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Abstract Using a static magnetic field, we observed an important biological
radical, nitric oxide, in solution by a spin-sensitive technique. Decomposition of 3-
morpholinosydnonimine (SIN-1) in aqueous solution produces a radical pair con-
sisting of nitric oxide and the superoxide anion which recombine to form perox-
ynitrite. The creation of this radical pair provides a favorable setting for the
observation of magnetic field effects. Magnetic field effect of (1.8 & 0.5)% on the
yield of recombination was observed in a relatively high field of 4.7 T over
the sampling of 96 samples. The effect is limited by extremely fast relaxation of
nitric oxide in liquids due to unquenched orbital angular momentum, and develops
in f-pairs via the Ag mechanism. Magnetic field effect due to a radical pair
involving nitric oxide in a biological system would require either rather strong
magnetic fields in the tesla range or an internal enhancer of magnetic field.

1 Introduction

Magnetic field effects (MFEs) have long been discussed in biological context.
Starting from sheer curiosity issues, they have grown into a major concern due to
the increasing presence of artificial magnetic and electromagnetic fields in the
environment and their possible health implications [1]. A huge body of data, from
epidemiologic surveys to deliberate experiments on humans through to cell cultures
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and model biochemical systems in vitro, has been accumulated and analyzed but
complete understanding of the biological MFE has not yet emerged [2]. The
interpretation of MFE in real biological systems, provided they had been reliably
established, is very much complicated by the complexity of the objects and the huge
distance between the macroscopically measured parameters and the underlying
molecular processes that are believed to mediate the MFE [3]. On the other hand,
extensive reproducible and well-understood MFEs have been reported on model
chemical systems [4] but they usually do not offer a direct link to biological
systems. To bridge this gap, an adequate model system, simple enough to allow
borrowing of ideas from chemical studies but still rich enough to be relevant for
biology, is required. Several such systems have been recently suggested, including
cobalamin-dependent enzymatic systems [5, 6], horseradish peroxidase enzy-
matic systems [7-10], singlet oxygen production in a photosynthetic system [11],
enzymatic phosphorylation [12, 13], and cryptochrome photoreception-based
magnetic compass [14-18].

Of the several mechanisms invoked to explain biologically relevant MFE, the
most consistent so far seems to be the radical pair mechanism [19], implying the
presence of a spin-correlated radical pair along the reaction path and its spin-
selective recombination [20]. In such systems, a magnetic field can change the rate
of radical pair recombination by changing the ratio of the reactive singlet versus
non-reactive triplet channels. The radical pair mechanism was established and
verified on model chemical systems and was shown to operate in the five systems
cited above. To produce an MFE via the radical pair mechanism, two radicals must
be present in the system and recombine into an observable product. The radicals can
be either directly formed as a spin-correlated pair from the same precursor
molecule, or can meet at random in the bulk; provided that their recombination is
spin-selective, MFE can be expected in both cases. The majority of the reported
MFEs were observed on the initially correlated pairs that provide more favorable
conditions with the effects of the order of several percent [4, 20], but MFEs from
randomly encountering pairs, where the correlation is induced at contact and the
effect is usually smaller, have also been reported [21, 22]. Possible effect of
magnetic field on radical pairs is also called upon to explain MFE in complex
biological systems involving radicals, but often the radical pair mechanism is
invoked solely based on the presence of radicals, such as nitric oxide, in the system.
Although not impossible, this logic has three serious problems: the complexity of
the real biological systems, the lack of correlation in thus reacting radicals, and their
difference from “normal” partners of the spin-correlated pairs. To address all these
issues, we have created a model system based on the recombination of nitric oxide
(NO) and superoxide radical (O;7).

Nitric oxide and superoxide can be generated simultaneously by the decompo-
sition of 3-morpholinosydnonimine (SIN-1) [23], yielding the two radicals that
further recombine with a nearly diffusion-controlled rate constant [24] to form
peroxynitrite (ONOO™) [25, 26]. In oxygenated aqueous solutions the molecule of
SIN-1 transforms into the intermediate product SIN-1A, transfers an electron to a
dioxygen molecule to form O,", and then decomposes producing NO and a non-
radical end product SIN-1C [27]. The two radicals are formed in rapid succession,
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but the delay between their formation is not yet known [27], and depending on it the
pair could be formed either in-cage or at random encounter. However, this
difference is of secondary importance here, as in both cases the correlated pair will
be formed in a triplet state: either directly from the singlet molecule of SIN-1 and
the triplet molecule of dioxygen for in-cage generation, or due to spin-selective
recombination inducing predominantly triplet spin state of the pairs surviving the
first contact in the free pairs. Thus, a simple chemical system exists that can be used
to study MFE on a pair of biologically relevant radicals. Here we report the effect of
the static external magnetic field on the yield of recombination of nitric oxide and
superoxide anion generated upon decomposition of SIN-1 in aqueous solution,
monitored by the amount of produced peroxynitrite, and discuss its possible
implications for magnetobiology.

2 Experimental

All experiments were conducted at room temperature in aqueous phosphate buffer
(KH,PO4/K,HPO,, 99.0%, Fluka, pH 7.6) [28] with added complexone (50 mM
diethylene triamine pentaacetic acid, DTPA) [29] to eliminate the traces of
transition metal ions. Peroxynitrite was determined using dihydrorhodamine-123
(DHR-123) [30]. DHR-123 practically does not react with nitric oxide, superoxide
anion, and hydrogen peroxide [31-33], while peroxynitrite oxidizes DHR-123 into a
persistent colored rhodamine-123 (RH-123) having a characteristic absorption band
With Apax = 500 nm, ¢ = 74500 M~ cm™"'. The yield of RH-123 in this process is
40-44% by the amount of peroxynitrite and strongly depends on such experimental
conditions as pH, sample composition, temperature, etc. [24]. Furthermore,
solutions of SIN-1 [34] and DHR-123 [33] are sensitive to light and air. Because
of these complications and uncertainties only the relative experiments, i.e.,
comparing exposed and control but otherwise identical samples, were reliable.

The samples were prepared by adding SIN-1 (3-morpholinosydnonimine
hydrochloride, Molecular Probes, ICN Biomedicals, Inc) and DHR-123 (dihydro-
rhodamine-123, SIGMA, >95%) to the buffer. Superoxide dismutase (SOD,
lyophilized, ~98% protein, CuZn, from bovine erythrocytes, balanced potassium
phosphate buffer, SIGMA, M = 32500 g mol~', 4470 units mg™") was used to
break the pair in the preliminary experiments [35]. For each experiment a common
incubation mixture was always prepared and then divided into samples of 400 pl
each. Static magnets with induction of 50 mT (ceramic) and 4.7 T (superconduc-
ting) were employed, and the samples were protected from light. The amounts of
accumulated RH-123 in the samples were determined from their optical absorption
spectra taken in a 1-mm cuvette on a Shimadzu UV-2401 spectrometer; the absolute
accuracy of measuring optical density in a single experiment was verified to be
40.001, consistent with the technical specifications on the reproducibility of the
spectrometer.

For each experiment MFE was determined as the relative difference of the
average optical densities at 500 nm for a group of samples held in the magnetic field
and a group of control samples: (D, — D.)/D. x 100%. To discard doubtful
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results, we used the Q-criterion for confidence probability P = 0.90. The errors in
MEFE for individual experiments were calculated using the law of error propagation.
Evaluation of the average MFE and its confidence interval over multiple
experiments are discussed later in Sect. 4.

3 Choice of Magnetic Field Strength for Experiments

To produce observable effects, the applied magnetic field must induce transitions
between singlet and triplet spin states of the pair while it exists in its correlated state
[36]. There are two relevant mechanisms for moving one electron spin with respect
to another and thus changing the collective spin state of the pair. The hyperfine
mechanism involves interaction of the spin with magnetic nuclei, e.g., protons or
nitrogens, which effectively creates additional magnetic field for each electron spin.
If these fields are different, the spins precess at different frequencies and/or about
different directions and thus change their relative orientation. In the Ag mechanism,
the different sensitivities of the two spins to magnetic field (their g values) induce
singlet—triplet transitions at a frequency o = (g; — g2)f.Bo/h = Agf.Bo/h, where
g1 and g, are the two g values, f5, is Bohr magneton, and By is the induction of the
applied magnetic field. The higher the field, the faster the interconversion, while in
the hyperfine mechanism raising the applied field beyond the field of the nuclei
saturates the effect at a frequency w ~ gf.A/h, where A is the hyperfine coupling
constant. The time t available for spin transitions is limited either by the lifetime of
the solvent cage, while the radicals remain partially correlated and close to each
other after the first encounter, or by the spin relaxation time, whichever is smaller.
To observe an effect, the product wt should at least approach 1.

Nitric oxide in the gas phase has a rather strong intrinsic spin—orbit coupling due
to an electronically degenerate 1 ground state [37] (spin—orbit coupling constant
A =123 cm™"), which can substantially alter the behavior of the spins in the
radical pair “nitric oxide/superoxide anion” in liquids because of potentially
extremely fast spin relaxation processes [38]. The '*N hyperfine coupling constant
(A/gf,) and the g-value for the magnetic 15/, substate in the gas phase are about
1 mT and 0.78, respectively [39, 40]. On the other hand, it is possible that due to the
interaction with the medium the electronic degeneracy of the semioccupied
molecular orbital in the radical is lifted to such a degree that the orbital momentum
of the molecule is effectively quenched, thus quenching the spin—orbit interaction.
This is, for example, the case for superoxide anion in solid alkali metal superoxides
and in the more bulky organic superoxides [41], as well as for hydroxyl radicals in
irradiated ice [42]. Superoxide anion, also possessing “I1 electronic ground state in
the gas phase, produces g-values of 2.0-2.1, indicative of the quenched momentum,
in frozen aqueous or acetonitrile solutions [43], and has no hyperfine interactions
since the dominant naturally abundant isotope ('°0) is nonmagnetic. Nitric oxide
was reported to magnetically behave like free gas in frozen clathrates [44]. The
situation with the two radicals in our system is not known, and two limiting cases of
the effective strength of the spin—orbit coupling in the molecule of nitric oxide can
be considered:
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1. Interactions with the medium do not quench the electronic degeneracy, and the
spin—orbit coupling constant for the molecule of NO is as large as it is in the gas
phase (about 120 T in magnetic field units, approaching thermal energy). This
means that the spin of the unpaired electron is rigidly coupled to the orbital
angular momentum of the molecule directed along the molecular axis, and
closely follows it. Collisions with molecules of the medium tumble the
molecular axis and thus the spin, which results in very fast paramagnetic
relaxation. In this case, to observe any MFE the frequency of singlet—triplet
transitions should approach at least the frequency of molecular collisions in
liquids (~10'2-10" s™"), which is rather high. On the other hand, the strong
spin—orbit coupling also results in substantially shifted g-values, so that the
difference in the g-values of the two partners of the pair is large (Ag ~ 1).
Thus, the required rate of singlet—triplet transitions can be achieved via the Ag
mechanism with magnetic fields of 1-10 T. MFEs due to the Ag mechanism in
the case of the strong spin—orbit coupling have indeed been reported [45].

2. Interactions with the medium completely quench the orbital angular momentum
of the NO molecule. The electron spin becomes essentially independent of its
motion, as in the case of “normal” radicals, the relaxation times become rather
long (microseconds), and the g-values of the pair partners become essentially
equal (Ag ~ 107%). The required singlet—triplet transitions can be driven by the
hyperfine mechanism in relatively weak fields, provided the frequency of
singlet—triplet transitions is of the order of gfA/A, or about 10° s~ for the NO/
O, pair. In this case, the hyperfine mechanism can provide efficient singlet—
triplet transitions in relatively weak magnetic fields of several tens of millitesla,
as has been reported many times for conventional radical pairs [4].

Thus, very different situations are possible depending on the (unknown) degree
of orbital angular momentum quenching and hence the strength of the spin—orbit
coupling in the molecules of nitric oxide and superoxide anion in liquid. We
employed static magnets with induction of 50 mT (ceramic, sufficient to saturate the
hyperfine mechanism) and 4.7 T (superconducting magnet of a 200 MHz nuclear
magnetic resonance (NMR) spectrometer, sufficient to drive the Ag mechanism),
starting with the technically simpler lower magnetic field.

4 Results
4.1 Detection Protocol

Peroxynitrite formed in the decomposition of SIN-1 can be determined by spin-
trapping techniques combined with electron spin resonance (ESR) using 1-hydroxy-
3-carboxy-2,2,5,5-tetramethyl pyrrolidine (CPH) as the trap [46], or by oxidation of
DHR-123 monitored by optical absorption [30]. Spin trapping was initially
attempted (data not shown here) but turned out to be unsuitable to detect MFE in
this system. It was found that to avoid errors due to unequal timing of measuring the
control and exposed samples in which the reaction is initiated simultaneously, the
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decomposition had to be completed by the moment of measurement. Therefore, the
reaction must be limited by SIN-1 rather than the dissolved O, (concentration about
260 tM) to ensure complete decomposition of SIN-1 by the moment of
measurement. This safeguards against restarting the decomposition of the remaining
SIN-1 upon stirring and reoxygenating the sample during measurements. This, in
turn, meant low concentrations of SIN-1 (normally 50 pM), leading to low amounts
of peroxynitrite and thus low amounts of the oxidized spin trap, which produced
very noisy ESR spectra and unacceptable measurement errors. Optical measure-
ments with DHR-123 turned out to be much more reliable and were used for all
experiments discussed here. The reported efficiency of DHR-123 oxidation by
peroxynitrite is 40-44% with respect to the amount of available peroxynitrite [24],
so the concentration of DHR-123 was set at 50 pM (twofold excess). Figure la
shows typical absorption spectra—kinetics of RH-123 buildup in the sample
containing 50 pM of SIN-1 and 50 uM of DHR-123 followed for 6 h. The expected
amount of RH-123 (about 25 uM) was accumulated. All further results were
obtained in the same conditions and will be presented in the units of optical density
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Fig. 1 a Development of optical absorption from a solution containing 50 pM of SIN-1 and 50 pM of
DHR-123 (time span of 6 h; room temperature, spectra taken in a 1-mm cuvette). b Accumulation of RH-
123 in samples, containing 50 pM of SIN-1, 50 uM of DHR-123, and 20 units ml~! of SOD, in magnetic
field of 50 mT (open triangles), and in otherwise identical control samples (filled triangles). Bars show
the error of single measurement. ¢ Absorption bands from samples, containing 50 pM of SIN-1, 50 pM of
DHR-123, and 20 units ml~" of SOD, exposed for 12 h to magnetic field of 50 mT (dashed lines), and
from otherwise identical control samples (solid lines). d Absorption bands from samples, containing
50 uM of SIN-1, 50 uM of DHR-123, and 20 units ml~' of SOD, exposed for 12 h to magnetic field of
4.7 T (dashed lines), and from otherwise identical control samples (solid lines)
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rather than the amount of RH-123. As a scavenger for superoxide anion,
20 units mI~' of SOD was sufficient to halve the yield of the product and this
was used in the preliminary experiments.

Systems based on the solutions of SIN-1 are usually employed as donors of nitric
oxide and in certain cases peroxynitrite. As the goal in this case is a steady
generation of the species, the beginning of the linear portion of the decomposition
kinetics of SIN-1 is commonly used. At these relatively short times, side reactions,
as well as the actual conditions of conducting the decomposition, are relatively non-
critical. However, in this study, we had to look for the MFE by monitoring the total
accumulated reaction product over rather long times. A series of separate
experiments (data not shown here) was conducted to check how critical were
ambient light conditions [33, 34] and extraneous oxidation of DHR-123 [32] in our
experimental settings, with the result that protecting the samples from light during
the reaction was sufficient to rule out the side processes.

4.2 MFE

Figure 1b shows the curves of RH-123 accumulation in the samples exposed to
magnetic field of 50 mT and in the control samples held in a mu-metal box to shield
them from stray magnetic fields. A common incubation mixture containing 50 pM
of SIN-1, 50 uM of DHR-123 and 20 units ml~" of SOD was prepared and divided
into two groups (12 + 12) of samples. As the reaction progressed, the samples were
taken out one by one, measured, and discarded. It can be seen that the two curves
coincide within experimental accuracy, as the sought effects were expected to be
small in first place, and that characteristic reaction time is about 10 h. The method
of building the complete kinetic curves does not allow collecting the statistics
required for their detection with realistic numbers of samples. More adequate in
these circumstances is looking for MFE on the amount of the final reaction product,
i.e., in one point with respect to time, but collecting the statistics. Further
experiments showed that 12 h was sufficient for complete decomposition of SIN-1
and the completion of the reaction of peroxynitrite with DHR-123 in the samples of
defined composition kept at room temperature. In all subsequent experiments both
magnetic field and control samples were exposed for not less than 12 h.

In a typical “end-of-process” experiment at 50 mT, a common incubation
mixture containing 50 uM of SIN-1, 50 uM of DHR-123, and 20 units ml~! of
SOD was divided into two groups of samples which were protected from the light
by wrapping the samples in foil. The first group of samples was placed in the
magnetic field, and the samples of the second group were placed in a mu-metal box.
Sample preparation and placement was completed in 4-6 min, of which the critical
stage of wrapping took no longer than 2 min. After the completion of the reaction
(12-13 h), optical absorption spectra were taken for all samples in random order and
the MFE was evaluated. Figure 1c shows the spectra from one such experimental
run. This procedure was repeated three times, but the observed effect was too small
(less than 1% over 28 samples) to be measured accurately and reproducibly. Before
collecting more significant statistics, a higher MFE in a single experiment was
required. This was achieved by additionally engaging the Ag mechanism by moving
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to higher magnetic fields. Consequently, further experiments were performed in a
magnetic field of 4.7 T.

Incubation mixtures containing 50 uM of SIN-1, 50 uM of DHR-123 and 0, 20
or 400 units ml~" of SOD were prepared and divided into two groups of samples.
The samples of the first group were placed in the bore of the 4.7 T magnet in the
working region, and the samples of the control group were put in the top region of
the bore with the measured magnetic field induction about 1 mT, which had been
found to be too low to cause any observable effects. The reason for putting the
control samples in the bore as well was the necessity to ensure that the temperature
difference between the two groups of samples was as small as possible. The
measurement of the temperature profile in the bore demonstrated that the
temperature difference between the two groups did not exceed 0.5°C. Figure 1d
shows the result of one experimental run in the field of 4.7 T at 20 units ml~"' of
SOD, with evaluated MFE of (2 &+ 2)%. Eight such experiments were performed
with varying concentrations of SOD; the calculated MFEs for the experiments were
as follows: for SOD activity 20 units ml™! o1 =02 x2)% (or (2.5 £ 1.7)%,
keeping the next decimal place), ¢, = (1 £ 2)%/(1.1 &+ 2.4)%, @3 = (1 £ 2)%/
(1.2 £ 2.5)%; for SOD activity 400 units ml™' @, = (2 + 3)%/(1.5 £ 3.2)%,
@s = (4 £ 2)%/(3.6 £ 2.0)%, ¢ps = (1 £ 2)%/(0.9 £ 2.1)%; without SOD ¢; =
(1 £3)%/(1.4 £ 3.2)%, pzg = 2 £ 1)%/(1.6 = 1.4)%.

The observed independence of MFE of the concentration of SOD is consistent
with the limiting case of having a very short relaxation time for the radical pair.
MEFE develops only in the correlated pair, and under these condition, the pair loses
correlation already in the cage, where the scavenger cannot yet reach it at any
sensible concentration. The observed reaction indeed proceeds in the cage formed
when the two radicals first encounter, but it is field-dependent only for very brief
flashes after each reencounter, and then the Ag mechanism is at work. Since the
presence of SOD in the sample suppresses the formation of peroxynitrite, it reduces
the measured optical density. Furthermore, it chemically complicates the system; in
particular, OH radicals are produced via dismutation of O, that can also oxidize
DHR-123 [32]. To avoid these now unnecessary complications, the final accumu-
lation of statistics was performed on samples without SOD. A total of eight
independent experiments of (6 4+ 6) samples containing 50 pM of SIN-1 and
50 uM of DHR-123 were performed in the field of 4.7 T, with one representative
run of this batch shown in Fig. 2a. The dashed traces were taken from the exposed
samples, the solid traces from the control ones, and bold curves of each type show
the average traces over each group of samples with the corresponding error bars. All
experiments showed a systematic increase in the yield of the product with an
applied magnetic field.

In all experiments there was a systematic temperature difference of about 0.5°C
between the exposed (warmer) and control samples, and the efficiency of DHR-123
oxidation by peroxynitrite is known to depend on temperature [24]. To check
whether this could have caused the observed systematic differences in the yield of
RH-123, we used the bore of a similar magnet that was idling without the field.
Measurements showed that the bore provided a very stable temperature environment
with the difference between the temperatures of its two ends of just the sought
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Fig. 2 a Absorption bands from six samples, containing 50 pM of SIN-1 and 50 uM of DHR-123,
exposed for 12 h to magnetic field of 4.7 T (dashed lines), and from six otherwise identical control
samples (solid lines). Bold dashed and solid lines show averaged bands from each group of samples with
error bars, the number in the upper right corner shows evaluated magnetic field effect with RMS error,
one of eight individual experimental runs. b One of four independent temperature control experiments in
the same format, dashed lines refer to warmer samples

0.5°C. An incubation mixture containing 50 pM of SIN-1 and 50 uM of DHR-123
was prepared and divided into two groups of six samples, shielded from light, that
were put in the bore of the magnet. After the completion of the reaction, optical
absorption spectra were measured for all samples, and the effect was calculated as
the difference between the average optical densities at 500 nm of the samples from
the regions of the higher and lower temperatures, referred to the average optical
density of the colder samples: ¢ = (D, — D_)/D_ x 100%. The experiment was
repeated four times, with one representative run shown in Fig. 2b in the same
format; the traces for warmer samples are shown in dashed lines.

4.3 Statistical Evaluation of Experimental Data

To evaluate MFE in the field of 4.7 T, eight independent experimental series were
obtained. Each series included optical density at 500 nm from six samples exposed
to magnetic field and six otherwise identical control samples. Average optical
densities at 500 nm and standard deviations were calculated for the exposed (D,,)
and control (D.) groups of samples in each experiment; MFE was calculated as
(D — D)/D. x 100%, and its standard deviation was calculated using the law of
error propagation. Four independent experimental series were obtained and
evaluated without applying the magnetic field, but keeping the temperature
difference of 0.4-0.5°C similar to the MFE case. Thus calculated effects are shown
next to both panels in Fig. 2 as the mean value with root-mean-square (RMS) error,
Fig. 3 shows the results of individual MFE and control experiments as diagrams
with mean values and RMS error. To discard doubtful results, each experimental
series was tested using the Q-criterion for the confidence probability P = 0.90 prior
to averaging. As the differences between samples in each experiment were rather
tight in absolute magnitude, a broad confidence interval with the probability of 0.90
was adopted to avoid odd discarding.
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Fig. 3 Evaluated MFEs with standard deviations for each of eight individual experiments with applied
magnetic field (a) and four temperature controls (b). Experiment 6 and Control 4 were shown in Fig. 2.
The numbers in the upper right corner show average magnetic field and temperature control effect over
multiple experiments

Before attempting further statistical evaluation, it was necessary to determine
whether the differences between the eight individual MFEs (and four individual
controls) should be interpreted as random and whether they provide an estimate of
the standard deviation of a single population. This was done in two steps [47]: (1)
comparison of RMS errors (using the Bartlett criterion with the one-sided
confidence probability P = 0.95), and (2) comparison of sample mean values
(comparison of differences between sample mean values with differences inside
each sample using the Fisher criterion with the one-sided confidence probability
P = 0.95). The differences between different statistical samples (between different
experimental runs) were found to be too significant to allow unifying all
measurements of each type (e.g., all 8 x 6 samples in the field of 4.7 T or all
4 x 6 warm control samples) into a single population; thus two-step averaging was
employed, first calculating MFE for each experiment and then averaging them into
the final value. The confidence interval was calculated for the probability P = 0.95
as :i:St/\/ n, where n is the total number of measurements across all samples. MFE in
the field of 4.7 T over eight experiments with 6 plus 6 samples each amounted to
@ = (1.8 £ 0.5)%, and the effect in the four control experiments amounted to
@ = (—0.1 £ 0.3)%. The observed changes in the amount of measured RH-123 are
indeed connected with the applied magnetic field.

5 Discussion

Thus, in the relatively high field of 4.7 T an MFE of (1.8 £ 0.5)% was observed.
The obtained experimental results can be explained with the following model:

In the decomposition of SIN-1 in aqueous solution at room temperature,
peroxynitrite is formed upon the recombination of free pairs of NO and O,~
radicals. Both nitric oxide and superoxide radicals have rather strong spin—orbit
coupling in the gas phase that effectively aligns the spins along the molecular axes,
and at least for one of the radicals, nitric oxide, this coupling is not quenched by the
interaction with the medium in the aqueous phosphate buffer solution. Thus, the pair
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of NO and O, radicals has spin relaxation times of the order of molecular tumbling
in solution, about 107122107 (1-10 characteristic collision times in solution),
and a substantial difference in the g-values of the pair partners of the order of unity.
A static external magnetic field can then affect pair recombination via the
Ag-mechanism for the field strength 1-10 T, which accounts for the absence of a
statistically reliable effect in a relatively weak field of 50 mT and for the observed
effect in a field of 4.7 T. MFE is developed in short (~ 107" 5) flashes after each
reencounter, during which the pairs remain correlated.

Although small, the reported MFE is measured directly as opposed to MFE
evaluated as changes of parameters extracted from modeling, and the obtained
magnitudes are rather reliable. Furthermore, it follows that the actual mechanism of
generating NO becomes unimportant due to the intrinsic properties of this radical,
since spin relaxation becomes the dominant factor, and the formation of the pair as a
free pair is not a limitation. Although we have used a simple chemical system to
generate the two radicals, the inferred conclusions can be generalized to other
systems containing free nitric oxide, including naturally occurring enzymatic nitric
oxide synthases.

As mentioned in Sect. 1, attempts are sometimes made to explain the observed
macroscopic MFE for moderate magnetic field strength on complex biological
systems by the action of magnetic field on the radical pairs, including the NO/O,™
pair. Our data suggest that any direct effect on the radicals of this type would require
rather strong fields, at least in the tesla range. However, such effects may well be
possible if a biological system provides a means of enhancing either the external
field or its effect. When transferring the results from in vitro experiments with NO
into a biological context it should be taken into account that NO is a retrograde
mediator initiating a cascade of processes in organisms [48], and thus even small
changes in its concentrations can have far-reaching cumulative effects. Regarding
the internal enhancement of the applied magnetic field, environments where
biogenic iron is accumulated are not uncommon in biology, and a situation
reminiscent of ferrofluids [49, 50] with a stable dispersion of paramagnetic particles
can occur. An example of the enhancer effect is a 30-fold activity increase of
horseradish peroxidase that was recently reported in a weak magnetic field in the
presence of magnetite particles [51]. Certain pathologies, in particular thalassemia
[52, 53] and age-related neurodegenerative diseases [54, 55], are accompanied by
accumulation of biogenic iron. Substantia nigra neuromelanin [56], an age-related
pigment that can bind thousands of iron atoms into a chemically inert paramagnetic
granule and whose function is yet unclear, can also be a plausible candidate for such
a biogenic field enhancer. It may also become possible to reconcile two competing
theories of biological MFE, due to radical pairs and due to biogenic magnetic
particles [57], as the latter may act as internal field enhancers amplifying the radical
pair effect.

Finally, although measured at the products, the MFE by design is developed at
the stage of the radical pair, and currently it is as direct as these difficult radicals can
be sensed in solution. All attempts to directly observe paramagnetic NO and O, in
liquids by such standard magnetoresonance techniques as ESR invariably fail due to
the features of their electronic structure, so instead elaborate indirect methods
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developed for in vivo ESR have been used [58-61]. The MFE methodology,
creating the radicals as a pair and monitoring the product of their recombination
while applying magnetic field [62], is in this case a useful alternative to directly
access the radicals, not the products of their chemical reactions. Building upon the
well-understood behavior of radical pairs in solution, the suggested experiment can
provide the missing link between the thoroughly studied properties of these simple
molecules in the gas phase [63] and the studies at the physiological level which
remain difficult to interpret [64—66]. The experiment can be further optimized by
moving to higher magnetic fields and/or by restricting the orientational mobility of
the molecules that presumably causes fast relaxation, e.g., by putting the system in a
protein pocket or increasing the local viscosity. Similar effects in biological systems
should be sought in the environments where biogenic iron is accumulated. Given the
availability of high-field static magnets due to recent developments in NMR, it may
be possible to measure the actual dependence of the reported MFE on magnetic field
strength in the fields of up to 20 T (900 MHz NMR spectrometers) [67], and from
this, estimate the mobility of NO in different environments and magnetic parameters
of the free nitric oxide in liquid, including the magnitude of its spin—orbit coupling
constant. It should be kept in mind, though, that this system is rather sensitive to
such experimental conditions as temperature, pH, light, etc., and, if these are
substantially changed, preliminary study of the system would be required. It is also
critical to perform comparison against identical control samples kept in as identical
conditions as possible, except for applying the magnetic field.
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