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Peptides with two or more acidic amino acids are damaged to a
greater extent than other peptides under Fenton conditions as
revealed by treating a 29791 membered one-bead-one-com-
pound peptide library with FeCl3, sodium ascorbate and
hydrogen peroxide.

Radical mediated protein damage is thought to play an important
role in several diseases and ageing.1,2 Often radicals are generated
by electron transfer from a metal ion like Fe2+ to O2 or H2O2

(Fenton reaction) and numerous studies revealed that the damage
occurs through oxidation of the amino acid side chains and
backbone cleavage.2 In contrast, little is known as to whether some
peptides are cleaved to a higher extent than others under Fenton
conditions.2a,b We have addressed this question by a combinatorial
chemistry approach and present our results here.

To analyse the sequence-dependency of peptide damage under
Fenton conditions we used a split-and-mix peptide library where
each peptide is flanked by a fluorophor (anthranilic acid, Abz) at
the C-terminal side and a quencher (nitrotyrosine, Tyr-(NO2)) at the
N-terminal side (Fig. 1).3 Beads appear dark as long as the peptides
are intact, and fluoresce upon peptide cleavage since the quencher
is then no longer covalently attached to the fluorophor.

The library was prepared on Tentagel resin4 (PSPEG) by
encoded5 split-and-mix synthesis6 employing 31 D- and L-amino
acids in each position.7 Hence, the library contained maximally 313

= 29791 different peptides. When this library was suspended in a
30 mM aqueous solution of FeCl3·6H2O, washed with water and
then treated with H2O2 (80 mM) and sodium ascorbate (40 mM) in
MES buffer (200 mM) at pH 5 for 15 min, several fluorescent beads
( ≈ 3 out of 100) were observed (Fig. 2).8 Isolation of approx-
imately fifty of the most fluorescent beads and analysis of their
encoding electrophoric tag molecules by gas chromatography using
electron capture detection5 revealed remarkable selectivities:

almost each bead contained two acidic amino acids, either Asp or
Glu (Table 1).

This combinatorial experiment demonstrates that acid-rich
peptides are cleaved under these Fenton-like conditions to a higher
extent than other peptides.9 To analyze whether the acid-rich
peptides also bind to Fe-ions better than other peptides the library
was once more incubated with the FeCl3·6H2O solution, washed
and then stained with KSCN.10 The intensely red Fe(SCN)3

complex was formed on approximately three out of 100 beads.
Analysis of the peptides on several of the red beads revealed again
sequences with two neighbouring acidic amino acids.11 These
results demonstrate that Fe3+-ions are bound by acid-rich peptides
preferentially. This suggests that upon reduction of Fe(III) to Fe(II)
by ascorbic acid followed by reaction with H2O2 radicals are
generated in close vicinity of the Fe2+-ions and therefore damage
acid-rich peptides more than others.

To gain further insight into the observed sequence dependent
peptide damage we examined the relative cleavage rates of peptides
with two glutamic acid residues and negative control peptides that
contain glycines in place of the glutamic acids. The studies were
performed with the peptides still bound to the solid support and in
solution.

For the studies with solid supported peptides, we prepared the
peptides Ac-Lys(Abz)-[Gly]3-Glu-Glu-NH(CH2)5CO-PSPEG 1
and Ac-Lys(Abz)-[Gly]3-Gly-Gly-NH(CH2)5CO-PSPEG 2. The
N-terminal anthranilic acid was designed to serve as a fluorescence
probe that will be released from the solid support into the
surrounding solution upon cleavage of the peptide and that can be
easily detected by fluorescence spectroscopy. Peptides 1 and 2 were
treated under the same Fenton-like conditions as used for the library
experiment. After quenching of excess H2O2 with MnO2 and
filtration the fluorescence of the filtrates was measured. Re-
markably, an intense fluorescence was observed in the filtrate of the
glutamic acid containing peptide 1, while the filtrate of the negative
control peptide 2 showed almost no fluorescence (Fig. 3). These
results demonstrate that solid supported peptides with two
neighbouring glutamic acids are cleaved to a much higher extent
(50–100 fold) than peptides with glycines in place of the glutamic
acids.

For the studies in solution the fluorophor-marked peptides Ac-
Lys(Abz)-[Gly]3-Glu-Glu-NH(CH2)5CONHPr 3 and Ac-
Lys(Abz)-[Gly]3-Gly-Gly-NH(CH2)5CONHPr 4 were prepared.†
To examine their relative damage rates, 3 and 4 were dissolved in
MES buffer (200 mM, pH 5) and an equimolar amount of FeCl3
was added followed by solutions of sodium ascorbate (10 equiv.)
and H2O2 (100 equiv.). After 15 min the reaction mixtures were

Fig. 1 Fluorophor-quencher flanked peptide library.

Table 1 Peptide cleavage selectivities observed in the screening of the
library Ac-Tyr(NO2)-Gly-AA3-AA2-AA1-Gly-Lys(Abz)-linker-PSPEG
under Fenton conditions.a

AA3 AA2 AA1
Freq.
foundb

L/D-Glu/Asp L/D-Glu/Asp X 34%
X L/D-Glu/Asp L/D-Glu/Asp 46%
L/D-Glu/Asp X L/D-Glu/Asp 13%
a L/D-Glu/Asp = can be either L-Glu, D-Glu, L-Asp or D-Asp, X = random
amino acid. b The frequency found column lists how often the indicated
peptide sequence occurred among the fluorescent beads.

Fig. 2 Fluorophor-quencher flanked peptide library before (left) and after
(right) treatment under Fenton conditions.
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quenched by the addition of MnO2, filtered and analysed by HPLC
with UV or fluorescence detection. The HPLC chromatograms
showed a decrease of the peptide signals after the reaction
compared to untreated samples. The decrease amounted to
approximately 50% for the glutamic acid containing peptide 3
while the glycine containing peptide 4 was damaged to only 5%.
Cleavage products were neither observed by HPLC analysis using
UV detection nor by HPLC-MS using fluorescence detection.12

This suggests that the damaged peptides are broken up into
fragments that are too small to allow for their analysis by HPLC.

Our results demonstrate that acid-rich peptides are damaged to a
greater extent than others under Fenton conditions. Acid-rich
peptides also complex Fe-ions better than other tripeptides. The
reaction of the complexed Fe2+-ions with H2O2 therefore generates
radicals in close proximity to the acid-rich peptides. As a result
these peptides are damaged more than others under Fenton
conditions.

Notes and references
† Peptides 3 and 4 were prepared on Wang resin by the standard Fmoc-
protocol, cleaved off the solid support with propylamine in CH2Cl2 (1 : 3)
and deprotected with a solution of TFA : H2O : iPr3SiH (95 : 2.5 : 2.5). 3:
1H NMR (500 MHz, CD3OD, 25 °C): d = 7.55 (d, J = 7.9 Hz, 1H; Abz),
7.32 (t, J = 7.6 Hz, 1H; Abz), 6.95 (d, J = 7.9 Hz, 1H; Abz), 6.89 (t, J =
6.6 Hz, 1H; Abz), 4.32 (m, 2H; Glu), 4.26 (dd, J = 8.5, 5.8 Hz, 1H; Lys),
3.89 (m, 6H; Gly), 3.36 (t, J = 6.8 Hz, 2H; Lys), 3.17 (m, 2H; Ahx), 3.11
(t, J = 7.2 Hz, 2H; NHCH2CH2CH3), 2.40 (m, 4H; Glu), 2.17 (t, J = 7.5
Hz, 2H; Ahx), 2.12 (m, 2H; Glu), 1.98 (m, 2H; Glu), 1.98 (s, 3H; Ac), 1.85
(m, 1H; Lys), 1.72 (m, 1H; Lys), 1.64 (yq, J = 7.0 Hz, 2H; Lys), 1.60 (yq,
J = 7.6 Hz, 2H; Ahx), 1.48 (m, 6H; NHCH2CH2CH3, Ahx, Lys), 1.33 (m,
2H; Ahx), 0.91 (t, J = 7.5 Hz, 3H; NHCH2CH2CH3); 13C NMR (500 MHz,
CD3OD, 25 °C): d = 175.2, 175.1, 174.7, 174.6, 174.1, 172.6, 172.3, 172.0,
171.2, 171.1, 170.9, 146.4, 131.9, 127.8, 126.5, 119.8, 119.7, 54.0, 53.4,

53.0, 42.5, 42.4, 42.4, 40.7, 38.9, 38.8, 35.6, 30.8, 29.9, 29.8, 28.6, 28.5,
26.6, 26.0, 25.3, 22.8, 22.2, 21.0, 10.3; MS (ESI): m/z (%): 891 (100) [M]+.
4: 1H NMR (500 MHz, D2O, 25 °C): d = 7.25 (dd, J = 7.6, 1.3 Hz, 1H;
Abz), 7.18 (dt, J = 8.2, 1.5 Hz, 1H; Abz), 6.74 (d, J = 8.1 Hz, 1H; Abz),
6.69 (dt, J = 8.6, 1.2 Hz, 1H; Abz), 4.12 (dd, J = 8.5, 5.8 Hz, 1H; Lys), 3.78
(m, 10H; Gly), 3.22 (t, J = 6.7 Hz, 2H; Ahx), 3.03 (t, J = 7.3 Hz, 2H; Lys),
2.97 (t, J = 6.9 Hz, 2H; NHCH2CH2CH3), 2.06 (t, J = 6.3 Hz, 2H; Ahx),
1.86 (s, 3H; Ac), 1.70 (m, 1H; Lys), 1.61 (m, 1H; Lys), 1.50 (m, 2H, Ahx),
1.42 (m, 2H, Ahx), 1.33 (m, 6H; NHCH2CH2CH3, Lys), 1.13 (m, 2H; Ahx),
0.72 (t, J = 7.4 Hz, 3H, NHCH2CH2CH3); 13C NMR (500 MHz, D2O, 25
°C): d = 175.8, 175.4, 175.2, 172. 2, 172.1, 172.0, 171.9, 132.4, 128.0,
118.7, 118.3, 54.0, 46.6, 42.4, 41.0, 39.1, 39.0, 35.6, 30.3, 27.9, 25.3, 25.0,
22.2, 21.7, 21.5, 10.5; MS (ESI): m/z (%): 747 (100) [M++H].
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Fig. 3 Fluorescence observed in the filtrates of peptides 1 (solid line) and 2
(dotted line) after reaction under Fenton conditions.
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