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Sequence Abbreviation

Boc - TOAC - Ala - TOAC - Ala - Ala - Ala - OtBu
Boc - TOAC - Ala - Ala - TOAC - Ala - Ala - OtBu Hex - 14
Boc - TOAC - Ala - Ala - Ala - TOAC - Ala - OtBu Hex-1,5

Ac-Ala-Ala-Ala-TOAC-Lys-TOAC-Ala-Ala-Ala-Lys-Ala-Ala-Ala-Ala-Lys-Ala-NH2  3KT - 4,6

Hex -1,3

Ac-Ala-Ala-Ala-TOAC-Lys-Ala-TOAC -Ala-Ala-Lys-Ala-Ala-Ala-Ala-Lys-Ala-NH2  3KT -4,7

Ac-Ala-Ala-Ala-TOAC-Lys-Ala-Ala-TOAC-Ala-Lys-Ala-Ala-Ala-Ala-Lys-Ala-NHp  3KT -4,8

TOAC

Figure 1. Chemical structure of TOAC and the two series of peptides
examined in this study. Peptide sequences have their residues

Electron spin resonance (ESR) of doubly spin labeled peptidesrepresented by their respective three-letter amino acid codes (Ala,

reports on grhelix/a-helix coexistence in Ala-rich sequendes.

Nitroxide spin labels have been attached through disulfide

linkages to pairs of Cys residues plade¢t i + 2 throughi —

i + 4 in series of analogous peptides. Helical conformation
was determined by the relative strength of the biradical
interaction. To further resolve the conformation of helical

alanine; Lys, lysine); Boctert-butyloxycarbonyl; Ac, acetyl; OtBu,
tert-butoxy.

between the radicals result in a modulation bfthat can
preferentially broaden the second and fourth liesThe
strength of the biradical interaction is exponentially attenuated

peptides, we report here on a series of doubly labeled peptidesdy distancé' and thus may be used to obtain qualitative distance

containing the rigid G*-dialkylated glycine TOAC (4-amino-
2,2,6,6-tetramethylpiperidine-1-oxyl-4-carboxylic acid). Figure
1 shows the structure of TOAC. TOAC is very similar in
structure to the €*-dimethylated amino acid-aminoisobutyric
acid (Aib)6~8 TOAC has been used in previous studies of
angiotensir?;1% but only recently has TOAC been exploited in
double labeling experiments. By studying two series of

(Di;) rankings between the spin label positions.

For the hexapeptide spectra in Figure 2, the strength of the
biradical interaction, as revealed by the five-line pattern, is
greatest in Hex-1,4. The biradical interaction is weaker in Hex-
1,5 and barely detectable in Hex-1,3. These spectra indicate a
ranking 0fDyex-1,4 < DHex-1,5 < Dhex-1,3 Molecular modelsd
andy values from ref 15) of labeled peptides in both the

designed peptides, we show that TOAC double labeling, placedand 3¢-helical conformations give the distances between the

i — i + 2 throughi — i + 4, is able to clearly distinguish
3ig-helix from a-helix. Further, we find that TOAC greatly
increases helix stability for designed peptides.

Two series of doubly labeled peptides were prepared (Figure 3;,-helical conformation
The hexapeptides are insoluble in water, while the longer
3KT, 16-residue, peptides were designed along the lines of the

1).

3K peptides previously studied by this and other laboratorié3

nitroxide nitrogens as follows:

Dij+2, A Dijta, A Dijta, A
9.90 6.94 10.82
a-helical conformation 10.78 7.70 7.96

The observed distance ranking for the hexapeptides is consistent

and are water soluble. The hexapeptides were examined in thewith the 3-helix conformation. Previously we showed that a

helix-supporting solvent MeOH. Figure 2 shows the spectra
of the hexapeptides in MeOH and the 3KT peptides in water.
In the motionally narrowed regime, the line shapes arising from
the biradical interaction are determined primarily by the

exchange integral. In the strong exchange region, whére-

an (an is the isotropic hyperfine coupling constant), the ESR

spectrum is characterized by a five-line pattern with intensities
1:2:3:2:1. In flexible biradicals, fluctuations in the distance
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Figure 2. ESR spectra of hexapeptides and the longer 16-residue peptides. All spectra were acquired with a Bruker ESP 380 operating in continuous
wave mode equipped with a dielectric resonator. A modulation frequency of 100 KHz, amplitude of 0.30 G, and scan widths of 80 G (above) and
250 G (below) were used for acquiring the spectra. Hexapeptides were dissolved in MeOH while the 3KT peptides were dissolved in aqueous
buffer (Mops, pH 7.1).

D4g < D47 < Dse Thus, the 3KT doubly labeled peptides are the 3KT-4,6 adopt a different conformation than the 3KT-4,8?

primarily in ana-helical conformation.

Previously, we examined doubly labeled analogs of the 3K
peptides, in which flexible spin labels were attached to pairs of
L-Cys1~5 Spin-labeled Cys exhibits a helix propensity similar
to that of Alal® Distance rankings from the 3K-4,7 and 3K-
4,8 peptides indicated epexistenceof 3;¢- and o-helices!*

Basu et al. have recently addressed a similar problem by
showing that the relative positions of tweamino acid guest
residues in Aib-rich octamers did indeed control th¢@ -helix
equilibrium2® However, they also found that such conforma-
tional sensitivity occurs only when the peptide length is just at
the 3¢/a-helix threshold f ~ 8). The hexamers and the 3KT

We subsequently showed that increasing helix content, by peptides are, respectively, below and above this critical chain
modification of sequence or by increasing the chain length, gave length and are therefore unlikely to be influenced by the detailed

the ESR signals expected for anhelix23 In addition, the
denaturant guanidinium chloride eliminated biradical broadening

positions of the TOAC residues.
In three recent molecular dynamics studies on uncharged 10-

for both the 3K-4,7 and 3K-4,8 analogs as expected for a randomor 11-residue poly(Alg)and poly(Aib), peptides, our interpreta-

coil peptide® Thus, Cys-attached double labeling gives the
expected ESR signals for well-structuredhelix and for random
coil. Because the incompletely folded 3K peptides exhibit
mainly a strong 4,7 biradical interaction, we argued that 3
helix is a thermodynamic folding intermediate between random
coil and a-helix.!

Relative to helix-neutral spin-labeled Cy<:-@trasubstituted
amino acids, such as Aib and TOAC, are strong helix
promoters~8 Short peptidesn( < 8) containing two or more
Aib’s crystallize as gr-helices. In contrast, longer peptides (
> 10) containing between one and four Aib’s crystallize
exclusively aso-helices® The results presented here suggest
that parallel conformational trends exist in solution. Introduction
of a TOAC is expected to stabilize the helical structure, and
circular dichroism spectra of the 3KT peptides (supporting
information) confirm that these peptides are substantially more
helical than their 3K counterparts. On the basis of our findings

as discussed above, the more helical 3KT peptides should favor

a-helix over 3¢-helix as has been found. The results presented
here are consistent with both crystallographic stfdieand
our previous work on Cys-labeled, Ala-rich sequenicés.

It is worthwhile considering whether the position of the
TOAC:Ss in the sequence influences thg/&-helix equilibrium
in the two peptide sequences studied here. For example, ca
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recently reported similar studies on TOAC-labeled peptides. Despite
reaching similar conclusions, we offer a fundamentally different interpreta-
tion of the role TOAC plays in stabilizing helix structure.

tion of the 3K peptide experiments has been questidhigd.

In all of these computational works, the peptides were confined
to fully helical conformations. The poly(Alg)a-helix was
found to have a lower free energy thang-Belix by ap-
proximately 10 (ref 20) to 16 (ref 21) kcal/mol. What these
three papers fail to address is the ensemble nature of a real 3K
peptide. A partially helical peptide exists as an ensemble of
different helix lengths, and our interpretation is that the shorter
members of the ensemble readily adopt thgt®lical confor-
mation. The energetics of short helices have been addressed
by Tobias and Brook3® For an Ala tripeptide they found that
3io-helix is higher in energy thaa-helix by only 0.6 kcal/mol.
Building upon this finding, Sheinerman and Brogkdave
developed a modified ZimmBragg theory in which they show
that 3o-helix is significantly populated for partially helical
peptides. Finally, computational work by Séhgn the actual

3K sequence has revealed a coexistence @féhda-helices.

The incorporation of TOAC has provided unique spectro-
scopic signatures useful for distinguishioghelix from 3;o-
helix. Furthermore, TOAC is a strong helix stabilizer, and in
water-soluble peptides it appears that a new method exists for
stabilizing thea-helix conformation.
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