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The shortest helices (three-length 3,y and four-length «), most abundant
among helices of different lengths, have been analyzed from a database
of protein structures. A characteristic feature of three-length 3;,-helices is
the shifted backbone conformation for the C-terminal residue (¢, angles:
—95°,0°), compared to the rest of the helix (—62°, — 24°). The deviation
can be attributed to the release of electrostatic repulsion between the
carbonyl oxygen atoms at the two C-terminal residues and further stabili-
zation (due to a more linear geometry) of an intrahelical hydrogen bond.
A consequence of this non-canonical C-terminal backbone conformation
can be a potential origin of helix kinks when a 3,,-helix is sequence-contig-
uous at the a-helix N-terminal. An analysis of hydrogen bonding, as well
as hydrophobic interactions in the shortest helices shows that capping
interactions, some of them not observed for longer helices, dominate at
the N termini. Further, consideration of the distribution of amino acid
residues indicates that the shortest helices resemble the N-terminal end
of a-helices rather than the C terminus, implying that the folding of
helices may be initiated at the N-terminal end, which does not get propa-
gated in the case of the shortest helices. Finally, pairwise comparison of
B-turns and the shortest helices, based on correlation matrices of site-
specific amino acid composition, and the relative abundance of these
short secondary structural elements, leads to a helix nucleation scheme
that considers the formation of an isolated B-turn (and not an a-turn) as
the helix nucleation step, with shortest 3,,-helices as intermediates
between the shortest a-helix and the B-turn. Our results ascribe an impor-
tant role played by shortest 3;,-helices in proteins with important struc-
tural and folding implications.
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Introduction

the most common form for the reversal of polypep-
tide chain direction. However, instead of occurring

The shortest a-helix consists of four contiguous
core residues and two flanking residues that par-
ticipate in two consecutive hydrogen bonds of
type 5—1 (Figure 1). Similarly the shortest
310-helix contains three core and two flanking resi-
dues and the hydrogen bonds are of the type
4—1. Of all the helix lengths the two shortest
categories are the most abundant (Figure 2). These
helices can be considered as extensions of an
a-turn' and a B-turn,>* respectively. B-Turns are

Abbreviations used: DSSP, Define Secondary Structure
of Proteins; PDB, Protein Data Bank.
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in isolation, in 58% of cases they occur as multiple
turns, with two overlapping type I turns being the
most common.® While type III turns share identical
backbone dihedral angles (—60°, — 30°) with 3;0.
-helices, they are also conformationally very
similar to type I turns.® The shortest 3;o-helix,
therefore, can be considered to be a special case of
multiple turns, stabilized by a pair of backbone
hydrogen bonds, where the chain trajectory fol-
lows a regular helical pattern. This implies that
the occurrence of a large number of multiple
B-turns and the shortest helices may be related
phenomena. In this context, the shortest helices
may have features of both turns as well as helices
and it would be of interest to compare the amino

0022-2836/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved
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acid distribution in these helices with both the
categories of the secondary structures.

To improve our understanding of protein folding
and design, it is necessary to establish rules relat-
ing sequence and structure. An important signa-
ture of a-helix in the polypeptide sequence is the
repeat PPHHPP of hydrophobic (H) and polar (P)
residues’ " in the main body of the helix. How-
ever, more specific patterns of the use of polar,
hydrophobic and conformationally unique resi-
dues (Gly and Pro) are found at the two terminal
turns of the helix and the immediately surround-
ing positions."'® This is because the backbone
N-H and C=O groups at the initial and final
turns of the helix cannot partake in normal intra-
helical hydrogen bonding and need to be “capped”
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Figure 2. Length distribution of 3,,-helices and
a-helices in proteins.

Figure 1. Schematic represen-
tations of (a) three-length (marked
GGG) 34p-helix with two consecu-
tive 4— 1 hydrogen bonds and
(b) four-length (marked HHHH)
a-helix with two consecutive 5 — 1
hydrogen bonds. Helical residues
are flanked by two capping resi-
dues Nc and Cc. In (a) the removal
of the second hydrogen bond pro-
duces a B-turn structure involving

N
H four residues (i to i + 3).

by alternative hydrogen bond patterns involving
residues beyond the helix, which is also normally
accompanied by a hydrophobic interaction
between apolar residues in the helix and its
flanking turn.” Like a-helices, the 3;o-helices also
exhibit similar features of residue distribution."
Given this background, the shortest helix offers a
unique structure to address a few interesting ques-
tions. As a single turn of a helix the choice of resi-
dues and their interactions with the flanking
groups may either resemble the N-terminal or the
C-terminal turn of a long helix or may even be
different from either. Here we analyze the shortest
helices and local determinants of the stabilization
of their backbone conformation, their capping
motifs and location in the tertiary structure. The
results provide an insight into how the code for a
particular local structure is distributed along the
sequence.

Results

In our database of 1085 polypeptide chains, there
are 7548 a-helices of which 822 (~11%) are of
length four residues (Figure 2). The figures for 3;,-
helices are 3004 overall, 2366 of length three
(~79%) and 396 of length four (~13%). Here, we
have considered only those short 3,p-helices (2140
in number) for which the backbone conformation
of all the residues lie in the typical right-handed
helical region of the Ramachandran plot;"” the
remaining are variants of 3;¢-helices as they contain
at least one residue with non-standard ¢, angles.”
There are 6500 cases of isolated type I B-turns.

Backbone conformation at different positions
in helices

The distributions of ¢,y angles in the two types
of helices (Figure 3(a) and (b)) show that compared
to a-helices the angles are extended to more nega-
tive ¢ and positive ¢ values in 3;p-helices. A closer
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Figure 3. The distribution of &,
angles (degrees) for residues in
(a) 3-length 3,-helices and (b) 4-
length  a-helices. Frequency of
occurrence along the ¢ direction at
(c) the three positions of 3-length

31o-helices and (d) the four positions
125 of 4-length a-helices; (e) and (f) are
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look at the distribution revealed the presence of
position-specific shift in the backbone dihedral
angles (Figure 3(c) and (e)). As one moves from
N1 to N2 to N3 there is a clear shift in the ¢ and s
values, the change being the most prominent for
the angle ¢ between N2 and N3 positions. The
average ¢, angles are at N1: —57(9)°, — 32(12)%;
N2: —6709)°, — 16(12)°; N3: —95(16)°,0(6)°. The
average of the angles at NI and N2,
—62(10)°, — 24(14)°, can be considered as the repre-
sentative backbone torsion angles in a 3;,-helix.
The ¢, angles in a-helices (Figure 3(b), (d) and
(f)) is more evenly distributed around the average
value, especially in {s. Although there is some shift
in the peak of the ¢ angles towards a more nega-
tive value as one moves from N1 to N3, the trend
is reversed for N4. The average ¢, angles at the
four positions are: N1: —57(9)°, — 38(12)°; N2:
—63(8)°, — 32(14)°; N3: —82(17)°, — 35(13)°; N4:
—79(21)°, — 26(17)°. While all the distributions of
¢ and § angles are symmetric, for N3 and N4
positions, these are asymmetric (with a negative
skewness).

We wanted to see if the shift in ¢, angles
observed at the N3 position of three-length
3io-helices is restricted only to the short helices or

the equivalent plots along the s axis.

if it is a general phenomenon to be found at the
last position of longer 3,,-helices™ also. The termi-
nal position of longer helices has average &,
values of —93(23)°,0(19)°, suggesting that when
the ¢,§s angles of a residue in a 3;o-helix are shifted
by about —35° and 25° from the average helical
values of —62° and — 24°, the helix cannot continue
any further.

Origin of the irregularity in 3,,-helices

To understand the reason why the N3 position of
the shortest (or the C-terminal position, in general)
3io-helices adopts a large deviation in the ¢,§
angles, we constructed two models. The first is the
ideal 3;p-helix, with all helical positions with &,
angles of (—60°, — 30°) and the second represents
the real (the terminology “real” and “ideal” are
invoked in the spirit of ideal and real gases)
310-helix, with ¢, values set to observed position
specific average values, as shown in Figure 4. The
distance between the carbonyl oxygen atoms at
N2 and N3 increases from 3.6 A in the ideal helix
to 45 A in the real helix, with a simultaneous
increase in the N-H- - -O angle (connecting groups
at Cc and N1 positions) from 139° to 151°. The
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superimposition of the two helices shows that the
difference in the ¢, angles at N3 has the effect of
rotating the peptide plane linking N3 and Cc.
Thus a change from the ideal to the real structure
has two stabilizing consequences: the carbonyl
group at N3 is moved away from the helix axis,
resulting in lesser electrostatic repulsion between
oxygen atoms at N2 and N3, and the linearity of
an intrahelical hydrogen bond improves, giving a
more favorable hydrogen bond energy. Various
parameters for the real 3;-helix match quite well
with those obtained by averaging the values over
all the structures (Table 1). It can be seen (Figure
5) that the O---O distance is linearly related to
both the ¢, angles over the range of the backbone
angles observed in different 3,,-helices.

Figure 4. Molecular plots of (a) an
ideal and (b) a real 3,4-helix. The
ideal helix is built using the average
(b,) values of (—60°, — 30°) in all
the three helical positions. The real
helix has the average values of the
() angles as observed in these
positions: N1 (—57°, —32°), N2
(—=67°, — 16°) and N3 (—95°,0°). An
extended conformation has been
used for Nc and Cc positions. The
distance between the carbonyl oxy-
gen atoms at N2 and N3 and the
N-H---O angle involving the N-H
group at Cc (the proton is shown
only for this residue) and the oxy-
gen of N1 are shown. The super-
imposition (using N1, N2 and N3
positions) of the two helices (the
ideal in gray) is shown in (c). (d) A
real o-helix with average &,
angles at different position: N1
(=57°,—38%, N2 (—63° —32°,
N3 (—82°,—35°, and N4
(—=79°, — 26°; the intrahelical
hydrogen bond between N1 and Cc
is shown.

A similar exercise was done to examine why the
last position in the equivalent a-helices does not
show any shift in backbone dihedral angles.
Towards this goal a real a-helix (with average pos-
ition-specific ¢, angles) was generated (Figure
4(d)), along with a chimeric helix, which had the
b, angles at the N4 position replaced by those at
the N3 position of the real 3;o-helix. Table 1 shows
that though the O---O distance between N3 and
N4 residues increases in the chimeric structure,
relative to the real a-helix, the N1-Cc hydrogen
bond is essentially broken (N-H---O angle
~100°), while a new one between N2 and Cc is
also not formed (N- - -O distance =3.8 A). Thus the
structure does not gain any extra stability by
mimicking the changes at the C-terminal residue

Table 1. Selected values of distance (O---O, N---O) and angles (N-H- - -O) in shortest helices

00 (A) N---O (A), N-H:--0 ()
(A) 3,-Helix N1-N2 N2-N3 N3-Ne Cc-N1
Ideal 3.6 36 3.0,139 3.0,139
Real 39 45 2.8, 144 3.0, 151
Average 39 (2) 44 (3) 3.0 (7), 157 (11) 3.2 (3), 160 (11)
(B) a-Helix N2-N3 N3-N4 N4-Ne Cc-N1 Cc-N2
Real 39 35 2.9,151 3.0,156 39,118
Chimeric 39 44 2.9,151 2.5,101 3.8,143

Ideal and real 3;q-helices are displayed in Figure 4(a) and (b) and real a-helix in Figure 4(d). The chimeric a-helix has all the ¢s
angles of the real a-helix, but the ¢, angles of N3 of 3,-helix grafted at N4. Distance and angles in the row corresponding to average
310-helix were obtained by averaging (with standard deviations in parenthesis) over all three-length 3,,-helices in the database.
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Figure 5. (a) ¢ (°) and (b) ¥ (°) of

N3 plotted against the O---O
distance (A) between the carbonyl

oxygen atoms at N2 and N3. The
correlation coefficients between the

two sets of parameters are —0.9

‘ and 0.9 respectively; the equations
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observed in the 3,p-helix. The slight shift in ¢ angle
that was observed at the N3 position relative to N2
(Figure 3(d)) results in a small increase (by 0.3 A)
in the O - -O distance between N2 and N3 positions
as compared to the normal value of ~3.6A
between the oxygen atoms of neighboring residues
in an a-helix.

Positional potentials in shortest helices

The propensity and z-value of 20 amino acid
residues to occupy each position in three-length
3io-helices and four-length o-helices were calcu-
lated (Table 2). While Karpen et al.'® calculated
position-specific amino acid distribution based on
77 three-residue 3;5-helices only, our values using
a database of 2140 helices are much more robust.
Compared to the earlier values there have been a
few changes in the individual values. Among all
the residues, Asp, Glu, His, Ile, Asn, Pro and Val
stand out, being either over or under-represented
in four out of the five (Nc to Cc) positions, the
representation of Arg being the most neutral. Like-
wise, for the shortest a-helices, Gly, Asn, Pro and
Glu show strong positive or negative preferences
in five out of six positions (Nc to Cc). For both the
helices Pro has very high propensities at Nc and
N1, but is totally absent at the last two positions.
At the Nc position, the propensities decrease in the
order Asp > Pro > Asn > His > Ser in 3;¢-helix
and Asp > Ser=Pro > Thr=Asn in o-helix. It
should be noted that unlike the shortest helices,
when all helices are considered with no regard to

of the least-squares lines are also
shown.

the length, Gly is also found among residues with
high propensities at Nc.”

Comparison of percentage occurrences of
residues in different helices to g-turn and
terminal turns of long helices

We wanted to see if the shortest helices resemble
one or the other of the terminal turns of long
helices and also find out the similarity to type I
B-turns. For this the correlation coefficients
between the percentage compositions of different
residues at each position in the shortest helices
and the equivalent numbers at a given position in
another secondary structure were calculated. The
largest values in Table 3(B) occur when the position
Nc in four-length a-helix is compared to Nc in long
a-helix, N1 (i.e. N1/C4) with N1, N2 to N2 and so
on. When compared to the other end of long
a-helices it is found that there is no systematic
trend, with only the N4 position in the four-length
helix showing rather high values with three
C-terminal positions of long helices. Similarly,
when three-length 3,5-helices are compared to
long a-helices (Table 3(A)) the correlation is much
better at the N-terminal end of the latter (Nc
matching with Nc¢, N1 with N1, N2 with N2).
Thus both types of shortest helices correlate better
with the N-terminal rather than the C-terminal
turn of long o-helix. Between the two types of
a-helices the match is also good at Cc.

Correlation between the three-length 3,-helix
and the type I B-turn is shown in Table 3(C). A
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Table 2. Amino acid propensity and z-values of three-length 3,¢-helical and four-length a-helical sequences

Nc N1 N2

N3 Cc

Res N P V4 N p VA N P VA

(A) Three-length 3,5-helix

Ala 128 07 —41 241 13 47 210 12 22
Cys 29 10 -03 28 09 -05 19 06 -21
Asp 316 25 171 90 07 -35 234 18 96
Glu 74 06 -54 149 1.1 12 305 23 151
Phe 73 09 —12 67 08 —18 42 05 —46
Gly 156 09 -08 62 04 -84 100 06 —53
His 8 17 47 27 06 -32 66 13 24
Tle 51 04 —65 110 09 -09 28 02 —86
Lys 90 07 =33 111 09 -13 148 12 21
Lew 132 07 -39 187 10 03 72 04 -86
Met 28 06 -28 49 10 03 23 05 -36
Asn 173 18 79 38 04 —61 129 13 3.3
Pro 235 24 139 391 39 299 102 10 02
Gn 5 07 -29 53 07 -32 8 10 0.1
Arg 92 09 -11 93 09 -10 95 09 -—08
Ser 164 13 32 134 10 05 262 20 121
Thr 118 10 -04 74 06 —-45 91 07 =30
Val 70 05 —67 133 09 —-14 40 03 —93
Tp 23 08 —14 36 12 10 43 14 22

40 1.3 17 47 15 3.0
240 19 102 68 05 —55
169 1.3 30 58 04 —69
110 1.3 3.0 141 17 6.4

70 04 —78 189 1.1 1.9

161 1.3 3.3 100 08 —24
196 1.1 1.0 302 17 9.2
61 1.3 2.0 55 1.2 1.2
177 1.8 8.3 86 09 -12
0 00 -—102 0 00 -—102
121 1.5 4.6 70 09 -12

Tyr 49 06 =32 64 08 —-15 48 06 =34 114 15 4.3 9% 1.3 2.2
Nc N1 N2 N3 N4 Cc
Res N P Zz N P V4 N P V4 N P zZ N P V4 N P z

(B) Four-length a-helix

Ala 5 08 -21 74 11 07 76 11 1.0
Cys 16 14 13 11 10 -02 8 07 -10
Asp 115 24 99 39 08 -14 73 15 37
Glu 37 07 -20 32 06 -27 130 26 115
Phe 19 06 -23 35 11 07 23 07 -15
Gly 62 10 -01 34 05 =-38 39 06 =31
His 22 12 08 12 07 —-15 20 11 03
Ile 19 04 -40 49 11 06 27 06 —28
Lys 24 05 -35 39 08 -12 48 10 0.1
Leu 49 07 —25 100 15 39 53 08 —20
Met 10 06 -19 9 05 -21 7 04 —26
Asn 59 16 38 12 03 —42 41 11 08
Pro 72 19 58 103 27 109 38 10 0.1
Gn 18 06 -23 23 08 -14 31 10 01
Arg 21 05 -29 40 10 02 34 09 -—08
Ser 9 19 61 56 12 11 60 12 17
Thr 73 16 41 32 07 -22 32 07 -22
Val 22 04 -47 44 08 —-17 33 06 —32
Trp 9 08 -08 24 21 37 14 12 07
Tyr 16 06 -25 37 13 15 18 06 -21

15 1.3 1.0 25 22 4.0 11 1.0 -02
63 1.3 2.2 45 09 —-0.5 32 07 =24
91 1.8 5.8 30 0.6 —3.0 46 09 -07
43 14 2.1 35 11 0.7 50 1.6 3.4

55 10 -02 59 11 04 37 07 —27
13 11 04 16 14 13 9 08 —08
39 14 19 43 15 27 31 11 04

N stands for the number of occurrences, P for propensity and Z for z-values of amino acid residues; P = 1.3 and Z = 1.96 are given

in bold; P < 0.7 and Z < —1.96 are underlined.

three-length 3;¢-helix can be considered to be two
overlapping B-turns, where the two turns corre-
spond to Nc-N3 and N1-Cc segments of the
helix. Helix—turn correlation coefficients, corre-
sponding to the two individual turns ((Nc/i, N1/
i+1, N2/i+2, N3/i+3) and (N1/i, N2/i +1,
N3/i 4+ 2, Cc/i + 3)) indicate that Nc—N3 is more
strongly correlated with a single B-turn than
N1-Cc, especially for the two N-terminal residues.
Whether or not the Nc—N3 B-turn can sustain a
second B-turn (N1-Cc) strongly depends on how
correlated is N3 with i + 2 position of a B-turn,
similar to what was found for variant 3;,-helices
as well.”’ In other words, a contiguous stretch of
four residues, with strong B-turn forming poten-
tial, will add a second overlapping B-turn at its

C-terminal only if the turn potential of position
i + 3 is low when compared to the canonical i + 3
position of isolated B-turns but high compared to
the canonical i + 2 position of isolated B-turns.
Thus helix propagation from an isolated B-turn is
determined by the nature of the i+ 3 residue.
Similarly a three-length 3,-helix thus formed can
propagate into a four-length 3;,-helix by adding
a B-turn at the C terminus. Table 3(F) shows
positional correlation between a three-length and
a four-length 3,p-helix. There is strong correlation
between the two across the sequence, when
aligned at the N termini. Correlation between a
B-turn and the C-terminal end of four-length
3i-helix (N2/i, N3/i+1, N4/i+2, Cc/i+3)
shows Cc and i+ 3 to be strongly correlated
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Table 3. Correlation coefficients of percentage composition of amino acids at different positions of helices and type I
B-turn

Three-length 3,,-helix

(A) Long a-helix Nc N1/C3 N2/C2 N3/C1 Cc
Nc 0.77 0.06 0.59 0.39 -0.03
N1 0.44 0.92 0.41 0.15 0.29
N2 0.41 0.43 0.89 0.57 0.01
N3 0.29 0.34 0.72 0.60 0.23
C3 0.00 0.33 0.31 0.56 0.60
Cc2 -0.05 0.27 0.37 0.57 0.55
C1 0.06 0.28 0.46 0.66 0.51
Cc 0.28 0.00 0.35 0.38 0.50
Four-length a-helix
(B) Long a-helix Nc N1/C4 N2/C3 N3/C2 N4/C1 Cc
Nc 0.92 0.10 0.36 0.07 —0.03 0.33
N1 0.38 0.87 0.60 0.52 0.42 0.27
N2 047 0.31 0.98 0.76 0.22 0.39
N3 0.37 0.31 0.90 0.89 0.48 0.37
N4 -0.15 0.50 0.18 0.60 0.90 0.40
C4 —-0.01 0.54 0.47 0.75 0.90 0.49
C3 0.02 0.50 0.52 0.73 0.85 0.51
Cc2 —0.04 0.40 0.58 0.82 0.74 0.46
C1 0.13 0.43 0.60 0.74 0.80 0.55
Cc 0.34 0.15 0.36 0.24 0.27 0.95
Three-length 3,,-helix
(C) Type I B-turn Nc N1 N2 N3 Cc
i 0.89 0.11 0.58 0.62 0.12
i+1 0.61 0.92 0.55 0.05 -0.15
i+2 0.69 -0.11 0.68 0.81 —0.01
i+3 0.29 —0.08 0.20 0.21 0.54
Four-length 3,,-helix
(D) Type I B-turn Nc N1 N2 N3 N4 Cc
i 0.92 0.24 0.58 0.61 0.12 0.39
i+1 047 0.65 0.62 0.20 -0.11 0.03
i+2 0.70 -0.09 0.51 0.67 0.06 0.35
i+3 0.49 0.44 0.30 0.22 0.30 0.86
Four-length a-helix
(E) Type I B-turn Nc N1 N2 N3 N4 Cc
i 0.92 0.20 0.43 0.20 0.16 0.45
i+1 0.55 0.76 0.51 0.20 0.03 0.05
i+2 0.76 -0.05 0.55 0.39 0.15 0.34
i+3 0.36 0.09 0.23 0.16 0.19 0.85
Three-length 3,,-helix
(F) Four-length 3;p-helix Nc N1 N2 N3 Cc
Nc 0.93 0.37 0.47 0.48 0.23
N1 0.41 0.79 0.22 —0.05 0.39
N2 0.59 0.50 0.84 0.47 0.12
N3 043 0.12 0.63 0.81 0.32
N4 -0.03 0.08 -0.12 0.43 0.76
Cc 0.19 0.01 0.41 0.47 0.57
Four-length a-helix
(G) Four-length 3,¢-helix Nc N1 N2 N3 N4 Cc
Nc 0.89 0.46 0.42 0.17 0.18 0.44
N1 0.36 0.84 0.35 0.22 0.38 0.45
N2 0.67 0.54 0.75 0.51 0.27 0.49
N3 0.50 0.28 0.56 0.60 0.60 0.48
N4 -0.02 0.44 0.06 0.39 0.79 0.53
Cc 0.22 0.15 0.51 0.53 0.33 0.93

Values >0.75 are in bold. In (C), the positions in 3;y-helix corresponding to the first B-turn (i.e. Nc to N3) are singly underlined,
while those for the next turn (N1 to Cc) are doubly underlined.
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Figure 6. Histogram of residue propensities in 3-length
3i0-helix, type I B-turn, 4-length a-helix and long a-helix
as a function of positions in helix (or B-turn); the
positions in B-turn equivalent to those in helices are
obtained from data in Table 4. Only those residues are
shown that are over-represented (based on z-values) in
at least one of the structures.

(Table 3(D)). Thus the nature of C1’' position of a
three-length 3;¢-helix (Cc position of the equivalent
four-length 35-helix), essentially determines helix
propagation from three to four-length 3;o-helix.
Unlike B-turns, isolated a-turns are rare in pro-
teins; a survey found only 50 in 107 protein chains.'
This prevented us from calculating correlation
between two consecutive a-turns and the four-
length a-helix, like we did for two consecutive
B-turns and the three-length 3,,-helix. However,
surprisingly, the correlation between four-length «
and four-length 3,p-helices was found to be very
strong (Table 3(G)). This suggests that four contigu-
ous and two flanking residues show similar local
propensity to form an a or a 3;,-helix. The helical
form it ultimately adopts is probably determined
by the global tertiary structure context. In other
words, four-length a and four-length 3;,-helices
are easily inter-convertible with similar amino

acid preference. The implications of these results,
in the context of helix nucleation will be discussed
later.

Positional potentials in shortest helices vis-a-
vis longer a-helix and g-turn

For comparison, the propensities of residues that
are over-represented (z = 1.96) in three-length 3,
and four-length a-helices (Table 2) are plotted in
Figure 6 along with the values observed in the
N-terminal turn of long a-helices and isolated
type I B-turns. The positions in helices of different
lengths are compared in sequence, so that com-
pared to the three-length helix, the four-length
helix has an extra position, N4. The equivalence
between positions in B-turn and helices is as
established in Table 3. A comparison between
three-length 3;¢-helices and longer a-helices has
also been made by Karpen ef al.'® and that between
the different positions in the first turn of the
a-helix by Penel et al."

Asp and Asn have high propensities for the Nc
(or position i in type I B-turn, Figure 1) in all the
secondary structural elements. Propensities of Ser
and Thr decrease in the order long o, four-length
a-helix, B-turn and three-length 3,,-helix, while for
His it is reversed. Doig et al.**> explained why Ser
and Thr are poorer Nc residues in 3, than
a-helices; in the latter they primarily hydrogen
bond with the N3 NH, which is not available as a
hydrogen bond partner to the Nc side-chain in a
3i0-helix. The preference for Pro is much more pro-
nounced in the shortest helices and Gly has a
slightly lesser preference as compared to long
a-helices and B-turn. Pro is highly preferred at the
N1 position in all the secondary structures, the
preference being very striking for the 3;o-helices
and B-turn. Polar residues (Glu, Lys and Ser) are
slightly more preferred in B-turns, whereas non-
polar (Leu and Trp) are found more in four-length
a-helices.

The N2 position is occupied preferentially by
polar residues, Glu in particular, when all three
helix types are compared. The position N3 of
helices and i + 2 of B-turn are compared together.
As has also been noted by Hutchinson and
Thornton,” Asp, Asn, Ser and Thr are the preferred
residues at this turn position. Of all the helices, the
three-length 3,-helix has the best match to turn,
especially in the high propensity values of Asp
and Asn. Thus N3 in 3;p-helix and the position
i + 2 in B-turn, which have similar ¢, angles, also
show similar residue preferences.

At the N4 position, the comparison is really
between the four-length and longer a-helices. The
hydrophobic residues, Phe, Ile, Met and Val are
preferred more in the longer helices and Cys in
the four-length helices. Cc of helices and the
position i+ 3 of B-turn have been put together.
The three-length helices strongly prefer hydro-
phobic residues, such as Cys, Phe, Ile, Leu, Val
and Tyr. The four-length and longer a-helices have
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quite similar preferences, except that Gly is found
more in the longer helices. Gly is also the most
preferred residue in the equivalent i + 3 position
of B-turn.

Hydrophobic interaction and capping motifs
involving the shortest helices

A hydrophobic interaction straddling the helix
terminus is associated with hydrogen-bonded cap-
ping of helices."” As the helices under considera-
tion here are short, the two ends can have
hydrophobic contacts with each other. Thus both
Nc and N1 can interact with Cc in 3;5-helices,
whereas in a-helices it is the latter interaction that
is normally observed (Figure 7). In a-helices the
interactions of Nc are more with residues N-termi-
nal to it and for Cc the residues are towards the
C-terminal. In contrast to a-helices, the predomi-
nant interaction of Cc is with N1’ and N2 with Nc
in 3;p-helices. The typical hydrophobic interactions
in the two types of helices are illustrated in Figure
8.

The capping motifs that can be identified con-
sidering interactions (hydrogen bonding as well as
hydrophobic) between helical residues and those
outside the helix in the shortest helices are given
in Figure 9. The nomenclature in the first three
patterns in Figure 9(a) and first four patterns in
Figure 9(b) are following Aurora & Rose (1998);"”
the rest were found primarily involving 3,,-helices
and have been named in conformity with the
already known patterns.

The N-terminal capping patterns in long
a-helices, such as the capping box**** and big
box* are not frequent in the shortest a-helices and
not observed at all in the 3,p-helices. In capping
box, Nc and N3 are linked to each other with a
pair of backbone amide to side-chain hydrogen
bonds. In 3;p-helix, as the N3 backbone amide is
already engaged in 4 — 1 hydrogen bonding the
capping box cannot be formed and instead there
can be a cap’-box where Nc side-chain is hydrogen
bonded with N2 backbone amide. 3-Box (hydrogen
bond between NH of Nc and CO of N3')"” and
a-box (between NH of Nc and CO of N4') are
quite common in the shortest helices. o/-Box is
mainly found in those shortest 3;,-helices where
an o-helix has the 3,o-helix at its C-terminal end.
When NH of Nc in the shortest helix is hydrogen
bonded to both the carbonyl groups at N3’ and
N4/, an aB-box is formed. p’-Box is generated
when Nc has its NH hydrogen bonded to CO of
N3' and the side-chain hydrogen bonded to NH
group of N2. Thus the standard N-terminal cap-
ping patterns in long a-helices are not common in
the shortest helices; instead, there are new motifs.
This trend is also observed in the C-terminal
capping patterns. Schellman and Pseudo-
Schellman motifs* are totally absent for 3;,-helices,
though it occurs to some extent in the shortest
a-helices. The Pro-box motif (with a Pro at C1')*
occurs almost equally in the two types of shortest

helices. Additionally however, there are instances
in these helices, where the required three-center
hydrogen bonding is present without any Pro at
the C1’' position, resulting in a pseudo-Pro box
motif. The residues at C1' position in this motif
have ¢,y values as in the Pro-box motif.

The capping patterns considered so far are of
classical kind, meaning that they involve inter-
actions between helical residues and residues
extraneous to the helix at one of the two termini.
In the shortest helices, however, as Nc and Cc are
only three or four residues away from each other,
there can also be hydrogen bonding across the
helix, resulting in the motifs shown in Figure 9(c).
In the three-length 3;,-helices, several cases were
found in which NH of Nc is hydrogen bonded to
the CO group at C1’ and, reciprocally, NH of C1’
is hydrogen bonded to CO of Nc. The residues
outside the helix actually define this motif, which
in reality is a 4:4 B-hairpin motif,*® with the
310-helix constituting the turn region (Figure 10(a)).
This motif is unique only for the shortest
3.0-helices. Across these helices, there can also be a
6 — 1 hydrogen bond involving NH of C1’ and
CO of Nc (m-box motif). A few additional cases
are found with the reciprocal pattern of hydrogen
bonds (7'-box motif).

About 25% of all the three types of helices
exhibit the N-terminal capping patterns given in
Figure 9(a). However, while about 20% of C
termini of long helices participate in the motifs in
Figure 9(b), this Figure reduces to 10% when the
shortest helices are considered. Thus compared to
the longer o-helices, lesser number of C-terminal
capping motifs are observed in three-length 3,,-
and four-length a-helices.

Secondary structures on either side of the
shortest helices

We also investigated the structural context (helix
or strand as sequence neighbors) of the shortest
helices. Results, given in Table 4, indicate that the
shortest helices can be present in two distinct struc-
tural neighborhoods, one, in which there are no
immediate secondary structural elements, making
the shortest helix a connector between two secon-
dary structures and another, in which the helix
is contiguous to another secondary structure or
sandwiched between two of them with no gap in
between. The four-length o-helix has a greater
probability (79%) of occurring in isolation than a
three-length 3,,-helix (61%).

Short bits of 3;,-helix are known to occur at the
ends of a-helices,” especially at the C-terminal
end.® Table 4(category (a)) indicates that the 3,
helix is found more at the N-terminal end of an a-
helix, when there is usually a kink at the junction
(Figure 10(b)) and interestingly, there are examples
where such a helix is sandwiched between two
regular o-helices. A 3;5-helix leading into a B-
strand is found more than a four-length a-helix in
a similar situation. A few of the cases of B-strand



282

Shortest Helices in Proteins

(@) ?g Ne Cc 33 N1 Ce
e (302) 30 (1008)
14 25
12 20
10
3 15

w2

g 6 10

S 4

5 H * ot

-

@ ﬂﬂﬂﬂ” Ianﬂ,ﬂnnﬂﬂ o I10aa0pl ‘"ﬂ”ﬂﬂﬂnnﬂn
‘8, > n ST o =) o« 9 =~ o
2 z = Z )
§ z 7 o O =< o o

2 35 30

5

= N2 1 N3

RS 30 (385) 25 Nc

e (600)

"0 % 20

=1

£ 20

= 15

é 15

é 10 10

5 0 nnnnnnﬂﬂH 0 ”H”ﬂ'ﬂﬂnﬂn 0 nnnnﬂ‘ﬂ”H” WAnonnns

=) I by [9) — v z “ Q — v

© = 2 z T 8 = z Z O 3

.2 z z

Nal

=

= 20

)

) 15 (553)

10

5

. nnnﬂﬂﬂ””” ”Hnﬂnn
= 2 2 T 8

Positions relative to the helix

Figure 7 (legend opposite)

leading into a 3,p-helix are part of 4:4 B-hairpin
structures (Figure 10(a)) mentioned in the section
entitled Hydrophobic interaction and capping
motifs involving the shortest helices.

Discussion

The shortest possible helices, three-length 3,
and four-length o (Figure 1), are very abundant in
nature (Figure 2). Here we report an analysis of
such helices. Specifically we focus on the extent to
which (in terms of conformation and residue distri-
bution) they resemble B-turns and longer helices,
the origin of their stability, the tertiary structural
context in which they occur (and a typical signa-
ture of their occurrence, especially when a
3i0-helix occurs immediately before an a-helix)

and the perspectives the results provide on the
folding process.

Conformational irregularity of 3,,-helices

The &, angles of residues in four-length
a-helices are distributed within a compact region
(Figure 3), whereas the distribution of angles in
3i0-helices is elongated along the direction of more
negative ¢ and positive § towards what is nor-
mally called the bridging region between helical
and extended conformations.” Interestingly, this
spread occurs because there is a systematic shift of
the backbone torsion angles at positions N1 to N3.
This is due to a shift in the ¢, angles of N3 in
three-length 3;¢-helices (or the C-terminal position
of 3;p-helices in general) by about —35° and 25°,
respectively, from the average values in the
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remaining positions, which brings about two
stabilizing effects in the structure (Figure 4 and
Table 1). The O---O separation between two
adjacent carbonyl groups at N2 and N3 is widened
to reduce the electrostatic repulsion and the
N-H---O angle between the NH group at Cc and
the CO at N1 becomes more linear to improve the
hydrogen bond stability. A similar deviation in
¢, angles is not observed at the last position (N4)
of a four-length o-helix, as this would perturb the
normal hydrogen bond geometry linking N1 carbo-
nyl to NH of Cc and the longer distance across the
a-helix (with a radius of 2.3 A, vis-d-vis 1.9 A in a
3,0-helix®® would not allow the formation of an
additional hydrogen bond (typical of 3;,-helices)
involving positions N2 and Cc.

Similarity to type | g-turn

The four-length a-helix can be considered as an
extension of a-turn. Though in an analogous

manner the three-length 3;o-helix can also be con-
sidered to be two consecutive type III turns, this is
untenable as the observed ¢, angles at N3 are
atypical. In fact, the backbone angles at N2 and N3
are very similar to (—64°, — 27°) and (—90°, — 7°)
observed at the two central residues of type I
B-turn.” Hence a better description of a three-
length 3;5-helix is a type III turn followed by a
type I turn.

Proposed originally by Venkatachalam,® type III
B-turn was included by Lewis ef al.” in an enlarged
list of B-turns and also retained by Rose ef al.* as a
class of turns. However, Richardson® suggested
eliminating type III as a distinct category as it
occupies contiguous regions of ¢, space as type I
B-turns. Our results indicate that a single, isolated
type IIl turn is not likely to exist. This would
require the carbonyl groups of two adjacent pep-
tide groups to align in a parallel fashion, which is
electrostatically less stable and can exist only
when they are embedded within a 3;o-helix where
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(b

Figure 8. Hydrophobic interactions (shown by dashed
lines) in shortest (a) 3;p- and (b) a-helices. The former is
represented by residues 18-23 in 1al5A and the latter
by residues 327-333 in 1a8i_. The atoms (N, C and O)
of main-chain and polar residues are shown in gray
shade.

the groups are held in position by intrahelical
hydrogen bonds. In the three-length 3,o-helix two
peptide carbonyl groups (at positions N2 and N3,
Figure 1(a)) are not involved in such hydrogen
bonds and the last carbonyl group is tilted out-
wards. As such, a type Il turn can only be con-
sidered as part of a 3;5-helix and is not likely to
exist in the isolated state, where it is likely to get
converted to a type I B-turn.

The conformational similarity between 3;,-helices
and type I B-turn made us find out if they have
compositional similarity also. For this, correlation
coefficients were calculated between the percen-
tage composition at each position of a three-length
3i0-helix and the four positions of type I B-turn.
As illustrated in Table 3(C), strong correlation was
observed for Nc and N1 with the first turn and
N3 with the second turn. This clearly spells out
the sequence requirement for the formation of a

three-length 3;¢-helix originating from a pair of
overlapping B-turns.

Helix kink

Helices need not necessarily be linear; in fact, a
large fraction of them is curved or kinked.*~*
There is no clear understanding of the origin of
the distortion in helix, except that the occurrence
of a Pro inside the helix is known to introduce a
kink in the structure®® Our results suggest a
possible reason for helix distortion. Because of the
local relaxation from typical helical values in the
o, ¢ angles at the last position of a 3,p-helix, if
there is an o-helix immediately following a
3i0-helix, the two helix axes may not be aligned.
Indeed, when we look at the composite helices, a
3i0-helix leading into an a-helix (Table 4 and also
the cases with longer 3,,-helices), there is a bend
at the last position of the 3;o-helix. As an example,
Figure 10(b) shows a 16-residue helix where the
first seven residues adopt the 3;¢-helical confor-
mation and the next nine adopt the a-helical con-
formation. The C-terminal 3;5-helical residue has
o, ¢ angles of (—103°, — 7°) with a Ad of about
—40° and Ay of 15° from the average 3;,-helical
conformation. The two halves of the helix deviate
from linearity by an angle of 42°, as measured fol-
lowing the procedure given by Chakrabarti &
Chakrabarti (1998).* Thus the kink angle would
depend on Ad and Ay (the former, in particular)
of the C-terminal 3,o-helical residue, preceding an
a-helix in a contiguous manner.

Stabilizing interactions in the shortest helices

B-Turns may or may not be accompanied by a
hydrogen bond between the CO group of residue i
and NH of residue i + 3 in the turn.> However, a
three-length 3;-helix has two interlocked tight
turns held together by two hydrogen bonds (Figure
1(a)), contributing to its stability. In addition,
characteristic hydrophobic interactions also exist,
which may not necessarily be of type i, i + 3. As
the three-residue helix is short, the most prominent
interaction is across it (Figures 7 and 8). Thus Cc
can interact with both Nc (i, i 4+ 4 interaction) and
N1 (i, i+ 3 interaction) and consequently this
position has an over-representation of hydrophobic
residues (Table 2). In the o-helical counterpart,
though N1 and Cc interact (i, i 4+ 4 interaction),
the other interactions for Nc and Cc are with a resi-
due on the same side of the helix. For example,
most of the interactions of Nc are with N2’ and Cc
with C3'. In contrast, a distinguishing feature of
3,0-helices is the interaction of Cc with N1/ (i, i + 5
interaction), which is almost absent in «-helices.
Also the interaction between N2 and Nc (i, i + 2
interaction) is quite prominent in 3;.-helices. The
various interaction patterns exhibited clearly show
that the shortest helices can be stabilized by hydro-
phobic interactions similar to single turns occur-
ring at the two termini of longer helices."”
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The common patterns in capping (hydrogen
bonding and hydrophobic) interactions involving
residues, N-terminal as well as C-terminal, in the
shortest helices and regular a-helices are shown in
Figure 9. Although the degree of occurrence of a
particular motif varies among different helix types
(for example, the capping box in Figure 9(a) is not
found in the shortest 3,,-helix at all, whereas all
the motifs in Figure 9(c) are exclusive to the short-
est 3;p-helix), 25% N termini of all individual helix
types adopt one of the several typical N-terminal
motifs. However, when the C termini of the helices
are considered, participation in a distinct motif
(identified in Figure 9(b)) by the shortest helices,
compared to the longer a-helices, is reduced by
about 50%. Thus the capping of the N-terminal
end of the shortest helices is much more extensive
than in the other direction.

Resemblance of shortest helices to N-terminal
end of long helices and implications in
protein folding

The potentials of different residues to occur in
a-helix and B-turns have long been established.”*
Here we have shown that the residue preference
in type I B-turn is very similar to the N-terminal
end of a-helices (Table 3(E), Figure 6). Protein fold-
ing is thought to be a hierarchic process in which
folding begins with structures that are local in
sequence, which interact to produce intermediates
of increasing complexity, growing ultimately into
the native conformation.”” With a similar distri-
bution of amino acid residues, interactions impor-
tant for the formation of turns and helix N
terminus during folding are likely to be similar.

Being equivalent to a single helical turn, the
shortest helices may have residue preferences simi-
lar to either the N or the C terminus of longer
helices. In the former case, the shortest helices
may be thought to have originated like a normal
helix, which could not propagate along the
sequence in the C-terminal direction, whereas the
latter would indicate that long helices could also
be initiated at the C-terminal end and then propa-
gate in the N-terminal direction. Table 3 shows
that the position-specific preference in the shortest
helices compares better with the N-terminal rather
than the C-terminal end of regular helices. In the
previous section it has been shown that typical
N-terminal motifs are found more than the
C-terminal motifs in these helices. Our obser-
vations suggest that there may exist a pronounced
directionality (N to C terminus of the polypeptide
chain) in the way the local structures are formed
during folding. Computer simulation studies of
helix unfolding®*' or helix-helix transition*
show preferential unfolding from the C-terminal,
although some recent folding simulations® do
not support directional propagation of helix, as
suggested here. However, it should be noted that
typical peptide sequences for which helix folding
simulations exist are mostly homopolymers (often

polyalanine) with no inherent directional bias in
the sequence. Our study shows that protein helices
have clear directional bias in their sequence and
that may be responsible for directional preference
of helix growth.

B-Turns as helix nucleation sites and short 3,,-
helices as early helix propagation intermediates

Helix—coil transition theories*** consider helix

formation as a series of elementary steps. The first
step is helix nucleation; this is then followed by a
series of helix propagation steps. Helix nucleation
involves restricting the backbone ¢, angles of
three sequence contiguous residues (i + 1 through
i+3) in the helical region with concomitant
formation of a single i, i +4 hydrogen bond (an
a-turn). The first helix propagation step, on the
other hand, involves restricting the backbone ¢,{s
angles of one additional residue (i +4) in the
helical region and the addition of another hydro-
gen bond (i + 1, 7 + 5). In other words, helix propa-
gation steps represent addition of additional
overlapping o-turns to the growing helix. The
a-turn is assumed to be the nucleation confor-
mation because its elementary hydrogen bonding
pattern is identical to long a-helices. Similarly,
the nucleation conformation for 3;y-helices is
considered to be the B-turn.**-*

However, as can be observed from protein struc-
tures, the occurrence of the o-turn is rare. This is
because there is a large loss in conformational
entropy in restricting three residues in a helical
conformation that cannot be compensated by the
formation of only one hydrogen bond or any other
associated favorable non-bonded interactions.
B-turns, on the other hand, restrict the confor-
mational space of only two residues and as a result
they occur frequently in proteins. If the formation
of an a-turn is energetically much less favorable
than the B-turn, can B-turns be the effective
nucleating conformations for a-helices? Correlation
coefficients between B-turns and the four-length
a-helix (Table 3(E)) showed strong correlation at
the N-terminal (between Nc, N1 positions in the
helix and i, i +1 positions in the turn), as was
seen between {-turns and the three-length
3i0-helix. In fact this N-terminal correlation was
seen for all helices, independent of type or length,
indicating that B-turns can indeed be the nuclea-
tion conformation of all helices.

The propagation of a B-turn into 3,q-helices, by
addition of overlapping B-turns, was inferred
from the fact that a three-length 3,,-helix is corre-
lated with two overlapping B-turns and a four-
length 3;o-helix is correlated with the three-length
3i0-helix and an overlapping B-turn. In an analo-
gous way can a B-turn propagate into a four-length
a-helix? Four-length o and four-length 3,,-helices
were found to be highly correlated (Table 3(G)),
indicating that the two helical forms are inter-
convertible (by reshuffling hydrogen bonds and a
slight shift in ¢, angles). Clearly, a four-length
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Figure 9 (legend opposite)

3i0-helix is therefore the potential precursor to the
four-length a-helix, linking a B-turn to a-helices.
The observed inter-correlation between B-turns,
three-length 3,p-helices and four-length o and
3io-helices lead to a comprehensive model of
a-helix nucleation and propagation, shown in
Figure 11. The nucleation step for the formation of
both o and 3,,-helices involves the formation of an
isolated B-turn. This then can propagate into a
longer 3,p-helix by adding successive (-turns.
However, intrinsic instability of longer 3,-helices
makes helix propagation difficult beyond n = 4. In
addition, the four-length 3,,-helix can rearrange its
backbone hydrogen bonds and dihedral angles
into a four-length o-helix. Thus the formation of
four-length a-helix occurs in a concerted manner
from three-length 3,5-helix. The a-helix can then
propagate by addition of successive a-turns. From
an analysis of hydrated a-helical segments in pro-
teins, Sundaralingam and Sekharudu* had earlier
proposed that reverse turns could act as inter-
mediates in the folding—unfolding of helices. In
addition, based on double-labeled ESR data (along
with CD and NMR data) on short peptides,

Millhauser (1995)* put forward a proposal of
positioning the 3,,-helix along the thermodynamic
folding pathway of helices (random coil < nascent
helix < 3;5-helix < a-helix). The picture that
emerges from our work encompasses both these
views. It is worth noting that a-aminoisobutyric
acid (Aib), a non-coded amino acid that strongly
favors the helical state,”' also exhibits a length-
dependent 3,,- to a-helical transition.> A recent
review® summarizes the 3,p-a-helical equilibrium
in short peptides.

The helix nucleation parameter in the Zimm-
Bragg model,* o, is the equilibrium constant
connecting a a-turn and the statistical coil. Analy-
sis of experimental unfolding data of peptides,
when analyzed by the Zimm-Bragg model,
typically yields a rather low (~0.003) value for ¢.>*
However, if indeed helix nucleation bypasses the
a-turn, as suggested in Figure 11, this low number
may not necessarily reflect the equilibrium con-
stant of isolated a-turn formation. Isolated B-turns
are often observed in short peptide fragments or
denatured proteins,” and therefore in all
likelihood, the bottleneck in helix formation is the
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(b)

Schellman motif

[0.0:2.7:12.0] [0.0:1.2:6.0]

Pro box
[0.8:0.7:0.5]

a, -motif
[0.3:0.0:0.7]

Pseudo-Schellman motif

Pseudo-Pro box
[2.4:1.6:1.3]

Not Gly/Pro/
p-branched

Figure 9. Schematic represen-
tations of capping patterns in
(a) N-terminal, (b) C-terminal and
(c) involving both N- and C-termini
in three types of helices—3-length
310, 4-length - and longer a- helices.
Each motif has a name (found in the
literature, or assigned here based
on standard conventions) and the
three numbers in square brackets
correspond to the percentage occur-
rence of the three types of helices
mentioned  above.  Hydrogen
bonds and hydrophobic inter-
actions typical of the motif are
shown in solid and broken lines,
respectively. Motifs in (c) are found
only in 3j-helices and the two
intrahelical hydrogen bonds are
also shown in thin solid lines.
For 35-helices, N4 is Cc in (a) and
C4 is Nc in (b). In some motifs,
restrictions on the type of residue
or the secondary structure or back-
bone torsion angle at Nc, Cc and
C1' are indicated. Depending on
whether the hydrogen bond
involves the side chain, the main-
chain NH or CO, the corresponding
line starts from the middle of the

4:4 motif n-box n'-box circle representing the helix pos-
[1.0:0.0:0.0] [4.0:0.0:0.0] [0.4:0.0:0.0] ition, or before it or following it.
(a) (b) shortest 3;o-helical intermediates in Figure 11,

C-terminal

¢ N-terminal

Figure 10. (a) Cartoon representation of 4:4 B-hairpin
motif in the structure 1a2yB. Residues 73-75 constitute
the 3;o-helix; a pair of intra-strand hydrogen bonds links
residues at Nc and C1/, which are shown in ball-and-
stick; (b) A nine-length o-helix (residues 325-333)
immediately following a seven-length 3;,-helix (318-
324) (shown in darker shade) in laoxA, the composite
helix having a kink at position 324 with ¢, angles of
(—103.2°, — 6.8°).

giving rise to low values of ¢. Independent support
for our model comes from computer simulations of
helix formation.® A long time simulation of
reaction pathway for coil-to-helix transition in
polyalanine showed formation of isolated B-turns
(not a-turns) at early stages of transition. In
addition, short (and not long) 3ip-helices were
observed as intermediates. Interestingly, all the
early equilibrium intermediates to «-helix, as
proposed here (B-turn, three and four-length
310-helices), are populated substantially in proteins,
as if these equilibrium intermediates have been
frozen along the helix folding pathway due to
tertiary structural demands of the global structure.

Tertiary structural context of the
shortest helices

An earlier study on structural characterization of
protein helices®* had reported that a large number
of short 3;¢-helices occur mostly at a-helix termini,
which has since become the generally accepted
view. Contrary to this notion, among all right-
handed three-length 3,p-helices (for 3;-helix
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Table 4. Occurrences of different types of secondary structures around shortest helices

Three-length 3,0-helix (total 2140)

Four-length a-helix (total 805)

Type Number % Type Number %
Category (a) Connected 3;,-helix 826 38.6 Connected a-helix 173 21.5
(B10) + 207 25.1 (o) + 310 46 26.6
a + (310) 138 16.7 310 + (@) 39 22,5
(i) +B 160 194 () +B 17 9.8
B+ (Bio) 131 15.9 B+ (@) 34 19.7
() +B 58 7.0 () +B 16 9.3

B + (310) 37 4.5 B+ (@) 15 8.7

a~+ (3y) +a 13 1.6 310+ (@) + 34 1 0.6
B+ Buw)+B 19 2.3 B+ (x)+B 2 1.2
o+ (30 +B 11 1.3 30+ (@) +B 0 0.0
B+ (Bi) +a 23 2.8 B+ (@) + 310 3 1.7
o+ (3y9) +B 7 0.9 30+ (o) +B 0 0.0
B+ (31 + @ 8 1.0 B+ (o) + 310 0 0.0
B+ (3w +B 6 0.7 B+ (x)+B 0 0.0
B+ (310) + B 6 0.7 B+ () +B 0 0.0
B+ (Bi0) + B 2 0.2 B+ (a) + B 0 0.0
Category (b) Isolated 3,-helix 1314 61.4 Isolated a-helix 632 78.5
a—a connector 88 6.7 a—a connector 33 5.2
B—B connector 103 7.8 B—B connector 27 43
o—f3 connector 87 6.6 o—f3 connector 27 43
B—a connector 78 59 B—a connector 37 59
a—3,, connector 21 1.6 a—3,, connector 14 2.2
3,0—a connector 16 1.2 3,p—a connector 13 2.1
B-3,o connector 22 1.7 B-3,0 connector 10 1.6
310—B connector 24 1.8 310—P connector 11 1.7
310—310 connector 1 0.1 310—310 connector 5 0.8

The overall percentage values in two categories (a) and (b) (for example, 38.6 and 61.4 for three-length 3,,-helix) are with respect to
the total number (2140), whereas the individual values within the two categories are relative to the total numbers (826 and 1314)
in them. The two categories are distinguished as follows: (a), when any (or both) of Nc and Cc positions are part of neighboring
helix or B-strand (in which a B-bridge with DSSP notation “B” is also included); (b) contains the rest; under (b), a few sub-categories
have been identified as connectors when two secondary structural elements occur within four flanking positions (N1’ — N4’ and

C1'— C4') of the helix.

statistical coil

O-CO0 000000

p-turn

l 3-length 3,-helix

J’ 4-length 3, ,-helix 4-length a-helix
—odeelelelboo —> —o-deleelelooo
l{ 5-length 3 -helix S-length a-helix

longer 3 ,-helix longer a-helix

o-turn

Figure 11. A schematic description of proposed helix
nucleation and propagation scheme in proteins. Shaded
circles indicate helical backbone dihedral angles (dark:
a- and light: 3,5-) and lines connecting non-contiguous
residues indicates backbone hydrogen bonds. Arrows
indicate the proposed pathways to longer helices (thicker
the arrow, stronger the pathway).

variants, see Pal et al.*® only ~20% occur as a-helix
termini (Table 4), which is ~50% of all three-length
3ip-helices connected contiguously to another
secondary structure; for the rest, the contiguous
secondary structure is a B-strand or a B-bridge.
More importantly, more than 60% of total three-
length 3,5-helices occur independent of any other
contiguous secondary structure. Occurring as an
a-helix terminus, a three-length 3,5-helix can pro-
vide a unique geometry for the terminal helix
turn. Occurring in isolation, often three-length 3.
-helices participate in reversal of peptide chain
direction, including participation in established
motifs that induce such chain reversal (4:4 B-hair-
pin motif in Figure 9). Collective experimental
evidence, from several proteins, also point out that
short 3;5-helices may play an important role in
the overall folding and stability®~>* or function®~*'
of proteins.

Conclusion

In conclusion, an analysis of the shortest helices
in protein structures has provided several useful
insights into protein structure and folding. Far
from being a regular structure, the DNA helix
is known to be capable of accommodating a
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large number of distortions, which have been
parameterized.”” Here we show that one of
the counterparts in protein structures, viz., the
3i0-helix, can have a significant deviation in the
backbone torsion angle at the last position (or
the first position, in some 3;,-helix variants,” this
being an interesting manifestation of the interplay
of two types of interactions, electrostatics and
hydrogen bonding. The distortion can explain the
kink that is observed when a a-helix follows a
3.0-helix and the information should be useful in
protein modeling. The similarity in the residue
composition of the shortest helices with type I
B-turn and the N-terminal end of regular helices
suggests that turns and helices may be nucleated
in an analogous fashion during the folding, and
depending on the residues that follow, a turn can
exist as such or extend to a helix.

Finally, using clues from site—site correlation
coefficients of amino acid composition and the
frequency of occurrence in the database, we pro-
pose an important role of three and four-length
3i0-helices in a-helix nucleation. At variance from
the general notion that a-turns nucleate a-helices,
our model (Figure 11) stipulates formation of a
B-turn to be the helix nucleation event; this is then
followed by sequential formation of a three and
four-length 3,p-helix. The shortest a-helix (four-
length) is formed from the four-length 3,,-helix,
which then can propagate by adding a-turns.

Materials and Methods

The culledpdb data set (March, 1999 version),**** con-
taining 1085 protein chains with less than 30% sequence
identity and =2.5 A resolution, was used in this analysis.
Secondary structure assignments were made using
the Define Secondary Structure of Proteins (DSSP)
program.®® A Protein Data Bank (PDB) file is mentioned
in the text as the four-letter PDB code (in lowercase
letters) followed by the chain identifier (in uppercase
letters); when there is no chain ID an underscore (_) is
used.

The nomenclature for the three-length 3;4-helices and
their flanking residues is as follows:

- :N2'=N1'-Nec-N1/C3-N2/C2-N3/C1-Cc-C1'~C2'---

where N1/C3 through N3/C1 belong to helix proper, Nc
and Cc represent helix capping positions, while the
primed residues represent residues preceding and suc-
ceeding the helix. A position within the shortest helix
can be labeled counting from the N-terminal or the
C-terminal end. Thus the first position in the 3;o-helix is
N1 or C3 and the label N1/C3 is used to designate it.
However, for brevity, N1 is also used synonymously in
the text. The labels in a-helix are given in a similar way
and shown in Figure 1.

As in Ref. 5, turns were characterized as four consecu-
tive residues (i to i + 3) with the distance between Cf
and C¥; <7 A, and where the central residues were not
helical. To constitute a type I B-turn the ¢,y angles of
residues i + 1 and i + 2 had to be within 30° of the ideal
values ((—60°, — 30°) and (—90°0°), with one angle
being allowed to deviate by 45°. In addition to hydro-

gen-bonded B-turns (for which the two central residues
would normally appear with designation TT in DSSP
output) this definition would also include non-hydrogen
bonded turns. Two consecutive turns were considered
to be part of multiple turns when they had a common
central residue; such turns were excluded to retain only
the isolated B-turns.

The propensity of a given residue to occur at a specific
position (say, helix Nc) of a secondary structure was
calculated as the ratio of the actual number of obser-
vations to the expected number of observations, where
the expected number of observations is given by
(Mxaa/Miotal) X 1, where n,,, is the total number of residue
type Xaa in the data set, M is total number of all
residues in the data set, and n* is the total number of
residues in the data set at that particular position. In
calculating amino acid composition, over-representation
was estimated as described.’® For each amino acid at
a specific helix position, a z-value was calculated. If
Izl = 1.96 (5% significance level), the observed number
of occurrences was considered to deviate significantly
from its expected value. Negative values of z indicate
under-representation and positive values indicate over-
representation.

Two hydrophobic residues were considered to be
making a contact when the distance between any two
atoms of either residue was less than or equal to the
sum of their van der Waals radii plus the diameter of a
water molecule, 2.8 A."7 In addition to the typical hydro-
phobic residues (Ala, Val, Ile, Leu, Met, Phe, Trp, Cys,
Tyr, Pro and His) Lys and Arg are also considered
hydrophobic as most of their contacts within the helix
involve non-polar atoms. Hydrogen bonded partners
were assigned using the program HBPLUS.* Molecular
diagrams were made using MOLSCRIPT.*
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