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ABSTRACT: Tryptophan-based free radicals have been
implicated in a myriad of catalytic and electron transfer
reactions in biology. However, very few of them have been
trapped so that biophysical characterizations can be performed
in a high-precision context. In this work, tryptophan derivative-
based radicals were studied by high-frequency/high-field
electron paramagnetic resonance (HFEPR) and quantum
chemical calculations. Radicals were generated at liquid
nitrogen temperature with a photocatalyst, sacrificial oxidant,
and violet laser. The precise g-anisotropies of L- and D-
tryptophan, S-hydroxytryptophan, S-methoxytryptophan, S-
fluorotryptophan, and 7-hydroxytryptophan were measured
directly by HFEPR. Quantum chemical calculations were
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conducted to predict both neutral and cationic radical spectra for comparison with the experimental data. The results indicate
that under the experimental conditions, all radicals formed were cationic. Spin densities of the radicals were also calculated. The
various line patterns and g-anisotropies observed by HFEPR can be understood in terms of spin-density populations and the
positioning of oxygen atom substitution on the tryptophan ring. The results are considered in the light of the tryptophan and 7-
hydroxytryptophan diradical found in the biosynthesis of the tryptophan tryptophylquinone cofactor of methylamine

dehydrogenase.

B INTRODUCTION

The essential amino acid tryptophan is used both as a building
block for proteins and as a precursor of various bioactive
compounds. In mammals, tryptophan not utilized for protein
synthesis is catabolized by two major pathways: kynurenine and
serotonin biosynthesis. In the brain, tryptophan is transformed
to serotonin and then melatonin, two molecules involved in
mood and sleep, res.pectively.l’2 In other tissues, mostly liver,
the kynurenine pathway is capable of transforming tryptophan
to alanine and acetoacetate via glutaryl—coenzyme A for energy
production. The kynurenine pathway also produces several
neuroactive side products, one of which is the precursor for
nicotinamide adenine dinucleotide biosynthesis.* ™

As a protein building block, tryptophan is used for structural
roles” and electron transport™ and is occasionally modified to
serve as a cofactor for various enzymes.'”'" Tryptophan also
plays important redox roles in biology. Tryptophan-based free
radicals have been found in cytochrome c¢ peroxidase,'”
Bulkholderia pseudomallei catalase-peroxidase," lignin perox-
idase,'* versatile peroxidase,15 and mutagenic or modified forms
of azurin and ribonucleotide reductase.'®”"” One notable
example of tryptophan being used as radical intermediates for
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synthesis of an enzyme cofactor is in methylamine dehydrogen-
ase (MADH). The active site of MADH contains a tryptophan
tryptophylquinone (TTQ) cofactor consisting of two cross-
linked tryptophan residues, one of which has been hydroxylated
at the 6 and 7 positions and oxidized to the corresponding
quinone.'’ The TTQ_cofactor is generated from a precursor
protein, preMADH, which contains no cross-link and only one
hydroxylation at the 7-position, as shown in Scheme 1, by the
diheme enzyme MauG.”” MauG is able to achieve redox cycle
between its resting diferric and a high-valent bis-Fe(IV) species,
which carries two oxidizing equivalents.”' The bis-Fe(IV) state
of MauG has been shown to be able to oxidize preMADH,
generating two distinct radicals reported as a tryptophan and a
7-hydroxytryptophan radical that undergo spontaneous radical
recombination and deprotonation to form the cross-link
necessary for TTQ formation.”” The two radicals observed in
preMADH upon oxidation by bis-Fe(IV) MauG display g-
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Scheme 1. Crosslink Formation in preMADH during TTQ Biosynthesis and Compounds under Investigation in This Study
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anisotropy intermediate between other measured tryptophan
and tyrosine radicals.”

In the initial EPR characterization of the intermediate formed
upon reaction of preMADH with bis-Fe(IV) MauG, stoichi-
ometry and spin quantitation indicated that two radicals were
formed on preMADH concomitant with the reduction of
MauG to its resting diferric state. EPR spectra of the
preMADH-based intermediate measured at X-band (9 GHz)
were unable to determine whether the signals arose from
multiple similar species or multiple equivalents of a single
species. Therefore, high- frequency/hlgh -field (HFEPR) studies
with a 15 T magnet were pursued.” Measurements of the
preMADH-based radical at 416 GHz revealed two sets of
overlapping signals with differing g-anisotropies. On the basis of
the g-anisotropies (Ag(g, — g.)), overall reaction, and crystal
structure of preMADH and MADH, the two radical species
were assigned to the tryptophan and 7-hydroxytryptophan (7-
OH-Trp) which are cross-linked during TTQ biosynthesis, with
the latter assigned to the signal with larger g-value anisotropy.””

If the two radicals observed in the preMADH-based
intermediate are indeed the residues involved in forming the
cross-linked TTQ_cofactor, the close proximity of these two
residues (ca. 3 A from edge to edge) raises an immediate
question as to why no through-space coupling interactions are
observed in the EPR spectra. Two radical species at such a
distance would be expected to interact with each other. In the
case of weak exchange, an exchange-coupling interaction would
be expected to produce a much broader signal. But line
broadening was not observed from the preMADH diradical
EPR spectrum. Strong interactions such as antiferromagnetic
coupling would lead to an EPR silent species, whereas
ferromagnetic coupling would produce an integer spin system
with resonances appearing in different locations due to zero-
field splitting contributions.”*

One potential explanation for the lack of coupling may be
that the close proximity of two cation radicals enforced by the
protein scaffold in preMADH may perturb the spin density
distributions of the radicals or cause electrostatic repulsion. An
additional complication to interpreting the previous findings is
that no other 7-OH-Trp radical has been previously
characterized by EPR spectroscopy, so it is impossible to
know what features observed in the diradical intermediate are
intrinsic to the 7-OH-Trp and how those features may be
perturbed in the context of a diradical species. The closest
example is a UV—vis absorbance study of the 7-hydroxyindole
radical.”® Therefore, there is a need to analyze HFEPR spectra
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of isolated tryptophan and 7-OH-Trp to provide insight into
the contributions made by the close proximity of two cation
radicals and the protein scaffold on the radical spectra.

In this work, we adapted a recently developed rhenium/
ruthenium-based photocatalyst to generate organic radicals.”®
This novel method has been successfully used in the transient
kinetics study of tyrosyl radicals in solution. Here, we extended
this approach to spectroscopically characterize tryptophan
radicals in solid state at cryogenic temperatures. The resulting
tryptophan and various tryptophan derivative-based radicals are
amenable to characterization by HFEPR. The results are
interpreted with quantum chemical calculations to clarify the
effects of substituents on the g-anisotropy of tryptophan-based
radicals.

B MATERIALS AND METHODS

Chemicals. All chemicals including the Ru(III) complex
were purchased from Sigma-Aldrich in their highest available
purity and were used without further purification with the
exception of 7-hydroxytryptophan which was purchased from
Ryan Scientific Inc.

Synthesis of Photocatalyst. Tricarbonyl(1,10-
phenanthroline) (4-hydroxymethylpyridyl)rhenium(I) hexa-
fluorophosphate, [Re(phen)(CO),(PyCH,OH)]PF,, was pre-
pared by a literature method.”® Briefly, [Re(phen)-
(CO)4(NCMe)]PF; was dissolved in tetrahydrofuran with
PyCH,OH, and the mixture was heated under reflux for 18 h.
The product was purified to analytically pure form by
recrystallization after exchanging solvent to a minimal amount
of DCM and slow addition of diethyl ether.

EPR Spectroscopy. Compounds under study were
dissolved in 40% phosphoric acid with the rhenium photo-
catalyst and ruthenium sacrificial oxidant before being frozen in
liquid nitrogen at 1, 1.5, and 5 mM, respectively. Frozen
samples were irradiated at 77 K for 30 min with a 405 nm, 120
mW laser. Radical formation was verified by X-band (9 GHz)
EPR spectroscopy, and the experimental conditions were
optimized on the basis of the X-band EPR results. HFEPR
samples were generated in sample cups of ca. 150 uL volume.”
HFEPR spectra were recorded at the EMR Facility at the
National High Magnetic Field Laboratory in Tallahassee, FL.
The 15-T magnet -based spectrometer has been described
previously.”” All spectra were acquired at 4.5 K, 406.4 GHz, and
0.3 mT modulation amplitude with the presence of an atomic
hydrogen standard to calibrate the magnetic field.”* A series of
experiments was also performed on a 25 T resistive “Keck”
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magnet in the DC Facility at ~700 GHz.”” HFEPR simulations
of the experimental spectra were performed using the EPR
simulation program DOUBLET.*

Quantum Chemical Calculations. All calculations were
implemented with the ORCA quantum chemistry program
package (version 3.0.3).”" Full geometry optimizations were
performed usin§ the B3LYP hybrid functional with RIJCOSX
approximation®”*® in combination with the def2-TZVP(-f)
basis set for all atoms with tight SCF convergence criteria for
both cation and neutral radical forms of tryptophan and four
substituted tryptophan derivatives: 7-hydroxytryptophan (7-
OH-Trp), S-hydroxytryptophan (5-OH-Trp), S-methoxytryp-
tophan (5-MeOx-Trp), and S-fluorotryptophan (5-F-Trp). The
basis sets used for geometry optimization were also used for g-
tensor and spin population calculations. The calculations
included consideration of solvent effects assuming the presence
of a dielectric continuum with the conductor-like screening
model (COSMO)** and the dielectric constant of water.*

B RESULTS AND DISCUSSION

Solid-State, Photocatalytic Radical Generation. Tryp-
tophan free radicals are short-lived, with an estimated t,, of less
than 1 ms in solution. To circumvent this issue, we adapted a
recently developed photocatalyst method by Nocera et al,
which has been used by others to generate tyrosyl radicals in
solution for transient absorption spectroscopy,”® and optimized
it for HFEPR studies. As illustrated in Scheme 2, the radical

Scheme 2. Photocatalytic Method for Generating
Tryptophan-Based Radicals

OH *

lN/ . rapid flash-quench N/ =
OC;ée'L‘N = . OC;F'ze"\“N =

' z 0C” L5 "NZ
0C"co N co N7

Ru()(NH3)sCls  Ru(Il)(NH4)eCly

species were generated with the use of a rhenium photocatalyst
and ruthenium sacrificial oxidant. All compounds, L-Trp, b-Trp,
5-F-Trp, 5-MeOx-Trp, 5-OH-Trp, and 7-OH-Trp, were
dissolved in 40% phosphoric acid, respectively, with photo-
catalyst and sacrificial oxidant so that the frozen solutions
would form a transparent glass, allowing facile photoexcitation
of the rhenium catalyst at cryogenic temperatures. Solubility
issues arose with other common glass-forming solvents.’® The
oxidation of tryptophan and several of its analogues, including
7-OH-Trp, were initiated by photoexcitation of the rhenium
complex. The excited-state rhenium complex is then oxidized
by the sacrificial ruthenium oxidant. The oxidized Re(II)
species can in turn oxidize tryptophan or one of its analogues to
its respective radical, presumably cation, species. Because the
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radical is formed at cryogenic temperatures, it is not rapidly
quenched. Also, the photocatalytic method allows for the use of
nonionizing violet light, which prevents the formation of
solvated electrons or multiple undesirable radical species that
might otherwise interfere with species of interest.

HFEPR Characterization. The radical forms of 1-Trp, p-
Trp, 5-F-Trp, 5-MeOx-Trp, 5-OH-Trp, and 7-OH-Trp were
successfully generated by the photocatalytic method and
subsequently analyzed by HFEPR spectroscopy after optimiza-
tion of the experimental conditions. Exclusion of any of the
elements, photocatalyst, sacrificial oxidant, indole derivative, or
laser light gave rise to samples with no radical signals. Aside
from p- and L-tryptophan, all other compounds studied were
racemic mixtures. The presence of concentrated phosphoric
acid, catalyst, or sacrificial oxidant resulted in significant
absorption of the transmitted sub-THz wave power, which in
turn limited the signal-to-noise ratio of the spectra. However,
with sufficient averaging, the spectra were fully interpretable.
Experiments at higher frequency/field (~700 GHz/2S T,
respectively) were, however, unsuccessful. Due to increased
power losses through the solvent at elevated sub-THz
frequencies, the resulting spectra were not amenable to analysis
due to very low S/N ratio, even with averaging.

Figure 1 shows the HFEPR spectra of tryptophan radicals
generated by the photocatalytic method. Three distinct spectral
patterns can be recognized for the experimental HFEPR
spectra: axial with g-parallel larger than g-perpendicular for Trp
and 5-F-Trp; axial with g-parallel smaller than g-perpendicular

D-Trp

5-MeOx-Trp

5-OH-Trp

14.48 1449 1450 1451 1448 1449 1450 14.51
Magnetic Field (Tesla) Magnetic Field (Tesla)

Figure 1. HFEPR spectra of tryptophan-based radicals at 406.4 GHz,
0.3 mT modulation amplitude, 4.5 K (black trace) and corresponding
simulated spectra (blue trace). Simulation parameters can be found in
Table 1.
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Table 1. Experimentally Determined and Calculated g-Values for Tryptophan Derivatives

&min 8mid
L-Trp experiment 2.00227 2.00240
cation 2.00226 2.0025S
neutral 2.00225 2.00288
7-OH-Trp experiment 2.00213 2.00313
cation 2.00225 2.00318
neutral 2.00225 2.00303
5-OH-Trp experiment 2.00223 2.00319
cation 2.00224 2.00321
neutral 2.00224 2.00322
5-MeOx-Trp experiment 2.00205 2.00319
cation 2.00223 2.00335
neutral 2.00225 2.00313
S-F-Trp experiment 2.00217 2.00244
cation 2.00227 2.00256
neutral 2.00227 2.00290

Zinax span” span/L-Trp skew?”
2.00329 102 0.873
2.00325 29 0.698
2.00366 140 0.551
2.00358 145 1.422 0.310
2.00360 13§ 1.361 0.312
2.00407 183 1.300 0.574
2.00439 216 2.118 0.556
2.00427 203 2.043 0.521
2.00416 192 1.368 0.488
2.00416 211 2.069 0.460
2.00442 219 2213 0.491
2.00451 226 1.608 0.608
2.00327 110 1.078 0.755
2.00322 95 0.959 0.695
2.00375 148 1.052 0.575

“Span is Ag, the difference between g, and g, X 10°. bSkew is Zmax — Zinid/ Gmax — Gonine

4NH

Figure 2. Potential neutral radical structures resulting from z-radical delocalization over the indole ring.

for 7-OH-Trp; and rhombic for 5-OH-Trp and 5-MeOx-Trp.
Experimentally determined g-values and Ag are summarized in
Table 1, and the full spectrum of each radical including the
magnetic field standard’® and simulation can be found in
Supplementary Figures S1—S6. X-band EPR spectra of L-Trp,
5-OH-Trp, 5-MeOx-Trp, and 7-OH-Trp can be found in
Supplementary Figures S7—S10. Spectra of L- and D-tryptophan
both produce axial EPR spectra with slightly different principal
g-values; however, they have very similar g-anisotropies (Ag,
Zimax — Gmin) Of 102 X 107 and 100 X 1075, respectively. Even at
the magnetic fields used for this study (15 T), all the principal
g-values of tryptophan cannot be fully resolved, and the radicals
produce axial spectra with g, and g4 largely overlapping.
Replacing hydrogen in the S-position with a highly electro-
negative fluorine, 5-F-Trp, did not perturb the line shape;
however, it did lead to a slight increase in the Ag to 110 X 1075,

Substitution at the S-position with a methoxy or hydroxyl
group, 5-MeOx-Trp and 5-OH-Trp, respectively, however, gave
rise to rhombic signals with completely resolved g-values and a
doubling of the Ag to 211 X 107> and 216 X 107>, respectively.
Similarly to the unsubstituted tryptophan, substitution with a
hydroxyl group at the 7-position, 7-OH-Trp, gives rise to an
axial signal; however, in this case, the g4 and g, could not be
resolved, opposite to what was seen with the unsubstituted
tryptophan. The 7-OH-Trp radical also showed an increased
Ag, intermediate between unsubstituted tryptophan and 5-OH-
Trp at 145 X 107°. The g-anisotropy has been previously found
to be a sensitive indicator for differentiating tyrosyl and
tryptophanyl radicals."**”*” The OH substitution on the
phenyl ring of tryptophan is anticipated to increase the Ag
value. Comparing 7-OH-Trp and L-Trp radicals, the ratio of the
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Ag for the photogenerated species is 1.422, slightly larger than
the 1.352 obtained from HFEPR spectra of enzymatically
oxidized preMADH.>

Quantum Chemical Calculations. Density functional
theory calculations were performed to interpret the origin of
the above experimental findings theoretically in terms of spin
populations and g-tensors for both cation and neutral radical
forms of the compounds measured. Cationic radical structures
are derived from their parent indole derivative less one
electron; however, there is some ambiguity as to what chemical
structure may be most appropriate for a neutral radical species.
Geometry optimization and energy calculation indicate that
only structures in which the indole nitrogen is deprotonated
should be used for further consideration, as other possible
neutral radicals are significantly higher in energy, as shown in
Figure 2 and Table 2.

The calculated g-values and associated anisotropies for both
cation and neutral radicals are summarized in Table 1.
Comparing the predicted Ag of the cation and neutral radical
forms, at 406.4 GHz, 1-Trp, S-F-Trp, and 7-OH-Trp cation

Table 2. Calculated Energies (kcal mol™") of Different
Forms of Neutral Indole Radicals As Compared to 1

X Y 4CH 4NH 6CH 6NH
unsubs H H 36.8310 20.4730 37.4073 21.2050
7-OH H OH 39.9200 23.4033 40.8399 24.1682
S-OH OH H 37.5223 23.1598 38.9827 23.6731
5-MeOx OMe H 38.8657 24.3535 38.1734 23.2923
S-F F H 37.9905 22.1130 39.2172 22.6526

DOI: 10.1021/acs jpca.7b12434
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radicals are all expected to give rise to spectra with axial
splitting, whereas neutral radicals should show fully resolved,
rhombic patterns. Therefore, because the experimentally
observed spectra are not fully resolved, they are expected to
arise from their respective cationic radicals. For both 5-OH-Trp
and 5-MeOx-Trp, the calculated Ag for the cationic forms are
closer to the experimental data than the neutral forms;
however, the difference is less significant than that of the
other tryptophan-based compounds. As such, g-anisotropy
alone is insufficient to determine the protonation state of S-
OH-Trp and 5-MeOx-Trp radicals. A summary of tryptophan-
based radicals characterized by HFEPR and our predicted
neutral radicals can be found in Figure 3.

0.9
| ®IL-Tr] Ribonucleotide reductase W111 Trp
Cytochrome c peroxidase Trp
0.8
—_ ) .
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> [ X
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Figure 3. Plot of g-value anisotropy versus rhombicity of various
tryptophan radical species. Tryptophan-based radicals measured in
protein are represented by stars, cation radicals measured in this work
are closed circles, and neutral radicals (as calculated in this study) are
open circles. The y-axis shows rhombicity, where 1.0 and 0.0 would
both be completely axial, and the x-axis shows g-value anisotropy, with
0 representing a purely isotropic signal.

To gain insight into the origin of Ag, spin populations were
considered for each of the potential radical species. Mulliken
spin populations are schematically shown by the size of circles
in Figure 4A, and summarized in Table 3. Spin density
distributions have also been previously measured for L-Trp and
related compounds in solution by rapid mixing with Ce(IV) as
an oxidant, and those distributions are in qualitative agreement
with our cationic 1-Trp radical®® 1-Trp and 5-F-Trp have
similar spin distributions with the largest spin population on C3
in both cation and neutral radical forms. One significant
difference between neutral and cationic L-Trp radicals is that
only the cationic species show radical spin density on C2, the
position of the cross-link in TTQ. Similarly, 7-OH-Trp shows
significant spin density on its TTQ cross-linked carbon, C4,
which is diminished upon deprotonation (Figure 4B). Of the
compounds studied, only 5-OH-Trp and 5-MeOx-Trp show
any spin density at the CS position and the corresponding
substituted oxygen, leading to their rhombic spectra.

B CONCLUSION

We have shown for the first time, through the novel use of a
photocatalyst system that can generate organic radicals at
cryogenic temperatures in a frozen glass without the need for
ionizing radiation, HFEPR spectra of L-Trp and 7-OH-Trp in
free solution. Producing radicals in this way prevents generation
of confounding signals from solvated electrons or other
unwanted free radicals. Cationic radical spectra were collected
for species relevant to the formation of TTQ in MADH, and
the experimental g-anisotropies were interpreted in terms of
spin populations. The experimental HFEPR spectral patterns
are sensitive to the location of oxygen substitution. The cationic
radicals have low pK, values and thus would be expected to
decay to neutral radicals spontaneously. The neutral radical
forms are predicted to give rhombic spectra, mainly due to
delocalization on N1 and C3 positions, even in the absence of
oxygen substitution. As related to TTQ_biosynthesis, the C2 of
an L-Trp residue, and the C4 of a 7-OH-Trp residue form a new
covalent bond. This study shows that the radical recombination
that forms the TTQ_cross-link may be more likely when the
respective Trp-based radicals are in their protonated states

A Mulliken spin populations

Cation radical ~ Neutral radical
w003 09
o L1901

B Spin density distribution of 7-OH-Trp
Cation radical

Q

Neutral radical

X

Figure 4. (A) Mulliken spin populations (p-orbital z-component) for the radical forms of tryptophan derivatives. The open and solid circles
symbolize positive and negative spin densities, respectively. The size of the circles represents the magnitude of the density. (B) Three-dimensional
representation of the spin density distribution of cationic and neutral 7-OH-Trp radicals.
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Table 3. Mulliken Spin Populations (p7r/p-Component) for Both Radicals of Tryptophan Derivatives

Cation Radical

unsubs 7-OH 5-OH 5-MeOx S-F
IN 0.12 0.13 0.16 0.18 0.15 0.18 0.16 0.19 0.14 0.16
2C 0.12 0.11 —-0.03 —0.06 —-0.03 —-0.05 —0.06 —0.08 0.09 0.08
3C 0.31 0.40 0.21 0.27 0.10 0.11 0.12 0.15 0.36 0.45
4C 0.22 0.27 0.32 0.40 0.15 0.17 0.19 0.23 0.22 0.28
SC -0.07 —0.11 —0.02 —-0.08 0.23 0.26 0.18 0.20 -0.05 —0.08
6C 0.18 0.22 0.15 0.17 —-0.02 —-0.04 —-0.03 —0.06 0.14 0.18
7C 0.0 0.05 0.15 0.17 0.10 0.11 0.12 0.15 0.04 0.04
OorF 0.09 0.09 0.14 0.14 0.15 0.16 0.00 0.00

Neutral Radical

unsubs 7-OH S-OH 5-MeOx S-F
1IN 0.25 0.26 0.29 0.31 0.36 0.38 0.34 0.37 0.27 0.29
2C —0.05 —0.10 —0.10 —-0.15 —-0.12 —-0.17 —-0.12 -0.17 —-0.08 —0.13
3C 0.45 0.57 0.35 0.44 0.33 0.40 0.32 0.40 0.46 0.59
4C 0.17 0.22 0.21 0.27 0.15 0.17 0.16 0.19 0.17 0.21
SC —0.04 —-0.07 0.01 —-0.01 0.12 0.13 0.11 0.12 —0.02 —0.04
6C 0.14 0.17 0.12 0.14 -0.08 -0.07 —0.05 -0.07 0.10 0.13
7C 0.03 0.02 0.10 0.10 0.14 0.18 0.15 0.19 0.03 0.03
OorF 0.04 0.04 0.05 0.05 0.06 0.07 0.00 0.00

because the carbon atoms of L-Trp and 7-OH-Trp that form
the cross-link have more radical character in their respective
protonated states. This finding provides new physical insight
about the unusual 7-OH-Trp radical and opens a new
possibility for the cross-linking reaction, as it was previously
thought that the cation radicals initially generated by MauG
would have to spontaneously deprotonate before cross-link
formation.>
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