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The Fourier transform electron paramagnetic resonance (FT EPR) spectroscopy has been employed as a
detection technique in the investigation of the photooxidation of glycylglycine dipeptide induced by triplet-
sensitized electron transfer to 9,10-anthraquinone-2,6-disulfonate in aqueous solutions -aL@HSGin-
polarized (CIDEP) radical specié&blHy/NH,—CH,—CONH-CH, and*NH—CH,—CONH-CH,—COO™ were

identified as transient products formed on the nanosecond time scale. The radicals have been found to originate
from two different reaction channels depending on the pH. The first channel, leading to the decarboxylated
radical product, occurs in the whole pH range and is ascribed to the oxidative attack of the triplet on the
peptide and/or carboxylate functional groups. At pHB where the peptide terminal amino group exists in
deprotonated form, the second channel, electron transfer from the amino group nitrogen nonbonding electron
pair followed by deprotonation, becomes possible. This reaction leads to the formation of the observed aminyl
radical.

Introduction carboxylate group. Identity of the various radical transients

The damage of amino acids, peptides, and proteins cause entioned has been confirmed by time-resolved or spin-trapping

S . S PR mesuremenfs810
by oxidative processes attracts the attention of scientists in many . L . .
research branches as those substances are of vital concern for Much less information is available, however, on the primary
every living organism. Especially, modifications of biological oxidation reaction mechanisms of aliphatic dipeptides. Inves-
molecules induced by various reactive oxidative species are oftigations of y-irradiated single crystals oéi-glycylglycine
significancel 3 Recent investigations of the simplest model (EPR);* hydroxyl radical mediated oxidation of GhGly in
systems as aliphatic amino acids in aqueous solutions have2dueous solutions (pulse radiolysis’ and spin-trapping
revealed that the mechanisms of such processes are mor&PR®) revealed formation of hydrogen atom abstraction
complex then anticipated earliér2 Thus, amino acid anions ~ Products HN*—CH,~CONH—*CH—COO" and HN—*CH-
can be attacked at different sites leading to the simultaneousCONH—CH,—COO". Similar to amino acidSthe reaction rate
formation of various radicals. For example, in the case of Gly constantsk("'OH + peptide}” were found to be markedly
oxidation with *OH radicals, one-electron transfer from the dependent on pH in the range-40, i.e., on the state of
nitrogen lone pair occurs leading ®H,—NH, radicals produc- ~ Protonation of the terminal amino groupK(p= 8.2 at 25C for
tion via fast decarboxylation of theNH,—CH,—COO" precur- Gly—Gly). Decarboxylation leading to theCONH—"CH, type
sor and NH—*CH—COO" and *NH—CH,—COO" radicals of radicals was shown to occur if SO radicals were used as
which can be formed by direct H-atom abstraction or deproto- oxidants3 and also via intramolecular charge transfer from the
nation of the**NH,—CH,—COO" radical, a process in competi- photoionized aromatic group to the carboxyl group in aromatic
tion with its decarboxylatioi-8 Only the latter two radicals  peptides-cation radicals?
were formed when less oxidizing*Oradicals were used as In this work, we report on the results obtained upon oxidation
initiators*2 Reaction with characteristic one-electron oxidants, of the dipeptide glycylglycine (GlyGly) in aqueous solutions
the triplet excited benzophenone and anthraquinone derivativesinitiated by 9,10-anthraquinone-2,6-disulfonate in its triplet state

leads almost exclusively to the decarboxylatétH,—NH; (AQDS). Investigations were carried out by means of the
radicals?*°whereas protection of the glycine carboxylic group nanosecond laser flash photolysis with the FT EPR detection
by esterification allows the primarily formet*NH,—CH,— technique. The main aim was to examine the role of the peptide

COOR to stabilize via citlaproton!zation into HCH—-COOR  fynctional group,—CONH—, as a possible additional site for
and "NH—CH,—COOR:* Rustgi and Ries? could identify  the oxidative attack. Since the most proteins are around a few
corresponding decarboxylated radicaBt{,—NH, and"CH,—  hundred amino acids in length, the probability of oxidative
NHs* for glycine) as products in the reaction of both anionic damage via such a reaction channel might get particularly
and zwitterionic amino acid forms with SO radicals, indicat- significant. The very low [, value of a peptide bond makes
ing the ability of the latter to directly oxidize the amino acid ihe electron transfer from the peptide nitrogen in principle
possible within a very wide pH range. In addition, we are
*To whom c_orrespondence should be addressed. E-mail: beckert@ interested to identify Np+CH—COO™ and*NH—CH,—COO~
mpTgSﬂ;‘v‘Qg'ﬁ;pé'fgLi?bzig_ radicals which can be formed by direct H-atom abstraction or
* Ruder Bokovit Institute. deprotonation of thé*NH,—CH,—COQO™ radical, a process in
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belong to the radical anion AQDS Their intensities are
multiplied by a factor of 0.1 for better presentation. At both
pHs, these emissive polarized spectra have been fully developed
Figure 1. FT EPR spectra obtaineq upon laser photolysis in systems: jn the shown amplitude within the time of recording. This
0.3 mM AQDS, 100 mM Gly-Gly in H,O, pH 8.9 and 7.0, at the i 4icates a fast quenching of AQDS triplet with Gigly
delay time of 96 ns at room temperature together with simulation of < .
*NHs—CH,—CONH—*CH, radical. Lines denoted by § belong to ground-state_ mole_cules, proce_edlng in appreciable though_ pH
aminyl radica®NH—CH,—CONH—CH,—COO", The horizontal bracket ~ dependent yield, via the reductive electron-transfer mechanism.
represents part of spectrum of undetermined radicalfs)TRe hfc The simulation parameters for AQDSspectra are in a good
parameters of the simulated spectrum are listed in Table 1. agreement with those obtained previously using triethylafhine
and thyminé? as electron donors. The other lines observed at
competition with its decarboxylation. In addition, we were pH 7.0 belong to the carbon-centered raditAlH;—CH,—
interested to identify products which, similar to reactions CONH—°CH,. The structure of this radical has been determined
observed with amino acid anions, should obviously be formed by comparing the measured spectrum with the simulated one
also upon reductive triplet quenching by the deprotonated (see Figure 1, simulation) using théc parameters listed in
terminal amino group of a peptide in slightly basic solutions. Table 1. In a range of pH values from 6 to 8, the radital
To our knowledge, there have been no specific investigations NHz—CH,—CONH—"CH, exhibits almost pure radical pair
of this kind reported in the literature, and it was evident that (CIDEP) polarization. Practically the same radical species is
the time-resolved photochemical method coupled with the FT observable also in the spectrum measured at pH 8.9, Figure 1,
EPR detection technique could provide interesting new results. although its intensity is considerably lower. At this higher pH
value, it is highly probable that the amino group of the radical
Experimental Section is at least partly deprotonated (at pH 8.9, the terminal amino
Aqueous solutions of 0.3 mM AQDS and 100 mM Gly group of thedp;arent GLy(f]Iy rﬂolecule is mk;)sltly (83%)din the |
Gly in the pH range 610 (adjusted by KOH) were irradiated eprotonate 0”‘.“) and that the spectrur.n elongs predominately
by a 308 nm laser pulse (15 ns20 mJ, repetition rate: 10 to the n_eutral radical Ni+CH,—CONH—"CH,. In Figure 1 at
ya >°T P b . the periphery ofNHy/NH,—CH,—CONH—*CH, spectrum at
Hz) from an excimer laser LPX105 (Lambda Physik). The FT periphery orivi 2 2 -~ 2 SP ;
EPR spectrometer used was described previddsiyhe pH 89 some addltlongl I|ne§ are visible (symbol §)..These !lnes
microwave pulse power was 1 KW with:a2 pulse length of originate from the radical pair CIDEP polarized aminyl radical

16 ns and excitation width a£40 MHz. The complete spectra .rl;llgt:ag\t'vzit_hct:r?al?Ztagg'uzr;g%os_y;g?ntshgos;lg:icrfir:gr;ng];;:l?/ngoééters
were therefore recorded step by step using different offsets of o -
the magnetic field. The partial spectra were then put together ('\flg:z hf% ?ongg(r?tls? (ch{_T(;tTeO;)C ?ggﬁeiiilﬁgt?sns?%ﬁit of
by virtue of SigmaPlot graphic software. The dead time of the counling. nuclei and.their h érfine counlin congtants an
free induction decay (FID) used within the experiment was 100 ox grin?ent using BD as solvyepnt has beeg cgrried out at’ D
ns. All FIDs were extrapolated into the dead time by the linear 9 A'? The smallestg roton coupling constant(—NH—) = 0.018 P
prediction singular value decomposition (LPSVD) metfttihe L P upiing . e
number of accumulations per spectrum was-10000. mT (cf. Table 1) in HQ disappeared in D (expectedio
Gly—Gly (Sigma, Fluka) and AQDS (Aldrich) were of purest (—NI_D—) = 0.0028 mT is not measurable). .It should be no_ted
; . i that in the spectrum recorded at pH 8.9 still some more lines
commercially available grade and were used without further

e . f are observable (horizontal bracket) but it is hard to attribute
purification. Deuterium oxide (BD, 96.5%) was purchased from o, . .
. . them to any specific radical structure because of the considerable
DeuChem GmbH, Leipzig. Aqueous solutions were prepared

ny speci structure because of
with triply distilled water (Milli-Q-system). Air dissolved in  CVeNaPpPIng with"NHg/NH,—CH,~CONH—*CH; lines and a

solutions was removed by bubbling with argon for around half low signal-to-noise ratio. We assume that they originate from
y 9 9 the radical NH—CH—-CONH-CH,—COO  formed upon
an hour before and during the whole measurement. The sample
deprotonation from the-amino-C-H position of the aminium
flow rate was kept at-6 mL/min in order to avoid accumulation
- - . ) radical. This is supported by results obtained in similar
of reaction products within the irradiated area. Measurements

were carried out at room temperature experiments with glycine estefs.
P ) Figure 2 shows the pH dependence of the relative yields of

two main radicals*\NH—CH,—CONH—-CH,—COO™ (®) and

TNH3/NH,—CH,;—CONH—"CH, (x)) present in the system 96
The FT EPR spectra of transient products formed upon 308 ns after the laser pulse. The yields have been normalized taking

nm laser pulse irradiation of 0.3 mM AQDS and 100 mM &ly  the yield of*NH—CH,—CONH-CH,—COQO™ at pH= 10.1 as

Gly aqueous solution at pH 7.0 and 8.9, recorded after a delaythe unit (100%). The sigmoidal curve delineated in Figure 2

time between laser pulse and microwave pulse of 96 ns, aredisplays the fraction of deprotonated terminal amino growp (p

shown in Figure 1. Narrow lines in the middle of both spectra = 8.2) in the overall [Gly-Gly] vs pH. In the insert of Figure
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Figure 2. pH dependence of relative yields of radicatstH—CH,—
CONH-CH,—COO" (®) and "NHy/NH,—CH,—CONH—"CH, (x)
measured in the system: 0.3 mM AQDS, 100 mM &@ly in H20,
at the delay time of 96 ns at room temperature. The solid sigmoidal
curve displays the fraction (%) of deprotonated terminal amino group
(pK = 8.2) in the overall Gly-Gly vs pH. Inset demonstrates intensity
tendency of selected lines fromfNH—CH,—CONH—-CH,—COO"
spectrum against pH.
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the other hand, the lone electron pair at the peptide nitrogen is
accessible for electron transfer to AQRS (although the
oxidation is more difficult because of electron withdrawal effect
of carbonyl group), providing formation of the intermediate
radical cation"NH3—CH,;—CO—""NH—CH,—COO" and radi-

cal anion AQDS . Electron transfer to AQDg* from the
carboxylate group could in principle also take place leading to
the intermediate NH;—CH,—CONH—CH,—COO. We cannot

say which of those two processes is more probable to occur as
neither of the supposed GhGly derived intermediate radicals
could be experimentally detected. They are most probably very
short-lived species due to the fast decarboxylation into the
identical successor radiciNHz—CH,—CONH—"CHj, which

has been unambiguously identified (Figure 1). The deprotonated
terminal amino group at pH- 10 opens the second reaction
channel (pathway 1) for the oxidation of GhGly. It leads to

the formation of the corresponding nitrogen-centered aminium
radical, a species which also seems to be too short-lived for
detection on the nanosecond time scale. In the basic pH range,
it is reasonable to propose that aminium radicals suffer fast
proton elimination forming the observed aminyl radical and, to
a much lower extent, some further radical products(fiar
example NH—CH—CONH—-CH,—COO" radicals). An im-
portant feature arising from the results obtained at-pHO is

that the reaction channel leading to MCH,—CONH—"CH;
(pathway 1) is occurring as well, in competition with channel
[I. Formation of the two main products at pH above 9 (aminyl
and decarboxylated C-centered radicals) in about equal yields
indicates similar efficiency of the two reaction channels.
However, a significant decrease of the radical anion AQDS
FT EPR intensity observed by going to lower pH region where
oxidation of terminal amino group is prevented indicates
considerable decrease of the overall triplet quenching rate
constant with Gly-Gly in the zwitterionic form.

Conclusions

Excited triplets of 9,10-anthraquinone-2,6-disulfonate react
with glycylglycine in aqueous solution via a reductive quenching
mechanism resulting in the formation of the triplet polarized
AQDS radical anions in high yields. Transfer of an electron
from Gly—Gly in anionic form can thereby occur from all three
functional groups (N, —CONH—, and COO). Oxidative
attack at the amino group leads to the formation of N-centered
aminyl radicals which have been identified by their FT EPR
spectrum. Parallel to this process a formation of the decarboxy-
lated "NH3/NH,—CH,—CONH—"CH; radicals occurred. Their
formation mechanism can be associated with the electron
transfer from the one or from both other functional groups to
the anthraquinone triplet. The resulting primary radical species
could not be experimentally observed because of their very fast
CO, elimination and transformation intoNHz/NH,—CH,—
CONH—"CH radicals. The latter were the only products
observed upon photooxidation of glycylglycine in its zwitterionic
form.

radical are shown to demonstrate their intensity tendency against

pH.

Scheme 1 shows the proposed pathways of-@&ly pho-
tooxidation mediated by the AQDS triplet in aqueous solution
for two pH values. The AQDS triplet is generated via 308 nm
laser excitation of the AQDS ground state into the excited singlet
state followed by intersystem crossing resulting in a spin-
polarized triplet state of AQDS (AQDG$Y). At pH ~ 6, the
terminal amino group of GlyGly is completely protonated.
Therefore, an electron transfer from this group is blocked. On
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