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Abstract

The cation radicals formed when methionine and N-acetylmethionine quench the photo-excited
triplet state of 4-carboxybenzophenone in aqueous solution are characterized by their g-factors
and hyperfine coupling constants. It is shown that the radicals exist as either cyclic or linear
structures depending on the amino acid and the pH of the medium. The study is based on the
analysis of the dynamic nuclear polarization generated in the spin-selective decay of the transient
radicals and its dependence on the external magnetic field. The requirements and scope of this
method are discussed.
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Introduction

The NMR spectra of reaction products resulting from a radical reaction often exhibit an
anomalous intensity pattern because of transient spin polarization generated in the course of the
reaction'. While other well-known mechanisms of dynamic nuclear polarization, e.g. the
Overhauser™ effect, rely on pumping of electron spin transitions this Chemically Induced
Dynamic Nuclear Polarization (CIDNP) results from spin-selective reaction steps and it has been
widely used for analyzing intermediate reaction stages. A particular application is the probing of
protein structure™ and folding.®® For such protein studies, CIDNP is created by reactions
involving reversible electron or hydrogen atom transfer between a photo-excited dye molecule
and CIDNP-active amino acid residues. The polarization of the CIDNP-active residues in the
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protein depends on their accessibility for the probing dye molecule. Therefore, by analyzing the
protein CIDNP one obtains the accessibilities of residues on the protein surface. For some time it
was believed that among the 20 common amino acids only three (histidine, tyrosine, and
tryptophan) are sufficiently CIDNP-active, that is, acquire substantial CIDNP when exposed to
excited dye molecules. However, more recent experiments performed on methionine (Met) with
flavin mononucleotide used as a dye revealed that methionine is also CIDNP-active.”'" The
intensity of methionine CIDNP, however, is increased when 4-carboxybenzophenone (CBP) is
used as the dye.'"""

While the CIDNP kinetics and field dependencies of histidine, tyrosine and tryptophan have
been studied in detail, there is still insufficient knowledge concerning the CIDNP of Met, the
pathways and the kinetics of the reaction of Met with CBP, and the magnetic resonance
properties of the involved radical species of Met. In this context the present work is aimed at
studies of the photochemical reactions of Met and N-acetylmethionine (NMet) with CBP by
analyzing the dependence of the observed CIDNP on the external magnetic field. Usually, the
CIDNP is studied at the fixed external magnetic field of the NMR spectrometer (typically several
Tesla). Such a practice limits the potential of the CIDNP method because the polarization
efficiency strongly depends on the external magnetic field strength. By contrast, we have
performed our experiments at variable magnetic field. This opens the opportunity to optimizing
the field strength to enhance the signals of particular amino acid residues in the CIDNP studies
of proteins and to extracting magnetic resonance parameters of the radical intermediates
responsible for the CIDNP formation. While the high field part of the CIDNP depends on both
the g-factor and the hyperfine interactions (HFI) of the radicals, the CIDNP at low field is
conditioned solely by the HFI. Therefore, the analysis of the low field CIDNP provides
information on the HFI constants. Once the HFI constants have been determined, the g-factor of
the radical can be obtained from the CIDNP at high field. Thus, such a strategy allows one to
extract the desired magnetic resonance parameters from the field dependence of the CIDNP.
Because all individual field dependencies of the protons in a radical pair are simulated together
with one common set of parameters, the fitting procedure is sensitive in spite of the large number
of parameters.
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Chart 1. Structures of the compounds under study.
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The structures of Met, NMet and CBP are shown in Chart 1. The carboxyl group of 4-
carboxybenzophenone has a pK, of 4.2, hence, in the pH range used in our research (pH 6...12)
CBP exists in its deprotonated anionic form. Met has a pK, of 9.27 (in H,O) for its amino group,
which therefore exists either in its protonated form as NH;" at a pH below this value or otherwise
as NH; with a lone electron pair above this value. The nitrogen of NMet is not protonated in this
pH range and retains the structure shown in Chart 1 throughout.

Results and Discussion

a) CIDNP Spectra

After photo excitation of CBP and intersystem crossing the excited triplet state of CBP is
quenched by the amino acid via electron transfer, presumably from the sulfur atom of the amino
acid, to the oxygen atom of "CBP. The result of this reaction is the formation of a spin correlated
radical pair consisting of an amino acid cation radical and the radical anion of CBP. The
quenching rate constant has been measured as kq=2.6 X 10° M's"."*!* Back electron transfer
from the anion radical of CBP to the cation radical of the amino acid leads to nuclear spin
polarization of both, amino acid and CBP, due to the hyperfine interaction with the unpaired
electrons.

According to the assumed spin density distribution around the S atom of the Met and NMet
radicals (see Chart 2), only the ¢ and y protons, which are located close to the radical center, are
expected to be polarized, whilst for CBP all of the ring protons can show CIDNP due to
delocalization of spin density in the aromatic system. The NMR signals of the nuclei that exhibit
polarization generated in the course of the reversible photoreaction have the same chemical shifts
as in the non-polarized starting material and thus can be easily differentiated from polarization
formed in competing reactions.
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Chart 2. The structures of S-centered linear Met and NMet cation radicals.

Figure 1 shows the thermally polarized NMR spectra and the CIDNP spectra of the Met/CBP
system at pHs 11.5 and 6.5. The CIDNP spectra represent the difference between NMR spectra
recorded with and without light irradiation. In neutral (pH 6.5) solution in the case of Met and in
both neutral and basic (pH 11.5) solutions in the case of NMet, the expected behavior is seen.
Across the full magnetic field range, polarization of neither the a protons nor the B protons was
not observed, but the polarization of both the y and 6 protons was maintained. This is an
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indication that indeed the spin density is located mainly on the sulfur atom, whereas the o and 3
protons have negligibly small hyperfine constants. From these results, one can conclude that for
Met in neutral solution and for NMet in neutral and basic solutions the S-centered cation radicals
shown in Chart 2 are responsible for CIDNP formation.
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Figure 1. "H NMR spectra (Boltzmann polarization) of the Met/CBP system at pH 11.5 (a) and
6.5 (c), and CIDNP spectra at By, 2.4 T and pH 11.5 (b) and at B,, 0.7 T and pH 6.5 (d).
Asterisks indicate signals of side products.

For Met in basic solution, the situation is distinctly different. Here, across the entire magnetic
field range polarization was detected not only for the 6 and y protons of Met but also for the a
proton. This observation is in full accordance with that by Goez et al.'"'? Such a polarization is
feasible only for a radical with sufficient spin density at the a-position. A likely candidate for
such a species is the cation radical of Met with a five-membered ring and a three-electron bond
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between S and N atoms as shown in Chart 3 (a) and originally suggested by Hiller et al."” to
explain the results obtained from pulse radiolysis experiments. Polarization of the a proton in the
absence of B-polarization is an indication for the existence of the cyclic structure of the involved
radical of Met. The formation of this cyclic structure arises from intramolecular reaction of a
positively charged radical center at the sulfur atom with the partly negatively charged nitrogen
atom which has a lone electron pair at this pH.
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Chart 3. Cyclic and linear structures of the Met cation radical at basic conditions.

However, the same polarization pattern could, in principle, result, if two parallel reaction
pathways with two different radical pairs were involved in the triplet quenching process. In this
case the first reaction occurs with electron transfer from the sulfur atom of the amino acid with
the formation of an S-centered radical, whereas the second one proceeds from the lone pair on
the nitrogen with the formation of an aminyl radical,'® as it is shown on Chart 3 by the structures
(b) and (c), respectively. As evidence for the formation of the cyclic radical structure the ratio of
polarization level of the protons in the a and y-position of methionine and its variation with the
pH were taken by Goez and Rozwadowski,'? but a similar pH dependence is expected also for
the relative contribution to polarization by the corresponding protons of the two linear radicals.
Moreover, our recent time-resolved CIDNP measurements on the kinetics of this reaction at
different pH show that the assumption'? of CIDNP creation exclusively at the geminate stage is
unsustainable and that the pH dependence of the stationary CIDNP signal is not at all given by
the interconversion of different radicals of methionine at the geminate stage.

b) CIDNP field dependence

A possible way to discriminate the occurrence of one cyclic or two linear intermediates is to
determine the g-factor of the radicals so formed. The most direct way for measuring the g-factor
is EPR, but because of their high reactivity and, consequently, low concentration the cation
radicals of methionine have not yet been detected in aqueous solution. An alternative way to
obtain the desired information on the g-factors of the participating radicals and on the reaction
pathway is to utilize the dependence of CIDNP on the external magnetic field. Standard CIDNP
theory relates the maxima of polarization at high magnetic field By to the difference in g-factor
Ag = (gm — g4), Where g, and g4 stand for the g-factor of the methionine radical and of the dye
radical, respectively. Since the g-factor of the S-centered radical of structure (b) is expected to be
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considerably larger than that of the aminyl radical of structure (c), the maxima of CIDNP of
these radicals are expected to appear at very different By so that they can be resolved in the field
dependencies of the methionine protons. Alternatively, if only the cyclic radical is involved, one
common field of maximum polarization for all protons of methionine is expected with its
location determined by the g-factors of the cyclic cation radical and the radical of the dye.

From Figure 2, where the field dependencies of the a, y and 6 protons of methionine at pH
11.5 are shown in the range between 0.1 mT and 7 T it is evident that only single polarization
maxima appear. Therefore any significant contribution from S-centered or N-centered linear
radicals can be excluded at basic pH, the cyclic cation radical is the dominant reaction
intermediate. In the case of Met in neutral solution the formation of the cyclic cation radical is
impossible due to the lack of the lone electron pair at nitrogen atom because of the protonation of
the amino group. In case of NMet in neutral and basic solution probably the lone pair of the
nitrogen interacts with the m-orbital of the carbonyl group and thus cannot be used for the
formation of a bond between the S and N atoms. This is the same reason why acetylated amino
groups can not be protonated under usual conditions.
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Figure 2. Field dependence of the a (A), y (O) and 6 () protons of methionine at pH 11.5.
Lines correspond to the simulated CIDNP of the a proton (green), the y protons (red), and the &
protons (black) with the parameters for the cyclic Met cation radical shown in Table 1. Scaling
of the amplitudes as described in the Experimental Section.

For quantitative evaluation we followed the approach outlined and determined the HFI
constants and the g-factor of the cation radical from the CIDNP field dependence and the
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corresponding optimized simulation as shown in Figure 2 for methionine at pH 11.5 and in
Figure 3 for methionine and N-acetylmethionine at pH 6.5. Since CIDNP depends on the
difference Ag between the radical pair partners, the g-factor of one radical species can only be
determined with reference to that of its partner. In our case there is the problem that the g-factor
of the CBP radical is unavailable from the literature. However, Sauberlich et al.'”!® measured the
g-factors of both benzophenone (BP) (2.0033) and of 3,3°,4,4’-benzophenonetetracarboxylic acid
(2.0035). We consider it reasonable to assume that the g-factors of the radicals BP and CBP do
not differ much and take gcgp = 2.0033.
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Figure 3. Field dependence at pH 6.5 of a)0 6 (O) and y (O) protons of N-acetylmethionine. b) &
(A) and y (V) protons of methionine. Lines correspond to the simulated CIDNP of & protons
(black) and y protons (red) with parameters for linear Met and NMet cation radicals accordingly
shown in Table 1. Scaling of the amplitudes as described in the Experimental Section.

As g-factor of the cyclic cation radical we obtain g = 2.0064, which is significantly smaller
than the typical g-value of S-centered organic radicals (2.0100) indicating that part of the spin
density is located at the nitrogen atom. The best fitting parameters for the Met CIDNP field
dependence are listed in Table 1. We assumed further that all three 6 protons have equal HFI
constants due the fast rotation of the methyl group.

The result that the HFI constants of the o, y and d protons are of comparable magnitude (also
having the same sign) gives additional evidence for a bond between S and N in the cation radical.
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The large effective hyperfine constant A= 3.5 mT of the residual nuclei is interpreted as due to
the large HFI constant at the nitrogen position where much spin density is located.

At pH = 6.5, with the g-factor of the CBP radical taken as 2.0033 we obtain g=2.0100 as the
g-factor of the Met cation radical, which agrees with typical g-factors of S-centered organic
radicals (g = 2.010). The HFI constants of the linear Met and NMet cation radicals are also
included in Table 1.

In what regards the reaction with a photo-excited dye N-acetylmethionine is close in its
properties to those Met residues present in proteins; hence the results presented here can be used
for optimizing the conditions in analogous experiments on proteins. As an example, the
maximum of the CIDNP formation is expected to occur at 0.7 T in the high field range and at 2.6
mT in the low field range. Accordingly, by proper setting of the polarization field it is possible to
selectively enhance methionine residues in the protein CIDNP spectra to optimize the detection
sensitivity.

Table 1. g-Factors and HFI constants used for the simulation

Cation radical g-factor A, mT A, mT A mT Aegr mT
Cyclic Met 2.0064 1.0 0.8 0.7 3.5
Linear Met 2.0100 - 1.0 0.7 2.0

NMet 2.0100 - 1.0 0.7 2.0

Conclusions

The present work describes the results of a comprehensive study of the magnetic field
dependence of the CIDNP formed from the reactions of Met and NMet with CBP in aqueous
solution. Field dependencies of the CIDNP formed in the reaction of Met with triplet excited
CBP have been measured in the region 0...7 Tesla in both neutral and basic solutions. An
important factor is the variability of B, over a wide range: the low field data are necessary for
HFI analysis, and hence, in combination with measurements at high field, g-factors can be
determined. Our results for neutral and basic solution give clear evidence that two structures of
the Met cation radical are formed having different distributions of spin density. At a pH above 9,
the Met cation radical exists in a cyclic form with a two-center three-electron bond between the
nitrogen and sulfur atoms, whilst in solutions below pH 9 the Met cation radical has a linear
structure. Comparison of the experimental results with model calculations of the CIDNP field
dependencies allowed us to obtain the g-factors of the cyclic (2.0064) and the linear (2.0100)
forms of the Met and NMet cation radical. Hyperfine constants of both forms of the Met cation
radical were also determined. The high sensitivity of the CIDNP field dependence with respect to
changes in Ag results in high accuracy of the parameters obtained and makes the analysis of
CIDNP very suitable for characterizing short lived paramagnetic reaction intermediates.
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Experimental Section

General Procedures. A detailed description of the experimental setup has been provided
elsewhere.'”?® The mechanical field cycling setup allows the detection of high resolution NMR
spectra under permanent slow sample rotation (0—150 Hz) at By = 7 T and light irradiation for
polarization at any desired magnetic field strength B, between the earth magnetic field and 7 T
by precise positioning of the sample in the stray field of the spectrometer cryomagnet. At a field
below 0.1 T, where a high homogeneity of the magnetic field across the sample volume is
required, By, 1s set by control of the electric current through a pair of additional Helmholtz coils
placed under the cryomagnet. A CIDNP experiment that employs mechanical field cycling
contains three consecutive steps: (1) CIDNP generation by means of photoreactions at the
desired field By,; (2) transfer of the polarized reaction products to the observation field By of the
NMR spectrometer (i.e. switching of the external magnetic field from By, to Bo); (3)
measurement of the FT-NMR at B = B,. Since the field change occurs adiabatically, the
populations of the individual nuclear spin eigenstates are conserved. During step (1) the sample
is irradiated (typically for 0.5 s) by a XeCl excimer laser at 308 nm with a repetition rate of
50 Hz and an energy of up to 100 mJ/pulse through a flexible liquid light guide with a 90° prism
on its top. The samples, containing either 0.02M Met or 0.005M NMet and 0.0025M of CBP
(together with 0.02M of Na,DPO, used as buffer) in D,O, were prepared to yield an optical
density of 2.0 at 308 nm for the 4-mm optical pathway inside the NMR sample tube. All samples
were purged with pure nitrogen gas and sealed in standard 5 mm Pyrex NMR tubes. In order to
prevent vortex formation and sample shaking during the transfer, a Teflon plug was inserted into
the tube on top of the liquid. All chemicals were from Aldrich and used as received.

Computational details. Numerical simulation of the CIDNP field dependence allows
quantitative determination of the magnetic resonance parameters of the radical species; the
procedure employed has been described in detail elsewhere.”'** The procedure is based on
solving the stochastic Liouville equation of the radical pair by means of the Green function
technique™ and on utilizing the so-called low-viscosity approximation®* which implies the
degree of singlet-triplet conversion to be relatively low in each nuclear sub-ensemble: vi3<<l
(here v is the characteristic rate of S-T mixing and tq4 is the time of diffusional displacement
between the radical partners). Despite the low degree of S-T mixing during the radical pair
lifetime the CIDNP is still higher than the thermal polarization by several orders of magnitude.
In our simulations we have taken into account all protons (o, y and & protons) of Met in a
consistent quantum-mechanical manner, while the remaining hyperfine interaction with other
magnetic nuclei of Met has been considered using a semiclassical approximation® with the
effective HFI constant A.s in accordance with earlier work.?'?*?% The HFI constants of CBP are
so small''® that their influence on the field dependence is negligible, hence they have not been
taken into account. As a side note we want to mention that the simulations model only the
geminate reaction stage, though secondary reactions in the bulk also contribute to the observed
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CIDNP. The main effect is the reduction of polarization at high field with respect to that at low
field. Accordingly we changed the amplitude scaling factor at about By, = 0.1 T so that the
calculated curves fit the experimental data at both the polarization maximum at high field and the
minimum at low field. For N-acetylmethionine at pH 6.5 because of low signal intensity the
scaling in the case of the y protons was related to that of the & protons according to the
corresponding curves of methionine.
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