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Peptide foldamers based on a,a-disubstituted glycyl residues were synthesized and chemically
characterized to investigate the effects of the electric field generated by a 310-helix on the rate of
intramolecular photoinduced electron-transfer reactions. To this end, two new octapeptides having
identical sequences were suitably side-chain functionalized with the same electron-transfer donor–
acceptor pair, but inverting the position of the pair along the main chain. The electron-transfer rate
constants, measured by time-resolved spectroscopy techniques (nanosecond transient absorption and
time-resolved fluorescence), indicated that, in the case of the 310-helix, the electrostatic effect is
significant, but smaller than that obtained for a-helical peptides. This finding can be likely ascribed to the
distortion of the H-bond network with respect to the helical axis taking place in the former secondary
structure. Overall, these results could have implications on electron-transfer phenomena in model and
biomembranes facilitated by peptaibiotics.

Introduction. – In 1966, the isolation from fungal sources of peptides containing Aib
(Fig. 1), later called peptaibiotics, started an active research effort devoted to the
characterization of the bioactivity properties of these molecules, such as their antibiotic
action and membrane-perturbing activity [1] [2]. However, another fundamental
research field initiated by this discovery is concerned with the stereochemical
consequences of introducing a,a-disubstituted glycyl residues (such as Aib or
(aMe)Nva; Fig. 1) into peptide chains. Over the last 30 years, the research efforts of
several groups employing many different experimental and theoretical methods have
clearly established their strong helix-forming properties. In particular, a high content of
Aib residues in a short peptide chain favors the 310-helix [3], i.e., a regular
conformation with approximately three residues per turn and an i iþ3 intra-
molecular H-bonding pattern, while longer Aib-containing peptides attain the a-helical
conformation (3.6 residues per turn and i iþ4 H-bonds) [4–10]. l-(aMe)Nva, a
chiral a,a-disubstituted glycine, shows a pronounced bias toward the right-handed 310-
helix [8].

As a consequence, peptides comprising a,a-disubstituted glycyl residues are
currently used as rigid scaffolds for the specific positioning of electro- or photochemical
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moieties at a well-defined distance [11]. In particular, our group has extensively
employed these systems in studies of photoinduced electron or energy transfer [12]. In
the present study, we took advantage of Aib- and (aMe)Nva-based oligopeptide 310-
helices to assess the role of the electrical dipole generated by a helical peptide chain in
modulating electron-transfer processes, an issue already addressed by Galoppini and
Fox [13] [14] for a-helical peptides. A comparison between the different influences of
a- and 310-helices on the efficiency of photoinduced electron-transfer processes has
allowed an evaluation of the role of peptide conformation and H-bonding pattern in
these phenomena.

The dipole of a peptide bond is ca. 3.5 D. In the a-helix, these dipoles are aligned
along the helix axis, producing an effective positive charge at the N-end and an effective
negative charge at the C-end [13] [14]. Polarization effects due to H-bonding increase
the dipole moment per residue to 5.2 D [15]. This strong electric field plays an
important role in the structure and function of proteins. In contrast, in a 310-helix the H-
bonds are not perfectly aligned with respect to the helical axis, and hence the resulting
total molecular dipole is smaller than in the a-helix (4.6 D per residue) [15] [16].
Furthermore, the different H-bonding patterns in the two helical conformations could
influence the electronic coupling between donor and acceptor moieties linked to the
peptide chain [15].

To analyze the effect of the electric field generated by a 310-helix on intramolecular
electron-transfer processes, three terminally blocked octapeptides were synthesized,
comprising Aib, (aMe)Nva, and Api, the last a,a-disubstituted glycine being
characterized by a C(a)i–C(a)i cyclization (Fig. 1) [17] [18].

The primary structures of the peptides investigated are as follows:

P2 : Z-Aib-Api(Pyr)-l-(aMe)Nva-Aib-l-(aMe)Nva-(aMe)Nva-Aib-Api-
(Boc)-NHtBu

P2A8 : Z-Aib-Api(Pyr)-l-(aMe)Nva-Aib-l-(aMe)Nva-(aMe)Nva-Aib-Api-
(Azu)-NHtBu

A2P8 : Z-Aib-Api(Azu)-l-(aMe)Nva-Aib-l-(aMe)Nva-(aMe)Nva-Aib-Api-
(Pyr)-NHtBu

(for the formulae of Api(Azu) and Api(Pyr), see Fig. 2). The notations P2, P2A8, and
A2P8 emphasize the different positions of the chromophoric moieties along the main
chain.

The oligopeptides P2A8 and A2P8, having pendant electron donor (D; pyrene) and
acceptor (A; azulene) chromophores, differ only in the relative positions of the donor–
acceptor (D–A) pair along the helix dipole [13] [14]. Thus, the photoinduced electron-

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008)1264

Fig. 1. Molecular formulae of the a,a-disubstituted glycines Api, Aib, and (aMe)Nva
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transfer process between D and A should be affected by the orientation of the electric
field determined by the helix dipole. Steady-state and time-resolved fluorescence
experiments, together with laser-induced spectroscopy on transient species, were
performed to investigate this phenomenon.

Results. – Peptide Synthesis and Characterization. For the large-scale production of
the enantiomerically pure l-(aMe)Nva, we exploited an economically attractive and
generally applicable chemo-enzymatic synthesis developed by DSM Pharmaceutical
Products a few years ago [19].

For the preparation of the terminally blocked octapeptide P2, we used the segment-
condensation approach in solution (Scheme 1). Tripeptide 3A-OH was coupled to the
N-deprotected tripeptide 3B, and the resulting N-terminal hexapeptide 6AB, after C-
deprotection, was reacted with the Na-deprotected dipeptide 2C (tert-butyl)amide to
generate the octapeptide 8ABC (P2). The amino acid derivative Z-Api(Pyr)-OH was

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008) 1265

Fig. 2. Molecular formulae of the Api(Azu) and the Api(Pyr) residues

Scheme 1. Segment-Condensation Approach Used for the Synthesis of the Terminally Blocked Octapep-
tide P2
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prepared from Z-Api(Boc)-OH [20], which was C-protected as Z-Api(Boc)-OBg
upon treatment with BrBg [21]. Then, the side-chain Boc group was removed, and the
Pyr group was incorporated by use of Pyr-COOH, affording Z-Api(Pyr)-OBg. Finally,
OBg C-deprotection by alkaline hydrolysis gave Z-Api(Pyr)-OH, which was exploited
for the synthesis of dipeptide 2A. Z-Aib-OH [22] and Z-l-(aMe)Nva-OH [23] are
known products. All amide (or peptide) bond formations were achieved using 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC; in a few cases, in
the presence of the efficient additive 7-aza-1-hydroxy-1,2,3-triazole (HOAt) [24]) in
CH2Cl2 solution. Removals of the tBuO ester and Boc urethane functions were
accomplished by mild acidolyses with a 1 :1 CH2Cl2/TFA mixture. The Z Na-protection
was removed by catalytic hydrogenation in MeOH solution.

The octapeptide P2A8 (�8’ABC) was prepared by deprotecting under acidic
conditions the side chain of Api(Boc) in the octapeptide P2 (�8ABC) and coupling
the resulting compound with Azu-COOH/EDC/HOAt.

Since, in our experience with the model dipeptide Z-Api(Azu)-l-(aMe)Nva-OtBu,
the Azu group does not survive a catalytic hydrogenolysis treatment, we partly
modified Scheme 1 for the synthesis of octapeptide A2P8 (Scheme 2). We first
prepared the C-terminal pentapeptide 5B’’C’’ by condensing the tripeptide segment
3B’’-OH with the N-deprotected dipeptide 2C’’. The octapeptide 8’’ was synthesized

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008)1266

Scheme 2. Partial Segment-Condensation Approach Used for the Synthesis of the Terminally Blocked
Octapeptide A2P8
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from 5B’’C’’ by three successive steps using Z-l-(aMe)Nva-OH, Z-Api(Boc)-OH, and
Z-Aib-OH. In the last step, the side chain of Api(Boc) in the octapeptide 8’’ was
deprotected, and the resulting octapeptide was reacted with Azu-COOH/EDC/HOAt
to afford the desired octapeptide A2P8.

The various peptides and their synthetic intermediates were characterized by
melting-point determination, optical rotatory power, TLC in three different eluant
systems, and solid-state IR absorption (Table 1). All amino acid derivatives and
peptides were also checked by 1H-NMR and the longest peptides by ESI-TOF mass
spectrometry as well (results not shown).

UV Absorption. Fig. 3 shows the UV absorption spectra of the peptides P2A8 and
A2P8, and the reference compounds, containing only the pyrene (peptide P2) or the
azulene [Z-Api(Azu)-OH] chromophore.

The spectra of the peptides P2A8 and A2P8, very similar to each other, exhibit a
combination of the same absorption bands of the pyrenyl [25] and azulenyl [26–28]
components, indicating the absence of any strong ground-state interaction between D
and A in both peptides.

Peptide Conformation. CD and IR Absorption. To determine the conformational
preferences of the peptides investigated, we have performed CD and IR absorption
experiments. The CD spectra of P2, P2A8, and A2P8 in MeCN solution, shown in
Fig. 4, exhibit an intense negative maximum around 202–205 nm, typical of peptides
attaining a right-handed 310-helical conformation [29] [30]. In the 230–250-nm range
some differences among the three peptides can be noted, probably due to an induced
CD resulting from electronic transitions of the aromatic side chains (pyrene and
azulene), caused by the nearest-neighbor peptide groups [31] [32].

The IR absorption spectra in CDCl3 solution of the peptides P2 and P2A8, and their
synthetic precursors Z-Aib-Api(Pyr)-l-(aMe)Nva-OtBu and Z-Aib-Api(Pyr)-l-
(aMe)Nva-Aib-l-(aMe)Nva-l-(aMe)Nva-OtBu are shown in Fig. 5. In the N�H
stretching region, two characteristic bands were observed at ca. 3430 and 3330 cm�1.

Fig. 3. Absorption spectra of P2 (solid line) and Z-Api(Azu)-OH (dashed line) (left), and of P2A8
(dotted line) and A2P8 (solid line) (right) in MeCN solution

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008) 1267
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The first band is associated with NH groups not involved in H-bond interactions, while
the second band is typical of H-bonded NH groups [33] [34]. The relative area of the
latter transition increases with the length of the backbone, thereby denoting a greater
number of residues participating in the H-bond network, while the former transition
shows no intensity change with peptide chain elongation [35] [36]. This finding suggests
that only the N-terminal NH groups are not involved in intramolecular H-bonds, as
expected for a peptide helical structure. No significant changes were observed in the IR
absorption spectra when varying the peptide concentration between 10�4 and 10�2

m

(spectra not shown), ruling out self-association via intermolecular H-bonds.

Fig. 5. IR Absorption spectra of the Z-Aib-Api(Pyr)-l-(aMe)Nva-OtBu (3) , Z-Aib-Api(Pyr)-l-
(aMe)Nva-Aib-l-(aMe)Nva-l-(aMe)Nva-OtBu (6) , P2, and P2A8 in CDCl3 solution in the 3500–

3200-cm�1 region. Peptide concentration: 1�10�3
m.

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008) 1269

Fig. 4. Far-UV-CD spectra of the P2 (solid line) , P2A8 (dotted line) , and A2P8 (dashed line) in MeCN
solution. Peptide concentration: 1�10�4

m.
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The present IR absorption results support the conclusion that intramolecularly H-
bonded structures are largely populated by these octapeptides in solution and,
combined with the CD data, suggest that the compounds investigated are folded in
right-handed 310-helical conformations.

Steady-State and Time-Resolved Fluorescence. We next examined the excited-state
behavior of the pyrene-azulene octapeptides. Steady-state fluorescence experiments in
MeCN solution show a substantial quenching of the pyrene emission by azulene for
both A2P8 and P2A8, as illustrated in Fig. 6 (lex 341 nm). The fluorescence quantum
yields (f) are given in Table 2. Interestingly, the quantum yield of P2A8 is greater than
that of A2P8, indicating a more efficient quenching in the latter peptide. It should be
noted that the azulene emission is negligible, and the fluorescence quantum yield of the
pyrenyl peptide P2 (f¼0.063) is by one order of magnitude lower than that of pyrene
(f¼0.72) [37], probably because of the carbonyl derivatization.

Time-resolved fluorescence experiments are reported in Fig. 7. All time decays can
be reproduced by a multiexponential fitting function (Table 3), suggesting the
existence of several ground-state conformers. In agreement with the steady-state

Fig. 6. Steady-state fluorescence spectra of P2 (solid line) , P2A8 (dotted line) , and A2P8 (dashed line) in
MeCN solution (lex 341 nm)

Table 2. Quantum Yields (f) , Average Lifetimes (hti), and Dynamic Quenching Rate Constants (kq) of
the Pyrene-Azulene Octapeptides in MeCN Solutiona)

Peptide f hti kq [10�8 s�1]

P2 0.063 11.7
P2A8 0.022 6.4 0.7
A2P8 0.017 4.8 1.2

a) lex 341 nm.
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results, the average fluorescence lifetime hti of the peptide P2 (11.7 ns; Table 2) is much
shorter than that of the pyrene molecule in solution (200 ns), and both A2P8 and P2A8
are significantly quenched with respect to the reference compound P2. This quenching
can be explained in terms of intramolecular photoinduced electron transfer, but
resonance-energy transfer is very likely taking place as well, since the absorption
spectrum of the azulene chromophore partially overlaps with the emission spectrum of
the pyrene moiety [38].

The total quenching rate constants (Table 2) were calculated from the average
lifetimes of the pyrenyl group in the peptides (hti) and in the reference compound P2
(ht0i), as given by:

hkETi ¼
1
hti �

1
ht0i

In agreement with the steady-state results, the quenching rate constant of A2P8 is
greater than that of P2A8.

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008) 1271

Table 3. Time Decay Parameters of Excited Pyrene in the Pyrene-Azulene Octapeptides in MeCN and
DMSO Solutionsa)

Solvent Peptide a1 t1 [ns] a2 t2 [ns] a3 t3 [ns] c2

MeCN P2 0.14 1.2 0.37 9.4 0.49 16.4 1.10
P2A8 0.32 1.3 0.34 5.5 0.34 12.2 1.00
A2P8 0.4 2.3 0.59 6.6 1.03

DMSO P2 0.34 2.7 0.65 5.9 0.01 22.4 1.07
P2A8 0.33 1.2 0.56 4.3 0.11 7.6 1.07
A2P8 0.31 1.3 0.66 3.8 0.02 7.8 1.00

a) lex 341 nm, lem 410 nm. The uncertainty in lifetimes is ca. 5% for the long components and ca. 10% for
the short components. The uncertainty in the pre-exponents is ca. 10%.

Fig. 7. Fluorescence decay curves of P2, P2A8, and A2P8 (lex 341, lem 410 nm). The lamp profile is also
shown.
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Peptide destructuration would provide a useful test for the influence of the helical
dipole on the measured decay rates, as the net dipole of a fully unordered peptide is
zero [12]. Generally, DMSO is used as a structure-disrupting solvent, since the
sulfoxide group promotes the formation of S¼O· · ·H�N intermolecular H-bonding,
competing effectively with the intramolecular C¼O· · ·H�N H-bonds present in the
helix [39]. For this reason, time-resolved fluorescence experiments were also
performed in DMSO. Also in this case, time decays are described by multiexponential
functions, as reported in Table 3. Average lifetimes and quenching rate constants are
listed in Table 4: no significant differences are observed in the quenching rates with
respect to those obtained in MeCN solution, suggesting that DMSO is not able to
unfold the extremely stable 310-helix based on eight constituent a,a-disubstituted glycyl
residues. Unfortunately, CD experiments to confirm this conclusion cannot be
performed in this latter solvent, because of its strong absorption in the peptide
spectral region (195–250 nm).

Transient Absorption. Transient-absorption experiments with nanosecond resolu-
tion were carried out to further characterize the electron-transfer process between the
azulene and pyrene groups in the excited state, and to determine the charge
recombination rate constants for the back-electron-transfer reactions.

All transient absorption decays could be described satisfactorily with a double
exponential decay. The two components could be assigned to the pyrene radical cation
and pyrene triplet– triplet absorptions, based on the corresponding decay-associated
spectra (Fig. 8), which exhibit the absorption maxima typical of these species (450 and
420 nm, resp.) [40–44]. This spectral assignment was further confirmed by experiments
performed in the presence of oxygen (data not shown), which suggested a much lower
triplet– triplet contribution, due to efficient quenching of this species. The presence of
signals of radical species also in the octapeptide P2, which lacks the electron acceptor
azulene, indicates the occurrence of an electron-transfer process from pyrene to the
peptide backbone, as previously reported [45–49]. Transient absorption measurements
in the same wavelength region on the simple derivative Z-Api(Azu)-OH did not reveal
any specific feature, probably because of the very small singlet to triplet intersystem-
crossing efficiency in the azulene chromophore [50] [51]. Furthermore, no absorption
features ascribable to the pyrene radical anion (lmax 490 nm [42] [43] [52]) were
observed, a finding that rules out an electron-transfer process from azulene to pyrene.
The rate constants associated to the triplet state and the cation radical decay, and the
relative transient absorptions derived from the global analysis of the time-dependent

CHEMISTRY & BIODIVERSITY – Vol. 5 (2008)1272

Table 4. Average Lifetimes (hti) and Dynamic Quenching Rate Constants (kq) of the Pyrene-Azulene
Octapeptides in DMSO Solutiona)

Peptide hti kq (� 10�8) [s�1]

P2 5.0
P2A8 3.6 0.8
A2P8 3.1 1.2

a) lex 341 nm.
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spectra, are reported in Table 5. These data conclusively confirm the presence of an
effect of the electrical field induced by the peptide helix dipole on the back-electron-
transfer process, since the rate of radical cation decay is 1.5 times higher in P2A8 than
in A2P8.

Discussion. – This study analyzes the effects of the electrostatic field generated by a
310-helical peptide on the rate of intramolecular photoinduced electron-transfer
processes, and how these compare to the effects generated by a-helical peptides
[13] [14].

Fig. 8. Transient absorption experiments for the reference peptide P2. Left: decay curves at two
representative wavelengths. Curves resulting from the global double exponential fit are shown as solid
lines. Right: transient absorption decay associated spectra (at t¼0), derived from the global fit. Solid
line: radical cation; dotted line: triplet state. All transient absorption values are normalized by sample

absorbance at the laser excitation wavelength (355 nm).

Table 5. Decay Parameters from a Global Analysis of Transient Absorption Experiments on the Pyrene-
Azulene Octapeptides in MeCN Solution

Peptide DAtot/Aa) kT
b)

(� 10�4) [s�1]
DAT/Ac) aT

d) kc
e)

(� 10�5) [s�1]
DAC/A f) aC

g)

P2 0.289 0.6	0.1 0.098 0.34 1.82	0.05 0.191 0.66
P2A8 0.095 2.7	0.2 0.021 0.26 6.9	0.2 0.059 0.74
A2P8 0.100 4.9	0.5 0.026 0.26 5.0	0.2 0.074 0.74

a) Total differential absorption at t¼0, l 450 nm, normalized for the absorption of the pyrene
chromophore at 355 nm. b) Triplet decay rate constant. c) Differential triplet absorption at t¼0,
l 450 nm, normalized for the absorption of the pyrene chromophore at 355 nm. d) Fractional contri-
bution of the triplet state to the transient absorption intensity at 450 nm. e) Rate constant of the radical
cation decay. f) Differential radical cation absorption at t¼0, l¼450 nm, normalized for the absorption
of the pyrene chromophore at 355 nm. g) Fractional contribution of the radical cation to the transient
absorption intensity at 450 nm.
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The influence of an electrostatic field on electron-transfer rates can be illustrated in
terms of the simple semiclassical Marcus theory [53] [54]. The rate constant of electron
transfer (kET) from a donor to an acceptor at a fixed distance is described by the
following equation:

kET ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p3

h2lkBT

s
H2

DA exp � DG0 þ lð Þ2

4lkBT

" #

H2
DA ¼ ðH0

DAÞ
2 exp ð�brÞ

where h is Planck�s constant, l the reorganization energy, kB the Boltzmann�s constant,
T the absolute temperature, H2

DA the electronic coupling strength between donor and
acceptor, (H0

DA)2 the coupling strength at the closest contact, DG0 the driving force for
the electron-transfer reaction, b the tunneling parameter for the medium, and r the
edge-to-edge donor–acceptor distance. Any energy effects due to electrostatic
interactions between the helical field and the photogenerated D.þA .� couple are
included in the DG0 term. Therefore, the electron-transfer rate must depend on the
positioning of D and A with respect to the peptide helical dipole. The alignment of the
electric field with respect to the direction of the photoinduced electron transfer should
induce a faster electron-transfer rate in A2P8 than in P2A8. In contrast, the back-
electron-transfer charge-recombination process should be relatively favored in P2A8.
In principle, the different peptide conformations could influence also the coupling
between donor and acceptor, and, therefore, the tunneling parameter b. However,
quantum-chemical calculations suggest that this parameter is comparable in the 310- and
a-helices [15].

Fluorescence quenching experiments did show different decay rates for the excited
pyrene in the two peptides A2P8 and P2A8 (with a ratio of ca. 1.7). However, a simple
interpretation in terms of electron transfer is not warranted, since different
observations indicate that resonance energy-transfer processes from pyrene to azulene
cannot be neglected. The Fçrster radius R0 for pyrene and azulene, i.e., the
characteristic distance at which the energy-transfer efficiency is 50%, can be calculated
from the emission and absorption spectra of the two fluorophores [38]. The obtained
R0 value of 14.1 M is larger than the approximate distance of 12 M between the two
moieties, calculated by assuming a translational distance per residue of 2 M typical of
the 310-helix [3], and considering that the D and A chromophores are separated by six
residues in the octapeptides investigated. A direct indication that energy-transfer
processes are indeed taking place is provided by the transient absorption experiments.
If electron transfer to azulene is the main quenching mechanism of the pyrene excited
singlet state, a higher population of the radical cation species would be expected in the
peptides A2P8 and P2A8 with respect to the reference octapeptide P2. In contrast,
these peptides exhibited a reduced transient absorption (Table 5), both for the radical
cation and the triplet state, indicating an efficient quenching of the pyrene excited
singlet state by a process different from electron transfer.

A better insight in the electron-transfer process can be derived from the transient
absorption experiments. The overall transient absorptions of A2P8 and P2A8 are
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 16121880, 2008, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbdv.200890113 by U

niversita D
egli Studi D

i R
om

a, W
iley O

nline L
ibrary on [13/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reduced with respect to that of P2, because of the more efficient quenching of the
pyrene excited singlet state. However, the fraction of the observed signal associated to
the radical cation is slightly higher in these peptides than in the reference compound
P2, showing that a photoinduced electron-transfer process is indeed taking place. The
time resolution of our transient absorption setup is limited to processes slower than ca.
10 ns by the width of the pump laser pulse. Therefore, our data do not allow a direct
observation of the population of the radical cation species produced by the electron-
transfer process. In contrast, the back-electron-transfer phenomenon, causing the
decay of the radical cation, can be followed easily. The influence of the peptide helix
electric field on this process should be reversed from the case of formation of the
charge-separated state. Accordingly, the measured rate constants for charge recombi-
nation exhibit a ratio P2A8/A2P8 of ca. 1.5. In summary, our results indicate that the
electric field generated by the peptide helix has a significant effect on the electron-
transfer rate for both the photoinduced charge separation process and the back-
electron-transfer charge recombination.

It is interesting to relate these findings with those obtained for a-helical peptides,
where a ratio of eight between the two electron-transfer rates was observed [13] [14].
Even if the two data sets are not strictly comparable, because of differences in the
peptide sequence, the present results suggest that the 310-helix has a lower effect than
the a-helix on the intramolecular electron-transfer process. This observation is in
agreement with recent experiments performed by electrochemical methods on 310-
helical peptides covalently linked to a gold surface [55], showing that the helix dipole
moment affects the electron-transfer rate toward the gold substrate. Also in that case,
the effect was lower in 310-helical than in a-helical peptides. Excluding possible
differences between the 310- and the a-helix in the coupling provided by the peptide
bridge for the long-range electron-transfer process, quantified by the tunneling
parameter b [15], the observed differences between the two helical conformations are
very likely due to the imperfect alignment of the peptide dipoles in the 310-helix [3],
leading to a lower overall electric field.

Conclusions. – Combination of various spectroscopic techniques (UV absorption,
CD, IR absorption, nanosecond transient absorption, and steady-state and time-
resolved fluorescence) allowed us to determine the effect of the electric field generated
by a peptide 310-helix on the rate of intramolecular electron-transfer reactions. The data
obtained indicate that a significant effect of this electrostatic field takes place on the
electron-transfer rates for both the photoinduced electron-transfer and the charge-
recombination processes. However, this influence is lower than that previously
observed for a-helical peptides [13] [14], probably because of the imperfect alignment
of peptide dipoles in the 310-helix, leading to a lower overall electrostatic field. These
results could also be of relevance to electron-transfer processes across model and
biological membranes induced by 310-/a-helical peptaibiotics.

Experimental Part

General. Abbreviations: Aib, a-Aminoisobutyric acid; (aMe)Nva, C(a)-methyl norvaline; Api, 1-
aminopiperidine-1-carboxylic acid; Azu, azulen-1-ylcarbonyl; BgO, N-benzhydrylglycolamide; Boc,
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(tert-butoxy)carbonyl; EDC, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride; HOAt,
7-aza-1-hydroxy-1,2,3-benzotriazole; NHtBu, (tert-butyl)amino; OtBu, tert-butoxy; PE, petroleum ether;
Pyr, pyren-1-ylcarbonyl; TFA, trifluoroacetic acid; Z, (benzyloxy)carbonyl. Anal. TLC: silica gel F254
(Merck); eluant systems: 10% EtOH/CHCl3 (I); 20% AcOH, 60% butan-1-ol (II); 15% EtOH/toluene
(III); UV detection (254 nm) for all compounds. Anal. HPLC: Pharmacia LKB-LCC chromatograph
equipped with a Uvicord SD absorbance detector (226 nm); reversed-phase C18 Agilent Zorbax (5 mm)
column (250�4.6 mm); eluant systems: 0.05% TFA/H2O (A); 0.05% TFA/10% H2O/MeCN (B);
gradient 70 to 90% B in 25 min; flow rate: 1 ml/min. M.p.: Leitz Laborlux 12 apparatus; determination
with a temp. raise of 38/min; uncorrected. [a]D: Perkin-Elmer 241 polarimeter, 1-dm thermostatted cell.
FT-IR Absorption spectra: solid-state IR by the KBr disk technique, with a Perkin-Elmer 580 B
spectrophotometer equipped with a Perkin-Elmer 3600 IR data station. 1H-NMR Spectra: in CDCl3
(99.96% D; Aldrich) at 400 MHz, Bruker AM-400 spectrometer; d in ppm rel. to Me4Si as internal
standard, J in Hz. MS: Perseptive Biosystems Mariner ESI-TOF. Physical data and anal. properties for the
newly prepared peptides are listed in Table 1.

Electronic Absorption. All the electronic absorption experiments were carried out at r.t. on solns. in
quartz cuvettes (optical pathlength 1 cm) with a Cary 100 scan spectrophotometer. The concentrations of
the solns. were typically 10�5 –10�4

m. Extinction coefficient values were determined by using the
Lambert–Beer law. The exper. error on the sample concentrations was estimated to be 	10%.

Circular Dichroism. CD Spectra were recorded on a Jasco J-600 dicrograph with a 0.1-cm pathlength
quartz cell. Concentrations of peptide solns. were 10�4

m.
IR Absorption. IR Absorption measurements in soln. were performed on a Perkin-Elmer model 1720

X FTIR spectrophotometer, N2-flushed, equipped with a sample-shuttle device, at 2-cm�1 nominal
resolution, averaging 100 scans. Solvent (baseline) spectra were obtained under the same conditions.
Cells with pathlengths of 0.1, 1, and 10 mm (with CaF2 windows) were used.

Fluorescence. Steady-state fluorescence spectra were recorded on a SPEX Fluoromax spectro-
fluorimeter, operating in the single photon counting mode. All experiments were performed using a
thermostat at 298 K. Solns. were in quartz cuvettes (absorbance at excitation wavelength �0.03; optical
pathlength 1 cm). Quantum yields were determined by using a fluorescent standard, the quantum yield
of which was known, and the emission spectral properties of which closely matched those of the
compound under investigation. The quantum yield of the sample is then operationally defined as:

fs¼fr (Ar/As) (Fs/Fr)(ns/nr)2

where f is the quantum yield, A is the absorbance at the excitation wavelength, F is the integrated
emission area across the band, n the refractive index of the solvent, and the subscripts s and r refer to the
sample and the reference, resp. The reference used was anthracene in EtOH (f0¼0.27	0.03). The
exper. errors were 	15%. Fluorescence decay was measured with a CD900 single photon counting
apparatus from Edinburgh Analytical Instruments. The excitation source was a gas discharge lamp
(model nF 900) filled with ultrapure H2 for excitation in the UV range. Under the exper. conditions
(300 mm Hg gas pressure, 40 kHz repetition rate) used, the full-width half-maximum of the excitation
profile was 1.2 ns. Decay curves were fitted by a non-linear least-squares analysis to exponential functions
by an iterative deconvolution method. All experiments were carried out in quartz cells using solns.
previously bubbled for 20 min with ultrapure N2.

Transient Absorption. Nanosecond transient absorption experiments were performed with an LKS
60 apparatus (Applied Photophysics) using a Brilliant B Nd YAG Q-switched laser (Quantel) equipped
with a third harmonic generator module to obtain a 355-nm excitation light with a pulse duration of 4 ns
(full-width half-maximum) and an energy of ca. 20 mJ. Monochromatic probe light was obtained by
filtering the output of a 150-W pulsed Xe lamp through two consecutive monochromators, positioned one
in front of and the other behind the sample (bandpass 3 and 3 mm).

We thank Prof. B. Pispisa (University of Rome, Tor Vergata) for many stimulating discussions. The
financial contribution, MIUR (PRIN 2006) is also acknowledged.
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