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Sulfur K-Edge XAS as a Probe of Sulfur-Centered Radical Intermediates
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The redox chemistry of sulfur-containing amino acids has  25F T T T T T T 3
garnered significant attention in recent years. Particularly, cysteinyl- L A A
based (thiyl) radical intermediates have been proposed and impli- 2.0} ’
cated in various biological reactionisicluding, most prominently, L T Oh
the catalytic reduction of ribose sugars in ribonucleotide reduc- 45 2h
tase<3 At times, such intermediates have proven challenging to | ——38h
detect and quantify in situ using commonly available spectroscopic  ,,|. """ 24h
tools. The most direct approach to radical detection is electron | T 48h
paramagnetic resonance (EPR) spectroscopy, which can provide a o5k 1«
wealth of information about unpaired electrons and their coupling ' * f af ¢ B
with surrounding nuclei. However, the relatively large spambit [ * yE 2} ) R

: 0.0 [on —=—GSS -

coupling parameter of sulfué(= 382 cnr1)* and resultant broad 2 otk 1
signal for theg, component of thiyl (RS radical$® decreases its g i | I"- g Hours % ]
sensitivity significantly such that other spectroscopic approaches E%4gs———2a70 2476 2280 2285
may provide new opportunities for detection and characterization 3o.20
of this emerging class of biologically relevant redox-active moieties. % ]

We have explored the use of X-ray absorption spectroscopy £
(XAS) at the sulfur K-edge as a complementary approach to the Q0151
spectroscopic characterization of sulfur-centered radicals. In contrast
to EPR, this approach provides the benefits of element-specificity
as well as the ability to detect and characterize EPR-silent 0.10f-
intermediates. This type of approach has been used to evaluate
metat-ligand bonding in sulfur-coordinated species and has recently
provided insights into the electronic structure of certain metal- %95
coordinated ligand radical species.lts applicability toward
identification of free radicals has not been demonstrated, and we
now provide the first example of direct XAS detection of isolated 0.00 2468 2469 2470 2471 2472
free radicals. Energy (eV)

Glutathione (GSH) is a cysteine-containing tripeptide involved Figure 1. S K-edge XAS spectra of UV-irradiated GSH: (A) spectra of

in biological redox .buf‘fering via'a redox equilibrium petwegn it? UV-irradiated GSH samples (inset shows estimated radical yields, see text
reduced monomeric form and its two-electron oxidized dimeric and S3 for details) and (B) pre-edge spectra of UV-irradiated GSH after

form, that is, 2GSH= GSSH+ 2e. It has also been shown that ~ subtraction of GSH standard.
photochemical one-electron oxidation of GSH forms several radical eV as the CS — Sy feature of GSH broadens and decreases in
products including the short-lived thiyl (§%nd long-lived perthiyl intensity. A third feature is also observed in the second derivative
(GSS) radicals. Details of the one-electron redox chemistry of GSH of the data at 2471.% 0.4 eV (see Figure S2). These low-energy
are still somewhat unclear and deserve greater study. We havepre-edge features coincide with the appearance of radical species
therefore utilized polycrystalline GSH as a prototype system for in the EPR spectra and thus should correspond to transitions to the
evaluating the use of S K-edge XAS in the study of sulfur- half-occupied sulfur valence orbitals of sulfur-centered free radicals.
containing radicals in biochemically relevant species. Principal component analys$fsindicates that only two kinetically

UV irradiation of polycrystalline GSH with a Spectroline UV distinct species are required to fit the pre-edge data in addition to
lamp @ = 254 nm) at room temp (29% 5 K) produces a complex  the GSH starting material (Figure 1A inset and Supporting
EPR spectrum (see Supporting Information, Figure S1) that has Information, section S7). The electronic nature of these transitions
been attributed to a mixture of radical species (i.e.;, &S H-, was probed using a combination of unrestricted ground state and
and GS9.2 Samples were irradiated (0.5 to 48 h) and mounted as time-dependent density functional theory (TDDFT) calculations on
a finely ground powder dusted on sulfur-free Kapton tape for S simplified models of potential thiyl and perthiyl radicals.
K-edge XAS data collection. EPR of the UV-irradiated samples  Electron density maps of the important empty valence orbitals
remained unchanged even after prolonged exposure to the X-rayare given in Figure 2. Since transitions at the S K-edge are
beam &3 h) and were not affected by the Kapton tape. dominated by the electric dipole allowed,S— S;s component,

The S K-edge data (Figure 1A) show marked changes both below valence orbitals with § character are of greatest significance. On
and above the ionization edge. The GSH spectrum is dominatedthe basis of the DFT results; 13 the unpaired electron in GShould
by an intense Cs — S5 at ~2473.5 e\? Upon UV-irradiation, reside in a singly occupiedssorbital perpendicular to the-SC
new pre-edge features appear at 2468.8.3 and 2470.5t 0.3 bond axis® Transitions to two other orbitals (GSand HG-)
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Figure 2. Electron density contour maps of important low-lying valence
orbitals, as calculated by DFT (isovalee0.075 eA—3).

Table 1. Sulfur K-Edge Pre-edge Features of Relevant Model
Compounds As Calculated Using TDDFT

species assignment energy (eV) f
CHsSH CS» + HSy» — S 2472.8 2.0x 1073
CS+—Sis 2473.7 1.1x 1073
CS»+ + HSy» — Sis 2474.4 1.3x 1073
CHsS Szp— S1s 2468.8 3.9x 1073
HCy+ — S5 2473.7 8.1x 1074
CS+—Sis 2474.5 9.3x 104
CHsSS SSp— By 2469.3 2.5x 1073
SS»— S 2470.6 1.8x 1073
SS— SBys 2472.7 3.1x 1073
CSy«— Sy 2473.4 5.3x 104
SS— Sy 2474.1 2.6x 1073
CSx— s 2474.8 1.6x 1073

containing significant § character yield an edge feature~e2474
eV corresponding te* contributions!* The transition to the nearly
pure (~92%) singly occupied £3 orbital results in a strong pre-
edge feature-5 eV lower in energy (see Table 1).

The unpaired electron in GSiS located in a S$ orbital (Figure

not identified the species responsible for this feature although the
formation of stable sulfoxyl radicals has been reported upon
photooxidation of cysteine side chaihs.

This study provides the first example of direct detection and
characterization of isolated free radicals using XAS. Importantly,
pre-edge features of the different radical species are well resolved
from the intense* contributions, thus such data can provide useful
complementary information in the investigation of radical inter-
mediates. Furthermore, we note that ghef GS is not observed
under these experimental conditions, whereas the S K-edge pre-
edge feature is clearly discernible. Our ability to investigate the
one-electron chemistry of sulfur-containing amino acids will be
significantly improved with the availability of this new approach.

S K-edge XAS has been an untapped resource for the investigation
of these species, and our initial studies suggest it should provide
unique insights into the redox chemistry of sulfur-containing amino
acids and their biological implications.
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2); two transitions to this orbital should be observed, one from each
of the S orbitals. TDDFT calculations indicate a significant
splitting of the two S transitions (1.3 eV) resulting from greater
oxidation of &, which lowers its & orbital energy. Theo*
manifold for GSSincludes both CS and SS- contributions and
occurs at about the same energy as in GSH. Importantly, the pre-
edge feature for GSShould occur at higher energy than that of
GS, owing to the antibonding nature of the acceptor orbital in GSS
In addition, one would expect a splitting of the pre-edge feature in
GSS caused by differences i for the two S atoms.

The calculated electronic structures and core excitation spectra
are in good agreement with the experimental S K-edge data. The
lowest energy pre-edge feature corresponds t§ a-S5;s transition
in GS, whereas the higher-energy split feature that grows in
subsequently corresponds to transitions to thg 88GSS. The
observed splitting and intensity ratio are similar to that predicted
by DFT. The kinetic behavior of the S K-edge pre-edge features
are also consistent with previously published EPR data, showing
initial formation of the thiyl radical followed by subsequent
formation of the longer-lived perthiyl speciés\t much longer
times, we note the presence of a higher-energy feature (2482.6 eV),
corresponding to a highly oxidized sulfur species. We have, as yet,
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