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Abstract

The 39-helix is a relatively common secondary structure motif in peptides and proteins. Its building block is one of
various types of ff-bend conformation which comprises an N*-acylated dipeptide alkylamide system. A complete
3D-structural characterization of this ternary helix has been achieved, thus allowing its unambiguous discrimination
from the closely related a-helix. Recent applications of rigidified peptide f-bends and 3;¢-helices as templates for
investigations in synthetic organic chemistry (macrocyclization, catalysis), host-guest chemistry (molecular
recognition), and physical chemistry (donor—acceptor interaction) will be discussed.

Abbreviations: Ac — acetyl; Agl — C*allylglycine; Aib — a-aminoisobutyric acid (or C**-dimethylglycine);
(xMe)Phg — C*methyl, C*-phenylglycine; («Me)Val: C*methyl valine; Api — 4-amino-4-carboxypiperidine;
ATANP — 2-amino-3-[1-(1,4,7-triazacyclononane)] propanoic acid; Bin: 2/,1:1,2;1”,2":3 4-dinaphthcyclohepta-1,3-
diene-6-amino-6-carboxylic acid; Boc — fert-butyloxycarbonyl; Bpa — para-benzoyl-phenylalanine; Bz — benzoyl;
DMSO - dimethylsulfoxide; ESR — electron spin resonance; Fmoc — fluoren-9-ylmethyloxycarbonyl; hhMag, homo-
homo-Mag; hMag — homo-Mag;Mag — C*methyl, C*-allylglycine; NHBzl — benzylamino; NHMe — methylamino;
NH1?Bu: tert-butylamino; OMe — methoxy; OrBu: tert-butoxy; pBrBz — para-bromobenzoyl; Z: benzyloxycarbonyl;
RCM - ring-closing metathesis; TEMPO: 2.2,6,6-tetramethylpiperidinyl-1-oxy; TOAC — 2,2,6,6-tetramethylpi-
peridine-1-oxy-4-amino-4-carboxylic acid; Tren — tris-(2-aminoethyl)amine

Introduction

A deep understanding of the detailed nature and
mechanism of physico-chemical interactions between
two probes or between two host functionalities and a
guest (e.g. a substrate) molecule depends heavily upon
our ability to appropriately design and successfully
synthesize conformationally constrained 3D-structural
platforms (templates) the intercomponent geometry of
which (either rigorously rigid or able to undergo
destructuration, if required, but always precisely tun-
able) would be well defined. To this goal we are
currently actively working by exploiting stable, short
peptide templates based on achiral and/or chiral C*-
tetrasubstituted a-amino acids (initial hints to this line
of research were provided by our original crystallo-
graphic work on various peptides each characterized by
two pendant, aromatic moieties [1]). These building
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blocks are known to force the peptides to predominantly
fold into fS-bends [2] or 3;p-helical conformations [3].
The systems under investigation also involve two
suitable functional groups part of or covalently linked
to amino acid side chains. By increasing the number of
intervening residues the distance and relative orientation
of the two side-chain groups can be easily modulated.

This review article highlights the 3D-structural de-
tails of the f-bend and 3;p-helical conformations and
their recent applications as molecular templates in
studies of macrocyclization reactions, catalysis, molec-
ular recognition, and donor—acceptor interactions.

The p-bend and the 3;(-helix

Beside the classical a-helix and pleated f-sheet confor-
mations, the only other principal long-range structure
that occurs significantly in peptides (particularly in
peptaibols [4]) and in proteins is the 3;o-helix [3]
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Figure 1.

(Figure 1). Interestingly, this structure was first pro-
posed by Taylor as early as in 1941 [5], 10 years before
the o-helix [6]. The ternary 3;(-helix (or, more appro-
priately, the 3.0 p-helix [7]), being characterized by three
amino acids per turn and ten atoms in the pseudo-ring
formed by the intramolecular C=0---H—N H-bond
(type III C;og form or fS-bend [2]) (Figure 1) is more
tightly bound and more elongated than the o-helix
(3.615-helix) [3a]. The backbone torsion angles of the
right-handed 3;¢-helix (¢ = =57°, ¥ = —30°) are within
the same region of the conformational map as those of
the a-helix (¢ = —63°, Y = —42°). However, the intra-

(A, B) Intramolecular C=0- - -H—N H-bonds, molecular models and 3D-structural parameters for the 3;o- and a-helices.

molecular C=0. - -H—N H-bonding schemes are signif-
icantly different in the two helices, being of the i +— i +3
type in the 3y-helix, while of the i <~ i +4 type (helical
Cis-form or a-bend [8]) in the a-helix.

30-Helices are not rare in globular proteins

A long polypeptide chain formed by C*-trisubstituted
o-amino acid residues in the 3;(-helix conformation is
less stable than in the a-helix conformation. Indeed, its
van der Waals energy is less favorable (it has several
close, although not forbidden, short contacts) and the
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Figure 2.

(A) The o/319-helix motif of the Leu-rich repeat variant protein from Azotobacter vinelandii (the 3;-helices are on the external, convex

face) [10c]. (B) The 3;¢-helix/f-sheet motif of the L. monocytogenes protein internalin B containing tandem Leu-rich repeats [10a,b].

H-bond geometry is not optimal [9]. Thus, for many
years it was considered unlikely that long stretches of
3,0-helix would be observed. However, there is no
disallowed region of the conformational (¢, ) space
completely separating these two regularly folded sec-
ondary structures. Thus, the a-helix may be gradually
transformed into a 31¢-helix (and vice versa) maintaining
a nearly helical conformation of the chain throughout.
Further, if one of the conformations should turn out to
be impossible (say, as a result of side-chain interactions),
the main chain may slip into the other conformation. In
fact, the 3;o-helix appears to derive its impor-
tance mainly from its proximity in the conformational
energy map to the more stable a-helix. Thus, a role of
the 3jo-helix as an important intermediate in the
mechanism of folding of a«-helical proteins may be
envisaged [3e.f].

In agreement with the above observations Barlow and
Thornton [3b] surveyed all helices that were found in

57 of the globular protein crystal structures known up
to December 1987 and showed that 3.4% of the
residues are involved in 3jg-helices (about 10% of
the total helical residues). These 3;y-helices are gener-
ally irregular; they have a larger radius and a
smaller pitch than expected, with mean ¢ and s values of
—71° and -18°, 3.2 mean number of residues per
turn, and a pitch value of 5.8 A. The majority
of known 3jg-helices are short (the mean length is
3.3 residues, i.e. one turn of helix) and 24% of 3;¢-
helices occur as an N- or a C-terminal extension to an o-
helix.

More recently, significant improvements in
atomic resolution have allowed protein crystallogra-
phers to detect a number of 3(-helical segments, some
of them as long as 7-12 residues. Two spectacular
examples of o/319-helix and 3;¢-helix/f-sheet mixed
motifs, occurring in Leu-rich repeat proteins, are shown
in Figure 2 [10].
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Figure 3. The C*-tetrasubstituted a-amino acids discussed in this work.

310-Helices are common in peptides rich in
C*-tetrasubstituted o-amino acids

In 1971 Marshall [11] used conformational energy
calculations to show that Aib (Figure 3), the prototype
of achiral C*-tetrasubstituted a-amino acids, can pro-
mote the onset of helices, due to steric interactions
involving the gem-methyl groups linked to the a-carbon.
Since 1978 [12a], by taking advantage of the extremely
high crystallinity of peptides rich in C*-tetrasubstituted
o-amino acids, we and others have solved the X-ray
diffraction structures of numerous Aib-based short
model peptides and have shown that they form 3¢-
helical structures [3c, 12b]. Figure 4 illustrates the
molecular structure of an N- and C-blocked homo-
decapeptide, the second longest regular polypeptide 3¢-
helix (almost three complete turns) described so far at
atomic resolution [13a,b]. The X-ray diffraction struc-
ture of Z-(Aib);;-OrBu has recently been solved [13c].
In 1991, we carried out a general survey of the 32
31o-helices experimentally observed in the high-resolu-
tion, single crystal, X-ray diffraction determinations of
peptides, the atomic coordinates of which were available
at that time [3a]. In parallel, a total of 22 a-helical, Aib-
rich peptides (to the hexadecapeptide level) were also
analyzed. A number of interesting conclusions were

drawn from these data. The minimal main-chain length
required for a peptide to form an «-helix corresponds to
seven residues [3c, 14]. By contrast, there is no critical
main-chain length dependence for 3;o-helix formation,
i.e. incipient 3g-helices are formed at the lowest possible
level (the N*blocked tripeptide) [15]. An N- and C-
blocked -(Aib-L-Ala)s- peptide gives a regular 3;y-helix,
but an -(Aib-L-Ala),- peptide is folded in a predominant
a-helix. In peptides of eight or more residues the o-helix
is preferred over the 3;p-helix if the percentage of Aib
residues does not exceed 50%. However, one or two 31¢-
helical residues may be observed at either end of the a-
helical stretch (a short 3;p-helix tightens up the ends of
the a-helix by moving the related peptide groups nearer
to the axis). The average number of «-helical residues in
undeca- and longer peptides is seven (two turns). A
comparison of the side-chain staggering for a 31o9- and
an c-helix built up with the parameters given in
Figure 1B is shown in Figure 5 [3a].

The crystallographic study of C*-tetrasubstituted
a-amino acid-rich peptides has allowed us to character-
ize the 3o-helix in great detail (at atomic resolution). In
particular, the ¢, { angles observed in peptides (—57°,
—-30°) differ substantially from those reported for
proteins (=71°, —18°) [3b]. In our view, this difference
is not related to the effect of the Aib residues, but rather



Figure 4. X-Ray diffraction structure of the 3;o-helical, terminally-
blocked decapeptide pBrBz-(Aib);o-OtBu with eight i « i+ 3, intra-
molecular C=O0O---H—N H-bonds (giving rise to eight p-bends)
represented as dashed lines [13a,b].

to the observation that the 3;¢-helices in peptides are
longer and more regular than those occurring in
proteins (the mean length is 4.9 versus 3.3 residues).
By contrast, the number of residues per turn in peptides
(3.24) is close to that observed in proteins (3.2), a value
intermediate between those of the theoretical 3.0,y-helix
and the «(3.613)-helix. In the 3;y-helix, the side chains on
successive turns are exactly eclipsed since there is an
integer number of residues per turn. However, the
experimentally observed non-integer number of residues
per turn does not line up side chains, thereby inducing a
slightly staggered, energetically more favorable disposi-
tion.

In recent years, we have experimentally characterized
the right-handed peptide 3jp-helix in solution. In a
structure-supporting solvent, this helix is fully developed
at the octapeptide level [16a]. Standard 3¢-helix spectra
are now available for a number of physico-chemical
techniques, including IR absorption [16a, b], vibrational
CD [16c], electronic CD [16d,e], and NMR [16f,g]. More
specifically: (1) In the IR spectral region the N—H
(amide A) and C=O0O (amide I) stretching absorption
bands are seen at 3350-3320 and 1662 cm™', respec-
tively. The amide II band occurs at about 1530 cm™. (ii)
In the vibrational CD spectrum the amide I band is a
nearly conservative, positive couplet, negative to higher
energy. The zero-crossing point is at 1665 cm™'. The
amide II band (near 1515 cm™) is negative and more
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intense than the amide I band. (iii) In the electronic CD
spectrum, a negative band at 204207 nm is accompa-
nied by a shoulder centered near 222 nm. The ratio
R = [0]22/[0]05 1s 0.3-0.4. The positive maximum at
195 nm is very weak. A further negative maximum is
visible near 185 nm. (iv) In the classical CDCIl;/DMSO
and CDCIl;/TEMPO titrations by '"H NMR of a 3;,-
helix forming peptide, only the first two (from the N-
terminus) NH protons are sensitive to the external
perturbing agent. Typical NOE effects for a 3,(-helix are
of the d,n (i, i+2) type. Surprisingly, a very slow 3;¢-
helix — a-helix conversion has been experimentally
determined in a terminally blocked L-(zMe)Val
(Figure 3) homo-octapeptide [16¢,g]. Low peptide con-
centration, high solvent polarity, and high temperature

Figure 5. A comparison of the side-chain staggering for (a) a 3;¢-
helix and (b) an a-helix built up with the helical parameters given in
Figure 1B. The two helices are viewed down the helix axis, with the
C*—C” bonds projecting radially outwards [3a].
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THE 34o-HELIX. HISTORICAL BACKGROUNDS
EARLY DAYS (1941-1966)

THE GREAT EXPLOSION (1977-1984)

1941 Taylor first proposal Marshall, Duax, Smith X-ray; solution; Aib peptides
1943 Huggins first model Balaram X-ray; solution; first fully developed
310-helical (Aib) peptide
1950 Bragg, Kendrew, discussed Jung X-ray; solution; Aib peptides
Perutz
1952 Pauling discussed Karle, Flippen-Anderson X-ray; Aib peptides
1953 Donohue model Toniolo, Benedetti X-ray; solution; Aib peptides
1962 Blout, Fasman discussed Richards X-ray; first natural Aib peptide
Elliott, Bradbury
1965 De Santis, Liquori conformational energy Malcolm electron diffraction; poly (Aib),
calculations; (Ala),
1966 Ramachandran, hard-sphere diagram; (Ala), Krimm IR; poly (Aib),
Venkatachalam
Scheraga, Némethy conformational energy calculations; (Aib),
Sasisekharan, conformational energy calculations; (Aib),
Venkataram Prasad
RECENT WORK
1988 Barlow, Thornton statistical analysis (X-ray) in proteins
1991 Toniolo, Benedetti statistical analysis (X-ray) in peptides;
first review article
1992 Neet statistical analysis (X-ray) in proteins
1999, 2002, 2003 Basu, Chakrabarti statistical analysis (X-ray) in proteins
1999 Millhauser review article

Figure 6. The 3;p-helix:

are all parameters found to stabilize the o-helical
structure. In two terminally blocked Aib- or L-
(«Me)Val/Aib-rich oligopeptides this conformational
transition has been shown to be reversible (temperature-
or solvent-driven molecular springs) [17].

The history of 3)¢-helix, from its first proposal to
recent review articles, is summarized in Figure 6.
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Figure 7. Representations of the Grubbs’ alkene-stabilized, L-Pro-

Aib- cyclized, -bend peptide (1) [18d], our alkane-stabilized, -L-Pro-
Aib- cyclized, f-bend peptide (2) [18¢], and the Balaram’s disulfide-
stabilized, -L-Pro-Aib- cyclized, -bend peptide (3) [18g].

historical backgrounds.

The f-bend and the 3;¢-helix as templates
Macrocyclization

Verdine and coworkers [18a], using a large set of C*-
methylated, side-chain alkene-containing z-amino acids
(e.g. the Mag, hMag, and hhMag residues shown in
Figure 3), clearly demonstrated that it is possible to
cyclize via RCM an unperturbed a«-helical peptide at
both i, i+4 and i, i+ 7 relative positions provided that
the olefinic side chains have an appropriate length. In an
otherwise all-L peptide, if both olefinic residues at the
i, i+4 positions are of either the L- or the D-configu-
ration, the smallest ring system formed has 20 atoms.
Moreover, in an otherwise all-L peptide, if the olefinic
residues at the 7, i+ 7 positions are one of the L- and the
other of the D-configuration, the smallest ring system
formed has 31 atoms.

Grubbs and coworkers [18b,c] synthesized cyclic
peptides of 21 and 23 atoms in high yields via RCM of
two olefinic L-residues located at the 7, i+4 positions.
The 3;¢-helical structure of the peptide reagent seems to
be preserved in the cyclic product. However, it is worth
pointing out that in a 3jg-helix the intramolecular
distance between residues i and i+4 is significantly
higher than the i, i+ 3 distance.

In the Verdine [18a] and Grubbs [18b,c] peptides
both olefinic residues are infernal to the helical systems.
Grubbs and coworkers [18d] were also able to cyclize via
RCM three peptides forming one or two consecutive
p-bends, each with two Agl (i, i+ 3) residues (for one
example, see peptide 1 in Figure 7). The resulting cyclic



Figure 8.  Minimum-energy models for the two hexapeptides Ac-Aib-
Xxx-(Aib),-Xxx-Aib-NHMe with (i, i + 3) Xxx residues L-Mag
(structurally perturbed 3;(-helix; left) or L-hhMag (unperturbed 3;¢-
helix; right) [18h].

system is small (14 atoms). Analogous results were
reported by our groups [18¢] with a turn-forming, Agl/
Mag i, i+ 3 (peptide 2 in Figure 7) and by Pernerstorfer
et al. [18f]. It is very important to note that in all these
cases the N-terminal C*-tetrasubstituted Agl (or related)
residue is outside the rigid, central f-bend structure. We
also reported the failure to achieve RCM in several (-
bend/3,¢-helical, Mag/Mag i, i+3 peptides (in these
compounds both Mag residues are internal to the turn/
helices), i.e. the 14-atom ring system is not formed. At
this point, it is relevant to mention that in the crystal
state the Cysl residue of the related, disulfide tethered
Boc-L-Cys-L-Pro-Aib-L-Cys-NHMe peptide (peptide 3
in Figure 7), that also forms a 14-atom ring system, is
outside the two consecutive f-bend structures [18g].

More recently, in addition to experimentally and
theoretically confirming the f-bend propensity for the
allyl-based, C*-tetrasubstituted a-amino acid Mag, our
conformational energy computations significantly ex-
panded the picture of RCM in bend/helical peptides by
indicating that two i, i+3 side chains of the type-
—(CH,);—CH=CH, (hhMag or hhAgl) represent the
minimal length requirement to achieve RCM on an
unperturbed 3;q-helix (Figure 8) [18h]. In these com-
pounds 18-atom ring systems are formed. It is gratifying
that these theoretical findings indirectly support the
experimental results discussed above.

Catalysis

(i) Considerable recent interest has been focused on the
enantioselective oxidation of racemic alcohols with
chiral nitroxyl catalysts. In this connection, we have
recently shown that conformationally rigid, stable f-
bend forming, very short peptides based on TOAC
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Figure 9. X-Ray diffraction structure of Fmoc-TOAC-L-(aMe)
Val-NH/Bu. The intramolecular C=0- - -H—N H-bond is represented
by a dashed line [19].
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(Figure 3), e.g. Fmoc-TOAC-L-(aMe)Val-NH¢Bu (Fig-
ure 9), are valuable, enantioselective catalysts in chem-
ical oxidations and, although less efficient, in
electrochemical oxidations as well [19]. Longer helical
structures seem not to be required. Large aromatic or
aliphatic N- and C- blocking groups and the N-terminal
positioning of TOAC have a positive effect on the
efficiency. We have explained these experimental find-
ings on the basis of computer models for the interme-
diate adducts between the chiral dipeptide amide
N-oxoammonium mediator and the enantiomeric sec-
ondary alcohol substrates (Figure 10). The identity of
the fast reacting alcohol enantiomer has been correctly
predicted.

However, it is clear that the experimental selectivity
factors (in the range 2.3-2.7 for our best catalysts, which
corresponds to a free-energy difference of only about
0.5 kcal mol!), are far from optimal, particularly in
view of the high conversion (81-83%) achieved in
enantioselective chemical oxidation experiments. It is
our contention that these results are related to the only
chiral centre of the catalyst, that is the («Me)Val a-
carbon atom, being too far removed from the TOAC
oxidation site. Current attempts in our laboratories are
aimed at designing and synthesizing chiral TOAC
analogues.

(i) Miller and coworkers [20] recently expanded the field
of peptide catalysts by showing that His(z-Me) peptides
can be used for the kinetic resolution of racemic
alcohols. As most of these peptides are characterized
by an Aib residue, they are strongly biased towards a f3-
bend conformation in solution which decreases catalyst
flexibility. Indeed, all of the tripeptide amide and the
tetra- and pentapeptide ester very active catalysts
examined share the common feature of a f-hairpin (a
p-bend followed by a short f-sheet) conformation, in
which a type-1I" f-bend, generated by a -D-Pro-Aib-
(i+1, i+2) sequence, is further stabilized by an
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Figure 10. Stereoviews of the minimum energy structures of the
diastereomeric intermediates between Fmoc-TOAC-L-(zMe)Val-
NH7Bu and the substrate (S)-1-phenylethanol (A) or (R)-1-phenyleth-
anol (B), with addition of the alcohol on the TOAC ring side close to
the Fmoc group [19].

()N—H. - -O=C(i+2) intramolecular H-bond. These
authors also demonstrated that: (i) the Aib residue at
position i+2 of the f-bend can be replaced by any of
other achiral members of its class with only a limited
detrimental effect on resolution efficiency [20j], and (ii)
the Phe residue at position i+ 3 of the f-bend cannot be
replaced by any of the helicogenic C*tetrasubstituted
a-amino acid residues without an almost complete loss
of enantioselectivity [20]].

We have further extended the investigation on the
Miller tetrapeptide prototype Boc-L-His(n-Me)-D-Pro-
L-(aMe)Val-NH7Bu (F. Formaggio et al., submitted for
publication) by synthesizing and studying two tetrapep-

Fast Reacting Enantiomer

=N

OH
0]

TS-(RR)

Me
¢
N N\ __________ @)
H OMe
Boc
Figure 11. Preferred (f-hairpin) conformation of the tetrapeptide

Boc-L-His(n-Me)-D-Pro-(L-aMe)Val-L-Phe-OMe in CDCl; solution
(F. Formaggio et al., submitted for publication).

tide analogs with the achiral Aib residue replaced by a
chiral amino acid of its class with different side-chain
bulkiness and helical screw-sense propensity [L-(«Me)-
Val is remarkably bulkier and more strongly biased
toward the right-handed helical structure, appropriate
for the i+2 position of a type-II' f-bend, than L-Iva
(Figure 3)] [12b]. We found that the transacylation
reactivity is very sensitive to the steric hindrance of the
residue at position i+ 2, rapidly decreasing from Aib to
Iva and from Iva to («Me)Val. However, both analogs
are remarkably stercoselective with the L-(aMe)Val-
based peptide catalyst being even more -effective,
although slightly, than the prototypical peptide. Also,
our conformational analysis by FT-IR absorption and
"H NMR lent credence to the close correlation between
catalyst stereoselection efficiency and a fS-hairpin, rigid-
ified structure (Figure 11), as proposed by Miller and
coworkers [20].

In the capture of the acylating reagent by the His(z-
Me) nucleophilic side chain, these authors invoked the
occurrence of two diastereomeric transition states of
diverging stability on the basis of differential H-bonding
interactions of alcohol substrate enantiomers with the

Slow Reacting Enantiomer

TS-(S,9)

Figure 12. Transition state proposed for the fast-reacting enantiomer [TS(R,R)] and the slow-reacting enantiomer [TS(S,S)] in the asymmetric
acetylation reaction catalyzed by the tetrapeptide Boc-L -His(n-Me)-D-Pro-(L-«Me)Val-L-Phe-OMe (F. Formaggio et al., submitted for publication).
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Figure 13. Proposed mechanism for the cleavage of 2-(hydroxypropyl)-p-nitrophenyl phosphate by the bis-Zn(II), ATANP-based helical

heptapeptide complex [21a].

chiral environment generated by the highly folded
tetrapeptide catalyst [20a,d]. In this connection the
important role played by the Pro-Xxx secondary amide
bond was also demonstrated [20h]. Our findings fit
nicely into this reaction scheme and unambiguously
confirm that f-bend formation (and its stabilization via
f-hairpin) in the peptide catalyst is a prerequisite for
excellent reactivity and stereoselectivity and that en-

hanced steric hindrance at position i+ 2 of the -bend is
not detrimental, or it might be even beneficial, for the
stereoselection governed by the ancillary H-bonding
interaction between the peptide catalyst and the racemic
alcohol substrate (Figure 12).

Furthermore, our results on tetrapeptide Boc-L-
His(n-Me)-D-Pro-Aib-L-(«Me)Phg-OMe indirectly sup-
port the contention that a f-hairpin template (not just a

Figure 14. Top (left) and side (right) views of the molecular models of the Zn(II) complex of the Iva/Api/ATANP heptapeptide amide (a) and

the tetrazinc complex of the Tren-based, fris-peptide template (b) [21d].
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p-turn template) is strictly required for a peptide catalyst
to exhibit significantly different rates in the acylation of
the alcohol enantiomers. Indeed, as already reported by
Jarvo et al. [20j], incorporation at position 4 of the
p-bend of a C*tetrasubstituted «-amino acid, e.g.
L-(«Me)Phg (Figure 3), with its propensity for a more
or less extended structure weaker than that of L-Phe
[12b] seems to reduce the population of conformers with
the (His)N—H---O=C(Phe) intramolecular H-bond,
thereby enhancing their conformational freedom and
concomitantly decreasing peptide catalyst stereoselec-
tivity.

In search of a shorter, industrially more attractive,
peptide catalyst of this asymmetric acylation reaction.
We have also synthesized and investigated the terminally
protected dipeptide amides (F. Formaggio et al., sub-
mitted for publication). In these compounds, long
enough to generate an intramolecularly H-bonded f-

Figure 15.

bend but too short for f-hairpin formation, the nucle-
ophilic His(n-Me) residue at position 1 is followed by a
chiral C*-tetrasubstituted a-amino acid. Again, we have
noted a close relationship between peptide catalyst
conformation and stereoselectivity in that, unfortu-
nately, the population of f-bend conformers is quite
limited in these dipeptide amides and their stereoselec-
tivity is poor.

Taken together, our experimental findings under-
score the points that a rigid, f-hairpin secondary
structure is an element of paramount importance char-
acterizing the platform required by a peptide to be an
efficient stercoselective catalyst in the acylation reaction
for alcohol resolution and that, in this connection, chiral
C*-tetrasubstituted o-amino acids may play a funda-
mental role.

(iii) A substantial weight of experimental evidence
indicates that many metallohydrolases contain and

a: R'= pBrBz; R?= CH3; R*= CH,
b: R'= pBrBz; R?= CHs; R*= Bzl
¢: R'= pBrBz; R*= Bzl; R*= Bzl

d: R'=rBz; R?= ferrocenoyl; R*= ferrocenoyl

(A) The [60] fullero-3,4-proline z-amino acid. (B) The supramolecular complex formed by an N*-silica-grafted [60] fullero-3,4-proline

methyl ester and a series of 3o-helical, Aib-rich nonapeptides [22b]. (C) The supramolecular complex formed by N-methylfulleropyrrolidine and

the bis-ferrocenoyl nonapeptide [22c].



require a binuclear metal ion site for activity. These
include enzymes able to cleave RNA and DNA. A
number of research groups have reported suitably
designed, simple dinuclear metal complexes quite effec-
tive in the cleavage of model substrate esters. In some
cases these dinuclear complexes proved effective in the
cleavage of RNA and, to a less extent, of DNA as well.
This latter biopolymer is a quite challenging target
because of its very sluggish reactivity under physiolog-
ical conditions. In this connection we have recently
shown that the dinuclear complex of heptapeptide
Ac-Aib-L-ATANP-(Aib),-L-ATANP-(Aib),-OMe s
active in catalyzing the intramolecular transphospho-
rylation of the RNA model substrate 2-hydroxypropyl-
p-nitrophenyl phosphate [21a,b]. Analysis of the
reaction mechanism indicated cooperativity between
the two Zn(Il) ions (Figure 13) but a weak binding of
the substrate to the catalyst. We suspected that such a
weak binding could be the reason for our inability to
evidentiate any significant rate acceleration in the
cleavage of the DNA model substrate bis-p-nitrophenyl
phosphate. However, we argued that polyanionic DNA,
a substrate for which the interaction with the metal
centers could be emphasized, would be an accessible
hydrolytic target. Indeed, a dinuclear Zn(II) complex of
the 3j9-helical Aib/ATANP heptapeptide was shown to
act as a powerful catalyst for the hydrolytic cleavage of
plasmid DNA [21c]. The precise distance between the
two metal centers, as defined by the pitch of the helix
(6.3 A), which matches that between two adjacent DNA
phosphate groups, allows one to take advantage of the
cooperation between the two Zn(Il) ions in binding and
performing the hydrolytic process.

By connecting three copies of the 3;y-helical hep-
tapeptide H-L-Iva-Api-L-Iva-L-ATANP-L-Iva-Api-L-
Iva-NHMe (Figure 14A) to a functionalized, Tren
platform, a new tris-peptide template was obtained
[21d]. This molecule is able to bind up to four metal ions
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(Cu' or Zn'): one in the Tren subsite and three in the
ATANP azacyclononane subunits. The binding of the
metals to the Tren platform induces a change from an
open to a closed conformation in which the three short,
helical peptides are aligned in a parallel manner with the
azacyclononane units pointing inward within the
pseudocavity (Figure 14B). This peptide template shows
a peculiar behavior in the transphosphorylation of
phosphate esters; the tetrazinc complex is a catalyst of
the cleavage of 2-hydroxypropyl-p-nitrophenyl phos-
phate, whereas the free ligand is a catalyst of the
cleavage of an oligomeric RNA sequence with selectivity
for pyrimidine bases. In the case of the model phos-
phate, Zn(II) acts as a positive allosteric effector by
enhancing the catalytic efficiency of the system. In the
case of the polyanionic RNA substrate Zn(II) switches
off the activity, thus behaving as a negative allosteric
regulator. It is suggested that the opposite behavior of
the catalyst induced by Zn(II) is associated with the
change of conformation of the Tren platform, and
consequently of the relative spatial disposition of the
three linked, 3;o-helical peptides, that occurs after
binding of the metal ion.

Host—guest chemistry

Rational design of Aib-based peptides was also utilized
in molecular recognition studies. [60]Fullero-3,4-proline
(Figure 15A) is the biggest unnatural «-amino acid and
the first example of a protein residue (Pro) condensed to
a 6,6-ring junction of the Cgg sphere [22a]. An interesting
application of fullero-proline derivatives is the prepara-
tion of a Cgo-modified silica gel as a new stationary
phase for HPLC column chromatography. A suitable
aziridine, functionalized at the nitrogen atom with a
trialkoxysilane group, was synthesized and allowed to
react with Cg, affording the silicon-based compound
shown in Figure 15B. Grafting was easily achieved by

B

Figure 16.

(A) X-ray diffraction structure of pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-NH/Bu with numbering of the atoms (side view). The

intramolecular C=0- - -H—N H-bonds are represented by dashed lines [23a,b]. (B) Projection of the pBrBz-TOAC-(L-Ala),-TOAC-L-Ala-NH7Bu
molecule down the helix axis (top view). 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;o-helix

stands out clearly [23Db].
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simple heating on toluene [22b]. The new chromato-
graphic material was used in either organic or aqueous
solution to investigate the binding affinities of potential
hosts for the immobilized Cgo core. In particular, the
possibility of exploiting this stationary phase to study
the interaction of host—guest systems in aqueous sol-
vents is quite advantageous. Calixarenes and cyclodext-
rins of different size were selectively separated using the
novel fullerene-doped silica gel HPLC column. More-
over, selective recognition was demonstrated by analyz-
ing the interaction of the grafted fullerene with a series
of rationally designed peptides forming cavities. In
particular, Aib-rich nonapeptides which, according
to our X-ray diffraction, IR absorption and NMR
conformational analyses, fold into 3;y-helix and are
characterized by two pendant hydrophobic residues
(two side-chain substituted Tyr residues) separated by
two helical turns (~12.5 A), displayed chromatographic
retention times that are related to the ability of the side
chains to generate a cleft for the accommodation of a
Ceo molecule. The retention times were also related to
the donor properties of the peptide side chains. It was
indeed found that the peptides with either two benzyl (¢)
or two ferrocenoyl (d) side chains gave the most effective
interactions.

The fact that peptide d possesses a high affinity for
the [60]fullerene spheroid was also demonstrated by
photophysical measurements [22c]. Our investigation
confirmed that in a solvent of low polarity the ferro-
cenoyloxybenxyl walls of the peptide template do indeed
host the N-methylfulleropyrrolidine molecule (Fig-
ure 15C). Upon photoexcitation the singlet excited state
of N-methylfulleropyrrolidine is therefore primed for a
rapid intra-complex deactivation by the ferrocenoyl
groups. Conversely, in a more polar solvent mixture,
which disfavors the formation of a host—guest complex.
no evidence for intra-complex processes was obtained.
An additional proof for the onset of the superstructure
was provided by a mass spectrometric investigation in
the gas phase. Compound d is, to our knowledge, the
first peptide-based, (1:1) mini-receptor reported for
[60]fullerene. In their classical paper Friedman et al.
[22d] proposed that a [60]fullerene molecule could be
sandwiched snugly into the hydrophobic cavity gener-
ated by the HIV protease dimer (1:2 stoichiometry).

A review article on fullerene-based amino acids and
peptides, including their applications as guests to supra-
molecular chemistry, has recently been published [22¢].

Donor—acceptor interaction

The C*tetrasubstituted a-amino acid TOAC is charac-
terized by a saturated heterocyclic structure containing a
paramagnetic probe (a nitroxide) stabilized by the
presence of two contiguous tetrasubstituted carbon
atoms [23a]. A very favorable property of TOAC over
spin-labeled protein amino acids, the latter with a
flexible link connecting the label to the peptide back-

bone, is its very restricted mobility due to C* tetrasub-
stitution and hampered rotation about side-chains
bonds, which is in turn related to the incorporation of
the nitroxide and the C* C*, and C? atoms into a cyclic
moiety. Therefore, TOAC represents an extremely
useful tool for the exploitation of the sensitive ESR
[23] and the related CIDEP [24] techniques in peptide

Figure 17. (A) X-ray diffraction structure of one of the two indepen-
dent molecules in the asymmetric unit of Boc-(S)-Bin-L-Ala-Aib-
TOAC-(L-Ala),-OrBu (side view). Nitrogen and oxygen atoms are
labeled. The intramolecular C=0- - -H—N H-bonds are represented by
dashed lines [25b]. (B) Molecular model of the sterically most favored
conformer of Boc-(S)-Bin-L-Ala-Aib-TOAC-(L-Ala),-O¢Bu [25d]. The
peptide main chain in the left-handed 3;o-helix is viewed perpendic-
ularly to the helix axis. The four intramolecular C=0---H—N H-
bonds are indicated by dashed lines. Nitrogen atoms are in black and
oxygen atoms are dotted. Note the peculiarity of the handedness of the
ordered backbone, which is not controlled by the chirality of the L-Ala
residues, but rather by the chirality of the (S)-binaphthyl moiety at the
N-terminus of the main chain. Note also the close approach of one
methyl group of TOAC to one naphthyl moiety of Bin, forcing the
chromophore to experience C—H---m interactions that stiffen the
whole molecule.



chemistry. TOAC, likewise its prototype Aib, is a strong
inducer of f-bend and 3;¢-helical conformations [23a,b,
25b] (Figures 16A, B and 17A). Also, TOAC: (i) is able
to undergo a nitroxide-based redox process (see above
the section Catalysis) that can be monitored by cyclic
voltammetry [23b]; and (ii) being a free radical, is
responsible for dramatic quenching effects of suitably
designed, fluorescence labeled peptides [25].

In the last few years, we took advantage of the
properties of TOAC by extensively investigating (side-
chain) donor—acceptor (side-chain) 3)4-helical peptide
templates. Peptides either soluble in organic solvents or
in aqueous solution were studied. The systems examined
were of the ())TOAC.---Xxx (i+n) type, with
Xxx = TOAC, axially chiral Bin (Figure 3) or Trp.
The N-terminal , 3;p-helical segment (positions 1 and 4)
of the membrane-active, lipopeptaibol antibiotic tricho-
gin GAIV was also probed with two TOAC residues
[23f,g].

Hexameric peptides of general formula -TOAC-(L-
Ala),-TOAC-(Ala),.,- (n = 0-3) were synthesized and
studied by ESR in a number of alcohols of different
polarities. Biradical J-coupling, reflecting the strength of
TOAC:. - - TOAC interaction within each peptide, were
used to determine the solvent-dependent peptide con-
formation. While the TOAC residues favor the 3;y-helix,
our data demonstrated that they are unable to ‘lock in’
the helical structure. The incorporation of TOAC in
water-soluble, N%-acetylated 16-mer peptide amides
provided a unique ESR signature, useful for distin-
guishing 3g-helix from a-helix [23¢,h]. The ESR study of
the TOAC'"* analogue of the 11-residue trichogin GA
IV clearly showed that the lipopeptaibol secondary
structure in solution survives essentially unchanged if
compared to that found in the crystal state [23f,g]. More
specifically, the N-terminal region of the peptide folds in
a 310-h€1iX.

The intramolecular quenching of photoexcited triplet
state by a free radical linked to a peptide template was
studied by time-resolved ESR with pulsed laser excita-
tion. The systems investigated were 3;p-helix forming
peptides, having in the amino acid sequence the free
radical TOAC and a triplet precursor, such as Bin, Bpa,
or Trp, incorporated at different relative positions [24].
Upon interaction with the excited triplet the TOAC
radical spin sublevel populations assume values that
differ from tha Boltzmann equilibrium values. This spin
polarization effect produces ESR lines in emission, the
time evolution of which reflects the triplet quenching
rate. In particular, in a series of heptapeptides labeled
with Bpa and TOAC at various positions in the 3(-
helix, a radical-triplet interaction was observed in all
cases [24c]. However, for the peptide where Bpa and
TOAC are at positions 2 and 4 the rate of triplet
quenching is lower than that for the other peptides in the
series. In addition, a radical-excited triplet complex in
the quartet spin state was observed in a pentapeptide
containing fullerene, as a triplet precursor, and TOAC
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[24a]. A CIDEP analysis of two hexapeptides, each
characterized by either a Bpa or a Bin residue at position
1, and a TOAC residue at position 4, after one complete
turn of the 3;y-helix, revealed that an intramolecular,
though-space (rather than through-bond) interaction is
operative [24b]. The observation of spin polarization
makes the two helical hexapeptides suitable models to
test the possibility of application of this novel spectro-
scopic technique to conformational studies of peptides
in solution.

The terminally protected hexamer -(S)-Bin-L-Ala-
Aib-TOAC-(L-Ala),- is the first peptide investigated
photophysically that is characterized by: (a) a rigid
o-amino acid fluorophore (Bin), (b) a rigid interchro-
mophore bridge, the -Ala-Aib- sequence, and (c) a rigid
o-amino acid quencher (TOAC) [25b]. In the crystal
state, the backbone of the spectroscopically critical 14
segment of both independent molecules in the
asymmetric unit of the hexapeptide is folded in a
regular, left-handed 3;¢-helix (Figure 17A). The stea-
dy-state fluorescence spectra show a remarkable quench-
ing of Bin emission by the TOAC residue located one

TOAC

Figure 18. Molecular model of the deepest energy minimum structure
of Ac-TOAC-(Aib),-L-Trp-(Aib),-OrBu [25c]. The peptide main chain
in the right-handed 3¢-helix is viewed perpendicularly to the helix axis.
The four intramolecular C=O---H—N H-bonds are indicated by
dashed lines. Nitrogen atoms are in black and oxygen atoms are
dotted.
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complete turn of the helix apart. Time-resolved fluores-
cence measurements exhibit a bi-exponential decay with
solvent-dependent lifetime components ranging from 0.5
to 1.5 and from 3 to 5 ns. Time-decay data combined
with molecular mechanics calculations allowed us to
assign these lifetimes to two left-handed 3;¢-helical
conformers in which an intramolecular energy transfer
from excited Bin to TOAC takes place (Figure 17B).
For a given solvent the difference between the two
lifetimes primarily depends on a different relative
orientation of the two chromophores in the conformers,
which is in turn related to a different puckering of the
TOAC cyclic system. In a related (R)-Bin/TOAC
hexapeptide a right-handed 3;(-helix is that predomi-
nantly populated in solution [25d]. Therefore, in these
two Bin-containing peptides the helical handedness is
governed by the chirality of the atropoisomeric binaph-
tyl moiety rather than by that of the Ala residues. It is
worth pointing out that the observed relationship
between Bin chirality and peptide helix handedness is
opposite to that shown by protein amino acids. The
structural features of a series of 3¢-helical hexapeptides
of general formula Boc-B-A,-T-A,-OrBu, where A is L-
Ala or Aib, B is (R)-Bin, T is TOAC, and r + m =4,
were recently investigated [25¢]. These peptides are
denoted as B-T/r-m, to emphasize the different position
of TOAC with respect to that of the Bin fluorophore in
the amino acid sequence. The rigidity of the B-T donor—
acceptor pair and of the Aib-rich backbone allowed us
to investigate the influence of the intercromophoric
distance and orientation on the photophysics of the
peptides examined. The excited state relaxation pro-
cesses of binaphthyl were investigated by time-resolved
fluorescence and transient absorption experiments.
Dynamic quenching of the excited singlet state of
binaphthyl by TOAC was successfully interpreted by
the Forster energy transfer model, provided that the
mutual orientation of the chromophores is taken into
account. By comparison of the experimental and theo-
retical data, the type of secondary structure (right-
handed 3;¢-helix) for the B-T/r-m peptides was deter-
mined. This result would not have been achievable by
using CD and NMR techniques only, as these are not
diagnostic in this case. Static quenching was observed in
all peptides examined but B-T/1-3, where the effect can
be ascribed to a non-fluorescent complex. Among the
computed low-energy conformers of these peptides,
there is one structure exhibiting a N—O-— naphthalene
center-to-center distance <6 A, which might be as-
signed to this complex.

3,0-Helical, Aib-based hexapeptides of general for-
mula Ac-TOAC-(Aib),-L-Trp-(Aib),-OrBu [T(Aib), Trp],
where n +r =4, were investigated by steady-state and
time-resolved fluorescence measurements [25a,c]. What-
ever the solvent, quenching of the excited Trp exhibits
three lifetime components and proceeds on a time scale
from subnanoseconds to a few nanoseconds. In all cases
the fluorescence results are satisfactorily described by a

dipole—dipole interaction mechanism, in which energy
transfer takes place from the excited Trp to TOAC. This
conclusion implies that interconversion among confor-
mational substates is slow on the time scale of the
transfer process, allowing us to estimate the dynamics of
the process. Molecular mechanics calculations, coupled
with time decay data, made it possible to build up the
most probable structures of these 3ig-helical peptides
(Figure 18).

Conclusions

Rigid molecular platforms provide well-defined distances
and orientations between appropriate probes or func-
tional groups, thus greatly facilitating a reliable and
correct interpretation of experimental results based on
the 3D-structural dependence of physical processes.
Peptide-based systems of different lengths present a
remarkable advantage over other types of derivatized
skeletons because they are easily synthetically assembled.

Oligopeptides helices of variable length have
already been used as templates. However, particularly in
the case of relatively short peptides, only
restricted mobility has been achieved. The most com-
monly used oligopeptide series in this context are (L-
Pro),, followed by (Gly),, (L-Ala),, and y-substituted
(L-Glu),,. Extensive investigations on (L-Pro), oligomers
have clearly shown that different populations of multiple
conformers arise from cis & trans (o torsion angle) and
cis'strans’ (Y torsion angle) equilibria. On the other
hand, (Gly), oligomers are known to fold either in the
ternary helix poly(Gly), I or in the antiparallel f-sheet
conformation poly(Gly), 11, while (L-Ala),, and y-substi-
tuted (L-Glu),, oligomers may adopt either the a-helical
or the pf-sheet conformation. In addition, statisti-
cally unordered forms occur largely in the complex
conformational equilibria of short oligopeptides from
C*-trisubstituted (protein) amino acids, with their pop-
ulation inversely proportional to the peptide main-chain
length.

As it is clear that none of the peptide series discussed
above can produce truly rigid backbone templates, in
the last few years we concentrated our efforts on
oligomeric series rich in the structurally restricted C’*-
tetrasubstituted o-amino acids. After careful investiga-
tions of model compounds in both solution and crystal
state, it was found that in short peptides rich in Aib, the
parent compound, and in many other members of this
family of amino acids, stable type-III’, S-bends and
regular 3jo-helices are formed [12b]. This property
largely depends, however, on the peptide main-chain
length and C*-tetrasubstituted o-amino acid content.

Nevertheless, most investigations have exploited as
probes or reactive pendants: (a) flexible, unmodified,
protein amino acids (His, Trp, Tyr, Cys, Met, Glu,
Asp, Ser) or (b) flexible, appropriately side-chain
modified, protein amino acids (Cys, Ser, Lys, Glu,



Asp, Ala, Pro, Phe). Although a limited side-chain
flexibility might in general be tolerated, or may even be
beneficial, that arising from all protein amino acids is
definitely too large, making any conclusion unaccept-
ably approximate. In other words, by utilizing this type
of side chains any investigation inevitably suffers a range
of uncertainty even larger than that saved from the
restrictions imposed by rigidification of the backbone.
As a consequence, side-chain rigidified fluorophores
such as Bin and free radicals (or quenchers) such as
TOAC are highly recommended when using main-chain
conformationally restricted peptides as templates. In
any case, the present review article clearly shows that to
further expand this research direction (bend and helix-
forming peptides as templates) a larger armamentarium
of side-chain and main-chain constrained amino acids is
needed.
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