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Abstract: Four diamino acid-N*-substituted oligopeptide (DNO) oligomers substituted with pyrenyl as
photophysical probes were synthesized. The excimer formation and ground-state association of the pyrenyl
groups were investigated by means of absorption and steady-state fluorescence spectroscopy together with
time-resolved fluorescence techniques. The photophysical parameters obtained from the different deriva-
tives reflect the secondary structural properties of the DNO backbones. Copyright © 2000 European Peptide

Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Peptides are ideally suited for the design and syn-
thesis of novel molecules and materials with poten-
tially interesting structures and functions [1-3].
Recently, a novel class of peptides containing
azobenzene chromophores was investigated as ma-
terials for optical storage of information [4-6]. By
analogy with the design of peptide nucleic acids
(PNA) [7-9], these so-called diamino acid-N*-substi-
tuted oligopeptides (DNOs) were designed with a
molecular geometry similar to that of DNA so as to
impose orientational order on the chromophores.

Abbreviations: Dab, diaminobutyric acid; Dap, diaminopropionic
acid; DNO, diamino acid-N*-substituted oligopeptide; excimer, ex-
cited dimer; HPLC, high performance liquid chromatography;
MALDI-TOF, matrix assisted laser desorption ionization-time of
flight mass spectroscopy.
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! Present address: Bornholms Amtsgymnasium, Sgborgstraede 2,
3700 Regnne, Denmark.
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The DNO backbone is made up of diamino acids,
e.g. ornithine (Orn) units (Figure 1) dimerized or
oligomerized through the J-amino groups and with
the chromophores attached to the z-amino groups
by carbonyl linkers.

It has not been possible to obtain direct struc-
tural information about DNOs via X-ray crystallog-
raphy or NMR spectroscopy since these compounds
are slightly soluble in common solvents and very
hard to crystallize [5,6]. Among alternative means,
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Figure 1 Chemical structures of Orn-based DNO substi-
tuted with azobenzene chromophores, DNA and PNA.
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photophysical probes have been used extensively in
order to investigate the structure and dynamics of
molecules in dilute solution [10]. In the present
paper, the structural properties of DNO investigated
with pyrene excimer (excited dimer) formation are
reported. Excimer formation of two pyrene moieties
is one of the more widely used photophysical probes
[11]. The pyrene excited singlet state has the inter-
esting property of efficient excimer formation with
its ground state counterpart, as well as a high
fluorescence quantum yield and a long lifetime
(g =0.72 [12], 73, =190 ns in polar solvents [13]).
The excimer is largely deactivated by emission,
which occurs at lower energy (1 ~ 480 nm) than the
fluorescence of the monomer singlet state (1~ 380
nm). These properties make a pyrene pair an excel-
lent photophysical probe. The first obvious conse-
quence of pyrene chromophores being linked to the
same molecule is the greatly enhanced local con-
centration of the chromophores allowing excited
state complex formation at very low concentrations.
The extent of excimer formation is limited by the
probability for a molecule containing two pyrenyls
to reach, within the lifetime of the excited singlet
state, a conformation suitable for excimer formation
[14]. The interchromophore face-to-face distance of
excimers has been estimated to be ca. 3-3.5 A in
diaryl-substituted polypeptides [15]. However, due
to molecular fluctuation at room temperature and
the attractive forces of the excimer described here,
the critical distance of excimer formation is ca. 4.5
A for pyrenyl substituents in peptides [15].

Winnik has described very useful experimental
criteria for the detection of pyrene ground-state as-
sociation and excimer formation in supramolecular
systems utilizing absorption and fluorescence spec-
troscopic techniques [11]. The 'L, absorption band
has a distinct vibronic structure, which is partly
smeared out when association between two pyrene
moieties occurs in the ground state. Thus, the
peak-to-valley ratio of the (0,0) transition of the 'L,
band and its adjacent minimum, respectively, is a
convenient way of measuring this loss of resolution
(see Results section for further details) [11]. A small
bathochromic shift in the (0,0) transition (L,) at
341-332 nm of the excimer fluorescence excitation
spectrum relative to that of the monomer [AL= 4.
(excimer) — /... (pyrene)] is also indicative of a
ground-state association [11]. In systems where as-
sociation occurs, A/ takes a positive value from 1 to
4 nm [11].

For this work four DNOs were prepared, each
substituted with a pair of pyrenyl groups (DNO-1,
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Figure 2 Chemical structures of the DNOs used in this
study.

DNO-2, DNO-3 and DNO-4, Figure 2). In DNO-1,
2,3-diaminopropionic acid (Dap) forms a dipeptide
with glycine (Gly) via the f-amino group. Thus, a
total of four bonds connect the «-carbons. The
pyrenyl moieties are attached via methylcarbonyl
links to the o-nitrogens. Similarly, DNO-2 and
DNO-3 are based on 2,4-diaminobutyric acid (Dab)
and Orn, respectively, rendering five and six bonds
between the «-carbonyls. The DNO-4 backbone is a
tripeptide that constitutes two Orn and one Gly, a
total of 12 bonds connecting the terminal «-
carbonyls. (1-Pyrenyl)glycine (1) was prepared as a
reference. The absorption, fluorescence excitation
and emission spectra of the derivatives have been
measured as well as the lifetimes of the fluores-
cence emissions. The data are analysed for informa-
tion on the DNO backbone’s structure and
dynamics based on the experimental criteria de-
fined by Winnik [11] and by comparison with force-
field calculations.

MATERIALS AND METHODS

The DNOs were synthesized by stepwise Merrifield
synthesis [16,17] using a synthetic protocol similar
to the one previously reported for azobenzene-
substituted DNO [4] except that (1-pyrenyl)acetic
acid was used as the side-chain monomer. The
DNOs were purified by semi-preparative HPLC and
were shown to have the expected molecular masses
by MALDI-TOF mass spectrometry.

The absorption spectra were measured on a
Perkin-Elmer Lambda 5 UV/VIS Spectrophotometer
using 1x1 cm optical quartz cells. Solutions
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(~1 x 10~3 M in methanol) were prepared in order
to obtain the fluorescence excitation and emission
spectra and lifetimes. Methanol (HPLC-quality) was
used as received. It showed no fluorescence at the
excitation wavelengths employed.

For steady-state fluorescence emission and exci-
tation spectra an FS900, Edinburgh Analytical In-
strument luminescence spectrometer was used. A
highly concentrated (ca. 5 g/L) solution of Rho-
damine B in glycerol was used as a quantum coun-
ter in order to correct the excitation spectra. Raman
scatter did not interfere with any of the fluorescence
spectra shown.

The fluorescent lifetimes were measured on a
time-correlated single-photon-counting (SPC) ap-
paratus (FL900O, Edinburgh Analytical Instruments)
using a nanosecond flash-lamp filled with either
nitrogen or hydrogen. The excitation wavelength
was set at 337 nm, thus using the nitrogen line at
this wavelength when measuring lifetimes longer
than 10 ns. For lifetimes shorter than 10 ns hydro-
gen gas was used. Emission was monitored at 378
and 466 nm. The detector photo-multiplier tube
was a Hamamatsu R1527. A Ludox dispersion was
used to obtain the instrument response function.
Fluorescence decay curve analysis was performed
by reconvolution of the instrument response func-
tion with an assumed decay law. The decay parame-
ters were determined by a least-squares fitting
routine, the quality of which was evaluated by the
reduced y? values, as well as by the randomness of
the weighted residuals. Both steady-state and time-
resolved fluorescence experiments were performed
in the normal 90° configuration. All samples were
purged with argon prior to fluorescence emission
measurements.

The program HyperChem 4.0 [18] was used for
geometry optimization with the MM+ force-field
package.

RESULTS

Absorption

The absorption spectrum of the monomer 1 is
shown in Figure 3. The absorption spectra of DNO
1-4, each including two pyrene chromophores, are
qualitatively identical except for the observation of
broadening of the vibronic bands and a slight red
shift of ca. 1 nm for the band at 341 nm. A conve-
nient relative measure for this loss in resolution can
be extracted from the ratio P, (Figure 3) between the

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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absorption intensity of the most intense band (341
nm, (0,0) transition in 'L, band) and that of the
adjacent minimum at the shorter wavelength [11].
This ratio is usually smaller than 3.0 when a
ground-state association occurs between 1-substi-
tuted pyrenyl groups [11].

The P, values were determined for all the deriva-
tives and the results are given in Table 1. Markedly
higher values were found for DNO 1-4 relative to 1.
This means that ground-state association occurs in
all the doubly-substituted derivatives. The numbers
show, that the phenomenon is more dominant in
DNO-1 while successively less interaction is ob-
served between the ground-state pyrenyls in DNO-
2, DNO-3 and DNO-4.

Steady-state Emission Spectra

The fluorescence spectra obtained are depicted in
Figure 4. All of the DNO derivatives with two pyrenyl
moieties exhibit emission at 466 nm, albeit the
relative intensity of the DNO-2 is very small. This
emission originates from intramolecular pyrenyl ex-
cimers, because negligible fluorescence was ob-
served at 466 nm from a solution of 1 at the same
pyrenyl concentration. The excimer emission maxi-
mum is found at the same wavelength for all the
derivatives, which implies that the same excimer
species is present.

The relative efficiency of excimer fluorescence is
expressed by the ratio I/l of intensities measured
at the maxima of excimer ([j=466 nm) and
monomer (I,; = 378 nm) emissions, respectively [11].
I/, was determined for all the derivatives. The
values are shown in Table 1. It is apparent that
DNO-1 has the most intensive excimer emission
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Figure 3 Absorption spectrum of monomer 1 in methanol
at room temperature. As indicated, absorbance values of
the 'L, (0,0) band at 341 nm and the adjacent valley at
332 nm are used to determine P,.
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Table 1 Absorption, Emission, Excitation and Time-resolved Fluorescence Data
for Monomer 1 and DNO 1-4

Absorption Emission Excitation Time-resolved fluorescence (ns)

PR Ie/T Py PR ™ 2 TR
1 3.6 X 3.4 X 153P X X
DNO-1 2.3 15.8 3.0 2.4 2.1 42.4 02
DNO-2 2.4 0.2 2.6 1.7 62.4° 36.5 02
DNO-3 2.8 3.2 2.3 2.4 3.0 34.8 3.5
DNO-4 2.9 10.3 2.3 2.2 3.8 41.3 4.5

Iz /I is the ratio of the monomer and excimer steady-state emissions. P, is the peak-to-valley
ratio for the absorption spectra. Py, and Pg, are the peak-to-valley ratios for the monomer and
excimer excitation spectra, respectively (see Figure 5). The time-resolved values are the
monomer emission lifetimes (z,,), excimer lifetimes emission (tz) and the formation time of
the excimer (7). X, no excimer emission observed.

2Time resolution not adequate.
b Estimated error + 5%.

¢ Estimated error + 10%.

d Estimated error + 15%.

relative to monomer fluorescence, followed by DNO-
4. The ratio drops further by a factor of three when
proceeding to DNO-3, while hardly any excimer
emission is observed from the DNO-2 derivative.

Excitation Spectra

The monomer and excimer emission excitation
spectra for DNO-1 are depicted in Figure 5. Forma-
tion of excimers by excitation of pre-associated
pyrenyls in the DNO-series can be revealed by com-
paring the adjacent peak-to-valley ratio for the (0,0)
transition in the L, band (341-342 nm) of the
excitation spectra recorded at the monomer (P, =
Ibeak/[valey) gnd the excimer (Pg=I5eK/I%aley, see
Figure 5) emissions maxima [11]. The monomer 1
does not have an opportunity to form a ground-
state complex due to its low concentration (1 x
10 ~° M) [19], hence its relatively large P, value. In
situations where a larger fraction of the emitting
excimers have been formed by excitation of a pre-
associated pair of pyrenyls, Pg is smaller than Py
[11]. As can be seen from Table 1, this phenomenon
is observed in the case of DNO-1 and DNO-2. Pre-
association also occurs for DNO-3 and DNO-4,
since the Py, and Py values (2.2-2.3) both are
smaller than that found for the monomer 1 (P, =
3.4). However, the same values are found for P,; and
P so the interaction between the pyrenyls has no
consequence for the relative distribution between
monomer and excimer emission.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

A small red shift is observed when going from the
wavelength maximum for the (0,0) transition in the
1L, band of the excimer excitation spectrum to that
of the monomer excitation. The shift is 1 nm for
DNO-3 and DNO-4 and 2 nm for the DNO-1 and
DNO-2 derivatives. This increase supports the con-
clusion based on the peak-to-valley criteria, i.e. the
DNO-1 and DNO-2 derivatives exhibit more exten-
sive ground-state association than DNO-3 and
DNO-4.

DNO-2 maximum at 466 nm

------ DNOAt | .
---------- DNO-2 | %
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----------- DNO-4
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Figure 4 Steady-state fluorescence spectra in methanol
at room temperature (~1x 10-° m). Maxima of the
monomer emission are located at 378 (I, and 399 nm.
The spectra are normalized in the monomer band at 378
nm. Excimer fluorescence (Iz) shows a maximum at 466
nm in each case. The inset depicts a magnification of the
DNO-2 excimer fluorescence band.
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Figure 5 Normalized excitation spectra of DNO-1 in
methanol at room temperature. Emission is monitored at
378 nm (monomer, full line) and 466 nm (excimer, dotted
line), respectively. The loss in resolution is reflected in the
Py, (monomer) and P (excimer) values determined from
the ratio of the intensities at 341-342 nm and its adjacent
valley. Only determination of the Py value is illustrated.

Time-resolved Fluorescence

The lifetime of the observed fluorescence was mea-
sured at the monomer (378 nm, 7)) and the excimer
(466 nm, ) emission wavelengths. The results are
shown in Table 1. The decay of the DNO-3 excimer
emission is displayed in Figure 6. Single exponen-
tial decays were observed for all monomer and ex-
cimer emissions. Thus, it can be concluded that the
excited state in each case is dominated by a single
conformation.

Monomer 1 has a long lifetime, close to the life-
time of unsubstituted pyrene (190 ns in ethanol
[13]). The lifetime of the monomer response at 378

Logarithm of the Intensity (a.u.}

T T M T T T T 1
25 50 75 100 125 150 175 200
Time (ns)
Figure 6 Emission decay curve of DNO-3 excimer emis-

sion, monitored at 466 nm in methanol at room tempera-
ture.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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nm of DNO-1, DNO-3 and DNO-4 are much shorter
due to excimer formation, which deactivates the
pyrene singlet state. Almost no competitive excimer
formation is observed for DNO-2.

It was possible to monitor formation of the ex-
cimers of the DNO-3 and DNO-4 dimers as shown in
Figure 7. It was not possible to observe the forma-
tion of the DNO-1 and DNO-2 excimers, which must
fall within the picosecond regime. The time profiles
of the DNO-3 and DNO-4 derivatives were fitted to
Equation (1) [20]:

Ie(t) = A(1 — exp(—t/75)). (1)

The formation times (rz) thus obtained are given
in Table 1. The DNO-3 derivative exhibits a faster
excimer formation rate than its DNO-4 counterpart.
The monomer lifetimes (z,) and excimer rise times
() for the DNO-3 and DNO-4 derivatives correlate
well, connecting the deactivation of the pyrene sin-
glet state and the formation of the excited dimer.

Force-field Calculations

The structures were optimized from the classical
B-DNA geometry with the MM + force-field package.
The average distance between pyrenyl moieties ob-
tained for the DNO derivatives is 4.0 + 0.1 A, which
is within the critical distance of excimer formation
predicted to be ca. 4.5 A for pyrenyl-substituted
peptides [15]. The angles between the molecular
long axis of the pyrenyl moieties were determined as
19.1 +£0.2° for the DNO-2, DNO-3 and DNO-4
derivatives. However, the DNO-1 exhibits an angle
of 10.0°. The molecular mechanics results have to
be interpreted carefully, since solvent and electronic
effects are omitted. In particular, hydrogen bonds

Emission Intensity (a.u.)

20 25 30 35 40 45 50
Time {ns)

Figure 7 The grow-in of the excimer fluorescence for
DNO-4 measured in methanol at room temperature.

dJ. Peptide Sci. 6: 603-611 (2000)
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cannot be simulated within the MM+ package.
Since these non-covalent interactions cannot be ef-
fectively reproduced, only qualitative conclusions
should be drawn from these calculations.

The excimer state has been described theoreti-
cally by configurational mixing of exciton-reso-
nance states and charge resonance states [21,22].
The optimal geometry of the pyrenyls is the parallel
arrangement of the molecular long axes in the ex-
cimer state. Both the exciton and resonance inter-
actions favour a sandwich-like structure since it
yields the smallest distance between the molecular
centres [21]. These geometrical requirements for
excimer formation are met reasonably well by the
DNO-geometries predicted by the MM + package.

DISCUSSION

It has been observed that the intensity of the ex-
cimer emission in pyrene-labelled polypeptides is
dependent on the chirality of the 1-pyrenylalanine
employed in their synthesis [23]. Circular polarized
fluorescence spectra (CPF), of pyrene-labelled
polypeptides, show negative and positive dissym-
metries in the pyrene excimer emission wavelength
range [24]. Dissymmetric CPF spectra are diagnos-
tic of the presence of the more than one emissive
species [25]. Egusa et al. [23,26] attributed the
dissymmetry observed in the CPF spectra of pyrene-
labelled polyalanines to the presence of two kinds of
excimer species: a non-polar excimer (4z =460 nm)
of well-defined geometry and a polar excimer emit-
ting at longer wavelengths (1 =520 nm), which
may exist in a variety of configurations and where
the interchromophoric distance is longer than for
the non-polar excimer.

In the present study, the pyrene excimer emission
maximum is invariably found at 466 nm for the
DNO series, which means that the hypothetical
non-polar excimer species are predominant. Fur-
thermore, in all lifetime measurements — monomer
or excimer — a strictly monoexponential decay was
observed and only insignificant variation was ob-
served in the excimer lifetime (zz, Table 1). These
findings support the existence of a single equi-
librium excimer geometry common to all the molec-
ular systems.

The structural differences among the DNO deriva-
tives rely mainly on the length of the backbone
connecting the amide units bearing the pyrenyl
substituents (Figure 2). DNO-1, DNO-2 and DNO-3
are DNO-dimers having a linking chain of four, five

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

and six bonds, respectively, between the o-
carbonyls of the dipeptide. DNO-4 is a tripeptide
with a total of 12 bonds in the linking chain includ-
ing the intermediate amide group.

The increasing chain length in the series DNO
1-4 is parallel to the observed increase in the P,
parameter (Table 1), being derived from the absorp-
tion spectra. A smaller P, value, as observed for
DNO-1, means stronger interaction between the
ground-state pyrenyls. Still, they are not completely
independent even in DNO-4, since the P, value
remains markedly lower than that for the free
monomer 1. From the absorption data alone it can-
not be concluded, whether the increased decoupling
in the series DNO 1-4 relates to higher flexibility of
the longer chains or if a generally rigid configura-
tion is increasingly unfavourable for interaction be-
tween the pyrenyls.

However, the ratio between the relative fluores-
cence intensities originating from excimer and
excited monomer (Ig/I,;, Table 1) decreases
dramatically when going from DNO-1 (I/Iy, = 15.8)
to DNO-2 (I/I; = 0.2). Apparently, the dominating
ground-state configuration of DNO-2 represents a
very unfavourable geometry for excimer formation
from ground-state associated pyrenyls. Further-
more, the configuration is locked so that any config-
urational diffusion is prohibited. Since the DNO-1
backbone is shorter than that of DNO-2, restricted
mobility of the pyrenyls must also be expected in
DNO-1. In this case, however, the dominating
ground-state configuration is very favourable for
excimer formation as reflected in the high I/l
value. An increase in relative excimer intensity is
observed when proceeding from DNO-2 to DNO-3
(Iz/Iy; = 3.2) and even further in the case of DNO-4
(Ig/Iyy = 10.3). As shall be seen, this trend is due to
increased flexibility of the linkers, thus permitting
the pyrenyls to diffuse together during the excited
state lifetime. Thus, for DNO-4 an efficient excimer
formation is observed in spite of the relatively weak
interaction between the pyrenyls in the ground
state.

It is important to distinguish between the peak-
to-valley ratios obtained from absorption (P,) and
excitation spectra (P,; and Pg), respectively (see
Table 1). While an absorption spectrum reflects the
situation in the whole molecular population, an
excitation spectrum only concerns the ground-state
molecules leading to the emission monitored.

For both DNO-1 and DNO-2, P, is greater than
Pz, which means that the pyrenyls leading to
monomer fluorescence are less associated than

dJ. Peptide Sci. 6: 603-611 (2000)



those forming excimers. In the case of DNO-3 and
DNO-4 the P,, values are smaller (2.3) and in level
with the Py values (2.2-2.4).

Therefore, the monomer and excimer fluorescence
originate from excitation of the same conforma-
tional population. This is characterized by a rela-
tively strong association between the pyrenyls since
the P,, and Py values (2.3-2.4) are substantially
smaller than the P,; = 3.4 value for the monomer 1.
However, the mutual orientation of the pyrenyls is
not favourable for excimer formation. Following ex-
citation, the relative intensities of excimer and
monomer emissions from DNO-3 and DNO-4 are
determined by the competitive processes of
monomer radiative deactivation and conformational
diffusion towards a pre-excimer geometry. As can
be seen from the I/l ratios, the last process is
most efficient in the case of DNO-4 thereby demon-
strating a greater flexibility of the longer DNO-4
linker in spite of the intermediate peptide bond.

The peak-to-valley ratio derived from the excimer
excitation spectra vary insignificantly among the
DNO-1, DNO-3 and DNO-4 derivatives (Pg=2.2-
2.4). Only DNO-2 stands out with a markedly
smaller value (P = 1.7). As mentioned above, this
result only concerns the molecules that actually
display excimer fluorescence, which is a minute
fraction in the case of DNO-2. These, on the other
hand, already interact strongly in the ground state.
This finding elaborates the model derived above.
There appears to be (at least) two ground-state pop-
ulations of DNO-2 molecules which are not inter-
convertible on a timescale shorter than the lifetime
of the excited singlet state. In the major population,
the configuration is fixed very unfavourably for ex-
cimer formation and monomer fluorescence domi-
nates. In a small fraction, strong pre-association
and ‘pre-excimer’ geometry leads to excimer forma-
tion and emission.

In the force-field calculations, an angle of 10.0°
was found between the long axis of the pyrenyl
moieties of DNO-1 while ca. 20° displacement was
predicted for DNO-2 (and DNO-3/4). Since a co-
axial configuration is considered the optimum ge-
ometry for excimer formation [21,22], this result —
in combination with the rigid framework —is
consistent with the vastly more efficient excimer
formation (Iz/I,; value, Table 1) found for DNO-1
relative to DNO-2.

The time-resolved measurements give further in-
formation. The fluorescence lifetime of the monomer
1 is 153 ns (Table 1). This is shortened by a factor
of 50 or more in the molecules DNO-1, DNO-3 and

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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DNO-4 due to the competitive excimer formation. In
the case of DNO-2 a much longer lifetime is ob-
served in agreement with the model described
above, since the majority of excited singlet pyrenyls
are prohibited from deactivation by excimer
formation.

In the case of DNO-3 and DNO-4 a grow-in of the
excimer fluorescence could be observed. As can be
seen from Table 1, a good agreement is observed in
each case between the excimer formation time (zy)
and monomer singlet lifetime (zy). This means that
excimer formation is the dominant deactivation
path for the excited monomer, the rate being deter-
mined by conformational diffusion.

Interesting is the fact, that no grow-in could be
observed in the case of DNO-1 and DNO-2 in spite
of the either very long (DNO-2) or still observable
(DNO-1) monomer lifetimes. These observations are
fully compatible with previous conclusions. A major
population of DNO-1 molecules holds a configura-
tion with strong interaction among the pyrenyls and
a mutual orientation optimal for excimer formation
(pre-association). When excited, these molecules
form excimers on a sub-nanosecond timescale. A
minor fraction of the DNO-1 molecules is not per-
fectly in line with the excimer configuration and the
excited pyrenyl lives long enough (7, =2.1 ns) in
order to fluoresce a little before it is deactivated by
(mainly) excimer formation. The relative contribu-
tion from these molecules to the excimer emission
intensity is too small in order to manifest itself in
the on-set profile.

On the contrary, the majority of the DNO-2
molecules are fixed in a configuration prohibitive for
excimer formation and fluoresce as the monomer
with long lifetime. A minute fraction is held in a
strongly interacting, pre-excimer configuration,
which generates the excimer with a sub-nanosec-
ond rate upon excitation.

When pyrene is used as a conformational probe, it
is customary to distinguish between ‘dynamic ex-
cimers’ and ‘static excimers’ [11]. The first term
refers to Birks’ original picture for excimer forma-
tion as a result of a diffusional encounter between
individual monomers, one of them in the excited
singlet state and the other in the ground state. This
process usually occurs on a nanosecond time-scale.
When the excimer is formed by direct excitation of a
ground-state dimer, it is called ‘static’ even though
its formation should be observable with sub-
nanosecond resolution [11]. In the DNO derivatives
studied in this work, however, ground-state interac-
tion is observed to a varying degree as deduced from

dJ. Peptide Sci. 6: 603-611 (2000)
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the absorption and excitation spectra of all four
derivatives. But static excimer formation is only
observed in the case of DNO-1 and to a small ex-
tent for DNO-2. Some examples have been re-
ported in the literature of strongly interacting
pyrene moieties showing no excimer emission
[23,27,28]. Oishi et al. [29] have reported on the
photophysical properties of a peptide carrying two
pyrene residues which formed a sandwich-type
close pair in the ground state as evidenced by CD
spectroscopy. Still, no excimer emission was ob-
served. It is argued that formation of a strictly
fixed sandwich type ground-state dimer hinders
the formation of an excimer [29]. These reports
demonstrate that a strong interaction in the
ground state, manifesting itself in absorption
spectroscopy or circular dichroism, does not nec-
essarily imply efficient excimer emission.

The high affinity of the DNO-1 and DNO-2
derivatives to form ground-state complexes and
the restricted conformational freedom in the ex-
cited state are imposed onto the pyrene moieties
by the DNO backbone. In contrast, the longer
linkers of DNO-3 and DNO-4 are less rigid,
thereby allowing for dynamic excimer formation
from a less interacting pair of ground-state
pyrenyls. Among these two, the DNO-4 linker pro-
vides the greatest configurational freedom since
excimer formation is efficient (high Ig/I,) in spite
of weak ground-state interaction (high P,). This
conclusion is also evidenced by the relatively
longer monomer fluorescence lifetime (r,), excimer
formation time (zz) and excimer lifetime (tz) for
DNO-4 compared to DNO-3.

It has been observed that protic solvents, which
are able to form hydrogen bonds, reduce excimer
formation in pyrene-labelled polypeptides [30]. Hy-
drogen bond forming solvents shift the equilibrium
towards random coil conformation, which is
unfavourable for excimer formation [30]. The ex-
tensive excimer formation of the DNO-1, DNO-2
and DNO-3 derivatives and the clear ground-state
association of the DNO-2 derivative in methanol
reveals that the DNO backbone is not particularly
susceptible to random coiling even in protic sol-
vents.

It has been reported that helical polypeptide
chains are rigid enough to support side-chain
groups, including such large chromophores as
pyrenyl groups, in a specific spatial arrangement
[15]. In agreement, the experimental results re-
ported herein also point towards the decisive role

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

played by the specifically designed secondary heli-
cal structure of the DNO backbone [4].

CONCLUSIONS

The pyrenyls of all of the doubly-substituted DNO
derivatives are associated to some extent in the
ground state or are in the relative vicinity of each
other when excited. This proximity is imposed on
them by the DNO backbone. These results exclude
the possibility of a random coiled configuration of
the polypeptide. However, as deduced from the
time-resolved measurements, each derivative dis-
plays individual dynamic properties, and ground-
state interaction occurs without necessarily
leading to static excimer formation upon excita-
tion:

1. For DNO-1 the situation is relatively straightfor-
ward. In the major ground-state population pre-
association prevails, and ‘static’ excimers are
formed with great efficiency. In a minor ground-
state population, however, deactivation via the
excimer occurs dynamically by configurational
diffusion.

2. As to DNO-2, the major ground-state configura-
tion is strongly unfavourable for excimer forma-
tion. Apparently, the pyrenyls are sufficiently
close to each other, but the molecular axis make
an angle. The rigid backbone prevents reorienta-
tion and monomer emission dominates. How-
ever, in a minute fraction of the ground-state
molecules pre-association is tight and static ex-
cimer formation occurs.

3. For DNO-3 and DNO-4, the ground-state inter-
action occurs in a mutual orientation of the
pyrenyls, that does not allow static excimer for-
mation. The backbones are flexible, however,
and excimer formation occurs with a rate deter-
mined by conformational diffusion. In terms of
efficiency, the longer DNO-4 linker proves more
efficient (or less prohibitive) than the shorter
DNO-3 linker in spite of the amide group being
part of the DNO-4 linker.
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