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The ground- and excited-state properties of two conformationally constrained hexapeptides of gen-
eral formula Boc-Bin-A1-A2-T-A1-A2-OtBu, where A1 and A2 are a-aminoisobutyric acid (Aib) or
L-alanine (Ala), Bin is an optically pure, axially chiral 1,19-binaphthyl-substituted Aib, and T (Toac)
is a stable nitroxide free radical-containing Ac6c analog, were investigated in methanol solution.
These peptides are denoted as (R)-Bin/Toac and (S)-Bin/Toac, depending on the chirality of the bi-
naphthyl moiety. Electronic spectra in methanol indicate the occurrence of intramolecular exciton
interaction between the naphthyl moieties of Bin, and time-resolved fluorescence measurements
show a biexponential decay for both peptides examined. According to infrared (IR) absorption
data in the NH stretching frequency region, and to earlier X-ray diffraction results on (S)-Bin/Toac
in the crystal state, both (R)-Bin/Toac and (S)-Bin/Toac populate a 310-helix in solution with op-
posite screw sense, the helical handedness being determined by the chirality of binaphthyl and not
by that of the Ala residues in the main chain. The combination of molecular mechanics calcula-
tions with fluorescence decay data indicate that the two observed lifetimes for each peptide arise
from two conformations having different interprobe distance and orientation, in which electronic
energy transfer from excited Bin to Toac takes place.

KEY WORDS: Steady-state fluorescence; time-resolved fluorescence; 310-helical peptides; electronic energy
transfer; Förster model; molecular mechanics calculations; molecular modeling.
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INTRODUCTION

Peptide helices of different length have been used
as spacers in photophysical studies, in that rigid D-
spacer–A assemblies (where D is a donor and A an
acceptor group) provide a well-defined distance and ori-
entation between the probes, thus facilitating a correct
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interpretation of experimental results based on geomet-
ric-dependent photophysical processes [1,2]. This is par-
ticularly true for peptides exhibiting a restricted confor-
mational mobility, comprising Ca-disubstituted a-amino
acids in the backbone chain [3,4].

With the aim of elucidating the dynamics and con-
formational features of linear, sterically restrained oligopep-
tides in solution [5] carrying appropriate fluorophores, we
investigated the photophysical behavior of two short, lin-
ear peptides containing covalently linked (R)- or (S)-bi-
naphthyl [(R)- or (S)-Bin] and Toac (T), as illustrated in
Chart I. The general formula of these hexapeptides is Boc-
Bin-A1-A2-T-A1-A2-OtBu, where A1 and A2 are a-
aminoisobutyric acid (Arb) or L-alanine (Ala), Boc is tert-
butyloxycarbonyl, OtBu tert-butoxy, and Toac is



2,2,6,6,-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic
acid. One of the questions to address was the role played
by the chirality of Bin, located at the N-terminus of the
main chain, on the screw sense of the helical backbone.
According to X-ray diffraction data in the crystal state
[6,7], the (S)-Bin/Toac hexapeptide is in the 310-helical
conformation with left-handedness (1.h.), despite the pres-
ence of L-alanine residues in the backbone chain. In ad-
dition, because the X-ray analysis of this peptide shows
the presence of two conformers, which have different
puckering of the Toac moiety and its spatial orientation
with respect to the Bin group [6,7], another question was
whether a conformational equilibrium of this type takes
place in solution. By combining time-resolved fluores-
cence measurements with molecular mechanics calcula-
tions, we were able to build up the sterically most favored
conformations in solution, which for (S)-Bin/Toac were
found to well reproduce the structural features of the crys-
tal state. This finding emphasized the lack of conforma-
tional mobility in the peptides examined.

EXPERIMENTAL

The syntheses of the Bin/Toac hexapeptides were
performed step-by-step in solution. Bin [8] and Toac
residues were incorporated using the N-ethyl, N9-(3-

dimethyl-aminopropyl) carbodiimide/1-hydroxy-7-aza-
benzo-triazole approach [9], whereas Aib and Ala residues
were incorporated via the symmetrical anhydride method.
Both compounds were obtained in a chromatographically
homogeneous state and were fully characterized [7,10].

Spectrograde solvents (Fluka) were used; the CDCl3

for IR spectra was 99.8% D.
Infrared (IR) absorption spectra were recorded on a

Perkin-Elmer 983 spectrophotometer, using CaF2 cells. Cir-
cular dichroism (CD) measurements were performed using
a Jasco J-600 instrument with appropriate quartz cells.

Steady-state fluorescence spectra were recorded on
a SPEX Fluoromax spectrofluorimeter, operating in the
SPC mode. Nanosecond decays were measured using a
CD900 SPC lifetime apparatus from Edinburgh Instru-
ments. The decay curves were fitted by a nonlinear least
squares analysis to exponential functions through an iter-
ative deconvolution method. All solutions were bubbled
for 20 min with ultrapure argon before each measurement.

Other instruments were described in references [5,11].

RESULTS AND DISCUSSION

IR Spectra

Helical peptides are known to exhibit two character-
istic absorption bands in the NH stretching region, one at
approximately 3430 cm21, associated to the stretching vi-
bration of N-H groups not involved in H-bond interactions,
and the other one at approximately 3330 cm21, typical of
H-bonded N-H groups. We measured the ratio of the in-
tegrated molar extinction coefficients εb/εf (where sub-
scripts b and f denote H-bonded and free NH groups, re-
spectively) for both (R)- and (S)-Bin/Toac hexapeptides.
This ratio was obtained from the integrated IR absorbances
of intramolecularly H-bonded (Ab) and free (Af) N-H
groups, according to the expression εb/εf 5 (Ab/Af)
(nf /nb)

11), where nb and nf are the numbers of H-bonded
and free peptide units, respectively. From the results, one
obtains εb/εf 5 2.8 6 0.4 and 3.7 6 0.4 for (R)- Bin/Toac
and (S)-Bin/Toac, respectively[12]. Within experimental
errors, these figures fall on the curve earlier determined
for a number of 310-helical peptides [11], thereby indicat-
ing that the Bin/Toac peptides examined populate a 310-
helix, which, in turn, implies that the ordered structure in
the crystal state [6,7] is fully preserved in solution.

Ground- and Excited-State Properties

The ultraviolet (UV) absorption spectra of (R)- and
(S)-Bin/Toac in methanol and the UV spectrum of the
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reference [(S)-Bin] exhibit a shift to 305 nm of the naph-
thalene band at 280 nm, whereas the band at approxi-
mately 225 nm is doubled. The maxima are found at 218
and 230 (sh) nm. This finding implies a strong electronic
coupling of naphthyl moieties in the ground state via in-
tramolecular exciton interaction [13,14]. The exciton is
delocalized over the entire binaphthyl group, causing
an exciton splitting in the circular dichroism spectrum
(Fig. 1)[15].

The presence of Toac in the molecules does not per-
turb such strong coupling, according to the finding that
both the absorption and CD spectra of the Bin/Toac pep-
tides are almost identical to those of the reference. In ad-
dition, no charge transfer bands are detected in the elec-
tronic spectra, ruling out the formation of a ground-state
CT complex.

We next examined the excited-state behavior of the
Bin/Toac peptides. According to steady-state fluores-
cence spectra in methanol (lex 5 305 nm), a substan-
tial quenching of Bin singlet emission by Toac occurs
(Fig. 2), although no evidence for exciplex emission
could be obtained, even by decreasing solvent polarity
(methanol vs dioxane).

For time-resolved fluorescence behavior (lex 5 305
nm, lem 5 360 nm), the decay curve of the reference
was found to be strictly monoexponential, i.e., t0 5 4.9 ns
in methanol, with t0 definitely shorter than the unper-
turbed lifetime of naphthalene (52.5 ns). This indicates
a strong dynamic quenching, very likely ascribable to
an exciton interaction associated with the aforemen-
tioned coupling regime. In contrast, the Bin/Toac hexa-

peptides exhibit a biexponential decay, according to the
expression

(1)

where i 5 1 or 2 (Fig. 3).
The lifetime distribution analysis of the decays is

in full agreement with the results of the discrete model
reported in Table I. The results give one distribution
only for the reference and two narrow distributions for

I(t) 5 oiai exp(2t/ti)
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Fig. 1. CD spectra of (R)-Bin/Toac (a) and (S)-Bin/Toac (b) in
methanol, within the wavelength region of binaphthyl absorption.

Fig. 2. Steady-state fluorescence spectra of the reference (S)-Bin
(a), (S)-Bin/Toac (b), and (R)-Bin/Toac (c) in methanol, at approxi-
mately 2 3 1026 M concentration.

Fig. 3. Normalized decay profile (lex 5 305, lem 5 360 nm) for the
reference (a), (S)-Bin/Toac (b), and (R)-Bin/Toac (c) in methanol.
The full lines represent the best fit to the experimental data by a
mono- (a) and a biexponential (b and c) decay. The lamp profile is
also shown (d).



both (S)- and (R)-Bin/Toac hexapeptides, the centers
and relative weights of which compare well with the
lifetimes and preexponents of the discrete model, re-
spectively (Table I). This finding strongly supports the
idea that each decay component of the discrete model
refers to one conformer populating the solution, char-
acterized by a given center-to-center distance and mu-
tual orientation of the chromophores. In principle, a sin-
gle decay time could arise either from a single conformer
or from many conformers, all having a very similar
quenching rate. This latter hypothesis implies that all of
these conformers have a very similar structure, and hence
a very similar interprobe distance and orientation; they
are thus indistinguishable within the resolution time. In-
terestingly, the distribution analysis of the fluorescence
time decay of (S)-Bin/Toac in dimethylsulfoxide
(DMSO, a well-known structure-breaking solvent) gives
rise to one wide distribution only, very likely arising
from many slightly different conformations. This is a
further indication that each lifetime of the biexponen-
tial decay in methanol, listed in Table I, is ascribable
to one conformer only.

Finally, the observation that ,t./t0 Þ F/F0, where
,t. 5 oiaiti and indicates that static quenching occurs
in both peptides, ,t./t0 is 0.41 6 0.06 and 0.30 6 0.06,
as compared with F/F0 5 0.10 6 0.02 and 0.03 6 0.01
for the (S)-and (R)-Bin/Toac, respectively. This effect is
likely to arise from an instantaneous process within a com-
plex between the active chromophores. In addition, the
observation that the ratio of the average lifetimes of (S)-
Bin/Toac and (R)-Bin/Toac is quite different from the
ratio of the corresponding quantum yields of the steady-
state spectra (i.e., 1.36 compared with 3.50), suggests that
the aforementioned ground-state complexes populate the
solution to a different extent. This finding is not surpris-
ing because the two peptides are diasteromers; they have
different structural features and experience different short-
range interactions. A difference in the energetics should
be expected.

Quenching Mechanism

We then addressed the problem of the mechanisms
that contribute to the singlet state quenching in the Bin/Toac
hexapeptides. Despite the widespread use of doublet
quenchers to probe the structural and dynamic features of
membranes [16,17], micelles [18], and protein surfaces
[19,20], there is no univocal interpretation of this phe-
nomenon yet, chiefly because most of the literature about
nitroxide-based quenchers describe uncovalently linked flu-
orophore-quencher pairs, leading to measured quenching
rate constants controlled by diffusion processes [19].

We first investigated the electron transfer (ET) within
the hexapeptides. This quenching pathway, however, was
ruled out because of the lack of correlation between the po-
larity of the solvents used and the kinetics of the intramol-
ecular ET process. One would have expected large dynamic
solvent effects on the rate constants [21]. In contrast, the
quenching rate constants were as follows: k1 5 5.3 3
108 s21 and k2 5 2.0 3 107 s21 in methanol (ε 5 32.7);
k1 5 16.4 3 108 s21 and k2 5 6.5 3 107 s21 in isopropyl
alcohol (ε 5 18.9); k1 5 9.1 3 108 s21 and k2 5 5.1 3 107

s21 in dioxane (ε 5 2.0), where ki 5 ti
21 2 t0

21.
We next examined the quenching mechanism in

terms of Dexter [22] and Förster [23] models.
The efficiency in the Dexter energy transfer mech-

anism is exponentially dependent on the interchro-
mophoric distance [24]:

(2)

where i 5 1 or 2, kD 5 t0
21 is the rate constant for the

donor emission, and JD is the Dexter overlap integral
(cm), as obtained by spectroscopic measurements, i.e.:

(3)JD 5 #
`

0

Fi,D( v
_
)εi, A( v

_
)d v

_

Ei/(12Ei) 5 (2p/kD)Vi2JD
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Table I. Time Decay Parameters of Excited Bin in the (S)- and (R)-Bin/Toac Hexapeptides in Methanol,a from Both Exponential (ex) and
Lifetimes Distribution (ld) Analyses

Data t1 Distribution t2 Distribution
Peptide analysis a1 (ns) widthb (ns) a2 (ns) widthb (ns) x2

(S)-Bin/Toac ex 0.79 1.36 0.21 4.46 1.33
1d 0.82 1.54 0.63 0.18 4.70 0.74 1.33

(R) – Bin/Toac ex 0.74 0.47 0.26 4.36 1.13
1d 0.69 0.43 0.22 0.31 4.16 0.80 1.17

a lex 5 305, lem 5 360 nm. The uncertainty in the lifetimes is approximately 10%, but it is within 6 0.15 ns for the shortest lifetime from the
exponential analysis. The uncertainty in the preexponents is approximately 10%.

b Full width at half-maximum.



with the normalization conditions:

(4)

whereas

(5)

In Eq. (5), Km is a constant corresponding to the elec-
tronic matrix coupling at orbital contact, Rm is the inter-
probe center-to-center distance in the mth conformer of
the given peptide, and L is the average radius involved
in the initial and final states [25]. By using the same
L 5 5.0 Å value for the van der Waals radius of the
probes in both peptides examined, the Km ? JD values
are approximately 4 3 10218 erg, i.e., one order of mag-
nitude higher than those reported for electronic energy
transfer via exchange interaction in bichromophoric mol-
ecules [26]. This strongly suggests that the intramolecu-
lar energy transfer in both (R)- and (S)-Bin/Toac hexa-
peptides is not controlled by a Dexter-type mechanism.

We have studied the photophysics of a number of
assemblies carrying Toac as acceptor and tryptophan [5]
and fluorene [27] as donor. In all cases, the quenching
mechanism could be correctly described by the Förster
model [23,28], for which rate constant for energy trans-
fer can be expressed as:

(6)

where JF is the overlap integral calculated from fluores-
cence spectra, as given by Eq. (7), km

2 is a dimension-
less geometric parameter determined by the spatial ori-
entation of the transition dipole moments of the donor
and acceptor in the mth conformer [5,29], F0 is the quan-
tum yield of the reference, and n is the refractive index
of the solvent. Where rapid relative rotations occur, the
dynamic isotropic average of the orientation factor,
,k2. 5 2/3, is instead used [29].

(7)

In Eq. (7), FD (v–) is the fluorescence intensity of the donor
(Bin), and εA (v–) is the extinction coefficient of the ac-
ceptor (Toac) at wavenumber v–. Accordingly, the quench-
ing efficiency can be written as [23,24,30]:

(8)Em 5
1

11 c 2

3km2
aRm

R0
b6 d

JF 5

#
`

0
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_
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_
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v

km,F 5 8.71 3 1023 3 (JFkm2F0)/(Rm
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Vm2 5 Km exp(22Rm/L)

#
`

0

Fi,D(v
_
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`
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eA(v
_
)dv

_
5 1

where R0 is the distance at which 50% transfer of exci-
tation energy occurs, i.e.,

(9)

Note that the transition dipole moment of Toac was taken
to lie in the CNC plane [31] and perpendicular to the
N–O bond, whereas that of the binaphthyl was taken as
a vectorial combination of the dipoles from each naph-
thalene group, as shown in Fig. 4.

From the results, R0 5 9.7 Å in methanol. Despite
the relatively low R0 value, the Förster model is adequate
to describe the quenching process in the peptides exam-
ined, as strongly suggested by the excellent agreement
between the experimental and calculated quenching effi-
ciencies, shown below. Furthermore, deviations from
Förster theory at short distances have been extensively
studied by Scholes and Ghigghino [32], who demonstrated
that at separation of 9 Å or more, the rate takes on the
form expected for a pure dipole–dipole mechanism,
whereas the exchange mechanism makes only a 5%
contribution at 5 Å separation. Several other articles
support this conclusion [1,7], and recently, the Dexter
mechanism was reported to apply only to compounds
exhibiting R0 # 5 Å [25].

R0 5 9.79 3 103[(2/3F0JF)/n4]1/6
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Fig. 4. Scheme of the two chromophores in the Bin/Toac peptides
and of their electric dipole transition moments, represented as heavy
double arrows.



To summarize, both theoretical and experimental re-
sults strongly support the idea that the dipole–dipole
interaction is the major pathway of quenching in the pep-
tides examined.

Molecular Mechanics Calculations

To gather information on the geometric and steric
constraints that control both the interchromophoric dis-
tance and probe orientation in the hexapeptides investi-
gated, we have undertaken molecular mechanics calcu-
lations [33–35], starting from the backbone chain in both
a l.h. and a right-handed (r.h.) 310-helix, in agreement
with the aforementioned IR data. The force field em-
ployed has been described [33,35] by Um,tot, which de-
notes the total potential energy of the mth conformer [Eq.
(11)], comprising stretching and bending terms (STR and
BEN), in addition to electrostatic (COUL), nonbonding
(NB), and torsional (TOR) potentials.

(11)

Owing to the rigidity of the hexapeptides examined,
a narrow distribution of conformers for each backbone
structure could be predicted. As Table II lists the mole-
cular parameters of the low-energy structures of the
Bin/Toac peptides. The molecular models are illustrated
in Fig. 5.

The main inferences to be drawn from Table II and
Fig. 5 are as follows. First, the sterically most favored
structures are two conformers with the backbone chain

Um,tot 5 COUL 1 NB 1 TOR 1 STR 1 BEN

with opposite screw sense, i.e., two r.h. 310-helical con-
formers for (R)-Bin/Toac and two (isoenergetic) l.h. 310-
helical structures for (S)-Bin/Toac. Second, in both cases
these conformers experience a different spatial orienta-
tion of Toac with respect to (R)- or (S)-Bin, owing to a
different puckering of the Toac moiety. Third, the topol-
ogy of the Toac ring in the computed conformations is
close to that observed in the crystal state for (S)-Bin/Toac,
as illustrated in Table III.

Finally, in both cases molecular mechanics calcu-
lations give rise to an additional conformer with a low
population, which might be associated with the non-
fluorescent ground-state complex mentioned above. This
will be discussed elsewhere, though it is worth noting
that molecular mechanics underestimate the population
of these complexes because electronic effects could not
be taken into account.

Comparison Between Experimental and Theoretical
Results

When the experimental quenching efficiency, as
given by

(10)

is compared with that theoretically obtained from the
computed low-energy structures, according to Eq. (8), a
very good agreement is obtained, as shown in Table II.
This validates the computed structures in that the corre-
lation between calculated and experimental efficiencies

Ei 5 12(t1/ t0)
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Table II. Molecular Parameters and Energy Transfer Efficiencies in the Sterically Most-Favored Conformers of (S)- and (R)-Bin/Toac
Hexapeptides

Backbone
confomationa Um, tot

b Rm
c km

2d Em, calcd
e Ei,expf

(S)-Bin/Toac

1.h. 310-helixg 0 5.84 0.090 0.74 0.72,  0.07
0 6.18 0.004 0.07

r.h. 310-helix 1.7 8.69 0.700 0.67

(R)-Bin/Toac

r.h. 310-helixg 0 7.23 0.765 0.87 0.90, 0.09
0.31 7.26 0.021 0.15

1.h. 310-helix 3.1 9.60 0.417 0.40

a Left-handed (1.h.) and right-handed (r.h.) helix.
b From Eq. (11) (kcal ? mol21).
c Interchromophoric center-to-center distance (Å).
d Orientation parameter.
e Calculated energy transfer efficiency, from Eq. (8).
f Experimental energy transfer efficiency (in methanol), as given by Eq 10.
g See Fig. 5.
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Fig. 5. Molecular models of the sterically most favored conformers of (S)-Bin/Toac (A and B) and (R)-Bin/Toac (C
and D). The backbone chain is in the left-handed (1.h.) and right-handed (r.h.) 310-helix, respectively, viewed per-
pendicularly to the helical axis. In each structure, the four intramolecular H-bonds are indicated by dashed lines. Ni-
trogen atoms are in black and oxygen atoms are dotted. Note the peculiarity of the handedness of the ordered back-
bone, which is not controlled by the chirality of the Ala residues, but rather by the chirality of the binaphthyl moiety
at the N-terminus of the main chain. Note also the close approach of one methyl group of Toac to one naphthyl moi-
ety of Bin in all conformers, causing the chromophores to experience C-H p p interactions that stiffen the whole
molecule.



is highly demanding for the structural features, and de-
pends on the sixth power of the interprobe distance and
the mutual orientation of the probes, and also on the spec-
troscopic parameter R0, and hence on the properties of
both the fluorophores and solvent [Eq. (8)]. Therefore,
the low-energy computed conformers may be considered
as a good representation of those actually populating the
methanol solution.

CONCLUSIONS

The Bin/Toac hexapeptides investigated experience
electronic energy transfer from excited binaphthyl to
ground-state Toac as the major excited-state process in
the nanosecond time scale. Combination of time-resolved
fluorescence resonance energy transfer measurements with
molecular mechanics data were productive in solving the
problem of a quick identification of the most relevant
structural features of relatively small compounds in so-
lution. This is an important goal for fluorescence spec-
troscopy, because even nuclear magnetic resonance
(NMR) studies do not always lead to a unique interpre-
tation of the conformational features of peptides in so-
lution. Indeed, this kind of study is often made difficult
by the large conformational changes occurring rapidly on
the NMR time scale, so that the NMR observables and
the restraints developed from them are only consistent
with an average structure that may not even exist [36].
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