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Magnetic field effects on radical pair reactions:
estimation of B,,, for flavin-tryptophan radical
pairs in cryptochromes
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Magnetic field effects on the yields of radical pair reactions are often characterised by the “half-field”
parameter, By, which encodes useful information on spin relaxation, radical recombination kinetics and
electron-electron couplings as well as electron—nuclear hyperfine interactions. Here we use a variety of spin
dynamics simulation methods to estimate the hyperfine-only values of By, for the flavin-tryptophan radical
pair, [FAD*~ TrpH**], thought to be the detector in the magnetic compass sense of migratory songbirds.
The main findings are: (a) in the absence of fast recombination and spin relaxation, [FAD*~ TrpH**] radical
pairs in solution and in the putative magnetoreceptor protein, cryptochrome, have By, ~ 1.89 mT and
2.46 mT, respectively. (b) The widely used expression for By, due to Weller et al. (Chem. Phys. Lett, 1983,
96, 24-27) is only applicable to small, short-lived (~5 ns), rapidly tumbling radical pairs in solution, and is
quantitatively unreliable in the context of magnetoreception. (c) In the absence of molecular tumbling, the
low-field effect for [FAD*~ TrpH**] is predicted to be abolished by the anisotropic components of the
hyperfine interactions. Armed with the 2.46 mT “base value” for cryptochrome, measurements of By, can
be used to understand the impact of spin relaxation on its performance as a magnetic compass sensor.
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In some cases this “half-field” parameter is dominated by the
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Radical pairs are short-lived reaction intermediates with the
unusual property that their chemistry can be influenced by mag-
netic interactions orders of magnitude smaller than the thermal
energy, kgT (Boltzmann’s constant times temperature).™ A combi-
nation of spin-selective reactivity, relatively slow spin relaxation,
and electron-nuclear hyperfine interactions leads to the coherent
interconversion of the electronic singlet and triplet states of the
pair which can be affected by applied magnetic fields as weak as
~50 uT.>® As a result, the yields of the reaction products, @(B), are
frequently found to depend sigmoidally on the strength of the
applied magnetic field, B.”'° This behaviour is often characterised
by a parameter, B, defined as the magnetic field at which &(B)
is mid-way between the reaction yield at zero field and the
“saturation” value at high field (Fig. 1a):

®(By2) = Y(0) + (high field). 0
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hyperfine interactions in the radicals but there can also be con-
tributions from fast recombination reactions,”® spin relaxation
processes,>** paramagnetic-diamagnetic exchange,’>'® and
electron exchange and dipolar interactions.'”'® It is therefore
important to be able to estimate the hyperfine contribution to
Bj), so that information on these other factors, about which less
is usually known, can be extracted from experimental data. An
equation due to Weller et al. has been widely used for this

purpose.” For a pair of radicals, A and B:

2, g2
BY, = 2\/§<M)7 @)

OA + OB

with effective hyperfine interactions ox in the two radicals
given by:

1
oK = \/gg ar Ik (I +1). (3)

In eqn (3), arx and Iy x are, respectively, the isotropic hyperfine
coupling constant and the spin quantum number of nucleus &
in radical K. The sum runs over all hyperfine-coupled nuclei
in the radical. Weller et al. used eqn (2) to account for values of
By, measured for a series of radical pairs formed in methanol
and acetonitrile solutions by the photo-induced transfer of
an electron from a variety of aromatic electron donors to the

Phys. Chem. Chem. Phys., 2023, 25, 975-982 | 975


https://orcid.org/0000-0002-1456-6000
https://orcid.org/0000-0002-8863-570X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp03793a&domain=pdf&date_stamp=2022-12-14
https://doi.org/10.1039/d2cp03793a
https://doi.org/10.1039/d2cp03793a
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp03793a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025002

Open Access Article. Published on 07 December 2022. Downloaded on 12/4/2025 10:04:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
(a) (b) excited state
TFAD* TrpH
‘ radical pair state
Py 1[F/AD' TroH" 1 C 3[F/—\E{’" TrpH**]
[
3 o— * stabilised radical
3 FAD®*~ Trp e
~_ FADH® TrpH
FAD TrpH signalling state
ground state
Fig. 1 (a) Schematic magnetic field effect on the fractional yield, @+(B), of the product formed from the triplet state of a singlet-born radical pair. The

applied magnetic field is assumed to be weak enough that effects arising from the Ag mechanism® are negligible. (b) Simplified photocycle of avian
Cry4a.* The red and blue curly arrows represent the coherent singlet—triplet interconversion of the magnetically sensitive [FAD*~ TrpH**] radical pair.
FADH?® is the protonated form of FAD*~. Trp® is the deprotonated form of TrpH**. FAD* is the excited singlet state of FAD.

tetracyclic aromatic hydrocarbon, pyrene.” The form of the
expression was rationalised by asserting, without justification,
that B, should be the weighted average of the two root-mean-
square hyperfine couplings, v/36s and /30, with weights
equal to 0,/ and o3/G, respectively, where @ = }(a + og). Note
that the definitions of ox and By, in ref. 7 did not use the
factors of v/3 in eqn (2) and (3).

Not only does eqn (2) have little basis in theory, it is also not
the only empirical expression consistent with the B;,, measure-
ments reported by Weller et al.” For example, the simpler
expression,

Bl/2:3~1\/0'A2+0'B27 (4)

fits the data just as well as eqn (2) (ESI,T Section S1).

We are aware of only one attempt to test the accuracy of
eqn (2). Rodgers et al.'® used a quantum mechanical Monte-
Carlo approach (QMMC) to calculate ¢(B) and hence B, for
more than 12 000 radical pairs containing three spin-1/2 nuclei
in each radical. The hyperfine couplings were chosen randomly
such that ok for each radical was uniformly distributed between
0 and 0.75 mT. The study concluded that eqn (2) is best
regarded as a useful, but not very accurate, rule of thumb for
radical pairs with lifetimes in the range 10 to 100 ns. The
discrepancies between eqn (2) and the QMMC results were
more pronounced for both shorter and longer lived pairs.

Our purpose here is to assess in greater detail the accuracy
of eqn (2) with a particular focus on the radical pair, [FAD*~
TrpH*'], thought to be the sensor in the light-dependent
magnetic compass of migratory songbirds.'"**>* The radicals
are formed within Cry4a, one of the six known avian crypto-
chrome proteins,'"**? vig photo-excitation of the flavin adenine
dinucleotide (FAD) cofactor followed by sequential electron trans-
fers along a chain of four tryptophan (TrpH) residues. Competi-
tion between singlet radical pair recombination and TrpH**
deprotonation results in magnetic field effects on the quantum
yield of a relatively long-lived form of the protein which could act
as a signalling state (Fig. 1b)."" The FAD*~ and TrpH*" radicals in
Cry4a are separated by ~2 nm and have dipolar and exchange
interactions: |D| ~ 300-500 uT and |J| < 2 uT, respectively.™
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In the following, we use spin dynamics simulations to
estimate the contribution of isotropic hyperfine interactions to
By, for the [FAD*~ TrpH*'] radical pair in cryptochrome for
different radical pair lifetimes. We also treat the case of static,
randomly oriented cryptochrome molecules for which anisotropic
hyperfine and dipolar interactions cannot be ignored. A variety of
approximate simulation methods have been deployed because of
the computational challenges posed by an exact quantum
mechanical treatment of a system of ~ 30 coupled spins compris-
ing ~10' spin states. The main aims are: (a) to assess the
reliability of eqn (2) as a predictor of By, and (b) to determine
the true contribution of hyperfine interactions to By, for [FAD*~
TrpH*'] as a basis for future studies of the effects of spin
relaxation on its performance as a magnetic compass sensor.

Results
Weller equation

To evaluate eqn (2) for [FAD®*~ TrpH*'] we used a complete set
of isotropic hyperfine coupling constants, previously calculated
using density functional theory.>® A total of 27 nuclei were
included (ESI,T Section S2): four "N and eleven 'H in FAD®~
and two "N and ten 'H in TrpH*". Using eqn (3), the effective
hyperfine interactions in the two radicals are ggap = 0.70 mT
and oy, = 0.97 mT and hence BY, = 2.97 mT. Note that this
estimate includes no contribution from spin relaxation, fast
recombination reactions, electron-electron couplings or aniso-
tropic hyperfine interactions.

Schulten-Wolynes method

Schulten and Wolynes (SW) have proposed an approximate
treatment of the spin dynamics of radical pairs in which the
electron spins were considered to precess around the vector
sum of the applied magnetic field and a time-independent
magnetic field arising from the hyperfine interactions.** In the
implementation used here (ESL T Section S3), the latter was
modelled by Monte-Carlo averaging over isotropic Gaussian
distributions of hyperfine fields for each radical (mean zero,
standard deviation ¢y).*® Singlet and triplet pairs were

This journal is © the Owner Societies 2023
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considered to react with the same first-order rate constant, k, to
give distinct products (the “exponential model”*®). The magnetic
field effect was quantified by calculating the quantum yield,
&(B), of the product formed from the triplet state of a singlet-
born radical pair. By, was obtained by interpolating ®(B) (ESL ¥
Sections S4 and S5). Exchange and dipolar interactions between
the radicals and spin relaxation were not included. Applied to a
radical pair comprising pyrene and N,N-dimethylaniline radicals,
the SW approach was originally shown to give excellent agreement
with exact quantum simulations.** It has subsequently been
found to be less reliable at predicting the spin dynamics of
long-lived radical pairs.*”*®

Fig. 2 shows how By, calculated using the SW method varies
with (a) gap = (04> + 05%)"?, (b) oalos, and (c) k. Under the
conditions of these calculations, detailed in the figure caption, a
number of deviations from BY), are immediately apparent. Both
estimates of B, are proportional to g, (Fig. 2a), but with

different gradients: 2.11 for SW and V6 = 2.45 for Weller. B,,,
obtained using the SW method is approximately independent of
the ratio g,/og (Fig. 2b) while B}, decreases markedly as ca/oy is
increased towards 1.0. Versions of Fig. 2a and b, calculated for
different values of k can be found in the ESI (Section S5) together
with representative plots of the field-dependence of @(B).

Finally, SW predicts that B, is approximately independent of k
up to ~5 x 10’ s~ ', and then increases sharply for faster recombi-
nation rates (Fig. 2c). By, by contrast, is independent of k. Under
the conditions of Fig. 2c, the two approaches agree when k ~ 1.6 x
10® s, i.e. when the radical pairs have a lifetime of ~6 ns.

For the cryptochrome-based radical pair, [FAD*~ TrpH*'],
using the values of ogap and o+, quoted above, and k=10°s™",
we find By, = 2.51 mT, approximately 15% smaller than BYY,.
Further discussion of this and other estimates of B, (collected

together in Table 1) is deferred to the Discussion section.

Quantum mechanical Monte-Carlo method

We have extended the previous QMMC test of Weller’s
equation®® by including up to seven spin-1/2 nuclei per radical.

(a) (b)
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®(B) was calculated exactly, as described in ref. 19, and
interpolated to obtain B;, (ESI, Sections S4 and S6). The
hyperfine coupling constants for each radical were randomly
chosen to be uniformly distributed between —1 mT and +1 mT
and then scaled to obtain gpsp = 0.70 mT and oy, = 0.97 mT.
In all other respects, the calculations were performed under the
same conditions as the SW simulations (isotropic hyperfine
couplings, no exchange or dipolar interactions, equal singlet
and triplet reaction rate constants, no spin relaxation).

Distributions of B,,, values for 1500 radical pairs containing
3, 4, 5, 6, or 7 nuclear spins per radical and k = 10° s~ " are
shown in Fig. 3. As the number of nuclear spins was increased,
both the mean and standard deviation decreased, with the
mean tending towards ~ 2.0 mT, i.e. 33% smaller than BY},. The
B, distributions for k=10" s7*, 10® s7*, and 10° s " displayed
similar behaviour with extrapolated means of 2.1, 2.5, and
6.6 mT, respectively (ESL,1 Section S6).

Quantum dynamics method

The QMMC approach described above used random hyperfine
coupling constants to achieve the appropriate values of ogap
and ory,. A more direct approach would be to simulate the
quantum dynamics (QD) in exactly the same way but using
the actual hyperfine coupling constants of FAD*~ and TrpH*".
The challenge is that the dimensions of the matrices involved
in the calculation scale exponentially with the number of spins
in each radical, such that the calculations become impractic-
able for radical pairs with more than about n,,. = 15 nuclei.
We therefore performed a series of calculations in which the
nuclear spins in FAD*~ and TrpH*" were introduced one by one
in approximate order of decreasing hyperfine coupling (ESL+
Section S2) in the hope that B,,, would cease to depend on 7,,,¢
before the calculations became inconveniently slow or impos-
sible (ESLt Section S7).

The results are shown in Fig. 4a for several values of the
recombination rate constant k and up to 15 nuclear spins. Although
By, for the two smallest rate constants (10° and 10” s~ ") appears to

4
3.0 1 3.0 1
3 -
e = = k=16 x108 s
2. N 251 & 251 S
o o o
-e— SW
1 — Weller
2.0 W 204
0 T T T T T T T T ! T T T T !
0 0.5 1.0 1.5 2.0 0 02 04 06 08 1.0 5 6 7 8 9
Gpg/ MT oplog logqo(k /s

Fig. 2 By, calculated using the Schulten—Wolynes (SW) semiclassical method (blue) compared to BY}» obtained from eqgn (2) (red). 50 000 Monte-Carlo
samples of the hyperfine field distributions were used for the former. (a) By» as a function of oag for 6 = o and k = 10° s~%. The blue line is the best linear
fit to the calculated values of By, (gradient 2.11, intercept ~ —0.11 mT). (b) By, as a function of oa/ag for aag =1 mT and k = 10° s7%, (c) By as a function

of logiok for oag = 1 mT and o = a3.
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Table 1 Estimates of By, (in mT) for [FAD*~ TrpH*"]

Method Weller? sw? QMMC* QDY  sc®
Isotropic HFI* D = 0 2.97 2.51 2.04 1.98 1.89
Method Weller” SU(z)F
Anisotropic HFI* D # 0 3.71 2.46

¢ HFI: hyperfine interaction; D dipolar interaction. k= 10° s ™%, ? gpap =

0.70 mT and Lo = 0.97 mT. ¢ Extrapolated from 3-7 nuclei per radical.
d Mnue = 15. € Nypye = 27. fO'FAD =1.03 mT, opyp = 1.11 mT. g Average over
Tpue = 13-16.

level out by the time n,,. = 15, the same cannot be said for the
four larger values of k. It appears that the shorter the lifetime
of the radical pair, the more sensitive B,/, is to small hyperfine
interactions.

The value of By, for k = 10° s~ and 1,4 = 15 (~1.98 mT) is
similar to the QMMC result (above) and 33% smaller than
predicted by the Weller equation.

Improved semiclassical dynamics method

To include a larger number of nuclear spins than is feasible in
the QD approach, we used an improved version of the SW
method, denoted SC.>” Rather than assuming that the sum of
the nuclear spin vectors, weighted by the hyperfine couplings,
is fixed in space, the SC method allows each nuclear spin in a
radical to precess around the electron spin. In both cases, the
electron spin simultaneously precesses around the total
nuclear spin vector. Valid for radical pairs with no exchange
or dipolar interactions, and equal singlet and triplet reaction
rate constants, the computational effort increases only linearly
with the number of nuclear spins, rather than exponentially as
in an exact quantum mechanical calculation and approaches
quantitative agreement with quantum mechanics as the num-
ber of nuclear spins increases.?” Further details of the method
are given in the ESIT (Section S3).

The SC results for 6 < nu,. < 27 are compared with the
QD calculations in Fig. 4a. The improved semiclassical values
of B;,, become independent of the number of nuclei for n,,,c >
20 but are larger than the exact values (by, at most, 0.12 mT for
Mnue = 15). This discrepancy reflects the approximate nature of
the SC approach, the reliability of which should improve as 7,
is increased. In agreement with this, we find that the QD values,

(@) (b)

0.20
0.15
0.10
0.05
0.00
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when extrapolated exponentially to n,,. = o, are a good match
to the SC results for n,,. = 27 (ESI,{ Section S8).

As we found using the SW approach (Fig. 2c), By, is almost
independent of k when k < 10” s™! and then increases when
the recombination is faster. Fig. 4b shows the SC values of By,
for ny,e = 27 as a function of k, together with the best linear fit:
Bi/mT = 2.02 + k/(2.15 x 10% s™). The origin of this behaviour
appears to be analogous to the lifetime-broadening seen in
magnetic resonance spectra.’® Under conditions of “slow
exchange”, the additional linewidth in an electron paramag-
netic resonance spectrum arising from a chemical reaction
with rate constant k is k/n (in Hz) or k/2y. (in mT) where

e = 1.76 x 10° mT " s is the electron magnetogyric ratio.
Consistent with this, the reciprocal of the gradient in Fig. 4b
(2.15 x 10° mT " s7") is not far off 2y, (3.52 x 10° mT ' s~ 7).

Anisotropic interactions

All of the calculations reported above have been performed with
isotropic hyperfine interactions and no radical-radical interactions.
This is a good approximation when the radicals tumble rapidly in
solution, such that the effects of anisotropic interactions average
out, and when the radicals are far enough apart that, on average,
their exchange and dipolar interactions are small. However, the
FAD®*~ and TrpH®" radicals of interest here are embedded in
cryptochrome, a large slowly tumbling protein, and are separated
by a distance (~2 nm) at which the electron dipolar interaction
cannot be neglected.*® Hyperfine anisotropy and dipolar coupling
must therefore be considered.

The effect of including the complete hyperfine tensors
instead of their isotropic components can be estimated using
a modified form of eqn (3) (ref. 41):

oK = \/%Z (k) ek (T +1) (5)
%

in which (o) is the mean squared eigenvalue of the hyper-
fine tensor of nucleus % in radical K. Eqn (5) is appropriate for
randomly oriented radical pairs with no rotational motion and
no dipolar coupling. Using hyperfine tensors previously calcu-
lated using density functional theory®® (ESL Section S2), we
find: ogap = 1.03 mT, opyp = 1.11 mT and, from eqn (2), By, =
3.71 mT. These values are significantly larger than their isotropic
counterparts: gpap = 0.70 mT, oy = 0.97 and B‘f‘,’z =2.97 mT.

e

2.0 22 24 26 2.8 3.0
Bl/2 / mT

20 22 24 26 28 30
B]_/z/mT

20 22 24 26 28 30
B]_/zlmT

2.0 22 24 26 28 30
Bl/zlmT

2.0 2.2 24 26 28 30
Bl/zlmT

Fig. 3 By, distributions calculated using the QMMC method for model [FAD*~ TrpH**] radical pairs containing 3, 4, 5, 6, or 7 hyperfine interactions per

radical, as indicated.
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Fig. 4 (a) By calculated for models of the [FAD*~ TrpH**] radical pair. Nuclei were added one at a time in approximate order of decreasing hyperfine

coupling. The recombination rate constants, k, are as indicated. Data are shown for exact quantum dynamics (QD, triangles, 4 < nn,c < 15) and the

improved semiclassical method (SC, circles, 6 < Ny, < 27). (b) Best linear fit of the By, values for nn,c = 27 (SC method) as a function of k.

The simulation methods used above are either valid only
when there are no exchange or dipolar interactions or take
advantage of the absence of electron coupling to avoid using
matrices with the dimension of the full spin space. To deter-
mine B,,, with anisotropic hyperfine and dipolar interactions
included, we have used a method proposed by Fay et al. to
model spin relaxation in radical pairs.** The initial singlet state
of the radical pair was propagated in 1 ns time-steps to 5 pus and
then integrated (using k = 10° s™') to obtain ®(B). The initial
nuclear spin space was trace-sampled using a single SU(Z)
coherent state*> with averaging over 16 randomly distributed
directions of the magnetic field. The relative orientation of the two
radicals and the dipolar coupling parameter (D = —0.511 mT) were
appropriate for FAD and Trp318 in the crystal structure of pigeon

anisotropic HFI

D=0
isotropic HFI
D=0
1.8 1
1.6 T T T T T

8 10 12 14 16
number of nuclei

Fig. 5 By, calculated using the SU(Z) method for models of the [FAD*~
TrpH**] radical pair with k = 10° s™%. The solid lines and error bars represent
the mean =+ standard deviation of the values for 16 randomly chosen magnetic
field directions. In the purely isotropic case, the standard deviations arise from
the use of a single, randomly chosen, SU(Z) state in the stochastic trace sampling
procedure and scale as Z— Y2 where Z is the dimensionality of the nuclear spin
Hilbert space. For the other three cases, the standard deviations are dominated
by the anisotropic effects of the hyperfine and/or dipolar interactions.

This journal is © the Owner Societies 2023

cryptochrome 4a.*> We refer to this method here as SU(Z) (instead
of stochastic Schrédinger equation, SSE*?) because we do not use
it to model spin relaxation.

Fig. 5 shows values of B, calculated using the SU(Z) method
for n,u. = 7-16, introducing the nuclei one at a time in the same
order as before (ESL, T Sections S2 and S9). As in Fig. 4a, By, for
isotropic hyperfine interactions and no dipolar interaction is a
little less than 2.0 mT for n,,. = 14-16. When the anisotropic
hyperfine components and the dipolar interaction were
included, B;/, increased to ~2.46 mT. This is substantially
smaller than the estimate using eqn (2) and (5), BY), = 3.71 mT.

The individual effects of the two anisotropic interactions are
also shown in Fig. 5. Inclusion of just the dipolar coupling
causes a small reduction in B, ,, which is more than outweighed
by the increase arising from the hyperfine anisotropy.

Discussion

We have explored the validity of eqn (2) as a predictor of B ,, using
a range of simulation methods, concentrating on the [FAD®*™
TrpH* "] radical pair in cryptochrome because of its potential role
as the magnetic compass sensor in migratory songbirds.* Table 1
collects together our estimates of By, for this radical pair when it
recombines with a rate constant of 10° s A 1 ps lifetime is
probably about optimal for magnetoreception: any shorter and
there would be insufficient time for the Earth’s magnetic field
(~50 uT) to influence the spin dynamics and any longer would risk
attenuating the magnetic sensitivity through spin relaxation.***™*>
However, since Bj, is hardly affected by the recombination kinetics
when k < 107 s (Fig. 4), the precise value of k is not important
for our assessment of the reliability of the Weller equation in the
context of magnetoreception.

Weller equation

Compared to quantum and semiclassical spin dynamics simu-
lations, the Weller equation is seen to be unreliable, both

Phys. Chem. Chem. Phys., 2023, 25, 975-982 | 979
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qualitatively (Fig. 2b and c¢) and quantitatively (Table 1). To
some extent, this is expected. Eqn (2) was originally proposed to
rationalise the effects of magnetic fields on the chemistry of
small, freely diffusing, rapidly tumbling radicals in non-viscous
solutions. It is therefore not surprising that eqn (2) cannot
account for the effects of anisotropic hyperfine interactions or
radical-radical interactions. However, even with these limitations,
eqn (2) is still found wanting. As judged by the calculations
presented here, it consistently overestimates B ,. (Table 1) under
conditions of slow (k < 10” s') recombination.

The only circumstances under which eqn (2) agrees with our
simulations is for a narrow range of much shorter lifetimes. For
a radical pair with g,5 = 1 mT, the SW approach (Fig. 2c) agrees
with eqn (2) when k ~ 1.6 x 10° s~' while the SC method
(Fig. 4b) only gives Weller’s value of By, for [FAD*~ TrpH*']
when k &~ 2.0 x 10® s7'. This suggests that eqn (2) may only be
applicable to radical pairs comprising small radicals in solution
with lifetimes of the order of 5 ns.

This conclusion seems to be supported by a study of one of
the radical pairs for which Weller’s equation was originally
proposed. Rodgers et al. measured magnetic field effects on the
photochemical reactions of N,N-dimethylaniline with pyrene in
which neither, one or both of the reactants had been
perdeuterated.'® By exploiting the different hyperfine interactions
of the four isotopologues, it was possible to estimate the radical
encounter times that were most effective for the generation of
magnetic field effects. Encounters within 2 ns of radical pair
formation contributed little because there was insufficient time
for the applied magnetic field to affect the spin dynamics.
Encounters at times longer than 10 ns were also ineffectual
because of their low probability. The conclusion of Rodgers
et al.'® that only encounters on a 2-10 ns timescale are important
for the magnetic sensitivity of the pyrene + N,N-dimethylaniline
reaction agrees well with the finding here that eqn (2) works best
when k' %~ 5 ns.

Comparison of simulation methods

We have simulated magnetic field effects on [FAD®~ TrpH®"]
for two extreme cases: (A) fast rotational tumbling (such that
anisotropic interactions are averaged to zero) with extensive
translational diffusion (such that radical-radical interactions
can be neglected), and (B) static, randomly oriented radical
pairs with non-zero anisotropic (hyperfine and dipolar)
interactions.

Table 1 presents the estimated values of By, in order of
increasing sophistication of the method used to simulate the
magnetic field effects. The SW semiclassical approach is known
to be of limited reliability for the long-lived (~1 ps) radical
pairs of interest here.*”*®* QMMC and QD treat the quantum
spin dynamics exactly but are restricted in the number of
nuclear spins that can be included and so require extrapolation
to estimate By, for the intact 29-spin system of [FAD*~ TrpH""].
Introducing the dipolar coupling would restrict the number of
nuclear spins even further. The computational effort required
for the improved semiclassical method, SC, increases linearly
with the number of nuclear spins, allowing all 27 isotropic
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hyperfine interactions to be modelled reasonably accurately.
However, this approach is only applicable when there is no
electron-electron coupling. Finally, the SU(Z) method, for which
the computational effort scales as Dlog D (with D = 4Z being the
size of the full electron-nuclear Hilbert space), is compatible
with a reasonably large number of nuclei with dipolar coupling
included.

Cryptochrome B, ),

The best estimates of By, for [FAD*~ TrpH* '] are (Table 1): 1.89 mT
for case (A) (isotropic hyperfine interactions, no dipolar coupling,
SC method) and 2.46 mT for case (B) (anisotropic hyperfine
interactions, non-zero dipolar coupling, no rotational motion,
SU(Z) method). The majority of the difference between the two
arises from the anisotropic components of the hyperfine interac-
tions which outweigh a small reduction in B;, caused by the
dipolar interaction of FAD®*~ and TrpH*".

Case (B) above is more appropriate than case (A) for crypto-
chrome, a molecule with molecular mass ~ 64 kDa. Under the
conditions of the experiments used to measure B, for this
protein (typically 20: 80 glycerol : water mixtures at 5 °C'"), the
rotational correlation time 7. of an avian Cry4a is estimated to
be ~ 80 ns (ESL,T Section S10). With this value, y.ABt. = 1 when
AB = 0.1 mT implying that only anisotropic interactions (AB)
smaller than ~0.1 mT would be efficiently averaged by such
slow tumbling. Both the anisotropic hyperfine interactions and
the dipolar coupling in [FAD*~ TrpH*'] are considerably larger
than 0.1 mT and would therefore not be much affected by
rotational motion of the protein in solution.

The “baseline” value of By, for [FAD*~ TrpH®'] in Cry4a,
resulting from anisotropic hyperfine and dipolar interactions
alone, should therefore be taken as 2.46 mT.

Low-field effects

Finally, we consider the related issue of why ‘“low-field effects”
are not more commonly observed for cryptochrome-based
radical pairs. The low-field effect is a characteristic of radical
pairs that have long-lived spin coherence and manifests as a
biphasic field-dependence of the reaction yield.*® Typically, for
a singlet-born radical pair, ¢r(B) rises as B is increased from
zero and then falls once B is comparable to or larger than og.
The existence of a low-field effect has been interpreted as an
indication that a radical pair could be suitable for detection of
magnetic fields as weak as the Earth’s (~ 50 uT), for which spin-
coherence times of at least ~1 ps are required.***®

Fig. 6a shows @(B) in the range 0 < B < 2 mT for [FAD*~
TrpH*'], calculated using the SU(Z) approach for case (A)
(isotropic hyperfine interactions and no dipolar interaction)
with 71puc = 14, k = 10° s71. A weak but distinct low-field effect is
clearly visible below ~ 0.5 mT. The fairly steep gradient of ®(B)
at B = 0, implies a reasonably large sensitivity to Earth-strength
magnetic fields. However, the corresponding calculation for
case (B) (anisotropic hyperfine and non-zero dipolar inter-
actions, no rotational motion) in Fig. 6d has no suggestion of
a low-field effect. Fig. 6b (isotropic hyperfine and non-zero
dipolar interactions) and Fig. 6c (anisotropic hyperfine and
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B/ mT B/ mT B/ mT B/ mT
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Fig. 6 @+(B) calculated for [FAD*~ TrpH**] using the SU(2) approach. (c and d) include anisotropic components of the hyperfine interactions. (b and d)
include a dipolar interaction (D = —0.511 mT). The low-field effect is clearly visible in (a and b) as a small rise in ®(B) at fields below ~0.5 mT. The solid
lines represent @1(B) averaged over 16 random magnetic field directions. The shaded regions show the range of ®1(B) values for the different field

directions.

no dipolar interactions) show that it is the hyperfine anisotropy
rather than the dipolar coupling that abolishes the low-field
effect in these simulations.

The correspondence between this prediction and experimental
measurements of magnetic field effects on cryptochromes is
unclear. Small low field effects have been reported for a plant
cryptochrome (Arabidopsis thaliana cryptochrome 1, AtCry1) and
the structurally related DNA photolyase from E. coli (EcPL)."* If
other magnetically sensitive members of the cryptochrome-
photolyase family have low field effects, they have so far been
too small to detect. These proteins include both wild-type and
W369F mutant versions of European robin (Erithacus rubecula)
cryptochrome 4a (ErCry4a)'" and the cryptochrome from the fruit
fly Drosophila melanogaster (DmCry).”” The measurements for
AtCryl1 and EcPL were made at 260 or 270 K in 50:50 or 60:40
glycerol : water mixtures. Those for ErCry4a and DmCry were done
at 278 K in 20:80 glycerol:water solutions. Given the lower
viscosity of the ErCry4a and DmCry samples, one might have
expected a larger low field effect as a result of the more efficient
averaging of anisotropic components of the hyperfine inter-
actions. Nor can the absence of a low field effect in ErCry4a and
DmCry be attributed to the additional tryptophan in the electron
transfer chains of these proteins because the W369F mutant
of ErCry4a, which lacks the terminal tryptophan residue of the
Trp-tetrad, shows no discernible low field effect. Further experi-
ments will be required to resolve the apparent discrepancy with
the simulations in Fig. 6.

Conclusions

A number of conclusions emerge from this study. First, it
appears that Weller’s expression for B;,, is only applicable to
small, short-lived (~5 ns), rapidly tumbling radical pairs in
solution. It is unreliable for both longer and shorter lifetimes
and/or in situations where anisotropic hyperfine and/or
exchange/dipolar interactions affect the spin dynamics. Second,

This journal is © the Owner Societies 2023

the hyperfine-only value of By, for the [FAD*~ TrpH*"] radical
pair in cryptochrome in solution is ~2.46 mT. The observation
of By, values larger than this should be taken as a strong
indication that additional factors, such as electron spin relaxa-
tion, are at play. Third, for reactions of free flavin and tryptophan
radicals in non-viscous solution, the corresponding value of By,
is ~1.89 mT. Fourth, the low-field effect for [FAD*~ TrpH®']
pairs in cryptochromes in solution is predicted to be abolished
by the anisotropic components of the hyperfine interactions.
These insights will be valuable in future studies of the effects of
spin relaxation on the performance of [FAD*~ TrpH*'] as a
magnetic compass sensor.
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