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Abstract: A variety of host L-alanine homo-peptides (to the pentamer) containing one or two spin-labelled TOAC
(2,2,6,6-tetramethylpiperidine- 1-oxyl-4-amino-4-carboxylic acid) residues were synthesized by solution
methods and fully characterized. The conformational features of the terminally blocked, doubly spin-labelled
~TOAC—(Ala),~TOAC-Ala- pentapeptide were examined in the crystal state by X-ray diffraction and in solution
using a combination of techniques (Fourier transform infrared, circular dichroism, cyclic voltammetry and
electron spin resonance) in comparison with singly labelled shorter peptides. The 3,¢-helical structure of the
pentapeptide, promoted by the two C**-disubstituted glycines under favourable experimental conditions,
allows an interaction to take place between the two nitroxide TOAC side chains spaced by one turn of the helix.
Taken together, these results suggest that TOAC is an excellent probe for exploring bends and helices in doubly
labelled peptides.

Keywords: f-bend; 3,0-helix; peptide conformational analysis; spin-labelled amino acid; TOAC peptides

Abbreviations TFE, 2,2,2-trifluoroethanol; HFIP, 1,1,1,3,3,3-hexa-
fluoroisopropanol; MD, molecular dynamics.

TOAC, 2,2,6,6-tetramethylpiperidine- 1-oxyl-4-amino
-4-carboxylic acid; Acgc, 1-aminocyclohexane-1-car-
boxylic acid; Aib, a-aminoisobutyric acid or C**-
dimethylglycine; Ac, acetyl; pBrBz, para-bromoben-
zoyl; NHMe, methylamino; NHtBu, tert-butylamino;

INTRODUCTION

The great structural versatility of the family of
C**-disubstituted glycines has recently emerged

—_— as a focal point in the field of biocactive pep-
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tide mimicry [1, 2). More specifically, the strongly
preferred conformations (8-bends and 3,4-/«-helices)
theoretically postulated and experimentally found
both in the crystal state and in solution for
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the cycloaliphatic Acgc residue closely parallel
those of the extensively investigated prototype
Aib [3-5]. o]

(lfﬂs CH, cH,
—NH—C—C0—  —NH—C—C0—  —NH—C—CO—

b

Aib Acge TOAC

As a logical extension of the structural inves-
tigations of Acgc, our efforts recently focused on
TOAC, a saturated heterocyclic analogue contain-
ing a stable paramagnetic label. A favourable pro-
perty of TOAC over other spin-labelled amino acids
is that rotation about side-chain bonds is hampered
by incorporation of the nitroxide nitrogen and C? C#
and C’ atoms into a cyclic moiety. In general, amino
acids with nitroxide modified side chains play an
important role in providing useful electron spin
resonance (ESR) information on the preferred con-
formations of peptide molecules [6, 7] and on their
interactions with macromolecules and biological
membranes [8]. However, they might also be
exploited as potentially valuable probes in the study
of organic materials showing ferromagnetic proper-
ties [9] and of redox processes [10]. In spite of all
these possible applications, we were rather surprised
to find that TOAC, although introduced in peptide
chemistry more than a decade ago [11], has been
employed so far only in a very limited number of
studies [12-16].

In this paper we describe the synthesis and
characterization of a number of TOAC derivatives
and L-alanine-based peptides (to the pentamer level)
in which one or two TOAC residues are incorporated
at different positions of the sequence. An extensive
conformational analysis was performed in the crystal
state (by X-ray diffraction) and in solution (by Fourier
transform infrared spectroscopy (FTIR), circular
dichroism (CD), cyclic voltammetry and ESR) on
a doubly labelled pentapeptide with the sequence
-TOAC-(Ala)>-TOAC-Ala-. The results obtained, in
comparison with those of the singly labelled, shorter
peptides, favour the conclusion that the pentapep-
tide is folded in the right-handed 3,o-helical con-
formation under structure-supporting experimental
conditions. A concomitant interaction is seen be-
tween the two nitroxide side chains aligned in the
structure one on the top of the other after one turn of
the helix.

MATERIALS AND METHODS

Synthesis and Characterization of Peptides

Melting points were determined using a Leitz
(Wetzlar, Germany) model Laborlux 12 apparatus
and are not corrected. Optical rotations were
measured using a Perkin-Elmer (Norwalk, CT)
model 241 polarimeter equipped with a Haake
(Karlsruhe, Germany) model D thermostat. Thin-
layer chromatography was performed on Merck
(Darmstadt, Germany) Kieselgel 60F,5, precoated
plates using the following solvent systems: 1 (CHClz-
EtOH, 9:1), 2 (Bu"OH-AcOH-H,O, 3:1:1); 3
(toluene-EtOH 7:1). The chromatograms were ex-
amined by UV fluorescence or developed by chlorine-
starch-potassium iodide or ninhydrin chromatic
reaction as appropriate. All the compounds were
obtained in a chromatographically homogeneous
state. Amino acid analyses of the Ala/TOAC pep-
tides were not performed as TOAC is unstable under
the acidic conditions required for hydrolysis of the
—CONH-, —OCONH- and —COO- bonds.

X-ray Diffraction

Crystals (0.72 X 0.16 X 0.07 mm) of pBrBz-TOAC-
(L-Ala),-TOAC-L-Ala-NHitBu  (hemihydrate) were
grown by slow evaporation from a methanol solu-
tion. The intensities of the diffracted beam were
measured at room temperature on a four-circle
automated diffractometer with CuKa radiation
(1= 1.5418 A) and a graphite monochromator in
the incident beam. Three reflections that were used
as standards were monitored every 97 measure-
ments and remained constant within 3.5% during
the data collection. A 1.2° scan with a variable scan
speed from 7 to 30°/min, depending on the intensity
of a reflection, was used in a 6/20 mode with
20max = 112° (resolution = 0.9 A). The data were
corrected for Lorentz and polarization effects and
an empirical absorption was applied (min/max
transmission factors 0.382/0.741). The number of
independent data collected was 3189 (Ry,; = 0.0201)
with 2531 data observed with I> 2¢(]), crystal system
monoclinic, space group P2,, a=11.451(2) A,
b=189324} A, c=11.741(20 A, p=112.152)°,
Z=2. The calculated density was 1.233 g/cm?,
based on a molecular weight of 874.92 a.m.u. for
C40HgsNgOgBr-1/2H,0, two formula units per cell,
and cell volume V = 2357.5(8) A 3. The structure was



solved by direct phase determination using program
SHELX 86 [17]. Full-matrix anisotropic least-squares
refinement, using program SHELXS 93 [18] on F?
values, using the full set of data, was performed on
the non-hydrogen atoms before hydrogen atoms were
added in idealized positions and allowed to ride with
the C, N and O atoms to which each was bonded. The
number of parameters refined was 520 with a data to
parameter ratio of approximately 6:1. The final
traditional R factor was 9.23% for 2531 data
observed I>24(t) and 10.94% for all the data.
Complete lists of bond lengths, bond angles and
torsion angles, and the final positional parameters
for all non-hydrogen atoms along with their thermal
factors have been deposited and are available from
the Cambridge Crystallographic Data Centre (Cam-
bridge, UK).

IR Absorption

The solid-state IR absorption spectra (KBr disk
technique) were recorded with a Perkin-Elmer model
580B spectrophotometer equipped with a Perkin-
Elmer model 3600 data station. The solution spectra
were obtained using a Perkin-Elmer model 1720X
FTIR spectrophotometer, nitrogen-flushed, equipped
with a sample-shuttle device, at 2 cm™! nominal
resolution, averaging 100 scans. Solvent (baseline)
spectra were recorded under the same conditions.
Cells with path lengths of 0.1, 1.0 and 10 mm (with
CaF, windows) were used. Spectrograde deutero-
chloroform (99.8% d) was purchased from Fluka
(Buchs, Switzerland).

UV-VIS Absorption and Circular Dichroism

The UV-VIS spectra were obtained using a
Perkin-Elmer model Lambda 5 spectrophotometer.
A quartz cell (Hellma, Millheim, Germany) of
10 mm path length was used. The CD spectra were
recorded on a JASCO (Tokyo, Japan) model J-600
spectropolarimeter equipped with a Haake thermo-
stat. Cylindrical fused quartz cells of 10 and 1 mm
path lengths were employed. The values are ex-
pressed in terms of [f]y, the total molar ellipticity (deg
cm? dmol !). MeOH (Riedel-de-Haen, Seelze, Ger-
many), EtOH (C. Erba, Rodano, Milan, Italy), TFE,
HFIP and CHCl3 (Fluka) and DMSO (Merck) were
used as solvents.
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Cyclic Voltammetry

All experiments were performed on anhydrous
deoxygenated EtOH solutions with 0.2 M sodium
perchlorate as the supporting electrolyte, using a
conventional three-electrode liquid-jacketed cell.
Cyclic voltammetry measurements were performed
with an Amel (Milan, Italy) model 551 potentiostat
modulated by an Amel 566 function generator. The
recording device was an Amel model 863 X-Y
recorder. The working electrode was a planar
platinum microelectrode (ca. 0.3 mm?) surrounded
by a platinum spiral counter electrode. A silver/0.1 M
silver perchlorate in acetonitrile, separated from the
test solution by 0.2 M sodium perchlorate in EtOH
solution sandwiched between two fritted disks, was
used as the reference electrode. Compensation for iR
drop was achieved by positive feedback. Ferrocene
(Aldrich, Milwaukee, WI) was added at the end of
each experiment as the internal reference. All
potentials are referred to the ferrocenium/ferrocene
couple (E° = +0.068 V relative to the actual Ag/
AgClO, reference electrode).

Electron Spin Resonance Spectroscopy

X-band continuous wave experiments were carried
out using a Bruker ESP 380 spectrometer. A TE gy
cavity was used for high-concentration samples (0.3~
3 mM peptide) and a high-sensitivity dielectric
resonator was used for samples with lower concen-
trations (0.03-0.3 mM peptide). Dissolved oxygen was
removed by bubbling nitrogen gas for several
minutes. Samples contained 30 ul of peptide solu-
tion and were sealed in glass microcapillary tubes.
Temperature control was accomplished with a
Bruker variable temperature accessory. All solu-
tions were subjected to high temperature to deter-
mine whether broadening was due to peptide
aggregation. Only TFE showed evidence of peptide
aggregation after dissolution and this aggregation
was eliminated by cycling the temperature up to
343 K and then back down to 296 K. Spectra were
gathered over a 80 gauss width; however, 200 gauss
scans were performed on all samples to check for
biradical singlet transitions. Quantitative spin inte-
gration, using a 1.0 mM TEMPO standard, was
performed on each sample. Collection parameters
included a mod. amp. of 0.4 gauss or less at a
frequency of 100 kHz.
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RESULTS

Synthesis of TOAC, TOAC Derivatives and Ala/TOAC
Peptides

The free amino acid was prepared from the corre-
sponding hydantoin by alkaline hydrolysis with
barium hydroxide according to published proce-
dures [13, 15, 19]. The hydantoin, in turn, was
synthesized from 2,2,6,6-tetramethyl-4-oxo-piperi-
dine-1-oxyl by treatment with ammonium carbonate
and sodium cyanide {13, 19). The Fmoc [16], Z [15],
Boc [11, 12, 15] and pBrBz N*-protected derivatives
were obtained by reacting H-TOAC-OH with the
pertinent N-hydroxysuccinimido derivatives. The
5(4H)-oxazolone from pBrBz-TOAC-OH was synthe-
sized by reacting the free amino acid with an excess
of para-bromobenzoylchloride in anhydrous pyri-
dine. The symmetrical anhydride from Z-TOAC-OH
and the 5(4H)-oxazolones from Z-, Fmoc- and Boc-
TOAC-OH were prepared by dehydration of the
corresponding N*-protected amino acid with N-
ethyl, N'-(3-dimethylaminopropyl)-carbodiimide. In-
ter alia, Fmoc-TOAC-OH and the 5(4H)-oxazolones
from Z-TOAC-OH and Fmoc-TOAC-OH were char-
acterized by X-ray diffraction. Details of these
structures (in particular of the first 2-alkoxy-5(4H}-
oxazolones ever solved by X-ray diffraction) will be
published separately.

Syntheses of the N*-protected Ala/TOAC peptide
methyl esters and tert-butylamides with an N-
terminal TOAC residue were achieved in anhydrous
acetonitrile under reflux either by using the 5(4H)-
oxazolones or the symmetrical anhydride mentioned
above. Removal of the Fmoc N*-protecting group was
performed by treatment with a 10% diethylamine
solution in acetonitrile. In addition, we confirmed
results from earlier studies [12, 15, 16] that the
acidic and the reducing conditions required to
remove the Boc- and Z-groups, respectively, are not
compatible with the full chemical integrity of
the nitroxide moiety. Therefore, introduction of a
TOAC residue at an internal position and sub-
sequent elongation of the peptide chain were
obtained using Fmoc N*-protection. The Ala resi-
dues were incorporated using the symmetrical
anhydride approach.

The physical properties of the hydantoin, the free
amino-acid, and a number of amino acid derivatives
and Ala/TOAC peptides to the pentamer level are
listed in Table 1.

Crystal-state Conformational Analysis

The preferred conformation of the doubly spin-
labelled, terminally blocked pentapeptide pBrBz-
TOAC-(L-Ala),-TOAC-L-Ala-NHtBu hemihydrate in
the crystal state was assessed by X-ray diffraction.
The molecular structure with the atomic numbering
scheme is illustrated in Fig. 1. Fig. 2 shows a
projection along the z-axis.

The succession of similar pairs of ¢, values [20]
[average (¢.¢) = (—61.3°, —~38.1°)] along the peptide
chain generates a helical structure, which can be
described as a right-handed 3;q-helix, reasonably
close to the ideal case (¢.y = —57°, —30° [21]. The
helical structure is stabilized by four successive
intramolecular 1 —4 C—-O-.--H=N H-bonds of the
Cio {p-turn)-1I1 type [22, 23]. The range of observed
N---O distances is 3.02-3.31 A [24]. The deviation of
the w angles from the ideal value of the trans planar -
CONH- unit (180° is significant only for the C-
terminal -L-Ala-NH{Bu amide bond (Aw=14.1°). The
phenyl group of the pBrBz moiety is only slightly
rotated from the plane of the N-terminal amide group
[the N1-C1-C2-C3 torsion angle is —9.0 (20)°]. The
torsion angles of the tert-butylamido group
[-173.7(21), 54.8(25) and —66.3(25)°] indicate stag-
gering of the three methyls about the C6A-NG
bond.

The N-O bond lengths of the nitroxide groups of
the TOAC residues at positions 1 and 4 are 1.29(2)
and 1.30(2) A, respectively. Typical lengths for a

Fig. 1 X-ray diffraction structure of pBrBz-TOAC-(L-Ala),-
TOAC-L-Ala-NHfBu with numbering of the atoms. The
intramolecular H-bonds are represented by dashed lines.
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Table 1 Physical Properties for the TOAC Derivatives and Peptides

Compound Melting Recryst. [alp2° TLC VIS IR
point (°C) solvent® er

Rey Rpa Rrs Amax (e)e

TOAC hydantoin >230 EtOH/H,O - 0.75 0.95 0.40 436 (5.8) 3160,1775,
1720
H-TOAC-OH 228-230 H,0 (pH 6) - 0.00 0.60 0.00 430 (7.0 3445, 3150,
1615
pBrBz-TOAC-OH 175-176 AcOEt - 0.20 0.95 0.10 446 (10.5) 3360, 1738,
442 9.7°¢ 1704, 1661
Fmoc-TOAC-OH 165-166 AcOEt/PE - 0.35 0.90 0.25 429 (5.5) 3342, 1722
Z-TOAC-OH 167-168 AcOEt/PE - 0.25 0.90 0.20 435 6.9) 3355, 1743,
1716
Boc-TOAC-OH 168-169 Et,O/PE - 0.65 0.90 0.25 433 (6.8) 3377, 1716
(Z-TOAC),0 129-130 AcOEt - 0.95 - 0.35 448 (13.6) 3402, 1819,
1712
5(4H)-oxazolone from 174-176 AcOEt/PE - 0.95 - 0.85 451 (12.7) 1808, 1651
pBrBz-TOAC-OH 422 (10.1)¢
5(4H)-oxazolone from 179-180 CHCIl3/PE - 0.95 - 0.70 467 (9.9) 1831, 1682
Fmoc-TOAC-OH
5(4H)-oxazolone from 89-90 AcOEt - 0.95 - 0.75 420 (8.8) 1819, 1692
Z-TOAC-OH
5(4H)-oxazolone from 114-115 AcOEt - 0.85 - 0.60 469 (7.6) 1820, 1686
Boc-TOAC-OH
Z-TOAC-L-Ala-OMe 140-141 AcOEt/PE -30.7 0.95 0.95 0.45 427 (7.6) 3276, 1720,
1663
Z-TOAC-{L-Ala),-OMe  71-73 AcOEt/PE -24.5 0.85 0.95 0.35 431 (5.8) 3333, 1738,
1702, 1661
Fmoc-TOAC-L-Ala-N-  141-143 AcOEt/PE -3.6 0.70 0.95 0.40 429 (7.0) 3340, 1731,
HtBu 1704, 1666
Z-TOAC-(.-Ala),-NHt- 122-124 AcOEt/PE +13.8 0.70 0.95 0.25 427 (7.2) 3535, 3302,
Bu 1699, 1658
Z-L-Ala-TOAC-L-Ala- 131-133 AcOEt/PE -14.4 0.80 0.95 0.35 425 (7.0) 3343, 1682
NH{Bu
Fmoc-L-Ala-TOAC-L- 133-135 AcOEt/PE -27.0 0.90 0.95 0.35 425 (5.9) 3349, 1679
Ala-NHBu
Fmoc-(L-Ala),-TOAC- 137-139 AcOEt/PE -26.9 0.80 0.95 0.30 420 (11.9) 3341, 1662
L-Ala-NHtBu
pBrBz-TOAC-(L-Ala),- >230 AcOEt 54.0 0.50 0.90 0.10 447 (38.0) 3348, 1654
TOAC-L-Ala-NHtBu 422 (31.2)¢
Boc-TOAC-(L-Ala),-T- 224-225 AcOEt/PE 32.8 0.70 0.90 0.25 420 (14.2)¢ 3381, 1661

OAC-L-Ala-NH(Bu

# EtOH, ethyl alcohol; AcOEt, ethyl acetate; Et,0, diethyl ether; PE, petroleum ether.

® ¢ 0.5, methanol.

 Amax (nm) and (1 x mol~1 x cm™1); all VIS spectra were recorded in methanol, with the exception of those of the anhydride

dand the 5(4H)-oxazolones which were measured in ethyl acetate (for reasons of chemical stability of the compounds).
Shoulder

¢ The IR spectra were obtained in KBr pellets (only bands in the 3600-3150 and 19001600 cm ™! regions are reported).
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Fig. 2 Projection of the pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-
NHtBu molecule down the z-axis (the helix axis). Position of
a given amino acid in the peptide chain is indicated by a
number on its C* atom. The N and O atoms of the two
nitroxide groups are represented by dashed and full circles,
respectively. The almost perfect triangular shape of the 3,¢-
helix stands out clearly.

(spP)N-O single bond are longer (in the range 1.39-
1.40 A) [25, 26]. The values of the external O-N-C
bond angles and the internal CG1-N-CG2 bond
angle are found between 116-120(2)° and 124-
125(1)°, respectively. The angle between the N-O
bond and the CG1-N-CG2 plane is 1.4(17)° for
residue 1 and 5.16(36)° for residue 4.

The two nitroxide groups are oriented roughly
perpendicular to the helix axis and approximately
parallel to each other. The dihedral angle between
normals to the average planes of the two piperidinyl
rings is 15.9° and the dihedral angle O4A-
N4A ... N1A~-O1A is —24.2(25)°. The distances be-
tween centres of the rings and between mid-points of
the N-O bonds are 6.30 and 7.32 A, respectively.
Both hexatomic rings are found in a conformation
close to the twist-boat disposition with the following
puckering parameters: @ = 0.64(1) A, ¢, = 100(1)°,
05=90(1)° for TOAC!, and @r=0.60(2)A,
$2 = 91(2)°, 02 = 90(2)° for TOAC? [27].

Along the direction of the z-axis, the helical
molecules of the pentapeptide hemihydrate are
connected by head-to-tail H-bonding. The crystal
packing mode is characterized by two intermolecular
N-H - .. O-C H-bonds involving the N1-H and N2-H

groups as donors and the 0,=C,’ and O5=Cs’ groups
of a symmetry-related molecule (x, y. 1-2 as
acceptors, respectively. The N --- O separations are
3.00-3.01 A [24]. The co-crystallized water molecule
is H-bonded as donor to the O5=C5" amide carbonyl
[28] of a symmetry-related molecule (x, y, 1-2)
and to the O4A-N4A nitroxide group [29] of a
symmetry-related molecule (3 — x, 1/2+y, 3 — 2).
The O - - - O separations are 2.91 and 2.97 A, respec-
tively (30].

Solution Conformational Analysis

FTIR Absorpfion. The conformational preferences of
the Ala/TOAC peptides in solution were first deter-
mined by FTIR absorption in the structure-support-
ing solvent CDCl; as a function of concentration (over
the range 0.1-10 mm). Fig. 3 illustrates the FTIR
absorption spectra (N-H stretching region) of the N*-
urethane, C-tert-butylamide series from the di- to the
pentapeptide.

The curves are characterized by two bands at
3442-3427 cm™! (free NH groups) and 3387-
3335 cm™ ! (H-bonded NH groups), respectively
(5, 311. The intensity of the low-frequency band
relative to the high-frequency band (Ay/Ar ratio)
significantly increases as main-chain length in-
creases; concomitantly, the absorption maximum of
the former band shifts markedly to lower wavenum-
bers. The band related to H-bonded NH groups is
negligible in the dipeptide ester (not shown).

Using the Mizushima dilution method [32], we
have been able to show that even at 10 mM
concentration, self-association via N-H..- O-C
intermolecular H-bonding is of minor significance
(less than 10%) for the tri- and tetrapeptides.
Therefore, the observed H-bonding should be inter-
preted as arising almost exclusively from intramole-
cular N—H - - O=C interactions. However, in the case
of the pentapeptides, self-association plays a signifi-
cant role, particularly at concentrations >1 mMm. In
any event, even at 0.1 mM concentration the intensity
of the band related to H-bonded NH groups is
remarkably high, suggesting the occurrence of large
populations of intramolecularly H-bonded species.

The present FTIR absorption investigation has
provided convincing evidence that main-chain
length-dependent intramolecular H-bonding is an
important factor for the terminally blocked Ala/
TOAC peptides in CDCl3 solution. The observation
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Fig. 3 FTIR absorption spectra in the 3500-3250 cm™* region of Fmoc-TOAC-L-Ala-NH{Bu (A), Fmoc-L-Ala-TOAC-L-Ala-NHtBu
(B), Fmoc-({L-Ala)y-TOAC-L-Ala-NHtBu (C}) and Boc-TOAC-(L-Ala),-TOAC-L-Ala-NHtBu (D) in CDCl; solution (concentration

10 mm).

of the 3387-3335 cm™ ' band in the di-, tri-, tetra-
and pentapeptide amides, which is negligible in the
dipeptide ester, seems to indicate that the Ala/TOAC
peptides do not tend to assume a y-turn form
[23, 33], even in a solvent of low polarity, and
highlights the propensity of the tripeptide to adopt
a f-turn conformation {22, 23] which may evolve in a
series of consecutive f-turns (3,¢-helices) [21] in
longer peptides.

Circular Dichroism. In the VIS region of the absorp-
tion spectrum nitroxide-containing compounds show
a very weak (¢ = 5-15), solvent-dependent n—=* band
at 400-500 nm [8, 34, 35]. In the Ala/TOAC peptides
synthesized in this work this band is visible at 420-
447 nm in MeOH solution (Table 1).

The preferred conformation of the pBrBz-
TOAC-(L-Ala);-TOAC-L-Ala-NHBu pentapeptide
in solution was examined in detail using CD
spectroscopy. In the VIS region a relatively
strong, positive Cotton effect is seen at 423 nm
in MeOH (Figure 4). The intensity of this CD
band decreases significantly by changing solvent
(MeOH = EtOH > CHCl3 > TFE >DMSO > HFIP). A
25% reduction in ellipticity is produced also by
heating the methanol solution from -5 to 40°C. A

strictly parallel phenomenon is exhibited by the
doubly labelled Boc-protected pentapeptide analo-
gue. However, a 20-70 fold weaker Cotton effect is
observed in this region in the CD spectra of the singly
labelled L-Ala/TOAC di-, tri- and tetrapeptides.

Fig. 5 illustrates the CD pattern of the Na-para-
bromobenzoylated pentapeptide in the 210-300 nm
region in four different alcohols. This spectral region
is dominated by the contribution of the para-
bromobenzamido chromophore, the absorption max-
imum of which is centred near 240 nm [36]. This
conclusion is corroborated by the observation that
this characteristically exciton split curve is absent in
the CD spectrum of the Boc-protected pentapeptide
analogue. The Cotton effect at higher wavelengths
(250-255 nm) is positive, while that at lower wave-
lengths (229-231 nm) is negative, suggesting that an
interaction is operative between the N-terminal para-
bromobenzamido chromophore and the amido chro-
mophores of the peptide chain arranged in a right-
handed 3;¢-helical array [36]. The strength of the two
oppositely signed CD bands decreases in the order:
MeOH = EtOH > TFE > HFIP.

From these results we are inclined to conclude
that the intensity of the CD band near 425 nm and
those of the exciton split bands centred near 240 nm
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Fig. 4 Circular dichroism spectra in the 300-600 nm region
of pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-NHtBu in HFIP (1),
DMSO (2), TFE (3), CHCl; (4), EtOH (5) and MeOH (6)
(concentration 2 mm).

represent excellent probes for the determination of
the population of 3,4-helical species in the conforma-
tional equilibrium mixtures of pBrBz-TOAC-(L-Ala)s-
TOAC-L-Ala-NHtBu under different experimental
conditions. In this connection it is interesting to
note that the following rank orders of structure-
supporting solvents may be established: (i) MeOH =
EtOH > TFE > HFIP (for the hydroxylated solvents),
and (iij) CHCl; > DMSO (for the non-hydroxylated
solvents).

Cyclic Voltammelry. This electrochemical technique
revealed that in EtOH both the singly labelled
reference compound pBrBz-TOAC-OH and the dou-
bly labelled pentapeptide pBrBz-TOAC-(L-Ala),-
TOAC-L-Ala-NHfBu undergo an uncomplicated,
reversible nitroxide-based oxidation centred at
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Fig. 5 Circular dichroism spectra in the 210-300 nm region
of pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-NHtBu in HFIP (1), TFE
(2), EtOH (3) and MeOH (4) (concentration 1 mm).

E;;2=0.324 and 0.315V, as mean values of the
potentials for anodic and cathodic peak currents,
respectively (Figure 6). For the amino acid derivative
the voltammetric profile is that anticipated for a
simple one-electron reversible charge transfer by
most of the criteria of stationary electrode polaro-
graphy [37], i.e. the ratio of the cathodic to anodic
peak currents, i;/i5, is unity over the range of the
experimental (20-200 mV s~ ') cyclic scan rate, and
the peak-to-peak separation, AE,, and the peak
width, E;, — E;/», are 65 and 59 mV (60 and 57 mV
for ferrocene), respectively.

For the pentapeptide the height of the oxidation
wave is approximately double that of the wave
displayed by the reference compound under identi-
cal experimental conditions, thereby implying a two-
electron step. In addition, an inspection of the shape
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Fig. 6 Cyclic voltammogram for oxidation of 1.56 mm
pBrBz-TOAC-OH (A} and 1.30 mm pBrBz-TOAC-(L-Ala)s-
TOAC-L-Ala-NH{Bu {B) in EtOH solution, 0.2 M NaClQ,, at
25° (scan rate 0.2 Vs™).

of the voltammetric response indicates that it is
slightly sharper than that predicted for a single-
stepped two-electron charge transfer reaction invol-
ving two non-interacting redox sites in the same
molecule under a merely statistical control: AE, and
E,—E;;2 are 50 and 45 mV rather than 58.5 and
57 mV as expected [38, 39]. This finding is attributed
to a small difference between the E° values for the two
individual one-electron transfers (E? =0.311V;
E} =0.323V) [39] and suggests a weak electronic
interaction between the redox sites, but, most
remarkably, it reveals that electrons are exchanged
almost in a single shot. These observations embody
the important structural implication that a simulta-
neous approach of both nitroxide sites to the
electrode surface is not precluded. This conclusion,
in turn, strongly supports the view that the 3,,-
helical conformation observed in the crystal state for
the pentapeptide (with the two nitroxide groups
located on the same side of the helix) is largely
preserved in EtOH solution.

Electron Spin Resonance. The aim of this ESR study
was to correlate the secondary structure of the
pentapeptide pBrBz-TOAC-(L-Ala)>-TOAC-L-Ala-
NHiBu in various alcohols. ESR spectra of a doubly
labelled (biradical) peptide provide a measure of the
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amount of J-coupling between the nitroxide spins
[40, 41]. J-coupling increases with decreasing dis-
tance between the spins. The shape of the ESR
spectra of a nitroxide biradical in solution depends
on the relative values of J and the isotropic hyperfine
coupling ay of the nitroxide nitrogen nuclei. In the
weak coupling regime (J <« ay) ESR spectra are
characterized by three nitrogen hyperfine lines, as it
occurs for a monoradical species. The lines broaden
for increasing J. Strong coupling (J > ay). however,
gives spectra with five lines (which are referred to as
transitions 1 through 5) with an intensity ratio
1:2:3:2:1 and separated by an/2 [42]. In the
intermediate case J =2 ay the line intensities deviate
from the above ratios. The spin labels in the
pentapeptide are separated by { — i + 3 spacing and
it is expected that strong coupling will result if the
peptide adopts a 3,0-helix conformation. Thus, the
amount of helicity can be correlated to the amount of
J-coupling observed in the ESR spectra.

Spectra for the pentapeptide in four alcohols of
different polarity at room temperature are shown
in Fig. 7. On the basis of the reasoning above, it
appears that amount of helicity follows the order
MeOH > EtOH > TFE = HFIP, with MeOH giving the
strongest five-line pattern.

However, we note that in MeOH the second and
fourth lines are selectively broadened. Such broad-
ening, which is even more pronounced in EtOH, is
characteristic for flexible biradicals [43] and suggests
that the pentapeptide is flickering in and out of the
helical conformation. This motion modulates the J
interaction which contributes an additional term to
the width of the second and fourth lines of the
spectrum and to two components of the triple
degenerate central line.

Assuming a simple model where the interaction
occurs only in the helix conformation and indicating
by J the mean value of J, the linewidth contribution
is:

The spectral density j(J) depends on J and on the
dynamics of the flickering motion, being proportional
to the inverse of the modulation frequency, i.e. to the
lifetime 7 of the unordered and helical conformations
[42-44]. It should be noted that in the case of extreme
broadening the second and fourth lines disappear
and strong exchange can appear as weak exchange
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Fig. 7 ESR spectra of pBrBz-TOAC-(L-Ala);-TOAC-L-Ala-
NH{Bu in the denoted neat alcohols at room temperature.
Concentrations for the samples are: 0.98 mm in MeOH;
1.96 mmM in EtOH; 0.039 mmMm in TFE; 4.0 mM in HFIP (the
sample in TFE was kept at low concentration to avoid
peptide aggregation).

[45]. Spectral integration allows for the separation of
these two extreme cases and we have determined
that the HFIP and TFE spectra are indeed weakly
coupled. Thus, the pentapeptide is largely unfolded
in these solvents.

The dynamics of the flickering process is expected
to be influenced by the temperature. Fig. 8 shows
how the broadening of the second and fourth lines of
the peptide in MeOH increases by lowering the
temperature. The spectral changes reflect the tem-
perature dependence of the ratio j(J)/J? and this
effect could be caused either by an increase of 7 or by
a decrease of J (i.e. by a reduced helical content}. The
latter situation would contrast with the results of the
CD reported above and with the general observation
that peptide helical content in alcohols tends to

320 K
270 K
3310 3360 3410

Gauss

Fig. 8 ESR spectra of pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-
NHBu in MeOH as a function of temperature (concentra-
tion 1 mM).

increase as the temperature is lowered. Therefore, we
are inclined to attribute the broadening of the ESR
lines at low temperature to the slowing down of the
flickering process.

Biradical J-coupling can arise from both through
bond and through space overlap of the electron wave
functions. Of course, only the through space
contribution provides information on peptide con-
formation. The TOAC nitroxide is closer to the
peptide backbone than other previously used pep-
tide spin labels [40, 41] and this results in fewer o-
bonds between the spins and the possibility of a
significant through bond contribution. Recent ex-
periments with transient biradicals have determined
the relationship between the number of o-bonds and
the resulting J-coupling [46]. Using their parameters
we calculate the through bond contribution to be
0.23 gauss, which is less than the intrinsic linewidth
of a nitroxide monoradical. The results described
here with TFE and HFIP show little J-coupling and
this could not occur if there were a significant
through bond contribution.

DISCUSSION

A series of L-Ala-based oligopeptides (to the pentamer
level) containing one or two TOAC residues were
synthesized in solution using the 5(4H)-oxazolone or
the symmetrical anhydride method. Introduction of a



TOAC residue at an internal position and subsequent
elongation of the peptide chain requires Fmoc N*-
protection [16]. Analytical characterization of the
various compounds was achieved by melting point
determination, thin-layer chromatography in two or
three different solvent systems, polarimetry, UV-VIS
and IR spectroscopies (the latter in the solid state).

An X-ray diffraction investigation revealed that the
terminally blocked, doubly labelled pentapeptide
with the sequence -TOAC-(Ala),-TOAC-Ala- adopts
a 3;¢-helical structure in the crystal state. The right-
handed screw sense of the helix is dictated by the L-
configuration of the internal Ala residues. The two
nitroxide groups protrude outwards of the peptide
scaffold, separated by one turn of the helical
structure, i.e. by approximately 6.5-7.0 A.

Combined FTIR absorption, CD, cyclic voltamme-
try and ESR measurements provide convincing
evidence that the right-handed 3,,-helical conforma-
tion of the pentapeptide is essentially preserved in
structure-supporting solvents, such as MeOH, EtOH
and CHClj3. The amount of helical structure tends to
decrease substantially as the polarity of the solvent
(TFE, DMSO, HFIP) increases. The results obtained
from these techniques, taken together, also suggest
that an interaction is operative between the two
nitroxide labels located on the same side of the
helical structure.

Recently, MD calculations were performed on the
peptide Ac-(L-Ala)3-NHMe in various alcohols and
alcohol/water mixtures [47]. Free energy curves were
determined for «-helical and extended conforma-
tions. Although the 3,0-helical conformation was
not considered, these calculations still provide a
prediction on the relative helix-forming properties of
the various solvents. The MD calculations indicated
that MeOH is a stronger helix former than TFE and
this is consistent with the present results. The other
alcohols were not examined in the MD study.
However, we have explored the ESR spectra for the
pentapeptide in alcohol/water mixtures (data not
shown) and thus far there is excellent agreement with
the MD calculations. The experiments reported here
are among the first to systematically probe the
amount of helix structure of short peptides in
various solvents, and the apparent agreement with
recent theory is extremely encouraging.

In summary, the conformational data described
in this paper unambiguously indicate that the
TOAC residue has a marked intrinsic tendency to
adopt ¢.y backbone torsion angles in the helical
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region of the conformational map (48], in analogy
to many other C**-disubstituted glycines such as the
prototype Aib and the cycloaliphatic analogue Acgc
[1-5]. This main-chain structural property, coupled
with the presence of the nitroxide group characteriz-
ing the lateral chain, makes TOAC an excellent probe
for exploring f-bends and 3,0/«-helices in peptides
doubly labelled at appropriate relative positions.
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