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Structure of a Transient Neutral Histidine Radical in Solution: EPR Continuous-Flow
Studies in a TF*/EDTA —Fenton System and Density Functional Calculations

1. Introduction

Histidine is frequently encountered as a ligand in metallo-
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Oxidation of histidine by OH* radicals has been studied at room temperature over a large range of pH values
in a Ti** /EDTA/H,O,—Fenton system using a special EPR continuous-flow setup. At pH 7 to 8, during fast
flow, an EPR spectrum from a new transient histidine radical with a well-resolved hyperfine structure (hfs)
has been observed@d, = 2.0026. The hfs changed significantly in the cases of methylene-deuterated histidine
in H,O and of histidine in RO. EPR spectral simulations resulted in an assignment of two slightly different
splittings of the two methylene protons (1.27 and 1.59 mT); one large splitting from an out-of-plane proton
of the imidazole ring (2.47 mT); and splittings of a ring proton (0.99 mT), a NH (or OH) proton (0.14 mT),
and two ring nitrogens (0.27 and 0.11 mT). The large proton-splitting indicates an addition of an OH* radical
to the neutral imidazole ring. Such an addition of an OH* radical was already observed for the histidine
cation radical in a Fit/H,0, Fenton system at pH¥Density functional theory (DFT) calculations of hyperfine
coupling constants were performed at the PCM/B3LYP/6-311G(2df,p) level for three isomeric forms of a
histidine model (4-ethyl imidazole) in which an OH* radical is added to different positions (C2, C4, and C5)
of the neutral imidazole ring. Theoretical hyperfine data are in excellent agreement with the experiment and
clearly support an assignment to a neutral histidine radical formed by addition of an OH* radical at the C5
position of the imidazole ring. Extensive studies of histidine oxidation in®&/EDTA—Fenton system, at
acidic pH as well as at neutral and basic pH values, have advanced our understanding of the Fenton chemistry
of histidine and the electronic structure of involved paramagnetic species. The pH profile of the formation of
histidine OH-addition radicals shows that the cation radical dominates at pH 2 to 4, and the neutral radical
at pH 5to 9. At pH>7, in the presence of histidine, a titanium complex vgith = 1.9632 and a significant

hfs from naturally occurring’Ti and “°Ti nuclei with aso(Ti) = 1.54 mT has been observed. This complex,
which dominates at pH 9 to 10, is also visible in the absence,6k%ldnd without flow, and is thus assigned

to a stable mixed-ligand ¥i complex containing EDTA and histidine. This is the first communication on a
neutral histidine radical with a complete set of hyperfine coupling constants derived by EPR as well as by
DFT calculations.

cationradical, which was generated in a fast EPR continuous-
flow system by oxidative attack of an OH* radical on histidine,

proteins and radical enzymes. In electron-transfer processes andl@s recently been described.
biological redox reactions, including oxidative stress, histidine  In the present paper, we have extended these EPR studies by
radicals may be formed as transient intermediates. In photo- means of a modified ¥t —Fenton system containing ethylene-
system Il, oxidized histidine radicals have been postulated from diaminetetraacetic acid (EDTAY:!! Our aim is to study
UV —vis data, but an electron paramagnetic resonance (EPR)histidine radicals at physiologically interesting neutral pH values.
identification with hfs data was not given (see ref 1 and refs At pH 7 to 8, another transient radical with a well-resolved
13—16 cited therein). hyperfine structure (hfs) is thereby detected and assigned to a
In metalloenzymes and radical enzymes, however, protein- neutral histidine radical. Density functional theory (DFT)
associated histidine radicals have not yet been identified by calculations of histidine models (4-ethyl imidazole) indicate that
standard EPR techniques, as has been done for tyrosinghe observed radical is formed by addition of an OH* radical
radical$ > and tryptophan radicafs® Therefore, EPR spec-  to position C5 of the imidazole ring. Furthermore, at basic pH,
troscopic studies of histidine radicals in protein-free model a paramagnetic ¥f—EDTA/histidine complex with significant
systems in an agueous medium under oxidative conditions areTj hfs is observed in solution.
required. We have started systematic EPR investigations of the

electronic structure of histidine radicals formed in thé*Ti

2. Materials and Methods

H,O,—Fenton system at pH 2. The resulting transient histidine
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Figure 1. EPR spectra of paramagnetic species in solution formed upon oxidation of histidine #/BDA/H,O,—Fenton system using a
continuous-flow setup. EPR parameters: MW power, 1 mW; modulation, 0.05 mT; sweep time, 41 s; time constant, 41 ms. (A) Oxidized histidine,
fast flow (flow rate 24 mL/min); pH 7. Reactant I, i (14 mM)/EDTA (14 mM)/His (80 mM)+ reactant Il, HO, (80 mM)/His (80 mM). (B)

Control: Without HO,, no flow, pH 7. Reactant I, ¥ (14 mM) + reactant Il, EDTA (14 mM)/His (80 mM). (C) Control: Without histidine and
without H,O,, no flow, pH 9. Reactant I, ¥ (14 mM) + reactant Il, EDTA (14 mM).

from Campro. In studies with fD as solvent, the addition of  system, which contains equimolar amounts of Ti and EDTA
H,O, and acidic TiC} contributes together to 1.5% H in the complexing the metal ion and allows us to observe the reaction
assay. in neutral and alkaline pH valuég?!!

Histidine was oxidized by OH* radicals which were generated  After rapid mixing of T#*/EDTA/histidine with HO./
in a TP*/EDTA/H,0,—Fenton system in the pH range from 2 hjstidine (1:1) at pH 7, a complex EPR spectrum with about 50
to 10. EDTA in equimolar amounts as®*Tiwas used to prevent  resolved lines centered gt, = 2.0026 was observed during a
precipitation of Ti(OH) at pH >2. For EPR studies, the two  continuous fast flow through the dielectric EPR resonator
reactants (reactant I, containing histiding@4, and reactant I, (Figure 1A). In the spectrum’s high-field part, satellite lines
containing histidine/Ti/EDTA) are driven by a syringe pump  from a strong singlet EPR line are superimposed; these are also
through the Y-mixer (1:1 mixing) and the dielectric resonator present without flow (Figure 1B). The complex EPR spectrum
(EPR-active volume: 2L) of the EPR mixing resonator (ER-  appears only at fast flow rates (24 mL/min)(compare Figure
4117D-MVT, Bruker), which was especially designed for 1A with 1B) and in the presense of histidine (compare Figure
continuous-flow studies with low reactant consumption. EPR 1A with 1C). The multiline spectrum in Figure 1A therefore
spectra of transient species were recorded during a fast flowpelongs to a transient species. The strong singlet line in Figure
(flow rate up to 24 mL/min) by an EPR spectrometer (ESP 1B represents a stable species with actor of giso = 1.9632
300E, Bruker). For more experimental details of this technique, and a hyperfine structure from satellite lines of natural abundant
see ref 1. Concentrations of reactants and flow conditions, Tijsotopes with nonzero nuclear spin; both of these features
optimized to obtain a sufficient steady-state concentration of re characteristic for ¥ complexe®-15 (see section 4.3). The

histidine radicals, are given in the Iegend§ of Eiggreﬁ%l _ EPR spectrum of the stable3ficomplex (Figure 1B) has been
Potassium peroxylamine disulfonate (Fremy's salt; Sigma) with g htracted from the spectrum in Figure 1A for spectral analysis;
Oiso = 2.0054+ 0.0001 (measured with an NMR gaussmeter) inhe difference spectrum is shown in Figure 2A.

was taken ag-standard for agueous solutions using the same
sample geometry in the dielectric flow resonator. Simulation
of EPR spectra was performed using a computer program which
allows a fit of the calculated isotropic hyperfine (hf) spectrum
optimized to the experimental ofié?

The complex EPR spectrum of the transient species from
histidine in HO (Figure 2A) consists of six groups of lines
with an intensity ratio of about 1:3:4:4:3:1. Each group subsplits
into eight lines with an intensity ratio of 1:2:3:3:3:3:2:1, best
visible in the outermost groups. The EPR spectrunagf,s-
d3-deuterated histidine in J@ recorded under comparable
conditions (Figure 2B) differs significantly from that of proto-

3.1. EPR Data of Species upon Oxidation of Histidine in nated histidine in KO, changing the ground pattern to 1:1:1:1.
a Ti**/EDTA—Fenton System.3.1.1. Transient Histidine In case of histidine in BD, the ground sextet remained, but the
Radical in Aqueous Solution at Neutral pHilistidine was subsplitting is changed into a septet with an intensity ratio of
oxidized by OH* radicals in a modified ¥i/H,O,—Fenton 1:1:2:1:2:1:1 as visible in the outermost groups (Figure 2C).

3. Results
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Figure 2. EPR spectra of transient neutral histidine radicals in solution formed upon oxidation of histidine3iEDMA/H,O,—Fenton system

at pH 7, recorded under fast continuous flow (flow rate 24 mL/min). Superimposed low-field satellite EPR lines fréhtarfiplex (see Figure

1B) have been subtracted. Simulated spectra are below the experimental ones (see text). EPR parameters: MW power, 1 mW; modulation, 0.05
mT; sweep time, 41 s (A, C), 20 s (B); time constant, 41 ms (A, C), 20 ms (B); 21 scans (A), 4 scans (B), 10 scans (C). (A) Histiglhe in H
Reactant I, T¥" (14 mM)/EDTA (14 mM)/His (80 mM)+ reactant Il, HO, (80 mM)/His (80 mM). (B)a,3,5-d3-Histidine in HO: Reactant |,

Ti®* (14 mM)/EDTA (14 mM)/His (40 mM)+ reactant I, HO, (80 mM). (C) Histidine in RO: Reactant I, T (14 mM)/EDTA (14 mM)/His

(80 mM) + reactant I, HO; (80 mM)/His (80 mM).
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Figure 3. Ti hyperfine structure of titanium complexes in solution
(bars indicate the position of Ti hfs lines). (A) EPR spectrum of%/Ti
EDTA/histidine complex at pH 7; no flow, no @, (see also Figure
1B). Reactant I, Fi* (14 MM) + reactant Il, EDTA (14 mM)/His (80
mM). EPR parameters: MW power, 1 mW; modulation, 0.05 mT;

sweep time, 41 s; time constant, 41 ms; 2 scans. (B) EPR spectrum of His (D20)

a Tie™—EDTA complex at pH 10 (without histidine; intense line with
satellites from Ti hfs at high field [see also Figure 1C], and a transient
EDTA radical at low field). Reactant I, ¥ (14 mM)/EDTA (14 mM)

+ reactant I, HO, (80 mM). Flow rate 24 mL/min. EPR parameters:
MW power, 3 mW; modulation, 0.1 mT; sweep time, 41 s; time
constant, 41 ms; 2 scans. (C) EPR spectrum of%a-T0,* adduct
formed in the T¥"/EDTA/H,O,—Fenton system at pH 7 (with excess
H20, and without histidine). Flow rate 20 mL/min. Reactant I3'Ti
(14 mM)/EDTA (14 mM) + Reactant 1l, HO, (500 mM). EPR
parameters: MW power, 0.3 mW; modulation, 0.03 mT; sweep time,
21 s; time constant, 20 ms; 24 scans.
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Figure 4. Experimentalisotropic hyperfine coupling constants of
histidine radicals in solution (absolute values of hfcc’s are given in
italic letters next to the corresponding nuclei). Top, neutral histidine
OH-addition radical (this paper). Bottom, cationic histidine OH-addition
radical (from ref 1).

by one nitrogen and one proton (about 0.13 mT each) and
another nitrogen with a splitting twice as large. The EPR
spectrum from histidine in D shows that this small proton
splitting is missing; it belongs therefore to a dissociable NH or
OH proton. The simulation of the three EPR spectra shown in
Figure 2A-C is the optimized fit to the corresponding experi-
mental ones, and results in the following hyperfine coupling
constants (hfcc’s) in millitesla:

Ha Hb Hc Hd He Na Nb
His (H20) 2.47 1.59 1.27 0.99 0.14 0.27 0.11
2.47 1.56 1.15 0.99 0.022 (D) 0.27 0.11

BB-d-His (H0) 2.47 0.258 (D) 0.207 (D) 0.99 0.14 0.27 0.11

The simulation of the histidine radical in,B (Figure 2A) fits
well. The S/N ratio of the spectra from the two deuterated
samples (Figure 2B,C) is less because it allows, by economical
reasons, only a limited number of accumulations. Even so,
comparison with the simulated spectra confirms fo-
deuterated histidine the loss of the two large splittings of spin
1/2 nuclei, and for protonated histidine in®the disappearance

of a small coupling from a spin 1/2 nucleus. The assignment of
the hfc’s to the corresponding nuclei of the neutral histidine

The general analysis of the EPR hyperfine pattern shows thatradical is discussed in section 4.1.1 and shown in Figure 4 (top).

the ground sextet in the spectrum from histidine inCH
originates from three nearly equivalent protons {110 mT)
and another proton with an hf coupling constant that is twice

The formation of the neutral histidine radical in the*'i
EDTA—Fenton system at pH 7 is optimal at an equimolar
concentration of i and EDTA (14 mM), a high concentration

as large. Two of the three major couplings are absent in the of histidine (80 mM), and a moderate concentration of hydrogen

spectrum of theg-deuterated histidine; these couplings must
arise from the twq3 protons. The octet subsplitting of each
sextet group in the spectrum from histidine in(His caused

peroxide (80 mM). The steady-state concentration of the
transient histidine radical at the optimum pH of 7 upon rapid
flow is about 50uM; it was estimated by spectral integration



9148 J. Phys. Chem. A, Vol. 104, No. 40, 2000 Lassmann et al.

1200 (0.30 mT)
CHz He
N _/
H 116 mm
5 0.028mn Har™
H 0.43 Addition of *OH
g 800 y . to C2
g (0.38 mT) ;’ % (0.47 mT)
] | Nz ! 'N
g 0.30 2 0.19\H {-0.177 mT7)
E -0.01
?‘ 400 q
x i c17mn H OH (0007 mm
w
0 .
2 3 4 5 6 7 8 9 10
" (-0.011 mT)
; ; . . . ° CHs He (0.11 mT)
Figure 5. R_elatlve EPR ar_nplltudes of paramagnetic species formed NS OH Herzemn
upon oxidation of histidine in a ¥I/EDTA/H,0,—Fenton system as a orsmm Ho
function of pH. @) histidine OH-addition cation radicala), histidine & 076
OH-addition neutral radical; &), Ti**—EDTA/histidine complex (0.14 mT, Addition of *OH
.14 m7) | (-0.027 mT) to C4

(amplitudes scaled down by a factor of 50).

N2 - 1N
0.11 2 D.OG\H (-0.29 mT)
and comparison with a stable nitroxide radical standard of 0.03

known concentration. Lower histidine concentrations and/or

higher O, concentrations (500 mM) lead to less intensity of

the transient complex EPR spectrum from the neutral histidine

radical. Instead, a transient EPR singlegat 2.0151 with a

line width of 0.2 mT appears (visible in the low-field part of

Figure 2B). This EPR line has also been observed at pH 2 CH,

(1.40mT)
(without EDTA) and was assigned earlier to a histidine peroxy N Haz
radicall 17.50] H 4emn

- C
(2.79 mT)
3.1.2. Stable Pi—Histidine/EDTA Complex at Alkaline pH He, W.QH coramn C
Under conditions of optimal generation of the neutral histidine Addition of *OH
radical in the TH/EDTA—Fenton system, the last two high- ('0‘25’"T|’N3 N (©.17m1) o C5
field groups of the sextet EPR pattern of the neutral histidine _0‘11\“‘2"'/0_10\ H ~eoz0mn
radical are superimposed by satellite lines from an intense EPR .38

singlet atgiso = 1.9632 (Figure 1A,B). This EPR spectrum
appears only in the presence of histidine and increases with _ ) ) N
increasing histidine concentration. The satellite lines on both Fgure 6. DFT data” of hyperfine coupling constants and spin densities
. f : . . : of three different neutral -addition radicals of the histidine mode
S'fd?]s of the s';%'ﬁt (F:jgf7rT9 3A)h°”9'”"’.“e_fr°m hypeff'r;]e iNes 4 ethyl imidazole (see text for details). * is based on PCM/B3LYP/6-
of the isotopes®Ti and “/Ti with &so(Ti) = 1.54 mT; these 311G (24t p)//B3LYP/6-311G(d,p) calculations (hfcc's, in italics, and

will be discussed in section 4.3. The Ti hfs and théactor spin densities, in bold, are given next to the corresponding nuclei).
1.9632 identify the singlet as a paramagnetié™Jgentered B-hfcc: (), static values; [ ], averaged values of freely rotating side

complex. The concentration of this 3Ti complex increases  chain.

considerably at pH 9 to 10 (see Figure 5). Because it is also visible in Figure 3B. In the presence of histidine, this*Ft
visible in absence of hydrogen peroxide and without flow EDTA complex is converted to the complexgt= 1.9632 as
(Figure 1B), this rather stable species does not originate from discussed in section 3.1.2. After addition of®4 to the TEt—

H (-0.16 mT)

[1.47)

H (-1.15mT)

a reaction with OH* radicals. In the presence of, however,  EDTA complex (without histidine) and with flow at pH 10, the
it is short-lived because paramagnetic*'Tiis oxidized to Ti*—EDTA complex at 1.9539 is short-lived because of an
diamagnetic Ti'. oxidation of the paramagneticfito the diamagnetic Ti. In

3.2. EPR Data of Titanium Complexes without Histidine. addition, a spectrum of an EDTA radic&@lformed by an attack
3.2.1. Stable Pir—EDTA Complex at pH 9 to 1000 separate of an OH* radical, appears @ = 2.0038 (Figure 3B). It is
superimposed EPR spectra of other species from histidine essential to note, however, that at neutral pH and in the presence
radicals in the complex mixture of the Fenton system, control of an excess of histidine (80 mM), histidine radicals are the
experiments without histidine were performed. In the absence dominating species, and EDTA radicalwhich are superim-
of histidine and HO,, and at alkaline solution (pH 9 to 10) of  posed on the EPR spectrum of histidine radie@se no longer
equimolar concentrations of ffiand EDTA (14 mM), a stable ~ formed by OH* attack (Figure 1A).

EPR single line ag = 1.9539 (line widthAH = 0.9 mT) 3.2.2. Transient T Complex at Neutral pHn the absence
appears (Figure 1C). This EPR signal has been observed earlieof the substrate histidine, and with excess hydrogen peroxide,
and was assigned to a stable metal chelate complex of thethe reaction of H/EDTA with H,O, at pH 7 yields two narrow,
paramagnetic Pi" ion with EDTA;1%1a smaller EPR line & transient singlet EPR signals (see Figure 3C), one weak at
= 1.9601 (low-field shoulder) may be due to &Ticomplex = 2.0143 (line widthAH: 0.08 mT) and one strong @b =

with a modified ligand coordination, eventually partially pro- 2.0117 AH: 0.06 mT); both of them were previously observed
tonated EDTAL® External satellite lines from natural abundant at pH 2 without EDTA’

Ti isotopes*Ti and *°Ti, with aiso(Ti) = 1.70 mT (see below), The stronger transient species exhibits Ti hfs in the wings;
are also resolved on the wings of the central line and are betterits intensity has been optimized for a detection of tfié and
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TABLE 1: EPR Data of Ti Complexes in Liquid Solution

*TiSt/EDTA/His in H,O *TiSH/EDTA in H,O Ti**—0Oy* in H,0 *Ti3/CHz04 in methanol
stable, pH 710 stable, pH 9-10 transient, pH 7
Oisc® 1.9632 1.9539 2.0117 1.9532
ai° 1.9925 1.9875
9P 1.9573 1.9577
g3 1.9450 1.9419
AH&¢ 0.5mT 0.8 mT 0.06 mT
aso(Ti)2 1.54mT 1.70mT 0.08 mT 1.82mT

aMeasured in liquid staté.Measured in frozen state at 77 K ¥tband.c Central component measured between extrema of 1st derivative.
4 From ref 14.

49Ti satellites, for comparison with the Ti hfs of the two stable (PCM versus SC+PCM) and the use of a larger model for the
paramagnetic Pi- complexes discussed above. The observed calculations (4-ethyl imidazole versus imidazole).

aso(Ti) = 0.08 mT of the species with= 2.0117 (Figure 3C) In Figure 6 the hfcc’s (in italic) and spin densities (in bold)

is much less than those observed for the tw& omplexes ~ at the optimized geometries of the three hydroxy 4-ethyl
(Figure 3A,B; Table 1). The origin and nature of this*Ti imidazolyl radicals are displayed at the corresponding nuclei
complex is discussed later, in section 4.3. of the molecule. For the G20H adduct (Figure 6A), the

3.3. DFT Calculations of Hyperfine Coupling Constants unpaired spin is distributed mainly amotigree centers, the
of Neutral 4-Ethyl Imidazole Radicals. 3.3.1. Theoretical  two nitrogens and C5, which results in relatively large hfcc’s
Approach For the DFT calculations of histidine radicals, 4-ethyl of the nitrogens and the H&-proton. In addition, the out-of-
imidazole was chosen as a model because of its ability to mimic plane H2 proton attains a large positive coupling due to
the two f-protons. The amino and carboxylic groups of the hyperconjugative interaction with the-type singly occupied
amino acid carry negligible spin density and were hence molecular orbital (SOMO). Thg-couplings are fairly small,
neglected for computational reasons. The three possible OH-because carbon C4 carries very little unpaired spin density. In
radical adducts to 4-ethyl imidazole (at positions C2, C4, and the C5-OH adduct (Figure 6C), however, there am® distinct
C5) were fully geometry optimized at the hybrid HBFT level spin centers, at positions C2 and C4. As a consequence, the
B3LYP,!8 using a valence triplé- basis set, 6-311G(d,pJ. 14N hfcc’s are only about half of those seen for-@2H, and
Frequency calculations were performed to verify that the systemsthe two 3-couplings are considerably larger. In the -@aH
were in local minima and to generate zero-point vibrational adduct (Figure 6B), there is ontyneprimary radical center, at
energies (ZPE). Subsequently, single-point calculations were position C5, and no large positive ring-proton hyperfine coupling
carried out using the larger 6-311G(2df,p) basis set, including constant because no proton is attached to the addition site.
a polarized continuum model (PCR#¥with the aim to mimic 3.3.3. Rotational Aeraging. Because the molecules are
the effect of the surrounding water. This combination of methods present in aqueous solution and the experiments are performed
has previously shown to yield radical hyperfine properties of at room temperature, it is reasonable to assume that the
very high accuracy? imidazole head is allowed to make rapid rotational fluctuations

Once the correct radical adduct had been identified, rotational re|ative to the tail. The orientation of the methylene protons
averaging was carried out for the (free) rotation of the imidazole relative to the ring plane can be expected to have a strong
head against the side-chain tail (see Figure 6C) by moving thejnfluence on the resulting-proton hfcc’s, given that the SOMO
rotational angle in steps of 15and reoptimizing all other s of z-type. In the previous work on cationic histidine radicals,
geometric parameters in each step. Once again, these rotationadssumption of a full rotational averaging was found to be
B3LYP/6-311G(d,p) optimizations were followed by single- necessary to understand the observed, nearly equiyaient-
point PCM/B3LYP/6-311G(2df,p) calculations. All calculations plings of the C5-OH adduct. In the present system, the full

were performed using the GAUSSIAN98 progrém. rotational averages are 1.50 and 1.47 mT for the fwaotons
3.3.2. Relatie Stabilities and hfc’s of Optimized OH Adducts. (Figure 6C, rectangular brackets).

The OH adducts of neutral imidazole, and the corresponding

mechanisms of addition reaction, have previously been inves- 4 piscussion

tigated in great detail using polarized continuum models and

spin-projected MP2 or B3LYP levels of thed.lt was 4.1. Electronic Structure of the Neutral Histidine OH-

concluded that the most thermodynamically stable product is Addition Radical in Aqueous Medium. 4.1.1. Assignment of

the C2-OH form, and that the experimentally favored C5 adduct the Hyperfine Data to Radical StructurAccording to the K

is a result of the lower transition barrier to addition. This could = 6.5 for histidingS, it is expected that at pH 7 the imidazole

in turn be explained in terms of the anomeric effects for the ring is in the neutral state with one deprotonated and one

different transition structures, on the basis of a detailed analysisprotonated nitrogen, and the formed radical may thus be

of the natural bond orders (NBOs). assumed to be derived froneutralhistidine. The largest doublet
The computed PCM/B3LYP/6-311G(2df,p) energies of the splitting of 2.47 mT undoubtedly originates from a proton being

hydroxyl adducts to 4-ethyl imidazole in this paper agree with out-of-plane of the imidazole ring, which occurs when a radical

the previously reported energetic stabilities, although the PCM (here OH*) is added to the imidazole ring. This unusually large

model and ZPE effects give an energy difference between C2 splitting gives strict evidence for thigpe of formed radical,

OH and C5-OH of less than 0.1 kcal/mol. The E&©OH adduct namely an OH-addition type radical of neutral histidine. An

is, however, still more than 10 kcal/mol less stable than the analogous type of radical has already been observed for the

other two (13.2 kcal/mol in the present case). The difference in cationichistidine radical formed by a ¥i/Fenton oxidation at

relative stabilities of the C20H versus the C50H adduct pH 2!

obtained in the present study compared to the previousdork  Two of the three other larger proton-splittings belong to the

can be explained in terms of both a different solvent model two -protons of histidine, which are replaced in3,5-d3-
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histidine by deuterium. The EPR spectrum of fifedeuterated zwitterionic histidine model, or computing a Boltzmann distri-
histidine radical (Figure 2B) yields an unambiguous assignment bution of hfcc’s as functions of relative (rotational) energy in
of these proton hfcc’s. Beside the largest proton splitting of the DFT calculations, might improve the fit even further. The
out-of-plane proton, clearly visible as two major spectral present data set, however, is considered sufficiently accurate to
components, one proton subsplitting of each of the two positively identify the observed radical as the-&5H adduct
components can be seen. From the three options, 0.99 mT, 1.270 histidine.

mT, or 1.59 mT, only the 0.99 mT splitting fits in the simulation It is interesting to note that the hfcc’s of the neutral imidazole
for this subsplitting in Figure 2B. Because the two other proton- radical obtained by in situ radiolysis in liquid state at pHD
splittings (1.58 mT and 1.27 mT) observed in protonated and subsequent OH addition (also at €%re very similar to
histidine are missing in the case of ig-deuterated histidine,  those observed here for the neutral histidine radical generated
they must originate from the twg-protons. The 0.99 mT by the Fenton reaction, as well as to the DFT dAta.
proton-splitting is therefore assigned to an imidazole ring proton, 4.2, Comparison of the Electronic Structures of the

as shown below from DFT data, to position C2. According 1o Neuytral and the Cationic Histidine OH-Addition Radical.

the calculations the sign of this hfcc is negative. As shown by The experimentally determined electronic structures of the
the missing 0.14 mT proton-splitting in,D (Figure 2C), this  npeytral histidine OH-addition radical given in this paper (Figure
splitting arises from an exchangeable proton of the NH or the 4 top), and the corresponding cationic system (from ref 1)
added OH group (Figure 4). A comparison with the DFT data (Figure 4B, bottom), albeit quite similar, do exhibit some distinct
for these protons (Figure 6C) supports the assignment to an OHgjtferences. Both types are OH-addition radicals at position C5
proton. The assignment of tiexperimentallydetermined hfc’s  of the imidazole ring, but in the neutral radical the large splitting
to the electronic structure of the neutral histidine OH-addition of the out-of-plane ring proton at C5 (2.47 mT) is smaller than
radical is shown in Figure 4 (in italic at the corresponding in the charged radical (3.02 mT). The largest difference in the
nuclei). The assignment based on a comparison of the hfc's of gjectronic structure of the charged and the neutral radical,
three possible positions of addition of OH* to C2, C4, and C5 however, is the spin density at C2. The hf coupling of the ring
of the imidazole ring, with DFT-calculated hfcc’s on model  proton at position C2 in the neutral histidine radical (0.99 mT)

radicals of 4-ethyl imidazole. is significantly larger than in the charged radical (0.59 mT)
4.1.2. Comparison of Hyperfine Splittings from EPR Experi- (absolute values).
ment and DFT Calculationg'he computed hyperfine splittings The twop-proton couplings in the neutral OH-addition radical

for the 4-ethyl imidazole radicals, the model for neutral histidine (1.27 mT and 1.59 mT) are only slightly larger than those of
radicals, are given in Figures 6A (E®DH), 6B (C4-OH), and the cationic one (1.23 mT and 1.41 mT).

6C (C5-OH). Comparing the theoretical values with the 4.3. Titanium Complexes in Solution. Ti3* has one 3d
experimentally determined hfcc's from the EPR measurements gjactron withS = 1/2, and its complexes in solution exhibit
(see section 3.1.1 and Figure 4), it is obvious that OH additions typical isotropicg values below 23 Satellites from the hfs of
to C5 yield the best agreement with the EPR data. As can bee two naturally occurring magnetic Ti isotop88i and 4°Ti
seen, 'ghe agreement is perfect for all atoms when rotational\yere observed from ¥ complexes in the liquid phati416.17
averaging is assumed for tfieprotons as described above. C4 5 in single crystal®® these are resolved if the line width is
addition can immediately be ruled out because it lacks the large g | compared with the hf splitting. Nuclear spin and natural
proton-splitting of 2.47 mT. In the case of OH addition at C2, ;pundance are = 5/2 and 7.28% for7Ti, and | = 7/2 and
the theoreticalN-splittings are too large in comparison to the g5 5194 for4°Ti. Both isotopes have almost identical gyromag-
experimental ones, and {;\Iso the H2 and H(O) couplings deviateqtic ratios?® which leads to the same hf-splittings and a
too much to be fully satisfactory. superposition of the sextet frofiTi and the octet fronf®Ti.

In liquid state, methyleng-protons undergo rapid rotational  The relative intensities of the two outermost satellite lines are
fluctuations which usually lead to equgtcouplings. In the 0.7% and 1.9% of the central line (see stick diagram in Figure
neutral histidine radical, however, we observe a slight inequiva- 3) and are best resolved in Figure 3A. As is visible in Figure 3,
lence, both experimentally and in the calculations. Such a the high-field satellites are slighly broader than the low-field
behavior has also been observed previously in the liquid stateones, which is explained by anependence of the line
of radicals with a tetrahedral distorted chiral C-atom adjacent width 14
to the methylene group, e.g., in tyrosine radi€adsd in various The two stable Ti* complexes observed at pH-10 show
nitromethane radicals with chiralic substituents (but not with gjstinctly different isotropic g-values, line width, and Ti
nonchiral substituentsf. To account for rotational averaging hyperfine splittings (Table 1), which suggests a different ligand
of -proton couplings, the head-to-tail rotation (see sections 3.3.1strycture and different spin density at the Ti nucleus.
and 3.3.3) was assumed to be completely free, and hence an Because of the spectroscopic differences of the tw Ti
average was computed as outlined above. The average theoretiéomplexes—a(Ti) = 1.54 mT andg = 1.9632 for the Ti"—
cal hfc's, 1.50 and 1.47 mT, display a slight asymmetry as noted £ 51 a/histidine complex, and a(T# 1.70 mT andy = 1.9539
exper?mentally, and is also in reasonable agreement with thefor the TR*/EDTA comblex (Table BYit is reasonable to
experimental hfc’s of 1.59 and 1.27 mT. assume that histidine is involved in the ligand sphere of the

An interesting feature of the conformation of the two Tj3+ complex withg = 1.9632 in Figure 3A. This assumption
f-protons came out in the experiments witf@® Although the is further supported by our observation that the Ti complex at
spectrum simulation fits well for the two external groups, the g = 1.9632 appears only in the presence of histidine, and its
central part of the spectrum could only be simulated assuming intensity increases with increasing stoichiometry relative to
two S-proton hfcc’s (1.56 and 1.15 mT) which deviate slightly EDTA (data not shown). Therefore, this line is assumed to
from the case in bD (see section 3.1.1). This may be understood originate from a ternary $f/EDTA/His complex rather than a
as a slightly changed average valuegf(@hanged theta angles)  modified ligation (coordination) of the TI/EDTA complex.
due to the heavier*ND3 group of histidine in RO at pH 7. An EPR line from a modified EDTA ligation was observed in

Explicitly including solvent molecules, and using a full the absence of histidine as a low-field shouldeg at 1.9601
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of the TP*/EDTA main line g = 1.9539) in Figure 1C; its oxygen-centered radical in the ligand sphere of a metal complex
amplitude is pH-dependent according to different protonations exhibiting a minor spin density at the diamagnetic metal. Table
of EDTA ligands. 1 summarizes isotropig factors as well as'Ti and 4°Ti

An EPR spectrum of a Ti complex at= 1.963 has been  hyperfine splittings of the three observed titanium complexes.
observed previously in similar studies of Fenton oxidation of ~ 4.4. Fenton Chemistry of Histidine-Formation of Histi-
aliphatic amino acids using ¥i/EDTA/H.O,. This spectrum  dine Radicals by Reaction with TP/EDTA/H.O, The
was assigned to a paramagnetié¢'TEDTA/amino acid mixed involvement of EDTA in the T8 —Fenton system allowed us
ligand complex? In these studies, the EPR spectrum of the to extend EPR spectroscopic studies of transient histidine
paramagnetic B complex with EDTAand aliphatic amino radicals upon oxidation by OH radicals from acidic pHt@
acids was reported to be identical for several amino acids. the full pH range from pH 2 to 10. As we have shown in this
Because EPR line shapg,factor, and Ti hyperfine coupling  paper, the redox behavior of the titanium ion in the Fenton
constants of the ¥/EDTA/histidinecomplex (Figures 1B, 3A;  system is not hampered by the EDTA chelation. The pH
Table 1) are almost the same as those reported for ligatingdependence of the relative intensities of paramagnetic species
aliphatic amino acid&} it can be assumed that the amino or formed upon Fenton oxidation of histidine is shown in Figure
the carboxyl group of histidine, rather than an imidazole 5. The cationic histidine OH-addition radical analyzed in ref 1,

nitrogen, is the ligating entity.

EPR studies on i complexes with (Ch—0O") ligands in
liguid methanolic solutioH (see Table 1) and with acetylac-
etonate in single crystdfshave shown an octahedral ligand
structure with a strong axial distortiogy ensor: g;, = 2.000,
gn = 1.921; hfs tensor: ja= 0.67 mT, & = 1.87 mT) which
leads to a long spinlattice relaxation time and enables an EPR
observation of the complex even in the liquid state at room
temperature.

At basic pH, the tetra-anion of EDTA is hexadentate and
forms octahedral complexes with3Tj with giso = 1.95616 At
neutral pH, one or two of the carboxylates of EDTA may be
protonated, allowing a ligation by other available ligands (with
Oiso = 1.9609) as, e.g., histidine in the present case. The
measured isotropig values for the pure ¥f—EDTA complex
and the EDTA/histidine mixed-ligand complex (Table 1) support
this explanation.

To learn about the symmetry of the two*Ticomplexes, we
measured the tensor values in frozen solution at 77 K by

X-band EPR. The values are presented in Table 1 (spectra no

shown). As expected for ¥ complexes with octahedral
symmetry with strong axial distortiot};!>the observed rhombic

g tensors of both Pi complexes exhibit only a small anisotropy
and a tendency to an axial symmetry; the ternary EDTA/histidine
complex is slighly more axial than the EDTA complex.

The g value 2.0117 of the observeadansientTi complex
differs completely from those of the two stable paramagnetic
Ti®* complexes with EDTA and EDTA/histidine, respectively.
Because they factor is characteristic for peroxide radicéls,

and because of the presence of Ti hfs, the strong EPR line in

Figure 3C has been interpreted earlier as an adduct between
peroxy radical and a diamagnetic*Tion (Ti*"—0,*).1732The
weaker line ag = 2.0143 has also been detected in ref 17 and
was attributed to those with a different ligand spheré*¥i
O.* is assumed to be formed upon attack of OH* radicals on a
Ti*"/H,0, complex in the absence of a substf&hus, the

whose EPR spectrum is identical infTi-Fenton and in Ti"
/EDTA—Fenton, is dominant at pH 2 to 4. The neutral histidine
OH-addition radicat-as studied in this papetoccurs at pH 5

to 9, with maximum intensity at pH-78. The pH dependence
of these differently charged histidine radicals is in accordance
with the K 6.5 of the imidazole group. At pH>7, a
paramagnetic Pi- complex with mixed ligands of EDTA and
histidine appears. Its yield increases from pH 7 to pH 10 by
about 2 orders of magnitude. Thus, the Fenton chemistry of
histidine has been studied for a large range of pH values, and
it involves the elucidation of the electronic structure of both
the cationicand the neutral histidine radicals.

Titanium-associated peroxy radicals {T+0,*) have been
discussed as oxidizing agents in the—Fenton system as
alternatives to OH* radical¥’ Such species have most likely
been observed by EPR as transient intermediates in the absence
of histidine in this paper. However, the determined electronic
structure of both histidine radicals, the cationic one at pH 2 as
well as the neutral one at pH 7, particularly the large proton
{:oupling of the out-of-plane proton, underline that the type of
radical is an OH-addition radical at position C5. Thus, a direct
attack of the aromatic imidazole ring by an OH* radical from
the Fenton system seems more favorable.

Histidine radicals as studied here under oxidative conditions
in protein-free systems, may also be of interest in biological
systems. The presented electronic structures of neutral and
cationic histidine radicals may be helpful for identifying protein-
associated histidine radicals.

Neutral histidine OH-addition radicals, as studied here, which
are formed by oxidative attack of OH* radicals on histidine,

ay occur upon oxidative stress in cells under physiological
conditions; at pathological misfunction (undesired Fenton reac-
tion with free F&"); and following radiation damage caused
by UV light or X-rays.

Conclusions

disappearance of the single-line spectra of this adduct, in the  Using improved EPR continuous-flow techniques, we eluci-
case of added substrate (histidine), can be understood asjated the electronic structure of a transient histidine radical in

competition of the substrate with “fiH,O, for the OH*
radicals!?:32

The small Ti hf splitting in the Fi"—O,* adduct is about 20

aqueous solution at neutral pH upon Fenton oxidation of
histidine. Isotropic hfcc’'s from EPR measurements and DFT
calculations of hfcc’s on an appropriate model radical col-

times less than the corresponding values of the two paramagnetidectively reveal that a neutral histidine radical is formed by OH

Ti®" complexes with EDTA and EDTA/histidine ligands,
respectively (see Table 1). The isotrogitactor of 2.0117 and

addition to the C5 carbon of the imidazole ring. Experimental
hfcc’'s of the imidazole ring protons, ring nitrogens, and

the easy microwave saturation at room temperature in solution 5-protons are in excellent agreement with corresponding

(P12 about 1 mW inX-band) underline that most of the spin
density is localized at the oxygens of this 4Tiperoxy ligand
radical”. However, a small but significant spin density is
delocalized onto the Ti nucleus. This is an example of an

theoretical values from DFT calculations. A comparison of the
neutral histidine radical with the cationic histidine radical
(studied by the same technidlieshows that both types of
radicals are formed by addition of an OH radical from the Fenton
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system to position C5. Spin densities, however, are significantly
different in the cationic and in the neutral histidine radical,

particularly at the C2 and C5 carbon positions.
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