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ABSTRACT: The structural features of the sequential octapeptide Boc-(Leu),-Lys(P)-(Aib),-(Leu).-Lys-
(N)-OtBu, where P is protoporphyrin IX and N is naphthalene, were investigated in DMSO by NMR and
fluorescence spectroscopy. Earlier IR, CD, and fluorescence results showed that this compound attains
a 310-helical conformation in methanol or water/methanol (75/25, v/v). By contrast, the backbone structure
in DMSO is destroyed, but the high helix propencity of the Aib residues forces the peptide to attain
locally ordered arrangements, reminiscent of S-turn features. Both NMR coupling constant and NOE
connectivity data allowed us to compute the structural features of part of the molecule, but only their
combination with fluorescence results allowed us to build up the whole molecular model. Implications of
fluorescence data on the dynamics of internal rotation of the chromophores are briefly discussed.

Introduction

Despite the idea that peptides shorter than, say, 10—
12 amino acids are generally devoid of structure and
assume random conformations,! we have recently shown
that linear peptides formed by 6—10 amino acids, of
general formula Boc-(Leu)2-Lys(P)-(AA)n-(Leu)z-Lys(N)-
OtBu, where n = 0—4, N = naphthalene, P = protopor-
phyrin IX, and AA = Ala or Aib, are able to attain
ordered structures in methanol or water/methanol (75/
25, viv) solution.22 By combining fluorescence data with
both IR and CD spectral results, we were able to prove
that the backbone chain of P(Ala),N peptides populates
a-helical conformations, the more the longer the back-
bone, while that of P(Aib),N attains 3;0-helical struc-
tures,® in agreement with the proven ability of Aib to
form 3i0-helices in solution, owing to the steric con-
straints of the gem-dimethyl groups.* Interestingly
enough, the corresponding blanks show that only (Aib);N
behaves as P(Aib),N, while (Ala)sN peptides are in a
random coil, whatever the length of the backbone chain.

To ascertain whether the high helix propencity of Aib
holds even in destructuring solvents, such as DMSO,
we performed a thorough investigation on the structural
features of the P(Aib),N octapeptide in this solvent. We
present here the results of this study, based on *H-NMR
and fluorescence data, suggesting the presence of two
families of structures, both characterized by locally
ordered arrangements, reminiscent of s-turn features.
A further aim of the paper was to show how only the
combination of the structural information from both
NMR and fluorescence experiments in DMSO allowed
us to compute the entire molecular structure of the
sterically most favorable conformers of P(Aib),N.

Experimental Section

The abbreviations used for the amino acids follow the
Recommendations of the IUPAC-1UB Commission of Biochemi-
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cal Nomenclature. The other abbreviations used throughout
the paper are the following: COSY, double quantum filtered
correlated spectroscopy; DMSO, dimethyl sulfoxide; NOE,
nuclear Overhauser effect; NOESY, nuclear Overhauser en-
hancement spectroscopy; TOCSY, total correlation spectros-
copy; TMS, tetramethylsilane; TPPI, time proportional phase
incrementation.

Materials. P(Aib);N octapeptide and the corresponding
blanks, (Aib),N and (Aib).P, depending on the bound chro-
mophore, are formed by two Leu-Leu-Lys triads, linked
together through two Aib residues. Both monomeric and cross-
linked dimeric protoporphyryl peptides were synthesized, but
only the monomeric species will be reported here. The
synthesis of the octapeptides was already reported.23

DMSO-ds (99.95% isotopic purity) for NMR measurements
was purchased from Aldrich, and the other spectroscopically
pure solvents were purchased from Merck.

Methods. 'H-NMR spectra were obtained at 300 K on a
Bruker AMX 600 instrument operating at 600.13 MHz. The
sample was dissolved in DMSO-dg, in concentration around 2
mg/mL, no special precautions being taken to reduce the size
of the water peak in the solvent. No significant variation in
shifts or line broadening was observed on varying peptide
concentration. 1-D 'H spectra were acquired in 32K data
points, with a spectral width of 18 ppm (—4.5—13.5 ppm).

COSY,> TOCSY, and NOESY spectra were acquired using
standard procedures in the phase sensitive mode, by the TPPI
method.2 The chemical shifts were referenced to TMS but
were measured from DMSO assumed at 2.500 ppm. The
COSY, 2-D TOCSY, and NOESY spectra were acquired with
64 transients of 1K data points in f,. The 2-D TOCSY
experiments were run using the MLEV17 spin-locking se-
guence for isotropic mixing following the procedure of Bax.° A
mixing time of 100 ms and 80 cycles of a MLEV17 sequence
with a spin-locking field of 12 kHz were employed. The recycle
delay was 2 s. NOESY spectra were recorded with a mixing
time of 200 ms.

In all 2-D experiments, 512 increments were used, and the
data sets were zero-filled to 1K in fi before Fourier transfor-
mation. Various Gaussian and sine bell weighted functions
were applied in each dimension, and no spectrum was sym-
metrized.

Both steady-state and time-resolved fluorescence experi-
ments were performed at room temperature with an Edin-
burgh CD900 instrument, as already reported.? The solutions
were previously bubbled for about 20 min with ultrapure
nitrogen. The decay curves were fitted by a nonlinear least-
squares analysis to exponential functions by an iterative
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Table 1. NOE Contacts and Coupling Constants from
NMR Measurements on (Aib):N (A) and P(Aib);N (B)
Octapeptides in DMSO at 300 K

amino acid dnn? dneb IN“H

A. Boc-Leul-Leu?-Lys3-Aib?-
Aib5-Leub-Leu’-Lys8(N)-OtBu

Leu?! 7.0-7.6
Leu? Leul—Lys3 Leu?! 7.0-8.0
Lys® Leu? ~5.0
Aib* Lys® Lys3

Aib® Aib*

Leu® 7.2
Leu’ Leu® 9.0
Lys® LeuS—Leu” Leu’ 8.0—9.0

B. Boc-Leul-Leu2-Lys3(P)-
Aib*-Aib%-Leub-Leu’-Lys8(N)-OtBu

Leu? 7.8
Leu? Leu? Leu? 8.3
Lys3 Leu? 8.2
Aib4 Lys3

Aib® Leu? Y

Leu® 8.7-8.9
Leu? Leub 8.3
Lys® Leu’ Leu’ 7.6—8.8

adnn: NOE contacts between NH; (j > i) and NH;. ® dy® NOE
contacts between NH;;+; and C*H;.

deconvolution method. The distribution analysis of time
decays was also performed.

Absorption spectra were recorded on a Jasco 7850 ap-
paratus.

Results and Discussion

1H-NMR Data. The effect of the bulkiness of the
protoporphyrin chromophore on the NMR spectra was
preliminarily afforded by investigating the spectral
patterns of P(Aib),N and (Aib),N. As a result, the NMR
spectra of both octapeptides were comparable, in the
sense that both spectral patterns show the occurence
of several resonances due to rotational isomers whose
interconversion is slow on the NMR time scale, as
illustrated in Table 1. This rules out a specific effect of
the porphyrin moiety on the detected signals.

We next investigated the amino acids’ proton reso-
nances, following the standard practice.l%! The ab-
sence of an H® proton in Aib forced us to stop the
sequential assignment for this part of the molecule.
However, NOE cross-peaks between the methyl groups
of Aib® and Aib® and C*H and C#H of the closest amino
acid residues allowed us to overcome any ambiguity in
the complete identification of the backbone chain of the
peptide. Figures 1—3 show the NH—-C®H spectral
region in the NOESY experiments and the region of the
TOCSY experiment, containing cross-peaks between the
backbone amide protons and the aliphatic protons,
respectively. In spite of the severe overlapping of the
signals detectable in the proton spectra, the spin system
of each residue in the backbone was distinguishable. On
the other hand, the naphthalene chromophore linked
to e-N of the Lys® residue shows characteristic patterns
of proton signals in the low-field region, being thus
easily assignable, as are the signals of the protoporphy-
rin moiety bound to the e-N of the Lys5.

The characteristic patterns of cross-peaks between the
backbone amide protons provide information about
possible secondary structures. Either intra- or inter-
residue NOE cross-peaks involving backbone atoms
were observed in the NOESY spectra, but the absence
of NH—NH cross-peaks strongly suggests the lack of
ordered conformations, either a-helix or 3;¢-helix. More-
over, the ratio of the intensities of the sequential NOE
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Figure 1. 1D 'H-NMR spectrum at 600.13 MHz of P(Aib),N
in DMSO, showing the complex multiplicity due to the pres-
ence of different conformers in slow interconversion on the
NMR time scale.
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Figure 2. TOCSY map of P(Aib):N. In the F1 dimension the
0—10 ppm range is shown, while, for the sake of clarity, in
the F2 dimension only the lower half of the spectrum is
reported. The upfield porphyrinic NH is a singlet, so that its
resonance was not included in the TOCSY experiment.

arising from NH—C®H(i,i+1) over those of the intraresi-
due NOE corresponding to NH—C®H(i,i) differs mark-
edly for different secondary structures.

A further indication of the absence of helical struc-
tures in the solution is given by the finding that all the
intraresidue NH—C*HJ(i,i) NOE connectivities, not over-
lapped with other signals, are much weaker than the
corresponding sequential ones, while in the case of a
helical conformation the intraresidue NOE would be
approximately five times stronger than the sequential
NOE.

All these features lend plausibility to the idea that
P(Aib);N attains extended chain structures with con-
nectivities roughly equivalent to those observed for
single strands of 5-sheet. In fact, the coupling constants
for NH—C®HJ(i,i) of this peptide, by analysis of the line
splitting in the 1-D spectra of nonoverlapped signals,
are around 8—9 Hz, as shown in Table 1, which are
inconsistent with the a-helical conformation but are
similar to those of 8-sheet structures ((JInn-cOm,i ~ 9.0
Hz 11). These results, together with the NOE contacts
reported in the same table, support the idea that
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Figure 3. Particulars from the 2D maps. (A) Instructive slice
of the NOESY spectrum. (B) Instructive slice of the corre-
sponding TOCSY spectrum. Cross-peaks absent in part B and
observable in part A are due to protons close in space but not
belonging to the same residue.

P(Aib);N is somewhat structured in DMSO solution.
Additional contacts not listed in Table 1 are as follows:
dvin—NHyeus (strong), dvin-H% ez (weak), and dudyyse-
NHyyse (medium), where vin denotes the vinyl group in
the protoporphyrin IX. Interestingly, the latter contact
should favor a hydrogen bond between the NH,ys and
the C=0 group of the amide bond in the side chain
carrying naphthalene.

Steady-State and Time-Resolved Emission Data.
The steady-state fluorescence spectra of P(Aib);N in
different solvent media is illustrated in Figure 4 (Aex =
280 nm), where a substantial quenching of N singlet
emission by the bound protoporphyrin can be noted in
methanol and water/methanol 75/25 (v/v) but not in
DMSO. Accordingly, the efficiency of the quenching
process, En, as given by [1 — (®pn/@n)], where ®py is
the peptide quantum yield, referred to naphthalene, and
@y is that of the blank carrying the N group only, is
definitely lower in DMSO than in the other solvents,
as shown in Table 2. By inspection of the table, it
appears that Ey parallels with the efficiency of the
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Figure 4. Fluorescence spectrum of P(Aib),N in DMSO (a),
CH3OH (b), and H,O/CH30H 75/25 (c); Aex = 280 nm. Minor
exciplex emission occurs at around 420 nm in b and ¢ but not
in a, because only in the former solvents are the chromophores
arranged in a parallel, almost face-to-face orientation.?

Table 2. Energy Transfer Efficiencies in Different
Solvents, from Steady-State Measurements

solvent En? Epb
DMSO 0.45 0.25
CH3;0H 0.81 0.81
H,O/CH30H® 0.91 d

aﬂ.ex = 280. ;Lem = 340 nm. En=1-— (‘I’pN/(I)N). Dpn is the
quantum yield of N* in P(Aib);N and ®y = 0.22 that in (Aib);N.
b Aex = 280. Aem =630 Nm. ®dy = [(|pN/|p) - 1](EPCP/€NCN), where
Ip = epCp®p and lpn = epCpDp + enCnPpEpR are the fluorescence
intensities of porphyrin in (Aib),P and P(Aib)2N, respectively, while
Cp and Cy are the concentrations of the acceptor and donor
chromophores. ¢ 75/25 (v/v). @ See ref 3.

fluorescence rise in P, Ep, thus indicating that the
energy lost in the deactivation of the excited naphthyl
chromophore is nearly completely transferred to the
porphyryl group. This indicates that the N* quenching
chiefly occurs by intramolecular IN* — P energy trans-
fer in all solvents used.??3

The modest N quenching observed in DMSO is
suggestive of a rather large interchromophoric center-
to-center distance or, possibly, a mutal orientation of
the probes approaching 90°, provided that the donor and
acceptor molecules do not rotate fast enough to random-
ize their orientation during the donor lifetime.3

We next investigated the fluorescence time decay of
excited naphthalene in the same solvents. In all cases,
no significant change was observed on varying sample
concentration within one order of magnitude (2 x 10~
to 2 x 1075 M), which allows us to rule out interchain
effects. The curves were well fitted by a two-component
exponential decay; i.e.

1) = 5 o exp(~t/r) (1)

where i = 1 and 2, while the time decay of (Aib),N was
always found to be strictly monoexponential (e.g., 7o =
36.0 + 0.9 ns in DMSO).

Whatever the solvent used, the shorter decay time,
71, Is around 3 ns and is assigned to the energy transfer
process, IN* — P, in agreement with earlier results.23
The longer decay time, 72, is around 45 ns in both
methanol and water/methanol 75/25 (v/v) and measures
a minor exciplex decay.® By contrast, it is around 38
ns in DMSO, being thus very similar to that observed
for the unperturbed N* decay. Therefore, it can be
reasonably assigned to this latter process, which is
suggestive of a poor interaction and hence a rather large
separation distance between N and P groups. Alterna-
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Table 3. Fluorescence Time Decays of P(Aib):N in
Different Solvents?

solvent o 71 (NS) a2 (ns) E,P
DMSO 0.37 2.6 0.63 37.6 1.0 0.93
CH3OH 0.96 4.1 0.04 45.0 1.8 0.92

H>O/CH30H®  0.96 25 0.04 45.5 1.3 093

a8 lex = 290. Aem = 340 nm. The time decay of N* in (Aib);N
(blank) is 7o = 36.0 £+ 0.9 ns (DMSO0), 52.5 + 1.5 ns (CH30H), and
36.2 + 1.6 ns (H,O/CH30H). The lifetime uncertainty is better
than 5%, and that of the preexponents is around 20%. ® Energy
transfer efficiency, from eq 2. The uncertainty is better than 10%.
¢ 75/25 (vIv).

tively, even though the probes are close to each other,
this result may be due to a perpendicular mutual
orientation of the probes, which prevents energy trans-
fer from occurring if they are frozen on the time scale
of the donor lifetime, as already mentioned.? In fact,
energy transfer can take place when two conditions are
matched. The first is a spectral requirement; i.e., the
emission spectrum of the donor must overlap with the
absorption spectrum of the acceptor. The second is a
geometric requirement; i.e., the emission and absorption
dipoles of the donor and acceptor molecules, respec-
tively, must be at a certain distance and properly
oriented, but perpendicularly.

The lifetimes and preexponents are reported in Table
3, together with the energy transfer efficiencies, as given
by eq 2.

E,=1— (1,/7,) (2

Inspection of Table 3 shows that the preexponents
also vary upon changing the solvent. For instance, in
DMSO q; is around 0.4 as compared to a value around
0.9 in methanol or water/methanol 75/25. This indicates
a variation in the population distribution of molecules
undergoing the decay processes, which is not surprising
for two reasons. Firstly, DMSO differs from methanol
and the water/methanol mixture in both polarity and
relaxation behavior.12 Secondly, in methanol and water/
methanol 75/25 the N and P groups are arranged in a
parallel, almost face-to-face orientation.? Instead, the
destructuring effects of DMSO are reflected not only in
the backbone conformation but also in the spatial
arrangement of the chromophore linkages, as shall be
illustrated below.

Quantitatively, interprobe distances are commonly
evaluated by eq 3 when both distance distributions and
orbital overlap of the chromophores can be ignored. It
gives the dependence of transfer efficiency on the
inverse sixth power of the interprobe distance R. Rg
represents the distance at which 50% of the excitation
energy is transferred,’® and is given by eq 4,415 where
n is the refractive index, ®y is the donor fluorescence
guantum yield in the absence of transfer, and J is the
overlap integral, as given by eq 5.

E =R,/(R,° + R ()

Ineq 5, ea(d) (M~1-cm™1) is the extinction coefficient of
the acceptor and Fp(1) is the corrected fluorescence
emission spectrum of the donor, the spectral distribution
of donor fluorescence being normalized to unity.

R, = (9.79 x 10%)[(*/;®,J)/In“1"" (4)
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S S Fo(R) ea(h)a* di
S5 Fo(d) di

(5)

From the spectral patterns, the overlap integral in
DMSO is 5.18 x 1014 M—1-.cm?3 and hence Rq is 31.4 A.

The factor %/3 in eq 4 is the isotropic average value of
the orientation parameter k2, which is used when the
chromophores are freely rotating.1617 In contrast, when
the donor and acceptor molecules do not rotate fast
enough to randomize their orientations during the donor
lifetime, the orientation parameter is given by eq 6.1°
In such a case, a particular relative orientation between
the probes is described by two angles only, y and 6,
where 0 < y and 6 < =z, the scheme for evaluating the
orientation in space of the transition dipole moments
of N* and P being already reported.3

k? = cos? (3 cos® y + 1) (6)

Molecular Modeling. Determination of conforma-
tions in solution by NMR is often made difficult by the
large conformational changes occurring rapidly on the
NMR time scale. The NMR observables and the re-
straints developed from them are consistent with an
average structure that may not even exist.’® Compu-
tational methods must assume, therefore, that the
experimental observables arise from ensembles of con-
formers.’® Accordingly, we have evaluated the most
relevant structural features of the families of P(Aib);N
conformers in DMSO by molecular mechanics calcula-
tions, making use of both NMR and fluorescence results
as restraints.

The total energy for the mth conformer was evaluated
by eq 7,2° comprising stretching and bending terms (STR
and BEN), besides nonbonding (NB), electrostatic
(COUL), and torsional (TOR) potentials similar to those
previously employed by us.2321

U =NB + COUL + TOR + STR + BEN (7)

m,tot

Even though computational data on flexible molecules
must be taken with some caution, the use of eq 8
overcomes the uncertainty in the absolute value of the
total energy, arising from the empirical terms of eq 7.
In fact, AUy is the difference between the total energy
of the mth conformer, Un o, and the lowest energy
among all conformers of the peptide, Unin. In addition,
the experimental restraints used give further confidence
in the computational results.

AUy, = Urn,tot ~ Unin (8)

Briefly, the long range NOE contacts, shown in Figure
5, as well as both the NOE contacts and the Jyay values
reported in Table 1, were used as restraints for comput-
ing the molecular models, together with both the inter-
probe distance and the k2 parameter (egs 3 and 6), as
obtained by fluorescence decay experiments. Energy
minimization was then carried out in the multidimen-
sional space of the internal rotation angles, making use
of the Karplus—Pardi expression (eq 9)%2 when ap-
propriate, and employing the Ry, and ky2 values for
optimizing the agreement between calculated (eq 10)
and experimental (eq 2) energy transfer efficiencies of
the mth conformer, Ry, and kn? being the interprobe
distance and orientation parameter, respectively.
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Figure 5. Molecular models of the sterically most favorable
conformers pertaining to one family of P(Aib);N in DMSO. The
molecular parameters and energies are listed in Table 4.
Nitrogen atoms are in black, and hydrogen atoms are omitted
for clarity. Broken lines indicate the long range NOE contacts,
corresponding to the following distances: d; = 3.291 A, d, =
5.071 A, d3 = 3.035 A (A); d, = 3.301 A, d, = 5.019 A, ds =
2.862 A (B). The space-filled model of both naphthalene and
the neighboring porphyrin CH; group on the right side of the
figure shows how good are the nonbonding contacts between
the two moieties. They are partly responsible for the freezing
of the N and P chromophores in a perpendicular mutual
orientation, which prevents energy transfer from occurring (see
text).

J\ 0y = 6.7 cos’(¢ — 60) — 1.3 cos(¢ — 60) + 1.5 (9)

1

1+ 22—”‘
3k,,°\Ro

Where the average transfer efficiency of the conform-
ers within each family was needed, eq 11 could be used,
where the sum is taken over all conformers and Py, is
the corresponding probability, within the same family.

E (10)

ET= § EpPy (11)

Details of calculations shall be reported elsewhere,
while the most relevant results may be summarized as
follows. (1) The sterically most favorable conformers of
P(Aib),N in DMSO pertain to two families. They differ
from each other for both the interprobe separation
distance and mutual orientation, and for their internal
mobility as well. (2) One family comprises two sterically
favored conformers, denoted as A and B, whose molec-
ular parameters and relative energies are listed in Table
4. The molecular models, illustrated in Figure 5, show
how the molecules fold around the Aib residues, in
agreement with the long range NOE contacts, giving
rise to a g-turn-like arrangement. Moreover, by using
the fluorescence decay data as restraints in the energy
minimization, it turns out that the chromophores are
close to each other, the average interprobe distance
being IRO= 9.3 A, and exhibit a perpendicular orienta-
tion. The proximity of P and N groups optimizes their
van der Waals contacts, as clearly shown by the space-
filled models illustrated in the same figure, while short
range porphyrin—backbone interactions stiffen this part
of the molecule. As a result, the internal rotation of
the chromophores is frozen on the time scale of the
transfer process, so that the perpendicular orientation
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Table 4. Molecular Parameters and Energies of P(Aib);N
Conformers in DMSO, As Obtained by Molecular
Mechanics Calculations Restrained by NMR and

Fluorescence Data?

conformer K2 b Rm¢ Em? AUtot®  Prf
A ~0 993  ~0 0 029
B ~0 871  ~0 11 004
C 0.60 18.60 0.954 0.5 0.13
D 0.56 18.71 0.940 1.0 0.04
E 0.60 17.78 0.964 0.7 0.10
F 0.71 18.67 0.958 0.5 0.12
G 0.62 19.21 0.946 1.2 0.04
H 0.62 19.35 0.942 0.1 0.24

average 0.63+0.05 18.7+04 0.95+0.19

aThe sterically most favorable conformers pertain to two
families: one comprises A and B, and the other C, D, E, F, G and
H. b Orientation parameter of the probes in the mth conformer;
k2 = 0 arises from the chromophores frozen in a strictly perpen-
dicular orientation (see text). ¢ Calculated interprobe center-to-
center distance in the mth confomer (A). d Calculated energy
transfer efficiency in the mth conformer, as obtained by eq 10 using
the computed values of Ry and km2. € In kcal-mol~2, from eq 8,
where Unin refers to conformer A. f Probability of the mth con-
former, Py = exp(—AUw/RT)/Y exp(—AUw/RT), the sum being over
all conformers. 9 To be compared with the experimental E; value
reported in Table 3.

Figure 6. Representative structures of the quickly intercon-
verting conformers on the time scale of energy transfer,
pertaining to the other family of P(Aib);N in DMSO. The
average values of the molecular parameters are reported in
Table 4. Nitrogen atoms are in black, and hydrogen atoms are
omitted for clarity. The average mutual orientation of the
probes is such as to allow energy transfer to occur, despite
the rather large interprobe center-to-center distance (IRC= 19

A).

of the probes prevents energy transfer from occurring.?
This agrees with the observation that the long lifetime,
72, measures the decay of the unperturbed singlet
naphthalene only (Table 3). Collisions with solvent
molecules in solution are likely to provide energy for
librational motions of naphthalene around its equilib-
rium position, though the perpendicular arrangement
of the probes should be, on the average, maintained
because librations are definitely faster than energy
transfer. (3) Computational results are further sup-
ported by the finding that the calculated population of
this family (Table 4) satisfactorily compares, in view of
the approximations made, with that experimentally
determined, as given by the o, preexponent (Table 3).
(4) The other family comprises six sterically favored
conformers, denoted as C—H in Table 4, where their
molecular parameters and energies are listed, and in
Figure 6, where the representative structures C and H
are shown. These are quickly interconverting conform-
ers on the time scale of the energy transfer, in agree-
ment with the distribution analysis of time decays in
DMSO, exhibiting a single peak centered at 3 + 0.3 ns
(Figure 7), besides the peak at around 38 ns due to the
N* decay (not shown).

By inspection of Figure 6, it clearly appears that the
p-turn-like arrangement around the Aib residues is
preserved, while intramolecular hydrogen bonds be-
tween NHyys1 and COaips, and NHyysg and e-CO of Lys8
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Figure 7. Population distribution from time decay measure-
ments of P(Aib);N in DMSO. Only the first peak, centered at
3+ 0.3 ns, is shown, measuring the energy transfer. The other
peak is centered at around 38 ns and is due to the unperturbed
naphthalene decay.

further stiffen this part of the molecule. However, the
N group is now lying far away from protoporphyrin. In
addition, the average value of the orientation parameter
necessary for a satisfactory agreement between calcu-
lated and experimental transfer efficiencies is [k20=
0.63 &+ 0.05, as reported in Table 4. This value is very
close to the “dynamic” isotropic average of the orienta-
tion parameter, i.e. k0= 2/3, which strongly suggests
that this time the N group freely rotates on the time
scale of the transfer process, in full agreement with the
result of Figure 7.

Concluding Remarks

Combination of NMR with fluorescence data was
productive in determining the structural features of
P(Aib);N conformers in DMSO. In all cases, the mol-
ecules fold around the Aib residues, assuming a s-turn-
like arrangement, which is stabilized by short range
interactions within the backbone chain, as well as
between the backbone and the protoporphyrin group.
The structural features of the other (unfolded) part of
the molecules depend on whether the naphthyl moiety
is close to protoporphyrin or far away from it, the
average center-to-center distance changing from about
9 to 19 A, respectively. In the former case, the chro-
mophores are frozen in a perpendicular orientation,
which prevents energy transfer from occurring despite
their proximity. In the latter case, the naphthyl moiety
is freely rotating, being thus able to assume an average
isotropic orientation with respect to the P group, the
characteristic time for the internal rotation of N being
shorter than that of the transfer process (3 ns).
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