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The number of bturnsin arepresentative set of 426 protein three-dimensional crystal structures selected from the re-
cent Protein Data Bank has nearly doubled and the number of gturnsin arepresentative set of 320 proteins hasin-
creased over seven times since the previous analysis. bturns (7153) and gturns (911) extracted from these proteins
were used to derive arevised set of type-dependent amino acid positional preferences and potentials. Compared with
previous results, the preference for proline, methionine and tryptophan has increased and the preference for gluta-
mine, valine, glutamic acid and alanine has decreased for b-turns. Certain new amino acid preferences were observed
for both turn types and individual amino acids showed turn-type dependent positional preferences. The rationale for
new amino acid preferences are discussed in the light of hydrogen bonds and other
interactions involving the turns. Where main-chain hydrogen bonds of the type NH(i + 3)® CO(i) were not
observed for some b-turns, other main-chain hydrogen bonds or solvent interactions were observed that possibly
stabilize such bturns. A number of unexpected isolated bturnswith proline at i + 2 position were also observed. The
NH( +2) ® CO() hydrogen bond was observed for almost all gturns. Nearly 20% classic gturns and 43% inverse g

turns areisolated turns.

1. Introduction

A bturn consists of four consecutive residues defined by
positions i, i +1, i + 2, i + 3 which are not present in an &
helix; the distance between C,(i) and C,(i + 3) isless than
7 A (Richardson 1981; Roseer al 1985) and the turn leads to
reversal in the protein chain. bturns may or may not be
accompanied by the NH(i + 3)-CO(i) hydrogen bond con-
necting the main-chain atoms; CO of ith residue and NH of
((+3)rd residue in the turn (Lewis et al 1973,
Nemethy and Scheraga 1980), that was originally used to
characterize bturns (Venkatachdam 1968). bturns have
been classified into 9 different types (I, I1, VIII, [ 11§ Vial,
Vliaz, Vib, 1V) based on the dihedral angle values (f,y) of
the (i + 1)th and (i + 2)th position in the turn (Venkatacha-
lam 1968; Richardson 1981; Hutchinson and Thornton
1994). A gturn consists of three consecutive residues at
positions i, i +1 ,i + 2 defined by theexistence of a hydro-
gen bond between the CO group of (i)th residue and NH
group of (i + 2)th residue (Rose et a/ 1985; Toniolo 1980). g
turns have been classified into two types (classic and in-
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verse)based on the dihedral angle values of the (i +1)th
residue (Rose et al 1985). The classic gturn givesriseto a
180° chain-reversal in proteins and is often observed at loop
end of b-hairpins (Milner-White et al 1988). b-hairpins are
commonly associated with type I1¢ I¢or type | bturns at the
loop ends (Sibanda and Thornton 1993; Sibanda et al 1989).
The classic gturns have been further classified into four
classes based on the hydrogen bonding patterns (Milner-
White et al 1988). The inverse gturns includes a large pro-
portion of weak hydrogen bonds according to the definition
of hydrogen bonds (Kabsch and Sander 1983). Many in-
verse gturns analysed earlier were found to occur within
parallel or anti-parallel b-strands associated with b-sheets
and the less weak inverse gturns were observed to be fre-
quently situated directly at either end of a-helices, or of
strands of bsheet or associated as part of the type VI b
turn. Inverse gturns are also associated with other inverse
gturns and referred to as ‘compound gturn’ (Milner-White
1990). Turns play an important rolein protein structures; the
bturn, and the classic gturn provide either a direction
change of the polypeptide or as in the inverse gturn give
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rise to kink in the chain. Turns are often conserved during
evolution and have been implicated in molecular recognition
(Rose et al 1985) and protein folding (Rose 1978). Ninety
per cent of turns in proteins constitute bturns and the re-
maining are gturns. The knowledge of amino acid prefer-
ences at individual positions in bturns and gturns have
been used for turn prediction (Lewis et al 1973; Chou and
Fasman 1974, 1979; Garnier et al 1978; Cohen et al 1986;
Wilmot and Thornton 1988; McGregor et al 1989; Hutchin-
son and Thornton 1994; Chou 1997; Chou and Blinn 1997,
Cal et al 1998; Shepherd et al 1999). In the present work we
wanted to; (i) determine the statistically significant new
amino acid positional preferences for turns in the enlarged
representative data set of proteins, (ii) derive arevised set
of positional potentials for bturns and for the first time po-
tentials for gturns, (iii) compare amino acid preferences with
earlier work (Hutchinson and Thornton 1994) and seek ra-
tionale for new amino acid preferences and (iv) examine the
situation of type VI bturns with proline in (i + 2)nd posi-
tion. Slightly more stringent criteria was applied for select-
ing the representative protein chains from the Protein Data
Bank compared with the earlier work. Our analysis may be
useful for modeling and design of turnsin proteins.

2 Materials and methods

The representative protein dataset for our analysis was ob-
tained from the Protein Data Bank (Bernstein et al 1977,
Abola et al 1997 and Sussman et a/ 1998) now maintained at
the Research Collaboratory for Structural Bioinformatics
(RCSB) (http://lwww.rcsh.org/pdb/), using the program
PDB_SELECT (Hobohm and Sander 1994) and available
under the filename recent.pdb_select (dated Thursday 1st
October 1998), through ftp (ftp.embl-
heidelberg.de/pub/databases/protein_extras/pdb_select).

The representative protein chains were selected so that no
two chains had more than 25% sequence identity. Protein
chains determined by X-ray crystallography at 2- 0A reso-
lution or better containing at least one b or a gturn were
used in the analysis. The PROMOTIF program (Hutchinson
and Thornton 1996), which provides details of the location
and types of structural motifs in proteins of known three-
dimensional structure in the Protein Data Bank was used to
extract the bturns classified into the nine known types(l, I,
VI 1§ 11¢ Vial, Viaz, Vb, V) and the gturns classified into
two types (inverse and classic). For definitions of bturns
and their classification see Venkatachalam (1968), Richard-
son (1981), Wilmot and Thornton (1988) and Hutchinson
and Thornton (1994) and for the gturns see Rose et al
(1985),Milner-White et al (1988) and Milner-White (1990).
The (f;+1, Vi+1) and (f;+», V,+o) vaues for al the bturns
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and the (f,. 1, Y;+ 1) valuesfor al the gturnswere plotted in
order to examine their distribution in the Ramachandran plot
(Ramachandran and Sasisekharan 1968) and to ensure a
reliable data set for our analysis. The conformational poten-
tials, positional potentials and the turn-type dependent po-
sitional potentials for b- and gturns were calculated as
described in Hutchinson and Thornton (1994). The poten-
tials were examined for statistical significance by the d-test
(based on normal distribution) described in Wilmot and
Thornton (1988). We examined hydrogen-bond interactions
described in Overington et al (1990), in order to deduce
significant interactions for new amino acid preferencesin b
and gturns.

3. Results and discussion

Protein chains (945) were selected by the PDB_SELECT
program. Out of these only 426 protein chains represented
crystal structures determined at 2- OA resolution or better
and contained at least one bturn and 320 protein chains
which contained at least one gturn. The PDB codes corre-
sponding to these representative protein chains used in our
analysis are given in appendix A and B and may also be
accessed from our website (http://www.cdfd.org.in). The
distribution of bturns and gturns in the present analysis
and previous work (Hutchinson and Thornton 1994) are
shown in table 1. The total number of amino acid residues
constituting bturnsis nearly 30- 4%. This correspondsto a
5% increase compared with the value reported earlier (25%)
by Kabsch and Sander (1983). In contrast the number of
amino acids in gturns is only 3- 4%. The inverse gturns
account for nearly 91% of the total gturns.

Table 1. Distribution of turns.
Number of turns

b-turn type 3,899 (earlier) 7,153 (present)
I 1,419 2,439
I 489 911
Vil 451 671
I¢ 142 304
e 100 165
Vial 17 a4
Via2 5 17
Vib 35 70
A 1,241 2,532
gturntype 127 (earlier) 911 (present)
Inverse 115 833
Classic 12 78

“earlier’ refers to work by Hutchinson and Thornton (1994)
for b-turns and for the gturns by Milner-White et a/ (1988)
and Milner-White (1990).
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Table 2a. Positional and overall potentials for b-turns.
Positional Overall
Amino acids i i+1 i+2 i+3 present earlier Difference (%)
Ala 0 78 0- 90 0- 50 0- 86 0- 76 0- 83 -8 43
Cys 1. 50 0- 61 0- 75 1. 23 1- 02 1- 08 -5 55
Asp 1. 66 1. 24 2- 01 0- 97 1- 47 1 41 4. 26
Glu 0- 75 1- 26 0- 84 0- 78 0 91 1- 01 -9- 90
Phe 0- 98 0- 66 0- 78 0- 90 0- 83 0- 89 -6 74
Gly 1. 07 0- 97 2 42 1. 77 1- 56 1- 48 5. 40
His 1 16 0- 99 1. 20 1- 03 1- 09 1. 07 1. 87
lle 0- 63 0- 58 0- 38 0- 68 0- 57 0- 59 -3 39
Lys 0- 80 1 32 0 84 111 1- 02 1- 01 0- 99
Leu 0- 78 0- 57 0- 47 0- 75 0- 64 0- 66 -3 03
Met 0- 80 0 47 0- 48 0 79 0- 64 0 57 12- 28
Asn 1. 47 1 12 2- 31 1. 07 1- 49 1 44 3 47
Pro 1. 70 2. 73 0- 62 1 16 1- 55 1 38 12- 32
GIn 0 71 0- 82 0 79 0 97 0- 82 0 94 -12- 76
Arg 0- 70 0- 97 0- 81 0- 97 0- 86 0- 82 4. 88
Ser 1. 28 1. 24 1. 13 1. 04 1- 17 1. 15 1. 74
Thr 1- 09 0- 90 0- 96 1 17 1- 03 1- 00 3- 00
Va 0- 69 0- 63 0- 43 0- 78 0- 63 0- 70 —10- 00
Trp 0 90 0 84 0- 81 0 93 0- 87 0- 70 24- 29
Tyr 1- 00 0- 74 0- 86 0- 92 0- 88 0- 92 —-4- 35

‘earlier’ refersto work by Hutchinson and Thornton (1994).

31 Conformational, positional and overall potentials for

b-and gturns

The potentials for individual amino acids in bturns are
shown in table 2a. Notable among the increased preferences
compared with earlier work (Hutchinson and Thornton 1994)
are tryptophan (increased by ~ 24%), proline and methion-
ine (~ 12%) and among the weak preferences are glutamine
(decreased by ~ 12%), valine (~ 10%), glutamic acid (~ 9%)
and alanine (~8%). Amino acid preferences for gturns are
shown in table 2b.

3.2 Statistically significant b and Qturn
type-dependent amino acid positional
preferences and potentials

The amino acid positional preferences and potentials vary
depending upon the individual b and gturn types. These
are shown in table 3. The statistical significance of the po-
tentials was assessed using a d-test, with the usually
adopted 5% boundary (d3 1- 97) asin Wilmot and Thorn-
ton (1988) and significant values were analysed to explain
the observed potential trends. The significant amino acid
positional preferences for type-dependent bturnsis sche-
matically represented in figure 1A—H and in figure 11, Jfor g
turns. Five new amino acid preferences compared with ear-

L

Table 2b. Positional and overall potentials for g-turns.
Amino acids i i+1 i+2 Overall
Ala 0- 80 0- 92 0- 58 0 77
Cys 1. 04 0- 82 1- 56 1- 14
Asp 0 74 2. 75 1. 10 1- 53
Glu 0- 95 0- 78 0- 58 0- 77
Phe 1- 03 0- 81 1- 03 0- 96
Gly 1- 53 0 72 0- 76 1- 00
His 1- 03 1. 12 1. 22 1- 12
lle 1. 27 0- 58 1. 17 1. 00
Lys 0- 80 0 72 0- 91 0- 81
Leu 0- 86 0- 79 0- 88 0 84
M et 1. 07 1. 33 0- 64 1- 01
Asn 1- 05 2- 45 1. 47 1- 66
Pro 1. 70 2. 13 0- 00 1- 28
GIn 0- 80 0- 80 1 12 0- 91
Arg 1- 00 0- 74 116 0- 97
Ser 0 75 0- 59 1 15 0- 83
Thr 0- 81 0- 38 1. 55 0 91
Va 0- 82 0- 33 1. 47 0- 87
Trp 1. 13 1. 27 1. 48 1- 29
Tyr 1- 20 0- 76 1. 15 1- 04

Statistically significant overall potentials are in bold.

lier results were observed for typel, 7 for type |1, 5 for type
VIl and 5 for type I¢ Type IV bturns account for nearly
35 4% of the total humber of bturns and these turns are
least wdll- defined .For type VI
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Table 3a. Type-dependent positional potentials for b- lle 0 71(26) 0- 88(32) 1. 32(48) O 94(34)
s’ Lys O 73(29) 2- 16(84)* 1. 20(47)  0O- 99(39)
Leu O 70(39) O 70(39) O 90(50) O 79(44)
Type! (2439) Met O 88(12) O 66(9 O 81(11) 0 58(8)
Amino Asn 1. 01(32) O 57(18) 1- 49(47) 0 63(20)
acids i P41 P42 i+3 Pro  3-12(99) 1-95(62) O 00(0)  4- 01(128)
GIn 0 71(18) O 94(24) 1. 30(33) 1 10(28)
Ala O 54(110) 1. 07(216) O 59(121) 0. 90(181) Arg 0 71(22) 1. 29(40)  O- 87(27) 1. 00(31)
ASp  2- 76(405) 1- 21(175)* 3- 22(440) 1. 04(151) Thr 0 79(31)  1- 00(39) 1. 07(42) 1. 28(50)
Glu 0 56(81) 1-38(195) 1- 04(152) O 79(114) va 0 86(40) 0O 60(28) 1-54(72) 1- 38(64)
Phe 0 90(88) O- 44(43) 0 80(78) O 96(94) Tro 0-87(9) ~ 0-586)  0-8/(9 O 687)
Gly 1. 07(202) 0 42(79) 0 64(122) 2- 57(491)  1Yr 0 96(24) 0 48(12)  1- 85(46)* 0 56(14)
His  1- 48(81) O 71(40) 1. 25(70) 1. 02(57)
Ile 0 32(43) O 48(64) 0 20(26) O 68(89)
Lys 0 59(85) 1- 33(190)*0. 96(138) 1. 04(146) Amino Type 1¢(304)
Leu O 73(145) O- 49(98) O 60(121) 0. 90(179) cids . 1 (42 i+3
Met O 48(24) O 32(16) O 47(23) O 83(43)
Asn  2- 14(243) O 71(82) 2- 41(274) 1- 29(146)*
Pro  1- 48(168) 4- 29(472) O- 14(16) = O- 00(0) Ala 0 7820) 0- 59(15)  0- 08(2) O 74(19)
GIn 0 51(47) 0 76(69) 1. 07(97) 0. 71(66) Cys 1. 0605 0 42(2) 0 00(0) 0 64(3)
Arg O 70(78) 1. 04(117) 1. 02(114) 0- 90(101) Asp 109200 2-79(51) O 76(14) O 71(13)
Ser  1- 68(241) 1- 61(237) 1- 61(232) O 94(140) Glu 0 83(15) 0 72(13) 0 06(1) 1. 16(21)
Thr  1- 29(182)% 0- 94(133) 1- 48(211) 1. 04(146) Phe — 1-9724)* 0- 57(7) ~ 0- 82(10) 0 41(5)
va 0 34(58) 0 57(96) 0 22(38) O 71(121) Gly 0 46(11) 1-73(41) 9-38(223) O 13(3)
hotEd D lgm e @ oiE LAb pEdiag
Tyr 0770 O 5954 O 96(87) O 88(9) Lys 1. 18(21) 0 99(16) O 22(4)  3- 64(65)
Leu O 75(19) O 36(9) O 04(1) 0O 67(17)
Tvoell (011 Met 1. 13(7) O 48(3) O 48(3) 0 48(3)
Ammino ypell (911) Asn 0 91(13) 6- 07(87) 1. 11(16) O- 70(10)
il l, o1 s o3 Pro 0 345 0 00(0) 0 000) 0 00(0)
GIn 0 698 O 87(10) O 43(5)  2- 17(25)*
Al 1. 07(8l) 1-25(95)* O 13(10) 1. 09(83 Arg 08512 0 64(9) 0 43(6)  1-85(26)*
Asp 0 29(16) 0O 71(39) 0 60(33) 1- 34(73) Thr0-6211) ~0-06(1) 0 00(0) O 84(15)
Glu 1 11(60) 1- 40(76)* O- 24(13) 1. 03(56) vd 1- 89(40)* 0- 00(0) ~ 0- 00(0) 1. 13(24)
Phe 1. 01(37) O 77(28) O- 33(12) O- 83(32) Tro 0-649 000 O 21(1) O 86(4)
Gly 0 97(69) O 31(22) 9- 39(668) O 89(63) Tyr  1-9522) 0-71(8) 0536  1-67(19)
His 0 81(17) O 96(20) O 67(14) 1. 10(23)
lle 1. 08(53) O 59(29) O- 00(0) O 73(36)
Lys 1 25(66) 1-67(89) O 24(13) 1-40(74)* . Type 11¢(165)
Leu 1 12(85 O 56(42) O 11(8) O 52(39) Al . i1 a2 v 3
Met O 86(16) O 65(12) O 16(3) 1. 36(25)
Po. 1918 4 92003 0 000 000 e L oo 0wy 070
Gin 1 22(42) 1. 04(36) O 17(6)  1- 52(52)* A)éf, o 80583 1 oo§13)) 3 02((3)0) 0 708
toomg oma com cwmn  of 1db oay TnW Leb
e . . . .
Va 0@ o e ooy 0 oles Gl LAY »siim 1 ody 1wan
Trp O 6409 O 57(8) O 36(5) 1 15(16) ,,'es 1 22%1)1) o oogog 0. 338 0 56%5%
Tyr 1 22(41) O- 47(16) 0- 35(12) 1. 12(38) Lys 0- 72(7) 0- 41(4) 0- 51(5) 1. 24(12)
Leuw O 51(7) O 07(1) O 36(5) O 95(13)
Met 0 30(1) O 00(0) O 3(1) O 89(3)

_ Type VIII (671) Asn 0 645) 0 77(6)  3-21(25) 1. 28(10)
Amino : : : . Pro 0 51(4 0 00(0) O 76(6) O 00(0)
acids i i+l i+2 i+3 Gln 0- 96(6) 0 48(3) O 8(5) 1- 60(10)
Ala 1. 05(59) 0 87(49) 0- 44(25) O 66(37) éefrg 2 53@1) 8: ggg 2’, 33((35)1) i: ‘3"38‘13
Cys  1-82(19)* 0- 48(5) ~ 0- 384 0 67(7) Thr 0 838) 0 0000) 1 14(11) 1- 65(16)
woSED LEW RN tas o 12D fwp ih T

e . . . .

Gly  1-40(73) O 44(23) O 08(4) O 67(35) Tyr  2211d% 0322 0161 0 976)
His 0 85(13) 1 04(16) 1- 63(25)* O 39(6)
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TypeVlal (44) Leu 0- 34(2 0- 34(2) 0- 00(0) 0- 34(2)
Amino Met 1. 40(2) ©0- 70(1)  0- 00(0) 0- 00(0)
acids i i+1 i+2 i+3 Asn  0-30(1) 1. 51(5  0- 00(0) 0- 91(3)
Pro 2-39(8) 0 00(0) 21- 01(70) 2- 68(9)
Ala 0 27(1) 1-90(7) O 00(0) 0 27(2) GIn 0 75(2) 0 75(2)  0- 00(0) 1- 50(4)
Cys 1. 46(1) 1. 46(1) 0- 00(0) 0- 00(0) Arg 1. 23(4) 0- 62(2) 0- 00(0) 0- 92(3)
Asp 0- 75(2) 0- 38(1) 0- 00(0) 1. 50(4) Ser 1. 87(8) 0- 70(3) 0- 00(0) 1. 17(5)
Glu 1. 1433) 1. 52(4) 0-00(0) O 38(1) Thr 1. 22(5)  2-19(9) 0- 00(0) 1. 22(5)
Phe 1. 70(3) 0- 57(1) 0- 00(0) 3- 40(6) Vv 1. 23(6) 1. 02(5) 0- 00(0) 0- 61(3)
Gly 0- 87(3) 0- 00(0) 0- 00(0) 0- 58(2) Trp 0- 93(1) 2. 78(3) 0- 00(0) 0- 93(1)
His 0- 00(0) 2 96(3) 0- 00(0) 1. 972 Tyr 1. 15(3) 3- 06(8) 0- 00(0) 1. 91(5)
lle 0- 42(1) 0- 00(0) 0- 00(0) 0- 42(1)
Lys  2-32(6) O 772 0 00(0) 0 77(2)
Leu 2-19(8) 1 09(4) 0- 00(0) 0- 82(3)
Met 1. 11(1) 1- 11(1)  0- 00(0) 0- 00(0) Ami TypelV (2532)
Asn 0 48(1) 0 48(1) 0  00(0) 1. 92(4) m(;no . 1 . 13
Pro 1. 42(3)  4- 27(9)  20- 98(44) 0- 00(0) acias ! ! ! !
GIn 1. 79(3) 0- 60(1) 0- 00(0) 0- 60(1)
Arg 0- 00(0) 1- 47(3) 0- 00(0) 1- 47(3) Ala 0- 86(182) 0- 73(154) O0- 63(132) 0- 83(172)
Ser 0 742 0 37(1) 0 00(0) 0- 37() Cys  1-62(62) 0 59(23) 0 79(31) 1. 24(48)
Thr 0- 78(2) 0- 00(0) 0- 00(0) 1- 55(4) Asp 1- 55(237) 1- 20(180) 1- 86(281) O0- 93(139)
val 0- 65(2) 0- 00(0) 0- 00(0) 0- 33(1) Glu 0- 81(121) 1- 28(192) 1. 00(152) 0- 70(106)
Trp 1 48(1) 0- 00(0) 0- 00(0) 2- 96(2) Phe 0- 89(90) 0O 86(88) 0O- 86(88) 0- 89(89)
Tyr 0- 61(1) 3. 04(5) 0- 00(0) 3. 04(5) Gly 1. 13(223) 1- 33(258) 1- 69(323) 1- 96(370)
His 1. 06(62) 1- 09(63) 1- 49(85) 1- 13(64)
lle 0- 62(85) 0- 70(96) 0- 53(73) 0- 61(84)
Lys 0- 83(122) 1- 09(163) O- 98(145) 0- 86(127)
) Type Vla2 (17) Leu 0- 74(155) 0- 69(144) 0- 44(93) 0- 72(148)
Amino Met 1. 06(54) O 49(25) O0- 56(29) 0- 64(33)
acids i i+1 i+2 i+3 Asn 1- 43(171) 1- 38(160) 3- 10(354) 1- 24(145)
Pro 1- 77(208) 1- 49(180) O- 51(61) 2- 19(261)
Ala 0- 00(0) 0- 70(1) 0- 00(0) 1. 40(2) GIn 0- 70(67) O- 83(78) 0- 74(71) 0O 81(77)
Cys 0- 00(0) 0- 00(0) 0- 00(0) 0- 00(0) Arg 0- 68(78) 1- 03(120) O- 91(106) 0O- 91(105)
Asp 1. 952) 0 971) 0 00(0) 0- 00(0) Ser 1- 28(193) 1. 16(177) 1- 09(169) 1. 03(158)
Glu 0- 98(1) 1. 97(2) 0- 00(0) 0- 00(0) Thr 1. 16(171) 1- 09(158) O0- 89(130) 1- 24(182)
Phe  4-39(3) 4-39(3) 0- 00(0) 1. 46(1) va 0- 68(118) 0- 81(141) 0- 55(98)  0- 65(114)
Gly 1. 50(2) 0- 00(0) 0- 00(0) 3- 01(4) Trp 0- 98(38) 1. 03(40) O 86(33) 0O- 76(29)
His 2- 55(1) 0- 00(0) 0- 00(0) 2- 55(1) Tyr 1. 00(95) O- 98(92) O- 83(77)  0- 86(80)
lle 1- 08(1) 1. 08(1)  O- 00(0) 1- 08(1) — —— : :
Lys 0- 00(0) 1- 00(1) 0- 00(0) 1- 00(1) Statistically significant potential values are in bold and the
Leu 1 42(2) 0- 00(0) 0- 00(0) 0- 00(0) amino acid preferences observed in the present study are
Met 0 00(0) 2  88(1) 0O 00(0) 2. 88(1) marked with an asterisk. _
Asn 0- 00(0) 1 24(1) 0- 00(0) 0- 00(0) f’The statistically significant potentlals_are selected accord-
Pro 1- 23(1) 0- 00(0) 20- 90(17) 0- 00(0) ing to d-value (>1- 97) as in Hutchinson and Thornton
Gln 1. 55(1) 1. 55(1)  0- 00(0) 1. 55(1) (1994).
Arg 0- 00(0) 1. 27(1) 0- 00(0) 2- 54(2)
Ser 0- 00(00) 0- 96(1)  O- 00(0) 0- 00(0)
Thr0-0000) 0000 0 000) 1. 00(1) Table 3b. Type-dependent positional potentials for g-
va 2- 53(3) 0- 00(0) 0- 00(0) 0- 84(1) turns?.
Trp 0- 00(0) 7- 65(2) 0O 00(0) 3 82(1)
Tyr 0- 00(0) 1. 57(1) 0- 00(0) 0- 00(0) . Classic (78)
Amino
acids i i+1 i+2
) Type VIb (70)
Amino Ala 0- 90(6) 0- 30(2) 0- 15(1)
acids i i+1 i+2 i+3 Cys 0- 00(0) 0- 87(1) 2- 61(3)
Asp 0- 85(4) 1. 48(7) 1. 27(6)
Ala 0- 34(2) 0- 51(3) 0- 00(0) 1. 53(9) Glu 0- 87(4) 1. 09(5) 0- 87(4)
Cys 0 921) 2 76(3)  0- 00(0) 0- 00(0) Phe 0- 00(0) 0- 32(1) 0- 95(3)
Asp 0- 71(3) 0- 95(4) 0- 00(0) 0- 00(0) Gly 1- 80(11) 4- 42(27) 0- 82(5)
Glu 0- 24(1) 0- 72(3) 0- 00(0) 0- 48(2) His 1. 64(3) 0- 00(0) 2- 73(5)
Phe 1. 78(5) 2  13(6)  0- 00(0) 1. 42(4) lle 0- 70(3) 1- 64(7) 0- 94(4)
Gly 0- 91(5) 0- 00(0)  O- 00(0) 0- 91(5) Lys 0- 44(2) 0- 00(0) 2- 44(11)
His 3-10(5) 1- 86(3)  O- 00(0) 1- 86(3)
lle 0- 79(3) 0- 79(3) 0- 00(0) 0- 79(3) Contd
Lys 0- 73(3) 1. 21(5) 0- 00(0) 0- 97(4)
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33 Typelbturns

The new amino acid preferences observed were: threonine
at position i, aspartic acid and lysine at i + 1, cysteine and
asparagine at i + 3. Majority of type | bturnswith threonine
at ith position are stabilized due to the main-chain main-
chain hydrogen bond of both types observed, i.e,
NH(i + 3)-CO(i) and NH(i + 2-CQO(i). Threonine side-chain
at i makes hydrogen bond with main-chain nitrogen at i + 2
as in the “Asx-turn” (Rees et al 1983) shown in figure 3A.
Further, threonine side-chain also makes
hydrogen bond with main-chain NH(i + 3) or with main-
chain CO(i + 3) or interactions with other amino acid side-
chains at i + 2 (mainly aspartic acid) or at i + 3 (mainly with
sering). Out of 423 type | bturn sequences with either ser-
ine or threonine at i, 41 were of the type SPXX and 25 of
type TPXX. These may be the (Sor T) PXX motifs of DNA-
binding proteins which were shown to fold into a compact
bturn stabilized by a side-chain main-chain interaction (Su-
zuki and Yagi 1991). Some type | bturns with serine or
threonine at ith position may also correspond to the ST-
motifs identified recently (Wan and Milner-White 1999b), in
which the hydrogen bond arrangement is a four to five resi-
due motif and the first residue is a serine or threonine form-
ing two characteristic hydrogen bonds to residues ahead of
it in sequence. Some of the type | bturns with an aspartic
acid or asparagine at ith position may correspond to the
two-hydrogen-bond four residue Asx-motif (Wan and
Milner-White 1999a). Nearly a quarter of turns with aspartic
acid or lysine at i +1, had hydrogen bonds of the type
NH(; + 3)-CO(i + 1). A magjority of the interactionsinvolving
the side-chain or main-chain or both, for these amino acids
were mainly with water and to a lesser extent with other
main-chain or side-chain hydrogen bonds in the protein
(see figure 4A). In the present analysis, we also observed a
preference for asparagine and cysteine at i + 3 position.
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Table 3b. (Contd)

Classic (78)
Amino
acids i i+1 i+2
Leu 0- 92(6) 0- 77(5) 0- 15(1)
Met 0- 62(1) 0- 62(1) 0- 62(1)
Asn 1. 87(7) 0- 80(3) 1. 07(4)
Pro 1. 85(7) 0- 00(0) 0- 00(0)
GIn 0- 69(2) 0- 35(1) 1. 38(4)
Arg 0- 55(2) 1. 11(4) 0- 83(3)
Ser 1. 05(5) 1. 47(7) 2- 09(10)
Thr 1. 32(6) 0- 66(3) 0- 88(4)
va 0- 37(2) 0- 18(1) 1- 11(6)
Trp 1. 65(2) 0- 83(1) 0- 83(1)
Tyr 1. 72(5) 0- 69(2) 0- 69(2)

Inverse (833)
Amino
acids i i+1 i+2
Ala 0- 79(56) 0- 98(70) 0- 62(44)
Cys 1. 14(14) 0- 81(10) 1. 47(18)
Asp 0- 73(37) 2- 87(145) 1. 09(55)
Glu 0- 96(47) 0- 75(37) 0- 55(27)
Phe 1. 12(38) 0- 86(29) 1. 04(35)
Gly 1- 50098) O 37(24) 0- 75(49)
His 0- 97(19) 1. 23(24) 1. 07(21)
lle 1- 32(60) O 48(22) 1- 19(54)
Lys 0- 83(40) 0- 79(38) 0- 77(37)
Leu 0- 85(59) 0- 79(55) 0- 95(66)
Met 1- 11(19) 1. 40(24) 0- 64(11)
Asn 0- 98(39) 2- 61(104) 1 50(60)
Pro 1- 68(68) 2- 32(94) 0- 00(0)
Gln 0- 81(25) 0- 84(26) 1- 10(34)
Arg 1. 05(40) 0- 70(27) 1. 20(46)
Ser 0- 73(37) 0- 51(26) 1- 06(54)
Thr 0- 76(37) 0- 35(17) 1- 61(78)
Val 0- 86(50) 0- 35(20) 1- 50(87)
Trp 1- 08(14) 1. 31(17) 1- 55(20)
Tyr 1- 16(36) 0- 77(24) 1. 19(37)

bturns and the gturns, there are now sufficient numbers
that allow calculation of potentials and analysis of their
sequence preferences. Figure 2 shows the f, y, Rama
chandran plot connecting average f, y values of (i + 1)th
residue to the values of the (i + 2)thresiduein bturns. The
average f, y vaues for bturns were determined
from the present data set shown in table 4. We examined
atom—atom interactions in the protein (Overington et al
1990) of types; main-chain main-chain, main-chain side-
chain and side-chain side-chain or interactions involving
the main-chain or the side-chain atoms with water or other
heterogen atoms in the protein. The hydrogen bond interac-
tions may be one of the factors contributing to turn
stahility.
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There was an equal preference for main-chain hydrogen
bonds of both types, NH(i + 3)-CO(; + 1) and NH(i + 3)—
CO(i) or only of the type NH(i + 3)—-CO(i) for a majority of
the type | bturnswith cysteine at i + 3. Some of these turns
had side-chain side-chain interactions with other amino acid
residues at i (mainly aspartic acid) (see figure 3C) or with
the main-chain oxygen CO(i) or with main-chain nitrogen
NH(:). On the contrary, more than half the number of turns
with asparagine at i + 3, had main-chain main-chain hydro-
gen bond only of the type NH(i + 3)-CO(i) and nearly a
quarter of the turns had both hydrogen bonds; NH(i + 3)—
CO(i +1) and NH(:i + 3)—-CO(i). A number of these turns had
side-chain hydrogen bonds with main-chain oxygen CO at i
or with main-chain nitrogen at i or side-chain interactions
with other amino acids, mainly aspartic acid at i. These
turns with asparagine at
i +3 are different from the Asx-moatifs. An example of this
turn typeisshowninfigure 3D.

|
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Figure 1. Statistically significant new amino acid type-dependent positional preferences for b-turn types |, Il, VIII and I¢

observed in the present study compared with earlier work of Hutchinson and Thornton (1994) are indicated in bold. The
other statistically significant amino acid preferences at individual positions are also indicated in the figure for each turn
type. For b-turn type Il ¢amino acid preferences are same as observed in the earlier work. For types Vlal, Vla2, VIb b-turns
and the classic and inverse gturns amino acid potentials are calculated for the first time and the preferences are reported

based on the present work.
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34 Typell bturns

Cysteine was preferred at i and most of these turns have
both types of hydrogen bonds; NH(i +3)-CO(;) and
NH(i + 2-CO(i). Alanine and glutamic acid were observed
at i +1; alanine makes predominant interactions with water
or other main-chain atoms (see figure 4B). The glutamic acid
also makes solvent interactions through its side-chain. A
number of these turns with alanine or glutamic acid at i + 1
had main-chain main-chain hydrogen bonds of the
NH(i + 3)-CO(i + 1) type. A large number of turns with as-
paragine at i + 2 had hydrogen bond of the type NH(i + 2)—

-
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CO(i). We observed lysine, glutamine and threonine at the
i + 3 position. These turns had either both hydrogen bond
types; NH(i + 3)-CO(i + 1) and NH(i + 3) —CO(;) or only the
regular bturn hydrogen bond NH(i + 3)-CO(i) or only hy-
drogen bond NH(i + 3)-CO(i + 1). Further, a mgjority of the
type Il bturns with threonine at i + 3, make side-chain hy-
drogen-bond with main-chain oxygen CO(i) (see figure 3E)
and relatively few turns had hydrogen bond with main-
chain nitrogen of residue at i. Threonine at i in type | b
turns and threonine at i + 3 in type Il bturns show a dis-
tinction in the type and number of side-chain main-chain,
main-chain main-chain hydrogen bonds and side-chain

side-chain interactions. One-third type Il bturns with
glutamine at i +3 make side-chain hydrogen bond with
main-chain nitrogen at i. Few turns with glutamine or lysine

9 ] at i +3 have side-chain main-chain hydrogen bonds with
1354 CO(i +1) or with side chains at i.
B0+ 1
! 35 Type VIII bturns
AR
5. I' Type VIII bturns with cysteine at i had hydrogen bond of
0 the type NH(i + 2-CO(i). A number of these turns make
W 1 ! side-chain main-chain hydrogen bond with main-chain oxy-
45+ gen CO at i + 2 (see figure 3F). Lysine preferred at i + 1 has
1 e main-chain and side-chain interactions with solvent or with
-804 \ other main-chain and side-chain atomsin the protein. Valine
4y 5~ interacts mainly with water or other main-chain atomsin the
] protein. Histidine and tyrosine at i + 2 position also interact
T B D PP R S with water through their main-chain or side-chain atoms or
180 -135 80 45 O 45 80 135 18o  make hydrogen bonds with other main-chain atoms in the
¢ protein. Nearly athird of turnswith tyrosine at i + 2 and half
thenumberofturns with histidine at i + 2 make hydrogen
Figure 2. Theaveragef,y i + 1 valuesconnectingtoi+2  bond of the type

values for b-turns asin table 4.

Table 4. Average dihedral angles for b- and gturns.
b f i+ Diff. Y (i+1) Diff. f(i+2 Diff. Y (i+2) Diff.
I —63- 88 (-60) 3-8 —-26- 62 (—30) —-3-38 -91. 30 (-90) 1.3 -424 (0 4. 24
0 -58-8 (-60) -1 12 132 14 (1200 -12- 14 82- 55  (80) —2- 55 1. 42 (0 -1 42
VIIl —73- 00 (—60) 13 —-32- 42 (-30) 2. 42 —124- 66 (- 120) 4. 66 123- 19 (120) -3- 19
¢ 54. 77 (60) 5 23 39- 54 (30) -9 54 78 10  (90) 11. 9 4. 04 (0) -4 04
e 61 54 (60) -—1- 54 -125 61 (-120) 5-61 -92- 59 (-80) 12- 59 4. 08 (0) —4 08
Vial —62- 31 (- 60) 2231 144- 9% (1200 -24- 96 -89 26 (—90) -0 74 6-98 (0) -6 98
Via2 - (- 120) 312 138 8 (1200 -—18 8 —80- 77 (-60) 20- 77 -10- 13 (0) 10 13
123- 12
Vib - (=135 -4-52 130- 56 (135) 5.56 —72- 50 (-75) —-2-5 143 29 (160) 16- 71
130- 48
IV —-69 18 (-61) 8 61 17- 69  (10) -7-69 -52- 51 (-53 -0- 49 25- 08 (17) -8 08
g f (+1) Diff. Y (i+1) Diff.
Classic 70- 97 (75) 5 97 - (64 -6 37
of- B3
Inverse —-82- 92 (-79 3 92 75- 59 (69) - 6- 59
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Figure 3. Hydrogen bond and side-chain interactionsin b-turns (A F) and gturns (G, H) described in text.
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Figure 4. Hydrogen bond and other interactions for amino acids at specific positionsin a particular turn type. MM, Main-
chain in turn with main-chain atom in the protein hydrogen bond; Mi, main-chain main-chain hydrogen bond within the turn;
MW, main-chain in turn with solvent interaction (< 4- OA); MH, mainchain in turn with heterogen atom interaction in the
protein; SH, side-chain in turn with heterogen atom interaction in the protein; SN, side-chain and main-chain nitrogen hy-
drogen bond within the turn; SS, side-chain in turn with side-chain atom in the protein interaction; Si, side-chain side-chain
interaction in turn; SO, sidechain and main-chain oxygen hydrogen bond within the turn; SW, side-chain in turn with sol-
vent interaction; DS, disulphide interaction.
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Analysis of turns in proteins 153

NH(i + 2-CO(i). Vaineis preferred at i + 3 but 61 out of 64
of these turns did not have any main-chain hydrogen
bonds. These make hydrogen bond with other main-chain
atomsin the protein or solvent interactions (see figure 4C).

36 Typel bturns

Usually, bsheet preferring residues are observed at ith po-
sition in type I¢ bturns. Phenylalanine and valine
were observed to occur frequently at i. These turns
have both hydrogen bonds of type; NH(i + 3)-CO(;) and
NH(i + 2-CO(i). We observed a preference for glutamine,
arginine and tyrosine at i + 3. Ten out of the 19 turns with
tyrosine at i+3 had both types of hydrogen bonds;
NH(i + 3)-CO(i + 1) and NH(: + 3)-CO(i). Mgority of turns
with glutamine or arginine at i + 3 had hydrogen bonds of
both the types, NH(i + 3-CO(i + 1) and NH(i + 3)-CO(;).
Nearly a third of these turns with glutamine or arginine at
i + 3 make side-chain hydrogen bond with main-chain oxy-
gen of residues either at i or i + 1.

37 Typell bturns

Almost all amino acid preferences were consistent with pre-
vious observations.

38 Type Vial and VIa2 bturns

Type VI bturns are fewer compared with other bturn types.
Seven amino acid positional preferences for type Vial b
turnsand 5 for type V1a2 bturns were observed. Lysine has
main-chain and side-chain hydrogen bonds with other pro-
tein atoms or solvent. Leucine has mainly main-chain hy-
drogen bonds with other main-chain atoms in the protein.
Proline and tyrosine are preferred at i + 1. Proline may be
preferred due to the restricted conformation of the dihedral
angle. These turns have been suggested to be stabilized by
the formation of multiple turns (Hutchinson and Thornton
1994). Turns with phenylalanine and tyrosine at i + 3 have
the regular NH(i + 3)-CO(i) hydrogen bond. For type Va2
bturns with phenylalanine at i and i + 1, main-chain and
solvent interactions were mainly observed and with trypto-
phan at i + 1 side-chain interactions were also observed.

39 Type VIb bturns

Main-chain hydrogen bonds in the turn were not observed
for most type VIb bturns. Proline and histidine are preferred
at i. Proline may be preferred due to the restricted f confor-
mation. Histidine makes main-chain or side-chain solvent
interactions or main-chain hydrogen bonds with other main-
chan aoms in the protein. Threonine and

L

tyrosine are preferred at i +1. These residues are mainly
involved in solvent interactions. Proline is the only residue
preferred in all these turns at i +2 and is also observed in
nine type VIb bturns at i +3. Prolineat i, i +2 and i +3
interact mainly with solvent.

310 Proline ati+ 2 in type VI bturns

It has earlier been suggested by Hutchinson and Thornton
(1994), that the formation of a double turn (equivalent to
having a proline at the i + 1 position in the second overlap-
ping turn, which is the most favoured position for prolinein
a bturn) is likely to stabilize the relatively unfavourable
type VI bturn. In fact, proline is the only amino acid ob-
served at the i + 2 position in al 131 type VI bturns. How-
ever, we also observed 16 type Vlal bturns, 5typeVlia2 b
turns, 45 type V1b bturns, 3type| bturns, 4 typell¢bturns
and 27 type IV bturns with proline at i + 2 as isolated b
turns. Proline is mainly surrounded by water moleculesin all
these turns. Preliminary analysis did not reveal any specific
preference for either, the number or preferred orientation of
water molecules around prolineat i + 2 inisolated bturns.

311 TypelV bturns

Type IV bturns constitute 35% of the total humber of b
turns. Significant amino acid preferences are shown in table
3a. The restricted conformational space for proline in the
Ramachandran plot and a relatively larger conformational
space available for glycine, asparatic acid or asparagine
(Ramachandran and Sasisekharan 1968) probably favour the
choice of these amino acid residues. Proline and glycine
interact mainly with solvent and
aspartic acid and asparagine make hydrogen bonds with
protein atoms outside the turn.

312 Inverse and classic Qturns

The potentials for amino acid preferences in gturns is
shown in table 2b and the type-dependent positional
potentials in table 3b. Glycine is preferred at ith and i + 1th
positions for classic gturns and glycine has mainly main-
chain solvent interactions. Histidine, lysine and serine are
preferred at i +2th position, which are stabilized through
solvent interactions or due to the side-chain main-chain
hydrogen bonds with protein atoms in addition to the
NH(i + 2-CO(i) hydrogen bond. Nearly a quarter of inverse
gturns with asparagine at i + 2 make side-chain hydrogen
bond with main-chain oxygen of ith residue (see figure 3G)
and in 4 inverse gturnsinteractions with the side-chain at i,
either with glutamic acid or asparagine. In four inverse g
turns with threonine at i + 2, the side-chain makes hydrogen
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bond with main-chain oxygen at i (see figure 3H) that re-
sembles a bturn with 9 atoms in the ring enclosed by the
main-chain hydrogen bond of the type NH(i + 3)-CQO(;). In
al classic gturns analysed, proline is always at position i,
whereas, in the inverse gturn proline is preferred either at
i +1ori or both. However, in bturns, proline can be at the
end; there are 9 type Vb turns, 128 type VIl turns and 261
type IV turns with a proline at the i + 3rd position.

313 Hydrogen bonds in turns

The main-chain main-chain hydrogen bonds in bturns can
be one or more of 6 types; NH(i +3)-CO(i), NH(i + 2)—
CO(i), NH()-CO( +3), NH(;))-CO(i +2), NH( +3)-CO(i
+ 1) and NH(i + 1) — CO(i + 3). Of these, NH(i + 3) —CO(;) is
expected for bturns and NH(i + 2)-CO(i) is expected for g
turns. In earlier analysis on a set of 23 proteins (Nemethy
and Scheraga 1980), it was observed that the
NH(i + 3) ® CO(i) hydrogen bond was not present for
many of the bturns. These authors pointed out that the b
turn dihedral angles proposed by Venkatachalam (1968) do
not lead to optimal hydrogen bonding, especially for type |
turns. Based on this observation Rose et al (1985) sug-
gested that hydrogen bonding is not of major importance to
the stability of bturns. We have not carried out a detailed
analysis of main-chain main-chain hydrogen bondsin all b
turns. However, from the present analysis we observed that
with a few exceptions, generally
the hydrogen bonds of one of the 6 types may be possible
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for most bturns. For instance, out of 182 type | bturnswith
threonine at the ith position only 29 turns did not have any
main-chain hydrogen bonds. The same is true for 28 out of
146 type | bturns with asparagine at i + 3rd position. How-
ever, in type VIII bturns with valine in the i + 3rd position,
61 out of 64 turns did not have any main-chain hydrogen
bonds described above. Such turns are usually stabilized
through hydrogen bond interactions with other main-chain
atomsin the protein or through solvent interactions.

4. Conclusions

The b or gturn type-dependent amino acid positional pref-
erences and potentials derived from the present study may
be useful for modelling turns in proteins. Where
NH(i + 3) > CO(i) type hydrogen bond is not observed,
such bturns may be stabilized due to other main-chain hy-
drogen bonds in the turn or through main-chain or side-
chain interactions with other atoms in the protein or
through solvent interactions. It is not uncommon to find
isolated bturns with proline at i +2 contrary to expecta-
tions. These turns are possibly stabilized due to predomi-
nant interactions with solvent surrounding the proline
residue.
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Appendix A. Protein chains (426) from Protein Data Bank used for b-turn analysis.

1191 153 laliA lalx 1a28B
1la62 1a68 1la6q lartA 1laBe
lad2 ladoA 1af7 lafwA lagjA
1ajj lajsA 1lako lakl lako
lalvA laly lamm lamp lamuA
laol laop laogA laozA lapyB
larb larv latO latlA latzB
layl lazo 1lbal 1bbpA 1bdmB
1bfg 1bftA 1bgc 1lbgp 1bkf
1lbv1 1byb 1c52 1cbn 1lcem
1chd 1chmA 1ckaA 1clc lcnv
lcsh lcsn 1ctj lcydA ldad
1dun 1dupA ldxy leca lecl
ledt lerv lezm 1fdr 1fds
1fua 1furA 1fus 1fvkA 1fwcA
1gdoA 1gifA 1gky 1gnd 1gotB
lhal lhavA 1lhcrA lhfc 1hgxA
liakA lidaA lidk lido lifc
lixh 1jdw ljer ljetA 1jfrA
1kptA 1kuh 1kveA 1lkveB 1kvu
lcl lis 1lit ki 1kkA
1lucB Imai 1mbd ImkaA 1midA
Imrp 1msc Imsi Imsk ImtyB
Imwe Imzm 1nar 1nbaB 1nbcA
1nls 1nox 1nplA 1npk 1nulB
lonrA lopd lopy lorc 1lospO
1pdo 1pgs 1phe 1phnA 1php

J. Biosci. | vol. 25

L

| No.2 | June 2000

1la2pA la2yA 1la2zA 1la34A
1a8i 1a9s laac laba
laggD 1lah7 laho 1482
lakz 1al3 lalo lalu
lamx lanf laocA laohA
1laqOA lag6A lagb lagzB
lavmA lawd lawsA laxn
1bdo 1bebA 1benB 1bfd
1bkrA lbrt 1btkB 1btn
1ceo lcewl lcex 1cfb
lcpcB 1cpo lcseE lcsel
1dkzA 1dokA 1dorA ldosA
lecpA lede ledg ledmB
1Ifit Iflel 1IfmtB 1fna
1g3p 1gai 1garA 1gd10
1gotG 1gsa 1gugA 1lgvp
1lhoe 1hsbA 1lhtrP lhxn
ligd liibA liso lisuA
ljpc 1kid 1knb 1kpf
1lkwaB llam 1latB 1llbu
1Imb3 Uml 11t5D 1ltsA
Imml 1molA 1mpgA 1mrj
ImtyD ImtyG ImucA ImugA
1nciB 1lneu 1nfn Inif
1nwpA 1nxb lois lonc
lovaA loyc 1pcfA 1lpda
1pii 1plc 1pmi lpne
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1pnkB 1poa 1poc 1pot lppn 1ppt 1prxB 1ptq 1pty
1pud 1gba 1gnf 1r69 1ra9 Ircf 1rec 1lregY 1lregD
lrgeA 1rhs Irie 1rmg 1rro Irss Irsy 1lrvaA lrypl
1ryp2 1rypF 1rypl 1rypJd 1sbp 1sfp 1sftB 1sgpl 1skz
1sltA 1sluA 1smd 1spuA 1sra 1stmA 1svb 1svpA 1tadC
ltca 1tfe 1thv 1thx 1tib 1tif 1tml 1trkA ltsp
1tvxA 1tys luae lubi luch lunkA 1urnA Tuxy 1v39
lvcaA lvce 1vhh lvid 1vif 1vin 1vjs 1vls 1lvpsA
lvsd lvwiB 1wab lwba 1wdcA lwer 1whi 1lwho 1whtB
1wpoB 1xgsA IxikA 1xjo 1xnb 1xsoA IxyzA lyaiC lyasA
lycc lyer 1ytbA lyvel 1zin 256bA 2a0b 2abk 2acy
2arcA 2ayh 2baa 2bbkH 2bbkL 2bopA 2cba 2ccyA 2chsA
2ctc 2cyp 2dri 2end 2eng 2erxl 2fdn 2fha 2fivA
2gdm 2hbg 2hft 2hmzA 2hpdA 2hts 2i1lb 2ilk 2kinA
2kinB 2lbd 2mem 2msbB 2nacA 2pgd 2phy 2pia 2pii
2plc 2por 2pspA 2pth 2rn2 2rspB 2sak 2scpA 2sicl
2sil 2sn3 2sns 2tgi 2tysA 2vhbB 2wea 3b5c 3chy
3cla 3cox 3cyr 3daaA 3ars 3zt 3nul 3pcgM 3pte
3sdhA 3seb 3tss 3vub 4bcl 4mt2 4pgaA 4xis 5csmA
5hpgA 5icb 5p21 5pti 5ptp 6cel 6gsvA 7ahlA 7rsa
8abp 8rucl 8rxnA
Appendix B. Protein chains (320) from Protein Data Bank used for g-turn analysis.
1191 lalx la2yA la2zA 1a34A 1a68 la6q laB8e
1a8i 1a9s lad2 ladoA 1af7 lafwA lagjA lah7
152 lajsA 1ako lakl lako lakz 1a3 lalo
lalvA laly lamm lamp lamuA lanf laocA laop
laogA laozA lapyB 1lagOA lagzB larb larv latlA
latzB lavmA lawsA laxn layl lbal 1bbpA 1bdmB
1bdo 1bebA 1bfd 1bfg 1bgc 1bgp 1bkf 1bkrA
1brt 1btkB 1btn 1byb 1c52 lcem 1ceo lcex
1cfb 1chd 1chmA 1clc lcnv 1cpo 1lcseE 1csh
lcsn 1ctj lcydA 1ldad 1dorA 1ldosA 1dun 1dupA
ldxy leca lecl lecpA lede ledg ledt lerv
lezm 1fdr 1fds 1Ifit Iflel 1fmtB 1fna 1fua
1furA 1fus 1g3p 1gai 1garA 1gd10 1gifA 1gky
1gnd 1gotB 1gotG 1gsa 1gugA lhal 1lhcrA 1hgxA
liakA lidaA lidk lido liibA liso lixh 1jdw
ljer ljetA 1jfrA 1knb 1kpf 1kptA 1kveA 1kvu
lkwaB 1lam 1lbu lcl 1lis it ki Uml
1ltsA 1lucB 1mai 1mbd 1midA Imml 1molA 1mpgA
1mrj Imrp 1msc Imsi Imsk 1mtyB ImtyD 1mucA
Imwe Imzm lnar 1nbaB 1neu Inif 1nls 1nox
1npk 1nulB lonc lonrA lopd lopy lovaA loyc
1lpda 1pgs 1lphe 1php 1pii 1plc 1pmi 1pnkB
1poa 1poc 1pot 1ppn 1prxB 1ptq 1pty 1gba
1gnf 1ra9 lrec lregY 1regD 1rhs Irie 1rmg
1rro 1rsy 1rvaA 1rypl 1ryp2 1rypF 1rypl 1rypd
1sbp 1sfp 1sftB 1skz 1sltA 1sluA 1smd 1spuA
lsra 1stmA 1svb 1svpA 1tadC ltca 1thv 1tib
1tml 1trkA 1tsp 1tys luae luch 1v39 1lvcaA
1vhh 1lvid lvin 1vjs 1vls 1lvpsA 1lvsd 1vwIB
1wab 1wba lwer 1whi 1who 1whtB 1wpoB 1xgsA
1xjo 1xsoA IxyzA lyaiC lyasA lycc lyer 1ytbA
lyvel 256bA 2a0b 2abk 2arcA 2baa 2bbkH 2bbkL
2cha 2chsA 2ctc 2cyp 2dri 2end 2eng 2fha
2hbg 2hft 2hmzA 2hpdA 2hts 2ilb 2ilk 2kinB
2lbd 2nacA 2pgd 2phy 2pia 2plc 2por 2pth
2rn2 2rspB 2scpA 2sicl 2sil 2sns 2spcA 2tgi
Contd. ..
2tysA 2vhbB 2wea 3b5c 3chy 3cla 3cox 3cyr
3daaA 3ars 3zt 3pcgM 3pte 3sdhA 3seb 3tss
3vub 4hcl amt2 4pgaA axis 5csmA 5hpgA Sicb
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Appendix B. (Contd)
5p21 Spti 5ptp 6cel 7ahlA 7rsa 8abp 8rucl
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