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25 ABSTRACT

27 The results of classifying into various types the 68 examples of isolated o-turns in the X-ray
29 diffraction crystal structures of peptides documented in the literature are presented and discussed in
this review article. a-Turns characterized by the trans disposition of all ® torsion angles are
32 common for the backbone linear peptides investigated. In contrast, the cis arrangement of the N-
34 terminal (w;;) torsion angle, among those generated by the three residues internal to the a-turn, is a
36 peculiar feature of 65% of the cyclic peptides. Among linear and cyclic peptides featuring the all-
trans disposition of the ® torsion angles, only one third of the a-turns display ¢,y values not too far
39 from those characterizing regular a-helices. In general, our findings, taken together, suggest that a
41 significant conformational diversity is compatible with the formation of an intramolecularly H-

43 bonded C,3-member pseudocycle (a-turn) in linear and cyclic peptides.
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1| INTRODUCTION

A peptide turn is a 3D-structural motif where the overall directionality of its main chain is reversed.
The most common types of “tight” peptide turns are characterized, and in part enthalpically
stabilized, by (backbone) N-H--O=C (backbone) intramolecular H-bonds. Moreover, this
intramolecularly H-bonding occurrence in turns usually correlates well with space proximity (< 71&)
between the C*-atoms of their terminal a-amino (carboxylic) acid constituents.

In particular, in a system of five linked peptide units (Figure 1) the possible conformations
intramolecularly H-bonded in the traditionally called “common way”, that is where the H-bonds go
from a N-H donor downstream to a C=0 acceptor upstream, are typically classified as C; (y-turns),
Cyo (B-turns), Cy3 (a-turns), and C;¢ (n-turns), where C stands for cyclo and the subscript number
indicates how many atoms are involved in the pseudo-annular structure closed by the intramolecular
H-bond. In an alternative, accepted terminology, in a y-turn the C*-atoms of the N- and C- terminal
residues of the main chain are separated by two (class i<—i+2) peptide bonds, whereas in the -, a-

and w-turns they are separated by three (i<—i+3), four (i<it+4), and five (i<i+5) peptide bonds,

respectively.
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+« 3—1,4-2, 5-3, and 64 turns are also called C; conformations or y-turns
+« 4—-1,5-2, and 6—3turns, are also called C,, conformationsor B-turns

+ 5—1and 62 turns, are also called C43 conformations or a-turns

+ 6—1 turns, are also called C,4 conformations or m-turns

FIGURE 1. Possible backbone N-H:-*O=C intramolecularly H-bonded conformations in a system
of five-linked peptide units. Only peptides entirely based on a-amino (carboxylic) acids are
considered.

Review article and research papers on peptide pB-turns!-!9 are extremely abundant, while those on -
turns, although definitely less numerous,'!>! cover this latter 3D-structural element sufficiently
well. The focus of the review article discussed below is exclusively based on isolated peptide a-
turns (typically, an o-turn internally encapsulates three complete a-amino acid residues).??3> A
similar literature contribution on the spatially widest member of this group, the n-turn,3¢-3° will be

produced by the present co-authors in the near future.
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To intramolecularly H-bonded, isolated, regular peptide a-turns, this review article will not add: (i)
a system of two consecutive a-turns nor part of a system of two concatenated a-turns; (ii) “open”
(lacking the intramolecular H-bond) o-turns; (iii) a-turns formed by stapling, via either a covalent
bond or by a N-to-C terminal charge---charge interaction; (iv) a-turns in pseudo-peptides such as
those characterized, for example, by a backbone ester bond (depsi-peptides) or a reduced backbone
amide carbonyl; (v) a-turns based on amino acids different from a, as in the case of one 6-amino, or
one (- and one y-amino acids replacing three consecutive a-amino acids.

To avoid ambiguous conformational assignments, only definitive results from X-ray diffraction
experiments in the crystal state will be taken into consideration, thereby neither including
conclusions from NMR/ IR absorption/ CD physico-chemical investigations in solution nor those
from conformational energy calculations/ predictions (algorithms)/ artificial neural networks
(machine learning).

The a-turns examined here will only be those contained in short (< 20 amino acids) peptides,
excluding those in proteins or forming a segment of the longer classical 3D-structural element a-
helix (with three or more o-turns). Excellent substrates for this investigation are homo-chiral
peptides and a-amino acid sequences with residues of mixed chirality, linear and cyclic peptides,
and peptide compounds even if comprising relatively unusual 3D-structural properties, such as one
(or more) cis backbone amide bond or embracing in the C;3 annular conformation of the a-turn

either one shorter C; or C;, intramolecularly H-bonded forms.

2| EXPERIMENTAL

A search was performed on the Cambridge Structural Database (CSD, version 5.43,
including updates to March 2022)% for structures containing the fragment -C(=0)-[N-C-C(=0)];-
NH- in which the NH;;4 and C;=0; groups are involved in a C;3 structure, on the basis of the
intramolecular H-bonding criteria that the O;+-Hj,4 distance must be within 2.50 A (i.e., less than the
sum of van der Waals radii of H and O) and the Nj;4-H;.4*O; angle > 120°.4#* To this aim, the
ConQuest* software package was exploited, which inter alia allowed retrieval of the values of
relevant backbone torsion angles. The search returned a total of 309 entries (X-ray diffraction
structures). As expected, most of the entries correspond either to a-helices, characterized by the
occurrence of multiple, consecutive C;3 structures, or to mixed a-/31o-helices in which the C,; and
Cyo structures are variously combined. To ensure that isolated a-turns occurring in two
crystallographically-independent molecules in the same entry would not escape the search, entries
corresponding to linear peptides with two or less C3 structures, as well as entries corresponding to

cyclic peptides with four or less C3 structures, were individually analyzed with the aid of the
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program Mercury.*> Only peptides of the two sub-groups possessing isolated C; structures were
retained. As for cyclic peptides, we took into consideration only molecules in which the cycle is
entirely constituted of a-amino acids. In other words, molecules in which the cyclic skeleton either
combines peptide and non-peptide portions, or it results from covalent bonding between two side
chains (as well as from side-chain to backbone cyclization) of an otherwise linear peptide backbone
were not retained.

The search described above cannot identify C;; structures in entries for which the
coordinates of H-atoms were not deposited in the CSD, as it quite often happened in less recent
years. Therefore, a second search was performed for the fragment -C(=0)-[N-C-C(=0)]5-N- with
the O;-Nj.4 distance less than 3.30 A as the search criterion, returning 396 entries. This second set
of entries obviously contains also the 309 entries which resulted from the first search. After removal
of these latter, the remaining 87 entries were individually analyzed as above. For those entries
potentially possessing isolated C;; structures, a check was made against the intramolecular H-
bonding schemes as reported in the original publications. Only seven additional structures, all of
them belonging to the class of cyclopeptides, were recovered in this way.

Overall, our survey returned 17 examples of isolated a-turns in 15 X-ray diffraction
structures of linear peptides, and 51 examples of isolated a-turns in the X-ray diffraction structures

of 41 cyclic peptides.

3| RESULTS AND DISCUSSION

The results of our survey on the occurrence of isolated o-turns in the X-ray diffraction
structures of peptides deposited in the CSD are summarized in Table 1 (with Figure 2) and in
Table 2, respectively, for linear and cyclic peptides. For each entry, the values of backbone torsion
angles internal to the 13-membered H-bonded pseudocycle are reported, accompanied by the

available intramolecular H-bond parameters.

http://mc.manuscriptcentral.com/jpsc
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; TABLE 1. Relevant backbone torsion angles (°) and intramolecular H-bond parameters (A, ©) for isolated a-turns in linear peptides. The amino acid sequence within each o-turn
4 is underlined

5

6

7 Entry o dit1 Wit it iz Win 2 dir3 WYit3 Oir3 Nig...0; Hiwy...0; Nis-Hirs  Notes CSD refcode  References
8 .0,

?0 1 HCO-Adm-Adm-Adm-NHiPr (three structures from different crystallization conditions) 46
1 1A na.  -52 -49 -170  -59  -47 -177  -60 -60 -172 3.095 2.22 178 GOHRUT

1 ; 1B na. -53 -49 -170  -60  -46 -177  -60 -60 -173 3.096 2.22 177 GOHRUTO1

14 1C na. -53 -49 -170  -60  -46 -177  -60 -60 -173 3.094 2.22 177 GOHRUTO02

1 2 2 Z-Aib-Gly-L-lle-L-Leu-OMe LEKJOA 47
17 -173  -66 -21 179 -89 -7 -177  -115 -54 176 2.958 2.15 171 (a)

13 3 H-L-Tyr-D-Tic-L-Phe-L-Phe-NH, (two independent molecules, A and B) CALFEB 48
20 3A 167 62 -146  -168  -58  -49 -163  -129 3 n.a. 3.086 2.34 145

;; 3B 177 65 -160  -167 -88 -16 -179  -109  -18 n.a. 3.194 2.49 139 (b)

23 4 Piv-D-Pro-L-Pro-D-Ala-NHMe LOCSUS 49
;g -173 61 -154 180 -86 31 169 129 34 175 2.849 2.02 162 (a)

26 5 L-pGlu-L-Asn-L-Pro-D-Tyr-D-Trp-NH, NOPZUO 50
27 167  -59 153 178 71 39 167 93 24 n.a. 2.965 2.17 150

;g 6 Ac-MeDeg-Deg-Deg-Deg-N(Et), (a,c) POQRIX 51
30 -173  -49 -53 -171 57 40 -172 -66 -43 -170  3.196 2.40 154

g; 7 Boc-L-Val-Aib-D-Ala-L-Leu-NHMe ICUWUA 52
33 176 59 19 -176 81 1 -171 -112 -36 -178  3.055 222 163 (a,d)

gg 8 (complex imido)-L-Ala-L-Ala-L-Ala-NHPh (a,c) ADOZOI 53
36 -164  -60 -47 -178  -63  -40 -171 -82 -30 -173 2962 2.15 151

227; 9 Ac-Gly-L-Ala-L-Ala-L.-Ala-NH, (two independent molecules, A and B, each encapsulated by a synthetic host) CUDYIK 54
39 9A 177 -49 -50 -177 77 24 171 -68 -22 -178 2812 2.13 134 (e)

2(1) 9B 175 -47 -38 -178 -84  -42 179 -53 -31 -172 2.980 2.26 139 (e)

42

23 http://mc.manuscriptcentral.com/jpsc
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10 Boc-L-Ile-Aib-L-Leu-L-Phe-L-Ala-OMe (two independent molecules, A and B) (a, c, f) FASRAU 55
10B 177  -49 -38 -174 71 21 -173  -115 -7 -174  2.979 2.42 123
11 Piv-L-Pro-Ac;c-L-Val-NHMe (2) HOHLEW 56

-178  -66 143 177 74 2 -176 ~ -130  -50 -176  2.852 1.86 150
12 Z-Aib-Aib-L-Glu(OMe)-L-Ala-L-Lol (a, h) IRIDOC 57

-173  -38 -26 180 -75 24 -172 -109  -25 -175  3.085 2.31 150
13 Boc-L-30Phe-L-Val-Aib-L-Leu-NHiPr (a, 1) TIVYOP 58

-179 =57 -35 -178  -62  -27 -174  -94 -32 -172 3.101 2.36 144

n.a.: Data not available. Chemical structures for the non-coded a-amino acids are provided in Figure 2.

(a) Cyp structure (Nj.3-H...O;) within the C; structure. (b) Water-mediated Cy structure (Nj:3-H...OH,...O;) within the C,; structure. (¢) Only one of
the two independent molecules. (d) A non-helical C,, structure (type-II' B-turn) with L-Val and Aib as corner residues precedes the C; structure. ()
The C; structure is followed by a helical Cy, structure (type-III B-turn) with L-Ala(3) and L-Ala(4) as corner residues. (f) A helical C,, structure
(type-III B-turn) with L-Ile(1) and Aib(2) as corner residues precedes the C;3 structure. (g) A non-helical C, structure (type-1I B-turn) with L-Pro
and Ac;c as corner residues within the C,; structure. (h) A helical Cy structure (type-III B-turn) with Aib(1) and Aib(2) as corner residues precedes
the C; structure. (i) A helical C,q structure (type-III B-turn) with L-60Phe(1) and L-Val(2) as corner residues precedes the C; structure.

http://mc.manuscriptcentral.com/jpsc
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FIGURE 2. Chemical structures for the non-coded a-amino acids mentioned in Table 1.
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TABLE 2. Relevant backbone torsion angles (°) and intramolecular H-bond parameters (A, ©) for isolated o-turns in cyclic peptides. The amino acid sequence within each a-turn
is underlined. Starred residues indicate side-chain modification(s)

Entry o, dis1 Wit ®is dia Wi i O3 Wis3 i3 Ni4...0; Hii4...0; Nis4-Hiig Notes CSD refcode References
..0;

Pentapeptides

1 c-[Aib-L-Phe-Gly-D-(aMe)Phe-L-Pro] (a) FUBYAE 59
-177  -51 -45 -177 86 54 -174 52 35 -178  2.980 2.25 162

2 c-(Gly-L-Pro-D-Phe-L-Ala-L-Pro) trihydrate GICHOP 60
-172 64 -143  -176  -68 -45 177 -74 -31 -176 2916 2.33 139

Hexapeptides

3 c-(L-Ala-D-Ala-L-MeTyr-L-Ala-L-MeTyr*-L-MeTyr*) chloroform ethanol solvate hemihydrate (b) OHUXAQ 61
172 -117 102 5 -89 164 164 140 -42 -179  3.098 2.15 173

Heptapeptides

4 Ilamycin B1; c-(L-Ala-L-MeLeu-L-Leu-L-Nva-L-Trp*-L-Leu-L-Tyr*) ethanol solvate monohydrate (c) ILAMYC 62
-175  -61 126 -11 -121 38 -168  -123 2 165 3.320 n.a. n.a (d)

5 Ilamycin B,; c-(L-Ala-L-MeLeu-L-Leu-L-Nle*-L-Trp*-L-MeLeu-L-Tyr*) VEHFOG 63
-169  -68 146 -17 -106 57 -178  -106 46 -174  3.208 2.37 165 (d)

6 Ilamycin D; c-(L-Ala-L-MeGlu*-L-Leu-L-Nle*-L-Trp*-L-MeLeu-L-Tyr*) VEHGAT 63
-172 71 147 -12 -105 57 180 -107  -48 -164  3.266 2.44 156 (d)

7 llamycin F; c-(L-Ala-L-MeGlu*-L-Leu-L-Nle*-L-Trp*-L-MeLeu-L-Tyr*) (a) VEHGEX 63
-169  -67 143 -17 -107 53 -179  -99 -46 -172 3.292 2.47 162 (d)

8 llamycin H; c-(L-Ala-L-MeGlu*-L-Leu-L-Nle*-L-Trp*-L-MeLeu-L-Tyr*) RUSPUT 64
-173  -64 139 0 -111 37 -176  -102  -38 -169  3.282 2.45 159 (d)

9 Axinellasin A; c[L-Asn-L-Pro-L-Met(SO)-L-Leu-L-Leu-L-Pro-L-Val] (S configuration at sulfoxide) MAVFAU 65
180  -63 147 8 -98 10 -172 95 -22 -171  3.163 2.44 140 (d)

10 Axinellasin B; c[L-Asn-L-Pro-L-Met(SO)-L-Leu-L-Leu-L-Pro-L-Val] (R configuration at sulfoxide) MAVFEY 65

http://mc.manuscriptcentral.com/jpsc



Page 9 of 33 Journal of Peptide Science

1

g 180  -64 145 10 -97 10 -174  -97 -18 -168  3.031 2.38 131 (d)

4 11 Axinellasin C; c[L-Asn-L-Tyr-L-Phe-L-Phe-L-Pro-L-Pro-L-Met(SO)] (S configuration at sulfoxide) (a) MAVFIC 65
Z -176  -68 152 7 -93 15 174 -81 -34 176 3.268 243 159

7 12 Cordyheptapeptide A; c-(D-MePhe-L-Pro-Sar-L-Phe-L-MeTyr-L-Ile-L-Leu) hydrate (c) XEDKOH 66
8 -163 124 -74 -7 =77 174 175 107 -12 178 2.835 1.97 165

?O 13 Cordyheptapeptide C; c-(Sar-L-Phe-D-MeTyr-L-Val-L-Leu-D-MePhe-L-Pro) methanol solvate monohydrate BEMVAS 67
11 164 124 -78 16 -84 172 171 108 -11 174 2914 2.11 172

1 g 14 Euryjanicin A; c-(L-Trp-L-Pro-L-Ile-L-Ser-L-Phe-L-Val-L-Pro) NUCZUH 68
14 178  -65 139 6 -100 6 -179 58 -46 174 3.289 243 174 (d)

12 15 Isophakellistatin 3; c-(Gly-L-Pro-L-Thr-L-Leu-L-Pro*-L-Pro-L-Phe) acetone solvate monohydrate SUMNOD 69
17 173 -53 138 10 -95 9 -173 -89 -35 -173  3.176 2.34 156 (d)

18 16 Evolidine; c-(L-Ser-L-Phe-L-Leu-L-Pro-L-Val-L-Asn-L-Leu) tetrahydrate TALVAD 70
;g -175  -65 151 2 -93 13 -176 ~ -95 -16 -172 3.082 2.09 178 (d)

21 17 Pseudostellarin D; c-(Gly-L-Tyr-Gly-L-Pro-L-Leu-L-Ile-L-Leu) acetonitrile solvate monohydrate ZORRED 71
;g -173  -56 126 180 89 -15 -172 -113 53 180 3.027 2.02 150

24 Octapeptides

;2 18 [(S)-Sulfoxide]-6'-O-methyl-a-amanitin; bicyclo-(L-Asn-L-Hyp-L-Ile*-L-Trp*-Gly-L-Ile-Gly-L-Cys*) (e) CAZFIS10 72
27 -175  -61 -31 177 -66 -42 -171 81 -52 -178  2.998 2.30 148

;2 19 6'-O-Methyl-S-oxo- o -amanitin-sulfone; bicyclo-(L-Asn-L-Hyp-L-Ile*-L-Trp*-Gly-L-Ile-Gly-L-Cys*) (e) CAZFOY10 72
30 -174  -62 -31 178 -67 -42 -172 =81 -47 -179 2996 2.30 124

31 20 B-Amanitin; bicyclo-(L-Trp*-Gly-L-Ile-Gly-L-Cys*-L-Asp-L-Hyp-L-Ile*) (e) BAMANTIO 73
gg 20a -175 =59 127 -176 88 -4 -173 -121 -85 179 3.163 2.44 128 (d,f)

34 20b -174  -61 -37 -172 =79 -23 -169  -109 40 173 2.926 1.95 161 (d,g)

22 21 S-Deoxo(Ile*)amaninamide; bicyclo-(L-Asn-L-Hyp-L-Ile-L-Trp*-Gly-L-Ile-Gly-L-Cys*) (e) COBLUA 74
37 21a 180  -48 131 179 83 1 -166  -134  -76 178 3.150 2.25 157 (d,f)

;8) 21b -174  -68 -17 -179  -99 -48 180 =77 -27 166 2.908 2.16 143 (h)

40 22 S-Deoxo-(y(R)-hydroxy- Ile *)amaninamide; bicyclo-(L-Asn-L-Hyp-L-Tle*-L-Trp*-Gly-L-Ile-Gly-L-Cys*) (e) JAWTIK 75
41

42
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22a -172 -73 -14 178 -98 -35 -176  -93 -24 165 2.863 n.a. n.a. ()

22b -175 =52 136 -179 80 0 -167  -132 -88 -178  3.184 n.a. n.a. (d,f)

23 Bicyclo-(L-Cys-Gly-L-Pro-L-Phe-L-Cys-Gly-L-Pro-L-Phe) tetrahydrate DUVGOQ10 76
-168  -63 -23 -179 96 1 -163  -126  -60 -174  3.108 2.40 126 (d,i)

24 c-(L-Ala-Gly-L-Pro-L-Phe-L-Ala-Gly-L-Pro-L-Phe) tetrahydrate JINGAO 77
-168  -64 -20 -178 =97 -6 -169  -123 54 -175  3.170 2.48 150 (d)

25 Ribifolin racemate; c-(Gly-Ser-Ile-Ile-Leu-Gly-Ile-Leu) dihydrate )] RIWZOP 78
176 -63 -38 178 -67 -46 -175  -80 =27 -172 2.860 2.11 145

26 c-(D-Leu-L-Asp-D-Leu-L-Orn-D-Leu-L-Asp-D-Leu-L-Orn-) VAJPUV 79

26a 173 65 -135 176 -94 20 167 123 59 -179  2.902 2.07 157 (d)

26b 175 62 -140 178 -97 27 158 125 60 -166  2.882 2.10 148 (d)

Nonapeptides

27 Cyclolinopeptide A c-(L-Pro-L-Pro-L-Phe-L-Phe-L-Leu-L-Ile-L-Ile-L-Leu-L-Val) n.a 80
177  -64 161 9 91 -16 -176 - -99 -47 -170  3.34 n.a. n.a.

28 Cyclolinopeptide A; c-(L-Pro-L-Pro-L-Phe-L-Phe-L-Leu-L-Ile-L-Ile-L-Leu-L-Val) 2-propanol solvate monohydrate GIPKAR10 81
176 -60 160 10 -90 -18 -176 =97 -49 180 3.06 n.a. n.a.

29 Cyclolinopeptide A c-(L-Pro-L-Pro-L-Phe-L-Phe-L-Leu-L-Ile-L-Ile-L-Leu-L-Val) acetonitrile solvate UBADEJ] 82
-169  -88 158 4 -93 -7 -168  -98 -20 -176  2.834 2.08 144

30 Cyclolinopeptide A analog c-(L-Pro-L-Pro-L-Phe-L-Phe-Aib-Aib-L-Ile-D-Ala-L-Val) methanol solvate dihydrate JUJHUR 83
175  -66 163 9 -90 -17 -176  -97 -43 -171  3.063 n.a. n.a.

31 Cyclolinopeptide B; c-(L-Ile-L-Pro-L-Pro-L-Phe-L-Phe-L-Val-L-Ile-L-Met-L-Leu) methanol solvate SAFVOM 84
-174 =77 157 -10 -91 -5 -167  -99 -24 -171 2957 2.18 153

32 Cyclolinopeptide K; c-[L-Met(SO,)-L-Leu-L-Ile-L-Pro-L-Pro-L-Phe-L-Phe-L-Val-L-Ile] butanol solvate monohydrate AYUQIV 85
-179 =77 163 2 -90 -4 -169 94 -21 174 2.862 2.14 144

33 c-(L-Val-L-Leu-L-Pro-L-Ile-L-Leu-L-Leu-L-Leu-L-Val-L-Leu-) monohydrate LETPIM 86
-178  -80 157 -5 -94 -7 -175 -118 24 -170  2.965 2.39 123

34 c-(L-Pro-L-Pro-L-Phe-L-Phe-Aib- Aib-L-Ile-D-Ala-L-Val) acetonitrile solvate dihydrate LINCOA 87

http://mc.manuscriptcentral.com/jpsc
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176 -67 162 8 -90 -16 -175 97 -40 -171 2999 2.28 132
Decapeptides
35 Antamanide; c-(L-Val-L-Pro-L-Pro-L-Ala-L-Phe-L-Phe-L-Pro-L-Pro-L-Phe-L-Phe) octahydrate acetonitrile solvate ANTAHCI10 88
35a 176 -64 161 3 -80 -20 -165  -103  -22 172 2.853 n.a. n.a (k)
35b 168  -62 160 4 -92 -4 -177  -101 22 174 2.883 n.a. n.a )
36 (Phe*,Val®)-Antamanide; c-(L-Val-L-Pro-L-Pro-L-Phe-L-Phe-L-Val-L-Pro-L-Pro-L-Phe-L-Phe) trihydrate PVANTS 89
36a 177 -67 153 5 -98 4 -170  -97 -35 177 2.896 n.a. n.a (k)
36b 177 -67 153 5 -98 4 -170  -97 -35 177 2.896 n.a. n.a )
37 (Phe*,Val®)-Antamanide; c-(L-Val-L-Pro-L-Pro-L-Phe-L-Phe-L-Val-L-Pro-L-Pro-L-Phe-L-Phe) dodecahydrate PAANTDO1 90, 91
37a 173 -65 156 6 -96 3 -170  -110  -26 171 2.884 2.02 154 (k)
37b 173 -65 156 6 -96 3 -170  -110  -26 171 2.884 2.02 154 )]
38 (Thiaprolyl)’-antamanide c-(L-Val-L-Pro-L-Pro-L-Phe-L-Phe-L-Val-L-Pro*-L-Pro-L-Phe-L-Phe) octahydrate VEDJOD 92
38a -178  -64 158 -3 -79 -20 -169  -98 -22 176 2.830 2.01 138 (k)
38b 165  -64 161 2 -95 -1 -176  -94 =27 -179  2.986 2.08 149 )
39 c-(L-Phe-L-Pro-L-Pro-L-Ala-L-Phe-L-Phe-L-Pro-L-Pro-L-Ala-L-Phe) tetrahydrate HEBKUU 93
39a 173 -70 165 -1 -88 -4 -178  -92 -26 175 2.797 2.00 137 (k)
39b 176 -72 160 1 -93 -3 -177 -89 -28 180 2.886 2.26 142 )]
40 Phakellistatin 8; c-(L-Pro-L-Pro-L-Ile-L-Phe-L-Val-L-Leu-L-Pro-L-Pro-L-Tyr-L-Ile) methanol solvate hydrate NEHYAAOI 94
167  -65 152 7 -90 2 -173  -88 -45 174 2.905 2.07 164
Dodecapeptides
41 c-(L-Ala-L-Pro-Gly-L-Val-Gly-L-Val-L-Ala-L-Pro-Gly-L-Val-Gly-L-Val) trihydrate FILPEW 95
4la -178  -61 134 180 81 -3 -179  -122 53 -173  3.020 2.12 180 (d,k)
41b 167  -56 132 -179 70 18 177 -131 -59 -162 2.980 2.08 172 (m)

n.a.: Data not available.

(a) Only one of the two independent molecules. (b) Ether bridge beween MeTyr*(5) and MeTyr*(6).
(c) Sign of torsion angles and configuration of amino acids as reported in the original publication. Conversely, the coordinates deposited in the CSD correspond to the other

enantiomorph, for which each torsion angle has opposite sign.
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(d) Cyp structure within the C;3 structure.

(e) Bridge between side chains of Trp* and Cys*. (f) Sequence L-Ile-Gly-L-Cys*. (g) Sequence L-Hyp-L-Ile*-L-Trp*. (h) Sequence L-Hyp-L-Ile-L-Trp*.
(i) Disulfide bridge between the two Cys residues.

(j) Structure of the racemate. The reported torsion angles refer to the all-L enantiomer.

(k) Sequence 2-3-4. (1) Sequence 7-8-9. (m) Sequence 8-9-10.
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3.1| a-Turn classification

The overall distribution of the ¢,y sets of residues occupying positions i+1, i+2, and i+3
internal to each o-turn for both linear and cyclic peptides is illustrated in Figure 3. To classify the
conformation of each residue, we followed an approach similar to that exploited by Dasgupta et
al.® in their analysis on the occurrence of a-turns (identified on the basis of a C*:-C* distance
criterion) in high resolution X-ray diffraction structures of proteins. Cluster analysis in their very
large dataset led to the partitioning of the left half of the Ramachandran map (characterized by
negative ¢ values) in the following main areas: "A" (right-handed helical) the entire region —180° <
o <—15°,-90° <y <40° "E" (extended) the region characterized by negative ¢ values and 90° < y
< 180°; "D" the region bridging the two above. The "E" region was further divided, depending on
whether the ¢ values are closer to those typical of type-II poly(Pro), (=75°) or B-strand (-135°)

conformation.
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FIGURE 3. Distribution of ¢,y torsion angles for residues at positions i+1, i+2, and i+3 internal to

isolated a-turns in the X-ray diffraction structures of peptides.

In our opinion, labeling as right-handed helical a residue characterized by any negative
value of ¢ and a positive value of y up to 40° could be confusing. Also, it would be appropriate to

discriminate between ¢,y values reasonably close to those typical of regular a-helices from those
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possessing larger deviations. Therefore, we describe the conformation of each residue in our dataset
as belonging to one of the following areas of the Ramachandran map:

- "H1" (right-handed helical), —105° < ¢ <—-30°, —65° <y <-15°;

- "H2" (distorted right-handed helical), —=150° < ¢ <—-105°, -90° <y <-15°;

"P" (type-II polyPro like, ¢ negative), —130° < ¢ <-30°, 120° <y < 180°;

"B" (bridge, ¢ negative), —150° < ¢ <-30°, —15° <y < 60°;

"h1" (left-handed helical), 30° < ¢ < 105°, 15° <y < 65°;

"h2" (distorted left-handed helical), 105° < ¢ < 150°, 15° <y <90°;

"p" (type-II polyPro like, ¢ positive), 30° < ¢ < 130°, —180° < y < —120°;
"b" (bridge, ¢ positive), 30° < ¢ < 150°, -60° <y < 15°;

- "U" (undefined), none of the above, ¢ negative;
- "u" (undefined), none of the above, ¢ positive.

Then, the combination of the labels assigned to residues i+1, i+2, and i+3 provides a
conformational descriptor for each a-turn in our dataset. In the following, linear and cyclic peptides

will be analyzed separately.

3.2| Isolated a-turns in linear peptides

Linear peptides featuring a single o-turn range in length from N®-acylated tripeptide amide
(Table 1, entries 1A-1C, 4, 8, 11), i.e. the minimal main-chain length for the occurrence of such
intramolecularly H-bonded conformation, to pentapeptide (entries 5, 10B).

Peptides 1 and 6 are composed exclusively of achiral residues. In their centrosymmetric
crystals, molecules of both handedness simultaneously occur. For these entries, the deposited
coordinates correspond to the enantiomorph of right-handed screw sense, taken as the asymmetric
unit. Entry 8 features an all-L sequence. The sequences of the remaining entries combine L-residues
with achiral (Gly, Aib, Acsc) and/or D-residues. Among the three residues occupying positions i+1
to i+3 internal to each a-turn, 23 are of L configuration, 7 D, and 21 achiral. Their ¢,y sets are
plotted in Figure 4. It can be seen that all of the L residues are characterized by negative values of
¢, while the opposite holds true for the D residues. The overwhelming majority of achiral residues
(19 out of 21 occurrences) join the L-residues in the left half of the Ramachandran map. The two
exceptions, featuring positive ¢ values, are an Aib residue in the sequence Aib-D-Ala-L-Leu (entry

7), and an Acsc residue in the sequence L-Pro-Acsc-L-Val (entry 11).
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FIGURE 4. Distribution of ¢,y torsion angles for residues at positions i+1, i+2, and i+3 internal to
isolated a-turns in the X-ray diffraction structures of linear peptides. Residues of L configuration in

black, D in red, achiral in blue.

All of the o torsion angles in these linear peptides are found in the usual trans disposition,
even for tertiary amide / peptide bond involving a Pro or an N®-methylated residue (entries 4-6, 11).
In general, deviations from the exact trans-planarity (180°) do not exceed +10°. Slightly larger
deviations, in the range 12° - 17° are found for w;, ®;+; and ®;, of entry 3A, w4+ of entry 3B, and

o; of entry 8 (Tablel).

http://mc.manuscriptcentral.com/jpsc



oNOYTULT D WN =

Journal of Peptide Science Page 16 of 33

16

FIGURE 5. Front view (left) and side view (right) models of the five most populated types of
isolated a-turns. (A) HIH1H1, (B) PbH2, (C) PcisBH1, (D) PcisBH2, (E) PcisH1H1.

In nearly one half of the a-turns in Table 1 (8 examples out of 17) the residues i+1, i+2, and
i+3 belong to the "H1" (right-handed helical) region of the ¢,y space according to our classification.
Therefore, the a-turn adopted by entries 1A-1C, 6, 8, 9A-9B, and 13 can be defined as type
HIH1HI1 (model A in Figure 5). Within this group of entries, the ¢,y sets for residues at position
i+1 are quite narrowly distributed. Specifically, the ¢;+; values range from —60° to —47°, and the ;4
values from —53° to —35°. The spread of values increases at position i+2 (¢i» from —84° to —57°,
Vi, from —47° to —24°), and even more at position i+3 (i3 from —94° to —53°; 43 from —50° to —
22°). It is worth pointing out that entries which show a closer approach of the ¢,y torsion angles of
all three residues (internal to the a-turn) to the a-helix canonical values (—63°,—42°), as determined
by a statistical analysis of a-helices in crystalline peptides,?>°® are entries 1A-1C, based on the
Adm-Adm-Adm sequence, and entry 6 (sequence MeDeg-Deg-Deg). Both sequences are

exclusively composed of Co-tetrasubstituted residues.
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There are two additional entries in which residues i+1 and i+2 are both right-handed helical,
while residue i+3 either is distorted right-handed helical (entry 12: ¢i3,wi43 = —109°,-25°) or it
belongs to the bridge region (entry 10B: ¢ii3,Wi+3 = —115°,—7°). These two a-turns are termed type
HI1H1H2 and type H1HI1B, respectively.

a-Turns of type HIHIH1, HIHIH2 and HIH1B share the possibility of the occurrence of a
type-1II B-turn encompassed within the a-turn (with the O; carbonyl oxygen acting as a double
acceptor of H-bond, from both the Nj;3-H;.; and Ni;4-H;14 groups), provided that the ¢,y values of
both residues i+1 and i+2 in the H1 region are sufficiently close to the standard for such a folded
conformation (¢i+1,Wi+1 = Pi2,Wira = —60°,-30°). This is indeed the case of entries 6, 8, 10B, 12, and
13, whereas for entries 1A-1C the B-turn H;3 ... O; separation is only slightly above the 2.50 A limit
commonly accepted for the occurrence of a C=0...H-N hydrogen bond.

Similarly, conformational descriptors of a-turns in which residue i+1 is located in the "H1"
region and residue i+2 in the "B" region of the conformational space bear the potential for the
occurrence of a type-I B-turn (ideal values: ¢y, i1 = —60°,-30°; iz, Wi+2 = —90°,0°) encompassed
within the a-turn. One example of this kind, among the linear peptides listed in Table 1, is provided
by entry 2, for which the a-turn is classified as type HIBH2.

For all the entries in Table 1 described above (characterized by sequences composed by
residues either of L configuration, or achiral, or a combination of the two thereof), residue i+1 is
located in the "H1" region of the ¢,y map. Conversely, there are two examples in which residue i+1
is found in the "P" (type-II polyPro like, ¢ negative) region, namely entries 5 and 11, both
characterized by the occurrence of an L-Pro residue at position i+1. The sequence of entry 5, L-Pro-
D-Tyr-D-Trp, is heterochiral. As the two D-residues are found in a left-handed helical
conformation, we classify the a-turn of entry 5 as type Ph1hl. On the other hand, in the sequence of
entry 11, L-Pro-Acsc-L-Val, an achiral residue at position i+2 is flanked by two L-residues. The
Ac;c residue adopts a bridge conformation characterized by a positive sign of ¢ ("b" in our
notation), thus mimicking a D-residue. The ¢,y values of L-Val at position i+3 (-130°,-50°) belong
to the distorted right-handed helical region, with a peculiarly large negative value of ¢. We classify
the a-turn of entry 11 as type PbH2 (model B in Figure 5). Notably, for entry 5, the values of the
backbone torsion angles for residues i+1 and i+2 fit nicely with those required for the formation of a
type-1I B-turn (ideal values: i+, i1 = —60°,120°%; dis2, Witz = 80°,0°). Indeed, entry 5 features a H-
bonded C structure encompassed within the C;3 structure.

In our notation for the conformational description of a-turns, the mirror image of the type
PbH2 discussed above is type pBh2. This latter conformation is adopted by entry 4, of a-turn

sequence D-Pro-L-Pro-D-Ala. The ¢,y sets of the three residues are very close in absolute values
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but opposite in sign with respect to those of entry 11. Therefore, a type-1I' B-turn takes place at the
level of residues i+1 and i+2 within the a-turn.

Entries 3A and 3B are the two independent molecules in the crystals structure of H-L-Tyr-
D-Tic-L-Phe-L-Phe-NH,. For both of them, the D-Tic residue at position i+1 of the a-turn adopts a
"p" (type-II polyPro like, ¢ positive) conformation, whereas the two L-Phe residues at positions i+2
and i+3 are located respectively in the right-handed helical and in the bridge (¢ negative) regions,
respectively, of the ¢,y space. Therefore, both entries are classified as type pHI1B. Interestingly, a
co-crystallized water molecule is H-bonded to molecule 3B, as the donor to the O; carbonyl oxygen,
and as the acceptor to the Nj3-H;.3 group, thus giving rise to a water-mediated B-turn.

Finally, the Aib-D-Ala-L-Leu a-turn sequence of entry 7 provides an example of left-handed
helical conformation of residue i+1 (the achiral Aib), followed by D-Ala in the bridge (¢ positive)
region, and L-Leu distorted right-handed helical, thus producing a type h1bH2 a-turn.

3.3| Isolated a-turns in cyclic peptides

The occurrence of 51 isolated a-turns in cyclic peptides is documented in 41 crystal
structures, ranging from cyclopenta- to cyclododecapeptides (Table 2). Cycles made of eight or
more a-amino acid residues provide examples of the occurrence of two isolated a-turns in the same
molecule. A significant fraction of the cyclopeptides listed in Table 2 are natural compounds, often
characterized by the occurrence in their sequences of N*-methylated and / or side-chain modified a-
amino acid residues.

Important, in Table 2 there are 18 entries for which all of the w torsion angles within the a-
turn are found in the usual #rans disposition (similarly to the a-turn forming linear peptides listed in
Table 1), whereas 33 entries are characterized by a cis disposition (= 0°) of the w;;; torsion angle.
On the basis of this significant conformational difference, i+ -trans and ®ji-cis o-turns in

cyclopeptides will be discussed separately.

3.4| Isolated a-turns in cyclic peptides with ®;.,-frans

Similarly to the linear peptides listed in Table 1, for cyclic peptides possessing an all-trans
disposition of the ® torsion angles within the a-turn (Table 2, entries 1, 2, 17-19, 20a-26b, and 41a-
41b), deviations from the value of 180° are in general within £10°. Larger deviations from exact
trans-planarity are found for entries 21b (w3 = 166°), 22a (i3 = 165°), 23 (w; = —168°, oy, =—
163°), 24 (o; = —168°, ®in =—169°), 26a (0 = 167°), 26b (0 = 158°, ®3 =—166°), and 41b (o;
=167°, w3 =—-162°).
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Among the residues occupying positions i+1, i+2, and i+3 internal to each a-turn, 41 are of
L configuration, 6 D, and 7 achiral. Their ¢,y sets are plotted in Figure 6. All of the D residues are
characterized by positive values of ¢ except one, located in the lower left quadrant of the ¢,y map.
The anomalous position pertains to a D-(aMe)Phe residue (Table 2, entry 1). In this connection, it is
worth recalling that a statistical analysis of crystal structures of derivatives and peptides containing
this C-tetrasubstituted, C’-branched residue highlighted a prevailing "reverse" relationship between
(uMe)Phe chirality and helix screw sense (L — left-handed and D — right-handed).’” The L
residues, all of them characterized by negative values of ¢, are partitioned among the "H1", "H2",
"P", and "B" regions of the ¢,y space, in a way not too dissimilar from that of L residues in a-turns
of linear peptides shown in Figure 4. The 7 achiral residues are located in region "b" (bridge, ¢

positive).
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FIGURE 6. Distribution of ¢,y torsion angles for residues at positions i+1, i+2, and i+3 internal to
isolated a-turns in the X-ray diffraction structures of cyclic peptides featuring a trans disposition for

the mj; torsion angle. Residues of L configuration in black, D in red, achiral in blue.

Among the 18 entries of Table 2 characterized by a frans disposition of the w;,; torsion
angle, there are four examples (entries 18, 19, 21b, 25) in which residues i+1, i+2, and i+3 are all

right-handed helical (type HIH1H1 in our a-turn classification). Within this group of entries, the
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¢,y torsion angles (observed ranges: ¢;+; from —68° to —61°, ;4 from —38° to —17°; i1, from —99°
to —66°, i from —48° to —42°; ¢y from —81° to —77°; yiu3 from —52° to —27°) show that on the
average the negative ¢ values tend to increase in magnitude on moving from residue i+1 to residue
i+3.

Entry 20b provides one example of right-handed helical conformation for both residues i+1
and i+2, but distorted right-handed helical for residue i+3, thus giving rise to a type HIHIH2 a-
turn. A B-turn is encompassed within the a-turn. The ¢,y sets of residues i+1 and i+2 (¢ir1,Wis = —
61°,-37°% Oi2,Wi2 = —79°,-23°) allow to classify the B-turn as intermediate between type-I and
type-IIIL.

a-Turns for which residue i+1 is located in the "H1" region and residue i+2 in the "B" region
of the conformational space are observed for entries 1, 23, and 24. They differ by the conformation
adopted by residue i+3, distorted right-handed helical ("H2") for both entries 23 and 24, while left-
handed helical ("h1") for entry 1. Therefore, the a-turn of entries 23 and 24 is classified as type
HI1BH2, whereas that of entry 1 as type HIBhI. Interestingly, in entries 23 and 24, ¢, is close to —
90° and v, to 0°, and the following i+3 residue of L configuration is distorted right-handed helical.
Conversely, for entry 1, the L-Pro residue at position i+2 is found in a conformation still belonging
to the "B" region, but characterized by a large and positive y value (is2,Wir2 = —86°,54°), which
allows the following achiral Aib to adopt a left-handed helical conformation. Also, a type-I B-turn is
encompassed within the a-turn in entries 23 and 24, but not in entry 1.

For entry 22a, the conformational descriptor of the a-turn is BHIHI. It has to be noted,
however, that although the conformation of residue i+1 (¢i+1,Wi+1 = —73°,—14°) in our classification
belongs to the "B" region, the y value is very close to the border with region "H1".

Among the a-turns of cyclic peptides featuring a trans disposition of the w;,; torsion angle,
we have described nine entries for which residue i+1 is positioned in the "HI1" region of the ¢,y
map, or in a location of the "B" region close to "H1". The remaining nine entries are characterized
by a poly(Pro), like conformation of residue i+1, belonging to the "P" region (¢ negative) or "p" (¢
positive) depending on its L or D configuration, respectively.

Specifically, for six entries (17, 20a, 21a, 22b, 41a, and 41b), a residue of L configuration at
position i+1 is followed by the achiral Gly at position i+2, and by an L residues at position i+3. The
sets of ¢,y torsion angles adopted by residues i+1 (—61° < ¢j; < —48°, 126° <y i3 < 136°), 1+2 (70°
< Oip < 89°, —15° <y i < 18°) and 113 (—134° < i3 < —113°, —88° <y 143 < —53°) allow us to
associate the a-turn of all six entries to type PbH2. As remarked in the previous section devoted to

linear peptides, this latter conformational descriptor bears the potential for the occurrence of an
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intramolecularly H-bonded, type-II B-turn encompassed within the a-turn. This is indeed the case
for entries 20a, 21a, 22b, and 41a.

Among the three entries featuring a "p" (¢ positive) conformation of residue i+1, a D-L-D
sequence of the three residues internal to the a-turn characterizes entries 26a and 26b, whereas a D-
L-L sequence is adopted in entry 2. Entries 26a and 26b can be assigned to the conformational
descriptor pBh2 (mirror image of PbH2). The values of the corresponding torsion angles vary little
between the two entries (62° < ¢ < 65°, —140° <y 11 < —135°% —-97° < djp <-94°,20° <y 45 <
27°,123° < ¢z < 125°, 59° < y 43 < 60°). In both entries 26a and 26b, a type-1I' B-turn is
encompassed within the a-turn. For entry 2, the ¢,y values of residue i+1 are comparable to those

of entries 26a and 26b. However, residues i+2 and i+3 are both right-handed helical, thus allowing

us to assign the a-turn of entry 2 to type pH1HI.

3.5| Isolated a-turns in cyclic peptides with @;.;-cis

Among the cyclic peptides listed in Table 2, as many as 33 entries are characterized by a cis
disposition (= 0°) of the w;:+; torsion angle, with values ranging from —17° (entry 7) to 16° (entry
13). Not surprisingly, for all of these cases the peptide bond between residues i+1 and i+2 is a
tertiary amide, since position i+2 is occupied by a Pro or an N%-methylated residue. As for the size
of cyclopeptides, the w4 cis-disposition is observed for the only example of hexapeptide (Table 2,
entry 3), 13 out of the 14 examples of heptapeptides (entries 4-16), all 8 examples of nonapeptides
(entries 27-34), and all 11 examples of a-turn in decapeptides (entries 35a-40), while none for the
other cyclopeptide sizes. However, such a correlation between cyclopeptide size and occurrence of
the ;;-cis disposition should be taken with caution. Indeed, within each group of hepta-, nona-,
and decapeptides a significant number of entries share sequence similarity (if not identity).

The ¢,y sets of the 99 residues internal to the 33 a-turns characterized by the i -cis
disposition are plotted in Figure 7. Only two residues are of D configuration and two are achiral.
The only L residue in the lower right quadrant of the Ramachandran map is an L-Ala at position i+3
of entry 3. Most of the other L residues are grouped in the regions "H1" (30 occurrences), "P" (28
occurrences), and "B" (25 occurrences), whereas the "H2" region accounts for 10 occurrences.
Interestingly, the ¢ values of the residues belonging to the "H1" region are mainly clustered around
—90°, closer to the border with the "H2" region than to the a-helix canonical value (—63°).

To avoid confusion with the conformational descriptors which we exploited for o-turns

featuring a trans disposition for all of the ® torsion angles, in the case of a-turns characterized by
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the w;; cis-disposition we thought useful to place a "cis" in between the symbols used to define the

conformation of residues i+1 and 1+2.
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FIGURE 7. Distribution of ¢,y torsion angles for residues at positions i+1, i+2, and i+3 internal to
isolated a-turns in the X-ray diffraction structures of cyclic peptides featuring a cis disposition for

the ;4 torsion angle. Residues of L configuration in black, D in red, achiral in blue.

Among the 33 entries of Table 2 characterized by a cis disposition of the w;; torsion angle,
there are 18 examples in which residue i+1 is in the "P" (type-II polyPro like, ¢ negative)
conformation, residue i+2 belongs to the "B" region, and residue i+3 to "H1". Therefore, the a-turn
adopted by entries 7-11, 14-16, 29, 31, 32, 35b, 36a, 36b, 38b, 39a, 39b, and 40 can be defined as
type PcisBHI (model C in Figure 5).

Within this group of entries, ¢;; values range from —88° to —53° and ;4 values from 138°
to 165°, whereas ¢;4, from —111° to —90° and 4, from —7° to 53°. The largest spread of values is
observed for ., followed by ¢;.;. The average values for residues i+1 and i+2 (¢ir1,yir1 = —
68°,152°; dis2, Wiz = —96°,8°) are not far from those typical for an intramolecularly H-bonded p-turn
characterized by a cis disposition of the central peptide bond, termed type-VI B-turn (¢, Wit = —
60°,120°; di+2,Wir2 = —90°,0°).19 Indeed, the occurrence of an intramolecular H-bond between the
carbonyl oxygen of residue i and the N-H group of residue i+3, giving rise to a type-VI B-turn

encompassed within the a-turn, is observed for entries 7-11 and 14-16. Features common to entries
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7-11 and 14-16, to which the onset of the B-turn may be tentatively ascribed, are values of i <
151° in combination with i, > 6°. As for residue i+3, within the "H1" region of the ¢,y space, the
0i+3 values range from —102° to —58° and ;.3 from —46° to —16°.

A second group of five entries, namely 5, 6, 33, 37a, and 37b, shares with the group
described above conformation "P" for residue i+1 and "B" for residue i+2, but differs in the "H2"
conformation adopted by residue i+3. The ¢,y values for residues i+1 and i+2 are well within the
ranges observed for type PcisBH1 a-turns, except for the slightly larger vy, value, 57°, for both
entries 5 and 6. For these two latter entries, a type-VI B-turn encompassed within the o-turn is
observed. In this group of type PcisBH2 a-turns (model D in Figure 5), the ¢;+3 values range from —
118° to —106° and ;43 from —48° to —24°.

To complete the picture of o-turns characterized by conformations "P" and "B",
respectively, for residues i+1 and i+2, concomitantly with a cis disposition of the m;;; torsion angle,
entry 4 provides the only example of type PcisBB a-turn. The relevant backbone torsion angles are:
Oir1,Wir1 = —61°,126°; Oi0, Wi = —121°,38°; bis3, Wirs = —123°, 2°. Also in this case, a type-VI B-
turn encompassed within the a-turn is observed.

Another group of six entries (27, 28, 30, 34, 35a, and 38a) can be classified as type
PcisH1H1 (model E in Figure 5). The ¢, values range from —67° to —60° and ;,; from 158° to
163°. The conformation of residue i+2 is characterized by ¢;., values in the range —91° + —79° and
i, from —20° to —16°. These values, although within the "H1" region, are significantly displaced
towards the borders with the "B" region, particularly in terms of y. As for residue 1+3, the ¢;:3
values range from —103° to —97° and ;.3 from —49° to —22°.

Entries 12 and 13 share the same sequence D-MePhe-L-Pro-Sar for the three residues
internal to the a-turn. They provide the only examples, among the entries of Table 2 characterized
by a cis disposition of the w;;; torsion angle, of the occurrence of a D residue at position i+1. The
values of torsion angles (¢i+1, Wi+ = 124°,—74° for entry 12, while 124°,—78° for entry 13; ¢ir2, Wiz =
—77°,174° for entry 12, while —84°,172° for entry 13; (¢i+3,yix3 = 107°,—12° for entry 12, while
108°,—11° for entry 13) allow us to classify these two a-turns as type pcisPb.

Only one entry of Table 2 remains to be described. Entry 3 features a peculiar sequence of
the three residues internal to the a-turn. Specifically, it consists of two side-chain modified L-
MeTyr residues followed by L-Ala. The side-chain oxygen atom of L-MeTyr at position i+1 forms
an ether bridge with one of the carbon atoms of the aromatic ring of the second L-MeTyr. Such a
constraint, beside forcing the w;;; torsion angle to the cis disposition, can be expected to exert a

significant influence on the ¢,y torsion angles. Indeed, the ¢iq,yir values (—117°,102°) neither
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belong to any of the "HI", "H2", "P" or "B" regions characterized by a negative value of ¢
encountered in this survey, nor can be associated to any common peptide / protein conformation.
We classify the conformation of residue i+1 as "U" (undefined, ¢ negative). Conversely, residue
112, with §i2,Wi2 = —89°,164°, falls in the "P" region, whereas residue i+3 (di3,Wi3 = 140° —42°),
although of L configuration, belongs to the "b" region (bridge, ¢ positive). As a result, the a-turn
observed for entry 3 can be defined as type UcisPb.

4] CONCLUSIONS

The results of our attempt to classify into various types the crystallographically documented
isolated a-turns occurring in peptides are summarized in Table 3.

For a-turns characterized by the trans disposition of all ® torsion angles, twelve types are
found. However, by taking into account that two pairs (Ph1hl / pH1H]1, and PbH2 / pBh2) are one
mirror image of each other, the significant number of types can be reduced to ten. Among these
latter, the most populated type is HIH1H1, accounting to about one third of the occurrences, closely
followed by the enantiomeric pair PbH2 / pBh2. The number of occurrences for each of the
remaining eight a-turn types varies from three to one.

Conversely, for a-turns characterized by the cis disposition of the ;;; torsion angle, a
feature found exclusively in cyclic peptides, only six types are found. Apart from the peculiar type
UcisPb (entry 3 of Table 2, see discussion above), the remaining five types share a type-II
poly(Pro), like conformation (with either ¢ positive or negative) for residue i+1. More than one half
of the occurrences populates type PcisBH1. Significantly experienced are also type PcisH1HI1 and
PcisBH2 (18% and 15% of the occurrences, respectively).

It may be argued that our way of classifying the conformation of each amino acid residue
within the a-turn is to some extent questionable, and other alternatives are possible. In particular,
the helical ("H1") and distorted helical ("H2") conformations could have been grouped together, or
the boundary between "H1" and "H2" in terms of ¢, as well that between the helical conformations
and the bridge ("B") region in terms of y, could have been differently placed. Nevertheless our
results, taken together, suggest that a significant conformational diversity is compatible with the

onset of an intramolecularly H-bonded 13-membered pseudocycle in linear and cyclic peptides.
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TABLE 3. Distribution of the occurrence of isolated a-turns in peptides among the conformational descriptors exploited in this work. For each a-turn type, ¢,y torsion angles (°)

of the three residues internal to the a-turn are reported (average values, except for single occurrences)

Linear peptides Cyclic peptides Toul dint Wil dir2 Wi diss Wis3
a-Turn type occurrences
HI1HIH1 8 4 12 -56 -41 -68 -41 =72 -41
HIH1H2 1 1 2 -60 -32 =77 -24 -109 -33
H1HI1B 1 1 -49 -38 -71 -21 -115 -7
H1BH2 1 2 3 -64 -21 -94 -4 -121 -56
H1Bhl 1 1 -51 -45 -86 54 52 35
BH1H1 1 1 -73 -14 -98 -35 -93 -24
Phlhl 1 1 -59 153 71 39 93 24
pHI1HI 1 1 64 -143 -68 -45 -74 -31
PbH2 1 6 7 -57 133 81 0 -126 -66
pBh2 1 2 3 63 -143 -92 26 126 51
pHIB 2 2 64 -153 -73 -33 -119 -8
h1bH2 1 1 59 19 81 1 -112 -36
PcisBH1 18 18 -68 152 -96 8 -93 -30
PcisBH2 5 5 -70 152 -99 23 -110 -34
PcisBB 1 1 -61 126 -121 38 -123 2
PcisH1H1 6 6 -64 161 -87 -18 -99 -37
pcisPb 2 2 124 -76 -81 173 108 -12
UcisPb 1 1 -117 102 -89 164 140 -42
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