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Electron transfer (ET) processes through proteins play an
important role in many biological reactions. Seminal work by
Gray and Winkler on Ru-modified proteins, such as cyto-
chromes and azurine, has shown that long-distance ET can
occur over more than 20 %.[1, 2] Beratan and Onuchic devel-
oped a “pathway model”,[3] which explains ET through these
proteins by single-step superexchange (tunneling) reactions.
The model comprises a “family of pathways” involving ET
through s bonds, through hydrogen bridges, and through
space.[4] In contrast, Stubbe, Nocera, et al. explained long-
distance ET through ribonucleotide reductase by a multistep
hopping mechanism, where electrons hop between aromatic
side chains of amino acids.[5, 6] These amino acids, which carry
the charge for a short time, act as “stepping stones” (relay
stations) for long-distance electron transport from the donor
to the acceptor.[7] For consecutive reactions of this kind,[8]

oxidized donor, acceptor, and relay amino acids should in
principle be present at the same time during the ET process.
We have now developed a model peptide, where the simulta-
neous existence of all the oxidized intermediates (oxidized
amino acid side chains) could be proven spectroscopically for
the first time.

To test the influence of aromatic amino acids on long-
distance electron transfer (ET) in peptides we synthesized
model systems 1a–d,[9] in which three amino acids are
separated from each other by triproline sequences
(Scheme 1). A positive charge was selectively injected into
the aromatic side chain of the C-terminal amino acid (1!2),
which then served as the electron acceptor. A tyrosine residue
at the N terminus, about 20 % away,[10] functioned as the
electron donor. Halfway between the donor and the acceptor
we introduced an amino acid with either an aliphatic or an
aromatic side chain X (Scheme 1).

The function of the charge injection system at the C-
terminal amino acid of molecules 1a–d is depicted in
Scheme 2. Photocleavage of the ketone leads to radical 4,
which undergoes a heterolytic b fragmentation (4!5) to give a radical cation 5,[11] which then selectively oxidizes the

attached aromatic ring (5!2). The transient absorption
spectrum of the electron acceptor in 2 shows a maximum at
450 nm (Figure 1).

The signal of 2 vanishes as a consequence of electron
transfer from tyrosine (2!3), which deprotonates upon
oxidation and yields a tyrosyl radical (Figure 1). The acceptor
radical cations 2a–d were generated by laser flash photolysis
(LFP) of the precursors 1a–d,[12] and the transient absorption
spectra were measured 40 ns after the laser flash.[13] To check
whether intermolecular ET already competes with intramo-

Scheme 1. Injection of a positive charge into the C-terminal aromatic
amino acid of an oligopeptide and subsequent electron transfer from
the N-terminal tyrosine residue.
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lecular ET during this time, the tyrosine-free radical cation 6
was generated (Scheme 3).

Experiments with mixtures of 6 and oligopeptide 7a,
which contains a tyrosine residue but no injector, showed that
a small amount of tyrosyl radicals (6.1% of the overall
transient species) was already formed by intermolecular ET
40 ns after the laser flash (Table 1).

Thus, only yields of tyrosyl radicals above 6% represent
intramolecular ET processes (2!3) in the LFP experiments
with peptides 1a–d. With alanine and leucine as central amino
acids (1a and 1b, respectively), between 6 and 7% of tyrosyl
radicals were formed 40 ns after irradiation (Table 1). There-
fore, 1% of the tyrosine at most was oxidized by intra-
molecular ET. However, when the aliphatic side chains X
were exchanged by aromatic side chains (1c and 1d) we
detected tyrosyl radicals in yields of 27 and 36 %, respectively
(Table 1). This finding demonstrates that the aromatic side
chains X increase the intramolecular ET rates (2!3) by a
factor of at least 20 to 30.

Whether this rate enhancement is caused by an increase in
the electronic coupling between the donor and acceptor

according to a single-step superexchange mechanism, or
whether a mechanistic change to a sequential hopping
mechanism speeds up the ET rates, could be elucidated in
experiments with peptide 1d.

The transient absorption spectrum of 1d, taken 40 ns after
the laser flash (Figure 1), demonstrates the simultaneous
existence of not only remaining electron acceptor (2d, 54%)
and oxidized electron donor (3d, 36 %), but also of the
oxidized amino acid (8, 10%, lmax = 550 nm) that is located
halfway between the electron donor and electron acceptor.[17]

The intermediate radical cation 8 is generated by intra-
molecular ET, since intermolecular ET from the central
trimethoxyphenylalanine to an electron acceptor, as in 6,
could not be detected in experiments with peptide 7b.

Scheme 2. Generation of a radical cation by laser flash photolysis
(LFP).

Figure 1. Transient absorption spectrum of oligopeptide 1d 40 ns after
the laser flash (black line), tyrosyl radical (blue),[14] the 2,4,6-tri-
methoxyphenylalanine radical cation (green),[17] and the dialkoxyphenyl-
alanine radical cation 6 (red). The colored spectra are fitted to
estimate the amounts of transients generated by the LFP of 1d. The
overall amount of transients is set to 100%.

Scheme 3. Peptides used for control experiments to estimate the
importance of intermolecular electron transfer.

Table 1: Yield of tyrosyl radicals within 40 ns after LFP of 1a–d.[a]

Molecule Tyrosyl radical
(detected) [%][b]

Tyrosyl radical
(corrected) [%][c]

6 + 7a 6.1 –
1a 6.9 %1
1b 6.1 %1
1c 27 21
1d 36 30

[a] Relative error for all values: 10%. The sum of the oxidized aromatic
side chains is set to 100%. The amount of tyrosyl radical formed by
intermolecular reaction of 6 and 7b is given for comparison. [b] Cor-
rected on the basis of the extinction coefficients for the tyrosyl radical
(3000m

�1 cm�1),[14] the 1,3-dimethoxybenzene radical cation
(4000m

�1 cm�1),[15] and the 1,3,5-trimethoxybenzene radical cation
(4000m

�1 cm�1).[15,16] [c] Corrected by the amount of tyrosine oxidized
by intermolecular ET, as estimated from the reaction of 6 and 7a.
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Thus, long-distance ET from the donor to the acceptor
(2d!3d) uses the central aromatic amino acid as a “stepping
stone”, and ET takes place by a two-step hopping mechanism
(Scheme 4). The sequential mechanism is favored, since the
redox potential of the “relay amino acid” is similar to that of
the C-terminal electron acceptor.[18] Introduction of the
“stepping stone” leads to a 20- to 30-fold increase in the ET
rate.

From the kinetic expression for a consecutive reaction
mechanism[8] and the yields of the oxidized N-terminal, C-
terminal, and “relay amino acids”, one can calculate that the
first ET step (k1) is about five- to six-times slower then the
second ET step (k2). This result is in accord with the
differences in the redox potentials of the involved aromatic
side chains.[18] The overall intramolecular ET rate is on the
order of 106 s�1 because this reaction competes successfully
with intermolecular ET, which has a rate coefficient of 3 B
108 s�1,[17] at the 5 mm peptide concentrations used in the LFP
experiments.

In conclusion, we have shown that ET in peptides 2c and
2d occurs by a two-step hopping process, with the aromatic
side chains used as “stepping stones”. This hopping of the
electrons over 20 % leads to a 20- to 30-fold increase in the
reaction rate compared to superexchange ET in petides 2a
and 2b.
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Scheme 4. Electron transfer in 2d occurs via intermediate 8.
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