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A series of heptapeptides and one dodecapeptide doubly labeled with a triplet precutsorz@ylphenyl-
alanine) and a nitroxide (4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-4-carboxylic acid) have been synthesized
by solution methods and studied through their FT-IR absorption and time-resolved EPR spectra with UV
laser pulse excitation. All of the oligopeptides show EPR nitroxide lines strongly polarized in emission because
of the intramolecular interaction between the free radical and the photoexcited triplet. The kinetics of the
time evolution of the EPR lines is analyzed to study the radical-triplet interaction in the series of heptapeptides
characterized by diverging radical and triplet relative positions in the amino acid sequence.

Introduction during the relative diffusion of the RTP partnérindeed,] is
expected to change exponentially with the radical-triplet dis-
tance® The amount of polarization reaches a maximum when

is close to 1/3 and 2/3 of the Zeeman energy, because for these
values, a crossing occurs between doublet and quartet spin
sublevels. Even if efforts have been made to assess the relative
Idistance between the partners in the pair, no clear-cut informa-
tion is as yet available on this relationship. In addition to the
knowledge of the exact dependencelain the distance, other
parameters should be considered, such as the correlation time
¢ for the diffusion process and the absolute value of the spin
f polarization, which is not easily obtainéd/oreover, it should

Quenching of excited triplets by free radicals and paramag-
netic impurities was first reported many years ag®his
phenomenon was observed through its different effects (e.qg.,
triplet lifetime shortening and magnetic field dependence of
photoconductivity} In the early ‘90s, it was shown that in the
presence of excited triplet species, the EPR lines of a free radica
become polarized in emission or in enhanced absorftion.
Anomalous line intensity is a consequence of the deviation of
the spin level populations from the thermal equilibrium values.
Such a polarization is caused by the spin selectivity of the triple
guenching process, which occurs through the formation o ) . 8
radical-triplet pairs (RTPs). As the RTPs produced in the doublet P€ considered that a dependence ekclusively on the radical-
state by antiparallel coupling of the radical and triplet spin triPlet distance is a reasonable assumption only for small
possess the same spin multiplicity of the pairs formed by ground- Molecules subjected to fast rotational diffusion. Under such
state singlet plus free radical, they decay fast, while RTPs in condltlons, any variation with the relative orientation of the
the quartet state, formed by parallel spin coupling, decay slowly. Partner is averaged out.

The radical-triplet pair mechanism (RTPM) of spin polarization ~ Recently, it has been shown that RTPM operates also when
is based on the selective mixing of doublet and quartet spin the radical and the triplet are covalently bound to the same
substates of the pair by electron spin dipolar and hyperfine molecule? This observation suggested the possibility to inves-
interactions. These terms of the spin Hamiltonian do not tigate RTPs in which the partner distance range is well
commute with the Zeeman and exchange terms of the spinestablished. Moreover, by changing the spacer length, one could
Hamiltonian of the paif2 When the doublet and the quartet investigate the dependence of polarization intensity and kinetics
are separated by a nonvanishing exchange interacijoie on the radical-triplet distanc¢eA similar strategy was used in
extent of mixing depends on tleecomponent of the electron  the study of spin-correlated radical pairs by producing two
spin total angular momentum. This fact produces spin polariza- covalently linked free radicals by photoinduced Norrish |
tion because the quartet components more contaminated withcleavage of cyclic ketonés.

those of the doublet decay faster. o In this paper, we present a time-resolved EPR (TR-EPR) study
The existing RTPM theory is based on a model in which the on 3 series of radical-triplet pairs, whose components are
quartet/doublet transitions are induced by the fluctuatiod of covalently linked at different relative positions on a rigid
oligopeptide template. The radical is the nitroxa@mino acid
* To whom correspondence should be addressed. E-mail: carlo.corvaja@ ToAC (4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-4-carbox-
“”'Tpggtbartmem of Physical Chemistry. ylic acid) (Figure 1)%1 while the triplet excited species is the
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carbonyl) and Z (benzyloxycarbonyl) groups, the Fmoc (9-
fluorenylmethyloxycarbonyl) N-protecting group was chosen
for the elongation of the peptide chain. The Fmoc group was
removed by treatment with a 20% v/v diethylamine solution in
CH.Cl,. Given the low reactivity of &tetrasubstituted.-amino
acids in peptide bond formation, the highly efficient EDC/HOAt
[EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide; HOAt,
1-hydroxy-7-aza-1,2,3-benzotriazdle]condensation method
was used in coupling reactions involving Aile-&minoisobutyric
acid), Agc (1-aminocyclohexane-1-carboxylic acid), or TOAC.
The L-Bpa-containing trichogin GA IV analogue-9 (Figure

1) was prepared by condensing the commercially available

H,C j: CH,

H,C CH,
e 0 PO
—HN" co-  —-HNT co-  —HN

—HN" ~co- co-

Aib AcgC TOAC L-Bpa
1 Boc-L-Bpa-Aib-Aib-Aib-Aib-Aib-OrBu
5 Boc-Acec-L-Ala-L-Ala-L-Ala-TOAC-L-Ala-OsBu
2-3 Boc-Aib-L-Bpa-TOAC-L-Ala-Aib-Aib-L-Ala-OrBu
2-4 Boc-Aib-L-Bpa-Aib-TOAC-L-Ala-Aib-L-Ala-OrBu

25 Boc-Aib-L-Bpa- Aib-L-Ala- TOAC-Aib-L-Alz-OrBu Boc—L-Bpa—OH wi_th the_ free amine of _(TOAE:-Leull_oMe_
2.6 Boc-Aib-L-Bpa-Aib-Aib-L-Ala-TOAC-L-Alz-OrBu (OMe, methoxy))trichogin GA IV (obtained by N-deprotection
1-9 Boc-L-Bpa-Aib-Gly-L-Leu-Aib-Gly-Gly-L-Leu-TOAC-Gly-L-Ile-L-Leu-OMe of the corresponding Fmoc undecapeptifje Peptidel (Figure

Figure 1. Chemical structures of amino acids and sequences of peptidesl)’ incorporat_ing the triplet prepursor Bpa (at pos't'_on 1) only,
investigated in this work. was synthesized by condensing BdcBpa—OH with H—

(Aib)s—OtBu (OtBu, tert-butoxy) (obtained by N-deprotection

of Z—(Aib)s—OtBu'8 via catalytic hydrogenolysis). Peptide
(Figure 1)12 A preliminary account on the TR-EPR technique (Figure 1), bearing the nitroxide label (at position 5) only, was
applied to peptide systems has already been rep#ttéte prepared from BoeAcec—OH and H-L-Ala—L-Ala—L-Ala—
present study pointed at determining a TR-EPR parameter TOAC—L-Ala—OtBu (the latter obtained, in turn, from the
sensitive to the radical-triplet distance. To this aim, we corresponding Fmoc-protected pentapepfidé column chro-
synthesized four 3-helical® model heptapeptide®¢3, 2—4, matography purification was required after each coupling step.
2—5, and2—6) in which the triplet moiety (L-Bpa) is kept at ~ More specifically, for the final L-Bpa/TOAC heptapeptides, we
position 2, while the radical group (TOAC) is moved along the used a flash chromatography purification on a silica gel column
peptide chain toward the C-terminus from position 3 to position (ICN Biomedicals), 32-63-um mesh, with a gradient elution
6 (Figure 1). Thus, the radical-triplet separation in the sequenceeéither from 0 to 5% ethanol in chloroform or from 33 to 100%
covers more than one turn of the ternary helix. In addition, we ethyl acetate in petroleum ether. Finally, the derivative Boc
added the L-Bpa residue at the N-terminus of the (TGAG L—Met—OMe (Met, methionine) was prepared by acylating the
Leut'-OMe) trichogin GA I\A4 analogue (peptide—9) (Figure commercially available HEH—L —Met—OMe with (BocyO.?°
1) to insert more than two helix turns between the radical and  All peptides were characterized by melting point and optical
the triplet. All peptide molecules used as templates in this work rotatory power determinations, thin-layer chromatography (TLC)
possess a rigid, helical backbone structure because of their highin three solvent systems, and solid-state IR absorption (Table
content in C-tetrasubstituted.-amino acids, known to be strong  1).
promoters of helical conformatio®.This feature allows a Sample Preparation and EPR MeasurementsThe 1-mM
reliable prediction of intramolecular distances. However, while and 5-mM peptide solutions in acetonitrile (Fluka99.5 (GC))
the nitroxide side-chain moiety of TOAC is tightly connected were prepared without any further purification of the solvent.
to the peptide backbone through a rigid six-membered ring, the The solutions, transferred in quartz tubes (1 mm inner diameter),
side-chain benzophenone group of L-Bpa experiences a sig-were then degassed by repeated pump-freeze-thaw cycles and
nificant conformational freedom owing to the allowed rotations sealed under vacuum. The experimental setup used for TR-EPR
around the tway bonds (@—Cf and G—Cr bonds) which link measurements comprises a conventional X-band EPR spec-
it to the peptide main chain. Therefore, in calculating the trometer (Bruker ER 200 D) equipped with temperature control
distance between the radical-triplet pair studied here, one hasaccessories and an excimer laser (Lambda Physik LPX 100,
to take into account the possible fluctuation of the benzophenoneXeCl, A = 308 nm, pulse width= 20 ns). A few experiments
moiety. Despite this, we chose for the present study the were performed using the third harmonit € 355 nm) of a
benzophenone-containing, L-Bpa residue for the following Nd/YAG solid-state laser (Brilliant Quantel). The EPR transient
reasons: (i) Benzophenone is the most extensively used tripletsignals, generated by the laser pulses, were recorded without
precursor system in RTPM studies because of its high triplet field modulation, with a preamplifier (bandwidth: 20 H5.5
yield and its fully understood photophysical and magnetic MHz) and a digital oscilloscope (LeCroy 9450A) that averages
properties; (ii) L-Bpa has been already exploited in peptide and them. 2D-TR-EPR spectra were obtained by transferring the
protein investigations because of its ability to promote cross- averaged transients acquired at each field address to a PC, where
linking by photoactivatiori? and (iii) L-Bpa is commercially they were treated with a homemade software. To correct the
available and can be incorporated into a peptide chain as adata for the cavity response to the laser perturbation, an off-

standard protein amino acid. resonance signal was subtracted from the transient signals
recorded at all of the field positions of the 2D-TR-EPR surface.
Experimental Section Conformational Energy Calculations. Conformational ener-

. . . gies were obtained by performing molecular mechanics calcula-
Synthesis and Characterization. TOAC was synthesized o< \with HyperChem (release 6.02)The MM force field
according to published procedurfés®The L-Bpa/TOAC hepta- | oo employed.

peptides studied in this wor{-3, 2—4, 2—5, and2—6) (Figure

1) were prepared manually in a 280 mg scale by the step-
by-step strategy in solution, beginning from the C-terminal
residue. As TOAC is unstable under the acidic and reducing Conformational Analysis. The paramagnetic character of the
conditions required to remove the classical Bert{butyloxy- TOAC nitroxide prevents the use of thd NMR technique for

Results and Discussion
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TABLE 1: Physical Properties for the TOAC and/or L-Bpa-Containing, Newly Synthesized Peptides

yield® melting point crystalliz.  [o]p?° L
peptidé (%) (deg C) solvent (deg) Rr1 Rr2 Res IR (cm™1)9
Fmoc-TOAC—Aib—L-Ala—OtBu 51 182-184 CHC,—PE —33.2* 0.90 0.95 0.40 3350, 3278, 1717, 1666, 1529
Fmoc-TOAC—L-Ala—Aib—L-Ala—0OtBu 52 108-110 EtOAc-PE —18.0 0.80 0.95 0.35 3340, 1705, 1663, 1529
Fmoc-L-Ala—TOAC—Aib—L-Ala—OtBu 69 118-120 CHCE—PE —66.8 0.85 0.95 0.40 3346, 1726, 1684, 1526
Fmoc-Aib—L-Ala—TOAC—L-Ala—OtBu 71 94-95 CHCE—PE -—38.5 0.75 0.95 0.35 3333, 1730, 1703, 1668, 1528
Fmoc-Aib—Aib—L-Ala—TOAC-L-Ala—0OtBu 40 107#109 CHCp—PE —13.1 0.75 0.95 0.30 3325, 1729, 1664, 1529
Fmoc-Aib—L-Ala—TOAC—Aib—L-Ala—0OtBu 60 116-112 CHCK—PE —47.4 0.80 0.95 0.35 3334, 1726, 1662, 1526
Fmoc-Aib—TOAC—L-Ala—Aib—L-Ala—0OtBu 51 129-130 CHCE—PE +3.8 0.95 0.95 0.35 3338, 1728, 1668, 1528
Fmoc-TOAC—L-Ala—Aib—Aib—L-Ala—0OtBu 82 108-110 CHC}—PE —24.8 0.65 0.90 0.30 3330, 1704, 1662, 1528
Fmoc-L-Bpa—Aib—Aib—L-Ala—TOAC—L-Ala—0OtBu 48 121123 CHCp—PE —27.3 0.75 0.95 0.35 3327,1724,1662, 1529
Fmoc-L-Bpa—Aib—L-Ala—TOAC—Aib—L-Ala—OtBu 56 126-128 CHCE—PE —29.0 0.90 0.95 0.35 3328, 1723, 1660, 1527
Fmoc-L-Bpa—Aib—TOAC—L-Ala—Aib—L-Ala—OtBu 55 132-134 CHC,—PE +34.9 0.80 0.95 0.35 3336, 1728, 1660, 1530
Fmoc-L-Bpa—TOAC—L-Ala—Aib—Aib—L-Ala—0OtBu 60 14G6-142 CHCp—PE —24.8 0.65 0.95 0.35 3334, 1727, 1660, 1529
Boc—L-Bpa—Aib—Aib—Aib—Aib—Aib—OtBu 80 136-138 EtOAc-PE —9.6° 0.70 0.95 0.40 3327,1731, 1663, 1529

Boc—Acsc—L-Ala—L-Ala—L-Ala—TOAC—L-Ala—OtBu 66 138-140 CHC—PE —16.2 0.80 0.95 0.45 3310, 1734, 1695, 1662,1529
Boc—Aib—L-Bpa—Aib—Aib—L-Ala—TOAC—L-Ala—OtBu 55 107109 CHCE—PE —28.¢* 0.75 0.95 0.25 3318, 1730, 1662, 1529
Boc—Aib—L-Bpa—Aib—L-Ala—TOAC—Aib—L-Ala—OtBu 63 115-117 CHCk—PE —22.4 0.90 0.95 0.30 3323, 1728, 1660, 1530
Boc—Aib—L-Bpa—Aib—TOAC—L-Ala—Aib—L-Ala—OtBu 52 115-117 CHC,—PE —22.7 0.80 0.95 0.30 3334, 1729, 1659, 1531
Boc—Aib—L-Bpa—TOAC—L-Ala—Aib—Aib—L-Ala—OtBu 63 116-112 CHCE,—PE —-26.4 0.65 0.95 0.20 3326, 1728, 1660, 1528
Boc—L-Bpa—Aib—Gly—L-Leu—Aib—Gly—Gly—L-Leu— 67 176-171 CHCN—-HO -—9.2 0.25 0.80 0.05 3333, 1738, 1656, 1534
TOAC—Gly—L-lle—L-Leu—OMe

aAll chiral residues are of L (S)-configurationThe yield refers to the final coupling stepEtOAc = ethyl acetate; PE= petroleum ether
(60—80°C). 9c = 0.25, MeOH.¢ ¢ = 0.50, MeOH. Thin-layer chromatography was performed on Merck KiesegebfA@Fecoated plates using
the following solvent systems: | (CHZEtOH, 9:1), Il (1-BuOH/HOAC/HO, 3:1:1), lll (toluene/EtOH, 7:1¥ The IR absorption spectra were
obtained in KBr pellets; only bands in the 3568200 and 18061500 cm* regions are shown.

Agratio (integrated intensity of the band of H-bonded NH groups
to free NH groups¥24 are indicative of a stable helical
secondary structure. In addition, in all peptides, the position of
the absorption maximum for the amide IO stretching) band
(data not shown) is close to the values typicalwefand 3¢
helices?®> Taken together, these observations indicate that the
peptides studied in this work largely adopt intramolecularly
H-bonded helical structures in CDColution. In view of their
short main-chain length, it is plausible that the type of helix
adopted by heptapeptid@s-3, 2—4, 2—5, and2—6 would be

the 3o-helix.1> Peptide1—9, a trichogin GA IV analogue, is
expected to fold in a mixed-/3;0-helical conformation as its

3500 3400 3300_1 3200 parent peptid&26 and a number of TOAC-containing ana-
Wavenumbers (cm™) logues?’

Figure 2. FT-IR absorption spectra in the amide A{M stretching) TR'EPR_ Meas_urements.Upon uv phOto_ex_C'tat'on’ all fo_ur .
region of peptide@—3, 2—4, 2—5, and2—6 in CDCl; solution (1 mM). heptapeptides give TR-EPR spectra consisting of three lines in
emission, placed at the magnetic field positions expected for
the three hyperfine components of the nitroxide radiga=(
a conformational study of our peptides. Little information can 2.0061,ay = 1.5 mT). Their decay times are of the order of a
be extracted also from circular dichroism measurements, becauséew microseconds. The signal intensity does not change ap-
spectra interpretation is hampered by TGA@nd Bpa elec-  preciably in the serie®—3, 2—4, 2—5, and2—6, while a less
tronic absorptions in the conformationally informative far-Uv intense signal is observed fdr—9. However, a small but
region (256-190 nm). Therefore, the structural preferences of significant variation is observed in the kinetic parameters within
heptapeptide®—3, 2—4, 2—5 and 2—6 were investigated by  the series (Table 2).
means of FT-IR absorption spectroscopy in CP§lution at Figures 3(a) and 4(a) show the 2D-TR-EPR signals of
three peptide concentrations. H-Bond acceptor solvents, suchpeptide2—5 and1-9, respectively, displayed as a function of
as acetonitrile, are less useful, as it is difficult to discriminate magnetic field and time, while Figures 3(b) and 4(b) show the
between N-H---solvent and N-H---O=C H-bonds in the signal time evolutions of the three hyperfine components. To
usually informative amide A (NH stretching) region (3500 establish whether the observed spin polarization of the nitroxide
3200 cnr?). EPR lines is due to an intramolecular or an intermolecular triplet
The FT-IR absorption spectra in CDCdolution at 1 mM guenching process, a series of measurements was carried out
peptide concentration for the four heptapeptides are illustratedfor peptide samples at two different concentrations, namely 5
in Figure 2. Relevant conclusions are the following: (i) The mM and 1 mM. Moreover, TR-EPR spectra were recorded also
weak band centered at about 34257@ns assigned to free,  for solutions of peptideés (labeled only with TOAC) in the
solvated peptide NH groups, while the intense band at aboutpresence of either benzophenone or peptiflabeled only with
3330 cn1lis assigned to H-bonded peptide NH groépéi) L-Bpa). Because of the UV irradiation & 308 nm) all samples
The spectra do not change appreciably in the concentration rangaundergo a degradation process that produces a decrease of the
examined (16-0.1 mM) (spectra not shown), thus indicating TR-EPR signal intensity. However, this process is slow enough
that the 3330 cmt! band is due essentially to intramolecularly to allow recording of complete 2D-TR-EPR spectra of the
H-bonded peptide NH groups. (iii) The high values of k¢ samples. The results are discussed below.

Absorbance
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TABLE 2: Kinetic Parameters Employed to Fit the
Nitroxide Time Evolution for the Different Peptides with k;
= 1My and ks = 1/t + Kq

|

o

EN
O

low-field line central line high-field line ;
conc ks ks ks © ’!
peptide (mM) (1063 ) (108s™h (1063 ) (106s™h (1065 ) 10esh T_U’_O 2 I’l{ll[”)/”
223 1 384 059 294 052 357 046 c el l,,ﬂ'g-v;’r("‘l
5 313 056 294 058 286 0.54 Ry ‘
2-4 1 2.33 0.62 357 047 a a @
5 294 070 357 065 333 058 E 0.0
2-5 1 2.94 0.61 250 059 2.38 0.56 w
5 3.45 0.63 3.03 063 333 0.59
2-6 1 3.23 0.58 286 056  3.70 0.48
5 2.63 0.64 250 063 256 0.57
1-9 1 3.23 0.59 286 051 357 0.40
5 3.03 0.60 294 057  3.03 0.48
5+B> 1 a a a a a a
5 4.76 0.70 476 056 455 0.62
5+1 1 1.67 0.50 200 034 238 0.20
5 3.03 0.75 263 072 240 0.71
a Value not measurable because of a poor signal-to-noise Pagio. =_04
benzophenone. STV
8
Tg—0.2
-2.0; (@) 2
S r 00
© o
= 10 L 330
m_ -
c
@ 6 g 328
» time (us
- (us) B, (mT)
a 0.0
L Figure 4. (a) 2D-TR-EPR spectrum of peptide—9 (1 mM in
8 acetonitrile), 280 K, 12 dB; (b) sections of the 2D-TR-EPR spectrum
0 2 . 330 taken at the field positions corresponding to the three hyperfine lines
' 4 5 < and their fit.
time (us)> 8 328 o T _ _ o
) (mT) solution during the nitroxide triplet benzophenone encounters,
which are, in turn, related to the relative diffusion of the two
N partner molecules. However, for systems in which the two
,\_2'0‘ (b) partners are covalently linked to the same molecule, formation
S of RTP does not need diffusion. In that case, {B] is
© representative of a specific conformation of the molecule,
=1.0! suitable for triplet quenching interaction.
8 The TR-EPR signal of R is proportional to theeomponent
% of the magnetizationyy, in a reference frame rotating around
he the Zeeman magnetic field direction, indicatedzbyrhen,x is
a 0.0y~ the direction of the microwave fielB;, assumed to oscillate at
L the Larmor frequencyo. My is obtained by solving the relevant
0 ' - ' 330 Bloch equations, modified by taking into account kinetic terms
2 e 329 deriving from the radical-triplet interaction, and a third equation
time (us) 6 8 328 for the time-dependent triplet concentratiéB][t).28 They are:
B, (mT)
dMm.(t)
Figure_?;_. (@) 2D-TR-EPR spectrum of peptid2-5 (1 mM in 2 — M (t) _|_ M,(H)w, (1.1)
acetonitrile), 280 K, 12 dB; (b) sections of the 2D-TR-EPR spectrum dt y
taken at the field positions corresponding to the three hyperfine lines
and their fit. M. (t)
o | _ _ dz = —M(o, + (PLIR] ~
Kinetics of Triplet Quenching by Free Radicals.Let us t
. A d . R s
consider the radical-triplet quenching reaction: Mz(t))?l + PRrow k[ BI(D) (1.2)
R+°B=[R°B]—R*+B ,
dr'BI(Y _ e
in which R is the nitroxide group of the TOAC resid#8, is dt B](t)( kq) (1.3)

the triplet excited benzophenone chromophore of the Bpa residue
and R* represents the spin polarized radical. In the case of In equation 17 represents the benzophenone triplet lifetime in
separated species fiB] is a transient RTP complex, formed in  the absence of radical quenching, is the quenching rate
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constant, andPf, and Pipy are the radical polarization — and everl—9, where the triplet moiety (L-Bpa) and the radical

factors.Pg, refers to the thermal equilibrium in the absence of (TOAC) are covalently linked to the same molecule. In

microwaves ancpgTPM to the RTPM polarizationT; and T, p.articullar, for the solution of peptidieangj benzophenpne, the
are the radical relaxation times, and = y B, My(t), andM,- signal is barely observable over the noise ($41®), while for
(t) have their usual meaning. the doubly labeled peptides, the signal-to-noise ratio depends
The analytical solution foMy(t) obtained from these equa- ©n the particular peptide and varies from 6 for9 to 24 for
tions consists of a sum of three exponential functions tfe 2—5. Moreover, when the triplet chromophore and the radical
rate constants of which are simple functions of the relaxation aré not both bound to the same peptide, as in the mixture of
times T, and T,, the Rabi frequencw;, the triplet lifetimer, peptidesl and5, we observed that the sample degradation due
and the triplet quenching rate constégt to the UV irradiation occurs much faster.
Within our series of doubly labeled peptides the strongest
M(t) = A+ Be ' + ce 't 4+ pe ke (2.1) signal is obtained for peptid®—5 and the weakest for peptide

1-9. We note that the amino acid side chains of residues 2 and
5 in the peptide chain are one on top of the other after a complete

Kk — (T, + T+ \/ (T, + T2)2 — AT T,(1+ T1T2w12))

2.2) turn of the ternary helix, so that the triplet and the radical are
! 2T,T, facing each other in a favorable position for interacting, while
in peptidel—9 they are separated by more than two helix turns.
(T, + T, \/(Tl + -|-2)2 — 4T, T,(1+ TlTZwlz)) It vyould be tempting to correlate _the signal ir_1ten_s_ity \_/vith
k, = (2.3) the distance between the labels. This would be justified if the

? 21T, signal intensity were dependent on the quenching efficiency.
However, our experimental conditions do not allow the relative
ky = (1_,_ kq) (2.4) signal intensity of two samples to be prepisely determineql,

T because the measurements of each peptide sample required
changing the sample tube in the EPR cavity and modifying the
instrumental conditions. Unfortunately, the use of a cell in which
the solution could flowt2bwas prevented by the small quantities
of labeled peptides in our hands.

Because of these drawbacks, we examined the possibility to
rely on the kinetic parameters, and particularlylan

Because of the zero preamplifier gain at low frequency (cut
off at v < 20 Hz), the constant term, which represents the
equilibrium magnetization in the presence of microwaves, is
not recorded in the TR-EPR spectralhe corresponding
expressions for the preexponential factBrsC, andD (B + C
+ D = 0), are more complicated. They depend on the same

parameters that appear in eqs (2_@4)’ on the initial From Table 2, we r!Ote that the rate Consmb different )

conditions ¥,(0), M,(0), [?B](0)), and on the polarization for the different hyperfme components, v_vhereas eq2.4 predlcts
parameter?Sq andPR,, (which cannot be determined A is the same value. This effect has to be attributed to the Heisenberg
not measured). spin exchange process. In the comparison of the kinetic

Equations 2.2 and 2.3 show that for low microwave power Parameters of the different peptides, we used the fitting of the
(TiTa0? < 1), the ratesq andk, reduce tok, = —1/T, and to central line (entries in bold in Table 2), which is not affected
ky = 1_1/1-1" Moreover. the kinetic information about the by the exchangé The rate of this process is too low to affect

guenching rate is contained g. For nitroxide radicals in low the EPR line W?dth' but it doe§s influence the kinetics of the
viscosity liquids,T: ~ T». Indeed.T; values in the range 260 different hyperflne componen S.Inde(_ed, we observed th_e
600 ns and’, values of 380 ns have been measured at the sameSXPected spin exchange transfer polarization from the low-field
temperature of our experimer&Therefore, the time evolution i€ to the high-field line, the decay of the former becoming
of the EPR signal will be well approximated by the sum of two faster and that of the latter becoming slower.

exponential functions with rate constamtsandks convoluted EvenT, is not the same for the different hyperfine compo-
with the instrument response functighit should be noted that, ~ nents, but this finding is not surprising, because different-spin
using the largest values found in the literature Topand T, ky lattice relaxation times have been indeed measured for the

andk; are still dominated by the relaxation times as longas  different hyperfine components of nitroxide radic#s.

< 2.1 x 10° s~ Under our experimental conditions, the value ~ The rate constarks would be almost equal tk, (eq 2.4) if

of wq is estimated to be 0.58 10° s 1. the triplet lifetimez in our solutions could be assumed to be
The foregoing kinetic treatment is valid for both intend equal to that reported in the literature for benzophenone triplet

intramolecular quenching processes, the only difference beingin the same solvent (50s)3 In this case, the contribution/

the meaning of the constaky. For intermolecular quenching, ~ would be quite small40.02 x 10° s™*) in comparison to the

kq should be considered as a pseudo-first-order rate constanbest fit values oks, which are in the range 0.4®.70 x 10°

proportional to the radical concentration (ile; = k[R]), while st

for intramolecular quenchindg is a first-order rate constant If the quenching process were intermolecudad diffusion

not dependent on [R]. controlled, as found by several authr@34when benzophe-
Intramolecular Triplet Quenching in the Peptides Series. none is photoexcited in a solution containing TEMPO radicals,

In our peptide systems, the benzophenone triplet quenching bythe rate constark of the bimolecular reaction & = 280 K,
the nitroxide radical could in principle be either an intermo- taking into account the solvent (acetonitrile) viscoshyis
lecular or an intramolecular process, as already found in other expected to be 1.6% 10° M~! s1. Consequently, at 1 mM

doubly labeled peptide®:3! peptide concentration, the diffusion controlled pseudo-first-order
The two types of contribution are discussed in this section. rate constank, should be 16.5< 10° s'* and 82.5x 10° s71
The TR-EPR signals recorded for solutions of pepgdg for a 5 mM solution. We note that the latter values are much
mM) and benzophenone (1 mM) or of peptifig¢l mM) and larger than those found in our experiments (Table 2). Thus, the

peptide 1 (1 mM) are remarkably less intense than those quenching process cannot be completely accounted for by an
recorded for 1 mM solutions of peptid@s-3, 2—4, 2—5, 2—6, intermolecularand diffusion controlled process.
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Nevertheless, we found differeks values for 1 mM and 5 TABLE 3: Torsion Angles, Energies of )
mM peptide solutions. However, a 5-fold increase in the BC”HZ-Ben21:0ﬁhe'\r)lpne, andEShorte(s:t R]fidlcal-_T“Pbt
concentration does not result in a corresponding increake of ~ 2istances of the Minimum Energy Conformations

. . ’ . Considered Accessible
If one considers the observed variation on increasing the _
concentration as due to an intermolecular contribution, the latter torsion angle’s

would be accounted for by a bimolecular rate conskaintthe oepide ar?(?cc);ig’_(do‘;g) (kaT%%B d(g))“‘”c
range -2 x 10/ M~1 s71, A TR-EPR investigation was also
performed on a solution of peptide(5 mM), which does not 2-3 (170, 70) 79.2 5.6
contain Bpa, and benzophenone (5 mM). For this system, in g;g %ggg 57;8:1 g:g
which only an intermolecular quenching is possititg,was (340, 120) 80.1 6.7
found to be of the same order of magnitude as that of the doubly (320, 140) 80.2 7.3
labeled peptide® We conclude that even in this case, the 2-4 (60, 270) 19.2 9.6
reaction rate is not diffusion controlled, indicating that a (60,90) 20.6 9.6
significant number of molecular collisions is not effective in 25 E?g' ﬁg; 22'3 g'g
triplet quenching. (50, 90) 21.9 88
For the double labeled peptides, taking into account the (180, 80) 22.6 6.3
intermolecular contribution and still neglecting the terrs, 1/ (180, 260) 22.9 6.2
the intramolecular contribution tis, Kina, turns out to be 0.50 2-6 (60, 280) 203 84
x 108 s 1for 2—3, 0.45x 10f s 1 for 2—4, 0.58 x 10f s 1 for ggblégg 32'471 2'8
2-5, 0.54 x 10° s~ for 2—6, and 0.49x 10° s* for 1-9. (170, 70) 214 55
The most relevant conclusion is that for all heptapeptides in (50, 90) 215 8.7
the series, and even for peptitle 9, a spin polarization due to (160, 250) 22.6 6.1
intramolecular triplet quenching is observed. This finding 1-9 (16738’ %0) ﬁ'g ;g’
strongly suggests that for all systems investigated here there is 5170: 60; 44.4 7
a favorable conformation in which the two partners are close ] . ) .
enough to interact. aOnly conformations having energies exceeding the lowest one by

. . less than 3 kcal mot were considered. Torsion angles correspondin

The rate constarkina increases in the ord@—4 < 1-9 < 4 1otations of the benzophenone group of L-Bpagaround theptwo siggle
2—3 < 2—6 < 2—-5. These rate constants are amazingly similar ponds @—C# and G—C” bonds connecting it to the peptide backbone.
despite the differing geometries. However, their differences are ¢ The shortest distance among all the distances measured from the
larger than the experimental error (estimated to be &Qn® chromophorer-system atoms and the nitrogen atom of TOAC.
s).

There could be two explanations for this fact: either the
flexibility of the L-Bpa peptide link does not allow differentia-

tion of the L-Bpa-TOAC distance or the radical-triplet interac- and 300 and the torsion angle about thé-C7 is about 90

tion is only weakly distance dependent. and 270, as listed in detail in Table 3. Only some of these
The similarity of thekinwa values could suggest that the  minimum energy conformations, expected to be significantly
contribution of the triplet lifetime (I to ks is not negligible.  yopylated, were used for radical-chromophore distance evaiu-
In any case, these results are in line with EPR measurementstion3” For each of the significantly populated conformations
performed on a series of analogous-Belix forming peptides e calculated the distances between all the chromophore
doubly labeled with TOAC? For those peptides, the trend of  7.system atoms and the nitrogen atom of TOAC. The shortest
the radicat-radical exchange interactiod yalue), inferred from distance for each conformation, d(Rf) is reported in Table
the CW-EPR measurements, is3 < 1-5 < 1-4 < 1-2, 3. In peptide2—4 the TOAC-benzophenone shortest distance
showing that also in that case, the interaction has the smallest(m this case from nitrogen of TOAC to’®f L-Bpa) d(RT)in
value when the two probes residues are separated by one amine- ~g9 g A and it does not change upon changing the conforma-
acid residue. That trend, in which the strongest interaction is tjgn. Despite the large number of residues separating the two
exhibited by the peptide in which the labels are contiguous, partners, in each accessible conformation of pettid® there
was justified assuming that both a through-space and a through-are chromophorer atoms rather close to the nitroxide group,
bond mechanism were operative. In our case, the through-spacej(RT),,, being in the range 7:67.5 A. Peptide2—3, 2—5,
mechanism seems to be dominant in the radical-triplet pair and 2—6 show d(RT)n, in the ranges 5.57.3, 6.2-8.8, and
interaction. 5.0-8.7 A, respectively. They differ from peptidz-4 in the
Simple molecular mechanics calculations were performed in shortest allowed distance, which is smaller 2013, 2—5, and
order to derive the radical-triplet distances and to test the 2—6 and in the amplitude of the variation range. Qualitatively,
consistency of these results. For the peptide backbone a rigidthese theoretical results are in agreement with the experimental
structure was assumed, based on the characteristic torsion anglesink order for the rate constants. The shortest distances,

all peptides, some potential energy minima can be located, and
in most of the cases (except f@r-3), they are observed to
occur when the torsion angle about the-C?# is about 60, 180,

of the right-handed @-helical structur& (¢ = —57°; y = d(RT)min, for the accessible conformations are listed in Table
—30°), while the benzophenone group of L-Bpa was allowed 3.
to rotate around the two single bonds*(€C# and @—C» As suggested above, substantial contributiokstappears to

bonds) connecting it to the peptide backbone. Even if such stem from the triplet lifetimer in the L-Bpa-labeled peptides.
calculations are quite crude, we nevertheless believe that theyThe value reported in the literature for the free benzophenone
can be exploited for a qualitative discussion of our results. triplet is possibly too large to apply in our conditic®A reason

The —CPH,—benzophenone potential energy was calculated for this reduced lifetime could be associated with intaad
(by single point calculations) and displayed in a two-dimensional intermolecular hydrogen abstraction reactihspmpeting with
plot as a function of the two torsion angles, which describe the triplet quenching by the radic&l.Hydrogen abstraction could
rotations around the two single bonds mentioned above. Foralso be the factor responsible for the observed decrease of the
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characterized by several types of contributions, including triplet
guenching caused by the nitroxide, phosphorescence, and other
processes, which chemically degrade the benzophenone group
of L-Bpa. The intramolecular nature of the polarization process
has been unambiguously demonstrated. Clearly, detection of this
phenomenon is facilitated by the use of our rigid, helical peptide
templates based on®@etrasubstitutedx-amino acids, which
are able to keep the®@toms of the two covalently bound labels
at a fixed distance. The aim of this work was to seek a parameter
sensitive to the radical-triplet distance. Unfortunately, the kinetic
parameters do not fulfill these requirements possibly because
the side chain of one component of our dyad (L-Bpa) is rather
0 5 10 15 20 25 flexible. Therefore, this chromophoric amino acid does not
time (minutes) reprt.esent- the best posglble 9h0|cg for an investigation of the
relationship between radical-triplet distance and EPR parameters.
Figure 5. TR-EPR signal ingensity of the central hy_perfi_ne_line_of the \We are currently expanding the scope of this research by
TOAC spectrum as a function of UV (= 355 nm) irradiation time o 515iting a novel chromophoric,“@etrasubstituted, helicogenic

;Onrdallg] m°§(§'§’ﬂifh§,’§§gfﬂ;5(‘g’pp§n” ;?glzgs)i 1mTAMp%?)E[)%%€:i amino acid bearing a conformationally blocked side chain.
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