either 10 uM or 0 uM
additional FMN. The black curve shows that the nominal 10 yM FMNH: contained 2 pM FMN, due to

incomplete photoreduction.
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Figure S4. Control experiments ruling out photoproducts other than FMNH: as the mediator of the
MFE.

A) FMNH2 was photochemically produced by illuminating 100 uM FMN with 488 nm light, under anaerobic
conditions. The FMNH2 was then combined with mScarlet3 and then stored at room temperature in the
dark under anaerobic conditions for 24 h. Under yellow light alone, the sample showed a clear MFE,
indicating the stability of the FMN photoproduct under these conditions. B) mScarlet3, FMN, and 10 mM
EDTA were combined under anaerobic conditions. The sample showed no quenching or MFE upon 561 nm
illumination, indicating that EDTA does not reduce FMN under these conditions. The sample was then pre-
illuminated with 488 nm light. Upon onset of yellow illumination, the mScarlet3 fluorescence quenched and
showed an MFE, as expected. C) mScarlet3 did not show an MFE when combined with other FMN
photoproducts including lumichrome (mScarlet3 at 500 nM) or H202 (mScarlet3 at 5 yM), under either
488 nm, 561 nm, or combined 488 + 561 nm illumination. Trace with 500 nM mScarlet3 and 20 uM FMN
shown for comparison. All samples were measured under anaerobic conditions.
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Figure S5. pH dependence of mScarlet3 fluorescence quenching.
The greater quenching at lower pH is consistent with FMNH2 being the reductant, rather than FMNH".
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Figure S6. Predicted effect of varying the magnetic field on the MFE in E. coli.

Numerical simulations of A) MFE amplitude (compare to Fig. 1E), B) MFE switching kinetics (compare to
Fig. 1G), and C) MFE switching rate at /o = 12,000 s™ (compare to Fig. 1H). For these simulations, we
used the parameters determined by fitting the E. coli data: [FMNH2] = 0.38 uM, [FMN] = 6 uM, n = 3, and
Bo = 0.62. The magnetic fields (B = 4, 8, 12, 16, 20 mT) corresponded to B(B) = 0.67, 0.73, 0.78, 0.8, and

0.81.
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Figure S7. Predicted effects of varying flavin concentrations on the MFE in vitro.
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Figure S8. Effect of illumination intensity on MFE in purified mScarlet3.
Higher intensity light led to larger initial quenching, faster MFE switching, and larger relative MFE, AF/Fss.
Samples were prepared under the same conditions as in Figs. 4G, H.
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Figure S9. Predicted MFE in photocycle intermediates.

Simulated kinetic traces of mScarlet3 and flavin species. Initial mScarlet3 at 50 nM, FMN at 30 uM, FMNH:
at 10 uM. A) Upon onset of mScarlet3 photo-excitation (/o = 1652 s', 1.7 W/cm?), ground state mScarlet3
rapidly quenches while mSc™ increases. Most mScarlet3 is in these two states; here 0.1% is in the triplet
state, >mSc. B) FMN and FMNH2 concentrations reach a steady-state on the same timescale as the
quenching, and show a small MFE since they are in excess of mScarlet3. C) FMNH' concentration shows
a small two-component response to the magnetic field. Inset: fast initial dynamics of FMNH' upon
production and subsequent separation of the SCRP.
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Figure S10. Predicted dependence of MFE photophysics on illumination intensity and [FMN].
Contour plots of A) AF/Fss, B) AF/Fi=0, C) -AmSc™/mSc™ss, D) kswiteh for the MFE upstroke, and E) Fss/Fi=o as
a function of [FMN] and light intensity. Here [FMNHz] = 10 uM.
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Figure S11. Predicted dependence of MFE photophysics on illumination intensity and [FMNH2].
Contour plots of A) AF/Fss, B) AF/Fi=0, C) -AmSc™/mSc™ss, D) kswitch for the MFE upstroke, and E) Fss/Fi=o as
a function of [FMNH:] and light intensity. Here [FMN] = 30 uM.
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The MFE switching rate (fit to an exponential + constant) increases with light intensity until /o = k3 . Here,
[FMN] = 200 mM and [FMNH2] = 1.4 mM, which are the predicted maximal solubilities in water>8.
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Figure S13. Simulations of spin and chemical dynamics in the SCRP.

A) Representative simulated trajectories of the singlet probability vs. time for a To (red) or a T: (black)-born
SCRP in zero external magnetic field. Stochastic recombination (circle) and separation (x) events terminate
the SCRP. Here n = 1 and krec = 108 s”'. The hyperfine fields were modeled as static, Gaussian-distributed,
three-dimensional magnetic fields with standard deviations at each spin g1 = g2=2 mT. B, C) Distribution
of recombination (B) and separation (C) events for To and T: born SCRPs. D) Simulated rates of
recombination (aqua) and separation (purple) vs. time. 2000 SCRPs were initialized in each triplet sublevel.
E-H) Same as A-D), but with B = 30 mT.
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Modeling of the MFE in mScarlet3

1 Photocycle of mScarlet3/FMN/FMNH,

The following chemical reactions describe the model in main text Fig. 6A:

mSc + hv <L—LS> mSc* {1}

2
mSc* 55 3mSc {2}
3mSc i mSc {3}
3mSc + FMNH, < 3SCRP {4}
SCRP 2 mSc*™ + FMNH® {5}
ISCRP 5 mSc + FMNH, {6}
mSc™ + FMN — mSc + FMNH-® gt
FMNH® + FMNH® 25 FMN + FMNH, {8}

In Reaction 5, we assumed that the rate of separation is the same in 3SCRP and 'SCRP while in Reaction 6
we assumed that recombination occurs only from *SCRP. The magnetic field-dependent 3SCRP <= 'SCRP
intersystem crossing is analyzed in Section 4.

Since we are interested in dynamics on timescales long compared to the [mSc*] lifetime (4 ns), we make the

simplifying approximation % ~ 0 ~ lo[mSc] — (k3 + kisc)[mSc*]. Thus, [mSc*] ~ 2 <[mSc], and

kisc+k3
S
upon onset of illumination the initial concentration of [mSc] is [mSc](t = 01) = (%) [mSc™, where
R
[mSc™ is the total concentration of mScarlet3.
Reactions 1 and 2 then simplify to:
kefF
mSc + hv & 3mSc, {9}
ke
where
off _ lo kisc
ST Kisc + k3

is the effective rate from [mSc] into the triplet state [*mSc]. The kinetic equations are then:

13



d[mS
[r;t c] = —kFSfFC[mSC] + k;[3m5c] + Krec['SCRP] + ko [FMN][mSc*]

s +kZE[mSc] — (kp + ked[FMNH,]) [PmSc]

% — rea[PmSC[FMNHs] — keep PSCRP] + ..
@ = —(keep + krec)['SCRP] + ...
% = Ksep[SCRP] — kou[FMN][mSc™™]
d[Fd,\fN] = —kox[FMNI[MSc"] + kais[FMNHT?
W — —keeaPmSC][FMNH,] + rec['SCRP] + kgis[FMNH?]?
W = ksep[SCRP] — 2kdis[FMNH']? + kox [FMN][mSc*7].

The ellipses in the SCRP reactions indicate that we have omitted intersystem crossing between SCRP singlet
and triplet states. We did this because the coherent spin dynamics cannot be described exactly by simple rate

equations.

In our model, the spin dynamics in the SCRP act only through their effect on the fraction of SCRPs which
separate, 0 < B(B) < 1, and the fraction which recombine, 1 —3(B). If one takes G(B) as a fitting parameter,
then it is not necessary to model the SCRP dynamics. We assume the SCRP concentration reaches steady
% ~ 0. Then the combined mass flux out of the SCRP

states must equal the mass flux in from reaction of [FMNH,] with [2mSc]. This scenario is illustrated in Fig. S14.

state quickly compared to the changes in [mSc], so

A 3mSc + FMNH2 B SmSc + FMNH2

~

k

red

B - dependent Y
'(mSc~+ FMNH") ...3(mSc~+ FMNH')

l, ‘\
krec ksep ksep }' \¥
Y

mSc + FMNH2 mSc- + FMNH: mSc + FIVINH2 mSc-+ FMNH"

. .
, S
. 3
(1 'B)kred 'c'l “‘\ Bkred
'i’ ‘\

Figure S14: Constructing a simplified model of SCRP dynamics. A) Triplet mScarlet3 reacts with FMNH,
with rate constant kg to create a triplet-born SCRP (equally populating all three triplet sublevels). The singlet
SCRP recombines with rate constant k... Both the singlet and the triplet SCRP separate with rate constant
ksep. B) The dynamics in A) are simplified to a magnetically tuned two-way branch directly from 3mSc + FMNH,
to the separation or recombination products.

The rate equations are then as below.
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d[mSc]

7 = —kZemSe] + (kk + (1~ B)kealFMNHa]) PmSc] + kox[FMN][mSc ] )
@ = kisc[mSc] — kg [’mSc] — krea[FMNH] [mSc] @
% = BhieaFMNH2]PmSc] — kox [FMN][mSc™] )
d[Fd'\:N] = —kox[FMN][mSc*] + kais[FMNHT? @
W = —Bkea[FMNH2][*mSc] + kais[FMNH']? )
% = Bhreal*mSc][FMNHo] — 2kgis[FMNH*]? + kox[FMN][mSc™]. ©)

These equations are simulated in the Supplementary Code in MFE_kinetic_model.m via MATLAB's ode23s
solver. The rate constants k;, Kisc, kred and kox, and the parameter B(B) are fit via the steps in Section 2.
The rate constants k,S? and kyis are taken from the literature.

2 Model fitting

2.1 Two-state approximation

To fit our model, we determine an analytical form for the dependence of the recovery and quenching rates on
[FMN] and [FMNH,] (Fig. 6B—E). We make the approximations [FMN] > [mSc™"] and [FMNH,] > [mSc ™.
These approximations are not universal, but do correspond to the conditions of our in vitro experiments, where

both flavin concentrations were at least 10-fold greater than [mSc'®]. Under these approximations, Eq. 2
becomes:
d[*mS
[ ;nt I~ 0~ KELIMSC] — kG PmSc] — keeaFMNHa] PmScl.

Thus [®mSc] = x[mSc], with:
kit
k; + kred[FMNHQ] .

X

Then, we can simplify the mScarlet3 dynamics to a two-state model:

d[r;tSC] = —XBkred[FMNH2][MSc] 4 kox[FMN][MSc ]
% = XBkred[FMNH,][MSc] — kox[FMN][mSc*~].
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The initial quenching rate is the sum of the rates into and out of the mScarlet3 radical anion.

Kquench = Kox[FMN] + xBkrea[FMNH]

keff
= kox[FMN] + _ PRse e 7
1 + kred[FlclNHZ]

2.2 Fitting the intersystem crossing rate and the triplet lifetime

This section pertains to the fitting in Figure 5.

In the absence of flavins, there is no charge transfer in our model. Only reactions {1}—{3} occur, and rate
equations 1-2 apply. These equations simplify to:

d[r;tSc] = —kI[mSc] + kg [*mSc]
d®mS
% = +kZE[mSc] — kg [*mSc].

We assume the initial conditions [mSc(t = 0)] = ¢y and [*mSc(t = 0)] = 0. Then,

[MSc()] = /@EC# (k,esfge“éfé“f?)f + k,l) (8)
| R
[’mSc(t)] = co — [mSc(t)]. 9)

We measured the rate of exponential decay Kiransient and the steady-state ratio of triplet to singlet as t — oo,
(mSc]/[mSc]), . for varying light intensities /o (Fig. 5C).

S.

Fig. 5D shows kiransient = k- + kb = k.s’zicks lo + kj, plotted against /o. We fit the slope and intercept
R
to determine k|slzick§; and kg. The best-fit value was kg = 224s71. However, kIt < kg over the range of light

intensities we tested. Therefore, the slope is not well-constrained and we cannot determine kisc from this graph.

Fig. 5E shows ([*mSc]/[mSc]).. = ke j/o against /o We fit the slope, which provides an-

Ksc — Kisc
S.S. k;l?— k;(kﬁc—}—k;

other measure of kisc, given kY. The best-fit value was kisc = 1.9 x 10% s71.

2.3 Fitting the rates of oxidation and reduction

This section pertains to the fitting in Figs. 6B—E.

After a period of intense yellow illumination to produce mSc™, we measured the recovery of mSc at con-
stant [FMNH,], variable [FMN], and magnetic field B = 0 (Fig. 4G). In these experiments, we needed to
illuminate the sample with some yellow light to monitor the mSc recovery, but we wanted to minimize the dose

to avoid driving photochemical production of mSc*™. We compromised by rapidly flickering the yellow light
between 0 and 100% at a duty cycle A = 5%.
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The rate of [mSc] recovery is similar to the expression for the rate of quenching, Equation 7:

eff
6kISC
kg
Kred[FMNH]

krecovery = kOX[FMN] +A 1
+

but here the second term is multiplied by A, the duty cycle of the light. Since [FMNH,] was constant for this
set of measurements, we plotted the recovery rates as a function of the FMN concentration. The slope was
kox = 3375 M 1s71,

Then, at constant [FMN], constant light intensity, and variable [FMNH,] (Fig. 4H), we measured the ini-
ﬁkeﬁ

THRT (el EVNFL)

[FMNH,]. We used the best-fit value of k. from above, and we fit the dependence of the quenching rates on

[FMNH,] to determine By = B(B = 0) and kyeq. For kisc = 1.9 x 10° s7! and /o= 1652 s7! , the best-fit
values were keg = 5 x 107 M~1s~! and B, = 0.81.

tial quenching rates. The magnetic field was B = 0. We plotted Kquench — Kox[FMN] = against

2.4 Fitting the SCRP branching ratios

We then fit AF/Fs and AF/Fi—q against [FMN] and [FMNH,] and obtained Bs;t = 0.93. We included a constant
offset of 3% to the fluorescence to account for background. The mScarlet3 radical anion was nonfluorescent
under 561 nm excitation; the fluorescence of the quenched product could be entirely attributed to fluorescence
from residual mScarlet3. We allowed the light intensity (measured at ~ 1.5 W/cm?) to vary in our model; the
best-fit value was | = 1652 57! = 1.7 W/cm?.

2.5 Fitting the E. coli data

This section pertains to the fitting in Fig. 6G.

Using the same kinetic parameters as for the purified protein, we 1) determined [FMNH,] via the light in-
tensity dependence of the switching rate for the MFE upstroke kswiten (Fig. 1G), and 2) determined [FMN] via

the steady-state residual fluorescence Fss/Fi—g at the lowest light intensity we tested (/o = 145 s71), as follows:

1) The switching rate of the MFE upstroke? is a constant plus a linear function of illumination intensity:

Bkt
1+ ke
T Kea FMNF]
Blokisc

KT :
(kg + kisc)(1 + romEomm)

kswitch = kquench = kOX[FMN] +

= kox[FMN] +

We plotted keyiten for the upstroke against /o. The best-fit slope was m = 3.13x 10~*. Using the rate constants
from the model fit for the purified protein, we obtained [FMNH,] ~ 6 pM. However, the error on the intercept

1The molar extinction coefficient of mScarlet3 at 561 nm is ess1 = 89,440 M~1cm~1 which corresponds to an absorption cross

3
WQM =3.46 x 10716 cm?2.

2For a discussion of the switching rate, see Section 3.2.

section of o1 =
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was too large to determine [FMN].

2) The steady state ratio of bright to dark forms of mScarlet3 is proportional to [FMN]:

Fultico- 5 - ().

kT
~ kox[FMN] (1 + ey
Bkt
B kox[FMN]

lom

where m is the slope determined in step (1) above. Rearranging, [FMN] = ";—’” Ft:fsts' We performed the fit at
the lowest light intensity to reduce the impact of photobleaching on the measurement of Fy. At /o = 145571,
Fss/(Fi—g — Fss) = 0.03, implying [FMN] = 0.38 pM, consistent with literature values’.

We adjusted By and Bs,r in our model to match the maximal amplitude of the relative MFE, AF/Fss. While
we used By and B.4¢ as fitting parameters, the discussion in Section 4 shows that the differences from in vitro
can be explained solely by tuning the ratio of SCRP separation and recombination rate constants, 7, in Egs. 12
and 13.

3 Maximizing the MFE sensitivity and kinetics

3.1 MFE amplitude

We seek a formula for the absolute and relative MFE amplitudes, AF/Fi—o and AF/Fgs, respectively, in the limit
of small AB. This scenario applies either to small changes in magnetic field or to cases where Bs,t and Bg are
similar in value (e.g. both are close to 1). Using the approximation from Section 2.1, we write the fractional

steady-state residual fluorescence x = F(B)/Fi=0 as:

_ kox[FMN]

kquench
kox[FMN]

o [FMN] + —— P
ox 1+kg/(kred[FMNH2])
kr

kr + Bkr’

where we have introduced kg and kg to simplify the expression. We take the derivative with respect to 3:

dx  —keke
dB — (kr + Bke)?
= —%x(l — X).
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Therefore, in the limit where AG is small,
AF/Fi—o = %X(l —X)

AF/Fo = %(1 — ).

(In the main text we defined AF to be positive, though the magnetic field decreased fluorescence; and 3 is a
strictly increasing function of B.) These simple relations show that for small MFEs, the absolute and relative

MFE amplitudes follow universal curves, parameterized by the fractional steady-state residual fluorescence
X = Fss(B)/F=0.

3.2 MFE switching kinetics

Upon a change in the magnetic field, the fluorescence reaches a new steady-state, Fs. At low light intensities,
(Io < 10° s71 so the fractional population of 3mSc is small):

Kswitch (upstroke) — kquench (,80) (10)

kswitch (downstroke) — kquench (ﬁsat)- (11)

Kquench and thus kswitcn are linearly dependent on [FMN] and /o, and also depend on [FMNH,] up to k2 /kred
(Equation 7) which is &= 4 pyM. Therefore, to increase the MFE switching rate, one should increase the light
intensity and flavin concentrations. However, increasing [FMN] will increase Fes/Fi=o, While increasing the light

intensity or [FMNH,] will decrease it.

At high light intensities, the initial quenching dynamics change. Upon high-intensity illumination, a substantial
portion of the initial fluorescence quenching comes from populating photocycle intermediates — the mScarlet3
triplet state 3mSc (at /o > 10° s71)3 and the excited state, mSc* (at /o > 108 s71).

Our simulations of the switching as a function of light intensity in Fig. S12 explicitly track the excited state,
[mSc*] and fit the upstroke switching rate. The range of /o over which Egs. 10-11 hold depends on [FMNH],
since the rate out of the mScarlet3 triplet state is [FMNH,]-dependent.

4 Intersystem crossing in the SCRP

The details of the SCRP dynamics can be modeled at different levels of theory, though our data do not probe
these dynamics directly. The branching fraction 8(B) depends on the coherent spin dynamics within the SCRP,
and also on the rate constants for separation (assumed to be equal for the singlet and triplet states), and for
recombination (assumed to be nonzero only in the singlet state). Below we first summarize the predictions of

3For example, at o = 10% s=1, [FMN] = 30 pM, [FMNH;] = 10 uM, the simulated dynamics are significantly different from what we
observed in experiments. The approximation in Section 2.1 no longer holds. During the initial drop in fluorescence, [3mSc] builds
up. [3mSc]/[mSc™!] peaks at 40% and then 3mSc slowly converts to mSc'™. The timescale of this conversion is slightly faster
compared to the MFE switching rate at this light intensity, thus the quenching is described by a multiexponential. Subsequent
switching events after a long time are accompanied by smaller variations in 3mSc.
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a kinetic model of the SCRP dynamics from Hayashi and Nagakura. Then we present a calculation that takes

into accounts for the time evolution of individual SCRP.

4.1 Rate-based model of SCRP dynamics

B= T“_ k
RM
k 4 kHFC TO
k
‘k‘ T_1 I RM

Bsat
S

>

Q
k
Y
&.

Figure S15: Model of SCRP interconversion with first-order rates. At zero magnetic field, coherent
interconversion (kyrc) between S and T states drives hyperfine mixing. At saturating magnetic field, the T+
states only interconvert with S or T through incoherent processes (rate constant kgn).

Hayashi and Nagakura proposed a rate-based model of SCRP dynamics which takes into account a finite rate
of intersystem crossing, as well as relaxation between the triplet sublevels, as in Fig. S158. This model only
considers the limits of zero and strong magnetic field. In the absence of magnetic field, all three triplet sublevels
interconvert with S with rate constant knrc. In the presence of a saturating magnetic field, the T4 sublevels
interconvert with S and with Ty with rate constant krym << knec, while Tg and S continue to interconvert with

rate constant kyrc, which is unaffacted by magnetic field®—19.

We assume that the SCRP is triplet-born, and that initially the three triplet sublevels are equally populated. We

ds] d[T-] d[To] d[T+]
dt

apply the steady-state approximation (7, =5 “g» ~ 0), and solve for 3 in zero magnetic field:

ksep (2kHFC + krec + ksep)

Bo = .
0 kHFC (krec + kaep) + ksep (krec + ksep)

In the limit of high knrc relative to kec and ksep this expression becomes:

2Ksep

N — 12
krec + 2ksep ( )

Bo

Introducing the parameter 1 = krec/ksep, Eq. 12 becomes By = ﬁ



In saturating magnetic field, the same calculation gives:

ksep (3ksep (QkHFC + Krec + 6kRM) + 2Krec (kHFC + 5kRM) + 24krm (kHFC + kRM) + 3k52ep)

Bsat = :
3 (K2, (2kirc + krec + 6krm) + Ksep (Krec (KHrc 4 4krm) + 8krm (Kirc + krm)) + 2Kreckrm (Knrc 4 krm) + k3.,)

In the limit of small krm and large kurc relative to krec and keep, this expression becomes:

2 2Ksep
N ot . 13
Pear ~ 3 3(kree + 2ksep) (13)
Combining Egs. 12 and 13 gives an extremely simple relation between By and Bsat:
2 1
~ =+ =0o. 14
,Bsat 3 + 3,60 ( )

Thus By and Bsat cannot be selected independently. Rather, these two quantities lie on a single curve, param-
eterized by m. The variable m is a function of classical rate constants, which could be tuned, e.g. by adjusting

solvent viscosity or polarity, or by altering the charge or hydrophobicity of the reactants.

The major limitations of the model of Hayashi and Nagakura are: (1) it does not interpolate smoothly to
intermediate values of B, and (2) the use of classical rate constants to describe coherent intersystem crossing

does not capture the non-exponential spin dynamics.

4.2 SCRP spin and chemical reaction simulations
Single spin and two spin simulations

In the MATLAB script SCRP_spin_sim.m, we numerically simulate the time evolution for a single spin in an

arbitrary magnetic field B and for a pair of spins S; and S, in fields B; and Bo.

A single electron spin in a magnetic field B undergoes Larmor precession. The Hamiltonian is H = gug(B-S)/#,
where g is the Landé g-factor, ug = 9.3 x 1072* J/T is the Bohr magneton, and S = go- where o is the vector
of Pauli spin matrices. The time-evolution operator is U(t) = e~"H*/" and the spin evolves via ¥(t) = U(t)y.

cos(wt/2) + ib, sin(wt/2) (ibx + by ) sin(wt/2)

u(t) = . . L :
(ibx — by)sin(wt/2) cos(wt/2) — ibysin(wt/2)

(15)

where w = gug|B|/h, and b; = B -i/|B|. The probability of being in the state [1), for example, at time t, is
(T [ (t) .

Two electron spins span a four-dimensional state space. The vectors [11), |T), [41) . [44) form a basis:

It = 1) = ) = ) =

o O O -
o O = O
O = O O
= O O O
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The singlet and triplet states are:

0 0 1 0
1 111 1 1 1 0 0
ﬁw — ) = AR ﬁ(m + M) = NA R It = ol ) = 0
0 0 0 1

singlet state triplet states

The Hamiltonian is H = —gug(B1 - S1 4+ B2 - S2)/h where S; and S, are the spin operators for spins 1 and 2,
in the new basis. The components are Six = 5, ® Iz, ... Sox = 2 ® S, etc., where 5S¢, |, 3 = ga{xyyyz} and />
is the 2 x 2 identity matrix.

We numerically compute the wavefunction ¥(t) = U(t) [4o) with U(t) = e "Ht/" For initial conditions,
g is drawn from the Ty, T4, or T_ states. We determine the corresponding singlet and triplet amplitudes and
probabilities at each time, e.g., for the singlet probability, ps(t) = | (S|U|o) |2

Analytical derivations for two-spin singlet and triplet probabilities

An alternative approach is to obtain the analytical expressions for the singlet and triplet probabilities given mag-
netic fields B; and B,. In the Mathematica notebook spin_dynamics.nb, we derive ps(t), pr,(t), and pr,(t),
for an SCRP born in either the Ty state or the T, state. T_ and T-born SCRPs have the same expressions

but with the substitution pr, <+ pr_. These expressions agree with the results from numerical simulations above.

For two electron spins that are non-interacting, (¥¢|Uiot| o tor) = (Wr|U|¥0); (¥r|U|¥0o), where the subscript
outside the brackets indicates spin 1 or spin 2. The singlet state is %(H@ —|41)), and the triplet states Ty,
T.,and T_ are %(W@ + M), |11), and [44). The first arrow indicates spin 1 and the second indicates spin
2.

For example, the singlet probability for a T -born spin state at time t is | (S|Uiot| T+) |* where:

(S1Ukatl T4 = 75 ({141 ot 1) = (1] Usor 1)
= s (U2 019, = (01U D (1101 1),

where U is the same as in Equation 15.

Spin and chemical dynamics simulations

In the MATLAB script SCRP_spin_and_chem_sim.m, we simulate the full quantum dynamics of the SCRP, in-
cluding the chemical dynamics, to obtain B(B) for arbitrary B. The treatment below closely follows Refs. 11, 12.

We simulated the time-evolution of the spins using the methods above. We assumed that the SCRPs are
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born with equal probabilities in states Tg, T4, or T_. We further assumed that the dominant driver of intersys-
tem crossing is hyperfine coupling to nearby magnetically active nuclei; that exchange and dipolar interactions
between the two spins are negligible; that spin-orbit coupling is negligible; and that the Landé g-factor is
isotropic and equal for both spins. We assumed that all reaction dynamics are fast compared to incoherent spin
relaxation mechanisms, i.e. we ignored processes with rate constant kgy in the Hayashi and Nagakura model.
Each electron spin in the SCRP is subject to a distinct, approximately static, hyperfine field (B, B,). We drew
each component By, By, Biz; Box, Boy, Bo, from normal distributions with standard deviations o7 and o3,

respectively. A constant and homogeneous external magnetic field was added, so for spin j, Bj; tot = Bjz + Bext.

For each SCRP, we ran the simulation until the SCRP reacted, either via separation or recombination. At
each time-step, we calculated the separation and recombination probabilities, and used a random number gen-
erator to determine which, if either, event occurred. The probability of separation was independent of the spin
state, SO Psep = ksepAt, wWhere At is the time step. The probability of recombination was proportional to the

singlet probability, S0 prec = krec (1 — a(t))At, where a(t) is the triplet probability at time t.

We simulated the spin and reaction dynamics of each individual SCRP (Fig. S13) before taking the ensemble
average over embodiments of the hyperfine fields. This ordering of simulation steps was important because
spin-dependent reactivity could alter the statistical distribution of the hyperfine fields of the surviving SCRPs,

altering the ensemble dynamics. We counted the fraction of molecules that separated to determine 3(B).

We used kree = 108 s71 and varied n = Ksep/Krec from 0.1 to 100. We assumed that 07 = 0, =2 mT. We
varied Bey from 0 to 30 mT; for Bsat in Fig. 7J we used Bey = 300 mT. For each value of Beyw and n, we
simulated 5 - 10% SCRPs starting in each of Ty, T, and T_. This approach yields the full function B(B), and
allows us to vary 1 = ksep/krec Without making assumptions about the timescales of the kinetic rate constants
compared to the spin dynamics.

In the absence of chemical reactions, the S, Ty, and T4 dynamics are non-exponential, following the distributions

in Refs. 11, 12/ In zero external field, the steady-state ensemble-averaged populationsare S : To : T4 : T_ =2/9:
7/27 :7/27 :7/27, while in saturating magnetic field the ratios are 1/6 : 1/6:1/3:1/3.
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